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Abstract

Trace elements in ore minerals are increasingly utilised to illuminate genetic processes,
and improve mineral exploration and processing approaches. However, the ore minerals
of porphyry deposits have received limited study, despite the need to better understand
the nature of hydrothermal fluid evolution in porphyry systems. In this thesis, the trace
element contents of the ore mineral assemblages of successive vein generations are exam-
ined to investigate variations in hydrothermal fluid characteristics throughout formation
of the Au-rich porphyry deposit of Iron Cap, British Columbia, Canada.

Detailed petrographic analyses have led to the classification of eight vein generations
at Iron Cap. Trace element analyses by LA-ICP-MS reveal that different vein generations
exhibit unique geochemical signatures. Both Se and Ag display consistent ore mineral
partitioning trends between vein generations, but their concentrations vary systemati-
cally. This suggests that these elements record specific changes in hydrothermal fluid
characteristics between vein generations, such as temperature, pH, and/or salinity.

A lattice strain model for pyrite has been developed, which shows that Co and Ni are
lattice-hosted, and actually exhibit higher partition coefficients for pyrite than Fe does.
This means that Co/Ni ratios in pyrite (0.2 to 186.6) directly record Co/Ni ratios in the
hydrothermal fluids. Fluctuations in Co/Ni ratios in pyrite growth zones revealed by
trace element mapping illustrate that the characteristics of the hydrothermal fluids pre-
cipitating the pyrite at Iron Cap are regularly oscillating, which can only be explained by
the influx of multiple different fluids during vein formation.

This research shows that trace elements in porphyry ore minerals have the potential
to elucidate genetic processes. In particular, hydrothermal fluid evolution in porphyry
systems is shown to be inherently chaotic and complex on both the local and deposit
scale, with specific veins necessarily formed by numerous episodes of fluid pulsing, fluid

mixing, and/or vein re-opening.
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1 Introduction

1.1 Rationale

Porphyry-style mineral deposits are major sources of Cu, Au, and Mo, with by-products
of Ag, Pd, Te, Se, Bi, Re, Zn, Sn, Pb, and W (Sillitoe, 2010; Sun et al., 2015). They have
relatively low metal grades (averaging 0.5-1.5% Cu, 0-1.5 g/t Au, and 0-0.04% Mo) in
comparison to other mineral deposit styles, such as epithermal (averaging 1-3 g/t Au),
or volcanogenic massive sulphide (VMS) deposits (averaging 0.6-1.8% Cu, 0.6-1.4 g/t
Au, 0.8-4.4% Zn, and 0.02-1.14% Pb), yet are still economically attractive because of their
huge size (km3 scale; Sillitoe, 1972, 2010; Hannington et al., 2014). They tend to be sought
after for their considerable Cu contents, the extraction of which makes up around 75% of
global Cu production (Sillitoe, 2010). However, they also account for 15% of global Au
endowment (based on past production, reserves, and resources), with only orogenic and
paleoplacer deposits accounting for more (Lipson, 2014). The importance of porphyry
deposits as a source of Au on the world stage is expected to increase, as production from,
and exploration for, other deposit styles wanes (Lipson, 2014). Not all porphyry deposits
contain Au to exploitable levels (e.g., Cu-Mo deposits), thus large, Au-rich, porphyry Cu
deposits are of particular interest to exploration geologists owing to their greater eco-
nomic potential and feasibility (Sillitoe, 2000; Lipson, 2014). Elucidating the genesis of
specific deposits may aid in their exploration and development, and also have similar
implications for other deposits elsewhere. More porphyry deposits need to be developed
to supply the resources required for the green energy transition. The current, and ex-
pected, increase in demand for metals like Cu, and critical elements such as Co and Te,
is largely driven by green energy technologies (e.g., electric cars, wind turbines, photo-
voltaic cells; BEIS, 2022). Porphyry deposits host many the required resources, and as
such, will be essential in supplying the vast quantities required over the coming years.
Porphyry deposits (discussed in depth in Chapter 2) are characterised by hydrother-
mal features, such as veins and alteration assemblages, situated in and around por-
phyritic intrusions of intermediate to felsic compositions (Figure 1.1; e.g., Sillitoe, 1972;
Hedenquist and Lowenstern, 1994; Seedorff et al., 2005; Sillitoe, 2010). The deposits typ-
ically form at 2-4 km depth in volcanoplutonic magmatic arcs above active subduction
zones, from mineralising (i.e., metal-concentrating and/or metal-enriched) magmatic-
hydrothermal systems (e.g., Sillitoe, 2010). The association with magmatic arcs is due to
a necessary control arising from the oxidation and fluid conditions present in the magma

source region (e.g., Park et al., 2021). Subduction of an oceanic plate initiates melting at
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Figure 1.1. Schematic illustration of a porphyry deposit, principally showing the generalised
distribution of common alteration assemblages with respect to the porphyry ore (i.e., exploitable
concentrations of Cu, Au and/or Mo) and intrusion (modified from Sillitoe, 2010). Note that the

potassic and sericitic alteration assemblages are typically the main hosts for ore.

depth in the mantle wedge, producing hydrous, relatively oxidising magmas that may
ultimately ascend to upper crustal levels (e.g., Best, 2003). Not all arc magmas are capa-
ble of generating porphyry deposits, but those that are are thought to have undergone
an array of processes as they migrate (e.g., Park et al., 2021). In essence, intrusion and
associated cooling of a suitable magma in the upper crust causes hydrothermal fluids to
exsolve from the magmatic body (e.g., Richards, 2011). These fluids extract metals from
the associated magma, then transport and concentrate the metals into a smaller rock vol-
ume to form an enriched deposit (e.g., Wilkinson, 2013).

The hydrothermal fluids evolve (i.e., change characteristics) through space (e.g., as an
individual fluid migrates away from the point of exsolution), and through time (e.g., as
the hydrothermal system receeds downwards due to cooling of the source intrusion; Ein-
audi et al., 2003; Heinrich, 2005). This is often clearly exemplified by the distribution and

overprinting relationships of alteration assemblages both within and around the source
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intrusion. For example, potassic alteration usually occurs at higher temperatures early in
the formation of the deposit, while sericitic alteration may overprint the potassic assem-
blage as it often occurs later, when the system has cooled and evolved through time (e.g.,
Seedorff et al., 2005; Sillitoe, 2010).

Ore minerals are precipitated at various stages during the evolution of hydrothermal
fluids, when the ore mineral constituents become stable as the solid phase, rather than
remaining in the fluid (e.g., Reed and Palandri, 2006). Changes in the characteristics of
the fluids may be induced by processes such as cooling, phase separation, and fluid-
rock interaction (e.g., Seedorff et al., 2005). Despite this fundamental understanding,
the specific characteristics of the hydrothermal fluids, and the nature of fluid evolution
in porphyry systems, remain poorly constrained (e.g., Heinrich, 2005; Kouzmanov and
Pokrovski, 2012; Hurtig et al., 2021), because the hydrothermal systems responsible for
ore deposition cannot be empirically observed when active. Furthermore, experimen-
tal and modelling studies are limited by their constrained nature (e.g., Reed et al., 2013;
Zajacz et al., 2017), because natural hydrothermal systems are inherently complex (e.g.,
Kouzmanov and Pokrovski, 2012). There also remain drawbacks to fluid inclusion stud-
ies, which are commonly employed to determine fluid characteristics — most significantly
that the fluids trapped in inclusions may not be representative of the fluids precipitating
the ore minerals, as fluid inclusion studies are principally conducted on quartz (e.g., Mer-
nagh et al., 2020); additional drawbacks are discussed in Section 2.5.2.

Mineralisation in porphyry deposits is found in veins and in the host rock as dis-
seminations, with common sulphide minerals of chalcopyrite, bornite, molybdenite and
pyrite (Sillitoe, 2010). Native Au, sulphosalt minerals (e.g., tennantite), and other base
metal sulphides (e.g., sphalerite, galena) may also be present (Sillitoe, 2010). Each deposit
hosts a complex array of multiple veins, with early-formed veins frequently cross-cut by
later-formed veins (e.g., Gustafson and Hunt, 1975); these veins represent pathways of
greatest hydrothermal fluid flow during the formation of a deposit (Seedorff et al., 2005).
Interpretation of vein characteristics often leads to veins being classified into generations,
with each successive generation defined by having different characteristics than its pre-
decessor; the most significant differences are usually in the mineral assemblages (e.g.,
Gustafson and Hunt, 1975; Sillitoe, 2010). The differing mineral assemblages between
vein generations show that the characteristics of the hydrothermal fluids have changed,
because different mineral assemblages precipitate under different conditions (e.g., Reed
and Palandri, 2006; Seward et al., 2014; Maydagan et al., 2015). Successive vein genera-
tions therefore record different stages in the evolution of the hydrothermal fluids.

The ore minerals contained within these veins commonly host trace amounts of a
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variety of elements (e.g., Sykora et al., 2018). Their presence in ore minerals has been
documented by numerous workers in a range of mineral deposits, such as orogenic gold
deposits (e.g., Large et al., 2016; Augustin and Gaboury, 2019), volcanogenic massive sul-
phide deposits (e.g., Grant et al., 2018; Martin et al., 2019), and porphyry and epithermal
deposits (e.g., Franchini et al., 2015; Sykora et al., 2018; Keith et al., 2020). It is likely
that the characteristics of hydrothermal fluids play a key role in determining the trace
element contents of an ore mineral, much as they control the mineral assemblage (e.g.,
Frenzel et al., 2016; Keith et al., 2018). Yet despite the increasingly large amount of trace
element data acquired, it remains poorly understood how changes in hydrothermal fluid
characteristics influence the concentration of specific trace elements in certain ore miner-
als. Hence, there is an opportunity to improve this understanding.

To address the aforementioned topics, the trace element compositions of the ore min-
eral assemblages of successive vein generations in a large, Au-rich, porphyry Cu deposit
were studied, specifically to investigate variations in hydrothermal fluid characteristics
throughout formation of the deposit. Previous studies have investigated fluid evolution
between vein generations (e.g., Maydagan et al., 2015; Monecke et al., 2018), the trace
element content of a single ore mineral at different stages of mineralisation (e.g., Reich
et al., 2013; Sykora et al., 2018), and the partitioning of trace elements between different
ore minerals (e.g., George et al., 2016; Grant et al., 2018). However, this research project
aimed to combine and build upon these approaches to generate an improved under-
standing of fluid evolution, and the deportment of trace elements in the ore minerals of

a porphyry system.

1.2 The Iron Cap deposit

The case study deposit selected for this research is Iron Cap, which is situated in the Kerr-
Sulphurets-Mitchell (KSM) district, northwestern British Columbia (BC), Canada (Figure
1.2). It is one of four porphyry Cu-Au deposits within the KSM district; the remaining
three — Kerr, Sulphurets, and Mitchell — giving the KSM district its name. Iron Cap is not
included in the acronym because it was only discovered to be of economic importance
in 2017, while the district as a whole has a long history of exploration — back to the late
1890s (Seabridge Gold, 2020a). Seabridge Gold are currently exploring and developing
the district, and have been in full ownership since 2006 (Seabridge Gold, 2020a).

The latest reserve and resource estimates for the KSM deposits are presented in Table
1.1, showing that Iron Cap has proven and probable mineral reserves of 224 Mt at 0.49 g/t
Au, and inferred resources of 1899 Mt at 0.45 g/t Au (Threlkeld et al., 2020). It can there-
fore be classified as a Au-rich porphyry deposit, following the definition of Sillitoe (1979),
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Figure 1.2. Location of the KSM district in British Columbia (adapted from Logan and Mihalynuk,
2014). Other porphyry deposits of the Canadian Cordillera are also shown, with porphyry type
represented by symbol shape, and the age of deposits depicted by colouration.

with >0.4 g/t Au. Similarly, the inferred resource estimate of 27.5 Moz Au puts Iron Cap
in contention for one of the most Au-endowed deposits in the world (cf. MINING.com,
2021). Furthermore, the combined quantity of resources in the KSM district as a whole
makes it one of the largest undeveloped Cu-Au prospects in the world (MINING.com,
2021), and thus of regional and global importance.

Selection of Iron Cap as a study site was informed by discussions with Seabridge
Gold geologists, who recognised that Iron Cap may contain features of both porphyry
and epithermal environments (M. Adam, pers. comm., 2018). The working hypothesis of
Seabridge Gold is that the surface exposure of the deposit may be epithermal in nature,
overlying a deeper porphyry deposit (Seabridge Gold, 2020a). Deep drilling in 2017 con-
firmed the presence of significant porphyry-style mineralisation beneath the exposed cap,
providing evidence to support the latter part of the Seabridge Gold hypothesis (Seabridge
Gold, 2020a). However, concrete evidence for the presence of epithermal mineralisation
is not available, but inferred largely from the presence of overprinting sericite-quartz-
clay alteration associated with increases in sulphosalt minerals (M. Adam, pers. comm.,

2018; Seabridge Gold, 2020b). The presence of both deep and shallow (i.e., early and late)
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Table 1.1
Mineral reserve and resource estimates for the deposits of the KSM district, from Threlkeld et al.
(2020). Note that only the Mitchell deposit has proven reserve estimates.

Average grades Contained metal

Size Au Cu Ag Mo Au Cu Ag Mo
Deposit M) (/9 (%) (/0 (ppm) Moz) (Mlb) (Moz) (MIb)
Proven and probable mineral reserves
Kerr 276 022 0.43 1 3.4 2 2586 9 2
Sulphurets 304 0.59 0.22 0.8 51.6 5.8 1495 8 35
Mitchell (prov.) 460  0.68 017 31 59.2 10.1 1767 45 60
Mitchell (prob.) 934  0.58 0.16 3.1 50.2 17.4 3325 95 104
Iron Cap 224 049 0.2 3.6 13 3.5 983 26 6
Total 2198 055 0.21 2.6 42.6 38.8 10156 183 207
Inferred resources
Kerr 1999 031 0.4 1.8 23 19.8 17720 114 103
Sulphurets 223 044 0.13 1.3 30 3.1 639 9.3 15
Mitchell 478  0.42 0.12 32 52 6.4 1230 487 55
Iron Cap 1899  0.45 0.3 2.6 30 275 12556 158.7 126
Total 4599  0.38 0.32 22 29 56.8 32145 331.1 299

porphyry-style features is beneficial for this research, as it allows the study of trace el-
ements in ore minerals throughout successive fluid phases (veins), from early to late in
the evolution of the hydrothermal system. The suitability of Iron Cap as the case study
deposit was based primarily upon the presence of these features, and the availability of
extensive drill core (62 km by 2019; Threlkeld et al., 2020) from both deep and shallow
environments.

The amount of previous work undertaken on the KSM deposits was also considered.
Upon commencement of this research project in 2017, Iron Cap had undergone no prior
detailed study, with the extent of knowledge limited to that of Seabridge Gold geologists,
and researchers focussed on other deposits, or other areas in the region (e.g., Kirkham
and Margolis, 1995; Nelson and Kyba, 2014; Febbo et al., 2015). This provides an addi-
tional benefit to the project, whereby improved understanding of Iron Cap features and
ore-forming processes may aid Seabridge Gold in optimising their development strate-
gies for Iron Cap.

During the later stages of this research project, the first study of Iron Cap was pub-
lished by Campbell et al. (2020). Their work describes the features of the Iron Cap de-
posit, including the geology, alteration, mineralisation, and vein sequences, and presents
a simple genetic model for the formation of the deposit. The study of Campbell et al.
(2020) is a major step forward for the understanding of deposit features, but does not
address many of the aspects that this thesis aims to shed light on. In particular, many of

the observations and interpretations of Campbell et al. (2020) are based on macro-scale
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features, necessary to meet their research aims of describing deposit characteristics. Con-
trastingly, however, this thesis aims to utilise a raft of micro-scale analytical techniques
in addition to hand specimen observation, to provide a more detailed understanding of
the vein petrography and ore mineral chemistry, and in turn reveal insights to the nature
of hydrothermal fluid evolution during deposit formation.

Another point to note is that, as the study of Campbell et al. (2020) is the first to
provide a geological description of the deposit, it stands to reason that the detailed char-
acteristics and genetic history of the deposit are yet to be fully realised. Ore deposits in
general often require numerous studies before these aspects are understood to a satisfac-
tory level, through consolidation of previous work, and the focus of subsequent works
on different aspects of the deposit. Finally, given that the study of Campbell et al. (2020)
was carried out roughly in parallel with this research project, there are naturally some
similarities and discrepancies between the two studies. However, the study of Campbell
et al. (2020) did not influence the observations and interpretations made in this thesis.

Chapter 3 contains further discussion of the Campbell et al. (2020) study.

1.3 Aims

The aims of this research project are to:

¢ Establish the mineralogy of Iron Cap, in terms of the ore and gangue minerals

present, with a particular focus on Au-bearing minerals.

¢ Characterise the vein generations of Iron Cap, and establish a paragenetic sequence

of veins and minerals.

¢ Investigate the processes that may have been involved in the formation of different

vein generations, and different ore minerals within vein generations.

e Characterise the concentration and distribution of trace elements in the ore mineral

assemblage of different vein generations.

* Investigate the controls on the partitioning of trace elements between ore minerals

and hydrothermal fluids.

¢ Understand the implications of trace element deportment for the characteristics of

the hydrothermal fluids that formed different vein generations.

* Develop a model that describes the evolution of hydrothermal fluids at Iron Cap,

both between and within vein generations.
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¢ Assess the implications of the research, both locally for Iron Cap, and in the broader

context of porphyry deposits in general.
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2 Porphyry deposits and magmatic-hydrothermal systems

2.1 Introduction

This chapter reviews the current understanding of porphyry deposits, and the magmatic-
hydrothermal systems from which they form. Porphyry deposits are rare worldwide
(e.g., Wilkinson, 2013), and yet there is a crucial need for their development, as the de-
mand for resources — particularly Cu and critical elements such as Co and Te - is expected
to increase owing to the transition to green energy technologies (Park et al., 2021; BEIS,
2022). Therefore, it is necessary to understand what makes porphyry deposit formation
possible, in terms of processes involved, and the characteristics of both the magmatic
intrusions, and the hydrothermal fluids.

The current understanding of hydrothermal fluid characteristics throughout the evo-
lution of a mineralising magmatic-hydrothermal system is of particular importance to
this thesis, because of the aim to elucidate the characteristics and evolution of the hy-
drothermal fluids that formed the Iron Cap deposit. Moreover, knowledge of typical
porphyry vein generations, and their implications for fluid characteristics and evolution,
is essential prior to the analysis and interpretation of vein generations at the Iron Cap
deposit, so that empirical observations made during data analysis can be compared to
those previously described in the literature. Fundamentally, it is critical to first build a
base of knowledge covering typical porphyry deposit characteristics and genetic process,
prior to commencing the study of a specific porphyry deposit. This not only allows the
recognition of common or indicative features, but also enables prediction of expected
characteristics and processes, and comparison with features and process described else-
where.

Firstly, the tectonic settings of porphyry deposits are considered in Section 2.2, to
identify the global-scale controls on their distribution. Magmatism involved in por-
phyry deposit formation is then discussed in Section 2.3. The causes of certain magma
characteristics, and the resulting impacts on the formation of mineralising magmatic-
hydrothermal systems, remains a key topic of debate. A current understanding of this
debate is necessary to shed light upon the important processes involved in porphyry
deposit formation. Following this, Section 2.4 presents the classification criteria for por-
phyry deposits (and associated deposits), and emphasises the associations between dif-
ferent deposit types and certain magmatic processes. The characteristics and evolution
of hydrothermal fluids are then discussed in Section 2.5, in the context of vein forma-

tion. Finally, a review of mineral characteristics that can be utilised to illuminate fluid
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characteristics is presented in Section 2.6.

2.2 Tectonic setting of porphyry deposits

Most porphyry deposits form in volcanoplutonic magmatic arcs above active subduc-
tion zones, as shown in Figure 2.1 (Sillitoe, 1972; Corbett and Leach, 1998; Seedorff et al.,
2005; Sillitoe, 2010). Continental arcs more commonly host porphyry deposits than island
arcs, which is thought to be a product of the thickness of the overlying crust during sub-
duction, as thicker crust may encourage the production of evolved magmas suitable for
porphyry deposit generation (Section 2.3; Chiaradia, 2014; Lee and Tang, 2020). Further-
more, the higher preservation potential at continental arcs relative to island arcs (e.g.,
Spencer et al., 2017) must play a part in the number of deposits found in each setting.
Preservation bias also impacts on the age of discovered deposits, with the majority being
Mesozoic and Cenozoic in age, and the remainder Palaeozoic to Archean in age; older
deposits are more likely to have been eroded (Seedorff et al., 2005; Singer et al., 2008).

A minority of porphyry deposits are of an age, or situated in a location, thought to be
incompatible with arc magmatism (e.g., some porphyry deposits in Tibet; Richards, 2009,
2011; Hou et al., 2015; Park et al., 2021). Such deposits may be found as isolated clusters,
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Oceanic crust 7 crustal chamber
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differentiation
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Figure 2.1. Schematic overview of an oceanic-continental subduction zone setting for the forma-
tion of porphyry deposits (modified from Wilkinson, 2013; Lee and Tang, 2020). Porphyry de-
posits typically form in and around intrusions at 2-4 km depth (Sillitoe, 2010). Numbered boxes

refer to relevant sections in the text.

2 Porphyry deposits and magmatic-hydrothermal systems



11

or stand-alone deposits, instead of the more characteristic linear belts associated with arc
magmatism (Sillitoe, 2000; Richards, 2009; Logan and Mihalynuk, 2014). Richards (2009)
proposes that post-subduction tectonic processes are responsible, whereby arc extension
or arc collision initiates magma generation after subduction ceases. More recent research
has corroborated the recognition of post-subduction porphyry deposits (Richards, 2011;
Hou et al., 2015; Holwell et al., 2019; Park et al., 2021), but they nonetheless remain scarce
in comparison to subduction-related deposits, and as such, will not be considered in

detail here.

2.3 Magmatism

2.3.1 Primary magma generation

The upper crustal magmas that exsolve hydrothermal fluids to form porphyry deposits
originate in the mantle (Figure 2.1). As an oceanic plate and its surface sediments are
subducted, the increasing pressures initiate metamorphism, which releases fluids from
the subducting slab, forming anhydrous eclogite (Best, 2003; Richards, 2011). The fluids
are derived from the destabilisation of hydrous minerals in the seafloor-altered basaltic
oceanic crust (i.e., micas and amphiboles; Best, 2003; Richards, 2015). Infiltration of these
fluids into the overlying mantle wedge causes metasomatism, and lowers the solidus
temperature, leading to partial melting of the mantle wedge, which generates primary
basaltic arc magmas (Best, 2003). This conventional understanding of the generation of
primary arc magmas is complicated when considering the source of specific melt compo-
nents, of which there are two: the mantle wedge, and the subducting slab (e.g., Mungall,
2002; Lee et al., 2012). Here, the source of primary arc magma characteristics that might
be essential for porphyry ore formation are considered. An overview is provided in Fig-
ure 2.2.

Porphyry deposits are associated with relatively oxidised intrusions (e.g., Sillitoe,
2010), but there is discussion over whether this characteristic is acquired in the magma
during primary melting, or during later processes. An oxidised nature is argued to be
likely during primary magma generation (e.g., Mungall, 2002), as this increases the abil-
ity of the magma to concentrate Cu and Au from the outset. Enrichments of Cu and Au
in primary magmas are deemed critical by some for the formation of porphyry deposits
(Mungall, 2002; Park et al., 2019). As chalcophile (S-loving) elements, Cu and Au are
strongly linked to the behaviour of S (e.g., Sun et al.,, 2017). In oxidising mafic silicate
magmas with oxygen fugacities (fO,) >1.5 log units above the fayalite-magnetite-quartz

fO, buffer (>AFMQ +1.5), S is largely present as highly soluble sulphate, rather than the
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Figure 2.2. The generation of primary magmas capable of forming porphyry deposits, and the
potential source of magma components. This field of view is situated around the 2.3.1 label in
Figure 2.1.

less-soluble sulphide (Jugo et al., 2010). Magmas with a high fO, can also accumulate
more S; for example, an oxidising magma with an fO, of AFMQ +1.5 can incorporate >1
wt.% more S before saturation, predominantly as sulphate, than a magma with an fO,
of AFMQ +1, which may only incorporate ~0.3 wt.% S before becoming saturated (Jugo
et al., 2010). Accordingly, an oxidising magma should be able to accumulate higher con-
centrations of Cu and Au, because more S phases containing Cu and Au can be dissolved
in the magma before sulphide saturation occurs (discussed further below). Nevertheless,
some researchers have demonstrated that significant metal enrichment at the primary
magma stage is not necessary, but it would still increase the probability of forming a de-
posit (Cline and Bodnar, 1991; Chelle-Michou et al., 2017). The abundance of relatively
oxidised intrusives in magmatic arcs, in comparison to the scarcity of porphyry deposits,
further shows that oxidation is not the only controlling factor for the formation of por-
phyry deposits (Sun et al., 2017), yet the timing of oxidation may still be important. It
remains to be proven if the primary arc magmas that ultimately give rise to porphyry de-
posits are relatively oxidising or not; however, they become relatively oxidising at some
point in their journey to the upper crust. This is necessary in order to accumulate and
transport sufficient quantities of S, Cu and Au to generate an enriched deposit.

If primary arc magmas are oxidising, the subducting slab is likely involved, because
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it is thought to be the only source of oxidising components in the subduction environ-
ment (Mungall, 2002). Slab partial melts are argued to be more capable of producing
primary magmas with high oxidation states than the primary magmas produced solely
from melting of the mantle wedge metasomatised by slab fluids, as the relative abun-
dance of oxidised Fe (Fe>*, as Fe,0;) in slab melts compared to fluids acts as a highly
effective oxidising agent (Mungall, 2002). However, the generation of slab melts likely
requires unconventional subduction scenarios, such as the subduction of a young, hot
slab, which could perhaps help to explain the rarity of porphyry deposits in magmatic
arcs (Mungall, 2002; Richards, 2015; Sun et al., 2017). Moreover, it has been suggested
that slab partial melts can contribute higher quantities of Cu to primary magmas than
partial melting of the mantle wedge alone (Sun et al., 2011), and even that this is required
for primary magmas to achieve high enough concentrations of Cu to form a porphyry
deposit (Sun et al., 2017). The involvement of slab melts could be corroborated by the
recognition that porphyry intrusions frequently exhibit high Sr/Y ratios relative to un-
mineralised arc intrusions (Loucks, 2014), as this signature can be acquired by partial
melting of the slab, with amphibole or garnet as residual phases in the slab, sequestering
Y (Defant and Drummond, 1990). However, high Sr/Y ratios may also arise during later
magma differentiation, when garnet or amphibole fractionate from the melt and plagio-
clase crystallisation is delayed due to high melt water contents, leading to discussions
over the source of this geochemical signature (Section 2.3.2; e.g., Lee and Tang, 2020).
Notwithstanding the involvement of slab melts, it is widely agreed that water re-
leased from the slab during subduction metasomatises the mantle wedge, and that this
aqueous fluid effects partial melting of mantle peridotite to produce hydrous basalts,
typically with 2-6 wt.% H,O (e.g., Best, 2003; Richards, 2015, and references therein). It
therefore stands to reason that water-soluble components in the slab should be trans-
ferred to the mantle wedge, and therefore also to resulting partial melts (e.g., Kelley and
Cottrell, 2009). Water itself is not thought to be the main oxidising agent in the subduction
environment, instead dissolved (whether in fluid or melt) Fe- and Mn-oxides, sulphates,
and carbonates are deduced to be the main carriers of O (e.g., Mungall, 2002; Kelley and
Cottrell, 2009; Richards, 2015, and references therein). Therefore, if primary magmas
are oxidising and lack the involvement of slab melts, then these components must be
transported by the aqueous fluids, with some researchers proposing the involvement of
supercritical liquids (Bureau and Keppler, 1999; Kessel et al., 2005). Other water-soluble
components that may be transferred from the slab (aside from Fet, Mn**, §°*, and C**;
Richards, 2015, and references therein), include Be, B, Rb, Cs, Sr, Ba, light rare earth ele-
ments (LREE; e.g., Ce, La, Nd), Pb, Th and U (Kessel et al., 2005). Chlorine is another key
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water-soluble component — particularly affecting metal transport in hydrothermal fluids
(Section 2.5) — and is relatively enriched in primary arc magmas (compared to mid-ocean
ridge basalts; MORB) owing to contributions from the subducting slab (Wallace, 2005).

In contrast to the evidence supporting the involvement of slab components, it has
been shown that the Cu in primary arc basalts and MORB - produced by decompression
melting of the mantle, in the absence of fluids — are identical, suggesting that they share
similar oxidation states (Lee et al., 2012). This, and other geochemical evidence (Zn/Fe
systematics of primary arc basalts, which are also identical to MORB signatures; Lee et al.,
2010), has led some researchers to propose that primary magmas are not particularly ox-
idised, or enriched in Cu, with the implication being that the subducting slab does not
supply oxidising components, or Cu, to primary arc magmas (Lee et al., 2010, 2012). De-
spite this, ‘normal” primary arc basalts may have different characteristics to the primary
magmas that eventually end up forming porphyry deposits, the latter, as outlined above,
possibly requiring a high oxidation state to incorporate larger quantities of metals, which
would help to account for their scarcity (Park et al., 2021).

If there is little involvement of subducting slab components during primary magma
generation, then the essential ore-forming components, S, Cu, and Au, must largely come
from the mantle wedge. Indeed, mantle sulphide phases are overwhelmingly proposed
to be the dominant source of S, Cu, and Au in primary arc magmas, regardless of slab
involvement (e.g., Audetat and Simon, 2012). These phases may be sulphide liquids,
or crystalline sulphides (largely monosulphide solid solution, MSS; Audetat and Simon,
2012). Experimental studies of metal partitioning between sulphide liquid, MSS, and
primary silicate melts at conditions representative of mantle partial melting have found
that Cu and Au both partition strongly into sulphide liquid and MSS relative to silicate
melts (Li and Audétat, 2012; Botcharnikov et al., 2013). However, Au is modelled to
have a ~10 times lower partition coefficient for MSS over sulphide liquid compared to
Cu, indicating that when mantle sulphides are dominantly MSS, the primary magmas
dissolving these will have lower Cu/Au ratios than the primary magmas produced by
the melting of mantle with sulphide liquid as the dominant sulphide phase, because Au
is more easily liberated from the melting of MSS compared to sulphide liquid (Li and
Audétat, 2012; Botcharnikov et al., 2013).

Similarly low Cu/Au ratios may still be achieved from the melting of a sulphide
liquid-dominated mantle, but only when all the sulphide liquid is dissolved, because
the last fraction of sulphide liquid will be highly enriched in Au (Botcharnikov et al.,
2013). With increasing degrees of partial melting of MSS-dominated mantle, primary

magmas will attain higher Cu/Au ratios because more Cu is liberated from MSS relative
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to Au, suggesting that Au-rich primary magmas may be achieved by low degrees of par-
tial melting of MSS-dominated mantle (Li and Audétat, 2012; Botcharnikov et al., 2013).
Meanwhile, Au-Cu-rich primary magmas may require a high degree of partial melting to
completely exhaust mantle sulphide reserves, or, if the magma is sufficiently oxidising,
and thus able to accumulate higher concentrations of S, low-degree partial melts could
be similarly effective (Botcharnikov et al., 2013; Sun et al., 2017). However, experimental
studies have indicated that Au concentrations in the magma depend on the amount of
dissolved sulphide, as Au is predominantly dissolved in the melt as a sulphide species,
whereas Cu is predominantly dissolved as an oxide species (Botcharnikov et al., 2011; Za-
jacz et al., 2012). Accordingly, the solubility of Au in a magma at a high fO, (e.g., >AFMQ
+2), when most of the S is present as sulphate, may be markedly reduced when compared
to a moderately oxidised magma (e.g., ~AFMQ +1; Botcharnikov et al., 2011). A high fO,
(>AFMQ +2) might therefore be considered optimal during primary magma generation
for the production of Cu-rich porphyry deposits (Sun et al., 2015), whereas Au-rich de-
posits may be unlikely to form from highly oxidised magmas where sulphate dominates,
instead requiring moderately oxidising conditions (~AFMQ +1) under which the high-
est concentrations of dissolved sulphide can accumulate in the melt (Botcharnikov et al.,
2011; Li et al., 2019). The oxidation state of the magma, and the nature and abundance of
mantle sulphide phases, are thus critical factors affecting the Cu and Au endowment and
Cu/Au ratios of primary magmas, but it is not clear if primary magmas achieve metal
enrichment, and if the metal endowments and ratios acquired at this stage are transferred
to related porphyry deposits.

In summary, debate continues over both the nature of primary arc magmas associated
with porphyry deposits — highly oxidised, metal-rich, or not? — and also the source of
magma components, i.e., does the subducting slab contribute magma components, and
if so, by melts, fluids, or supercritical liquids? Nevertheless, understanding the possible
generation mechanisms and the source of components for primary magmas is valuable
as this is the ultimate start point for porphyry deposit generation. If deposit components
or characteristics are not acquired at this stage in magmatic-hydrothermal system evolu-
tion, then they must be acquired at later stages. Furthermore, primary magma compo-
nents must be effectively transported from the mantle to the upper crust, such that they

eventually reside in a porphyry deposit.

2.3.2 Magmatic differentiation

Following partial melting, the relatively buoyant primary arc magmas rise towards the

crust. Ascension typically stalls as the magmas approach neutral buoyancy around the
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crust-mantle boundary, because the crustal rocks are more dense than the mantle melts
(e.g., Thybo and Artemieva, 2013). This stalling is known as underplating, and may be
overcome by magma differentiation (Figure 2.1; Thybo and Artemieva, 2013). Primary
magmas may alternatively intrude into the lower to mid crust before stalling, if the tec-
tonic environment permits (Annen et al., 2006). Traditional models propose that repeated
injections of mantle-derived basaltic magmas may recharge magma chambers, and that
fractional crystallisation of stable mineral phases occurs; elements compatible in these
minerals are preferentially extracted from the magma, potentially reducing their abun-
dance, while incompatible elements remain in the residual melt and may become rela-
tively enriched (Hildreth and Moorbath, 1988; Hedenquist and Lowenstern, 1994; Annen
et al., 2006). Meanwhile, the progressive assimilation and partial melting of crustal rocks,
followed by the mixing of crustal and residual mantle melts, produces more evolved, hy-
drous, and silica-rich (commonly andesitic) magmas that periodically discharge from the
magma chambers to rise through the crust (Hildreth and Moorbath, 1988; Annen et al.,
2006). These evolved magmas experience further differentiation during their ascent —
particularly if they stall again — and there is the possibility of multiple magma chambers
experiencing differentiation at different levels in the crust (Annen et al., 2006). Vertically
extensive magmatic systems that span the depth of the crust (i.e., trans-crustal) have also
recently been proposed, in contrast to the traditional models that support magma cham-
ber formation in the lower to mid-crust (Cashman et al., 2017). The impact of the trans-
crustal model on the porphyry ore potential during magmatic differentiation is not yet
understood, although there are implications for later magmatic-hydrothermal processes
(Section 2.5; Blundy et al., 2021). For ease of discussion in this section, differentiation is
assumed to take place in magma chambers as per traditional models. Numerous factors
can affect the porphyry ore potential at the differentiation stage in magma evolution, and
these are discussed here. Some of the key processes outlined above, and discussed below,
are illustrated in Figure 2.3.

The oxidation state of magmas undergoing differentiation is a key consideration,
given the effect fO, has on the behaviour of S, Cu, and Au (Section 2.3.1). As previously
discussed, it is not yet clear whether the primary magmas involved in differentation are
particularly oxidised, though a high fO, in primary magmas (AFMQ +1 to +2) would
likely be more favourable for the formation of porphyry deposits, and the magmatic in-
trusions intrinsic to porphyry deposit formation are known to be characteristically oxi-
dised (Sillitoe, 2010; Sun et al., 2015). Differentiation processes can elevate the oxidation
state of the magma to the necessary levels, as seen in geochemical data from arc igneous

rocks (Lee et al., 2010; Richards, 2015). This may be achieved through the fractionation
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Figure 2.3. Schematic diagram of magmatic differentiation processes that affect the porphyry ore
potential of magmas (modified after Wilkinson, 2013; Blundy et al., 2021). This field of view is
situated around the 2.3.2 label in Figure 2.1.

of stable mineral phases (e.g., olivine) that increase the relative abundance of oxidising
agents (e.g., Fe3+) in the magma, the assimilation of oxidised crustal rocks, and/or de-
volatilisation processes; although the latter are more impactful at shallower depths (i.e.,
later stages; Lee et al., 2010; Richards, 2015; Sun et al., 2015). Equally, arc magmas may
become more reduced during differentiation, through the fractionation of stable mineral
phases that sequester oxidising agents (e.g., magnetite; Jenner et al., 2010), and the as-
similation of reduced crustal rocks (e.g., graphitic rocks; Sun et al., 2015); although such
magmas are unlikely to ever to porphyry deposits. Suffice to say that oxidation dur-
ing differentiation must occur in porphyry-forming magmas if they were not previously
oxidised to appropriate levels (i.e., AFMQ +1 to +2).

It has recently been proposed that an overarching control on the nature and genesis
of porphyry deposits is the thickness of the crust (Park et al., 2021), building on previ-
ous research that identified associations between crustal thickness and porphyry deposit
abundance (Cooke et al., 2005; Sillitoe, 2010), and the characteristics and evolution of
porphyry-forming magmas (e.g., Chiaradia, 2014; Chiaradia and Caricchi, 2017; Lee and
Tang, 2020). This is because crustal thickness directly or indirectly affects: the depth of
differentiation; the duration of magmatic activity in the differentiation zone; the water

content of the magma; the timing, likelihood, and scale of sulphide saturation in the
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Table 2.1
Differences in magma differentiation and magma characteristics between magmas evolving un-
der thick and thin crust. Note that most variables are stated as relative differences between thick

and thin crust. See text for discussion.

Variable Thick crust (>40 km) Thin crust (<40 km)

Tectonic setting Continental arc, active sub- Island arc, post-subduction,
duction, compression extension

Depth of differentiation Deep Shallow

Duration of differentiation Long-lived Short-lived

Volume of magma High Low

Fractionation Amphibole + garnet-domi- Plagioclase and amphibole-
nant dominant

Sulphide saturation Early Late

Fe-depletion Early Late

Magma metal enrichment Moderate Cu, Au-poor High Cu and Au

Magma water content High Low

Magma Sr/Y ratio High (~40-160) Moderate (~30-80)

magma; the mineral phases that fractionate from the magma; its Cu and Au endowment;
as well as the emplacement depth of shallow-level porphyry intrusions (Section 2.3.3),
and later hydrothermal processes (Section 2.5; Chiaradia, 2014; Chiaradia and Caricchi,
2017; Lee and Tang, 2020; Park et al., 2021). These factors are clearly interlinked to vary-
ing degrees. A summary of the key differences in magma differentiation and magma
characteristics between magmas evolving under thick (>40 km) and thin (<40 km) crust
is shown in Table 2.1.

The depth at which differentiation takes place should vary according to crustal thick-
ness, with primary magmas at the base of thick crust experiencing differentiation at
greater depths than those at the base of thin crust; however, differentiation depth also de-
pends on whether primary magmas stall at the base of the crust, or intrude into the lower
to mid crust (Annen et al., 2006; Lee and Tang, 2020; Park et al., 2021). Nevertheless, thick
crust encourages deeper differentiation depths, even if primary magmas intrude into the
lower to mid crust. This can be seen in geochemical data from arc igneous rocks, which
show that a generally greater and more rapid Fe-depletion occurs during the differentia-
tion of magmas under thick crust relative to thin crust, owing to the earlier crystallisation
of amphibole, garnet, and/or magnetite, and the later crystallisation of plagioclase; a re-
sult of the higher pressures at greater depths (Chiaradia, 2014; Loucks, 2014; Lee and
Tang, 2020). The degree of differentiation in arc igneous rocks is represented by MgO
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contents, because MgO is most compatible in the early-fractionating minerals that are
then retained in the lower to mid crust as cumulates, and so more evolved magmas will
exhibit lower MgO concentrations (e.g., Richards, 2015).

Iron-depletion not only influences the geochemical signature of the magma (produc-
ing a calc-alkaline trend), but also decreases the solubility of S (O’Neill and Mavrogenes,
2002; Zimmer et al., 2010). While the behaviour of S in silicate melts is primarily a func-
tion of fO, (e.g., Jugo et al., 2010), the variability of magma differentiation compared to
partial melting in the mantle means that additional parameters must also be considered.
Temperature, pressure, and the composition of the silicate melt can additionally influence
the solubility of S, with S solubility decreasing with decreasing temperature, increasing
pressure, and decreasing Fe content (O’Neill and Mavrogenes, 2002). Experimental work
shows that Fe content could have a dominant control on the solubility of S (O’Neill and
Mavrogenes, 2002), thus the timing and extent of Fe-depletion would become a crucial
factor for the porphyry ore potential. Indeed, Park et al. (2021) propose that the ear-
lier Fe-depletion under thick crust causes earlier sulphide saturation, resulting in more
signficiant S and chalcophile metal depletion in magmas differentiating under thick crust
compared to thin crust.

A key question that arises is whether amphibole-, garnet-, or magnetite-dominant
crystallisation is responsible for Fe-depletion in arc igneous rocks, because each would
have a different effect on the magma characteristics, and by extension, the porphyry ore
potential. Combined with the suppression of plagioclase crystallisation, early amphibole-
dominant fractionation is frequently proposed to account for the enhanced Fe-depletion
in porphyry-forming magmas, because the high water contents and fO, of differentiat-
ing arc magmas stabilises amphibole (e.g., Zimmer et al., 2010; Loucks, 2014). Magnetite-
dominant fractionation may also account for Fe-depletion in arc rocks, but it has been
suggested that magnetite fractionation also coincides with abrupt sulphide saturation
and chalcophile metal depletion, caused by reduction of the magma via the preferential
incorporation of Fe3* over Fe** in magnetite (Jenner et al., 2010). However, others have
noted that arc magmas tend to become more oxidised during differentiation, and evolve
to higher Fe** /Fe?* ratios, and that “pure” magnetite occurs relatively late in the crys-
tallisation sequence (Richards, 2015; Lee and Tang, 2020). This throws the influence of
magnetite fractionation on Fe content into uncertainty.

Alternatively, Lee and Tang (2020) propose garnet-dominant fractionation as a key
process for porphyry formation in magmas differentiating under thick crust where gar-
net is stable, because garnet crystallisation causes Fe-depletion. This promotes sulphide

saturation and chalcophile metal depletion, but this effect is then counteracted by auto-
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oxidation; where garnet crystallisation increases the Fe>* /Fe?* ratio of the magma — in-
creasing the fO, —and allows more S and chalcophile metals to be dissolved in the magma
(Lee and Tang, 2020). In summary, Fe-depletion during differentiation is most likely
caused by amphibole-dominant fractionation, while garnet fractionation could feasibly
be involved under thick crust, leading to more oxidised and fertile magmas; however,
further investigation is needed.

Another geochemical signature, Sr/Y ratio, is attributed to the differential fractiona-
tion of amphibole and/or garnet, and plagioclase, because the former sequester Y, and
the latter Sr (Loucks, 2014). Therefore, the thick crust crystallisation sequence outlined
above can also account for the high Sr/Y ratios (>35) characteristic of porphyry intru-
sions (Loucks, 2014); indeed, a correlation between the highest Sr/Y ratios and intru-
sions formed under thick crust has been recognised (Lee and Tang, 2020; Park et al.,
2021). However, porphyry intrusions formed under thin crust also exhibit moderately el-
evated Sr/Y ratios compared to barren intrusions (Loucks, 2014; Park et al., 2021), which
requires a different explanation. Elevated Sr/Y ratios may also arise during primary
magma generation, as a result of delayed plagioclase crystallisation owing to high melt
water contents (Section 2.3.1; Williamson et al., 2016), and so it remains unclear whether
this geochemical signature truly records differentiation processes.

The magma chambers where differentiation takes place are more likely to be longer-
lived under thick crust, because the higher temperature of the surrounding rock at greater
depths slows the cooling process (Annen et al., 2006; Loucks, 2014; Chiaradia and Car-
icchi, 2017). Deep and long-lived magma chambers are able to accumulate higher wa-
ter contents than shallow and short-lived chambers, owing to greater water solubility at
higher pressures (greater depths) in a silicate melt (Burnham, 1979), and an overall more
voluminous input of mantle-derived magma into a long-lived compared to a short-lived
magma chamber (Chiaradia and Caricchi, 2017). Fractional crystallisation of the primary
mantle-derived magma enriches the residual melt in water, even when hydrous miner-
als (e.g., amphibole) crystallise (Annen et al., 2006); therefore, a greater overall input of
primary magma allows for greater water enrichment in the evolved magmas, up to the
point at which they become saturated, which as already noted, is higher in deep magma
chambers (Lee et al., 2014). Water enrichment in porphyry-forming magmas is necessary
because water is an essential component of the hydrothermal fluids that exsolve from the
magma during emplacement in the upper crust, where the fluids transport and deposit
metals to form porphyry deposits (Section 2.5). Petrological and geochemical modelling
has shown that more water in an evolved magma allows for a greater flux of hydrother-

mal fluids in the upper crust (i.e., longer-lived hydrothermal systems), corresponding
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to the formation of larger porphyry deposits (higher Cu tonnages), when assuming an
adequate supply of Cu from the magma (Chiaradia and Caricchi, 2017). Consequently,
while water enrichment occurs to some degree during primary magma generation (with
water originating from the subducting slab), it is at the differentiation stage that evolved
magmas can become particularly hydrous, which contributes to an increased porphyry
ore potential.

The deep, long-lived magma chambers that are more likely under thick crust should
also have a greater potential to accumulate Cu and Au — which are incompatible in the
fractionating minerals — owing to a greater overall input of primary magma (e.g., Lee
et al.,, 2014). However, a well-known conundrum is that arc magmas become relatively
depleted in Cu during differentiation, with the Cu contents of arc rocks largely decreasing
in line with decreasing MgO contents (e.g., Lee et al., 2012; Chiaradia, 2014). Depletion in
Cu is attributed to the onset of sulphide saturation, where sulphide phases separate from
the magma and eventually form cumulates rich in Cu (Lee et al., 2012). Some researchers
suggest that these Cu-rich cumulates must be remelted by later S-undersaturated mag-
mas in order for porphyry-forming magmas to accumulate enough Cu to form a deposit
(Lee et al., 2012; Chiaradia, 2014). Conflictingly, others have suggested that the rework-
ing of Cu-rich cumulates is not a critical step (Richards, 2015; Lee and Tang, 2020; Park
et al., 2021), not least because it has been shown that particularly Cu-rich magmas are not
required to form porphyry deposits (Cline and Bodnar, 1991; Chelle-Michou et al., 2017),
but also because the Cu-rich cumulates are likely to delaminate into the mantle (Chen
et al., 2020), contrary to the proposals of re-melting by later magmas. Alternative models
instead highlight the importance of the duration of the magmatic-hydrothermal system
(Chiaradia and Caricchi, 2017; Chiaradia, 2020; Park et al., 2021), rather than the concen-
tration of Cu in the magma and whether or not sulphide saturation occurs. Nevertheless,
it is clear that sulphide saturation plays a role in the enrichment of Cu in the differenti-
ating magma, and more Cu-enriched magmas should be more likely to form porphyry
deposits.

The behaviour of Au is expected to be largely similar to that of Cu in a magma that
does not experience sulphide saturation; both metals are retained in the magma, and
will increase in concentration with increasing S content if sulphide phases remain dis-
solved. This scenario should be most favourable for the formation of porphyry deposits.
Conversely, extensive sulphide saturation is catastrophic for the Cu and Au fertility of
the magma, making it unlikely to be suitable for porphyry ore formation. When lim-
ited sulphide saturation occurs, the differential partitioning of Cu and Au between the

magma and precipitating sulphide phases affects the Cu/Au ratio of the magma. Again,
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crustal thickness is influential. Modelling based on the experimental study of chalcophile
element partitioning between MSS, sulphide liquid, and hydrous silicate melt at condi-
tions representative of magmatic differentiation suggests that, under thick continental
crust (>30 km), precipitating sulphides are dominantly MSS (>80 %), while under thin-
ner island arcs (<20 km), precipitating sulphides are liquid-dominated (50-90%; Li et al.,
2021). This would generally indicate that sulphide saturation under thick crust promotes
a lower Cu/Au ratio, because Cu more strongly partitions into MSS over silicate melt
than Au, while sulphide saturation under thin crust results in a higher Cu/Au ratio,
given that Au more strongly partitions into sulphide liquid over silicate melt compared
to Cu (Li et al., 2021). However, this does not take into account the timing of sulphide
saturation.

Magmas emplaced under thick crust experience earlier sulphide saturation compared
to those emplaced under thin crust, recognised from the Cu depletion trends in arc rocks
during differentiation (MgO contents), because S solubility is reduced at the higher pres-
sures and lower Fe contents of magmas under thick crust (Chiaradia, 2014; Lee and Tang,
2020; Park et al., 2021). Consequently, magmas that differentiate under thick crust should
have lower concentrations of Cu and Au, evolving to higher Cu/Au ratios, because the
earlier saturation of sulphide (largely as MSS) allows for a greater extraction of metals,
with Au becoming more depleted because it is present in the magma at much lower
concentrations than Cu (Li et al., 2021), but only has a slightly lower partition coeffi-
cient for MSS over silicate melt compared to Cu. Meanwhile, the late sulphide saturation
under thin crust would mean that minimal Au and Cu would be lost to the sulphide
liquid-dominated precipitates, with the majority of metals retained in the magma. The
Cu/Au ratio of a magma differentiating under thin crust would thus be relatively unaf-
fected by late sulphide saturation, although Au would more strongly partition into the
sulphide liquid than Cu if significant sulphide saturation did occur. Some researchers
hence propose that the timing of sulphide saturation ultimately accounts for the differ-
ences in metal endowment between Cu-rich (early sulphide saturation) and Au-Cu-rich
(late sulphide saturation) porphyry deposits (Park et al., 2021). The latter would also be
produced if no sulphide saturation occurred prior to ore formation.

In summary, the processes of magma differentiation exert fundamental controls on
both the potential for porphyry ore formation, and the geochemical characteristics of a
resultant porphyry deposit and related intrusive(s). Magmas become more felsic, hy-
drous and oxidised (if not already so), during differentiation. Furthermore, differences
are evident between magmas differentiating under thick crust relative to thin crust, as

highlighted in the model of Park et al. (2021). Thick crust differentiation results in deeper,
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longer-lived magma chambers that experience a greater input of primary magma, al-
lowing for greater accumulations of dissolved water, chalcophile metals, and S, with
Fe-depletion and sulphide saturation occurring earlier, resulting in large volumes of
Au-depleted and moderately Cu-enriched magmas rising through the crust. The frac-
tionation of garnet under thick crust may be crucial for allowing magmas to transport
adequate quantities of Cu for the formation of large, Cu-rich porphyry deposits (Lee
and Tang, 2020). Conversely, thin crust differentiation results in shallower, shorter-lived
magma chambers that experience a lower input of primary magma, meaning that dis-
solved water, chalcophile metals, and S are present at lower concentrations. However,
because Fe-depletion and sulphide saturation occur later in magmas differentiating un-
der thin crust, the concentrations of Cu and Au are largely retained, allowing for the
formation of smaller, Au-Cu-rich porphyry deposits if later magmatic-hydrothermal pro-

cesses are favourable.

2.3.3 Magma emplacement in the upper crust

Evolved arc magmas rise to shallower levels, where they accumulate in upper crustal
chambers at depths of 5-15 km (Figure 2.1; Sillitoe, 2010). For a porphyry deposit to
form, magmas must then intrude into the roof of the chamber and generate a finger-
like stock, typically extending to depths of 2-4 km, into and around which the metals
contained within the magma may be extracted and deposited by hydrothermal fluids to
form an ore deposit (Sillitoe, 2010; Richards, 2011). These final steps in the formation
of a porphyry deposit, from a magmatic perspective, depend on multiple factors and
processes, which are discussed here, and illustrated in Figure 2.4. The hydrothermal
processes, while relevant to this discussion, are considered in detail in Section 2.5.
Large-scale arc-parallel or arc-transverse fault systems or lineaments that pre-exist
or are coincident with magmatism are thought to play an important role in the ascent
and localisation of magmas associated with porphyry deposits, acting as conduits for
the magmas to exploit and ascend (Corbett and Leach, 1998; Sillitoe, 2010). Specifically,
intersections between arc-parallel and arc-transverse structures are proposed to be an
important localiser, with these dilational structural settings encouraging magma ascent
(e.g., Richards et al., 2001). While structural features offer clear pathways for magma as-
cent, not all porphyry deposits show a close association to major structures, and in these
cases there may not even be proximity to minor structures (Sillitoe, 2000). More gener-
ally for arc magmatic systems, it has been proposed that the principal control on distri-
bution is the stress regime affecting the overriding plate during subduction, based on a

spatial analysis of volcano distribution in the Mariana Arc (Andikagumi et al., 2020). Pre-
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Figure 2.4. Schematic diagram of a shallow magma chamber generating a porphyry deposit
(modified after Wilkinson, 2013; Edmonds and Woods, 2018; Blundy et al., 2021). See text for
discussion. This field of view is situated around the 2.3.3 label in Figure 2.1.

existing structures may play a role where present, but the key suggestion is that tensile
stress in the deep upper plate during subduction is the primary mechanism that controls
volcano distribution, by generating the pathways for magma ascent (Andikagumi et al.,
2020). This theory may also be applied to magma ascension related to porphyry deposit
formation, as porphyry deposits can be considered as failed volcanic eruptions, owing to
the comparable volumes of magma and injection rates involved in the formation of both
shallow magma chambers associated with porphyry deposits and those associated with
volcanic eruptions (Chiaradia and Caricchi, 2022). Therefore, it is possible that pathways
generated in the deep upper plate dominantly control the distribution of porphyry in-
trusions, and these pathways may or may not be expressed or preserved as structures at
surface.

One of the most critical changes for evolved, porphyry-forming magmas ascending to
upper crustal chambers is a reduction in pressure. Water solubility is strongly controlled

by pressure, reducing at lower pressures, thus magmas will become saturated in water
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at shallower depths and exsolve a water-rich fluid — termed “first boiling” (Burnham,
1979). Crystallisation of a magma may also induce water saturation and fluid exsolu-
tion — termed “second boiling” — owing to temperature reductions, which progresses the
fractional crystallisation of water-poor minerals (Burnham, 1979). The vast majority of
hydrothermal fluids in porphyry systems are generated by first and second boiling pro-
cesses; meteoric waters may have minor involvement in some cases (Section 2.5).

Hydrothermal fluid exsolution additionally depends on the composition of the magma
and assimilated crustal rocks (in particular the amount of contained water in both), the
crystal-melt ratio of the magma, the magma emplacement rate, and the volume of magma,
because these factors affect the first and second boiling processes (Chiaradia and Caric-
chi, 2017). It is a requirement that porphyry-forming magmas contain enough water
(e.g., 2-6 wt.% H,O; Richards, 2015) to exsolve sufficient quantities of fluids to form an
ore deposit. Magmas close to water-saturation prior to emplacement will require less
change than magmas more undersaturated in water to exsolve a water-rich fluid, for
example, a minor reduction in pressure may suffice for the former, whereas the latter
would require a greater pressure reduction, leading to fluid exsolution (first boiling) at
shallower depths. The crystallinity of the magma is also of importance, because magmas
with higher melt-crystal ratios may dissolve more water before saturation than magmas
with lower melt-crystal ratios, depending on their composition. The last two factors —
magma emplacement rate and magma volume — are particularly important in control-
ling fluid exsolution related to porphyry deposit formation; multiple studies propose
that these factors may be linked to the size of a porphyry deposit, and ultimately control
whether or not a deposit forms at all (Chiaradia and Caricchi, 2017; Chelle-Michou et al.,
2017; Schopa et al., 2017; Chiaradia and Caricchi, 2022).

High rates of emplacement are considered necessary for the generation of porphyry-
forming upper crustal chambers, in contrast to the lower rates of emplacement linked to
the formation of unmineralised plutons (Schopa et al., 2017). A key reason high emplace-
ment rates are required is because higher temperatures may be maintained for longer
when compared to slower rates of emplacement, assuming the magma and crustal rock
characteristics are the same. Magma volume is clearly involved too, with large volumes
of magma (1000s km?; Schopa et al., 2017) able to sustain higher temperatures compared
to smaller volumes. The most favourable scenario would therefore involve large magma
volumes at high rates of emplacement (Chiaradia and Caricchi, 2022). Higher tempera-
tures preserve the molten state of the magma for longer. This is important, because the
current model of porphyry formation necessitates the interaction of exsolved hydrother-

mal fluids with large volumes of magma (i.e., in the upper crustal chamber), in order
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to extract adequate quantities of metals (e.g., Sillitoe, 2010). Fluids are thought to be
exsolved as bubbles, which then migrate upwards towards the chamber roof — accumu-
lating metals as they go — owing to their affinity for melt-rich parts of the chamber, and
their efficient migration through the crystal-rich parts (e.g., Parmigiani et al., 2016). Im-
portantly, exsolved fluids must then be focussed into the finger-like stock in the chamber
roof, which acts as an “exhaust valve” to the magma chamber, otherwise ore deposition
will be dispersed over a large region (Sillitoe, 2010; Richards, 2018). It therefore stands to
reason that a porphyry deposit cannot form if there is an insufficient volume of magma
available for exsolved fluids to interact with.

If small volumes of magma are emplaced at slow rates, the magma is likely to cool and
crystallise before a magma chamber can form, or at least when the volumes of magma
in a chamber are relatively small (Schopa et al., 2017). This means that fluid exsolution
will occur almost entirely during the emplacement process, with fluid fluxes relatively
low because the volumes of magma emplaced at any one time are low (Chelle-Michou
et al., 2017; Schopa et al., 2017). The porphyry ore potential here would accordingly be
low, because there is only a small magma volume for the fluids to extract metals from.
It is additionally possible that the fluids would not be focussed into a finger-like stock,
instead dispersing into the cooled intrusion or crustal rocks, because there is no continu-
ously present “exhaust valve”, owing to the lack of a significant magma chamber (Schopa
etal., 2017). If large volumes of magma are emplaced at high rates, fluid exsolution would
again occur during emplacement, but the flux of fluids would be higher because the vol-
umes of magma involved are higher (Chelle-Michou et al., 2017; Schopa et al., 2017).
Furthermore, there would be increasing volumes of magma available for the exsolved
fluids to interact with during the formation of a large magma chamber, and fluid exsolu-
tion would continue after emplacement has ceased owing to the time required for cooling
and crystallisation of the large chamber (Chelle-Michou et al., 2017; Schopa et al., 2017).
Large magma volumes produced in the deeper crust during differentiation (linked to
differentiation under thick crust; Section 2.3.2) are considered essential for both sourcing
enough magma to produce large magma chambers in the shallow crust, and preventing
the eruption of the magma that could be expected for rapid rates of magma emplacement
in the shallow crust; eruptions are detrimental to porphyry ore formation (Chiaradia and
Caricchi, 2022). Thus, it appears likely that porphyry deposits preferably form from large
upper crustal magma chambers generated by high rates of magma emplacement.

Sulphide saturation may be an important process in porphyry-forming upper crustal
magma chambers. While separation of sulphide phases has previously been shown to be

detrimental, but not necessarily inhibiting, to porphyry ore formation during magma dif-
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ferentiation, it is conversely possible that sulphide saturation in an upper crustal cham-
ber could be influential in generating a porphyry deposit (e.g., Wilkinson, 2013). This is
because separated sulphide phases in an upper crustal chamber could be available for
interaction with exsolved hydrothermal fluids (Nadeau et al., 2010; Wilkinson, 2013),
unlike the sulphides sequestered in the lower crust during differentiation. Evidence
for sulphide liquid and hydrothermal fluid interaction comes from the observation of
variably dissolved sulphide melt inclusions in contact with bubbles previously contain-
ing hydrothermal fluid, in samples of scoria from Merapi Volcano, Indonesia (Nadeau
et al., 2010). Furthermore, the particularly high metal contents of ore-forming fluids in
some porphyry deposits have been proposed to result from interaction with sulphide
liquids (Wilkinson, 2013). If interaction does occur, the pre-enrichment of metals and
S in the separated sulphides should also negate the need for exsolved fluids to interact
with large volumes of magma, hence sulphide saturation could be particularly influential
where magma volumes are low during fluid exsolution, such as when magma emplace-
ment rates are slow. Alternatively, a sudden trigger, such as the injection of a sulphide-
saturated mafic magma into an upper crustal chamber comprised of an oxidised felsic
magma may initiate the interaction of sulphide liquid and exsolved hydrothermal fluid,
as is proposed at Merapi Volcano (Nadeau et al., 2010). Nevertheless, evidence for upper
crustal sulphide saturation is limited at present, and particularly so for the formation of
porphyry deposits; hence, further study is required.

In summary, the location of arc magma emplacement in the upper crust principally
depends on the structural setting of the crust, likely derived from the stress regime af-
fecting the upper plate during subduction. Meanwhile, the formation of an upper crustal
magma chamber favourable for porphyry deposit formation requires the emplacement of
large volumes of evolved, water-rich magma, at high rates of injection. Exsolution of hy-
drothermal fluids from the magma takes place principally owing to pressure reductions
(i.e., during emplacement), and temperature reductions that cause increased fractional
crystallisation (i.e., during incubation). The fluids migrate up through the chamber and
extract metals from the magma. It is not yet clear whether sulphide saturation is an im-
portant process in this environment. A porphyry intrusion, rising from the roof of the
magma chamber, must form to channel the exsolved metal-bearing fluids to shallower

levels where they can precipitate their metals as ore.

2.3.4 Magmatic characteristics of porphyry deposits

Porphyry deposits are intrinsically derived from porphyritic intrusions with intermedi-

ate to felsic compositions, with mineralisation located in and around the magmatic bodies
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(Sillitoe, 2010). The porphyritic rocks have abundant phenocrysts of between 35-55% in
terms of volume, and fine-grained groundmass textures (Seedorff et al., 2005). Aplitic tex-
tures are often reported (Seedorff et al., 2005), indicating rapid, decompression-induced
crystallisation took place, which some authors relate to sudden events, such as the col-
lapse of a volcanic edifice (Richards, 2018). Phenocrysts of plagioclase, hornblende, bi-
otite, K-feldspar, and quartz are frequently observed, with mineral proportions depen-
dent on the rock composition (Seedorff et al., 2005). As previously mentioned, the intru-
sions are typically emplaced at depths of 2-4 km, but in some cases may have reached
depth extremes of 1 km (e.g., Kisladag, Turkey; Baker et al., 2016) and 9 km (e.g., Butte,
Montana, USA; Rusk et al., 2004). Intrusion depth may be linked to the thickness of the
crust under which the magmas evolved, with magmas evolving under thicker crust gen-
erating deeper intrusions, and vice versa for magmas evolving under thin crust (Section
2.3.2; Chiaradia, 2020). In particular, long-lasting periods of compression (i.e., lacking ex-
tensional interludes from slab rollback, for example) are proposed to generate porphyry
intrusions at greater depths (Park et al., 2021).

Intrusions vary considerably in form, from stocks (e.g., Bingham Canyon, Utah, USA;
Porter et al., 2012) to dyke swarms (e.g., Cadia East, New South Wales, Australia; Wilson,
2003), and size (e.g., a 2 km? exposure at Bingham Canyon, and dyke widths reaching
up to ~50 m in drill core at Cadia East). The distribution — but not the volume - of min-
eralisation varies according to intrusion morphology, owing to the flow dynamics of ex-
solved hydrothermal fluids (Section 2.5; Sillitoe, 2010). Furthermore, porphyry deposits
are characterised by multiple intrusive phases, only some of which may be synchronous
with, and thus likely causative to, the mineralisation (i.e., syn-mineralisation; Sillitoe,
2010). For example, the intrusive suite at the Altar porphyry deposit, Argentina, consists
of one pre-mineralisation porphyry, three syn-mineralisation porphyries, and two post-
mineralisation intrusions (Maydagéan et al., 2014). The episodic emplacement of variably
mineralised intrusions shows that upper crustal magma chambers are active before and
after mineralising events, and the age of intrusions provides constraints to the lifespan of
shallow magmatism sourced from the magma chamber, and specifically to the duration
of the ore-forming magmatic-hydrothermal system. Using the Altar example, all intru-
sions were emplaced over a period of ~2.85 m.y., with the syn-mineralisation intrusions
emplaced within ~0.7 to 1.3 m.y. (from U-Pb ages in zircons; Maydagan et al., 2014). This
is in line with the findings of a review of geochronological studies of porphyry systems,
where it is stressed that the likely duration of hydrothermal systems initiated by por-
phyry intrusions is 10’s k.y., but that multiple syn-mineralisation intrusions may extend

the overall duration of the mineralising systems up to ~2 m.y. (Chiaradia et al., 2013).
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Breccia bodies up to 100’s m in diameter are often observed in and around porphyry
deposits, and may be ore-bearing to varying degrees (Sillitoe, 2010). Multiple classifi-
cation schemes exist to define breccias in porphyry deposits (e.g., Sillitoe, 1985; Jebrak,
1997; Corbett and Leach, 1998; Sillitoe, 2010), although none adequately account for the
wide range of breccia characteristics; indeed, deposit-scale studies typically assign their
own classification schemes (e.g., Micko et al., 2014, Wang et al., 2020). Perhaps this is
not surprising, given that breccia characteristics to consider include: position in the sys-
tem, size, morphology, clast characteristics (i.e., composition, size, morphology), matrix
(and/or cement) characteristics (i.e., composition, grain size), proportion of clast to ma-
trix, alteration, and mineralisation. Moreover, Sillitoe (1985) notes that there is inherent
ambiguity in breccia classification, because a continuum exists between different types of
breccia.

Nevertheless, the most recent and widely-used classification scheme of Sillitoe (2010)
(derived from that of Sillitoe, 1985) will be considered here. Three broad categories are
defined, based on the inferred formation processes: magmatic-hydrothermal, phreatic,
and phreatomagmatic. Magmatic-hydrothermal breccias are the most common in por-
phyry deposits, and are thought to form as a result of explosive hydrothermal fluid ex-
solution, typically from the apex of a porphyry intrusion, hence they are spatially as-
sociated with the intrusive phases and are contained in the sub-surface (Sillitoe, 1985;
Corbett and Leach, 1998; Richards, 2018). Importantly, these breccias frequently host
ore, with mineralisation interpreted to occur immediately after emplacement, in line
with breccia formation from magmas exsolving hydrothermal fluids (Sillitoe, 1985). For
fluid exsolution to be explosive, sudden depressurisation events (e.g., volcanic edifice
collapse, mega-earthquakes, or movement on a controlling structure) or agitation of a
primed magma chamber are thought to be required (Corbett and Leach, 1998; Richards,
2018). In addition, the size and abundance of magmatic-hydrothermal breccias may de-
pend on the extent and abundance of dilational structural environments in the overlying
crust; for example, mineralisation in the Huangtun porphyry deposit, China, is predom-
inantly hosted in a up-to-200 m thick breccia pipe, generated at the intersection of two
pre-existing faults (Wang et al., 2020).

Phreatomagmatic and phreatic breccias tend to be late relative to porphyry ore for-
mation, and are likely to have extended to the palaeosurface (Corbett and Leach, 1998;
Sillitoe, 2010). The former are generated by mixing of hydrothermal fluids and cooler
meteoric waters, and the latter by depressurisation of geothermal waters (Corbett and
Leach, 1998), hence their lateness. Both breccia types typically generate upward-flaring

pipe-like geometries, with phreatomagmatic breccias constituting diatremes that com-
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monly extend up to 2 km in depth (Sillitoe, 1985). Distinguishing between the three
breccia types depends on a detailed analysis of the breccia characteristics outlined above,
although Sillitoe (2010) highlights that magmatic-hydrothermal breccias lack tuffaceous
material, unlike phreatomagmatic breccias, and phreatic breccias commonly form pebble
dykes (i.e., polymict clasts set in a rock-flour matrix). Ultimately, the extent and distribu-
tion of alteration and mineralisation in all breccia types are of particular importance to
recognise, as these features provide constraints to the timing of breccia formation relative
to ore formation, and allows an assessment of whether breccias may be an important host
for ore in a given deposit.

Porphyry deposits may be found as stand-alone occurrences, or be localised in a dis-
trict; for example, five porphyry deposits are situated along a ~6 km trend in the Cadia
district, New South Wales, Australia (Wilson, 2003). Moreover, deposits tend to be re-
gionally aligned in belts (e.g., the >1000 km long porphyry trend of the Andes, extend-
ing northwards from Santiago, Chile), clearly reflecting the geometry of the magmatic
arcs from which they formed (Sillitoe, 2010). Within a district, geochronological studies
have shown that mineralisation is confined to one or more ore-forming events that occur
within constrained time periods, with a maximum time period for district formation of
~18 m.y. for the deposits in the Cadia district (Wilson et al., 2007). This has led some re-
searchers to suggest that a single upper crustal magma chamber may be capable of form-
ing multiple porphyry deposits in different locations over time (Sillitoe, 2010). Similarly
in a belt, porphyry deposits tend to be formed within mineralising epochs, such as that of
the Canadian Cordillera, where many porphyry deposits preferentially formed during a
~15 m.y. time period (Sillitoe, 2010; Logan and Mihalynuk, 2014). The time-constrained
formation of multiple porphyry deposits in districts and belts indicates that arc magma-
tism was particularly favourable for porphyry deposit formation at certain points in time
and space, although some researchers alternatively suggest that prospective areas mainly

correspond to optimal erosional levels (Chelle-Michou et al., 2017).

2.4 Classification of porphyry deposits

There are multiple classification schemes used for porphyry deposits, and also different
mineral deposit styles that may be related to porphyry intrusions. When investigating
the formation of a porphyry deposit, it is essential to consider both because fundamental
differences between deposits point toward differences in formation processes. Therefore,
a given porphyry deposit should be considered in the context of different classification
schemes, such that the results and conclusions of an investigation can be appropriately

applied elsewhere; for example, an orogenic Au deposit study cannot be easily com-
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pared to a volcanogenic massive sulphide deposit study, although certain aspects may
be comparable. This section outlines the different schemes used to classify porphyry de-
posits, and the implications for formation processes. Mineral deposit styles associated
with porphyry intrusions are also covered, such that they can be identified if present in

conjunction with porphyry mineralisation.

2.4.1 Classification by metal enrichment

Copper, Au, and Mo are the main resources contained within porphyry deposits, and
constitute the primary classification scheme from an economic perspective. One or more
of these metals may be present to define the dominant resource and by-product (e.g., Cu-
Au, Cu-Mo, Cu-Mo-Au; Sillitoe, 2010). As noted in Section 1, this research focusses pri-
marily on the Au-rich deposit of Iron Cap. Gold-rich porphyry deposits also contain Cu
as a by-product or as the dominant resource, but most usually lack significant amounts
of Mo (Sillitoe, 2000), indicating that Mo-bearing deposits have a different formation his-
tory. Indeed, there appears to be no consensus for the source of Mo in porphyry deposits,
with arguments for both a crustal source and a mantle origin seeming plausible, although
mantle source theories often rely on post-subduction processes (Richards, 2011). This im-
plies that the magmas forming the most Au-rich porphyry deposits either lack extensive
crustal contamination, and/or are generated during active subduction.

Section 2.3 has highlighted numerous variables and magmatic processes that are in-
fluential in controlling the Cu and Au endowment of porphyry deposits. Hydrothermal
activity additionally exerts controls on Cu and Au transport and deposit endowments,
discussed in Section 2.5, below. In conjunction with these specific variables, various mod-
els and simulations have been developed in efforts to understand the overarching con-
trols on Cu and Au endowments in porphyry deposits, which are considered below.

Figure 2.5 illustrates that the metal endowments of Cu-Au porphyry deposits de-
fine two discrete trends, based on whether a deposit is Cu-rich (Au/Cu ratio of ~4 x
107%) or Au-rich (Au/Cu ratio of ~80 x 10~% Chiaradia, 2020). Monte Carlo simula-
tions, supported by geochronological data from Cu-Au porphyry deposits, show that Cu-
endowment appears to be principally linked to the duration of the ore-forming process
(Chiaradia and Caricchi, 2017; Chelle-Michou et al., 2017; Chiaradia, 2020). The emphasis
on duration indicates that the impact of other variables, such as the Cu-endowment of the
magmas, and the efficiency of Cu precipitation (i.e., the characteristics of the hydrother-
mal fluids), are of secondary importance; indeed, it has been shown that porphyry Cu
deposits can form from a typical calc-alkaline arc magma with ~50 ppm Cu, precipitated

at 50% efficiency (i.e., 50% of the contained Cu in the magma ends up in the deposit; Cline
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Figure 2.5. The metal endowments of Cu-Au porphyry deposits, showing two distinct trends
that define Cu-rich and Au-rich deposits (Park et al., 2021, adapted from Chiaradia, 2020). Monte
Carlo simulations that reproduce the Au-rich trend are differentiated from the Cu-rich trend by
a higher Au precipitation efficiency; 12 times higher for the simulations of calc-alkaline (CA)
systems, and 5 times higher for the simulations of high-K calc-alkaline and alkaline (K) systems.
The Monte Carlo simulation parameters are described by Chiaradia (2020). Porphyry deposit
abbreviations: Bh, Bingham; Bt, Butte; Ca, Cadia; CCas, Cerro Casale; Chu, Chuquicamata; Cn,
Cananea; ES, El Salvador; ET, El Teniente; FSE, Far Southeast-Lepanto; Gr, Grasberg; Kj, Kadjaran;
Kk, Kalmakyr; LP, Los Pelambres; OT, Oyu Tolgoi; Pe, Pebble; Po, Potrerillos; RB, Rio Blanco; RD,
Reko Digq.

and Bodnar, 1991; Chelle-Michou et al., 2017; Chiaradia, 2020). Furthermore, Cu endow-
ments of porphyry deposits appear to increase in line with the duration of ore forma-
tion, suggesting that the other variables (i.e., Cu precipitation efficiency and magma Cu
content) are relatively consistent between different porphyry systems (Chiaradia, 2020).
Following this logic, the most Cu-rich porphyry deposits (e.g., El Teniente, Chile) are
principally the product of a long-lived magmatic-hydrothermal system. As discussed in
Section 2.3.2, the duration of magmatic-hydrothermal activity is enhanced under thicker
crust owing to the accumulation of greater volumes of magma and water, thus Cu-rich
deposits should be more likely to form under thicker crust.

Comparatively, Au-endowment is thought to be dominantly controlled by precipita-
tion efficiency, with a lesser influence from the duration of the ore-forming process, and
the Au content of the magma (Murakami et al., 2010; Chiaradia, 2020). This is because the
most Au-rich deposits are geochronologically determined to have a shorter ore-forming
process (<0.5 M.y.) compared to the most Cu-rich deposits (<2 M.y.), yet can contain

over five times more Au than the most Cu-rich deposits (Chiaradia, 2020). Variables such

2 Porphyry deposits and magmatic-hydrothermal systems



33

as the Au-content of the magma and the partition coefficient of Au between fluid and
melt cannot explain this discrepancy because arc magmas are thought to contain enough
Au (e.g., 6-32 ppb) to form the most Au-rich deposits, and partition coefficients for Au
between fluid and melt would have to be particularly low (i.e., <1) to generate Au-poor
fluids to form the Cu-rich deposits (Chiaradia, 2020). Instead, Au is suggested to pre-
cipitate ~5-12 times more efficiently in Au-rich deposits, which likely relates to differing
characteristics and evolution of the hydrothermal fluids in Au-rich and Cu-rich deposits
(Chiaradia, 2020). One cause for an increased Au precipitation efficiency may be the shal-
lower average depth of formation for Au-rich deposits (2.1 km) compared to Au-poor
deposits (3.7 km; Murakami et al., 2010), possibly enforced by magma evolution under
thinner crust (Section 2.3.2). That the decoupling of Cu and Au in Au-rich and Cu-rich
deposits cannot alone be explained by magmatic processes highlights the importance
of understanding the characteristics and evolution of porphyry-forming hydrothermal
fluids, and particularly those forming Au-rich deposits. Section 2.5 reviews porphyry-
forming hydrothermal systems, and highlights potential differences in the formation of

Au-rich porphyry deposits.

2.4.2 Classification by magmatic association

The association of porphyry deposits with calc-alkaline or alkaline igneous rocks is an-
other common classification criteria (Cooke et al., 2014), yielding the nomenclature of
calc-alkaline and alkaline deposits. Porphyry deposits are often described in this way as
the metal endowments and deposit characteristics tend to differ depending on the mag-
matic association, because the two magma types require different generation mechanisms
and therefore have different characteristics when emplaced in the shallow crust, impact-
ing on the nature of resultant porphyry deposits. Most arc magmas related to porphyry
deposits evolve to become calc-alkaline, while fewer become alkaline; the latter may be
differentiated from the former by having higher proportions of Na,O + K,O relative to
Si0,, though other classification mechanisms also exist (e.g., Lang et al., 1995b; Seedorff
et al., 2005; Sillitoe, 2010; Marks et al., 2011; Bissig and Cooke, 2014; Dostal, 2017). Rocks
from calc-alkaline intrusions are most commonly in the compositional range of diorites,
quartz diorites, quartz monzodiorites, granodiorites, and granites, while alkaline intru-
sions tend more toward quartz monzonites and monzodiorites, and rarely syenites (See-
dorff et al., 2005). Alkaline intrusions have higher concentrations of magnetite than their
calc-alkaline counterparts, and may be further subdivided into quartz-saturated (i.e.,
granites) or -undersaturated (i.e., syenites), with the latter feldspathoid-bearing (Lang

et al., 1995b; Marks et al., 2011). Figure 2.5 illustrates that the most Cu-rich porphyry
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deposits are calc-alkaline, while the most Au-rich deposits are alkaline.

Calc-alkaline magmas are derived from slab-dehydration-induced partial melting of
the mantle during subduction, and experience Fe-depletion during differentiation, as dis-
cussed in Section 2.3. Alkaline magmas, meanwhile, require different generation mecha-
nisms to account for the greater enrichment of Na,O + K, O relative to SiO,. Indeed, there
is general agreement that alkaline magmas are produced by partial melting of the sub-
continental lithospheric mantle (SCLM), which was metasomatised by slab-dehydration
fluids during subduction (Figure 2.1; e.g., Best, 2003; Richards, 2009; Holwell et al., 2019).
In particular, low-degree partial melting of the SCLM is deemed necessary for the gener-
ation of porphyry-forming alkaline magmas, because this enriches the magma with the
alkali metals, and may enrich oxidised magmas in Cu and Au, contributing to the Au-rich
nature of many alkaline porphyry deposits (e.g., Logan and Mihalynuk, 2014; Grondahl
and Zajacz, 2017). Relatively short-lived, low-degree partial melting may also account
for the smaller volume of alkaline intrusions and alkaline porphyry deposits compared
to their calc-alkaline equivalents (Richards, 2009). Gold-enrichment in alkaline deposits
may be encouraged by the nature of mantle sulphides in the SCLM; if the SCLM is sat-
urated in MSS rather than sulphide liquid, Au would be more easily liberated than if
mantle sulphides were dominated by sulphide liquid (Li and Audétat, 2012). On a simi-
lar note, if porphyry deposit Au-enrichment is principally a product of Au precipitation
efficiency (Section 2.4.1), the characteristics of the hydrothermal fluids exsolved from al-
kaline intrusions, and the conditions of exsolution (i.e., depth), compared to calc-alkaline
intrusions, could be the key factors in optimising Au transport and precipitation in alka-
line porphyry deposits.

The tectonic settings that can initiate partial melting of the metasomatised SCLM to
generate alkaline porphyry deposits are not well understood. Extensional settings are
traditionally associated with more alkaline magmas (e.g., Best, 2003). However, exten-
sion does not comply with the conventional model of porphyry formation during active
subduction, as described in Section 2.3. This has led to the proposition that more complex
tectonic settings generate alkaline magmas in magmatic arcs, in particular those that in-
volve the cessation of active subduction, on a temporary or permanent basis (e.g., Lang
et al., 1995a; Richards, 2009; Logan and Mihalynuk, 2014; Bissig and Cooke, 2014; Hol-
well et al., 2019). Changes in subduction polarity, and slab rollback (subduction reversal),
stalling and tearing are commonly proposed, with partial melting of the SCLM induced
by resultant extension, compression, and/or mantle upwelling (e.g., Richards, 2009; Bis-
sig and Cooke, 2014; Logan and Mihalynuk, 2014). Theories change depending on the

local tectonic setting; British Columbia, Canada, and the Southwest Pacific (Australia
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and Papua New Guinea) are two of the most prospective regions for alkaline porphyry
deposits (Bissig and Cooke, 2014).
In addition to the above, the hydrothermal characteristics of alkaline porphyry de-

posits differ from those of calc-alkaline deposits, and are discussed in Section 2.5.

2.4.3 Associated deposits

When porphyry intrusions exsolve metal-rich hydrothermal fluids, different styles of
mineralisation have the potential to form. Porphyry-style mineralisation is generated
when the fluids deposit their metals in and around the parent intrusion; however, the
fluids may also be transported away from the intrusion, and/or interact with reactive
wall rocks, to develop alternative styles of mineralisation. The most prevalent of these
porphyry-associated mineralisation styles are summarised in Figure 2.6. Empirical ob-
servations suggest that it is uncommon to find multiple mineralisation styles related to
a parent intrusion(s) (e.g., Table 3 of Sillitoe, 2010), yet this does not preclude their for-
mation. Nevertheless, it is generally thought that the metal endowments of a porphyry
deposit, and its associated deposits, are intertwined (e.g., Murakami et al., 2010), sug-
gesting that if there is an abundance of associated mineralisation developed in relation to
a porphyry deposit, the metal endowment of the porphyry deposit is likely to be lower,
compared to when a porphyry deposit is formed in isolation and the majority of available
metals are deposited in the porphyry orebody.

The most significant of the porphyry-related mineralisation styles are epithermal de-
posits. These deposits are smaller-volume, higher-grade deposits, and form at shallower
depths (<1.5 km) compared to porphyry deposits (Simmons et al., 2005). Their charac-
teristics differ depending on the type of deposit, with classification based on the sulphi-
dation state (i.e., S fugacity and temperature at formation) of the mineral assemblage,
with the nomenclature high-sulphidation (HS), intermediate-sulphidation (IS), and low-
sulphidation (LS) epithermal deposits (Einaudi et al., 2003). Many porphyry deposits
have no evidence of associated epithermal mineralisation, at least in part because of
the shallower formation depth of epithermal deposits; epithermal deposits may be com-
pletely destroyed during exhumation, because the exposure of a porphyry deposit at sur-
face invariably requires erosion of the overlying rock package. A post-depositional tec-
tonic rearrangement is required to ensure that both deposits are preserved near-surface.
Alternatively, epithermal mineralisation may overprint and rework a porphyry orebody
if the environment where porphyry deposition occurred changes to become cooler and
shallower, in a process called telescoping (Sillitoe, 2010). Telescoped deposits contain

both mineralisation styles, and represent the evolution of a hydrothermal system from
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Figure 2.6. Mineralisation associated with a porphyry intrusion (modified from Sillitoe, 2010).
Orebodies are denoted by thick dashed lines: 1) Porphyry deposit with an orebody containing
Cu £ Au £ Mo in veins and as disseminations, principally in the potassic and sericitic alteration
zones; 2) High-sulphidation epithermal mineralisation within advanced argillic alteration (see
text for sub-classes), vein-hosted at depth, and disseminated in the main orebody, hosting Cu-Au
+ Ag; 3) Skarn (carbonate-reactive) deposits, both proximal (Cu = Au) and distal (Au and/or
Zn-Pb); 4) Intermediate-sulphidation epithermal mineralisation, vein-hosted Au-Ag within inter-
mediate argillic alteration (i.e., smectite, illite, kaolinite); and 5) Peripheral, sub-epithermal veins,
situated in sericitic alteration and hosting Zn-Cu-Pb-Ag & Au.

porphyry to epithermal environments (e.g., Maydagan et al., 2015; Sykora et al., 2018).
Epithermal mineralisation found overprinting porphyry mineralisation due to telescop-
ing is exclusively of the high-sulphidation (HS) type (Sillitoe, 2010; Cooke et al., 2014).
However, intermediate-sulphidation (IS) epithermal mineralisation may be found dis-
tally to a HS epithermal-porphyry system (Figure 2.6; Sillitoe, 2010).

Key characteristics of HS epithermal mineralisation are the metal endowments (par-
ticularly high Au grades —locally up to percent levels), the largely disseminated nature of
the ore minerals (open space-filling), and distinctive zoned alteration assemblages — col-
lectively classified as advanced argillic — derived from hot, acidic fluids (including vuggy

silica, pyrophyllite-diaspore, and alunite-kaolinite; Corbett, 2002). Veins may be present,
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but are usually located toward the base of the advanced argillic alteration zone, associ-
ated with fissures or dilatant structures, and are typically much wider than those formed
in the porphyry environment (i.e., metre-scale; Corbett, 2002; Sillitoe, 2010). Common ore
minerals include pyrite, enargite, covellite, and native Au, and less frequent tennantite-
tetrahedrite, chalcopyrite, galena and sphalerite, with gangue minerals including barite
and native S (Corbett, 2002; Saunders et al., 2014). While the presence of these minerals in
the porphyry environment may be indicative of later HS epithermal mineralisation, they
should be considered in the context of the other features of HS epithermal mineralisation

noted above.

2.5 Hydrothermal activity
2.5.1 Introduction

The previously-covered magmatic processes (Section 2.3) only provide the first part of
the story of porphyry deposit formation. The second part involves the hydrothermal
system generated by a shallow magma chamber and associated intrusive bodies. The
hydrothermal aspect is arguably more important in an economic and exploration sense,
because it is the nature of the hydrothermal system that primarily controls the distribu-
tion of hydrothermal characteristics (i.e., ore minerals, veins, and alteration) in a deposit.
Therefore, understanding the characteristics of the hydrothermal system enables us to
better constrain and predict the distribution of mineralisation within porphyry deposits.

Hydrothermal fluids have consequently been a focus of research for decades, and
although significant advancements have been made, they remain a poorly-constrained
aspect of porphyry deposit formation (e.g., Roedder, 1971; Henley and McNabb, 1978;
Hedenquist and Lowenstern, 1994; Heinrich, 2005; Sillitoe, 2010; Kouzmanov and Pokrovski,
2012; Reed et al., 2013; Zajacz et al., 2017; Mernagh et al., 2020; Hurtig et al., 2021). The
complexity arises not only from the array of parameters to consider for a given fluid (i.e.,
pressure, temperature, phase, salinity, sulphidation and oxidation state, and the concen-
tration of key components — metals, for example) but also its cryptic spatio-temporal and
physico-chemical evolution, and variable interaction with external influences (i.e., wall
rocks and external fluids). Further complications are that the nature of the starting flu-
ids can vary (e.g., exsolved from different intrusions) and/or fluids can be at different
points in their evolution, particularly later fluids with different characteristics, which can
pass through the same rocks as preceding fluids, potentially obliterating, overprinting,
or obscuring the geological record of earlier fluids.

Considering in detail the vast array of possible fluids and evolutionary processes is
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outside the scope of this research project. This section therefore focuses primarily on the
fluids that generate different mineralised veins in porphyry deposits. Veins are them-
selves a record of hydrothermal fluid flow, with different veins formed by fluids with
different characteristics. Overprinting relationships between veins in porphyry deposits
is a key piece of evidence that shows the relative timing of vein formation, and related
fluid flow, providing time- and sequence-constraints to the activity of specific hydrother-
mal fluids. Meanwhile, the spatial distribution of veins, and their relationship to other
hydrothermal features (i.e., alteration), informs the evolution of the hydrothermal system
through space.

This section is structured to first provide a summary of key hydrothermal fluid char-
acteristics in porphyry deposits (Section 2.5.2), and common processes involved in their
evolution (Section 2.5.3). Next, typical vein types in porphyry deposits, and their classi-
fication schemes (Section 2.5.4), are covered to provide a basis for the discussion of fluid
characteristics and evolution related to the formation of each successive vein type (Sec-

tion 2.5.5-2.5.8).

2.5.2 Hydrothermal fluid characteristics

The hydrothermal fluids that exsolve from a shallow magma body to form a porphyry
deposit must derive their characteristics from the magma. As such, fluid flow begins at
magmatic temperatures (e.g., >800°C), and under lithostatic pressures dependent on the
intrusion depth of the magma. The effective partitioning of components from the magma
into the fluids is required for the fluids to be suitable for porphyry deposit formation (e.g.,
Richards, 2011). The fluids that form porphyry deposits are largely composed of water
(owing to the hydrous nature of the magma), with lesser amounts of CO,, SO,, H,S, and
variable concentrations of dissolved components — particularly chloride salts (e.g., NaCl,
K(], FeCl,), metals, and other trace elements (Williams-Jones and Heinrich, 2005; Bodnar
et al., 2013).

Owing to the extensive variety in composition, but ubiquitous presence of chloride
salts (~2-13 wt.% NaCl equivalent; Richards, 2011), magmatic-hydrothermal fluids are
often simplistically considered in terms of the H,O-NaCl system (Figure 2.7). In this sys-
tem, temperature, pressure and salinity conditions in an aqueous fluid determine phase
stability relationships — particularly the boundary between a single-phase fluid (with a
higher and liquid-like, or lower and vapour-like density, and variable salinity) and a
low-salinity vapour, co-existing with a high-salinity liquid (also called hypersaline lig-
uid, or brine, when salinities exceed the solubility of halite at room temperature — 26%

wt.% NaCl; Heinrich, 2005). The phase state of a fluid has implications not only for the
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behaviour of the fluid (e.g., low-density fluids should ascend more rapidly than high-
density fluids), but also for the ability of the fluid to transport metals and other key com-
ponents throughout the hydrothermal system. In particular, metal partitioning between
co-existing liquid and vapour phases has been a particular focus of research in recent
years, providing evidence to support theories that ore-forming fluids can be low-salinity

vapours (e.g., Heinrich et al., 1992; Williams-Jones and Heinrich, 2005; Lerchbaumer and
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Figure 2.7. Phase relationships in the H,O-NaCl system (Monecke et al., 2018). A key feature of
this system is that a vapour and liquid can co-exist at much higher temperatures and pressures
than for pure water. Abbreviations: L, liquid; V, vapour; H, halite. Given that single-phase fluids
exsolving from a magma are thought to contain ~2-13 wt.% NaCl equivalent, be at magmatic
temperatures (e.g., >800°C), and at typical depths of 2-4 km (~700-1300 bar; see text), the L+V
coexistence boundary surface (red) is of most importance to consider when determining phase
relationships in porphyry fluids. The critical isochores (purple) mark a region above the L+V

coexistence boundary surface where a single-phase fluid exhibits vapour-like behaviour, as op-

posed to liquid-like behaviour.
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Audétat, 2012; Zajacz et al., 2017), as well as the traditionally assumed hypersaline lig-
uids (e.g., Roedder, 1971). Single-phase fluids may also be related to ore formation in
some deposits (e.g., Rusk et al., 2004).

Given that hydrothermal fluids in porphyry systems cannot be empirically observed
when active, there remains a great deal of uncertainty around specific fluid character-
istics. Studies of fluid characteristics in porphyry systems are commonly either experi-
mental (e.g., Zajacz et al., 2011; Hurtig and Williams-Jones, 2014), modelling-based (e.g.,
Heinrich, 2005; Reed et al., 2013; Hurtig et al., 2021), or analytical, based on fluid in-
clusions in quartz (e.g., Landtwing et al., 2010; Mernagh et al., 2020). Fluid inclusions
are one of the only direct sources of information enabling observation and analysis of
the hydrothermal fluids. While they provide a valuable insight to the nature of fluids
active in hydrothermal systems, there are caveats to their interpretation — chiefly that, be-
cause they are identified and analysed in quartz (and less commonly in other transparent
gangue minerals), they may not be directly related to the fluids that precipitated the ore
minerals. As such, fluid inclusions require rigorous petrographic and textural work to
determine their relationships to ore (e.g., cathodoluminesce, SEM imaging), particularly
when considering a specific ore stage (i.e., within a single vein generation), and indeed
their relationship to the host quartz (i.e., trapped during growth as a primary inclusion,
or a secondary inclusion trapped on a fracture plane). In a review of fluid inclusions in
hydrothermal ore deposits, Bodnar et al. (2013) notes that throughout the literature there
are many different approaches and levels of care given to data collection and interpre-
tation, which emphasises that there is a need to appraise the quality of fluid inclusion
data.

With particular relevance to fluid inclusions in porphyry deposits, most fluid inclu-
sion stages have, until recently, been limited to temperatures of 600°C or 700°C, handicap-
ping the identification of high temperature fluids (Bodnar et al., 2013). It has now been
shown that fluid inclusions from porphyry deposits can record temperatures in excess
of 1300°C, which are paradoxical because they exceed solidus temperatures for typical
porphyry magmas (Mernagh et al., 2020). Furthermore, estimates of pressure and thus
depth from fluid inclusions tend to be much higher than those based on geological data,
sometimes leading to erroneous interpretations of fluid evolution and the conditions of
ore deposition (Mernagh et al., 2020). These extreme estimates of depth and temperature
are interpreted to arise because of the heterogeneous entrapment of fluid inclusions dur-
ing fracture opening and re-sealing cycles; the extreme pressures are likely to represent
local conditions rather than depth, and extreme temperature may be erroneous due the

differential entrapment of liquids, vapours, and/or solids (Mernagh et al., 2020).
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In terms of the partitioning of Cu between a co-existing hypersaline liquid and low-
salinity vapour, the analysis of fluid inclusions by LA-ICP-MS had previously shown
that Cu partitions preferentially into the vapour phase (e.g., Williams-Jones and Heinrich,
2005). However, experimental research has now shown that these studies are based on in-
correct data, because fluid inclusions of vapour can gain Cu post-entrapment by volume
diffusion through quartz, and thus exhibit higher concentrations of Cu than were present
in the vapour during entrapment (Lerchbaumer and Audétat, 2012). Despite the limita-
tions involved with the analysis of fluid inclusions, and the lack of better alternatives,
fluid inclusion studies remain the most common way to determine fluid characteristics
in a given deposit, and much of what we know about porphyry fluids comes from their

analysis.

2.5.3 Fluid evolution

Fluid evolution in porphyry systems occurs through both space and time, and can be
considered both in terms of the evolution of a specific hydrothermal fluid and the evo-
lution of the hydrothermal system as a whole (Figure 2.8). A specific hydrothermal fluid
originates in the magma, and travels away from the point of exsolution, rising through
the intrusion and out into the surrounding wall rock, depending on the extent of the

hydrothermal system. The main processes that can affect the specific fluid are:

1. Cooling, as the fluid travels away from the intrusive heat source, and loses heat to

cooler wall rocks.

2. Decompression, as the fluid ascends, and the pressure regime changes from litho-

static to hydrostatic.

3. Changes in phase state (e.g., single-phase, liquid, vapour) owing to changes in the

temperature-pressure conditions.

4. Fluid-rock interaction, where the fluid equilibrates with the surrounding rock, gen-
erating hydrothermal alteration and changing the fluid composition by removal
and/or addition of components; pH is a key parameter affected by fluid-rock inter-

action.

5. Mineral precipitation, as the previous processes occur to allow mineral components

in the fluid to become more stable in a solid state.

In contrast, the hydrothermal system consists of an array of different hydrothermal
fluids at any one time, depending on their individual evolutionary paths. The main pro-

cesses that can affect the hydrothermal system are:
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Figure 2.8. Schematic illustrations of hydrothermal fluid evolution through space and time in a
porphyry system. A) A possible path taken by a specific hydrothermal fluid evolving as it travels
through the intrusion (early), out into the surrounding wall rock (late); and B) The hydrothermal
system expanding out from the intrusion as fluid flow commences (early), and then retraction
of the hydrothermal system as the intrusion cools (late). In this illustration, the timeframe over
which a specific hydrothermal fluid evolves is much shorter than the timeframe over which the

hydrothermal system evolves.

1. Exsolution of more fluids with the same characteristics, expanding the active hy-
drothermal system (e.g., from the intrusion margins out into the surrounding wall
rocks), and re-opening previously used fluid pathways (i.e., veins), or generating

new fluid pathways.

2. Cooling of the intrusion, causing the hydrothermal system to retract downwards
in line with isotherm retraction. Rocks previously at the core of the hydrothermal
system will transition toward the periphery, and overprinting of core hydrothermal
features (e.g., potassic alteration) by more peripheral hydrothermal features (e.g.,

sericitic alteration) will occur.

3. Exsolution of different starting fluids, either as the intrusion cools and receeds to
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depth (changing the partition coefficients of components between melt and fluid),
or with the emplacement of a second intrusion of a different composition. The latter
scenario could also change the temperature of the hydrothermal system (causing it
to progress upwards again, for example) and change the fluid flow dynamics owing
to multiple heat sources. Overprinting of previous hydrothermal fluid features in

the rocks (e.g., alteration) would invariably occur.

These processes are considered in the context of vein formation below, but firstly, the

vein types commonly present in porphyry deposits must be discussed.

2.5.4 Vein classifications

Gustafson and Hunt (1975) were the first to lay out a framework for the classification of
porphyry veins, based on the study of the El Salvador Cu-Mo porphyry deposit, Chile.
Subsequent work by Gustafson and Quiroga (1995) on the same deposit enhanced this
initial classification. These studies defined a distinctive series of veins inferred to re-
flect the evolution of the porphyry system, from early to late, with the nomenclature A-,
B-, C-, and D-veins (Table 2.2). The earliest, A-veins, are described as finely equigranu-
lar, with assemblages dominated by quartz, and ore minerals of chalcopyrite & bornite.
They are primarily found in association with potassic alteration, and often show little to
no distinguishable alteration halo. Next are B-veins, containing quartz and chalcopyrite-
molybdenite as the characteristic assemblage. These veins are often symmetrical, with
coarser, more euhedral mineral forms than A-veins, and the ore minerals tend to be con-
tained in a central suture, or in cracks perpendicular to the vein walls. Alteration halos
are uncommon. The C-veins follow, composed largely of pyrite-chalcopyrite, often lack-
ing quartz and commonly associated with chlorite alteration in the wall rock. Lastly
are D-veins, which are composed of minor quartz £ carbonate and abundant sulphides,
dominated by pyrite, and including one or more of chalcopyrite, bornite, tennantite, enar-
gite, sphalerite and galena. Intense, feldspar-destructive (often sericitic) alteration halos
are common around D-veins.

The A-, B-, C-, and D-veins of Gustafson and Hunt (1975) and Gustafson and Quiroga
(1995) remain the most frequently-referenced vein classification scheme used in porphyry
deposit studies, regardless of deposit classification, but there are clearly variations on this
sequence in other porphyry deposits. This highlights a limitation of the original studies
by Gustafson and Hunt (1975) and Gustafson and Quiroga (1995), which were based on

Table 2.2
(next page) Common vein type classifications used in porphyry deposit studies.
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Common Associated
Common ore gangue Alteration wall rock
Vein type minerals minerals halo alteration  Textures Morphology
Group 1 - Early qz- and sulphide-free veins!
M3 Mag Act None, or fsp  Potassic Arrays of individual mag grains; locally ~ Discontinuous; wavy margins, but rela-
generating sheeted vein structure tively planar; generally <30 mm
EB? None, or Bt, fsp, ksp,  None, or fsp  Potassic Variable; bt may be finely disseminated = Thin; generally <10 mm in width
mag and ser, anh, act in ksp, or coarse-grained
sulphides
Group 2 — Granular gz veins with sulphide’
At Ccp, bn Qz, ksp,anh  Potassic Potassic Fine, equigranular qz with disseminated Discontinuous; wavy margins, some
sulphides; ksp may be banded straighter; up to 25 mm in width
Banded® Mag, Au, py Qz chl, ksp, None Potassic Banded; dark grey bands occur as Continuous; wavy margins; <20 mm in
ilt symmetrical pairs near vein walls width
B4 Mol, ccp Qz, anh None Potassic Coarse gz with sulphides in central Continuous; straight; up to 50 mm in

Group 3 — Late qz-sulphide veins with fsp-destructive alteration halos’

C? Py, ccp, bn Ser, bt, anh,
rare qz
D* Py, ccp, bn, Anh, qz, cb
eng, tnt, sp,
gn
E’ Py, bn, ccp, Qz
tnt, eng

Ksp, ser, chl

Ser

Qz, alu, dsp

None
described

Chl

Ser,
advanced
argillic

suture or cracks perpendicular to vein

Sulphide-dominated

Py usually dominant; anh forms coarse
masses, or is banded with sulphides; qz
euhedral where present

Massive sulphide

width

Continuous; straight; up to 10 mm in
width

Continuous; locally irregular, occupying
fractures; up to 75 mm in width

Continuous; straight; cm to m in width

References: ! Sillitoe (2010), 2 Gustafson and Quiroga (1995), 3 Arancibia and Clark (1996), 4 Gustafson and Hunt (1975), > Muntean and Einaudi (2000), 7 Masterman

et al. (2005).
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a single Cu-Mo deposit. Indeed, pre-A-vein M(magnetite)-veins (Arancibia and Clark,
1996) and EB(early biotite)-veins (Gustafson and Quiroga, 1995), and the post-D-vein
E(polymetallic massive sulphide)-veins (Masterman et al., 2005) are some of the more
common additions to the A-D sequence implemented by authors of later studies (Table
2.2).

In an effort to acknowledge the general similarities between the numerous veins
recognised in deposits worldwide, Sillitoe (2010) collated and divided vein sequences
into three groups: 1) early veins, lacking quartz and sulphides; 2) granular quartz veins
with sulphide; and 3) late quartz-sulphide veins with feldspar-destructive alteration ha-
los (Table 2.2). Group 1 veins tend to be associated with potassic alteration and include
one or more of actinolite, magnetite, biotite, and K-feldspar (e.g., M- and EB-veins).
Group 2 veins constitute the A- and B-veins described above, also potassic-related, and
typically account for the majority of vein-hosted metals in porphyry deposits. Group 3
veins may also account for a portion of deposit metal endowment, and are stated to in-
clude D-veins, but E-veins should also be included; C-veins may be transitional between
groups 2 and 3. Owing to their later emplacement, Group 3 veins are more often as-
sociated with sericitic alteration, but are also found with overprinting advanced argillic
alteration, where present.

With particular relevance to this research project, the work of Sillitoe (2000, 2010)
highlights that Au-rich porphyry deposits tend to show some differences in their vein
generations from the A-D veins classified in Cu-Mo deposits. Firstly, they tend to lack
B-veins and have a lower abundance of D-veins. Instead, early M-veins, main stage A-
veins, and late chlorite-pyrite £ quartz & chalcopyrite veins with chlorite alteration ha-
los dominate (C-vein variation). The M-veins may transition into A-veins, in that the
traditional A-vein assemblage of quartz-chalcopyrite can contain additional magnetite,
and where both are present, magnetite-bearing A-veins pre-date magnetite-free A-veins.
Also unique to Au-rich deposits are banded quartz veins, with layers of both dark gray
and translucent quartz (Table 2.2; Muntean and Einaudi, 2000). They contain similar ore
minerals to A-veins, and are thought to closely post-date them, or be their shallower ex-
pressions (Muntean and Einaudi, 2000). A significant observation in Au-rich deposits,
and less so in other porphyry deposits, is that there tends to be a correlation between
metal content and quartz vein intensity (Sillitoe, 2000), implying that vein formation has
a greater control on ore deposition in Au-rich deposits.

Differences in veins between deposits classified as calc-alkaline and alkaline are also
evident. Most significantly, alkaline deposits tend to lack the abundance of veins seen in

calc-alkaline deposits (Lang et al., 1995b; Sillitoe, 2000).
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The difficulty in defining a strict classification for porphyry vein sequences arises
from the fact that each porphyry deposit shows some differences in its veins to that of
another deposit, as implied above. For example, in comparison to the A-D veins de-
scribed by Gustafson and Hunt (1975) and Gustafson and Quiroga (1995) at El Salvador,
Maydagén et al. (2015) defined 11 porphyry vein generations (including sub-classes) at
the Altar Cu-(Au-Mo) deposit, Argentina. Herein lies an issue with conforming to ac-
cepted vein classifications, because Maydagéan et al. (2015) assign veins to the types of
EB, A, B, C, D, and E, but types A, D, and particularly E, have multiple sub-classes, and
some of the characteristics of their veins differ from those of the original classifications
(e.g., sulphide-free C-veins). The presence of additional vein types, and also multiple
subclasses, shows that there is a much greater complexity to the hydrothermal system at
the Altar deposit, than at the El Salvador deposit, and drawing comparisons between two
radically different deposits (not only in veins, but also in contained metals) by assigning
similar (but not exactly the same) vein types, may not appropriate. This is because the
evolution of the hydrothermal systems is clearly different, and the fluids forming, A-
veins at Altar and A-veins at El Salvador are probably different, although there is likely
some similarities, while the fluids forming C-veins at Altar are markedly different from
the fluids forming C-veins at El Salvador.

Further complications arise as vein sequences may be repeated at a significantly later
time following the emplacement of a later intrusion (most frequent with early, Group
1 veins; Sillitoe, 2010). Veins may also be re-opened during later hydrothermal activity
(e.g., Redmond et al., 2004), and conversely, the metal contents of mineralised veins may
be reduced by later hydrothermal activity, and post-depositional processes (e.g., meta-
morphism) may also alter vein features, via, for example, recrystallisation or alteration
(Sillitoe, 2010). Therefore, depending on the criteria used for classification, one could
define any number of vein sequences in a porphyry deposit, which may or may not com-
ply with the accepted nomenclature. Nevertheless, the classifications described above do
have value, in that similarities between veins in two different deposits suggests a simi-
larity of formation process, and thus similarity in the chracteristics of the hydrothermal
fluids.

The following discussion on fluid evolution related to vein formation is divided into
three sections, based on the overarching vein groupings by Sillitoe (2010), above. This is
in an effort to acknowledge the key fluid characteristics and evolutionary processes in-
volved during vein formation in porphyry deposits, from early in the lifetime of the hy-
drothermal system, through the main stage of fluid flow, and to late-stage hydrothermal

activity as the system wanes. While individual vein types and their key characteristics
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are discussed — particularly those found in Au-rich deposits — the intricacies of vein char-
acteristics specific to individual deposits will be avoided, owing to the variety in vein

classifications discussed above.

2.5.5 Group 1 veins

As described above, the hydrothermal fluids exsolved from a magmatic intrusion will
initially experience pressures primarily dependent on the intrusion depth of the magma.
Owing to the lack of quartz in Group 1 veins, classic fluid inclusion studies (i.e., on
quartz) cannot be used to determine the phase state of the vein-forming fluids. Nev-
ertheless, fluid inclusion studies of porphyry systems as a whole indicate that the most
common fluid phase evolution path is where a single-phase fluid of intermediate salin-
ity (e.g., ~2-13 wt.% NaCl equivalent; Richards, 2011) exsolves from a magma, and then
cools and/or decompresses below the two-phase surface to separate into a co-existing
low-salinity vapour and high-salinity liquid (e.g., Landtwing et al., 2010; Mernagh et al.,
2020). However, Figure 2.7 also shows that direct exsolution of co-existing vapour and
liquid from a magma is likely to have occurred in deposits formed at shallower depths
(i.e., lower pressures), and this is indeed confirmed by various modelling studies (e.g.,
Heinrich, 2005; Monecke et al., 2018). Hence the first fluids active in a porphyry hy-
drothermal system, and those forming the earliest veins (Group 1), are likely to be single-
phase fluids in deeply-formed deposits (e.g., >6 km depth), and co-existing liquid and
vapour in more shallowly-formed deposits.

Group 1 veins characteristically lack quartz and sulphide minerals, suggesting that
the constituents of these minerals have a high solubility in the vein-forming fluids, and
that conditions do not change sufficiently to bring these phases into saturation. In a
single-phase intermediate-density fluid with 10 wt.% NaCl eq., modelling shows that the
solubility of common porphyry sulphide minerals (i.e., chalcopyrite, pyrite, and molyb-
denite, among others) increases with increasing temperature and pressure (Kouzmanov
and Pokrovski, 2012). A similar correlation is evident in quartz solubility calculations,
where the same fluid under the highest pressures and temperatures can transport the
most quartz (Monecke et al., 2018). This indicates that fluids exsolved from a magma in
deeper-formed porphyry deposits should transport quartz and sulphide mineral compo-
nents during the initial stages of fluid flow, when fluids are at near-magmatic tempera-
tures and under high pressures, and thus generate veins that lack both. Initial empirical
evidence of relatively high temperatures in Group 1 veins comes from vein morphology;
wavy margins indicate deposition under a ductile regime (i.e., >350-500°C; Sillitoe, 2010;

Fournier, 1999; Monecke et al., 2018).
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A more complex scenario exists for the co-existing liquid and vapour exsolving from
a shallowly-emplaced intrusion. The lower pressure invariably results in a lower bulk
solubility of quartz and sulphides in the fluid (liquid + vapour) compared to a deeply-
exsolved single-phase fluid, and the partitioning of the mineral components between
liquid and vapour phases leads to variations in solubility in each phase. Nevertheless,
a sufficient drop in quartz and sulphide solubility is required for mineral deposition to
occur. If Group 1 veins are present in shallow-formed deposits, this suggests that such a
drop does not occur, likely owing to the high temperature of early fluids in proximity to
the magma; cooling is thought to be a major ore deposition mechanism (e.g., Kouzmanov
and Pokrovski, 2012).

The mineralogy of Group 1 veins also supports formation under high temperatures.
The magnetite-actinolite assemblage of M-veins draws similarities to Fe-oxide-Cu-Au
(IOCG) deposits, where such minerals are common (e.g., Del Real et al., 2021). These de-
posits share many similarities with porphyry deposits, but are S-poor and Fe-oxide-rich
(Richards, 2013). Particularly high temperatures, and a lack of S in IOCG-forming fluids
relative to porphyry-forming fluids are proposed to account for the key differences be-
tween deposit types (Richards, 2013). The dominance of magnetite in porphyry M-veins,
coupled with the lack of sulphides (which require reduced S species, i.e., H,S), indi-
cates a similarity in formation conditions to IOCG deposits, and may thus indicate that
the fluids forming these veins experience particularly high temperatures — reasonable,
given that they are the earliest-formed veins — and that they contain a lack of reduced
S, accounted for by the dominance of SO, at high temperatures (~>400°C, depending
on pH; Kouzmanov and Pokrovski, 2012). Indeed, high precipitation temperatures of
~800-675°C are reported for the magnetite-actinolite assemblage at the Candelaria IOCG
deposit, Chile, based on actinolite geochemistry (Del Real et al., 2021). Similarly in a por-
phyry single-phase fluid with 10 wt.% NaCl eq., pH-buffered by an assemblage of quartz-
muscovite/andalusite-K-feldspar, the dependence of S species on temperature suggests
that magnetite precipitates at 500-600°C, below which pyrite and chalcopyrite are pre-
ferred (Kouzmanov and Pokrovski, 2012).

Group 1 veins are associated with potassic alteration (Table 2.2), where K-feldspar
+ biotite are the key minerals (Sillitoe, 2010). Hydrothermal alteration is principally a
product of fluid-rock interaction, with the alteration assemblage primarily recording the
temperature and pH of the fluids. A fluid will attempt to equilibrate with the rock it
passes through, thus modelling studies tend to assume equilibrium conditions (e.g., Reed
et al., 2013). The fluid-rock ratio becomes important in this regard, as a fluid-dominated

system will develop an alteration assemblage in the wall rock representative of the fluid
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temperature and pH, while a rock-dominated system will develop an alteration assem-
blage representative of the wall rock temperature and pH. In order to form potassic alter-
ation in an igneous intrusion, a high temperature (~350-600+°C) and a near-neutral pH
(~5) are required so that amphibole and plagioclase in the intrusive rock can be altered
to biotite and K-feldspar, respectively (Seedorff et al., 2005; Reed et al., 2013). Fluids ex-
solved from an intrusion are thought to have a near-neutral pH because the H ions are
associated at high temperatures (e.g., as HCl; Kouzmanov and Pokrovski, 2012), thus a
fluid-dominated system can generate potassic alteration at high temperatures (>600°C).
A rock-dominated system may also generate potassic alteration down to ~350°C, assum-
ing the pH of the rock is near-neutral (Reed et al., 2013). The main takeaway here is that
potassic alteration is indicative of high temperatures, therefore aligning with the previous
lines of evidence to suggest a high formation temperature for Group 1 veins, supressing

the deposition of sulphide minerals and quartz.

2.5.6 Group 2 veins

Similarly to Group 1 veins, Group 2 veins are associated with potassic alteration, and
the earliest veins exhibit wavy margins indicating deposition under ductile conditions.
Both these features indicate relatively high temperatures of formation (at least ~350°C),
as discussed above. However, there is a distinct change in mineralogy in Group 2 veins
— the presence of quartz and sulphide minerals (Table 2.2). After formation of Group 1
veins, the evolved fluid must at some point deposit its load of quartz, metal and sulphide.
As the earliest sulphide-bearing quartz veins, Group 2 veins likely represent this first
stage of ore deposition from the initial fluid that formed Group 1 veins, but there are
complications (see below).

Fluid inclusion assemblages in Group 2 veins are either intermediate-density single-
phase fluids, co-existing low-salinity vapour and high-salinity liquid, or vapour-rich with
rare liquid (Monecke et al., 2018). This suggests that in deeply-formed deposits, a single-
phase fluid exsolved from a magma generates Group 1 veins, and may then remain in
the single-phase field to form Group 2 veins (Figure 2.7). Alternatively, a single-phase
fluid may form Group 1 veins and then fall below the two-phase surface owing to pres-
sure reductions, generating Group 2 veins from co-existing liquid and vapour. Compar-
atively in shallow deposits, there may be no change in phase state between Group 1 and
2 veins, with both forming from co-existing liquid and vapour, or the co-existing lig-
uid and vapour could cool and/or decompress below the vapour and halite co-existence
boundary.

These differences in phase state may help explain the formation of some Group 2
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veins. For example, banded veins (Table 2.2) are recognised in numerous Au-rich de-
posits, and contain an abundance of vapour-rich inclusions and micrometre-sized crys-
tals of magnetite in dark grey bands of quartz near the vein walls (Muntean and Einaudi,
2000; Kodéra et al., 2014). Combined with the analysis of quartz textures that suggest re-
crystallisation from a silica gel, the abundance of vapour-rich inclusions are interpreted
to indicate that the dark grey quartz bands formed due to episodes of rapid decompres-
sion, when pressures changed from lithostatic to hydrostatic at high temperatures (~600-
700°C) and shallow depths (~1 km; Muntean and Einaudi, 2000). The co-existing liquid
and vapour would therefore have transitioned into the vapour and halite co-existence
field, where the vapour rapidly expanded along the fluid pathway to deposit the silica
gel containing magnetite and inclusions of vapour (Muntean and Finaudi, 2000). Gold is
enriched in banded veins (Table 2.2), suggesting transport by, and precipitation from, the
vapour phase. However, more recent petrographical work by Tsuruoka (2017) proposes
that the Au was introduced at a later stage, from later fluids that formed cross-cutting
veins containing Au.

Another study of banded veins in the shallow-formed, Au-rich, but unusually Cu-
Mo-sulphide-poor Biely Vrch porphyry deposit, Slovakia, identified co-existing vapour
and salt melt inclusions, again showing that fluids entered the vapour and halite (or salt
melt) co-existence field (Kodéra et al., 2014). Analysis of the fluid inclusions by LA-ICP-
MS shows that Au was present in the salt melt as well as the vapour, implying that Au-
deposition was synchronous with banded vein formation, but this phenomenon may be
restricted to deposits formed by the intrusion of magmas capable of generating salt melts
at shallow depths (e.g., Fe-rich dioritic magmas; Kodéra et al., 2014). Nevertheless, these
studies show that banded veins likely form as a consequence of fluids evolving at low
pressures (shallow depths) into the vapour and halite co-existence field. The common
presence of banded veins in Au-rich deposits further suggests that shallow depths favour
Au-enrichment, perhaps owing to the enhanced precipitation of Au from fluids in the co-
existing vapour and halite field (cf. Section 2.4.1), however the timing of Au introduction
in banded veins requires clarification.

Quartz in the remaining Group 2 veins — A- and B-veins — contains fluid inclusions of
either intermediate-density single-phase fluids, or co-existing low-salinity vapour and
high-salinity liquid (e.g., Redmond et al., 2004; Pudack et al., 2009; Landtwing et al.,
2010). However, textural evidence suggests that the quartz may not be related to the
introduction of the ore minerals (e.g., Landtwing et al., 2005; Monecke et al., 2018). This
is most clearly seen in B veins, where ore minerals typically occupy a central suture, or

cracks perpendicular to the vein walls, indicating that they were introduced later than
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the quartz (Table 2.2). However, B-veins are generally quite scarce in porphyry deposits
worldwide, particularly Au-rich deposits (Sillitoe, 2010). In some deposits, it is alterna-
tively recognised that veins exhibiting B-vein-like quartz- and ore-filled sutures or cracks
are in fact re-opened A-veins, owing to the differences in the quartz between A-veins
(granular, anhedral) and B-veins (coarse, euhedral; e.g., Redmond et al., 2004; Maydagan
et al., 2015; Tsuruoka, 2017). Cathodoluminesce (CL) of quartz from these A-veins con-
firms that re-opening occurred, as there are clear differences in the luminescence of the
early quartz, and later quartz infill (e.g., Redmond et al., 2004; Landtwing et al., 2010).
Even in A-veins with disseminated sulphides, the relationship between quartz and ore is
tenuous — ore minerals commonly occur along fractures and microfractures in the quartz
(Monecke et al., 2018). These textures suggest that A- and B-veins are formed by multiple
different fluids, with the bulk of the quartz, and the ore minerals, deposited at different
points in time in the evolution of the hydrothermal system.

The lack of a clear relationship between quartz and ore in Group 2 veins complicates
the understanding of fluid evolution. Cross-cutting relationships place Group 2 veins be-
tween those of Groups 1 and 3, but vein re-opening means that the fluid precipitating the
ore minerals in Group 2 veins could feasibly post-date Group 2 vein quartz formation,
and indeed, be synchronous with Group 3 vein formation. According to quartz solubility
calculations, precipitation of Group 2 vein quartz may be facilitated by cooling of the as-
cending high temperature fluids that previously formed Group 1 veins, to temperatures
no less than 500°C (Monecke et al., 2018). If ore minerals are not synchronous with the
quartz, their solubility in the quartz-precipitating fluid must remain high. Therefore, as
temperature, pressure, and fluid-rock interaction exert a dominant control on ore depo-
sition (e.g., Kouzmanov and Pokrovski, 2012; Hurtig et al., 2021), cooling and decom-
pression must be relatively minor, and fluid-rock interaction limited. Given that Group 2
veins are situated in the potassic alteration zone, and are dominantly found within por-
phyry intrusions, it is reasonable to suggest that the vein-forming fluids retained high
temperatures and experienced relatively high pressures commensurate with the depth of
the intrusion. The association with potassic alteration suggests that the effects of fluid-
rock interaction were also limited, because potassic alteration is dominantly a product
of alkali exchange between fluid and rock (e.g., Na for K; Seedorff et al., 2005), which
should have little effect on the metal-transporting capacity of the fluid.

The precipitation of ore minerals in Group 2 veins requires particular consideration,
because the abundance of these veins often positively correlates with the highest metal
grades in a deposit, implying that they host the majority of ore (Sillitoe, 2010). The tim-

ing and cause of ore mineral deposition in porphyry systems remains a contentious topic,
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not least because questions remain around the phase state of the ore-forming fluids (i.e.,
liquid vs. vapour), and by extension the hydrothermal system processes that occur to
facilitate ore deposition from fluids with different phase states (e.g., Sillitoe, 2010; Weis
et al., 2012; Blundy et al., 2015; Zajacz et al., 2017; Monecke et al., 2018; Mernagh et al.,
2020; Hurtig et al., 2021). As described above, fluid inclusion studies provide an indica-
tion of the phase state of fluids that were active in a porphyry hydrothermal system, but
there remains a lack of certainty that the ore-forming fluids were liquid (e.g., Sillitoe, 2010;
Kouzmanov and Pokrovski, 2012), vapour (e.g., Henley and McNabb, 1978; Weis et al.,
2012), or otherwise (e.g., Kodéra et al., 2014). Experimental studies show that the trans-
port of the main economic metals (Cu and Au) in the liquid phase should occur mainly
as chloride complexes at high temperatures, with S complexes becoming more dominant
for Au at lower temperatures (below ~350°C; Williams-Jones et al., 2009). Meanwhile,
transport of Au and Cu in the vapour phase likely occurs as solvated (e.g., by HCl and
H,0) or hydrated species (with H,O), with Au-Cl and Au-S complexes facilitating Au
solubility, and Cu-Cl complexes facilitating Cu solubility, although Cu-S species have not
yet been evaluated (Hurtig et al., 2021).

Increasingly it is proposed that vapours are dominantly responsible for metal trans-
port and ore deposition. Analysis of co-existing hypersaline liquid and vapour fluid
inclusions from porphyry deposits has shown that Cu, Fe, Pb, Zn, Na, and K are more
concentrated in the liquid phase, while S, Au, and As are more concentrated in the vapour
(e.g., Heinrich et al., 1992; Seo et al., 2009; Lerchbaumer and Audétat, 2012; Kouzmanov
and Pokrovski, 2012). However, experimental studies conducted at high temperatures
(>650°C) show that both Cu and Au preferentially partition into the liquid phase, but
a key finding is that reductions in temperature also reduce the partition coefficients of
Cu and Au between liquid and vapour (Zajacz et al., 2017). Therefore, lower tempera-
tures allow increasingly more Cu and Au to be transported by the vapour phase, even
if they are preferentially partitioned into the liquid. The proportion of liquid to vapour
then becomes important, as this determines the bulk metal budget of each phase. Pres-
sure, temperature and salinity control the proportions, thus they are not constant, and
are likely to change as the fluid and system evolve (Landtwing et al., 2010; Mernagh
et al., 2020). Mass balance calculations at the Alumbrera deposit, Argentina, indicate that
vapour/brine mass ratios were between 4-9 (equivalent to 96-98% volume proportion of
vapour; Lerchbaumer and Audétat, 2012; Hurtig et al., 2021), while calculations of phase
proportions at the Grasberg deposit, Indonesia, shows that the vapour phase accounts for
93 wt.% of the overall fluid, equivalent to a 98% volume fraction (Mernagh et al., 2020).

This illustrates that the vapour may proportionally dominate over the liquid, and thus
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be able to supply the bulk of metals to sites of ore deposition — a conclusion backed up
by modelling of metal transport in vapours (Hurtig et al., 2021). Nevertheless, it remains
that many researchers advocate for single-phase or high-salinity liquids as ore-forming
fluids in porphyry systems, either in conjunction with, or in isolation of, vapours (e.g.,
Sillitoe, 2010; Kouzmanov and Pokrovski, 2012; Lerchbaumer and Audétat, 2012; Reed
et al., 2013; Monecke et al., 2018; Jensen et al., 2022).

Ore deposition from liquid and vapour phases is largely similar, in that reductions
in temperature and pressure, and increased fluid-rock interaction favours mineral pre-
cipitation, although cooling and fluid-rock interaction are thought to be dominant for
ore deposition from the liquid phase, and vapour expansion (i.e., pressure reduction)
is thought to be dominant for ore deposition from the vapour phase (Kouzmanov and
Pokrovski, 2012; Hurtig et al., 2021). Group 2 vein ore mineral assemblages (A- and B-
veins in particular) are dominated by chalcopyrite, bornite and molybdenite (Table 2.2).
Deposition of these minerals requires reduced S species not previously available in the
fluid. Disproportionation of SO, to H,S and sulphuric acid below ~400°C is thought to
be a key process, which also lowers fluid pH if interaction with neutralising wall rocks
is limited (Kouzmanov and Pokrovski, 2012). A reduction in pH is not favourable for
the deposition of Cu and Fe from a liquid phase in this temperature range (Kouzmanov
and Pokrovski, 2012), thus it is likely that Group 2 ore minerals were deposited at the
beginning of this transition to reduced S, where the drop in fluid pH was minor, remain-
ing near-neutral to generate potassic alteration, while also providing enough reduced S
to form chalcopyrite, bornite and/or molybdenite as an intermediate-high sulphidation
assemblage (Einaudi et al., 2003). Thus, a decrease in temperature is likely to be a key
driver for ore deposition.

Further evidence for temperature reductions comes from the morphology of B-veins,
and some later A-veins; margins change from wavy to planar, in line with changes from
ductile to brittle conditions, over the temperature range of ~350-500°C (Fournier, 1999;
Monecke et al., 2018). This suggests that the ductile-brittle transition occurred roughly
between the formation of A- and B-vein quartz, and if the ore minerals in Group 2 veins
post-date the quartz, then the transition likely occurred before ore depositon. Further-
more, if re-opening of Group 2 veins was facilitated by the dissolution of vein quartz
as the fluid followed a path of retrograde quartz solubility, this could place temperature
constraints in the region of ~375-450°C (Monecke et al., 2018). Meanwhile, the presence
of Au in banded veins — if synchronous with the quartz and deposited by a vapour —
suggests that ore deposition probably occurred at lower temperatures than that of A-

and B-veins, because Au solubility in the vapour phase is determined to reach a high

2 Porphyry deposits and magmatic-hydrothermal systems



54

between 340-510°C (Hurtig et al., 2021).

In summary, Group 2 veins likely form at lower temperatures and pressures than
Group 1 veins, as the fluids migrate further away from the intrusion, and the hydrother-
mal system expands. Quartz deposition occurs due to cooling and decompression, from
single-phase fluids, co-existing liquid and vapour, or vapour alone (sometimes co-existing
with salt melts). The association with potassic alteration suggests a similar fluid pH (i.e.,
near-neutral) to Group 1 veins, and that the influence of fluid-rock interaction was mi-
nor. Vein textures indicate that ore deposition occurred after the quartz precipitated,
when veins were re-opened by later fluids that were even cooler (~400°C) and may have

been liquids and/or vapours.

2.5.7 Group 3 veins

During the formation of Group 2 veins in the potassic-altered core of the hydrothermal
system, alteration of the surrounding wall rocks simultaneously occurs due to heating
of external ground waters; propylitic alteration is produced, the mineral assemblage
of which is typically zoned outward due to temperature gradients (e.g., Cooke et al.,
2014). This is important to acknowledge, because some Group 3 veins are associated
with propylitic alteration (i.e., chloritic; Table 2.2), but may not be synchronous with the
development of the wall rock alteration. One of the main characteristic features of Group
3 veins is the presence of feldspar-destructive alteration haloes (i.e., sericitic, advanced
argillic), and as such, the alteration halo — rather than the wall rock alteration assemblage
- provides a clearer insight to the nature of the vein-forming fluids. Nevertheless, some
Group 3 veins (e.g., E-veins) have associations with sericitic and advanced argillic wall
rock alteration, and in these cases it is likely that the wall rock alteration is associated
with vein formation, because there is synchronicity of vein alteration haloes and wall
rock alteration, suggesting formation by fluids of similar characteristics.

Sericitic and advanced argillic alteration assemblages are feldspar-destructive, and
are principally a product of the hydrothermal fluids becoming more acidic as tempera-
tures fall (Seedorff et al., 2005; Reed et al., 2013). Sericitic alteration is the higher tem-
perature and less acidic variant, where K-feldspar is altered to sericite and quartz, while
advanced argillic is lower temperature and more acidic, characterised by the formation
of koalinite, pyrophyllite or andalusite (Seedorff et al., 2005). This is the first line of evi-
dence to suggest that Group 3 veins form at lower temperatures from fluids with a lower
pH than those that form Group 2 veins. Incidentally, the reduction in the temperature
of the fluids is thought to account for the change in pH; as mentioned above, the dis-

proportionation of SO, to H,S and sulphuric acid occurs below ~400°C (Richards, 2011;
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Kouzmanov and Pokrovski, 2012; Reed et al., 2013). Furthermore, the degree of fluid-rock
interaction (i.e., fluid-rock ratio) and the nature of the wall rocks also influences whether
the pH will progress to highly acidic (e.g., fluid-dominated system) as SO, dispropor-
tionation occurs, or be neutralised to remain near-neutral (e.g., rock-dominated system;
Reed et al., 2013).

Low temperatures are also indicated by the mineralogy of some Group 3 veins. In
particular, C-veins are conspicuous, because they often lack quartz (Table 2.2). However,
this can be explained by retrograde quartz solubility at temperatures of ~375-450°C, as
mentioned for the deposition of ore minerals in Group 2 veins (Monecke et al., 2018). The
D- and E-veins are quartz-bearing, and post-date C-veins, thus are likely to have formed
at temperatures below ~375°C (Monecke et al., 2018).

Group 3 vein-forming fluids at temperatures of ~400°C may be in the single-phase
field or co-existing liquid and vapour field (Figure 2.7). However, owing to the lower
temperatures compared to Group 1 and 2 vein-forming fluids, there is a higher likelihood
that fluids will exist in the single-phase field, particularly for porphyry systems at greater
depth. Indeed, fluids that were previously below the liquid + vapour co-existence surface
during the formation of Group 1 and/or Group 2 veins may now move into the single-
phase field owing to temperature reductions. A fluid phase not previously considered
are vapours that have separated from a more dense hypersaline liquid and condensed
to a low-salinity single-phase liquid (Heinrich, 2005; Williams-Jones and Heinrich, 2005).
Fluid inclusion studies suggest that liquid-rich assemblages are more common in Group
3 veins, but these tend to have variable salinities, illustrating the variance in the source of
the fluids; they may be either single-phase fluids (i.e., continuously evolved in the single-
phase field since exsolution), hypersaline liquids, or contracted vapours (Pudack et al.,
2009; Landtwing et al., 2010; Monecke et al., 2018).

Group 3 veins are sulphide-rich, showing that vein formation coincides with condi-
tions favourable for sulphide precipitation. The abundance of pyrite and Cu-bearing ore
minerals in Group 3 veins indicates that the solubility increase of Cu and Fe in a lig-
uid phase owing to a pH reduction is strongly negated by other factors. In particular,
cooling is thought to have a dominant effect on Cu solubility, with fluid inclusions at
the Bingham deposit, Utah, found to exhibit a significant drop in Cu concentrations in
the temperature range of 425-350°C (Landtwing et al., 2005). Thermodynamic modelling
also shows that pyrite and chalcopyrite solubility decreases as temperatures fall below
400°C (Kouzmanov and Pokrovski, 2012). Cooling has a similar effect on the solubility
of Cu in a vapour phase, if any is present, while vapour expansion (decompression) is a

more potent way to reduce Cu solubility (Hurtig et al., 2021).
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The fluids forming Group 3 veins are likely to experience lower pressures than Group
2 veins, not least because of the change from ductile to brittle conditions (illustrated by
the straight margins of the veins), and the coincident change from lithostatic to hydro-
static pressures as temperatures fall between 500-350°C (Fournier, 1999; Sillitoe, 2010;
Monecke et al., 2018). Group 3 veins also exhibit progressively greater vein widths (Table
2.2), and often occupy the upper portions of the porphyry orebody (e.g., Sillitoe, 2010),
illustrating the vertical expansion of the hydrothermal system to shallower depths and
lower pressures.

The presence of galena and sphalerite in D-veins is likely due to the progressive cool-
ing of the acidic fluid, possibly augmented by fluid-rock interaction; their absence in
earlier vein generations may also be partly due to the low concentrations of Pb and Zn in
porphyry fluids (Reed et al., 2013). The solubility of galena and sphalerite in acidic fluids
is higher than that of pyrite and chalcopyrite, thus greater cooling of the fluid to lower
temperatures, or acid neutralisation by fluid-rock interaction at higher temperatures, is
required to allow precipitation (Kouzmanov and Pokrovski, 2012). The sulphosalt miner-
als present in D- and E-veins may also inform the sulphidation state of the fluids, where
a pyrite-bornite-enargite assemblage describes a high sulphidation state, and a pyrite-
chalcopyrite-tennantite assemblage describes an intermediate-sulphidation assemblage;
for a given temperature the high sulphidation assemblage describes a higher S fugacity,
and vice versa for the intermediate-sulphidation assemblage (Einaudi et al., 2003).

In summary, Group 3 veins are formed at lower temperatures (i.e.,<400°C) and from
more acidic fluids than Group 1 and Group 2 veins. They are generated in the brittle
regime where hydrostatic pressures dominate, and may be formed at shallower depths
than the preceeding veins. The abundance of ore minerals in Group 3 veins further shows

that the solubility of most metals is greatly reduced in the vein-forming fluids.

2.5.8 Vein formation in an evolving hydrothermal system

The preceeding discussion of fluid evolution related to vein formation principally fo-
cusses on the evolution of a single starting fluid as it cools, decompresses and experi-
ences increasing fluid-rock interaction. This is because the features of porphyry vein
sequences often indicate that later veins formed under cooler temperatures, lower pres-
sures, and from more compositionally evolved fluids than earlier veins (e.g., Reed et al.,
2013; Maydagén et al., 2015; Monecke et al., 2018). However, vein and alteration over-
printing relationships show that the hydrothermal system must also evolve through space
and time, as summarised in Figure 2.8. Integrating the evolution of a single fluid with

hydrothermal system evolution allows a generalised model of vein formation to be as-
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sembled, illustrating porphyry deposit formation through time (Figure 2.9).

The influence of external fluids (i.e., ground waters) in the formation of porphyry
deposits is one aspect of the model not yet discussed. Originally, it was thought that
mixing of magma-derived hydrothermal fluids and ground waters was a central process,
resposible for ore deposition and particularly the development of sericitic alteration (Sil-
litoe, 2010, and references therein). The recognised importance of ground waters has been
lessened following O isotope studies (e.g., Fekete et al., 2016), although porphyry systems
may still experience their incursion at later stages (Sillitoe, 2010), and in the epithermal
environment at shallower depths, the mixing of magmatic-derived fluids with ground
waters is a more important process (e.g., Hedenquist et al., 1998; Heinrich, 2005). It is now
thought that the principal effect of ground waters on porphyry systems is that their con-
vection acts as an efficient means by which to cool the magmatic intrusions (Fekete et al.,
2016). Ascending magmatic-derived hydrothermal fluids must clearly interact with the
external waters, but hydrological models suggest that in most cases this interaction prin-
cipally forms a heat exchange interface between the lithostatically-pressured hydrother-
mal fluids, and hydrostatically-pressured ground waters (Weis et al., 2012). However, the
cooling effect of the ground waters may also be a key driver for ore deposition from the
hydrothermal fluids, with models proposing the existence of an ore deposition front near
the hydrothermal fluid-ground water interface (Weis et al., 2012; Fekete et al., 2016).

With regards to the formation of Au-rich porphyry deposits, there are some addi-
tional hydrothermal factors to consider, over and above those discussed in Section 2.4.1.

The differences in vein types in Au-rich deposits compared to Cu-Mo deposits (Section

Figure 2.9. (next page) Schematic illustrations depicting the formation of a porphyry deposit as the
hydrothermal fluids and the hydrothermal system evolve through space and time (constructed
from discussions in the text, and modified from the illustrations of Heinrich, 2005; Sillitoe, 2010;
Richards, 2011). This scenario considers the formation of an intermediate-depth porphyry deposit
(~3-5 km). Initially, magma is intruded into relatively cool wall rocks, where it begins to crys-
tallise and exsolve an intermediate-density single-phase fluid. The fluid evolves to a co-existing
hypersaline liquid and low-salinity vapour as it ascends. The vapour ascends more rapidly than
the liquid, eventually contracting to a single-phase fluid at lower temperatures. Meanwhile, the
hypersaline liquid is constrained to greater depths owing to its higher density. The intrusion
cools over time as heat is diffused into the wall rocks, encouraged by circulating ground waters
that generate propylitic alteration. Isotherms retract to depth as the magma crystallises. Veins and
alteration assemblages are produced by the magmatic-derived hydrothermal fluids, with earlier
vein generations and alteration assemblages successively overprinted by later variants as the sys-
tem cools. One possibility not shown in the model is the emplacement of later intrusions, which
could perturb the typical sequence of veining, and generate later veins from hotter fluids, possibly

with different compositions.
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2.5.4) indicates that most of the ore deposition occurs in the high temperature environ-
ment of Group 1 and 2 veins. Moreover, the presence of banded veins, likely formed by
fluids in the vapour + halite field, suggests that the hydrothermal systems are active at
shallow depths, coinciding with the recognised shallower depths of formation for Au-
rich deposits (Murakami et al., 2010). The correlation between quartz vein intensity and
metal content (Sillitoe, 2000), and the general association of Au and Cu grades in Au-rich
deposits (Sillitoe, 2010), further suggests that the physical process of vein formation (i.e.,
fracturing and decompression) is primarily responsible for the deposition of both Au and
Cu.

This evidence indicates that ore deposition in veins in Au-rich deposits likely occurs
from vapour-phase fluids at high temperatures, primarily driven by decompression and
coincident vapour expansion, lowering the solubility of Au and Cu in the fluid at shallow
depths. This agrees well with the conclusions of Murakami et al. (2010) and Chiaradia
(2020), who also suggest that Au-poor deposits are generated because Au and Cu are
decoupled in the fluid at greater depths, where Cu is deposited from a single-phase fluid
or relatively dense vapour, while Au remains in solution to low temperatures and may
be transported to the epithermal environment. Ore deposition from a vapour in shallow
porphyry deposits may account for the greater precipitation efficiency of Au purported
to be required for the generation of Au-rich deposits (Section 2.4.1).

On another note, a review of large hydrothermal Au deposits by Meffre et al. (2016)
indicates that the related hydrothermal systems show a more complex evolution com-
pared to regular Au, or Au-poor, deposits. In particular, Au-rich deposits seem to re-
quire multiple stages of mineralisation, which act as small cumulative enrichment steps,
rather than a single, large enrichment event. Meffre et al. (2016) suggest that multi-stage
enrichments in the porphyry environment are most likely to be facilitated by multiple in-
trusions, leading to the generation of multiple, or long-lived, hydrothermal systems that
rework earlier mineralisation and/or add to existing ores. This could be indicated where
the ore and vein paragenesis is particularly complex, with evidence for high temperature
fluids forming veins that overprint vein generations formed at a lower temperature.

There are also differences in the hydrothermal systems of calc-alkaline and alkaline
porphyry deposits. The model illustrated in Figure 2.9 is of a calc-alkaline deposit. Alka-
line porphyry deposits exhibit different patterns of alteration from those in calc-alkaline
deposits, with calcic-potassic (calc-silicate and K-feldspar dominated), sodic (albite dom-
inated), and sodic-calcic (albite-actinolite dominated) alteration assemblages observed to
be more common and widespread (Lang et al., 1995b; Seedorff et al., 2005; Sillitoe, 2010).

Sericitic alteration is also absent, or present in smaller volumes, than is common in calc-
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alkaline deposits, while pyrite is lacking (Lang et al., 1995b; Bissig and Cooke, 2014). This
means that the calc-alkaline alteration patterns illustrated in Figure 2.9 are not applicable
to alkaline deposits, which instead typically exhibit a calcic-potassic altered core, zoned
outward to potassic alteration and then propylitic alteration (Bissig and Cooke, 2014).
Furthermore, sodic and sodic-calcic alteration may characterise the shallow and deep
parts of the system, respectively, with sodic-calcic alteration distal to potassic alteration
(Bissig and Cooke, 2014).

These differences in alteration may be primarily due to the greater abundance of Ca in
the hydrothermal fluids associated with alkaline intrusions (Lang et al., 1995b; Bissig and
Cooke, 2014), while the scarcity of sericitic alteration and pyrite shows that the amount of
sulphide in the fluids is also lower in alkaline systems, with less SO, available to provide
reduced S for pyrite deposition, and sulphuric acid to lower the fluid pH and generate
sericitic alteration. This could align with a low-degree partial melt of a SCLM source for
alkaline magmas, where only a fraction of the sequestered mantle sulphide phases are
incorporated into the relatively low-volume partial melt (Section 2.4.2), compared to the
sulphide-saturated, voluminous calc-alkaline magmas generated during active subduc-
tion. Indeed, sulphides in general are observed to be less abundant in alkaline compared
to calc-alkaline deposits (Bissig and Cooke, 2014). A lower abundance of veins in general
in alkaline deposits is also likely owing to the composition of alkaline magmas, which
are commonly quartz-undersaturated (Lang et al., 1995b; Sillitoe, 2000), meaning that
less quartz is available to the hydrothermal fluids for vein formation.

As alkaline deposits are commonly Au-rich, hydrothermal processes that are favourable
for Au transport and deposition are likely to contribute to deposit formation. One of
the most significant contributors may be a relative deficiency of reduced S in the fluids
compared to calc-alkaline systems, meaning that Au is primarily transported as a chlo-
ride complex, and therefore unlikely to be transported as a sulphide complex to lower
temperatures and potentially lost to the epithermal environment. Shallower depths of
formation for Au-rich deposits may also correlate to the shallower depths of emplace-
ment for alkaline intrusions, perhaps owing to their generation in tectonic environments
not associated with active subduction (e.g., slab rollback; Section 2.4.2). As previously
mentioned, shallower depths of formation are thought to promote the deposition of both
Au and Cu from hydrothermal fluids in the porphyry environment, rather than the de-

coupling and loss of Au to the epithermal environment.
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2.6 Mineral characteristics

The characteristics of different minerals located in and around porphyry deposits can be
used to elucidate genetic processes, and/or aid in deposit discovery. This section prin-
cipally considers two aspects relevant to the aims of the thesis: mineral growth zoning,

and the development of porphyry indicator minerals.

2.6.1 Growth zoning

Minerals precipitate from a melt or fluid over given periods of time, meaning that a given
mineral grain is often composed of material precipitated at different points in time. Some
minerals preserve this growth history as compositionally and / or texturally-distinct zona-
tions — commonly as concentric (or oscillatory) zones (i.e., layers), or sector zones (e.g.,
Shore and Fowler, 1996; Chouinard et al., 2005a; Wu et al., 2019; Steadman et al., 2021).
In the case of ore minerals relevant to porphyry deposits, pyrite, tennantite-tetrahedrite,
galena, and sphalerite have all been observed to exhibit zonations (Shore and Fowler,
1996). The study of growth zoning in porphyry ore minerals thus has the potential to
elucidate changes in the hydrothermal fluid conditions over time. This section chiefly
reviews the potential causes and implications of zoning in pyrite, given that this thesis
investigates the characteristics of pyrite in detail via trace element maps (Chapter 6).

Pyrite is commonly studied in a wide range of ore deposits, owing to its ubiquity.
Studies have highlighted that pyrite can exhibit oscillatory and/or sector zoning (e.g.,
Chouinard et al., 2005b; Large et al., 2009; Reich et al., 2013; Wu et al., 2019, 2021). In
particular, trace element maps (typically via LA-ICP-MS) show that changes in the trace
elements contents in pyrite tend to characterise different zones (e.g., Chouinard et al.,
2005a; Large et al., 2009; Reich et al., 2013; Wu et al., 2019, 2021). However, textural
changes, such as the presence or absence of porosity or inclusions, may also characterise
different zones (e.g., Roman et al., 2019).

Concentric zoning in pyrite is often attributed to changes in the conditions of crys-
tallisation (i.e., temperature, pressure, and /or the composition of the hydrothermal fluid)
during mineral growth (e.g., Deditius et al., 2009; Reich et al., 2013; Tardani et al., 2017;
Sykora et al., 2018; Steadman et al., 2021). For example, Tardani et al. (2017) identified
fluctuations in Cu/As ratios across pyrite zones from the Tolhuaca Geothermal System,
Chile, and compared this with chemical data of fluid inclusions to show that changes in
hydrothermal fluid characteristics (Cu/As ratios) directly corresponded to the changes
across pyrite zones. Elsewhere, Sykora et al. (2018) investigated pyrite compositions at

the Lihir porphyry-epithermal deposit, Papua New Guinea, showing that early (higher
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temperature), porphyry-stage pyrite had a distinct trace element signature compared to
later (lower temperature), epithermal-stage pyrite. They identified some pyrite crystals
with zonations that corresponded to a porphyry-stage core and epithermal-stage rim; it
was interpreted that changes in the conditions of crystallisation during mineral growth
were responsible for the formation of these composite pyrite crystals.

In efforts to better understand the controls on the formation of growth zoning in
pyrite, Wu et al. (2019) combined nanoscale secondary ion mass spectrometry and atom
probe tomography. They found that, at the micron-scale, concentric zoning of pyrite was
indeed controlled by changes in fluid composition, in agreement with the findings of the
studies noted above. However, they also showed that, at the nano-scale, incorporation of
Au, As, and Cu into pyrite was affected by kinetic processes, including self-organisation
at the crystal-fluid interface, and variations in the structure of the crystal surface (Wu
et al., 2019). Growth rate, another kinetic process, is also thought to affect the develop-
ment of zonations in pyrite; Roman et al. (2019) analysed pyrite geochemistry and micro-
textural features to show that rapid pyrite crystallisation during fluid boiling preserves
porosity and inclusions in pyrite, coupled with enrichments of As, Cu, Pb, Ag, and Auin
the pyrite crystal. In contrast, slower rates of crystallisation were linked to pristine pyrite
crystals with elevated concentrations of Co and Ni (Roman et al., 2019). These studies
show that while external factors (i.e., fluid characteristics) tend to have a dominant con-
trol on the formation of zonations in pyrite, there are also contributions from internal
factors (i.e., crystal-based controls).

In the case of sector zoning in pyrite, it is thought that internal factors have a dom-
inant influence. In particular, differences in the structure of pyrite crystal surfaces (i.e.,
different crystal faces) leads to variations in trace element incorporation (Chouinard et al.,
2005a). If the growth rate is rapid enough that it exceeds the rates of near-surface diffu-
sion and lattice diffusion, then sector zoning can be preserved (Wu et al., 2019).

In summary, zoning in pyrite has the potential to elucidate the genetic history of a
crystal. That growth zones may record changes in the characteristics of hydrothermal
fluids over time has great relevance to the aims of this thesis, and is explored further in

Chapter 6 and 8.

2.6.2 Porphyry indicator minerals

Indicator minerals are mineral species, or minerals with a specific chemicstry, that indi-
cate the presence of porphyry mineralisation; they are primarily used in exploration to
locate and evaluate deposits (e.g., in terms of ore potential, or level of exposure), and

vector in on mineralisation (Kelley et al., 2011; Cooke et al., 2020). A wide range of min-
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erals have been studied to assess their use as indicator minerals, including igneous zir-
con, apatite, plagioclase, and magnetite; and hydrothermal epidote, chlorite, and alunite
(Cooke et al., 2020). Such minerals were first applied in an exploration sense by assess-
ing their presence or abundance in relation to porphyry mineralisation (e.g., Kelley et al.,
2011). More recently, however, indicator minerals are increasingly studied in terms of
their composition, to assess how mineral chemistry changes in relation to genetic pro-
cesses and/or proximity to mineralisation (e.g., Wilkinson et al., 2015; Williamson et al.,
2016; Cooke et al., 2020).

Study of magmatic plagioclase compositions from a range of porphyry-associated
and barren intrusions worldwide has highlighted that plagioclase from porphyry-as-
sociated intrusions contains excess Al compared to plagioclase from barren intrusions
(Williamson et al., 2016). This relationship has been confirmed in a case study of the
La Paloma and Los Sulfatos porphyry systems in Chile, which further highlights that ex-
cess Al in plagioclase is variable within systems and likely a result of magmatic processes
(Williamson et al., 2016). Investigation of plagioclase compositions in igneous rocks could
thus be used to assess the fertiliy of intrusive suites for porphyry mineralisation.

In terms of hydrothermal minerals, it is those of propylitic alteration assemblage that
have garnered most attention (Wilkinson et al., 2015; Cooke et al., 2020). This is prin-
cipally owing to the comparatively large footprint of propylitic alteration in porphyry
systems. Wilkinson et al. (2015) initially investigated the composition of chlorite from
the Batu Hijau porphyry deposit, Indonesia, using EMPA. They found that a range of
elements vary systematically in relation to the core of the deposit; in particular, the con-
centration of Ti, V, and Mg in chlorite exponentially decreases outwards, while the re-
mainder of analysed elements increase (Wilkinson et al., 2015). This relationship was
used to develop an equation for a given chlorite analysis that describes the distance of
the chlorite from the porphyry centre; constituting a new vectoring tool (Wilkinson et al.,
2015). Additionally, porphyry-related hydrothermal chlorite was shown to be composi-
tionally distinct from local metamorphic chlorite (Wilkinson et al., 2015). More recently,
Cooke et al. (2020) undertook a case study of the Resolution porphyry deposit, USA,
to determine whether the chemistry of propylitic minerals could help reveal concealed
deposits. Their LA-ICP-MS analyses showed that both epidote and chlorite have use
in this regard; epidote exhibits a subdued As-Sb response when co-existing with pyrite,
compatible with an epidote origin of between 0.7-1.5 km from the porphyry core, while
temperature-sensitive trace elements in chlorite depicted spatial zonations that indicated
the location of the heat source (Cooke et al., 2020).

Ore minerals have not been the focus of many studies that aim to develop indicator
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minerals, as their presence is generally restricted to the deposits themselves, and thus
their use is limited to vectoring in on enriched zones, or paragenetic events, within de-
posits, rather than discovering deposits in the first instance. It is for this reason that
developing an indicator mineral from an ore mineral is not one of the primary aims of
this study. However, the composition of ore minerals in porphyry deposits has been in-
vestigated, as explored in Chapter 4, and there remains some potential to develop an
indicator mineral approach for ore minerals that are more widespread, such as pyrite.
Furthermore, if the research of this thesis reveals links between genetic processes and
the composition of ore minerals, this could constitute an initial step to developing an ore

indicator mineral for porphyry deposit exploration.

2.7 Summary

This chapter has outlined the fundamental characteristics of porphyry deposits, and the
genetic processes critical to their formation. It is apparent that many aspects of deposit
formation are poorly constrained — particularly those related to the production of differ-
ent vein generations, and the associated fluid characteristics and evolutionary processes.

The following chapters of this thesis will attempt to improve this understanding, us-
ing the Iron Cap deposit as a case study. The detailed petrographic study of vein sam-
ples in hand specimen and thin section, using an array of analytical techniques (i.e., mi-
croscopy, SEM, SEM-CL), was first carried out (Chapter 5) to identify the different vein
generations present at Iron Cap. While published classification schemes provided invalu-
able context (Table 2.2), it was decided to classify vein generations based on empirical
observations to avoid bias. Each vein generation assigned should relate to a different
stage in the evolution of the hydrothermal fluids and/or the hydrothermal system. This
vein-by-vein approach aims to provide a more in-depth picture of deposit formation by
hydrothermal fluids, and elucidate the key stages of fluid and system evolution.

Once the veins had been characterised, the nature of the hydrothermal fluids form-
ing different vein generations was assessed. Fluid inclusion studies have not previously
been carried out at Iron Cap, and most studies investigating fluid characteristics employ
fluid inclusion analyses; however, as previously mentioned, these can be fraught with
complications and uncertainties. In efforts to directly assess the nature of the fluids pre-
cipitating the ore minerals, the trace element contents of ore minerals was determined
by LA-ICP-MS. While this analytical approach has been applied in other mineral deposit
studies to elucidate general conditions of formation, it has yet to be extensively applied
to porphyry deposits in a sequential way (i.e., through the analysis of ore minerals in

successive vein generations). Further discussion of this aspect of the study can be found
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in Chapter 4.

The following chapter reviews the Iron Cap deposit, to provide background knowl-
edge prior to sample analysis. It will therefore be possible to assess the characteristics of
the deposit in the context of this review of porphyry deposit characteristics and genetic
processes, to determine which features previously described here are also present at Iron

Cap, and what this means for the understanding of the deposit.
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3 Iron Cap and the KSM district

3.1 Introduction

Prior to commencement of this research project, a critical analysis of previous work on
Iron Cap and KSM was required to assess the amount of study that the deposit and dis-
trict have been subject to, and recognise the extent to which they are understood - in
terms of their characteristics and genetic processes. Moreover, it was necessary to ensure
that the aims of this research project (Section 1.3) are appropriate and achievable when
using Iron Cap as a case study deposit, and to identify any particular features of the
deposit that may affect the research and/or warrant further investigation. This chapter
focusses on addressing these points.

Firstly, the regional and local geological setting of the KSM district is reviewed to
provide a wider geological context for the Iron Cap deposit in terms of its tectonic set-
ting, associated magmatic activity, and post-mineralisation modification (Section 3.2 and
3.3). The specific characteristics of Iron Cap are then considered on a local scale, with a fo-
cus on the lithologies, structure, alteration, mineralisation, veins, and post-mineralisation
modification (Section 3.4). The characteristics described in the literature are scrutinised to
provide background knowledge of the deposit, and provide a basis for comparison with
the results of this research project. The characteristics of Iron Cap are then compared to
those of other porphyry deposits, to assess whether there are similarities in features (Sec-
tion 3.5). There is then a discussion of the genetic model of the Iron Cap deposit (Section
3.6), based on features of the deposit described in the literature, and in the context of the
review of porphyry deposits and magmatic-hydrothermal systems (Chapter 2). Lastly,
the implications of previous work on the aims of this thesis are assessed, to highlight the
differences between the current understanding of the Iron Cap deposit, and the level of

understanding required to complete this research project (Section 3.7).

3.2 Regional geological setting

British Columbia (BC) is well-endowed with both calc-alkaline and alkaline porphyry
deposits (Figure 1.2; Table 3.1). The deposits are predominantly found in the accreted
arc terranes of Stikine and Quesnel, where most mineralising activity is thought to have
occurred during a short ~15 m.y. period at the Triassic—Jurassic boundary (~210-195
Ma; Logan and Mihalynuk, 2014; Febbo et al., 2015). These accreted island arc terranes
are the most prolific for alkaline porphyry deposits worldwide (Bissig and Cooke, 2014).

The deposits of the KSM district collectively have the highest metal endowments, and
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Table 3.1

Comparison of porphyry deposits in British Columbia (from Logan and Mihalynuk, 2014, and
references therein). Iron Cap and KSM data are from Febbo et al. (2015, and references therein),
Campbell and Dilles (2017) and Threlkeld et al. (2020). Deposit locations are shown in Figure 1.2.

Magmatic Values
Name association Terrane Age (Ma) Cu (Mt) Au (t) reported
This study
Iron Cap Calc-alkaline ST 195 5.71 779.61 4
KSM district Calc-alkaline ST 190-197 14.56 1610.25 4

Other porphyry deposits in British Columbia

Brenda Calc-alkaline QN 195 0.27 2.28 1
Copper Mountain  Alkaline ON 204 1.53 n.d. 1+2
Galore Creek Alkaline ST 210-208; 205 4.08 227.8 3
Gibraltar Calc-alkaline CC 210 3.51 n.d. 1+2
Highland Valley =~ Calc-alkaline QN 210; 208-206 6.12 n.d. 1+2
Kemess South Calc-alkaline ST 199 0.4 92.3 1+2
Kwanika Calc-alkaline QN 200 0.53 51.1 3
Lorraine Alkaline ON 178 0.21 8.29 4
Mount Polley Alkaline ON 205 0.48 50.1 1+2
Mt. Milligan Alkaline ON 185 0.96 187.24 2
Red Chris Alkaline ST 204 3.5 360.4 3
Schaft Creek Alkaline ST 222 3.14 209.7 3
Woodjam Calc-alkaline QN 197 0.48 n.d. 5

Terrane abbreviations: ST, Stikine; QN, Quesnel; CC, Cache Creek. Values reported: 1, Metal
produced; 2, Proven and probable reserves; 3, Measured and indicated resources; 4, Inferred
resources; 5, Initial resource. n.d., no data.

Iron Cap alone is the most Au-enriched (Table 3.1), making both the KSM district and the
Iron Cap deposit of particular economic and geological significance for the region.

Iron Cap and the KSM district are situated in the Stikine terrane — a long-lived arc ter-
rane that developed over 200 m.y. from the Late Devonian until the Early Jurassic, and
now forms part of the Intermontane belt of the Canadian Cordillera (Figure 1.2; Nelson
and Kyba, 2014; Febbo et al., 2019). The Intermontane belt is comprised of the oceanic
rocks of the Cache Creek terrane, sandwiched between the volcanosedimentary rocks of
the Quesnel and Stikine arc terranes (Logan and Mihalynuk, 2014). There is strong strati-
graphic, magmatic, and metallogenic evidence to suggest a similar genetic history for the
Stikine and Quesnel terranes (Logan and Mihalynuk, 2014), leading to proposals that the
present-day arrangement may have arisen due to oroclinal enclosure of the oceanic Cache
Creek rocks by island arc segments representing the Stikine and Quesnel terranes (e.g.,
Nelson et al., 2013). However, debate continues over the exact geodynamic mechanisms
reponsible (Logan and Mihalynuk, 2014).

The Stikine terrane is made up of three, unconformity-bounded, island arc succes-

sions of volcanosedimentary strata (Febbo et al., 2015). The Early Jurassic Hazelton
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Group unconformably overlies the Late Triassic Stuhini Group, and represents the wan-
ing of island arc magmatism prior to accretion of the terrane to the Laurentian Margin
(North American Craton) in the Middle Jurassic (Nelson and Colpron, 2007; Nelson and
Kyba, 2014). The sequences of the Hazelton Group are the dominant hosts for miner-
alisation within the Stikine terrane (Nelson and Kyba, 2014), suggesting that porphyry
deposits in the Stikine terrane are largely associated with the later stages of island arc
activity prior to accretion. Indeed, Logan and Mihalynuk (2014) explain that, follow-
ing an early period of porphyry-forming arc magmatism in the Late Triassic (~208-202
Ma), the locus of magmatism migrated toward the back-arc, leading to the generation of
progressively younger porphyry deposits in the Late Triassic and Early Jurassic.

In contrast to conventional theories of magma generation in subduction settings (Sec-
tion 2.3), Logan and Mihalynuk (2014) propose a model whereby Late Triassic-Early
Jurassic magmas were generated during stalling and tearing of the subducting slab, which
critically induced partial melting of the overlying mantle wedge by incursion of hot sub-
slab mantle through the slab tear. This is thought to have initially produced a high degree
of partial melting (i.e., calc-alkaline magmas and porphyry deposits), but as the thermal
spike receded and the tear widened, a low degree of partial melting occurred across a
wider area, generating later alkaline magmas and associated porphyry deposits (Logan
and Mihalynuk, 2014). Moreover, magmatism migration toward the back-arc may reflect
migration of the slab gap (Logan and Mihalynuk, 2014). Geochemical evidence for this
theory comes largely from studies of Late Triassic arc rocks, which show a lack of crustal
assimilation in the magmas and retention of a primary mantle source signature that is
thought to signify the absence of significant storage and evolution in a lower-mid crustal

chamber (Logan and Mihalynuk, 2014, and references therein).

3.3 KSM district geology

The four porphyry deposits of the KSM district are centered on a series of diorite to
syenite intrusions, part of the Texas Creek intrusive suite, with adjacent wall rocks com-
prising the units of the Stuhini Group and Hazelton Group (Figure 3.1; Alldrick, 1993).
The Texas Creek suite was emplaced in the Early Jurassic, and is coeval and cogenetic
with the volcanosedimentary units of the Hazelton Group (Nelson et al., 2018). On a lo-
cal scale, radiometric dating (U-Pb zircon) suggests that the KSM intrusions, and hence
the associated mineralisation, were emplaced in the Early Jurassic between 197 and 189.6
Ma (Febbo et al., 2015, and references therein).

The KSM deposits are classified as calc-alkaline, exhibiting an abundance of quartz

veins, pyrite, and sercitic alteration (cf. Section 2.4.2; Campbell and Dilles, 2017). How-

3 Iron Cap and the KSM district



69

ever, an earlier overview of alkaline porphyry deposits by Bissig and Cooke (2014) in-
correctly classifies the KSM deposits as alkaline. This discrepancy is possibly due to the
differing magmatic classification of the two Texas Creek intrusive suites present in the
district, with the Sulphurets suite classified as calc-alkaline, and the Premier suite as al-
kaline (Febbo et al., 2015). The calc-alkaline Sulphurets plutons are composed of diorite,
monzodiorite, granodiorite, and monzonite, while the roughly contemporaneous alka-
line Premier plutons, sills and dykes are monzonite to syenite in composition (Febbo
et al., 2015; Campbell et al., 2020). Mineralisation in the KSM district is largely related
to the Sulphurets intrusions, which are pre-, syn-, and post-mineralisation (Febbo et al.,
2015). One exception is the Sulphurets deposit, whose mineralisation is dominantly wall
rock-hosted and not clearly linked to an intrusive suite (Campbell et al., 2020). Minerali-
sation can also be found on the margins of some of the Premier intrusions, though this is
low grade (Campbell et al., 2020).

The KSM district forms part of a 60 km-long trend of magmatic related mineral de-
posits, including porphyry, epithermal, and VMS, which stretches N-NW from the town
of Stewart to the mining district around KSM (Figure 1.2; Logan and Mihalynuk, 2014;
Febbo et al., 2015). Geological mapping, and the spatial association of mineral deposits to
regional lineaments, lead Nelson and Kyba (2014) to hypothesise a structural control to
this trend. They suggested a model in which a large-scale basin-bounding fault, formed
by the extensional or transtensional tectonics dominant in the Early Jurassic, acted as
a conduit for the magmas to ascend and form associated mineral deposits (Nelson and
Kyba, 2014). While this hypothesis explains deposit alignments, empirical evidence for
such a large-scale fault is yet to be acquired.

In contrast, post-mineralisation tectonic activity in the KSM district is clearly evident.
The Stikine terrane as a whole was deformed in the mid-Cretaceous by sinistral trans-
pression that produced the Skeena Fold-and-Thrust Belt (SFIB), an extensive NE-verging
zone of shortening that resulted in N-NW-trending structures (Nelson and Kyba, 2014).
A N-trending structural culmination associated with this tectonic activity, the McTagg
anticlinorium, now hosts KSM on its eastern limb (Febbo et al., 2015). Locally, the KSM

deposits are mostly situated within the footwall of the E-verging Sulphurets Thrust Fault

Figure 3.1. (next page) Geology of the KSM district, showing company licence areas at the present
time (Campbell et al., 2020, adapted from Febbo et al., 2015). Mineral deposits in the adjacent
licence area include Snowfield; purported to be the displaced cap of the Mitchell deposit, and
Brucejack (collectively “West zone” and the “Valley of the Kings”), a high-grade epithermal-Au
deposit (Savell and Threlkeld, 2013).

3 Iron Cap and the KSM district



JoLuISIp NSY ayf puv dv) uosy ¢

; 6,262,000 N ; 6,264,000 N , 6,266,000 N

, 6,260,000 N

,6,258,000N

, 420,000 E , 422,000 E , 424,000 E
: '¥)ohnston
; Mitchell < fault 77
N soiby gy thrust A S
V@ Via o4 1
BBy ot
/ 7 Mitchell
glacier
2
2 >
5, e
% 5
%, N
%

Seabridge Gold

$924N0

TEXAS CREEK SUITE (EARLY JURASSIC)

Sulphurets intrusions
Diorite, granodiorite, monzodiorite, and monzonite: fine- to medium-
grained plagioclase-hornblende + K-feldspar + quartz porphyry

Premier intrusions

Monzonite to syenite: crowded medium- to coarse-grained plagioclase
and K-feldspar porphyry

|ney sjoefdand

HAZELTON GROUP (LOWER JURASSIC)
Spatsizi Formation

- Fossiliferous siltstone and tuffaceous siltstone

Betty Creek Formation

- Volcaniclastic polymictic conglomerate: intermediate, boulder-sized clasts

Jr Unconformity

Jack Formation ) .
- sedimentary units-

Polymictic conglomerate with m

. Feldspathic arenite and
abundant quartz-rich clasts

minor siltstone beds

- Laminated siltstone-mudstone

and minor feldspathic arenite beds SEdIMSN AR FOsKks,

undivided

- volcanic units -
Andesitic breccia, lapilli tuff, block Thick-bedded andesite
and ash flow, tuff breccia, reworked \:| tuffs, fine-grained flows
volcaniclastic breccias

. STRUCTURE
Tr-Jr Unconformity Faul
ault
B STUHINI GROUP (TRIASSIC)
|:| Felsic volcanic flow breccias ~—&—  Thrust fault
and stratified ash tuff
. . A Reverse fault
Laminated shale, graphitic ¢
|:| mudstone and felsic ash tuff T Synform
OTHER | | Ie A
- —— Antiform
ORE DEPOSITS v
1: Iron Cap 2: Mitchell 3: Snowfield 4: Sulphurets
5: Kerr 6: West zone 7: The Valley of the Kings

02



71

(STF), which is linked to the SFTB (Figure 3.1; Kirkham and Margolis, 1995; Febbo et al.,
2015). A splay of the STF, the Mitchell Thrust Fault (MTF), also separates the Iron Cap and
Mitchell deposits at the northern end of the district (Febbo et al., 2015). It is not thought
that Iron Cap and Mitchell were once one deposit; rather, a deposit in the adjacent licence
area (Snowfield) is thought to be the displaced cap of the Mitchell deposit (Figure 3.1;
Savell and Threlkeld, 2013). The Brucejack deposit is a high-grade epithermal Au deposit
also situated in the adjacent license area, hosted by younger host rocks than the KSM
deposits (U-Pb zircon dates of 188-184 Ma; cf. Table 3.1), and structurally separated from
the district by the oblique dextral and reverse Brucejack Fault, which is interpreted to
have been active after epithermal mineralisation (Tombe et al., 2018). The alkaline Pre-
mier intrusions and associated mineralisation are largely confined to the hanging walls
of the STF and MTF (Campbell et al., 2020), thus are spatially and structurally separated
from the main ore zones.

Lower greenschist facies metamorphism likely coincided with tectonic activity in the
mid-Cretaceous (Alldrick, 1993). This is purportedly represented by the mineral assem-
blage of chlorite-carbonate-sericite-pyrite-epidote identified in volcaniclastic rocks of the
KSM district (Alldrick, 1993). However, this mineral assemblage can also characterise
hydrothermal propylitic alteration (Seedorff et al., 2005). Alldrick (1993) suggests that
distinction between greenschist facies metamorphism and hydrothermal propylitic al-
teration is possible by comparison, where propylitic rocks have a greener colour, host
coarser pyrite, and have a greater calcite content than metamorphically-altered rocks.
Further mineralogical evidence to indicate the coincidence of metamorphism with tec-
tonic activity in the mid-Cretaceous is provided by pyrite pressure shadows infilled by
chlorite, or quartz and minor sericite, and the curving of quartz and chlorite crystals dur-
ing mineral growth, both of which exemplify syn-deformational mineral growth (Alldrick,
1993). Alldrick (1993) suggests that peak metamorphic conditions were 280+20°C and
4.5+1.5 kbar, evidenced by the mineral assemblage phase transitions, and the resetting
of K-Ar dates from biotite, sericite and feldspar, the latter of which also indicates that the
thermal peak occurred 110+10 Ma — in alignment with the occurrence of tectonic activity

in the mid-Cretaceous.

3.4 Iron Cap deposit geology
3.4.1 Introduction

The Iron Cap deposit stretches NE for ~1.5 km at the northern end of the KSM district,

and is so named owing to the distinctive Fe-oxide stained exposure on the ridge line
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Figure 3.2. View of the Iron Cap deposit exposure from the eastern end of the Mitchell deposit,

looking northwards (Savell and Threlkeld, 2013). This photograph was taken from approximately
1 km southwards of the middle of the bottom edge of the map in Figure 3.3. The zone limits shown

here are outdated; current demarkations are shown in plan view in Figure 3.3.

opposite the Mitchell deposit (Figure 3.2; Seabridge Gold, 2020a). The roughly cylindrical
orebody attains thicknesses of up to 800 m, and plunges ~60° to the W-NW, extending
down to at least 1.5 km below surface (Threlkeld et al., 2020). Iron Cap can be classified
as both a Au-rich porphyry deposit (Section 1.2), and a giant Cu-Au porphyry deposit in
terms of total contained metal, significantly exceeding the benchmark of giant deposits
defined by Singer (1995) of 2 Mt Cu and 3.2 Moz Au (equivalent to ~90 t Au; Table 3.1).

The following sections outline the key lithologies, structure, alteration, mineralisation
and vein sequences related to Iron Cap, as reported by Campbell et al. (2020) — the only
in-depth study of the deposit to date.

3.4.2 Lithologies

Intrusives of the Texas Creek suite form the central ore zone of the Iron Cap deposit
(Figure 3.3, 3.4a, and 3.5a). These are classified as the pre-mineralisation P2 East dior-
ite, syn-mineralisation P2 West diorite, P3 East and P3 West monzonites, and the post-
mineralisation P4 monzodiorite (Figure 3.6; Campbell et al., 2020). Syn-mineralisation
hydrothermal breccias and the surrounding wall rocks of the Hazelton Group also host

mineralisation, while rare, barren post-mineralisation mafic dykes also occur (Campbell

3 Iron Cap and the KSM district
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et al., 2020).

3.4.2.1 P2 diorites

As the intrusive equivalent of andesites, diorites are dominated by plagioclase, with
lower proportions of dark-coloured minerals, such as hornblende and biotite (Best, 2003).
The diorites classified as P2 at Iron Cap are plagioclase- and hornblende-phyric, with a
fine-grained groundmass (Figure 3.6c; Campbell et al., 2020). They are divided into the
pre-mineralisation P2 East diorite and the syn-mineralisation P2 West diorite, although
the only petrographical distinction between the two is the slight difference in the size of
phenocrysts; those in P2 East diorites are 1-5 mm long, while those in P2 West diorites
are 1-3 mm long (Campbell et al., 2020). This difference is minor enough that it would be
difficult to distinguishing between P2 East and P2 West diorites on petrography alone.
Indeed, it appears that Campbell et al. (2020) recognise that the key distinction between
P2 East and P2 West diorites is the location of the intrusive bodies, and their relationship
to hydrothermal features; the P2 West intrusion is reported to host significant volumes
of A-veins (below) and some of the highest Au and Cu grades, while the P2 East intru-
sion is comparatively quartz vein- and metal-poor. However, Figure 3.4 and 3.5 show
that the P2 East diorite still hosts modest Au grades and patchy concentrations of quartz

veins. In general, these maps also show that there is a poor correlation between lithol-
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Figure 3.4. Plan view of the Iron Cap deposit at 1200 m elevation, showing: a) Lithologies, where
P2E-P4 are intrusives described in the text, WR = undifferentiated wall rock, Bx = hydrothermal
breccias, and black lines are drill holes within 100 m of the section; b) Hydrothermal alteration
zones, where POT. = potassic, MOD. SER. = moderate sericitic, STR. SER. = strong sericitic; c)
Volume of quartz veins; d) Au grade; e) Cu grade; f) Mo grade (Campbell et al., 2020).
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ogy, quartz vein volume, and metal grades, meaning that intrusion classification based
on hydrothermal features is not conclusive.

The distribution of quartz veins and metals in the P2 diorites is also the criteria used
to assign a pre-mineralisation timing for emplacement of the P2 East diorite, and syn-
mineralisation timing for emplacement of the P2 West diorite (Campbell et al., 2020).
No cross-cutting relationships are observed between any of the P2 diorites and P3 mon-
zonites (Campbell et al., 2020), although the distribution of the P3 East intrusion in Fig-
ure 3.5a suggests that it post-dates the P2 diorites, and Campbell et al. (2020) note that
hydrothermal breccias that contain clasts of P2 East diorite are cut by P3 intrusions, im-
plying that P3 intrusions post-date the P2 East diorite. Nevertheless, because both the
P2 East and P2 West intrusions host veins, metals, and are hydrothermally altered (Fig-
ure 3.4 and 3.5), they must have been emplaced either pre- or syn-mineralisation. As
above, the volume and distribution of hydrothermal features within intrusions is not a
conclusive indication of genetic difference, thus the relative emplacement timing of the
P2 diorites is open to interpretation.

Diorites with near-identical characteristics to P2 diorites are also central to the nearby
Mitchell deposit, where they are classified as a single pre- to syn-mineralisation intru-

sive phase, and show a similar widespead distribution in the ore zone as observed at

Figure 3.6. Lithologies of the Iron Cap deposit: a) Hazelton Group mudstone hornfels; b) Jack

Formation conglomerate; c) P2 East diorite; d) P3 East monzonite; e) P4 monzodiorite; f) mafic
dyke; g) P3 East monzonite intrusion breccia with wall rock clasts; h) hydrothermal breccia with
P2 East clasts; i) strongly altered hydrothermal breccia (5 cm scale; Campbell et al., 2020).
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Iron Cap (Febbo et al., 2019). The Mitchell deposit diorites are distinguished as pre-min-
eralisation when veins hosted by the intrusions have relatively sharp margins, and as
syn-mineralisation when veins are wavy, disarticulated, and irregular; the latter thought
to imply incomplete diorite crystallisation (Febbo et al., 2015). This classification may
be flawed, because vein formation in a ductile regime (associated with the emplacement
of a later intrusion, for example) may also generate wavy, disarticulated, and irregular
veins (Sillitoe, 2010), hence this feature does not necessarily imply incomplete crystalli-
sation of a magma body. Therefore, the diorites at Mitchell also do not exhibit definitive
evidence to be classed as either pre- or syn-mineralisation, but they are classed as pre- to
syn-mineralisation (Febbo et al., 2019).

Overall, the limited petrographical distinction between the P2 East and P2 West dior-
ites, the inconclusive discrimination based on location and hydrothermal features, and
comparisons with Mitchell diorites, suggests that the P2 diorites at Iron Cap may con-
stitute a single intrusive phase. The higher volumes of quartz veining and higher metal
grades in the P2 West diorite relative to the P2 East diorite could be attributed to differ-
ing degrees of hydrothermal activity, rather than a difference in the timing of intrusion
emplacement. For example, as discussed in Section 2.3.3, magma emplacement rate and
magma volume appear to be particularly important in controlling the hydrothermal fluid
flux during porphyry deposit formation. Therefore, the P2 West diorite may have been
emplaced more rapidly and/or in greater volumes than the P2 East diorite, to allow a
greater flux of fluids and the potential for higher volumes of quartz veining and greater
metal endowments (e.g., Chelle-Michou et al., 2017; Schopa et al., 2017; Chiaradia and
Caricchi, 2022).

3.4.2.2 P3 monzonites

The key difference between diorites and monzonites is the greater abundance of K-feldspar
in the monzonites, combined with a lower proportion of plagioclase (Best, 2003). Intru-
sions classified as monzonite at Iron Cap have a seriate texture, with phenocrysts of pla-
gioclase, K-feldspar, and hornblende (and quartz) up to 6 mm in size (Figure 3.6d; Camp-
bell et al., 2020). As with the P2 East and West diorites, there is limited petrographical
distinction between P3 East and West monzonites; the P3 West monzonites are typically
coarser-grained than P3 East monzonites (Campbell et al., 2020). Location relative to the
deposit is the key distinction between the P3 monzonite intrusions, with P3 East consti-
tuting thin dykes and a singular ~100 m thick, west-dipping (~60°), tabular instrusive
that strikes roughly north through the centre of Iron Cap, while P3 West intrusions are

observed in the western half of the deposit and are not morphologically defined (Figure
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3.4a and 3.5a; Campbell et al., 2020). From the data presented, it is possible that the P3
East and P3 West monzonites collectively constitute a single intrusive phase, and thus,
similarly to the P2 diorites, do not necessitate discrete classification.

Nevertheless, Campbell et al. (2020) note that metals are more concentrated in the
P3 East monzonites, relative to the poorly-mineralised P3 West monzonites. This can be
observed to some degree in Figure 3.4 and 3.5, although there is generally a poor correla-
tion between lithology and metal contents. As noted above, hydrothermal breccias that
contain clasts of P2 East diorite are cut by P3 intrusions (Campbell et al., 2020), implying
that P3 monzonites post-date P2 diorites. The P3 monzonites must therefore have been
emplaced syn-mineralisation, because these are the youngest intrusions that host miner-
alisation. Radiometric U-Pb zircon dating of the P3 East monzonite returned an age of
194.4 £ 2.1 Ma (Campbell and Dilles, 2017) — the only absolute age for magmatism at Iron

Cap, which probably coincides with the timing of mineralisation.

3.4.2.3 Hydrothermal breccias

Volumetrically significant hydrothermal breccias are present in the centre of the Iron Cap
ore zone (Figure 3.3; Campbell et al., 2020). Two types are recognised; the first occurs in
10-250 m wide, N-striking zones that are tabular and steeply-dipping (Figure 3.4a and
3.5a; Campbell et al., 2020). This breccia type exhibits matrix-supported, poorly sorted,
sub-angular clasts that can often be identified as P3 monzonite in areas where hydrother-
mal alteration has not destroyed the original rock texture (Figure 3.6i; Campbell et al.,
2020). Together with the cross-cutting of the P3 East intrusion by the hydrothermal brec-
cia (Bx) in Figure 3.4a and 3.5a, the nature of the clasts implies syn- or post-P3 formation.
This breccia type is therefore syn-mineralisation, as indeed interpreted by Campbell et al.
(2020), in line with the syn-mineralisation timing of the P3 intrusions.

The second breccia type is common on the margins of the P2 East intrusion, exhibiting
a jigsaw pattern texture, and containing sub-angular to angular clasts of P2 East diorite
in a fine-grained and hydrothermally-altered matrix (Figure 3.6h; Campbell et al., 2020).
This breccia type must have formed syn- or post-P2 East emplacement, and is therefore
pre- or syn-mineralisation, in line with the timing of the P2 intrusions.

Separate to the hydrothermal breccias, small intrusion breccias are common at the
margins of P3 intrusives, and can be distinguished by their coherent monzonite matrix,
with poorly sorted, sub-angular wall rock clasts (Figure 3.6g; Campbell et al., 2020). The
formation of these breccias coincides with the emplacement of the P3 intrusions, given
that the matrix is composed of the same rock as the P3 intrusives.

Although not categorised by Campbell et al. (2020), the hydrothermal breccias appear
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to fall into the class of magmatic-hydrothermal breccias (as defined by Sillitoe, 2010), as
opposed to phreatic or phreatomagmatic breccias (cf. Section 2.3.4). An implication of
this is that hydrothermal breccia formation is synchronous with early and /or main-stage,
deep-seated hydrothermal activity, and not related to later and/or shallower hydrother-
mal activity (cf. Section 2.3.4). This coincides with the timing of hydrothermal breccia
emplacement informed by clast analysis as syn-mineralisation (first breccia type), and

pre- or syn-mineralisation (second breccia type).

3.4.2.4 P4 monzodiorites

Monzodiorites sit compositionally between diorites and monzonites, with a higher pro-
portion of K-feldspar than diorites, and a lower proportion than monzonites (Best, 2003).
The post-mineralisation P4 monzodiorites at Iron Cap are plagioclase-K-feldspar-horn-
blende-phyric, with phenocrysts of plagioclase and hornblende up to 8 mm, and K-
feldspar up to 2 cm (Figure 3.6e). This intrusive phase occurs as thin dykes restricted
to the northern half of the deposit (Figure 3.4a; Campbell et al., 2020), and clearly cuts
the P2 diorites and hydrothermal breccias, providing relative timing constraints. It is
not implicitly stated by Campbell et al. (2020) why the P4 monzodiorites are interpreted
as post-mineralisation, other than that they are comparable to post-mineralisation dykes
at the nearby Kerr deposit, and that this dyke suite is collectively thought to have been
formed during the waning stages of the porphyry magmatic system.

Conflictingly, Figure 3.4 shows that the two P4 occurrences at 1200 m elevation ex-
hibit different metal endowments. The eastern P4 dyke post-dates the mineralisation,
observed as a low-grade strip in the Au and Cu grade maps. Meanwhile, the western
P4 dyke does not appear to cut the mineralisation in the same way, and is not visible on
the Au and Cu grade maps. However, this may be an artefact of the model, with the
cell size for metal grades exceeding the width of the dyke, thus its low metal content is
not represented. Regardless, the P4 dykes are relatively rare, and do not appear to be

volumetrically significant.

3.4.2.5 Mafic dykes

A series of mafic to ultramafic dykes are also present at Iron Cap, exhibiting dark green
to black colours, aphanitic textures, and metre-scale thicknesses (Figure 3.6f; Campbell
etal., 2020). They are rare at Iron Cap, although common throughout the KSM district as a
whole, and are thought have been emplaced in the Cretaceous during post-mineralisation

tectonic activity (Campbell et al., 2020).
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3.4.2.6 Wall rocks

The wall rock immediately surrounding the intrusive complex is composed of Jack For-
mation — a basal unit of the Hazelton Group — mudstones, sandstones, and polymic-
tic pebble conglomerates (Figure 3.3 and 3.6b; Nelson and Kyba, 2014; Campbell et al.,
2020). The sedimentary rocks are altered to hornfels (Figure 3.6a; Campbell et al., 2020),
although the extent of this alteration is not defined. The presence of hornfels implies
contact metamorphism at high temperatures (>700°C) took place around the intrusions
(Best, 2003); however, the mineralogy of the hornfels is not reported, hence the exact

grade of contact metamorphism cannot be defined.

3.4.3 Structure

The mid-Cretaceous SFIB that affected the Stikine terrane also produced localised fea-
tures around Iron Cap. The deposit is bounded by four faults: the ICF to the south, the
STF to the west and above, the JF to the north, and the MTF at depth (Figure 3.1, 3.3, and
3.4a; Campbell et al., 2020). The imbricate, E-verging STF, and associated MTF splay, are
interpreted to have formed as a direct result of the shortening that occurred to produce
the SFTB (Febbo et al., 2015). The STF is shallow- to moderately-dipping, and strikes to
the north, while the MTF strikes roughly to the east (Campbell et al., 2020).

The origin of the ICF is less clear, lacking observed kinematic indicators (Campbell
et al., 2020). Given the steep northerly dip and E-W strike, Campbell et al. (2020) suggest
either a dip-slip motion, or a strike-slip tear relating to the SFTB. The JF has a similar
orientation, striking E-W and with a subvertical dip, though the origin is again uncertain
— Campbell et al. (2020) suggest a strike-slip step-over motion, parallel to the shortening
direction of the SFTB. Comparatively, Febbo et al. (2019) propose that the JF was active
during the Early Jurassic, and that movement is consistent with a south-side-down nor-
mal fault. This is purportedly evidenced by differences in lithology; north of the JF a
<100 m thick section of the Hazelton Group unconformably overlies the Stuhini Group,
while south of the fault, a thick sequence of Jack Formation is present. However, these
changes in lithology are not evident in Figure 3.3.

Section 3.4.7 contains further discussion of deposit modification by post-mineralisation

tectonic activity.

3.4.4 Alteration

Alteration associated with hydrothermal activity is present throughout Iron Cap, with

potassic and sericitic assemblages the most prolific (Figure 3.4b and 3.5b). Campbell
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et al. (2020) state that the only unaltered areas of the deposit are located to the north of
the JF, in the hanging wall of the STF, and the mafic to ultramafic dykes. However, Figure
3.4b and 3.5b show blank (white) areas in the central ore zone. It is unclear whether these
areas are altered or not; propylitic alteration may occur here, given that it is recognised
as a peripheral assemblage at Iron Cap by Campbell et al. (2020). The extent of propylitic
alteration is generally not well recorded, but Campbell et al. (2020) state that an assem-
blage of chlorite-epidote-carbonate + hematite - magnetite extends out in to the distal
wall rock. As mentioned previously, this assemblage can also represent greenschist fa-
cies metamorphism (Section 3.3), thus difficulty distinguishing between propylitic and
greenschist facies metamorphism assemblages likely explains the absence of propylitic
alteration in Figure 3.4b and 3.5b, and its undefined distribution.

Potassic alteration consists of a K-feldspar-magnetite + biotite (chloritised) assem-
blage, and is mostly located at depth in and around the P2 West, and P3 East and West
intrusions, their associated hydrothermal breccias, and adjacent wall rock (Campbell
et al., 2020). The distribution of potassic alteration is another criteria used by Camp-
bell et al. (2020) to assign a syn-mineralisation timing for these intrusions, but there is not
a stong correlation of potassic alteration with intrusion type in Figure 3.4b and 3.5b. The
P3 East intrusion has perhaps the strongest association with potassic alteration at depth
(Figure 3.5b), grading into sericitic alteration near-surface, consistent with the inferred
syn-mineralisation timing. However, the P2 West and P3 West intrusions (and indeed
some regions of the P3 East intrusions) exhibit inconsistent alteration in Figure 3.4b and
3.5b, with regions of unaltered rock, and a poor correlation with potassic and sericitic
alteration.

Biotite is rarely present in the potassic alteration zones, which is interpreted by Camp-
bell et al. (2020) to be due to later overprinting by sericitic alteration or the lower green-
schist facies metamorphism proposed by Alldrick (1993) to have affected the KSM dis-
trict. Although the extent of biotite replacement in potassic assemblages by sericitic alter-
ation is not stated, it is reasonable to assume that areas of potassic alteration overprinted
by sericitic alteration are included in the sericitic zones in Figure 3.4b and 3.5b. Con-
versely, the potassic alteration zones depicted in Figure 3.4b and 3.5b probably constitute
the areas of potassic alteration where biotite is chloritised in absence of sericitic alteration
(see assemblage below), thus inferred to be affected by metamorphism.

An assemblage of fine-grained muscovite or illite-quartz-pyrite characterises sericitic
alteration at Iron Cap, with varying degrees of intensity defined by the extent of mineral
replacement; from full replacement of felsic minerals, to the partial replacement of mafic

minerals, to the complete and texturally destructive replacement of both felsic and mafic
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minerals (Campbell et al., 2020). Strong sericitic alteration is generally located in shallow
and central parts of the deposit, particularly in the large hydrothermal breccias, with
decreasing intensity outwards from these areas (Figure 3.4b and 3.5b). The intrusions
and wall rocks are also affected, and pre-existing potassic assemblages are overprinted

where the two alteration zones interact (Campbell et al., 2020).

3.4.5 Mineralisation

Gold and Cu are the primary resources at Iron Cap, but Campbell et al. (2020) note that
they are not strongly associated, with differences in their spatial relations throughout
the deposit. Indeed, Figure 3.4d, e and 3.5d, e show that, while Au and Cu are present
throughout most of the deposit, the highest Au grades do not correlate to the highest Cu
grades, and neither metal consistently correlates to lithology, alteration, or quartz vein
volume. Locally, however, it appears that high Au grades sometimes correlate to high
volumes of quartz veins (red zones in Figure 3.5c and d), implying that certain veins
are key contributors to the Au endowment of the deposit (Section 3.4.6). Furthermore,
Campbell et al. (2020) state that the P2 West and P3 East intrusions host most of the Au-
Cu mineralisation at Iron Cap, with some of the highest Au and Cu grades recorded in
the P2 West intrusion. However, this is not apparent in Figure 3.4 and 3.5, where the
hydrothermal breccias appear to contain a greater proportion of high Au and Cu grades
than both the P2 West and P3 East intrusions.

The overall distribution of metals also does not follow a simple concentric zoning
pattern, contrary to observations at some other calc-alkaline porphyry deposits (e.g.,
Mitchell; Campbell et al., 2020), implying that the hydrothermal system at Iron Cap expe-
rienced a more complex evolution than some other porphyry systems. Although it is not
clear which zoning pattern Campbell et al. (2020) refer to (i.e., high grade to low grade,
or, for example, central Cu-Au to more peripheral Ag-Pb-Zn; Sillitoe, 2010), both Figure
3.4d-f and 3.5d-f, and the lack of zonation in Pb and Zn grades recognised by Campbell
et al. (2020), confirms the absence of zonations in metal grade or type.

Chalcopyrite is the primary Cu-bearing ore mineral and is the second most abun-
dant sulphide, behind pyrite (Campbell et al., 2020). Most economic mineralisation is of
the low- to intermediate-sulphidation assemblage of pyrite-chalcopyrite & tennantite +
tetrahedrite (Campbell et al., 2020). Less common high-sulphidation assemblages also oc-
cur, such as pyrite-bornite (Figure 3.7e; Campbell et al., 2020). Tennantite and tetrahedrite
are most abundant in the shallower regions of the deposit, geochemically represented by
the zone limits of >50 ppm As in Figure 3.4b and 3.5b (Campbell et al., 2020); these re-

gions also partly co-occur with sericitic alteration and below average Au concentrations.
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Given that tennantite-tetrahedrite occurs in late syn-mineralisation veins associated with
sericitic alteration, or post-mineralisation veins (Section 3.4.6), the low Au concentrations
in the >50 ppm As zones may result from the tennantite-tetrahedrite-bearing vein gener-
ations being Au-poor.

Molybdenite is also present to a lesser degree, its distribution represented by Mo
grade in Figure 3.4f and 3.5f. The higher Mo grade regions in the central areas of Figure
3.4f and 3.5f appear to roughly correlate to sericitic-altered hydrothermal breccia. A zone
of enriched Mo is shown to the south of the ICF, where molybdenite is most abundant
and commonly hosted in the matrices of hydrothermal breccias (Figure 3.7f; Campbell
et al., 2020). This zone could be an offset section of the Iron Cap deposit, or part of a
separate mineralising system altogether (Campbell et al., 2020).

Campbell et al. (2020) do not extensively discuss the hosting of the Au at Iron Cap.
The early work conducted for this thesis was presented at AME Roundup 2019, and
Campbell et al. (2020) use that presentation as their source of information for the hosting
of the Au. As the hosting of the Au at Iron Cap is one area this thesis aims to shed light
on, the findings of the early work are updated and presented in full later in the thesis

(Chapter 5).

3.4.6 Veins

The veins at Iron Cap are of particular importance to this research project, because vein
samples will be used as the main source of information on the nature and evolution of
the hydrothermal fluids that formed the deposit. Furthermore, the ore minerals con-
tained within the veins were analysed to determine their trace element compositions; it
is hoped that this information may elucidate hydrothermal fluid characteristics, and the
behaviour of trace elements during the evolution of the system. Owing to the importance
of veins in this study, a thorough review of the veins described and defined by Campbell
et al. (2020) at Iron Cap is necessary to pin subsequent refinements to understanding.
To this end, this section considers the work of Campbell et al. (2020) in isolation. Later
discussion of vein classifications at Iron Cap is primarily located in Chapter 5, where the
vein classifications of Campbell et al. (2020) are considered in the context of the results of
this research project.

Campbell et al. (2020) defined a series of seven vein generations at Iron Cap, shown
in Table 3.2. Where applicable, these definitions are stated to relate to the porphyry vein
classifications of Gustafson and Hunt (1975) (i.e., A-, B- and D-veins; Section 2.5.4). How-
ever, the specific criteria used to define different vein generations is not presented. Fur-

thermore, vein cross-cutting relationships are uncommonly observed at Iron Cap; only
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Table 3.2
Vein generations at Iron Cap, as defined by Campbell et al. (2020).

Associated
Vein Mineralogy alteration  Timing
A-vein Qz-ccp & mag Potassic Early syn-mineralisation
Magnetite Mag =+ ccp Potassic Early syn-mineralisation
B-vein Qz-ccp £ mol + py Potassic Early syn-mineralisation
Molybdenite Mol £ qz + ccp £ py Potassic? Early syn-mineralisation?
Polymetallic Qz-py =+ tnt £ ttr (& ccp £ sp) Sericitic Late syn-mineralisation
D-vein Py Sericitic Late syn-mineralisation
Post-mineral Qz-cb £ chl+sptgntccpttint None Post-mineralisation

=+ ttr

two of the seven vein generations (polymetallic and post-mineral) are observed to cross-
cut other vein generations (Campbell et al., 2020). This means that the relative timing of
the vein generations is largely inferred.

Apart from the vein classifications presented in Table 3.2, Campbell et al. (2020) ad-
ditionally report narrow, structurally-controlled, Au-bearing and As-rich pyrite veins in
the hanging wall of the STF, but these were not time-constrained or of sufficient signif-
icance to be classes as a separate vein generation. Indeed, given that there is a lack of
hydrothermal alteration in the hanging wall of the STF, and displacement along the STF
occurred post-mineralisation, in the Cretaceous, it is possible that this mineralisation is
not genetically related to the porphyry system, and may instead represent a minor oro-

genic Au occurrence.

3.4.6.1 A-veins

The first veins emplaced are interpreted to be quartz-chalcopyrite & magnetite A-veins,
forming either stockworks or sheets, some of which show a thin alteration halo of K-
feldspar & magnetite (Figure 3.7a-c; Campbell et al., 2020). Sheeted A-veins are particu-
larly concentrated in some narrow (up to ~50 m thick) zones in the P2 West and P3 East
intrusions, represented by high quartz vein volumes (>10 vol.%) in Figure 3.4c and 3.5¢
(Campbell et al., 2020). As noted above, these zones sometimes correlate to elevated Au
grades, and Campbell et al. (2020) additionally state that these zones also correspond to
elevated Cu grades, and in some cases more intense potassic alteration, although these
associations are not clearly observed in Figure 3.4 and 3.5. Nevertheless, the recognised
correlation of A-veins with elevated metal grades suggests that these veins provide an
important contribution to the metal endowment of the deposit.

The A-veins of Campbell et al. (2020) appear to have a more variable texture and
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Figure 3.7. Veins and mineralisation styles of the Iron Cap deposit, described by Campbell et al.

(2020): a) coalesced A-veins; b) sheeted A-veins; c¢) A-vein with significant magnetite; d) B-vein;
e) bornite-chalcopyrite clot; f) molybdenite in the matrix of a hydrothermal breccia; g) quartz-
molybdenite-chalcopyrite vein; h) polymetallic vein; i) polymetallic vein with diffuse margins; j)

D-veins; k) post-mineral vein (5 cm scale).

morphology (Figure 3.7a-c) in comparison to the A-vein classification of Gustafson and
Hunt (1975) described in Section 2.5.4. In particular, the A-veins of Campbell et al. (2020)
exhibit widths of up to at least 50 mm (Figure 3.7c) and contain sulphides as isolated
crystals (Figure 3.7b), coarse masses (Figure 3.7c), and in fracture-like networks (“crack-
led” texture; Figure 3.7a) in quartz. This is in contrast to the disseminated sulphide A-
veins of Gustafson and Hunt (1975), which reach widths of up to 25 mm. These textural
differences imply that A-veins at Iron Cap may have formed by different processes, or
under different conditions, than the traditional A-veins of Gustafson and Hunt (1975),
and that the A-vein classification may not be wholly applicable. Furthermore, the incon-
sistent presence of magnetite in the A-veins at Iron Cap (Campbell et al., 2020) suggests
that there may be multiple sub-classes present; generally in Au-rich porphyry deposits,
magnetite-bearing A-veins are thought to pre-date magnetite-free A-veins (Section 2.5.4;

Muntean and Einaudi, 2000). A-veins are discussed further in Section 3.4.6.3.
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3.4.6.2 Magnetite veins

Magnetite-chalcopyrite veins are reportedly coincident with A-veins (Campbell et al.,
2020), with the presence (A-veins) or absence (magnetite) of quartz assumed to be the
key distinction between the two. No crosscutting relationships between A-veins and
magnetite veins are observed, and only the mineralogy of the magnetite veins is recorded
(Campbell et al., 2020). Given the lack of quartz in the magnetite veins, it could be inter-
preted that these veins pre-date A-veins, based on the vein groupings of Sillitoe (2010),
discussed in Section 2.5.4. These veins may represent a transition between Group 1 and 2
veins, where chalcopyrite reaches saturation during vein formation, but quartz did not.
When also considering that the presence of magnetite in A-veins implies an earlier for-
mation than magnetite-free A-veins (above), it is reasonable to suggest that the magnetite

veins may pre-date the A-veins.

3.4.6.3 B-veins

B-veins at Iron Cap host sulphides of chalcopyrite £ molybdenite & pyrite along a cen-
tral suture, surrounded by quartz, and are thought to post-date A-veins and magnetite
veins (Campbell et al., 2020). The B-vein occurrence shown in Figure 3.7d appears similar
in morphology and sulphide texture to some of the A-veins (Figure 3.7a, b), with the only
difference being that the sulphide minerals are preferentially (but not wholly) hosted in
a central suture. This does comply with the textural description of B-veins by Gustafson
and Hunt (1975), but the textural similarities to some of the A-veins suggests that there
may be genetic similarities. The difference in ore mineralogy in B-veins (chalcopyrite +
molybdenite + pyrite), compared to A-veins (chalcopyrite & magnetite) may be a more
reliable discriminator. However, only chalcopyrite is always present in both veins, mean-
ing that chalcopyrite-only A-veins and chalcopyrite-only B-veins may occur; such veins
would exhibit similarities in morphology, texture and mineralogy. Furthermore, the ab-
sence of cross-cutting relationships observed between A-veins and B-veins (Campbell
et al., 2020) adds to the uncertainty around whether there are genetic links between the
two vein generations.

The emplacement of A-veins, magnetite &= chalcopyrite veins, and B-veins is reported
to be synchronous with significant Au and Cu introduction, and early potassic alteration,
leading Campbell et al. (2020) to collectively interpret them as early syn-mineral veins.
However, empirical evidence to support causative links between vein formation, metal
introduction, and alteration is not presented. Furthermore, Figure 3.4 and 3.5 show that,

overall, there is a poor correlation between metal grade, quartz vein volume, and potassic
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alteration, meaning that the relationships noted by Campbell et al. (2020) may not be con-
sistent throughout Iron Cap. The poor correlation between metal grade and quartz vein
volume could be explained by differences in the timing of ore and quartz precipitation;
textural analysis of A- and B-veins in other porphyry deposits shows that the sulphides
were introduced later than the quartz (Section 2.5.6; e.g., Monecke et al., 2018). Therefore,
quartz and ore formation in the A- and B-veins at Iron Cap may have been decoupled in

time and not genetically related, with ore distributions unconstrained by quartz veining.

3.4.6.4 Molybdenite veins

Molybdenite + quartz £ chalcopyrite &+ pyrite veins were identified by Campbell et al.
(2020), and appear to be pictured in Figure 3.7g. In the vein occurrence shown, molybden-
ite (blue-black) appears largely on the margins of the vein, sometimes penetrating into
the centre, and clasts of quartz are hosted by the molybdenite, suggesting that molyb-
denite was introducted by later fluids that infiltrated the earlier quartz. Chalcopyrite
appears to be hosted by the quartz, and not related to the molybdenite. If this interpre-
tation is correct, molybdenite could be unrelated to the quartz + chalcopyrite + pyrite
veins in which it is found. Indeed, the fact that only molybdenite is always present, while
quartz, chalcopyrite, and pyrite are variable, suggests that molybdenite-only veins may
occur elsewhere. Therefore, the molybdenite + quartz & chalcopyrite & pyrite vein gen-
eration may be a product of at least two stages of fluid flow, the first forming quartz +
chalcopyrite & pyrite veins (possibly A- or B-veins), with the later introduction of molyb-
denite. Alternatively, these veins may be different occurrences of B-veins, owing to their
identical mineralogy (Table 3.2), although they are texturally different. Nevertheless, the
molybdenite veins are only occasionally observed (Campbell et al., 2020), indicating that

they are not an abundant host of metals.

3.4.6.5 Polymetallic veins

Polymetallic veins are mineralogically defined by grey quartz and a variable assemblage
of pyrite £ tennantite + tetrahedrite + chalcopyrite & sphalerite (Campbell et al., 2020).
Figure 3.7h and 3.7i show that they are sulphide-rich, and can be >10 cm in width with
diffuse margins defined by sulphides (Figure 3.7i), or ~25 mm in width with more linear
margins defined by quartz (Figure 3.7h). The veins are primarily concentrated in areas
of sericitic alteration, but are also found throughout the rest of the deposit (Campbell
et al., 2020). This association with sericitic alteration, combined with observations that
they crosscut A- and B-veins, and the central hydrothermal breccias lead to the interpre-

tation that the polymetallic veins were emplaced during the later stages of mineralisation
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(Campbell et al., 2020). One caveat is that the polymetallic veins exhibit very similar char-
acteristics to the D-veins of Gustafson and Hunt (1975) (cf. Section 2.5.4), yet they are not
categorised as such in the study of Campbell et al. (2020), where a different vein type is

classified as D-veins (below).

3.4.6.6 D-veins

The D-veins at Iron Cap only host pyrite, and are interpreted as late syn-mineralisation
due to an association with sericitic alteration; no crosscutting relationships between the
previous veins are observed, although the D-veins are observed to cut the hydrother-
mal breccias (Campbell et al., 2020). Figure 3.7j shows that D-veins are characterised
by thin widths (<5 mm), and exhibit cm-scale sericitic alteration halos. The D-veins
of Campbell et al. (2020) do not closely resemble the D-vein classification of Gustafson
and Hunt (1975), apart from exhibiting pyrite as the dominant ore mineral. Polymetallic
veins appear more comparable to this classification (above). The thin and straight mor-
phology of the D-veins of Campbell et al. (2020), combined with the lack of quartz and
the dominance of sulphides, suggests that the veins are more comparable to the C-veins
of Gustafson and Quiroga (1995), rather than the D-veins of Gustafson and Hunt (1975).
This could lead to the suggestion that the D-veins of Campbell et al. (2020) pre-date the
polymetallic veins, when taking the typical sequence of porphyry veining outlined in
Section 2.5.4 into consideration. Nevertheless, empirical evidence of timing relations be-

tween D-veins and polymetallic veins is lacking.

3.4.6.7 Post-mineral veins

Post-mineral veins, characterised by an assemblage of quartz-carbonate £ chlorite +
sphalerite & galena & chalcopyrite &+ tennantite & tetrahedrite, are reported to cross-cut
all preceeding veins (Figure 3.7k; Campbell et al., 2020). Key distinctions from the poly-
metallic veins are that post-mineral veins have milky-white quartz, host carbonate, and
exhibit ore minerals in the form of coarse clots (Campbell et al., 2020). However, some
of the quartz shown in the polymetallic vein of Figure 3.7i appears very similar in colour
to the white mineral (quartz and/or carbonate) of the post-mineral vein in Figure 3.7k;
therefore, it is not clear if apparent differences in quartz colour are a reliable discriminat-
ing criteria. When comparing Figure 3.7h, i, and k, it is evident that the mineral propor-
tions of polymetallic veins and post-mineral veins are very different; post-mineral veins
are sparsely populated with sulphides, compared to the sulphide-abundant polymetallic
veins. Furthermore, the post-mineral veins are thin (~10 mm width), and exhibit straight

margins unlike some of polymetallic veins. The mineralogy of the post-mineral veins is
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suggestive of lower temperatures, and comparable to that of late porphyry D- or E-veins
(e.g., Section 2.5.4; Masterman et al., 2005; Sillitoe, 2010; Kouzmanov and Pokrovski, 2012;
Maydagén et al., 2015).

Campbell et al. (2020) state that the post-mineral veins are observed throughout the
KSM district, and suggest that the veins are associated with deformation and metamor-
phism during activity of the SFTB, as the veins are not deformed in deformed areas of the
district. At Kerr, Ditson et al. (1995) previously recognised “post-deformation” veins of
quartz-carbonate-chlorite-chalcopyrite, which are comparable to the post-mineral veins
of Campbell et al. (2020). Ditson et al. (1995) state that their post-deformation veins either
overprint, or are proximal to, the crackled quartz stockwork (comparable to A-veins at
Iron Cap); this implies a post-stockwork/A-vein formation, but not necessarily a post-
mineralisation formation. Indeed, Ditson et al. (1995) also note that they did not carry
out a detailed study of vein characteristics or paragenesis, and their interpretation of a
post-deformation timing for the veins of quartz-carbonate-chlorite-chalcopyrite appears
to be solely based on the cross-cutting of crackled A-veins, where the sulphides in the
crackle-texture were interpreted to be introduced after deformation and fracturing of the
quartz. However, Campbell et al. (2020) report that the syn-mineralisation polymetallic
veins crosscut crackled A-veins at Iron Cap, meaning that the crackled texture is not im-
parted during later deformation, but is instead a syn-mineralisation texture. Meanwhile,
at Mitchell, Febbo et al. (2015) did not record any post-mineralisation veins, meaning
that the post-mineral veins present at Iron Cap may not be as widespread throughout the
district as stated. It could therefore be suggested that the post-mineral veins at Iron Cap
may be related to porphyry mineralising activity.

To align with their interpreted post-mineralisation timing of post-mineral veins, Camp-
bell et al. (2020) suggest that the veins formed by remobilisation of local porphyry min-
eralisation, because the veins contain minerals that reflect the metals present in adjacent
wall rocks. However, most veins formed during magmatic-hydrothermal activity in por-
phyry deposits contain ore minerals that are also commonly present as disseminations in
the surrounding wall rock (e.g., Seedorff et al., 2005; Sillitoe, 2010), meaning that similar-
ities in mineralogy between a vein and the surrounding wall rock is not necessarily an
indication that remobilisation has occurred. Furthermore, remobilisation is not restricted
to a post-mineralisation timing; numerous studies of different ore deposits recognise syn-
mineralisation remobilisation (e.g., of Au; Sillitoe, 2010; Fougerouse et al., 2016b; Hastie
et al., 2020; Hurtig et al., 2021). This means that if post-mineral veins are a product of
remobilisation, it is equally possible that they formed during magmatic-hydrothermal

activity.
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In summary, the post-mineral veins of Campbell et al. (2020) are the youngest vein
generation recognised, given that they are observed to crosscut all other vein types. How-
ever, further evidence is required to support the interpretation that they were formed
during deformation, after cessation of porphyry mineralising activity. Alternatively, the

post-mineral veins may have formed during the later stages of porphyry mineralisation.

3.4.7 Post-mineralisation modification

Tectonic activity that took place in the Cretaceous, related to development of the SFTB, is
proposed to be the main post-mineralistion modification event affecting Iron Cap (Camp-
bell et al., 2020), and the other deposits of the KSM district (Ditson et al., 1995; Febbo et al.,
2019). While the development of structures has already been discussed (Section 3.4.3), the
local effects of this tectonic activity on the porphyry orebodies in the KSM district is yet
to be addressed.

At Iron Cap, Campbell et al. (2020) suggest that post-mineralisation modification oc-
curred due to the development of the post-mineral veins (discussed above), and the SEM
analyses of pyrite, which shows ore minerals of chalcopyrite, arsenopyrite, Ag-bearing
galena, and freibergite (Ag-bearing sulphosalt) in vugs and microfractures in the pyrite
crystals. The interpretation is that the pyrite crystals were formed during porphyry min-
eralisation, and that these microfractures and vugs developed during SFTB activity in the
Cretaceous (Campbell et al., 2020); however, the latter could equally have formed dur-
ing later porphyry mineralisation, as similar pyrite textures are commonly recognised
in other porphyry deposits unaffected by post-mineralisation modification (e.g., Altar,
Argentina; Lihir, Papua New Guinea; Maydagan et al., 2013; Sykora et al., 2018). Fur-
thermore, Campbell et al. (2020) state that the pyrite crystals analysed are from the KSM
district, and thus may not be from Iron Cap specifically. If the pyrite crystals originated
from elsewhere in the KSM district, the conclusions drawn from the analyses are not
directly applicable to Iron Cap. Overall, further evidence is required to confirm that
post-mineralisation modification or remobilisation occurred at Iron Cap, but this does
not preclude the possibility.

Assuming Iron Cap originally formed at a vertical orientation, as would be expected
for most porphyry deposits (e.g., Figure 2.9), the current steep dip to the W-NW sug-
gests that rotation of the deposit has occurred (Campbell et al., 2020), probably during
Cretaceous tectonic activity. Meanwhile, ductile deformation at Iron Cap is observed to
be minimal; deformation fabrics related to the SFTB are only poorly developed (Camp-
bell et al., 2020), particularly in comparison to the other KSM deposits (e.g., Mitchell;
Febbo et al., 2015, 2019). The lack of ductile deformation implies that Iron Cap was situ-
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ated above the ductile-brittle transition (i.e., <350-500°C; Fournier, 1999; Monecke et al.,
2018), experiencing cooler temperatures during the Cretaceous deformation than else-
where in the KSM district. Furthermore, the fact that Iron Cap appears to have experi-
enced weaker deformation than the other KSM deposits suggests that direct similarities
cannot be drawn between Iron Cap and the other KSM deposits in terms of post-mineral
modification (e.g., in terms of pyrite textures, above).

Nevertheless, the study of Cretaceous deformation at Mitchell by Febbo et al. (2019)
highlights the presence of some features that would be important to recognise if present
at Iron Cap. In particular, Febbo et al. (2019) note a relationship between strain partition-
ing and alteration assemblage, where the most incompetent assemblages (i.e., sericitic)
accomodate the most strain, and are therefore intensely foliated, while the most compe-
tent assemblages (i.e., potassic) generally lack cleavage. At the same time, veins hosted
within zones of sericitic alteration are intensely folded (owing to the difference in com-
pentency between the more-competent veins and the less-competent sericitic-altered wall
rock), while veins hosted in zones of potassic alteration are undeformed (Febbo et al.,
2019). While Campbell et al. (2020) note that deformation fabrics, even in zones of sericitic
alteration, are poorly developed, it is important to be aware of these local features, be-
cause the veins hosted in sericitic alteration may have experienced minor folding. This
means that they could appear to exhibit wavy margins — a feature usually indicative
of early, syn-mineralisation vein formation under ductile conditions, rather than post-
mineralisation modification under ductile conditions.

In sericitic-altered zones at Mitchell, Febbo et al. (2019) also highlight that strain is
partitioned between sulphide minerals. Pyrite crystals are more competent and are there-
fore brittlely-fractured, and sometimes exhibit pressure shadows, while chalcopyrite and
molybdenite are less competent and thus accomodate strain, resulting in mechanical re-
shaping into elongated geometries parallel to the earliest cleavage (Febbo et al., 2019).
Furthermore, sericitic-altered zones are estimated to have experienced flattening of be-
tween 10-70%, effected by the removal of quartz via pressure solution and the develop-
ment of pressure solution cleavage, which also passively enriched the flattening domains
in sulphide minerals (Febbo et al., 2019). Observation of these micro-scale textures at Iron

Cap may indicate that similar post-mineralisation processes have taken place.

3.5 Other porphyry deposits with comparable features

Iron Cap is distinct from the other deposits of the KSM district, but Campbell et al. (2020)
recognise that it is most comparable to the Kerr deposit, when considering metal dis-

tribution and deposit morphology. This is based on the similarly irregular Au and Cu
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distribution along strike, together with the comparable orientation of narrow, steeply W-
dipping and N-striking intrusions (Ditson et al., 1995). Principally, of course, the host
intrusions for both deposits are of the same Sulphurets intrusive suite (Figure 3.1; Febbo
et al., 2015).

Outside of the KSM district, Iron Cap is not directly comparable to other Au-rich
porphyry deposits in BC in terms of deposit classification, because most of the Au-rich
deposits in BC are alkaline, while Iron Cap is calc-alkaline. Nevertheless, the alkaline
Galore Creek deposit shows similarities to Iron Cap in terms of its metal proportions,
and its hosting within the island arc Stikine terrane (Table 3.1). Furthermore, Galore
Creek also hosts monzonites comparable to the P3 monzonites at Iron Cap, although
the Galore Creek intrusions are ~10 m.y. older than those at Iron Cap (Micko et al.,
2014). The Galore Creek orebodies also host hydrothermal breccias; however, most of
the hydrothermal features of Galore Creek are not comparable to Iron Cap, owing to its
alkaline nature; the deposit exhibits typical alkaline alteration assemblages (e.g., calcic),
lacks sericitic alteration, and quartz veining is sparse (Micko et al., 2014).

In comparison to other Au-rich and calc-alkaline porphyry deposits worldwide in
terms of metal endowment, Iron Cap shows similarities to Cerro Casale, Chile, and
Potrerillos, Chile (cf. Table 3.1, Figure 2.5). However, these deposits were emplaced
in continental arc settings (Vila et al., 1991), unlike Iron Cap. Nevertheless, Cerro Casale
is largely hosted by syn-mineralisation diorite intrusions, comparable to the P2 intru-
sions at Iron Cap, and hydrothermal breccias are observed in the centre of the ore zone
(Palacios et al., 2001). The Cerro Casale deposit also exhibits similar alteration patterns to
Iron Cap (i.e., early potassic and later sericitic overprint, with peripheral propylitic), and
abundant quartz veining is characterised by A-veins in the potassic zone, and D-veins in

the sericitic zone (Palacios et al., 2001), as at Iron Cap.

3.6 Iron Cap genetic model

The simple genetic model of Iron Cap described by Campbell et al. (2020) largely focusses
on magmatism and post-mineralisation deformation, commensurate with the aims of
their study. In summary, it is proposed that intrusion emplacement began with the pre-
mineralisation P2 East diorite, followed by emplacement of the syn-mineralisation P2
West diorite, and P3 monzonites, with hydrothermal breccias developed synchronously
with the P2 and P3 intrusions (Campbell et al., 2020). The P2 West and P3 East intrusions
are intepreted to have driven the hydrothermal system and associated mineralisation
(Campbell et al., 2020). Post-mineralisation modification is thought to have occurred in

the Cretaceous, where local foliation was developed, faulting occurred, and greenschist
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facies metamorphism affected the region (Campbell et al., 2020). This model does not
consider the vein generations, as the work of Campbell et al. (2020) primarily constitutes
a description of the geological features of Iron Cap. Nevertheless, based on the previous
discussions in this chapter, and consideration of Chapter 2, an alternative and expanded
genetic model can be constructed.

Given that the Iron Cap deposit is situated in an island arc terrane that is also prolific
for alkaline porphyry deposits, the magmas that generated the Iron Cap intrusions may
have evolved under a relatively thin crust; this is also suggested by the Au-rich nature
of the deposit (Chapter 2). Furthermore, the moderate Cu-endowment of the deposit
(cf. Table 3.1, Figure 2.5) suggests that the magmatic-hydrothermal system was not long-
lived, commensurate with evolution under thinner crust (Chapter 2). Emplacement of
the porphyry intrusions at Iron Cap may have been facilitated by a NE-trending structure
generated under a NW-SE extensional regime, as Figure 3.4a shows that the intrusions
and breccias are elongated in a NE-SW orientation. The hydrothermal features (quartz
vein volume, alteration) and metal grades also reflect the orientation of the intrusions,
implying the hydrothermal system developed under the same regime. This agrees with
the theory of Nelson and Kyba (2014), who suggested that a large-scale basin-bounding
fault localised the KSM intrusions in the Early Jurassic under a extensional-transtensional
regime. Febbo et al. (2019) also propose a similar theory, but infer that the KSM deposits
were emplaced in a pre-existing framework of N-trending lineaments, with subsidiary
E-trending lineaments accounting for the differences in orientation between Kerr (N-5),
Sulphurets (NE-SW), and Mitchell (E-W), with maximum extension ranging from N-S,
through NE-SW, to E-W, depending on the local structure.

Intrusive activity at Iron Cap began with the emplacement of the P2 diorites, which
appear to constitute a single intrusive phase owing their near-identical characteristics.
They may have been emplaced pre- or syn-mineralisation, but probably pre-date the P3
monzonites because hydrothermal breccias hosting clasts of P2 diorite are cut by the P3
intrusions. P3 monzonites also constitute a single intrusive phase owing to their lack of
differentiation, and are the youngest intrusions hosting mineralisation; they were there-
fore emplaced syn-mineralisation. The P3 intrusions probably provided the bulk of the
hydrothermal fluids, because of their syn-mineralisation timing, and the observation that
voluminous hydrothermal breccias are developed from them (e.g., Figure 3.5a). Intrusion
breccias are also synchronous with the emplacement of the P3 intrusions, given that their
matrices are P3 monzonite.

Hydrothermal fluids first developed potassic alteration in the intrusions and wall

rock (cf. Chapter 2). Magnetite veining likely occurred at high temperatures, probably
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in conjunction with potassic alteration. As the fluids cooled, magnetite veins may have
transitioned into A-veins, although the quartz of A-veins was probably emplaced prior
to the introduction of magnetite and chalcopyrite (cf. Chapter 2), particularly in crackle-
textured A-veins, where the sulphides must have been introduced later than the quartz.
Sheeted A-veins, if oriented NE-SW, may provide evidence for deposit formation in a
NW-SE extensional regime.

High concentrations of A-veins sometimes correlate to elevated Au contents, suggest-
ing that A-veins may be causative to local Au-enrichment. B-veins may be synchronous
with A-veins as no cross-cutting relationships are observed, and, much like the A-veins,
the quartz of B-veins was probably emplaced prior to the introduction of ore minerals
(cf. Chapter 2). Molybdenite veins may be a variation on A- and/or B-veins, with post-
quartz molybdenite introduction similar to the post-quartz ore mineral introduction of
A- and B-veins. Potassic alteration of the intrusions and wall rock probably continued
during the formation of A- and B-vein quartz (cf. Chapter 2), although the post-quartz
ore mineral introduction might not be associated with fluids generating potassic alter-
ation. Proximally, propylitic alteration of the surrounding wall rock likely occurred due
to heating of circulating ground waters by the intrusions (Chapter 2).

Hydrothermal breccias are synchronous with mineralisation because they host clasts
of P2 and/or P3 intrusions, are potassic-altered (at depth) and sericitic-altered (near-
surface), and host elevated metal concentrations; however, they likely formed after the
magnetite, A- and B-veins, because they are cross-cut by later D-veins and polymetallic
veins. It is likely that the late hydrothermal fluid flow (i.e., post-B-vein) was preferen-
tially channelled through the high permeability breccias, rather than the surrounding
rock. This may be exemplified by the distribution of sericitic alteration, which is late in
the evolution, and appears to be preferentially concentrated in the hydrothermal brec-
cias (Figure 3.4a, b and 3.5a, b). Furthermore, Mo is preferentially concentrated in the
hydrothermal breccias, implying that it was introduced relatively late in the evolution
of the hydrothermal system, and in particular, after the early Cu and Au introduction
associated with the formation of A- and B-veins. This agrees well with the relatively late
timing of Mo introduction typical of Au-rich porphyry deposits (e.g., Sillitoe, 2010).

The hydrothermal breccias at Iron Cap may also be partly responsible for the lack
of zonations in metal grade or type that are sometimes observed in other porphyry de-
posits, because the breccias are voluminous and brecciate the central ore zone, meaning
that some of pre-existing mineralisation was entrained by the hydrothermal breccias, and
later mineralisation precipitated in the breccia matrix, or in cross-cutting veins, leading

to mixing and overprinting of early and late mineralisation, obscuring metal zonations.
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In particular, the concentration of Mo in hydrothermal breccias at Iron Cap suggests a
perturbation of typical metal zonations, because later fluids were probably channelled
through the hydrothermal breccias, rather than ascending concentrically upwards and
outwards from the central ore zone, as would be expected in deposits that exhibit metal
zonations. The abundance of hydrothermal breccias at Iron Cap provides additional ev-
idence to support the theory that the magmatic-hydrothermal system was developed
along a structure in an extensional or transtensional regime, because breccia formation
requires fluid exsolution to be explosive, and movement on a controlling structure is one
way to achieve this (Chapter 2).

Polymetallic and D-veins are observed to cut the hydrothermal breccias, meaning
that they were emplaced post-brecciation. It is possible that the D-veins formed prior
to the polymetallic veins, because they exhibit more similar characteristics to C-veins
than D-veins (cf. Gustafson and Hunt, 1975; Gustafson and Quiroga, 1995). Furthermore,
polymetallic veins exhibit a base metal-rich mineralogy more likely to be associated with
lower temperatures, and thus the later stages of hydrothermal system evolution (assum-
ing a hot-to-cold thermal evolution; Chapter 2). Both polymetallic and D-veins are asso-
ciated with sericitic alteration, with the latter exhibiting a sericitic halo, indicating that
these veins were formed during the later stages of hydrothermal activity, when the fluids
were cooler and more acidic, owing to the disproportionation of SO, to H,S and sulphuric
acid below ~400°C (Chapter 2).

The overall poor correlation between Cu and Au, and quartz vein volume and metal
content (e.g., Figure 3.4 and 3.5), at Iron Cap implies that the metals were not introduced
at the same time by the same fluids, or concentrated in the same vein generations. Alter-
natively, remobilisation may have occurred to re-distribute the metals. Either way, this
suggests that the evolution of hydrothermal system is more complex than other Au-rich
porphyry deposits that exhibit metal grade and type zonations, and correlations between
vein intensity and metal grade (cf. Chapter 2). However, the Au-rich nature of Iron Cap
may suggest that the precipitation of Au was more efficient than in Au-poor porphyry
deposits, possibly owing to deposition from vapour-phase fluids (Chapter 2). The in-
ferred magma evolution under thin crust suggests that the porphyry intrusions could
have been emplaced at relatively shallow depths (e.g., <2 km), which would correlate to
the dominance of metal deposition by vapour-phase fluids (Chapter 2).

Post-mineral veins exhibit a low-temperature sulphide assemblage, and cross-cut all
other veins. They may have been emplaced during the later stages of porphyry miner-
alisation, or during post-mineralisation tectonic activity. After cessation of mineralising

activity, P4 monzodiorite dykes were emplaced, cross-cutting the mineralisation and pre-

3 Iron Cap and the KSM district



96

ceeding intrusions. Post-mineralisation modification of the Iron Cap deposit occurred in
the Cretaceous, during tectonic activity related to the development of the SFTB. The mafic
to ultramafic dykes are thought to have been emplaced during this tectonic activity. The
deposit was bounded by four faults, while ductile deformation fabrics were poorly de-
veloped, and probably only in areas of sericitic alteration where strain was preferentially
accomodated. Synchronous greenschist facies metamophism particularly affected biotite
in potassic assemblages, altering it to chlorite, while the surrounding wall rocks were

altered to a greenschist assemblage, obscuring the extent of propylitic alteration.

3.7 Implications for this research project

The study of Campbell et al. (2020) provides a crucial framework for the understanding
of deposit features. However, given that their research is the first to be completed on Iron
Cap, and the remit of their study was to provide a geological desciption of the deposit, it
is inevitable that there are features of Iron Cap that require a more detailed understand-
ing. With particular relevance to this thesis, the vein generations at Iron Cap require
further study, and have the potential to be refined. In particular, micro-scale mineral oc-
currences and textures, such as those observed under reflected or transmitted light, or by
SEM, are yet to be investigated. The relative timing of ore mineral precipitation within
veins, and the relationship of ore minerals to each other, also remains to be determined.
Furthermore, the proportions of individual ore minerals within the veins have not yet
been quantified. Any variation in the ore mineralogy within a vein generation must also
be highlighted. Study of the veins by SEM-CL has not yet been undertaken, leaving an
opportunity to acquire empirical evidence of different quartz generations that could help
to distinguish the veins further, and establish whether each vein formed by a single hy-
drothermal fluid event, or multiple events. Variability in characteristics between veins of
the same generations must also be accounted for.

The deportment of trace elements at Iron Cap has not been specifically addressed,
although it is evident that whole rock geochemistry for parts of the deposit has been ac-
quired, at least in the case of the economic metals, and As and Sb (e.g., Figure 3.4 and
3.5; Campbell et al., 2020). It is thought that elevated As and Sb concentrations corre-
late to the distribution of tennantite-tetrahedrite within Iron Cap (Campbell et al., 2020),
but micro-scale petrography and trace element analysis by LA-ICP-MS may highlight
other causes. Discussions with Seabridge Gold geologists have also revealed that there
are particularly elevated concentrations of Se throughout the deposit (M. Savell, pers.
comm., 2018). This provides an opportunity for this research project to characterise and

understand the deportment of trace elements at Iron Cap, which is useful not only for in-
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vestigating the characteristics and evolution of the hydrothermal fluids, but also from an
economic perspective. For example, Se, like As, can incur smelter penalties (e.g., Salomon
de Friedberg and Robinson, 2015), but could also be economically attractive to recover as
a by-product to reduce smelter penalties (Jenkin et al., 2019), and because Se demand is
likely to increase in the future owing to the transition to renewable energy sources; Se is
used in thin film photovoltaic solar cells (USGS, 2022).

Lastly, the genetic model of Iron Cap outlined above provides a theory of formation
that can be tested over the course of this thesis to improve the understanding of hy-

drothermal fluid characteristics and evolution.

3.8 Summary

This chapter provides background knowledge for the Iron Cap deposit. The regional
geology is important for the understanding of large-scale geological features and pro-
cesses that may have affected the nature and formation of porphyry mineralisation at the
district scale (i.e., host rocks, tectonic activity, and magmatic events). At the local scale,
similar factors are still of importance (host lithologies, the timing and nature of intrusive
events), as these again likely contributed to the unique array of circumstances that gen-
erated the deposit. Most relevant for this thesis is that previous research shows that there
are multiple vein generations present within Iron Cap (Campbell et al., 2020). These vein
generation have been classified, largely in terms of their mineralogy, but require further
study to determine their detailed characteristics and trace element geochemistry, which
could elucidate genetic processes. Accordingly, the genetic model of Iron Cap is early in

its development, and the hydrothermal processes remain to be addressed.
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4 Trace elements in ore minerals

4.1 Introduction

This chapter lays the groundwork to use trace elements in ore minerals as a means by
which to investigate the evolution of the hydrothermal fluids that formed Au-rich por-
phyry deposits, and the Iron Cap deposit in particular. To this end, trace elements will
first be characterised (Section 4.2), and their typical concentrations in relevant ore miner-
als will be reviewed (Section 4.3). The current understanding of trace element incorpora-
tion in ore minerals will then be assessed (Section 4.4), in order to lead into the controls
on ore mineral composition (Section 4.5). Lastly, the composition of ore minerals during
the formation of Iron Cap will be discussed (Section 4.6), to provide a theoretical model
of trace element deportment that can be compared to the ore mineral compositional data

collected from Iron Cap (Chapter 6).

4.2 Trace elements in porphyry deposits

Trace elements are defined here as any element present in an ore mineral that departs
from the ideal mineral formula; for example, any element other than Fe and S in pyrite
(FeS,) would be classed as a trace element when discussing pyrite. In general, trace ele-
ments in ore minerals are measured at ppm levels, but some may attain weight percent
levels (and thus could be classified as minor or major elements), depending on the ele-
ment, mineral, and occurrence in question.

The different trace elements that can be found in the ore minerals of porphyry de-
posits are numerous, and include precious metals (e.g., Au, Ag), semimetals (e.g., As,
Sb, Se, Te, Ge) and heavy metals (e.g., Cu, Co, Ni, Zn, Hg, Pb, Bi, Cd; Reich et al., 2013;
Franchini et al., 2015). T