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Abstract
The Dawson Range Gold Belt (DRGB; Yukon’s richest mineral district by resource) lies
in the Yukon segment of the North American Cordillera and is dominated by Late Cretaceous
(77–74 Ma) porphyry-epithermal systems. Mineral occurrences in the DRGB have seen limited
exploration due to: (1) poor surface exposure; (2) incoherent classification of intrusive rocks; and
(3) outdated exploration models.
A multidisciplinary study utilizing: (1) field observations (drill core logging and
mapping); (2) geochronology (U-Pb in zircon by LA-ICP-MS and CA-TIMS; Ar-Ar in
muscovite; Re-Os in molybdenite); (3) whole-rock geochemistry; (4) zircon trace element
geochemistry; (5) petrography (SEM-EDS, optical microscopy); and sulfide mineral
geochemistry (LA-ICP-MS element maps) is designed to address the above challenges through a
detailed investigation on the well-preserved Klaza deposit using 2011-2020 drilling data.
Results suggest the presence of six intrusive phases of mafic to intermediate
compositions. Intrusive activity occurs in four pulses spanning the Late Triassic to the Late
Cretaceous. The Late Cretaceous magmatic pulse is protracted (80–65 Ma) and displays timedependant compositional changes. The youngest plutonic suites: (1) display enrichments in
LREEs relative to the older suites; (2) are related to garnet-bearing sources (depleted HREEs,
high La/Yb); (3) are hydrous (presence of hornblende-biotite); and (4) reflect a dynamic magma
chamber (magma mixing textures).
Two clusters of hydrothermal ages are constrained (ca. 77 Ma and ca. 71 Ma), correlating
with Casino suite and Prospector Mt. suite magmatism, respectively. Higher temperature A-, B-,
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and EDM-like veins are related to the 77 Ma event and cut by fault-veins related to the 71 Ma
event. The fault-veins consist of four stages. Gold is hosted in early (Stage 2a, 2b) arsenopyrite
and pyrite lattices and later liberated through late (Stage 2d) Copper-bearing fluids, whereas
silver occurs later (Stage 2c) as native silver and sulfosalts.
The Klaza system is best described as a porphyry-related intermediate sulfidation
epithermal deposit superimposed on an older, unrelated porphyry system. Similar observations of
spatial-temporal overprinting are documented throughout the DRGB (e.g., Casino deposit and
Freegold Mt. district), suggesting these Late Cretaceous porphyry systems are linked to a fertile
metallogenic event spanning 15 million years. This study is the first detailed characterization of
Late Cretaceous porphyry systems in the DRGB and presents the first use of machine learningassisted paragenetic study of sulfide minerals for exploration and improving ore body
knowledge.

Keywords: gold; copper; porphyry; epithermal; intermediate sulfidation; magmatichydrothermal; zone refining; upgrading; metallogeny; superimposed; liberation; remobilization;
Klaza; Nansen; Dawson Range; Yukon; Late Cretaceous
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Chapter 1
Introduction to thesis
1.1 Background
The epithermal environment is defined as a shallow (< 1 km), lower temperature (50 –
200 °C) hydrothermal system, capable of hosting deposits of precious (Au-Ag) and base (Cu-PbZn) metals (Lindgren, 1922). Since Lindgren’s initial classification, decades of research have
improved and added to the epithermal model, with notable work from Hedenquist (2000),
Sillitoe and Hedenquist (2003), and Simmons et al. (2005) forming some of the most recent
references for classification using field observations of ore, gangue, and alteration mineral
assemblages. Based on this classification scheme, three broad groups of the epithermal clan are
defined: (1) high sulfidation (HS); (2) intermediate sulfidation (IS); and (3) low sulfidation (LS).
Although many epithermal systems are economic mines in their own right (El Indio,
Chile; Brucejack, Canada; Cripple Creek, USA; Hishikari, Japan; Porgera, PNG), HS and IS
systems typically occur in similar tectonic settings to porphyry copper deposits (PCDs) and have
been in several cases argued to be genetically related to the porphyry ore forming fluid
(Hedenquist et al., 1998; Hedenquist, 2001; Simmons, 2005; Williams-Jones and Heinrich, 2005;
Hedenquist and Taran, 2013). In other ore systems, IS veins are also observed as a shallow-level
footprint of a deeper magmatic-hydrothermal system (IOCG; Richards and Mumin, 2013). This
association with economically important deposit types have fueled continued research interest in
HS and IS systems.
Two topics remain controversial in literature concerning IS epithermal systems: (1)
varying precious metal associations (Au-rich, Tombe et al., 2018; or Au-poor, Camprubi and
1

Albinson, 2007, Catchpole et al., 2015); (2) proposed ore deposition mechanisms (e.g., boiling,
flashing, mixing, cooling). Few have attempted to address differences between Au-rich, Ag-rich,
and base metal-rich IS systems. Wang et al. (2019) suggest geodynamic setting as a dominant
control, whereas Song et al. (2019) suggest mineralogical and ore fluid controls Au endowment.
Technological advancements, particularly in laser ablation inductively coupled mass
spectrometry (LA-ICP-MS) are providing new tools to investigate the above knowledge gaps at
the micron-scale. Literature on orogenic gold systems employing LA-ICP-MS investigations
discuss increasing evidence for multi-stage ore deposition and post-ore modification events that
may affect the Au content of ore systems (Kerr et al., 2018; Hastie et al., 2020). Einaudi et al.
(2003) show through the physiochemical based classification (“sulfidation state”) of
hydrothermal fluids that any magmatic-hydrothermal system can experience large fluctuations in
sulfidation state during the evolution of the ore fluid. Through similar reasoning, perhaps Au and
Ag in IS systems follow different evolution and deposition pathways. This thesis attempts to
address some of the questions raised above using a combination of traditional and novel
techniques.

1.2 Research problems
The Dawson Range Gold Belt (DRGB) is Yukon’s richest mineral belt (by resource), and
forms the northern extension of the North American Cordillera. The DRGB is well-known for
PCDs such as Casino with a resource of 1057 Mt at 0.2% Cu, 0.23 g/t Au and 0.022% Mo (Allan
et al., 2013), Nucleus with an indicated resource of 31 Mt at 0.65 g.t Au, 0.07% Cu, and 0.70%
Ag (Sim and Davis, 2020), and Revenue with an indicated resource of 11.4 Mt at 0.38 g/t Au,
0.12% Cu, 2.4 g/t Ag, 0.016% Mo, and 0.008% W (Sim and Davis, 2020). The DRGB’s
porphyry endowment is proposed to be linked to a Late Cretaceous magmatic event which
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emplaced the calc-alkaline Casino suite (79 – 72 Ma; Allan et al., 2013); however, a slightly
younger, alkaline pulse of magmatism (Prospector Mt. suite; 72-65 Ma; Allan et al., 2013) is also
documented to be present in the belt, with an ambiguous origin and association with DRGB
mineral systems. Understanding of Late Cretaceous metallogeny (and by extension, regional
exploration for PCDs) has been limited by: (1) poor characterization the progenitor igneous
rocks and related hydrothermal systems; (2) limited geochronological constraints and paragenetic
investigations; (3) obscure and/or , poorly preserved cross-cutting relationships between
intrusive phases and mineralization; and (4) limited outcrop due to variably thick soil cover
(limited glaciation) in the Dawson Range gold belt (DRGB).
Most porphyry occurrences in the DRGB display associated polymetallic veins (e.g.
Casino, Sonora Gulch, Bennett et al., 2010; Freegold district, Allan et al., 2013). If a true
genetic association is present between these vein systems and their local porphyry counterparts,
understanding the geology and genesis of these vein systems would improve exploration for
PCDs on a regional scale, particularly if the porphyry systems are under cover. Limited work has
been produced documenting the nature of these polymetallic veins. One such system is the Klaza
deposit (4.457 Mt containing 686,000 oz Au, 14,071,000 oz Ag, 73,268,000 lbs Pb and
92,107,000 lbs Zn at grades of 4.8 g/t Au and 98 g/t Ag, 0.7% Pb, and 0.9% Zn; Ross et al.,
2018), 70 km from the town of Carmacks.
The Klaza deposit is often compared to the past producing Brown-McDade Mine, and is
suggested to be genetically linked to the Kelly and Cyprus porphyry prospects (Hart and
Langdon, 1997). In addition, Smuk (1999) suggested a broader genetic connection between
Klaza-Brown-McDade and other polymetallic vein systems in the DRGB (i.e., Tinta Hill,
Prospector Mt., Emmons Hill); however, Smuk (1999) did not provide geochronologic evidence
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to support this hypothesis. Previous geochronologic work conducted at Klaza and BrownMcDade have resulted in conflicting interpretations. The Brown-McDade cluster is suggested to
be mid-Cretaceous in age (ca. 105 Ma; Mortensen et al., 2003), whereas the Klaza cluster is
suggested to be Late Cretaceous in age (ca. 78 Ma; Mortensen et al., 2016) and genetically
related to the Casino suite. These interpretations do not support the hypothesis proposed by Hart
and Langdon (1997) despite similar mineralogy and alteration associated with the polymetallic
veins in both localities.
Other geochronologic work on ore (molybdenite) and alteration (muscovite, biotite, Kfeldspar) minerals yielded Late Cretaceous ages which overlap with the range Prospector Mt.
suite rocks (72-65 Ma; Stevens et al., 1982; Selby and Creaser, 2001a; Selby et al., 2001b). The
dates yielded by hydrothermal geochronometers do not support the hypothesis proposed by
Mortensen et al. (2016). Furthermore, dates published in Mortensen et al. (2016) include a ca. 71
Ma (U-Pb in zircon) dike which was not discussed in detail, whereas a ca. 77 Ma muscovite ArAr date was yielded by Mortensen et al. (2003) but dismissed as a thermal overprint from the
Carmacks Group basalts. The latter dismissal of the muscovite age is a suspect for revaluation
since: (1) the Carmacks Group basalts are currently constrained to ~70 Ma (Friend et al., 2018);
(2) a partial thermal overprint to reset muscovite would require an enormous amount of heat
from a nearby source; however, the Carmacks Group is not observed in the Klaza or BrownMcDade area; and (3) 77 Ma is the dominant age of magmatism observed at Klaza.
The controversial geochronologic interpretations discussed above is one factor motivating
the purpose of this study. The second research question ponders the nature of the Klaza and
Brown-McDade systems (and by extension, other Dawson Range porphyry and polymetallic vein
systems). The Klaza deposit has been suggested to be best described by an LS-to-IS epithermal
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model (Richards, 2014; Main, 2015). A similar model was proposed by Smuk (1999) to suggest
Klaza and Brown-McDade contain characteristics from both LS and HS epithermal models. This
study was thus designed to: (1) provide a modern-day ore deposit model for the Klaza system;
(2) evaluate its connection to the porphyry realm; and (3) investigate precious metal (Au-Ag)
deportment in the system.
Addressing the three goals above would provide new contributions to the existing IS
epithermal model. The pristine preservation state (no post-mineral deformation or glaciation) and
data-rich environment (recent 2010-2020 exploration program) at the Klaza deposit will allow
this study to be one of few examples investigating a Cretaceous-age epithermal system (majority
of discovered epithermal systems are of Miocene age; Wang et al., 2019). In addition, this
investigation will also address ambiguities for other DRGB porphyry and polymetallic vein
occurrences. This updated classification would benefit Yukon cordilleran explorers because the
DRGB lies adjacent to other ambiguous ore systems such as reduced-intrusion-related gold
systems (RIRGS; Hart, 2007) and migmatised porphyry systems in the Minto Copper Belt
(Kovacs et al., 2020).

1.3 Thesis objectives
The primary objective of this thesis is to document and characterize polymetallic vein
systems in the DRGB, Yukon by applying traditional and novel analytical approaches. This
investigation aims to better understand the nature, genesis, ore deposition, and metallogeny of
Dawson Range magmatic-hydrothermal systems. Results from this study will be used to update
the existing IS epithermal model. The following research questions will be addressed herein:
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1)

Does Prospector Mt. suite magmatism contribute significantly to porphyry Cu-Au
endowment in the DRGB?
a.

Which magmatic event (Casino- or Prospector Mt. suite) is genetically related to the
Klaza polymetallic veins and the porphyry prospects in the area?

b.

How different or similar are the Casino- and Prospector Mt. suite magmas?

c.

What caused the emplacement of the Prospector Mt. suite magmas and the Carmacks
Group basalts?

d.
2)

What implications does this have on exploration for PCDs in the DRGB?

How are Late Cretaceous porphyry and epithermal systems in the DRGB related to each
other?

3)

a.

Is there a temporal and spatial relationship between these systems?

b.

How will this change our perception of Yukon PCDs and guide regional exploration?

How can we recognize overprinting magmatic and hydrothermal events in an ore system?
a. What geochronologic evidence suggests a possible overprinting of magmatic and
hydrothermal events at the Klaza deposit?
b. What mineralogical, textural, and geochemical evidence suggests the influence of
late magmatic-hydrothermal fluids at the Klaza deposit?
c. Can LA-ICP-MS raster maps be further processed to extract important textural and
numerical data to support a fluid overprint hypothesis?

1.4 Structure of thesis
This PhD dissertation is organized into six chapters. Chapters two to five are written as
stand-alone manuscripts intended for submission, or already submitted, to peer-reviewed
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academic journals. Therefore, some repetition may be present between chapters with respect to
methodology and geological background.
Chapter two is a manuscript entitled “Updated geology and porphyry copper potential
of the Klaza deposit, Mount Nansen district”. This manuscript has been published in Yukon
Exploration and Geology (2020, p. 75-97; see Lee et al., 2020) and presents a detailed
description of the geology (magmatic and hydrothermal phases). Field-based evidence is
presented to link the Klaza system to the local porphyry Cu-Au prospects, and thus propose a
porphyry-epithermal model for the Klaza deposit. This chapter prompts key questions on the
genesis of the Klaza deposit, setting up the premise for subsequent chapters to address. Note also
that this chapter is presented in its original form as submitted to Yukon Exploration and Geology
in 2019, and thus has not been updated with information from subsequent chapters.
Chapter three is a manuscript entitled “Superimposed Porphyry systems in the Dawson
Range, Yukon”. This manuscript is in press for the Society of Economic Geologists Jeremy P.
Richards Special Publication (SP 24) and presents field and Re-Os molybdenite geochronology
data for two spatially overprinting, temporally distinct magmatic-hydrothermal events in the
Klaza-Brown-McDade system. Whole rock lithogeochemical data is presented on the intrusive
suites present, and a new tectonic model is proposed to address the observed geochemical
signatures in a metallogenic context. A genetic model for the Klaza-Brown-McDade system is
proposed and compared to the nearby Freegold Mountain district, which also displays evidence
of superimposed ore systems.
Chapter four is a manuscript entitled “Geology, Petrology and Geochronology of the
Late Cretaceous Klaza Epithermal Deposit: A Window into the Petrogenesis of an
Emerging Porphyry Belt in the Dawson Range, Yukon, Canada”. This manuscript is
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intended for submission to Economic Geology or Ore Geology Reviews (anticipated submission
in May 2021). This manuscript builds on the observations from Chapter two and discusses the
magmatic history of the Klaza deposit from a petrogenetic-perspective using high resolution CATIMS, and LA-ICP-MS U-Pb in zircon geochronologic constraints with corresponding trace
element data from dated zircons. Furthermore, a detailed description of hydrothermal alteration
at Klaza is provided along with simple vectoring tools for use in targeting epithermal
mineralization in the region. This chapter proposes a petrogenetic model based on zircon
provenance and trace element data to explain the genesis of the Prospector Mt. suite and its
similarities to the Casino suite magmas.
Chapter five is a manuscript entitled “Zone Refining in the Epithermal Environment:
A Gold-liberation mechanism at the Klaza Au-Ag-Pb-Zn-(Cu) deposit, Yukon, Canada”.
This manuscript is intended for submission to Economic Geology or Ore Geology Reviews
(anticipated submission in May 2021). This manuscript focuses on the composite polymetallic
veins at Klaza and uses mineral assemblage observations, mineral chemistry, and fluid inclusion
microthermometric data from previous workers to assign a porphyry-related IS epithermal model
to the system. A novel approach towards LA-ICP-MS element map interrogation is proposed
through a workflow utilizing unsupervised machine learning methods and detailed paragenesis of
mineral phases and vein generations. This study provides evidence for zone refining as a postdepositional modification mechanism which liberates lattice-hosted gold in epithermal systems.

1.5 Statement of original contributions
A summary of the original contributions by the candidate to this study is as follows:
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•

First detailed investigation into magmatic-hydrothermal history of the Klaza deposit in
the Dawson Range, Yukon, Canada.
o First to recognize presence of Prospector Mt. suite (72-65 Ma) intrusive dikes at
the Klaza deposit.
o First to document and classify five intrusive phases at the Klaza deposit.
o First to classify vein generations at Klaza deposit and produce a mineral
paragenesis.
o First to identify a late, copper influx in the Klaza system.
o First to assign an age of epithermal vein deposition at the Klaza deposit.
o First modern-day genesis and ore deposit model for the Klaza-Brown-McDade
system.

•

First documentation of spatial overprinting of two temporally distinct porphyry systems
in Dawson Range, Yukon.
o First to define the term “Superimposed” as overprinting porphyry systems distinct
from telescoped systems.
o First to provide evidence for porphyry-type mineralization at Klaza and advocate
for buried hypogene-enriched ore shells.
o First to compare Klaza-Brown-McDade system with Freegold Mt. system and
highlight similarities in superimposed nature.
o First to highlight commonalities between other Dawson Range PCDs and Klaza.

•

First tectonic and petrogenetic models for intrusive suites observed at Klaza deposit.
o First to investigate petrochemistry of intrusive suites at Klaza deposit and
compare the Casino- to the Prospector Mt. suites.
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o First to apply petrogenetic implications to other porphyry systems in the Dawson
Range, Yukon.
•

First documented evidence of zone refining in the epithermal environment.
o Documented petrographic and geochemical evidence of late fluid influx in the
Klaza system.
o Documented textural, geochemical and petrographic evidence of gold deportment
at Klaza.
o Developed workflow utilizing unsupervised machine learning to extract textural
and geochemical information from LA-ICP-MS raster maps applicable to all ore
deposit and tectonic settings.
o First to create automated filtration and visualization tools for LA-ICP-MS
multielement data.
o First to plot “sulfidation state map” of sphalerite for use in fluid chemical
evolution studies.
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Chapter 2
Updated geology and porphyry copper potential of the Klaza
deposit, Mount Nansen district, Yukon, Canada
(Yukon MINFILE 115I 067)
2.1 Abstract
The Late Cretaceous Klaza Au-Ag-Pb-Zn-(Cu) deposit has long been inferred to be best
described by porphyry to epithermal deposit models. Here we report evidence for a protracted
and complex magmatic-hydrothermal system typical of porphyry-epithermal deposits (e.g.,
multiple magmatic events, magma mingling, relevant vein-alteration types). In the Klaza area,
there are at least four compositionally and texturally distinct intrusions interpreted as part of the
Casino intrusive suite (~80 – 76 Ma) that intrude granodiorite country rock of the Whitehorse
suite (~105 Ma). A ca. 72 Ma dike swarm (likely Prospector Mountain suite) was emplaced
approximately 4–5 Ma after emplacement of the Casino suite. Evidence of high-T hydrothermal
activity consists of early dark micaceous (EDM) veins, sinuous and planar A-type veins, B-type,
and D-type veins, and molybdenite-quartz veins. High-T Cu-Au-Mo mineralization associated
with phyllic and lesser potassic alteration assemblages is cut by composite epithermal-type
sulfide veins. The age of porphyry-type mineralization is constrained by 187Re-187Os molybdenite
dating to ~77 Ma (Kelly) and ~71 Ma (Cyprus). The 40Ar-39Ar muscovite dates from phyllic
alteration in the Central Klaza zone yield ages of ~77 Ma. These field observations integrated
with archival Cu-Au-assay data suggest the Klaza epithermal veins are located in the phyllic
alteration shell of a two-stage Cu-Au-Mo porphyry system. It is possible that the Klaza
epithermal veins represent a Prospector Mountain-age porphyry-epithermal system overprinting
a Casino-age porphyry system.
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2.2 Introduction
The Late Cretaceous Klaza Au-Ag-Pb-Zn-(Cu) deposit is located within the historic
Mount Nansen gold camp (MNGC) (Fig. 1), 70 km from the village of Carmacks, Yukon. It has
a current indicated mineral resource of 4.457 Mt of 4.8 g/t Au, 98 g/t Ag, 0.7% Pb, and 0.9% Zn
(Ross et al., 2018). The dominant mineralization style at Klaza consists of 0.2 to 8 m wide
polymetallic veins with drill-indicated strike lengths of 300 to 2500 m and vertical depths from
surface of at least 500 m (Turner and Dumala, 2016). This vein system has been compared to the
past-producing Brown McDade/ Mount Nansen veins and, in addition, to a porphyry to
epithermal model for the MNGC (Hart and Langdon, 1997; Mortensen et al., 2016). This paper
provides new geological insights into the current understanding of the Klaza deposit model as
supported by new geochronologic data and supporting field constraints (2017, 2019), with
derived paragenetic reconstructions based on field and petrographic observations in addition to
assessing metal zonation at the deposit scale. This information is collectively used to assess the
metal endowment of Klaza and its potential as a porphyry-type deposit.

2.3 Regional Geology
The MNGC is located in the southeastern end of the Dawson Range gold belt (Fig. 2)
which stretches from the Yukon-Alaska border to within 50 km from the town of Carmacks,
Yukon (Allan et al., 2013). Basement rocks in the MNGC comprise Devonian and older
metamorphosed volcaniclastic and sedimentary rocks of the parautochthonous Yukon-Tanana
terrane, accreted to the Laurentian margin between the Late Triassic to Early Jurassic during
east-dipping subduction (Allan et al., 2013; Nelson et al., 2013). This subduction event emplaced
the regionally extensive Long Lake suite and Minto suite plutons. Porphyry-type systems such as
Minto (60 Mt at 1% Cu and 0.4 g/t Au; Allan et al., 2013) and Carmacks Copper (15.69 Mt
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oxide at 1% Cu, 0.4 g/t Au, and 4 g/t Ag; 8.07 Mt sulfide at 0.7% Cu, 0.2 g/t Au, and 2.3 g/t Ag;
Kovacs et al., 2017) formed around the Late Triassic (Kovacs et al., in press).
Renewed east dipping subduction led to the emplacement of the ca. 105 Ma Dawson
Range batholith (Whitehorse plutonic suite; 112–98 Ma) and the coeval Mount Nansen volcanic
package in the mid-Cretaceous (115–110 Ma) (Klöcking et al., 2016). Continued east-dipping
subduction in the Late Cretaceous led to the emplacement of the Casino plutonic suite (78–74
Ma) and related cluster of porphyry-epithermal systems (Casino, Cash, Nucleus, Revenue,
Sonora Gulch) within the Dawson Range belt (Allan et al., 2013; Nelson et al., 2013). The
Casino plutonic suite is less voluminous than the Whitehorse suite, although it occurs regionally
throughout the Dawson Range gold belt in the form of porphyritic dikes and stocks. The most
economically important of these is the Patton porphyry, which is associated with the Casino
porphyry deposit (1057 Mt at 0.2% Cu, 0.23 g/t Au and 0.022% Mo; Allan et al., 2013). Quartzfeldspar-porphyry (QFP) dikes yielding ages of 77–74 Ma are also reported at Sonora Gulch, the
Freegold district, and the Mount Nansen district (Allan et al., 2013; Bennett, 2010; Bineli-Betsi
and Bennett, 2010; Bineli-Betsi et al., 2013; Mortensen et al., 2016).
Soon after emplacement of the Casino suite, magmatism became slightly more alkalic,
and consists of both volcanic (Carmacks group) and shallow plutonic (Prospector Mountain
suite) components. The Prospector Mountain suite and the coeval porphyry-epithermal prospects
of Frog and Lilipad were emplaced from 69–67 Ma (Allan et al., 2013). Several porphyryepithermal systems of Late Cretaceous age are localized on or near the Big Creek Fault, a
northwest trending trans-crustal structure located on the northern margin of the Dawson Range
batholith. Systems further away from the fault, such as Casino, Tinta Hill and Klaza-Mt. Nansen
display the same northwest structural trends.
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2.4 Methodology
Ten days of field work were conducted in August 2019 comprising: (1) relogging and
sampling from Cu-rich archival drill holes in the eastern part of the deposit; and (2) traverses to
the northeast and southwest extents of the Klaza property. Representative samples of least altered
and altered intrusive rocks were cut and stained for K (i.e. K-feldspar, biotite, sericite) using
cobaltinitrite staining at a commercial lab. Least altered and weathered intrusive rocks were
sampled from drill core far away from mineralization in trenches across the property. Images of
the stained rocks were then processed utilizing Image J software to estimate abundance of
plagioclase, quartz, and K-feldspar. A preliminary classification of the intrusive rocks is made
based on the modal mineralogy. Sulfide paragenesis and element distribution in vein stages were
investigated using a combination of optical microscopy, SEM-EDS, and LA-ICP-MS analysis,
the detailed results of which will be presented elsewhere.
We present an updated geologic map for the Klaza area in Figure 3A. Structure is
constructed from a combination of drill hole constraints and VLF-IP (Very low frequency
electromagnetic survey and induced polarization survey) data (Fig. 3B) Limitations in geologic
and geophysical information are highlighted in Figure 3C. Outcrop and subcrop information
from Klöcking et al. (2016) and Ryan et al. (2016) were combined with data from this study.
Outcrop and subcrop data are highlighted in bold colours whereas interpretive geology is
indicated in pale colours. Magnetic (reduced to pole, first vertical derivative, and magnetic
susceptibility; Ross et al., 2018), electromagnetic (very-low-frequency-EM; Fig. 3B), and
induced polarization (IP) geophysical data from Ross et al. (2018) were utilized to define
lithologic boundaries and faults/ lineation. The first lithology intersected in diamond drill holes
were also used to construct this surface map within drilling extents.
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2.5 Deposit Geology
The area around the Klaza deposit was not subjected to Pleistocene glacial erosion and
thus the landscape is mostly deeply weathered rolling hills with >20–30 m of overburden in
valleys. The Klaza deposit is entirely buried and only exposed in exploration trenches. Hart and
Langdon (1997) propose that the Klaza deposit sits within an uplifted block of a horst structure,
with mid-Cretaceous Mount Nansen volcanic rocks preserved on either side. Bounding faults of
the horst block run parallel to mineralized trends as well as regional structural trends and are
inferred to be pre-mineralization faults (Klöcking et al., 2016). The Hart and Langdon (1997)
model also highlights northeast-trending faults that crosscut and offset the host block with its
associated bounding faults. Ryan et al. (2016) proposed a map which showed the NW-trending
faults as the dominant structure in the Klaza area but showed little evidence of the NE-faults.
The geologic map in Figure 3 shows northwest and northeast structural trends. The NW
trend comprise dikes and faults in the main deposit and includes the composite veins. The veins
occupy Reidel splays from dextral strike-slip movement on the faults. The NE-trending faults cut
and sinistrally displace the NW trends, thus dividing the deposit into the western, central, and
eastern blocks. The eastern block and the western block are interpreted to be uplifted relative to
the central block. The magnitude of this vertical displacement is unknown.
The Klaza polymetallic veins spatially coincide with 77–76 Ma quartz-feldspar
porphyritic (QFP) dikes (Mortensen et al., 2016; Turner and Dumala, 2017). The QFP dikes and
the Klaza veins are hosted in the mid-Cretaceous (~107 Ma) Whitehorse suite granodiorite, part
of the regionally extensive Dawson Range batholith emplaced between 115–105 Ma (Allan et
al., 2013). The deposit is divided into four main resource zones: Central Klaza, Central BRX,
Western Klaza, and Western BRX respectively. The epithermal type mineralization seen in base20

metal-rich veins transitions into Au-Cu-Mo-rich stock work veins and veinlets towards the Kelly
and Cyprus porphyry prospects in the southeast.
2.5.1 Intrusive and extrusive rocks
The intrusive suites below are assigned a map unit, whereas each intrusive phase
intersected in drill core is assigned a short-form numbered code (i1–i5) for simple referencing to
the observed paragenetic sequence.
Minto suite (LTrEJgM)
Intrusive rocks from this suite are observed in outcrop north-northeast of the Klaza
deposit where they unconformably underly Mt. Nansen Group volcanic rocks and are intruded by
Whitehorse suite plutonic rocks. Slightly older (ca. 211 Ma) rocks of the Minto suite are also
documented to unconformably underly the Mt. Nansen Group rocks to the west and southwest of
the Klaza deposit, where they intrude the Snowcap Assemblage (Klöcking et al., 2016). The
composition of these of rocks varies between quartz monzodiorite to tonalite, and contain coarse
to medium-grained, foliated hornblende and biotite (Allan et al., 2013; Kovacs et al., 2016). The
outcrop of this suite observed to the northeast of the Klaza deposit (Fig. 3A) is medium to coarse
grained porphyritic foliated hornblende-granodiorite with K-feldspar phenocrysts. Magnetic
susceptibility for this suite ranges ~15–25 nT.
Mt. Nansen group (mKN)
The Mt. Nansen volcanic complex outcrops to the east and west of the Klaza deposit,
often forming knobs, tors and talus slopes. Exposure on the east and southeast of the Klaza
deposit was mapped at 1:15 000 scale by Klöcking et al. (2016). Klöcking et al. (2016) suggest
the volcanic stratigraphy is upright, undeformed, and dips at an angle of ~45–60° to the
northeast. This volcanic package consists of andesitic flows, breccias, and rhyolite tuffs.
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Constrained to a minimum thickness of 450 m, significant uplift is interpreted to have occurred
with the emplacement of the Whitehorse suite plutonic rocks (Klöcking et al., 2016). Mt. Nansen
group rocks are characterised by dark blocky, rock piles resistant to weathering. The andesite
flows are porphyritic with large plagioclase phenocrysts and fine-grained pyroxene-bearing
groundmass. Outcrops on Victoria Mountain suggest flat-lying stratigraphy in this package to the
east of the Klaza deposit (Fig. 3A). Magnetic susceptibility for the Mt. Nansen group rocks
ranges between ~20–50 nT, making it highly pronounced in magnetic surveys. A detailed
description of this volcanic package is documented in Klöcking et al. (2016).
Whitehorse suite (mKWg)
i1: Biotite-hornblende granodiorite to tonalite
The Whitehorse suite granodiorite, dated at 107.9 ± 0.3 Ma on the property (Mortensen et
al., 2016), is the most abundant rock type observed in drillcore and is the main host to the
epithermal mineralization. It is a composite intrusion with varying compositions and two
dominant phases are identified: (1) a biotite-amphibole phyric granodiorite (Fig. 4A & 4B); and
(2) biotite tonalite (Fig. 4C & 4D). Both phases consist of large, euhedral plagioclase (30–45%)
phenocrysts in addition to subhedral quartz (25–40%) which has a bimodal size range, subhedral
K-feldspar (0–20%) and intergranular biotite (10–15%) and amphibole (0–8%). Dioritic autoliths
are a common occurrence in this suite. In two of these phases, there are larger sub-round (i.e.
corroded) quartz phenocrysts. Petrography shows accessory zircon, epidote, titanite and chlorite
after biotite. This suite is commonly, altered with a light propylitic overprint of chlorite, epidote
and carbonate. Magnetic susceptibility for this suite ranges ~15–20 nT.
Leucogranite/ Aplite dikes
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This phase, which is seen in outcrop and drill core consists of dikes cross-cutting the i1
phase. The dike consists of a massive, fine-grained pinkish K-feldspar-quartz-rich assemblage
and are 10 cm to 1 m thick. These aplite dikes match descriptions of a similar phase in Friend et
al. (2018) and are inferred to be a late stage of the mid-Cretaceous Dawson Range batholith.
Casino suite (LKpC)
Casino suite rocks at the Klaza deposit occur as a composite dike swarm with a minimum
of four phases (i2 to i4, see below). Magnetic susceptibility for Casino suite rocks at Klaza are
between 1–5 nT, which manifests as mag-lows in geophysical surveys. The majority of the
Casino suite rocks in the deposit record phyllic alteration as reflected by the growth of muscovite
uniformly seen throughout samples studied petrographically. The consequence of the latter is the
addition of K to the system which resulted in a pervasive yellow colour to the stained rocks.
i2: Monzogranite
This phase occurs in the southeastern portion of the Klaza property and is seen to be in
sharp contact with the i1 phase. It is leucocratic, medium-grained with plagioclase (40%), quartz
(30%) and K-feldspar (30%). It generally has a seriate texture, but plagioclase is slightly coarser
and partly porphyritic (Fig. 5A). It is moderately to intensely altered by phyllic (muscovitequartz-pyrite) and potassic (K-feldspar) alteration.
i3a: Biotite-plagioclase porphyritic granodiorite to monzogranite (80–78 Ma)
This phase is constrained to ca. 79 Ma (Lee et al., in prep), and also occurs in the
southeastern portion of the Klaza property. A phase with similar texture and mineralogy is
observed at the Cyprus porphyry prospect (Fig. 1, 3). It consists of euhedral to sub-rounded,
partially resorbed phenocrysts of plagioclase (20%), quartz (30%), and euhedral biotite (8%)
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phenocrysts, in a fine-grained K-rich (40%), quartz-plagioclase groundmass (Fig. 5B). The
plagioclase crystals also display variable degrees of albitization. This phase maintains both sharp
and gradational contacts with i2 and i3b (see below) and shows mutual intrusive relationship
with i3b as both occur in each other (Fig. 6A, 6B & 6C). It is likely therefore that i3a and i3b are
comagmatic. This phase is variably altered and when altered can look like i4 (see below).
i3b: Hornblende-plagioclase diorite
This phase is also from the southeastern portion of the Klaza property. It is mediumgrained and equigranular and consists of plagioclase (50%), hornblende (30%) and variable
biotite (5–11%). Biotite has an acicular habit (Fig. 5C). Phase i3b is variably phyllically altered
(muscovite-quartz-pyrite) and can be strongly sulfidized (i.e. increase in sulphide mineral
phases) due to the high amount of mafic minerals in the groundmass.
i4: Feldspar-quartz-biotite porphyritic dacite to andesite dikes (77–76 Ma)
This dike phase is the most commonly intersected phase of the Casino suite and is ca. 77
Ma (Mortensen et al., 2016; Lee et al., in prep). It is found throughout the Klaza property.
Importantly, this phase is commonly co-spatial with and cut by composite epithermal-type veins.
Phase i4 is texturally and mineralogically similar to the i3a phase, has partially resorbed
plagioclase (25–30%) and quartz (15%) phenocrysts in a fine-grained K-rich (30–55%)
groundmass with plagioclase and biotite (3–8%) (Fig. 5D & 5E). Rarely, large (2 – 3 cm)
plagioclase phenocrysts are seen (Fig. 5E). Phase i4 displays higher quartz but lower biotite
abundances than i3a. It is commonly highly altered with phyllic/argillic, as illite-muscovite-clay,
due to its close proximity to epithermal veins and large fault zones. The alteration is texturally
destructive, and results in the preservation of a bleached, tan coloured dike. The dikes are
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commonly barren, but do host pyrite after biotite due to the phyllic overprint. This dike cuts the
i3 phases and porphyry-type veins, and is in turn cut by i5 and epithermal mineralization.
Prospector Mountain suite (LKyP)
i5: Feldspar porphyritic andesite dikes (72–71 Ma)
This phase is significantly less common than the i4 phase but is still found throughout the
Klaza property. Identification is challenging due to the texturally destructive phyllic and argillic
alteration. Current observations highlight a quartz-poor mineralogy with dominantly equant
feldspar (K-feldspar and plagioclase) and biotite phenocrysts in a fine-grained groundmass (Fig.
5F). This phase contains clasts of i4 (Fig. 6D) and is constrained to ca. 71 Ma (Mortensen et al.,
2016; Lee et al., in prep).
2.5.2 Alteration
Phyllic alteration (Porphyry stage)
Quartz-muscovite-pyrite assemblages occur associated with Stage 1 (porphyry-type, see
below) mineralization in the Klaza system. This alteration can be pervasive and is up to 80 m
wide in the southeast portion of the deposit. Pyrite and muscovite, the latter verified by X-ray
diffraction (XRD), replaces biotite and hornblende whereas K-feldspar is only replaced by
muscovite. Plagioclase is minimally altered in this process. Pyrite in this alteration assemblage
can be significantly enriched in gold, as seen from elemental mapping (Lee et al., in prep), and
may relate to the epithermal fluid overprint. Phyllic alteration in the central Klaza zone yields an
40

Ar-39Ar muscovite age of ca. 78 Ma (Lee et al., in prep).

Potassic alteration (Porphyry stage)
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Potassic alteration is only observed in the southeast portion of the deposit in spatial
association with stockwork veins related to Stage 1. Potassium staining of altered rocks suggests
the addition of hydrothermal-related potassium through growth of minerals such as muscovite,
K-feldspar, and biotite; however, more detailed mineralogy is needed to verify the potassic
alteration minerals, and thus extent in the system.
Epithermal vein-related propylitic alteration
The composite epithermal veins at Klaza are associated with a distinct propylitic
alteration halo. This halo, which is wider in the hanging wall of the veins, consists of Fecarbonate, epidote, and muscovite-illite (both verified by XRD). An important observation of the
past field season is that Fe-carbonate, which is now obvious due to oxidation, was not noted in
the fresh drillcore when originally logged. As the presence of Fe-carbonate reflects proximity to
epithermal veins, this observation is significant. It is recommended that carbonate staining (see
Hitzman, (1999) for protocol) be used in the future to identify Fe-carbonate alteration quickly
and enable informed drilling decisions in real time.
2.5.3 Hydrothermal mineralization styles
Stage 1: EDM, A-, B-, and D-type veins
Several types of veins commonly associated with high temperature magmatichydrothermal systems are observed in drill core. Nomenclature used adapted from Seedorf et al.
(2005) and Sillitoe (2010) to match observations at the Klaza deposit. Veins are placed in a
paragenesis based on relative cross cutting relationships among hydrothermal and magmatic
events. It is noted that there are several generations or cycles between the veins described below.
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The earliest veins have two variants: (1) early biotite-pyrite with a K-feldspar selvage (EB-type,
Fig. 7A); and (2) early dark micaceous (EDM) infill of quartz ± pyrite ± chalcopyrite with dark
haloes (chlorite-biotite; Fig. 7B and 7C). The haloes are between 4 to 10 cm width; these veins
are only seen in phases i1, i3a, and i3b.
A-type veins consist of milky quartz with pyrite-muscovite, and rarely chalcopyrite.
These veins are sinuous and occur in i1 and i3b phases (Fig. 7C). Later A-type veins are planar,
sheeted or as stockworks and have an assemblage of granular quartz-pyrite ± chalcopyrite and
occur in phase i3a.
B-type veins occur as centre-line pyrite-chalcopyrite veins with narrow quartz gangue (~1
cm wide) and a distinct K-feldspar (potassic) alteration halo. They occur as planar veins and are
present in phases i2, i3a, and i3b (Fig. 7D).
D-type veins are common and have many variants in terms of mineral assemblage. These
veins include: (i) pyrite ± quartz ± chalcopyrite; (ii) quartz-tourmaline-muscovite-pyrite ±
rhodochrosite, and (iii) quartz-pyrite-muscovite (Fig. 7E). All three vein assemblages have
distinctive K-feldspar destructive sericite haloes of 8 to 15 cm width. The tourmaline-bearing
variant of D-type veins is also manifested as a hydrothermal breccia in Central Klaza zone,
where intensely sericitized clasts of intrusive rock is cemented by an assemblage of acicular,
radial, black tourmaline-muscovite-pyrite-quartz cement.
A late generation of chalcopyrite-only sheeted veinlets cuts all vein generations. It is
unclear which vein type this generation is associated with; however, it is spatially coincident
with disseminated and blebby chalcopyrite mineralization, which occurs by replacing biotite and
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hornblende in the host intrusive rock. Semi-massive chalcopyrite is also present, which appears
to be co-precipitated with pyrite (see Stage 2a below).
Molybdenite-bearing veins
Quartz-molybdenite veins are present in the Whitehorse suite granodiorite and have
varying alteration haloes. A sample obtained collected from KL-16-309 is flanked by a strong
chlorite-sericite alteration halo; it yielded a Re-Os age of ca. 77 Ma (Lee et al., in prep.). A
sample from the Cyprus porphyry prospect flanked by a strong sericitic alteration halo and
yielded a Re-Os age of ca. 71 Ma (Lee et al., in prep.). One sample obtained from KL-16-314 is
cut by epithermal-stage mineralization and is flanked by a narrow carbonate alteration halo (see
Chapter 3 for results).
Stage 2–4: Composite polymetallic veins and breccia
The Klaza composite epithermal veins show a strong structural control. Reactivation of
large fault zones is considered to have been an important structural component to creating wide
breccia-vein intervals up to 8 m in width. The main breccia-types in the Klaza system are
documented below using modified breccia classification systems after Davies et al. (2008) and
Byrne and Tosdal (2014). The breccia-types are integrated into vein stage descriptions and
paragenesis below.
Stage 2a veins
Massive fine-grained pyrite-arsenopyrite-quartz±chalcopyrite veins of 10 cm to 2 m
width cut Stage 1 veins, i1, i3a and i4 phases (Fig. 8A). In general, these banded veins have
milky white prismatic quartz that is followed by massive sulfide deposition. Pyrite and
arsenopyrite from the sulfide sub-stage show equilibrium textures and reflect growth in open
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space. Gold occurs as: (1) micron-scale electrum inclusions in pyrite, arsenopyrite, and quartz;
and (2) lattice-hosted gold in pyrite and arsenopyrite as determined in LA-ICP-MS analysis (Lee
et al., in prep). Chalcopyrite, which co-precipitated in this substage, increases in abundance in
the Central and Eastern BRX zones.
Stage 2b veins and breccia
This substage is manifested as both banded veins and hydrothermal breccia (C-Bx) – a
breccia type characterized by a cement of hydrothermal minerals (quartz, carbonate, sulfide
minerals) hosting mono- or polymictic clasts. In stage 2b, an assemblage of euhedral
arsenopyrite-pyrite-sphalerite nucleated and grew on available surfaces which are commonly
wall rock and clasts of Stage 2a and i4 phase (Fig. 8B). The brecciation event is commonly
hydraulic, forming angular, jigsaw fit clasts with little displacement or high energy (clastsupported). This substage forms intervals between 5 cm to 1 m widths but can also increase in
width as more banding develops (as seen in large vein intersections in the Western BRX zone).
This assemblage is followed by cloudy, prismatic quartz which filled open-space. The cyclical
nature of this substage resulted in a banded nature to the composite veins (Fig. 8C).

Stage 2c veins
The final stage of syn-mineralization veins is characterized by prismatic cloudy quartz
(possibly from stage 2b), followed by open-space-filling euhedral sphalerite, galena, tetrahedritefreibergite, minor chalcopyrite and minor dark grey quartz (Fig. 8D). Sphalerite from this
substage and Stage 2b is Fe-rich with compositional zoning, as determined from scanning
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electron microscopy energy-dispersive X-ray spectroscopy (SEM-EDS) and laser ablation
inductively coupled plasma mass spectroscopy (LA-ICP-MS) analysis (Lee et al., in prep). The
diversity of sulfosalt minerals in this substage contributes to a large portion of the silver budget
in the Klaza system, with significantly higher amounts of sulfosalts present in the Western Klaza
Zone; consequently, it is the zone with the highest Ag:Au ratios on the property.
Stage 3 veins and breccia
The carbonate-rich stage cuts and brecciates (C-Bx) all previous vein stages (Fig. 8A, 8B,
8D, 8E, 8F, & 8G). The carbonate in this generation is a solid solution between Fe-rich
carbonate (ankerite) to dolomite (Fe, Mg-rich) to rhodochrosite (Mn-rich), as determined by
SEM-EDS. This stage contributes minimal base metals to the system and does not display
boiling textures (with the exception of bladed barite at ~ 100 m present depth; Fig. 8E).
Brecciation in this stage can be hydraulic (i.e. jig-saw fit; Fig. 8B & 8G) or high energy, forming
small (sub-centimeter sized) sub-rounded clasts (cement-supported; Fig. 8D).
Stage 4 tectonic breccia-veins
The Klaza epithermal veins show strong evidence of post-mineral fault reactivation,
displacement, and brecciation. This matrix-rich breccia (M-Bx) is characterized by the presence
of rock flour between clasts of intrusive phases mentioned above, vein material, and other
lithologies. In the Klaza system, matrix-rich breccia occurs syn-to post mineralization (Fig. 9A,
9B, & 9C), inferred to be tectonic-related breccias and cataclasites. Stage 4 alternates between
carbonate-quartz-rich pulses and matrix-rich components and can result in a combination of
matrix-rich and cement-rich breccias (CM-Bx). Poorly consolidated fault breccias are also
observed within composite veins and in unmineralized fault zones (Fig. 9D).
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2.5.4 Other features at Klaza
Magmatic breccia (IG-Bx)
This clast-supported breccia is characterized by an igneous matrix hosting sub-rounded,
monomict to polymictic clasts of intrusive phases noted above plus other lithologies. Intrusive
breccias have been identified in this study between intrusive generations (i5 with subrounded
clasts of i4; i4 with rounded clasts of i1), and more uncommon magmatic-hydrothermal
composite-type breccias comprised of a groundmass of anhydrite, quartz, biotite and feldspar
(Fig. 9E). The later breccia-type displays an ambiguous relationship to the main paragenetic vein
and intrusive stages defined above.
Tourmaline breccia pipe
A tourmaline breccia pipe is observed in the Cyprus porphyry prospect to the southeast of
Klaza (Figs. 1 & 3), where sericitized clasts of porphyritic rock are cemented by black
tourmaline-pyrite-quartz-biotite cement (Fig. 9F). This breccia pipe is interpreted to be a
hydrothermal breccia related to the Cyprus porphyry complex.

2.6 Genetic Model
The current compilation of field observations supplemented with a nominal amount of
analytical data for the Klaza deposit suggests the composite epithermal veins are part of a much
larger scale, continental arc-related magmatic-hydrothermal intrusive complex. Several lines of
evidence are discussed below to suggest the presence of a buried Cu-Au porphyry system at
Klaza.
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2.6.1 Magmatic-hydrothermal paragenesis
The magmatic-hydrothermal sequence of events is summarized in Figure 10. Field and
supporting petrographic observations suggest cyclical pulses of magmatic and hydrothermal
nature analogous to that seen in protracted porphyry systems (Redmond and Einaudi, 2010;
Sillitoe et al., 2010). The presence of high-temperature hydrothermal veins (e.g., EDM-, A-, and
B-types) early in the paragenesis conform to classic vein descriptions for porphyry Cu-Au
systems (Sillitoe, 2010). In contrast, the epithermal vein substages show a transition from
massive sulfide phases, an inferred high temperature massive-sulfide assemblage dominated by
pyrite ±arsenopyrite ±chalcopyrite (Stage 2a) to a later, lower-temperature, base metal-rich stage
(Stage 2c).
A compilation of currently available geochronological data constrains magmatism (U-Pb
zircon), some mineralization (Re-Os molybdenite), and alteration (K-Ar and Ar-Ar for
hydrothermal K-feldspar and muscovite) in the Klaza-Mt. Nansen district. The data cluster into
two age ranges, both associated with hydrothermal alteration ages (Figure 11). Initial
magmatism between 80 and 76 Ma coincides with the Casino intrusive suite which is constrained
to ca. 79–72 Ma (Allan et al., 2013). This age range overlaps the 77 Ma molybdenite age for the
Kelly prospect and muscovite ages of ~79 Ma and ~77 Ma for phyllic alteration and tourmalinepyrite-muscovite vein formation, respectively, at the Central Klaza (Mortensen et al., 2016; Lee
et al., in prep). A second magmatic pulse at 72.5 to 71 Ma coincides with the upper age limit for
the Prospector Mountain suite which is constrained to ca. 72–67 Ma (Allan et al., 2013; Friend et
al., 2018). The age of this magmatic event overlaps with that of two molybdenite ages of ~71 Ma
from the Cyprus prospect (Mortensen et al., 2016; Selby and Creaser, 2001a; Lee et al., in prep).
K-Ar dates for hydrothermal K-feldspar (i.e. adularia) from an unspecified location in the Mt.
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Nansen district yielded younger ages of 69 to 68 Ma (Selby et al., 2001b), which also overlaps
with the age for the Prospector Mountain suite. In summary, the available age data show a
magmatic-hydrothermal system comprising ~ 10 Myr of arc-related magmatism with an apparent
2 Myr hiatus. The data also suggests there were two pulses of porphyry-type mineralization at
two locations in the Klaza system, whereby Kelly forms the older, Casino-age porphyry event
and Cyprus forms the younger, Prospector Mountain-age porphyry event.
2.6.2 Local intrusive rocks
Intrusive rocks of the Casino suite comprise mafic- to intermediate compositions that are
typical in volcanic arcs. The partially resorbed plagioclase and quartz phenocrysts in the
porphyritic rocks (i3a, i4) are indicative of variable P-T-X conditions in the magma chamber, a
common feature of productive arc environments and magmatic processes (e.g. Bingham Canyon,
Utah; Maughan et al., 2002; Santa Rita, New Mexico; Audetat and Pettke, 2006). The comagmatic mingling of the porphyritic i3a phase and the mafic equigranular diorite (i3b) reflects a
dynamic replenishing magma chamber, which is also an important feature of porphyry deposits
(Caricchi et al., 2014; Chiaradia and Caricchi, 2017; Putirka, 2017). Thus, there is evidence that
the Kelly magmatic system likely experienced chemical changes related to the addition of mafic
magma to the magma chamber. The abundance of hydrous phases, such as hornblende and
biotite, in the Casino suite rocks at the Kelly prospect and at Klaza is also characteristic of a
fertile (wet) magma chamber and one conducive to form porphyry deposits (Burnham, 1979;
Richards, 2011; Richards et al., 2012). Lastly, the variety of porphyritic phases is also a feature
typical of many productive porphyry systems (Burnham, 1979; Seedorff et al., 2005; Redmond et
al., 2010; Sillitoe, 2010; D’Angelo et al., 2017).
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2.6.3 Downhole lithogeochemistry
Three drill holes southeast of the Klaza deposit resource zone intersected porphyry-type
mineralization and a simplified graphic log for one of these holes (KL-16-314) is summarized in
Figure 12. The geochemical signatures of Au, Ag, Cu, K, and Na are split into three domains:
(1) epithermal domain (0 – 200 m); (2) less-altered domain (200 – 350 m); and (3) porphyry-type
domain (350 – End of hole).
The epithermal domain is categorized by distinct, highly anomalous Au, Ag, Cu values
that correspond to intersections of composite sulfide-rich veins. The increase in K and
complementary depletion in Na is attributed to muscovite and illite formation in phyllic and
propylitic alteration zones related to the epithermal veins. Some barren pyrite-bearing B-type
veins were observed in this domain. The less-altered domain displays background values for Au
and Cu whereas the uniform K and Na contents reflect least-altered i1 composition. Silver values
correspond to minor base-metal bearing veins in this domain. The porphyry-type domain
corresponds to an overall above-background Cu-Au response which correlates to increased vein
density (EDM-, A-, B-, and D-type veins) and disseminated pyrite-chalcopyrite. It is noted that
the potassic (biotite-K-feldspar) alteration assemblage observed in this domain is partially
overprinted by phyllic alteration.
Observations from KL-16-314, KL-16-309, and KL-12-134 suggest the current
maximum drilling depth (475 m) in the Kelly prospect area intersects the phyllic
pyrite±chalcopyrite bearing shell of a deeper porphyry system.
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2.6.4 Deposit-scale metal zonation and geophysical data
A schematic summary of the various intrusive suites, mineralization, and geochemistry is
shown in Figure 13. As seen in Figure 13B, the ca. 76 Ma Casino and later ca. 72 Ma intrusive
suites consisting of varied porphyry dike stocks invade the host ca. 105 Ma Whitehorse
composite intrusive complex; spatially related to this dike swarm are the epithermal and
porphyry-type mineralized zones. The assay geochemical data from Klaza drillholes display a
metal zonation trending from Cu-Au-rich in the southeast (i.e. porphyry-type) to Ag-Pb-Zn-rich
(i.e. epithermal-type) in the northwest (Fig. 13B & 13C). This trend is reflected in the sulfide
mineralogy of the composite vein intercepts across the deposit. Intercepts in the Eastern and
Central BRX zones contain significant chalcopyrite hosted in Stage 2a veins, which grades into
massive arsenopyrite-pyrite assemblages in the Central Klaza and Western BRX zones. Stage 2a
is not present in the Western Klaza zone, and instead contains wider Stage 2c veins with
increased sulfosalt abundance and diversity of sulfide minerals.
Induced polarization (IP) geophysical surveys across the Kelly prospect area display donutshaped high chargeability areas (Fig. 14) coinciding with north-south trending low-resistivity
zones (Ross et al., 2018). The high chargeability zones are interpreted to be pyrite-shells while
low resistivity zones are interpreted to be clay-altered fault zones.

2.7 Exploration Implications
We present a generalized genetic model in Figure 13. The Kelly prospect displays CuAu-Mo porphyry potential and requires deeper drill-testing to verify the true economic potential
of the inferred underlying system. Archived drill core on the periphery of current drill pattern
requires relogging by an experienced geologist familiar with porphyry-type geology and
mineralization with an emphasis placed on generating an updated geological model. Part of the
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latter is to also generate an appropriate logging scheme to consistently capture the relevant
information. Thus in regards to this, the new logging scheme should: (1) capture the Whitehorse,
Minto, and Casino intrusive suites with the aid of a rock library; (2) record vein types and
mineralization on a porphyry-scale in addition to an epithermal scale; (3) record mineralogybased alteration assemblages; and (4) differentiate between breccia types to aid in resource and
metallurgical domain modeling.
IP surveys coupled with airborne magnetic surveys remain important tools for: (1)
exploring undercover for large structures, alteration zones, and buried intrusive rocks; and (2)
aiding in the reconstruction of geologic maps in outcrop poor areas. The magnetic susceptibilities
of the intrusive suites in the Klaza-Nansen area show distinguishable differences which prove
valuable for said map-reconstructions. Note however that fault-related alteration can also
significantly lower the magnetic response of these rocks.
Further exploration in the Dawson Range should not discount intrusive rocks outside the
prospective 76-75 Ma range from considerations, particularly if said intrusive rocks are
porphyritic, contain appropriate abundances of hydrous-mineral phases (hornblende-biotite) and
show textural evidence of magma mixing and mingling.

2.8 Regional Implications
The longevity and overprinting nature of the magmatic-hydrothermal system at the Klaza
deposit also carries implications for understanding the relationship between the Casino (early
Late Cretaceous) and Prospector Mountain (late Late Cretaceous) metallogenic events. Although
the age of epithermal mineralization at Klaza is not directly dated (see Chapters 3 and 4 for
geochronology data), it is constrained to < 76 Ma. Current results show evidence for two
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overprinting porphyry mineralization events five million years apart. Two contending hypothesis
regarding the genesis of the Klaza epithermal veins are to be tested in future work: (1) The Klaza
epithermal veins are Casino-age (76–72 Ma) and overprint ca. 77 Ma Casino-age Kelly porphyry
mineralization during the collapse of the porphyry hydrothermal system, resulting in an
epithermal and phyllic overprint of potassic-zone porphyry veins. This is then followed by an
overprint from the younger Prospector Mountain-age (72–67 Ma) Cyprus porphyry; or (2) The
Klaza epithermal veins are genetically related to the younger Prospector Mountain-age Cyprus
porphyry, and form the distal extension of the Cyprus porphyry complex, overprinting the
Casino-age Kelly porphyry. Both hypotheses highlight the importance of the late-Late
Cretaceous metallogenic event as a significant contributor to precious and base metal endowment
in the Dawson Range, Yukon. Chapters 3 and 4 present evidence for the latter hypothesis.
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Figure 2-1: Geographic map of Klaza-Mt. Nansen district displaying placer-bearing streams
(Yukon Mining Recorder placer claim map sheet 115I03P), mineral occurrences, and roads.
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Figure 2-2: Regional geologic map of the mid- to southern Dawson Range, Yukon. UTM Zone
08, Datum: NAD 83. Map modified from Yukon Geological Survey digital map version April
2018.
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Figure 2-3: (A) Geologic map of the Klaza deposit. Outcrop traces and “top of drillhole”
intercepts are highlighted in bold colours while interpretative geology is indicated by pale
colours. UTM Zone 08, Datum: NAD 83. (B) VLF-IP map highlighting shallow conductors and
permeable fault zones. Interpretive and drill-tested faults are overlain on the geophysical map.
(C) A limits of confidence map indicating sources of information for constraining the geological
map.
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Figure 2-4: Variations of the Whitehorse plutonic suite (i1 phase) at the Klaza deposit. Polished
slabs are displayed on the left whereas potassium-stained slabs are displayed on the right. Note
that a significant proportion of potassium staining is attributed to biotite in addition to Kfeldspar. (A) Hornblende-biotite granodiorite showing significant clay-alteration. (B)
Hornblende-biotite granodiorite shows light propylitic overprint. (C) Biotite-hornblende tonalite.
shows light potassic (biotite) overprint. (D) Least altered biotite-hornblende tonalite. Mineral
abbreviations in accordance with Whitney and Evans (2010).
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Figure 2-5: Casino suite intrusive rocks. Polished slabs are displayed on the left whereas
potassium-stained slabs are displayed on the right. (A) Monzogranite (i2 phase). (B) Biotite- plagioclase porphyritic granodiorite to monzogranite (i3a phase). (C) Hornblende-plagioclase
diorite (i3b phase). (D) & (E) Feldspar-quartz-biotite porphyritic andesite dikes (i4 phase). (F)
Feldspar-biotite porphyritic andesite dikes (i5 phase). Mineral abbreviations in accordance with
Whitney and Evans (2010).

Figure 2-6: Cross-cutting relationships between intrusive dikes. (A) i3b phase clast within i3a
phase. (B) i3a phase clast within i3b phase. (C) i3a phase injection within i3b phase. (D) i4 phase
clast in i5 phase.
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Figure 2-7: Porphyry-type veins. (A) Early biotite (EB)-type veins in potassic (biotite) altered i1
phase. Potassium stained slab on the right. (B) Early dark micaceous (EDM) veins hosted in i3a
phase. (C) Pyrite-chalcopyrite-bearing A-type veins cutting an EDM vein hosted in i3b phase.
(D) B-type pyrite-granular quartz vein with in potassic (K-feldspar) altered i2 phase. (E) D-type
quartz-pyrite-sericite veins with texturally destructive muscovite haloes hosted in i1 phase.
Mineral abbreviations in accordance with Whitney and Evans (2010).
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Figure 2-8: Epithermal-type composite veins. (A) Western BRX Zone Composite vein displaying
Sphalerite-rich vein stages. (B) i4 phase dikes cemented by Stage 2c and Stage 3 mineralization
in the Western Klaza Zone. (C) Stage 2b and Stage 2c composite vein form Central Klaza Zone
in contact with i1 host. Note the banding in Stage 2b and open space fill textures in Stage 2c. (D)
Western BRX Zone Stage 2c vein cut by Stage 3 rhodochrosite vein. (E) Stage 3 vein from
Central Klaza Zone displaying banded ankerite and bladed barite. (F) Central Klaza Zone
composite vein displaying Stage 2 to Stage 4 vein generations generated through reactivation of
one structure. (G) Sphalerite-galena-freibergite from Stage 2c brecciated and cemented by Stage
3 ankerite in the Western Klaza Zone. Mineral abbreviations in accordance with Whitney and
Evans (2010).
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Figure 2-9: Breccia types at the Klaza deposit. (A) Stage 4 cement-matrix-breccia cutting a
composite breccia of Stage 2b mineralization cut cemented by Stage 3 ankerite. (B) Stage 4
cement-matrix-breccia with polylithic clasts of sericitized porphyritic dike material, i1 host, and
massive arsenopyrite from Stage 2a. (C) Cataclasite containing rock flour and barite-carbonate
clasts from the Central Klaza Zone. (D) Fault gouge with a brecciated and mechanically sheared
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sulphide vein. (E) Magmatic-hydrothermal breccia with feldspar-anhydrite cement and
polymictic clasts. (F) Tourmaline-cemented breccia from the Cyprus South occurrence with
clasts of sericitized porphyritic rock. Mineral abbreviations in accordance with Whitney and
Evans (2010).

Figure 2-10: Magmatic-hydrothermal paragenesis diagrams for the Klaza system. (A) Timeline
with crosscutting relationships between magmatic phases and high to low temperature vein
types. (B) A schematic diagram of the Klaza composite vein substages and their relationship to
magmatic and high-T vein phases.
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Figure 2-11: Summary compilation of geochronologic data from the Klaza deposit area with
sources indicated. Casino suite and Prospector Mt. suite boundaries are drawn based on intrusive
ages in the Klaza area and in accordance with definitions from Allan et al. (2013). Note that the
Selby et al. (2001b) K-Ar data consists of samples with unspecified locations within the Mt.
Nansen district.
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Figure 2-12: Graphic log of drillhole KL-16-314 consisting of Au-Ag-Cu-K-Na assay data from
Rockhaven Resources Ltd., simplified lithology and alteration re-logs. A representative sample
of a A-type vein with cross-cutting copper mineralization is also depicted here.
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Figure 2-13: (A) View of the Klaza deposit looking northeast from the top of Mt. Nansen.
Mineralization traces are highlighted in red. Stockwork and sheeted vein mineralization is
highlighted in orange. (B) Schematic cross section through B-B’ (from Fig. 3A). Relative motion
of faults is indicated and inferred based on drill hole and surface data. (C) Section highlighting
precious and base metal distribution in the main deposit. Zonation data were obtained from
leapfrog models of assay data. The data displayed here are limited to current drilling extents. The
location of the chargeable body identified in IP surveys is indicated here and has not been drill-
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tested. Note that the metal distribution data for the Kelly fault block is only constrained by four
drill holes.

Figure 2-14: Induced polarization survey data (chargeability; Ross et al., 2018) from the Kelly
zone overlain on an airphoto of the Klaza property. Outcrop and drilling lithologic information is
also illustrated for reference to Figure 3.
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Chapter 3
Superimposed Porphyry systems in the Dawson Range, Yukon,
Canada
3.1 Abstract
Superimposed porphyry systems are a subset of telescoped porphyry deposits whereby
significantly younger ore zones overprint older, non-genetically related systems. Recognition of
superimposed features in porphyry systems is important for determining and assessing their
prospectivity. The Mount Nansen Gold Corridor (MNGC) in the southern Dawson Range Gold
Belt (DRGB) of the Yukon (Canada) contains porphyry prospects and epithermal deposits with
enigmatic genetic models. Geological, petrological, temporal (U-Pb zircon, Re-Os molybdenite)
and geochemical (whole rock) studies are used to demonstrate the presence of superimposed
porphyry systems in this district.
The arc-related episodic magmatism of the MNGC has been classified into four intrusive
suites: (1) Late Triassic Minto; (2) mid-Cretaceous Whitehorse; (3) Late Cretaceous Casino
(eLKc; 80 – 72 Ma); and (4) Late Cretaceous Prospector Mountain (lLKp; 72 – 65 Ma).
Geochemical fingerprinting of these suites indicates intermediate- to evolved, calc-alkaline
compositions with a common lower-crust melt source. The eLKc and lLKp suites lack an Eu
anomaly and show increasing amounts of LREE enrichment and HREE depletion over time.
These features suggest garnet was stable in the melt source and oxidized magmas were generated
in these Late Cretaceous suites. The mildly alkaline lLKp, and associated Carmacks Group
shoshonitic basalts reflect localized extension in an overall compressive arc setting in the
MNGC, hence a setting conducive for Au-rich porphyry and epithermal systems.
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The ca. 79 to 72 Ma Casino suite is commonly interpreted as the causative magmatic
event for most well-endowed porphyry deposits (76 to 74 Ma in age) in the DRGB. However,
our detailed study of the Klaza setting shows that at this locality, intermediate-sulfidation
epithermal veins are a distal expression of a Prospector Mountain age (ca. 71 Ma) porphyry
system which overprints two Casino age porphyry systems (ca. 77 and ca. 80 Ma).
The MNGC thus hosts at least two spatially and temporally overprinting Late Cretaceous
magmatic-hydrothermal systems in the DRGB. Importantly, recognition of this feature at other
porphyry deposit settings in the DRGB (e.g., Freegold Mountain district) is critical as it provides
the potential for metal (Cu-Au-Mo) enriched hypogene ore shells.
Keywords: Telescoped porphyry; Dawson Range; metallogeny; petrogenesis; paragenesis;
Casino; Prospector Mountain; Klaza; Revenue; Yukon; postsubduction

3.2 Introduction
Telescoping is a process whereby cooling magmatic-hydrothermal systems coupled with
paleosurface degradation (exhumation/unroofing) results in the overprinting of older, high
temperature hydrothermal alteration and mineralization by a younger, lower temperature ore
system (Sillitoe, 2010; Fig. 1B). This feature is commonly recognized and documented in the
porphyry Cu environment, particularly when synchronous with mineralization. Telescoping is
triggered either through high uplift-rates (Perello et al., 2001; Masterman et al., 2005; Pudack et
al., 2009), or mass wasting related to the collapse of volcanic edifices (Davies and Ballantyne,
1987; Simpson et al., 2004), or thermal collapse of the hydrothermal cell (Sillitoe, 2010). These
processes occur over the timespan of the hydrothermal system (~ 10,000 years; Mercer et al.,
2015).
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One subset of overprinting porphyry systems involves an extended temporal (in addition
to spatial) superposition of younger magmatic-hydrothermal systems onto older, non-genetically
related ore systems (Fig. 1C). Well-known examples of this phenomenon occur in the Sierra
Madre Occidental, Mexico where mineralization is documented to involve the superposition of
three metallogenic events from the Late Cretaceous Laramide arc (porphyry Cu) to the Eoceneearly Oligocene Au-rich epithermal deposits (Montoya-Lopera et al., 2020). For the purposes of
discussion in this paper, the latter described style of composite magmatic-hydrothermal systems
are defined as “superimposed” in order to distinguish them from telescoped systems as the
former differ significantly from the latter in two important respects: (1) they do not require uplift
or unroofing to occur; and (2) they consist of two or more systems which are not genetically
related and differ temporally.
Recognition of superimposed and telescoped systems is important for exploration in
porphyry districts since discerning the parageneses of these systems can benefit exploration
programs to determine: (1) prospectivity (e.g., whether porphyry or epithermal-type
mineralization has been preserved at depth, overprinted, or eroded away); (2) geometallurgical
challenges (e.g., mineral traps for targeted metals or contamination/overprint by deleterious
elements such as As or Cd); and (3) potential for overprinting and metal (Cu-Au-Mo) enriched
ore shells.
Superimposed systems are gaining recognition in mineral districts where different
metallogenic events are overprinted both spatially and temporally. One such district is the
Dawson Range Gold Belt (DRGB) in central Yukon, which to 2020 represents the best endowed
mineral district (by resource estimates; Fig. 2A) in the Yukon. In this region, some porphyry and
epithermal systems are hypothesized to be the product of superposition between two or more
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metallogenic events (Allan et al., 2013). This contribution provides a summary of the
paragenesis and geochronology from the Klaza epithermal (-porphyry) deposit which forms the
basis for documenting it as the first-confirmed superimposed porphyry-epithermal system in the
DRGB. Emerging evidence of superposition features from other deposits in the DRGB (e.g.,
Revenue in the Freegold Mountain District) are also discussed in comparison to Klaza and its
exploration implications.

3.3 Regional Geology and Metallogeny
The DRGB stretches from the Yukon-Alaska border to within 50 km of Carmacks in
Yukon, Canada (Allan et al., 2013; Fig. 2A), however the known porphyry Cu-Au deposits
(PCDs), prospects, and occurrences are at present restricted to the mid- to southern Dawson
Range area (Fig. 3A). Basement rocks underlying most magmatic-hydrothermal systems in this
area comprise Devonian and older metamorphosed volcaniclastic and sedimentary rocks of the
parautochthonous Yukon-Tanana terrane (YTT; Fig. 2B). The YTT re-accreted to the Laurentian
margin between the Late Permian and Early Triassic during west-dipping subduction on its
eastern flank, as now represented by the Slide Mountain Terrane and the Whitewater fault
(Nelson et al., 2013). Subduction polarity switched in the Late Triassic, which resulted in eastdipping subduction of the Kula plate on the western flank of the YTT (Nelson et al., 2013).
Consequently, intermediate calc-alkalic Minto (ca. 204-195 Ma) and Long Lake (ca. 188-183
Ma; Sack et al., 2020) suite plutonic bodies of granodiorite to monzonite nature intrude the
suture between the YTT and the Stikine Terrane. These rocks host rafts of migmatized Late
Triassic porphyry Cu-Au-Ag systems (Minto, Carmacks Copper) in the Minto Copper Belt
(Kovacs et al., 2020). This Late Triassic to Early Jurassic magmatic pulse coincides with
significant porphyry Cu-Au-Mo endowment further south in British Columbia (Nelson, 2013).
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This volcanic arc migrated westward at ca. 120 Ma. The intermediate- to felsic,
metaluminous, calc-alkaline Whitehorse suite (ca. 120-98 Ma) granodioritic bodies intrude the
contact between the Minto-Long Lake suites and the YTT (Fig. 3A). The Mountain Nansen
Group (ca. 115 Ma) andesites, which form a coeval extrusive counterpart to the Whitehorse suite
rocks, are documented to overlie and are in-turn intruded by younger phases of the Whitehorse
magmatic pulse (Klöcking et al., 2016). Mineralization correlated with Whitehorse suite
magmatism in the DRGB includes Pattinson, Idaho Creek, and Antoniuk (Allan et al., 2013).
East-dipping subduction continued in the Late Cretaceous and resulted in the
emplacement of the intermediate calc-alkaline Casino suite (ca. 79–72 Ma) rocks along the same
magmatic locus as the Whitehorse suite rocks (Fig. 3A). The Late Cretaceous rocks are
significantly less voluminous than the earlier plutonic suites and importantly were emplaced as
high-level porphyry dikes, plugs, and breccias and are inferred to be the causative intrusions of
several porphyry-epithermal systems in the southern DRGB (Allan et al., 2013; Nelson et al.,
2013). The more significant centres of mineralization include: Casino with a measured and
indicated resource of 2.2 Bt at 0.16% Cu, 0.18 g/t Au, and 0.017% Mo (Roth et al., 2020),
Nucleus with an indicated resource of 31 Mt at 0.65 g.t Au, 0.07% Cu, and 0.70% Ag (Sim and
Davis, 2020), and Revenue with an indicated resource of 11.4 Mt at 0.38 g/t Au, 0.12% Cu, 2.4
g/t Ag, 0.016% Mo, and 0.008% W (Sim and Davis, 2020) PCDs host significant Cu-Au-Mo
resources and occur with genetically-associated epithermal extensions.
The youngest magmatism at 72–67 Ma, the Prospector Mountain suite, consists of
intermediate subalkaline intrusive rocks which are coeval with shoshonitic and Mg-rich
Carmacks Group (ca. 70 Ma) basalts (Smuk, 1999). Some Ag-rich polymetallic veins with
intermediate-sulfidation (IS) epithermal characteristics are associated with these intrusions (e.g.,
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Sixtymile River, Glasmacher and Freidrich, 1992; Prospector Mountain, Allan et al., 2013).
Several tectonic models have been proposed (referenced in Allan et al., 2013) to address this
magmatic pulse: (1) plume-related magmatism; (2) lithospheric delamination; and (3) slab breakoff.
3.3.1 The Mount Nansen Gold Corridor (MNGC)
The Mount Nansen Gold Corridor (MNGC; Fig. 3B) comprises approximately thirty
mineral occurrences and is interpreted as a northwest-trending horst structure (Hart and
Langdon, 1997). Most mineral occurrences are hosted in steeply-dipping northwest-trending
fault structures within Whitehorse suite granodiorite host rocks, Casino suite porphyritic dikes,
Minto suite foliated granitoids, or YTT metasedimentary rocks which form the basement in this
area. Northeast-trending sinistral faults which post-date and offset northwest-trending structures
are likely Prospector Mountain in age (ca. 72–65 Ma) and correspond to extensional fault
movement, as documented by Allan et al. (2013).
The MNGC comprises two clusters of gold-rich polymetallic veins: (1) the Klaza deposit
(NW; Fig. 3B); and (2) the past producer, Brown-McDade (SE; Fig. 3B). Both clusters have
been interpreted to represent the intermediate-sulfidation epithermal extensions of a central
porphyry complex (Hart and Langdon, 1997). The central porphyry complex comprises the
Kelly, Cyprus, and Rusk drilled prospects. Selby and Creaser (2001) and Selby et al. (2001)
established a 72–67 Ma age of formation for the MNGC systems (Cyprus/ Rusk) based on
molybdenite and hydrothermal K-feldspar (from potassic alteration) geochronometers.
Mortensen et al. (2016) proposed a post-77 Ma age of formation for the Klaza system and a ca.
115 Ma age for the Brown-McDade system, both based on co-spatial relationships with
porphyritic dikes with corresponding zircon ages.
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Features of the magmatic events
The petrological features of the different magmatic suites and the timing of the magmatic
and hydrothermal events in the MNGC, as best seen in the Klaza deposit area, are summarized
below for each of the four suites documented in the study area (Fig. 2), beginning from the
oldest. A shorthand nomenclature (i1 to i5) is used to simplify referencing of intrusive phases
(documented in drill-core) in paragenetic order.
Minto suite: This includes medium- to coarse-grained porphyritic granodiorite which
intrudes Snowcap assemblage metasedimentary rocks of the YTT (Klöcking et al., 2016). These
foliated rocks consist of K-feldspar phenocrysts in a hornblende-plagioclase-quartz groundmass.
This suite is not documented in drill-core but are observed in surface outcrops. The suite
underlies Mount Nansen Group volcanic rocks to the north and north-east of the Klaza deposit
(Fig. 3B).
Whitehorse suite: This includes coarse-grained, equigranular biotite-hornblende
granodiorite to tonalite (i1) and is characterized by the presence of mafic autoliths. The
granodiorite phase (Fig. 4A) is the dominant host to epithermal mineralization in the area.
Plagioclase, hornblende, and biotite are euhedral, whereas quartz and K-feldspar form
myrmekitic intergrowths. Opaque minerals include primary magnetite (mostly replaced by
pyrite), apatite, rutile and titanite (the latter two minerals after biotite). The tonalite to diorite
variant of the unit (Fig. 4B), which is common in the Kelly zone and at depth in the Central
Klaza zone and thus the main host to porphyry-type mineralization, is rich in biotite and
plagioclase but is K-feldspar-poor. Locally the suite intrudes the contact between the YTT and
the Minto suite granodiorite and is in turn cut by steeply dipping faults hosting Late Cretaceous
epithermal veins and intrusive dikes (Fig. 3B).
66

This phase is commonly overprinted by a deposit-scale propylitic (chlorite-hematite ±
epidote ± pyrite) alteration, which is developed to a variable intensity. Phyllic (quartz-muscovitepyrite) alteration accompanies D-type and epithermal veins and is also observed to overprint
porphyry-type veins described below. Potassic alteration is observed at depth as a rare,
magnetite-biotite ± K-feldspar alteration.
Mountain Nansen Group: This package, which has a minimum thickness of 450 m and is
the extrusive equivalent of the coeval Whitehorse plutonic suite (Klöcking et al., 2016), consists
of andesitic flows, breccia, and rhyolite tuffs. The andesitic flows have plagioclase phenocrysts
(5 mm) in a fine-grained pyroxene-bearing groundmass. The unit occurs on weather-resistant,
NW-trending ridges flanking the NE and SW boundaries of the MNGC (Fig. 3B). The volcanic
rocks on the SW ridge are suggested to be upright, undeformed, and dipping at an angle of 45–
60° to the northeast (Klöcking et al., 2016), whereas on the NE ridge they are flat-lying.
Casino suite: Four texturally and compositionally distinct phases are identified in this
unit, which historically has been referred to as an undifferentiated quartz-feldspar porphyry
(QFP) dike (Allan et al., 2013). The suite is subdivided as follows: (1) quartz-K-feldspar-phyric
monzogranite to granite (i2, Fig. 4C); (2) plagioclase diorite porphyry (i3a, Fig. 4D); (3)
hornblende-plagioclase diorite to quartz diorite (i3b, Fig. 4E); and (4) biotite-plagioclase
granodiorite porphyry (i3c/i4, Fig. 4F, G). The i2, i3a, i3b, and i3c phases occur in the Kelly
zone as mafic to intermediate composition dikes and stocks which intrude the Whitehorse suite
phases. Primary oxide minerals within the Casino suite rocks are rarely preserved due to the
intense alteration present in the samples. Rutile and titanite are common accessory phases
resultant from the breakdown of hornblende and biotite.
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The i2 phase, which occurs as a thick sill near the current surface, is an equigranular
medium- to fine-grained monzogranite (Fig. 4C) that is overprinted by strong phyllic alteration
associated with D-vein swarms overprinting B-type veins. The i3a diorite phase consists of
euhedral to subhedral plagioclase phenocrysts and euhedral hornblende phenocrysts in a finegrained, dark-colored groundmass. This phase, which is rarely observed, has variable contact
relationships with the i3b quartz diorite phase that include a gradational contact, occurring as
phases within, or cross cutting it (Fig. 4I, J and K, respectively). Thus, it is inferred that the i3a
and i3b phases are co-magmatic and display evidence of magma mixing (Fig. 4I, J). i3b is
observed as clasts within the i3c phase (Fig. 4L). The i3c granodiorite porphyry phase, which is
more commonly observed than the i3a and i3b phases, consists of euhedral to subhedral
plagioclase, quartz, and hornblende phenocrysts in a medium- to fine-grained groundmass of
plagioclase, biotite, and quartz. Both i3b and i3c phases are cut by pyrite-chalcopyrite-bearing
early dark micaceous (EDM) and A-type veins (Fig. 4M, N). The i4 phase is characterised by
rounded quartz and plagioclase phenocrysts (Fig. 4F, G) and is similarly of granodiorite
composition. This phase occurs as NW-trending dikes throughout the deposit area, are highly
sericite-altered, and are cut by porphyry-type mineralization and i5 dikes (Fig. 4Q).
Prospector Mountain suite: This equigranular to porphyritic intrusive phase (i5, Fig. 4H)
is significantly quartz-poor compared to the Casino suite as it typically lacks rounded quartz
phenocrysts. It is highly altered as only pseudomorphs of primary feldspars are preserved
amongst remnant primary biotite and apatite, secondary illite and calcite. The i5 phase cuts the
significantly more voluminous i4 phase and is in turn cut by multigenerational epithermal veins
(i.e., composite epithermal veins; Fig. 4O, P, Q).
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A summary of the magmatic-hydrothermal cross-cutting relationships inferred from
outcrop and drill-core observation is shown in Figure 4Q. A more detailed discussion of the
hydrothermal (porphyry and epithermal) mineralization is provided in Lee et al. (2020).

3.4 Methodology
A field-supported study with complementary generation of mineral paragenesis and
geochronological data was done on the Klaza deposit in order to compare and contrast with the
similar observations and data from the Casino and Revenue PCDs. Sampling and field work
were conducted at Klaza in 2017 and 2019 field seasons (total of four months). The paragenesis
of magmatic and hydrothermal events was established through a combination of drill-core
logging, which provided observations of crosscutting relationships, detailed petrography
(transmitted and reflected light complemented with scanning electron microscopy and energy
dispersive spectroscopy (SEM-EDS), whole-rock lithogeochemistry, and geochronology (U-Pb
zircon (CA-TIMS and LA ICP-MS), Re-Os molybdenite, and 40Ar/39Ar muscovite). The details
for each of the analytical methods employed in this paper are presented in the Appendix A1.

3.5 Results
3.5.1 Lithogeochemistry of the igneous intrusive suites
Thirty whole-rock geochemical analyses are used to characterize the plutonic suites. The
standardized plots in Figure 5 were generated using ioGAS software, and the reader is referred to
the references within this software package for sources of reference data. A “loss on ignition”
(LOI) value of 3.5 is selected as the threshold for distinguishing altered from least-altered rocks,
and utilized to provide visual key for alteration (see legend in Fig. 5). The alteration box plot
(Fig. 5A), which combines the Ishikawa alteration index (AI) and the advanced argillic alteration
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index (AAAI), is used to illustrate the degree of alteration within the sample suite. As seen in
Figure 5A, only five samples display intense muscovite-illite (phyllic) alteration. Although the
remaining samples fall within the “least altered” box, only ten display LOI values < 3.5.
For petrologic classification, major oxide data were normalized to 100% volatile-free for
plotting purposes (Fig. 5B). The total alkali-silica (TAS) diagram (Le Maitre, 1989) is used to
classify the hypabyssal rock samples. A field of compositions for least altered rocks from the
Guichon Creek Batholith (Byrne et al., 2020) is plotted on Figure 5B and C as a reference to
display typical compositions of calc-alkaline arc rocks. The comparison in Fig. 5B indicates that
least-altered samples from Klaza (LOI < 3.5) mostly plot within this field, whereas samples that
fall off the field are either: (1) sub-alkaline Minto suite rocks; or (2) significantly phyllic-altered,
thus losing Na and K (as demonstrated in Fig. 12, Lee et al., 2020).
An immobile element plot, using high field strength elements (HFSE), from Winchester
and Floyd (1977) is used to further classify the samples (Fig. 5C), whereas normalized spider
and rare earth element (REE) diagrams (Fig. 5D, E), and other trace element plots (Fig. 5F, G,
H) are used to distinguish the four intrusive suites and to investigate magmatic processes. The
Eun /Eu* value, where Eu* = √ (Smn x Gdn), is used to assess the presence of Eu anomalies (Fig.
5F). Plots comparing enrichment of the light rare earth elements (LREE) relative to heavy rare
earth elements (HREE) (Fig. 5G) are commonly used to evaluate magma fertility in PCDs
(Richards and Kerrich, 2007). Plots using Sr/Y ratios, generally used to evaluate the “adakitic”
nature of rocks (Richards and Kerrich, 2007), were avoided to the influence of alteration on this
parameter given that plagioclase is the major sink for Sr.
With regards to the various diagrams noted above, the compositional differences among
the intrusive suites are summarized below.
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Minto suite: The two samples from this suite fall in the monzonite field and straddle the
alkaline-subalkaline boundary in the TAS plot (Fig. 5B) versus intermediate (dioritic) and subalkaline compositions in terms of their HFSE contents (Fig. 5C). The samples also display: (1) a
slight negative Eu anomaly (Fig. 5F); (2) relatively depleted (La/Sm)N (Fig. 5G); and (3) low
La/Yb ratios and high Yb (Fig. 5H).
Whitehorse suite: These samples range in composition from gabbroic diorite to
granodiorite in the TAS plot (Fig. 5B) and are mostly intermediate and sub-alkaline composition
in terms of their HFSE (Fig. 5C). Data for the Mountain Nansen Group volcanic rocks from
Klöcking et al. (2016) also are seen to plot in similar compositional fields in these diagrams.
Samples display increasing Eu depletions that likely correspond to greater fractionation (Fig.
5F), with little variation between MREE and HREE (Fig. 5G).
Casino suite: These samples plot in the sub-alkalic field in the TAS diagram with
gabbroic through to granodioritic compositions (Fig. 5B) and based on HFSE are intermediate in
composition and range from sub-alkaline to slightly alkaline (Fig. 5C). These samples display:
(1) depleted HREE profiles relative to Minto and Whitehorse suite samples (Fig. 5D, E); (2) no
significant Eu anomaly (Fig. 5F); (3) elevated (Dy/Yb)N values (Fig. 5G); and (4) elevated
La/Yb ratios (Fig. 5H).
Prospector Mountain suite: These samples plot in the gabbroic diorite to diorite field in
the TAS diagram (Fig. 5B) and straddle similar intermediate, sub-alkaline to alkaline
compositions as the Casino suite samples, while being slightly more alkaline in HFSE values
(Fig. 5C). These samples display: (1) elevated LREE and depleted HREE relative to samples
from older plutonic suites (Fig. 5D, E); (2) no significant Eu anomaly (Fig. 5F); (3) significantly
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elevated (Dy/Yb)N values relative to other samples (Fig. 5G); and (4) the highest La/Yb values
among the samples (Fig. 5H).
All of the data show very consistent patterns for each suite typical of subduction-related
magmas with enrichment of large ion lithophile elements (LILE) and negative Nb, Ta, and Ti
anomalies in extended trace-element plots (Fig. 5E). For all suites, their chondrite-normalized
patterns show LREE enrichment and are strongly fractionated, and variations are noted among
the suites, which is best demonstrated in the HREE where (Dy/Yb)N ratios vary for each suite
(Fig. 5G), corresponding to varying depletions in the HREE (Fig. 5D). These geochemical
variations in regard to the REE among the suites are best demonstrated in Figures 5G and 5H.
3.5.3 Geochronological constraints for magmatic and hydrothermal events
Constraining the age of epithermal mineralization remains a priority in this study,
however the lack of suitable mineral geochronometers in the composite intermediate-sulfidation
(IS) veins proved challenging. Zircon from representative intrusive phases (i3c, i4, and i5) cut by
epithermal mineralization were analyzed with the U-Pb method (LA-ICP-MS and CA-TIMS),
whereas muscovite from the alteration halo of porphyry and epithermal veins were analyzed with
the 40Ar-39Ar step-heating method. These results are presented elsewhere (Lee et al., in prep), but
are summarized in the discussion. Results of Re-Os dating of molybdenite are presented below.
The results for the three samples of molybdenite-bearing quartz veins used for Re-Os
dating are given in Table 1, whereas images of each dated sample are compiled in Appendix
Figure A1. The age uncertainty is quoted at the 2σ level, and includes all known analytical
uncertainty, including a ~ 0.31% uncertainty in the decay constant for 187Re. For samples labeled
“SPT”, molybdenite was too fine grained to be separated from silicate minerals, so the Re and Os
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abundances are those obtained for analysing the mineral concentrate (molybdenite, Re-Os-poor
silicate minerals, and quartz).
Sample CYWS17-01 is a fine-grained molybdenite vein that is sub-parallel to pyrite
veinlets in phyllic-altered Whitehorse suite granodiorite (i1). This sample comes from historic
drillhole (CD-09) that cut the Cyprus porphyry prospect at 170 m depth. The prepared
molybdenite separate analyzed in duplicate yielded identical ages of 71.0 ± 0.3 and 70.9 ± 0.3
Ma.
Two samples of molybdenite from the Kelly Zone were analysed. Sample KZWS17-128
is a molybdenite-bearing quartz-pyrite vein from drillhole KL-16-309 (407 m depth), which is
hosted in chlorite-altered Whitehorse suite tonalite (i1). Sample KY-19-20 is a molybdenitebearing quartz vein that is cut by later epithermal-stage pyrite and carbonate veins and also
comes from drillhole KL-16-314 (431 m depth). This vein is also hosted in phyllic-altered
Whitehorse suite granodiorite (i1). These two samples were analysed in duplicate and, in both
cases, yielded similar ages (KZWS17-128: 77.4 ± 0.3 and 77.1 ± 0.5 Ma; KZWS19-20: 80.8 ±
0.9 and 79.3 ± 1.2 Ma). Importantly, the average results of 77.3 ± 0.4 and 80.0 ± 1 Ma for these
samples do not overlap in terms of analytical uncertainty.

3.6 Discussion
3.6.1 Petrogenesis of Plutonic suites
Samples from the four studied plutonic suites show an overall similar range in terms of
their chemistry with all being of intermediate, sub-alkaline composition, but with the younger
suites (Casino and Prospector Mountain) evolving towards slightly more alkaline compositions
based on trace element data (Fig. 5C) and the association of the Prospector Mountain suite with
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shoshonitic Carmacks Group basalts (Allan et al., 2013). The similarities in composition between
the suites are also reflected in generally similar chondrite-normalized REE profiles and extended
spidergram plots (Fig. 5D, E), thus suggesting that these magmas likely originated from a
common source in the lower crust.
The Casino and Prospector Mountain suite rocks have Eun/ Eu* values near unity (Fig.
5F), which can be interpreted in several ways: (1) plagioclase fractionation was not significant,
although the local abundance of it suggests otherwise; and/or (2) the magmas were highly
oxidized such that Eu3+ was stabilized which precluded its partitioning into feldspar (Frey et al.,
1978; Hanson, 1980). The commonly noted hydrous nature of PCD magmas and its ability to
suppress plagioclase fractionation (e.g.., Don Manuel igneous complex, Central Chile; Gilmer et
al., 2018) does not seem to be applicable in this case (point 2 noted). In contrast, for the
Whitehorse suite rocks, a general trend of decreasing Eun/Eu* values with increasing silica is
noted, which is consistent with plagioclase fractionation in these more evolved rocks.
The (La/Sm)N versus (Dy/Yb)N plot (Fig. 5G) allows separation of the intrusive suites
according to hornblende ± titanite versus garnet fractionation controls (e.g., petrogenesis of the
Tethyan arc; Richards et al., 2012), as also reflected by the chondrite-normalized patterns (Fig.
5D). Whereas most of the samples from these suites show similar patterns with moderate LREE
enrichment with (La/Sm)N = 3–6, although several samples (i.e., Whitehorse suite aplite, Casino
suite i2 phase, and an aphanitic dike) are noted to have significantly higher LREE enrichments
((La/Sm)N = 7–10), the same cannot be said for the MREE and HREE values for the suites. Thus,
the Whitehorse and Minto suite rocks are noted for their relative enrichment in the MREE and
HREE and overall very narrow ranges for these REEs, listric-like patterns, and flat chondritic
patterns with (Dy/Yb)N = 1–1.25; these features suggest hornblende control with no measurable
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involvement of garnet in the fractionation of these two suites (Klein et al., 1997). In contrast, the
Casino and Prospector Mountain suite samples are depleted in the MREE and HREE, appear to
have slightly wider ranges for these REEs, and have much higher degrees of MREE and HREE
fractionation with (Dy/Yb)N = 1–1.6 and 1.7–1.9, respectively (Fig. 5D) relative to the prior two
suites. These patterns suggest less influence of hornblende in the fractionation of the Casino and
Prospector Mountain intrusive suites and instead more involvement of garnet, particularly in the
latter suites. Thus, while these suites are noted to contain hornblende and biotite phenocrysts,
they retain chemical evidence based on the REE of a history involving garnet as either a residue
in the source or early fractionating phase.
The La/Yb versus Yb plot in Figure 5H shows samples from both the Whitehorse and
Minto suites plot below the field for adakite-like rocks (ALR). Mafic-composition samples from
the Casino suite are also subadakitic (La/Yb < 20), whereas the rest of the Casino suite samples
and all Prospector Mountain suite samples plot within the ALR field. The Prospector Mountain
suite rocks have the most La enrichment relative to Yb (La/Yb = 45–55). Samples plotting in the
ALR field (Casino and Prospector Mountain suites) are interpreted to reflect the collective effect
of hornblende, titanite and zircon fractionation (Richards and Kerrich, 2007) or generation of
melts at high pressures in the garnet-stable field (Macpherson et al., 2006). The high La/Yb
ratios of samples from the Casino and Prospector Mountain suites also reflect melt sourced from
volatile-rich mantle wedge, considered to be one of several key factors for forming PCDs
(Richards and Kerrich, 2007).
3.6.2 Sequence of Magmatic and Hydrothermal Events
Due to the spatial (and inferred genetic) relationship between porphyritic dikes and
composite epithermal veins, emphasis was placed on porphyritic dikes in the MNGC during
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sample collection for U-Pb dating in previous studies. Zircon U-Pb dating of intrusive rocks in
the area based on earlier work (Lee et al., in prep; Mortensen et al., 2016) is summarized in
Figure 6, where evidence is seen for a protracted magmatic history spanning approximately 10
myr. Of note are several dike samples containing mid-Cretaceous zircons, which are interpreted
to be xenocrysts sourced from the Whitehorse suite that hosts the intrusive dikes.
Molybdenite Re-Os dates from the Cyprus and Kelly zones document a minimum of
three different porphyry mineralization events in the MNGC. The two older ages (80 and 77.5
Ma) from the Kelly zone correspond to Casino suite magmatism, whereas the ca. 77 Ma
molybdenite age corresponds with three 40Ar-39Ar muscovite plateau ages from phyllic alteration
in the Klaza cluster (Fig. 6; Lee et al., in prep) and one hydrothermal muscovite age from the
Brown-McDade cluster (Fig. 6; Mortensen et al., 2003). These data suggest that two Casino-age
porphyry mineralization events occurred in the Kelly zone, with an extensive phyllic alteration
footprint, dominant in the Klaza cluster, and recorded as far southeast as the Brown-McDade
cluster (6 km away; Fig. 3B).
The youngest age for mineralization in this study (ca. 71 Ma from the Cyprus prospect)
overlaps in analytical uncertainty with: (1) Prospector Mountain suite magmatism; (2) a
molybdenite date from Selby and Creaser (2001) from the Cyprus/ Rusk prospect; and (3) a 40K39

Ar biotite alteration date from the Rusk prospect (Stevens et al., 1982). Selby et al. (2001) also

documented 40Ar-39Ar hydrothermal K-feldspar dates from the MNGC porphyry complex of ca.
69 Ma (Fig. 8). These 40Ar-39Ar dates are interpreted to be the age of potassic alteration at the
Cyprus and Rusk prospects, thus representing the second porphyry mineralization event in the
MNGC.
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3.6.3 Revised Tectonic Model
An updated tectonic model for the southern DRGB is proposed based on the
lithogeochemical and geochronologic results discussed above and also based on our additional
work. A summary of this model using schematic time-slices is shown in Figure 7.
Late Triassic to Early Jurassic (204–195 Ma): Northeast-dipping, shallow subduction
initiated partial melting of the hydrated mantle to form a MASH zone (melting-assimilationstorage-homogenization) in the subcontinental mantle lithosphere (Fig. 7A; Nelson et al., 2013;
Colpron et al., 2015). The alkalic Minto suite (Late Triassic) and Long Lake suite rocks (Early
Jurassic) are consequently emplaced into the YTT basement as a result of syn-collisional
magmatic activity (Kovacs et al., 2020; Sack et al., 2020). The Minto suite rocks were likely
channeled to the upper crust through steep, northwest-trending transcrustal faults that form the
main structural trend in South-Central Yukon (Fig. 7A). Geobarometric constraints using
hornblende in the Tatchun batholith (Minto suite rocks emplaced in Quesnellia terrane 50 km
east of the town of Carmacks) suggest that the Minto suite rocks were emplaced at 23–26 km
depth and were exhumed to the surface by the Middle Jurassic (Topham et al., 2015) when arc
activity ceased.
Mid-Cretaceous (120–90 Ma): Arc activity continued as a result of sinistral
transpression-related crustal shortening (Evenchick et al., 2007; Nelson et al., 2013) southwest of
the locus of the Minto arc. The migration of the arc was likely due to slab rollback (a similar
mechanism was proposed for the same region in the Devonian in Nelson et al. (2006)), which
steepened the angle of the subducting Kula plate (Fig. 7B). A new MASH zone is hypothesized
to form adjacent to the pre-existing MASH zone, with old cumulate rocks recycled during partial
melting to form the Whitehorse suite rocks (Fig. 7B) as reflected in the similarities highlighted in
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wholerock lithogechemical results (Fig. 5D, E, H). Similar processes are proposed for
magmatism in Central and Eastern Anatolia, Turkey, where remelting of the subduction modified
subcontinental lithospheric mantle was induced by slab rollback and the presence of slab
windows (Rabayrol et al., 2020). The Whitehorse suite and coeval Mountain Nansen Group
(Dawson Range volcanic arc) were emplaced at the contact between the Minto suite and the
YTT, in a northwest-trending belt parallel to the Minto suite rocks.
The continental crust in the Dawson Range belt is postulated to be overthickened after the
emplacement of the Dawson Range batholith (Nelson et al., 2013). Significant tectonic uplift and
unroofing is documented to have occurred between 100–70 Ma using (U-Th)/He
thermochronology of zircon grains from the Aishihik batholith (Fig. 3A; Moher, 2018).
Furthermore, the latter study suggests the YTT basement was exhumed and exposed by ca. 70
Ma. Supporting evidence for extensive weathering in the mid-to-late Cretaceous is documented
in extensive supergene enriched zones at the Coffee deposit (MacWilliam, 2018), the Carmacks
Copper deposit (Kovacs et al., 2020), and the Casino deposit (Roth et al., 2020). Importantly,
Kovacs et al. (2020) demonstrated that this weathering event predated the deposition of the
Carmacks Group (ca. 70 Ma).
Late Cretaceous (80–72 Ma): Lithogeochemical results (Fig. 5C) indicate intermediate
composition, hydrous, calc-alkaline magmas (Casino suite) were emplaced as shallow intrusions
into the Whitehorse suite intrusions through northwest-trending, steeply-dipping structures (Fig.
7C). The Tlansanlin formation (ca. 79-75 Ma; Yukon Geological Survey, 2020b) is hypothesised
to be the extrusive equivalent of the Casino suite, however it is rarely preserved and not
documented within the MNGC. Lithogeochemical results suggest the Casino suite magmas share
similar lower crustal sources as the Whitehorse suite (Fig. 7C), but with much more fractionation
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of the HREE (Fig. 5D). The latter is consistent with the suggested thickening of the continental
crust and superposition of the Casino arc on the Dawson Range volcanic arc. The Casino deposit,
Nucleus-Revenue deposits, and several other Cu-Au-Mo PCDs are documented to have formed
during 76–74 Ma (Allan et al., 2013).
Late Cretaceous (72–65 Ma): Intrusive rocks within this time interval (Prospector
Mountain suite) display increasingly alkaline compositions (Fig. 5C) and plutonism was
accompanied by shoshonitic basalts (Carmacks Group; Smuk, 1999). These chemical features
suggest a likely a change in tectonic environment at ca. 72 Ma. This magmatic event also
corresponds with formation of intermediate- to low-sulfidation epithermal vein and Cu-Au-Mo
porphyry occurrences throughout the DRGB (constrained through crosscutting relationships and
Re-Os molybdenite dates; Allan et al., 2013). Several of these hydrothermal systems (e.g., Frog/
Lilipad prospect; Allan et al., 2013) display features typical of extensional and transtensional
tectonic environments (e.g., NW- and NE-trending normal faults with sinistral strike-slip
components, open-space vein filling textures; Allan et al., 2013; Lee et al., 2020). The link
between alkaline magmatism and an overall extensional tectonic regime suggests localized
extension in an overall compressional-arc environment, likely through further southwestward
migration of the locus of subduction through slab rollback (Fig. 7D). Asthenospheric upwelling
at the base of the over-thickened continental crust likely initiated partial melting in hydrous
cumulates (incorporating subduction signatures from pre-existing MASH zones; e.g., Richards,
2009) and the lower crust to form magmas with geochemical signatures mimicking that of earlier
plutonic suites (Fig. 5D, E).
The composition of Prospector Mountain suite and Carmacks Group igneous rocks and
hydrothermal systems at Klaza appear to conform to the characteristics of post-subduction
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porphyry systems summarized by Richards (2009): (1) K-rich, mildly alkaline or shoshonitic
composition magmas; (2) small volume intrusions; and (3) Au-rich, Mo-poor hydrothermal
systems. This tectonic model for the DRGB and MNGC in the late-Late Cretaceous is conducive
for the formation of post-subduction alkalic epithermal Au and porphyry Cu-Au systems
(Richards, 2009).
Thermochronological studies have shown that minimal uplift occurred after 70 Ma in the
region (Bineli-Betsi et al., 2012; Moher, 2018). Further evidence lies in the preservation of
highly erosive volcanic stratigraphy such as the Carmacks and Mt. Nansen groups in
southeastern Yukon (Klöcking et al., 2016, Kovacs et al., 2020). This period of tectonic
quiescence in the DRGB and MNGC aided in the preservation of Late Cretaceous porphyryepithermal systems and their associated supergene enriched zones (e.g., Casino deposit).
3.6.4 Genetic Model for the Mt. Nansen Gold Corridor
Results from this study suggest the MNGC comprises the superposition of at least two
magmatic-hydrothermal ore systems, as summarized in Figure 8. The first of these is represented
by the Kelly porphyry complex consisting of Casino-age dikes and stocks (displaying evidence
of magma mingling; Fig 4I, J), which were emplaced between 80 and 72 Ma, whereas the
porphyry-type mineralization is constrained to between 80 and 77 Ma based on Re-Os ages for
molybdenite. Phyllic alteration associated with the porphyry mineralization overprints A- and Btype veins deeper in the Kelly system (Lee et al., 2020) and reflects the waning of the
hydrothermal system (Fig. 8A). Such phenomena are recorded in other porphyry systems
worldwide (Sillitoe, 2010). It is inferred that subsequent exhumation of the Kelly porphyry
complex exposed epithermal extensions of the Kelly system as well as the overlying Mountain
Nansen Group volcanic strata, that have since been eroded (Fig. 8B).
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A shift in the overall tectonic regime from compressional to an locally extensional is
proposed to occur at ca. 72 Ma (Allan et al., 2013 and references within). Consequently,
reactivation of pre-existing fault structures (dominantly NW- and NE-trending) as normal faults
localized intrusion of the Prospector Mountain suite as shallow plutons and dikes in close spatial
association with the older Casino suite dikes (Fig. 8B). Temporally equivalent Carmacks Group
basalts of shoshonitic affinity erupted throughout the southern Dawson Range (Fig. 3A; Smuk,
1999; Allan et al., 2013; Nelson et al., 2013) with the nearest outcrop of such volcanic rocks
outside the MNGC. Their absence overlying the Klaza-Brown-McDade ore systems (Fig. 3B)
may relate to erosion or a paleo-topography for the MNGC which simply did not allow the
basalts to enter the corridor. Results from Moher’s (2018) work discount the possibility of
extensive erosion after 70 Ma, therefore favouring the latter hypothesis.
Prospector Mountain suite magmatism is accompanied by porphyry-type mineralization
at the Cyprus and Rusk prospects (Fig. 3B; 8B). The superposition of the Cyprus-Rusk porphyry
system against the partly exhumed Kelly porphyry forms an area of possible hypogene
enrichment due to overprinting Cu-Au-Mo mineralization (Fig. 8C). The Klaza epithermal veins
formed during the Cyprus porphyry event, as low- to intermediate-sulfidation epithermal
extensions to the porphyry system. The occurrence of the Klaza veins at the same paleo-depth as
A- and B-type porphyry veins from the Kelly prospect suggests the Klaza veins occurred at a
significantly later time relative to the Casino-age porphyry pulse (Fig. 8B).
The Klaza epithermal veins are interpreted to be the distal, Mn-Ag-Pb-Zn-rich extensions
of the temporally equivalent porphyry system based on zonation models discussed by Sillitoe
(2010). In contrast, the same age Brown-McDade vein cluster (including the Flex and Heustis
zones) formed the proximal, high- to intermediate-sulfidation (Au-As-Cu) extension of the Kelly
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porphyry system, as supported by the presence of residual (“vuggy”) silica and acid-leached
zones on surface (Fig. 8D).
3.6.5 Regional analogue: Freegold Mountain district
The Freegold Mountain district (FGMD) comprises over forty porphyry and epithermal
occurrences (e.g., Revenue, Nucleus, and Tinta Hill deposits; Figs. 3A, 9A). Much like the
MNGC, these: (1) occupy a NW-trend; (2) are found in YTT (Nucleus) and Whitehorse suite
(Revenue) host rocks; and (3) have genetic affinity to Casino and Prospector Mountain suite
rocks (Allan et al., 2013; Friend et al., 2018, Friend, 2021). The First-order control on
mineralization is the Big Creek Fault (BCF), a transcrustal dextral fault parallel to the regional
Tintina Fault (Fig. 1B). The Nucleus and Revenue deposits are hosted in fault duplex and
therefore in an area of high structural permeability and enhanced magmatic-hydrothermal
activity potential (Figs. 3A, 9A; Friend et al., 2018).
Several Cu-Au mineralized centres, including Revenue (Cu-Mo-W-Au-Ag) and Nucleus
(Au-Ag-Cu), lie within a 6 km-long Cu and Au soil anomaly coincident with chargeability and
local magnetic anomalies that overlap potassic altered rocks (Sim and Davis, 2020). Revenue
comprises several zones (Blue Sky, “WAu” breccia, Revenue diatreme; Fig. 9B) that are briefly
described below and then incorporated into a genetic model.
Blue Sky Zone: This approximately 180 m-wide hydrothermal breccia body is in
Whitehorse suite granodiorite (Fig. 9B). Monomictic, jigsaw-textured breccia is dominated by
sub-rounded clasts (cm- to m size) of Whitehorse suite rocks and rare aplite. Some clasts have
potassic alteration and sheeted chalcopyrite ± magnetite (rare) veins and are cemented by quartzbiotite- chalcopyrite-pyrite (±pyrrhotite)-molybdenite-arsenopyrite ± anhydrite (Fig. 9C).
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Porphyry-type Cu-Mo-Au mineralization occurs as biotite-magnetite-chalcopyrite (±pyritepyrrhotite) veins (M-veins; Fig. 9D), A-veins (Fig. 9E), B-veins, and biotite-K-feldspar
(potassic) alteration (Fig. 9D, E). Late-stage, syn-mineral porphyritic and aplitic dykes of the
Casino and Prospector Mountain suites cut breccia-related potassic alteration. These dikes are
themselves overprinted by phyllic alteration and contain disseminated pyrite-chalcopyrite.
WAu Breccia: This magmatic-hydrothermal breccia lies between the Blue Sky Zone
breccia and the Revenue diatreme; Fig. 9B). Drill-tested to 850 m, it is interpreted as a planar
200 by 50 m domain of jigsaw-textured monomictic-to-polymictic breccia clasts in addition to
clasts of quartz-feldspar porphyry and aplite. The breccia transitions from near-surface where
strongly altered (illite-kaolinite) clasts in a matrix of carbonate-quartz-chalcopyrite-arsenopyritemolybdenite-scheelite (Fig. 9F) ± sphalerite ± galena ± anhydrite ± Bi-Te-sulfides ± Co-minerals
(e.g. glaucodot) to (≈400 m depth) a zone of silicified clasts and matrix with lesser sulfides
(pyrite, chalcopyrite, molybdenite). In the deepest zones (>560 m), the clasts are intensely Kfeldspar-biotite altered with a magnetite-chalcopyrite-molybdenite cement (Fig. 9F). The deeper
breccias show magmatic-hydrothermal (i.e., transitional) features such as aplite or a quartzfeldspar breccia matrix.
Revenue diatreme: This elliptical (1,200 by 500 m), steeply south-dipping feature
contains variable concentrations of rock-flour, and grains of angular feldspar, quartz and biotite
in addition to milled/rounded lapilli with varying provenance (i.e., YTT, Whitehorse suite,
Casino suite, WAu breccia, and enigmatic origin; Fig. 9B). The clasts of varied type and texture
– stockwork veins, epithermal quartz veins, unidirectional solidification textures (UST; Fig. 9G),
pegmatite features, and porphyritic textures – have disseminated chalcopyrite-bornite and were

83

likely transported and milled from depth. The material records a late overprinting of minor-towidespread replacement by blebby-to-massive quartz-chalcopyrite-pyrite-molybdenite.
Epithermal-type veins: These veins contain quartz-carbonate (Mn-bearing ankerite,
dolomite, and calcite)-chalcopyrite-pyrite ± Bi-Te-sulfides ± gold ± arsenopyrite ± barite (Fig.
9H). They cut all the above lithologies and breccias and occur in various open-space textures
(colloform, crustiform, bladed) and shear-textures 500 m depth. These veins are commonly
associated with Bi-Te sulfides, visible gold, and other sulfides, occupying <15% of the vein.
Genetic model: The Revenue deposit experienced the repeated influx of magmatichydrothermal fluids and brecciation. The longevity of this event is reflected by 78 Ma ages for
both zircon (U-Pb; host rocks) and molybdenite (Re-Os; molybdenite-chalcopyrite-quartz veins)
in Bineli-Betsi et al. (2013) to ca. 75 Ma for matrix molybdenite (Re-Os; Allan et al., 2013). The
highly variable sulfide mineral chemistry (Sim and Davis, 2020) and complex multistage
paragenesis also reflect a protracted event.
The Blue Sky breccia with phyllic and/or potassic alteration is one of the earliest
hydrothermal events in the area. An inferred Casino-age for the causative intrusion at depth is
based on the presence Casino-like plagioclase-quartz porphyritic dikes crosscutting the
stockwork veins. The breccia is interpreted as syn-to-post stockwork mineralization reflecting
the focused exsolution orthomagmatic fluids either adjacent or above the porphyry system. The
upper part of the WAu breccia reflects a more evolved stage in the magmatic-hydrothermal of
the system based on its elevated W, Mo, and Sn associated with aplitic and pegmatitic clasts and
dikes. These fluids are cautiously inferred to be sourced directly from fractionated melts off
Casino suite causative intrusions.
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The Revenue diatreme occurs as one of the youngest Casino-age magmatic events prior
to the distinct Prospector Mountain Suite magmatic-hydrothermal activity. Emplacement of the
Revenue diatreme thus represents a major pressure release event that marks the end of Casinoage magmatic-hydrothermal activity in the area.
Much like the MNGC (Fig. 10A), Prospector Mountain-age (ca. 72–65 Ma) dikes, stocks,
and hydrothermal mineralization are also observed at the FGMD (Fig. 10B; Friend et al., 2018,
Friend, 2021) and the giant Casino porphyry deposit (Selby et al., 2001, Friend, 2021). The late
Au-Bi-Te-Cu-bearing epithermal veins at Revenue represent the latest mineralization at ca. 72
Ma (in situ U-Pb calcite; Mottram et al., 2020) and coincides with a transition from Casino to
Prospector Mountain magmatism. Drilling has intersected these epithermal veins to 500 m depth,
thus suggesting the causative intrusion lies below this. These observations suggest a Prospector
Mountain-age hydrothermal system is likely superimposed on the Casino-age porphyry system at
Revenue, much like the model for the MNGC.
These observations provide further insight relevant for future exploration in the FGMD
and the MNGC through the continued improvement of relevant genetic models. We note
therefore that exploration in both districts continues to search for other superimposed porphyry
cupolas at shallower depths.

3.7 Conclusions
The mid-to-southern DRGB is well endowed with PCDs and epithermal Au deposits
spanning two metallogenic epochs, the Casino and Prospector Mountain events, thus displaying a
protracted magmatic event of some 15 myr (80–65 Ma). Strong structural control in the DRGB
has favoured the co-spatial emplacement of multi-generational magmatic-hydrothermal features
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through reactivation of transcrustal faults and their splays. Geochronology, geochemistry,
petrology, and field-based data from the MNGC provides strong evidence for: (1) the temporal
superposition of at least two porphyry systems - Casino-age and Prospector Mountain-age); (2)
common lower crustal MASH zone sources for the Minto, Whitehorse, Casino, and Prospector
Mountain igneous suites; (3) porphyry Cu-Au-Mo (in addition to epithermal Au-Ag)
prospectivity associated with Prospector Mountain suite magmatism; and (4) a localized
extensional tectonic environment for the formation of the Klaza epithermal deposit between 72–
65 Ma. Emerging evidence from the Revenue deposit in the FGMD suggests superimposed
porphyry systems may be common phenomena in the DRGB, and shallow, superimposed cupola
zones may be present as potentially economic, metal-enriched exploration targets.

3.8 Exploration Implications
Owing to numerous well-documented examples (e.g., Casino, Revenue, Klaza), the
characteristic features of Casino suite magmatism are generally understood to reflect oxidizing,
volatile-rich conditions conducive for forming PCDs; the Prospector Mountain suite magmas
also reflect similar “fertility” indicators and thus hold a similar potential for having generated
Au-rich PCDs. Therefore, intrusive rocks of Prospector Mountain age (72–65 Ma) need not be
excluded from consideration in the exploration for porphyry deposits in the DRGB; conversely,
the presence of both Casino and Prospector Mountain suite rocks at a mineral occurrence
suggests heightened potential for the discovery of superimposed porphyry deposits with Cu-AuMo-enriched ore shells. Mineral belts such as the MNGC and FGMD contain examples of such
superimposed PCDs that have benefited from the superposition and intermingling of these two
magmas (Fig. 10).
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Figure 3-1: A. Typical porphyry copper system (modified from Sillitoe, 2010). B. Telescoping of
epithermal system and phyllic alteration on potassic zone as a result of paleosurface degradation
(as described in Sillitoe, 2010). C. Superposition of significantly younger magmatic suite with
associated porphyry and epithermal mineralization on older porphyry system.
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Figure 3-2: A. Outline of the Yukon (Canada) with important mining districts color-coded with
reference to the city of Whitehorse and other towns. The metal (Au, Ag, Cu) endowment of each
district is summarized in bar charts based on existing NI-43-101 resource estimates of deposits
reported in the Yukon Geological Survey MINFILE database. B. Distribution of Yukon terranes
with the most important faults highlighted (Tintina and Denali). Modified from Yukon
Geological Survey (2020a).
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Figure 3-3: A. Simplified geological map of the mid-to southern Dawson Range Gold Belt with
porphyry, epithermal, and skarn deposits and prospects indicated. Modified from Yukon
Geological Survey, (2020b). B. Geological map of the Mount Nansen Gold Corridor modified
from Sack et al. (2021) and Lee et al. (2020). A true-to-scale cross section A-A’ is provided here,
whereas a schematic long-section B-B’’ is illustrated in Figure 10A. Both maps from A and B
plot in UTM Zone 08, Datum: NAD 83.
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Figure 3-4: Variations of the intrusive suites at the Klaza deposit as seen in drill-core samples.
Polished slabs are displayed on the left whereas potassium-stained slabs are displayed on the
right (where available). Note that a significant proportion of potassium staining is attributed to
biotite and sericite in addition to K-feldspar. A. Hornblende-biotite granodiorite showing a light
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propylitic overprint. B. Biotite-hornblende tonalite. C. Monzogranite to granite (i2 phase). D.
Plagioclase(-biotite) phyric diorite (i3a phase). E. Hornblende diorite (i3b phase). F. Plagioclasequartz-biotite phyric granodiorite (i3c phase). G. Plagioclase-quartz(-biotite) phyric granodiorite
(i4 phase). H. Plagioclase phyric biotite diorite (i5 phase). I. i3a and i3b phases in gradational
contact and likely reflecting mixing of two magmas. J. i3a clast within i3b phase. K. i3a phase
cutting the i3b phase. L. i3b clast within i3a phase. M. sinuous pyrite-chalcopyrite-quartz A-type
vein extending out from an earlier EDM-like vein in i3b phase. N. Pyrite-chalcopyrite veins infilling an EDM-like alteration hosted in i3c phase. This assemblage has been overprinted by
chlorite from propylitic alteration. O. i5 phase dike brecciated and cemented by epithermal
mineralization (sphalerite-galena-boulangerite-quartz-ankerite). P. i5 phase cut by epithermal
mineralization (sphalerite-pyrite-arsenopyrite). Mineral abbreviations in accordance with
Whitney and Evans (2010). Q. Schematic diagram illustrating cross cutting relationships
between magmatic and hydrothermal phases at the Klaza deposit and Kelly prospect, as observed
in drill-core and petrography.
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Figure 3-5: A. Alteration index plot reflecting the degree of hydrothermal alteration in samples.
The Advance Argillic Alteration Index (AAAI) is plotted against the Ishikawa Alteration Index
(IAI); the box of “less altered samples” is from Williams and Davidson (2004). B. A total alkali
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versus silica (TAS; Le Maitre, 1989) diagram displaying the compositional variation of the
intrusive rocks from this study; note the Mountain Nansen Group data are from Klöcking et al.
(2016) whereas Guichon Creek Batholith data are from Byrne et al. (2020). C. An immobileelement plot from Winchester and Floyd (1977) used to compare compositional variation of all
samples (including altered samples). D. Chondrite-normalized REE plot (values of Sun and
McDonough, 1989) showing fields for the different suites. E. Primitive-mantle-normalized trace
element spider diagram (using values of Sun and McDonough, 1989) depicting average
geochemical signatures of each intrusive suite. F. Plot of Eun /Eu* versus SiO2 for all samples to
show the relationship between fractionation and Eu anomaly. G. (La/Sm)N versus (Dy/Yb)N plot
to show LREE and HREE fractionation patterns in each intrusive suite. H. La/Yb versus Yb plot
used to assess HREE depletion in each intrusive suite. The “adakite” field from Kay (1978) is
shown in order to assess the fertility of each intrusive suite for PCD formation (Richards and
Kerrich, 2007).
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Figure 3-6: A compilation of age constraints (using different geochronometers as shown) for
magmatic and hydrothermal events in the Mount Nansen Gold Corridor. The two statistically
different, yet spatially superimposed metallogenic events represented by the Casino and
Prospector Mountain suites are highlighted in orange and green, respectively.
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Figure 3-7: Schematic cartoons depicting time slices from the Late Triassic to Late Cretaceous in the tectonic model proposed for Late
Cretaceous porphyry metallogeny in the Dawson Range Gold Belt. Figures are modified from those in Nelson et al., 2013 and
Richards, 2009.
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Figure 3-8: Schematic cartoons illustrating a proposed genetic model for the Mount Nansen Gold
Corridor. A. Emplacement of Casino suite magmas and related Kelly porphyry mineralization. B.
Emplacement of Prospector Mountain suite magmas and Cyprus-Rusk porphyry mineralization.
C. Current preservation level and drilling extent in the Mount Nansen Gold Corridor. D.
Representative images of acid-leaching (of K-feldspar) and residual silica textures from the Flex
and Heustis zones at the Brown-McDade deposit.

Figure 3-9: A simplified and cropped geologic map of the Freegold Mountain district modified
from Mottram et al. (2020). The legend for this map matches the legend in Figure 2 except for
lithologies indicated otherwise. The schematic long section C-C’’ is provided in Figure 11B. B.
A schematic diagram displaying textural paragenetic relationships between magmatic and
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hydrothermal phases at the Revenue deposit. C. Representative example of Blue-Sky breccia
(net-textured and massive chalcopyrite-pyrite-pyrrhotite-magnetite) cut by later epithermal veins.
D. Pyrite-pyrrhotite-magnetite-biotite veins with K-feldspar selvage in potassic-altered
Whitehorse suite granodiorite. E. Sinuous, chalcopyrite-quartz A-type vein cutting potassicaltered Whitehorse suite granodiorite. F. Representative example of WAu breccia with nettextured and blebby chalcopyrite-biotite-magnetite-scheelite in potassic (K-feldspar-biotitemagnetite) altered rock. Inset shows the scheelite in this sample under UV light. G. Example
banded quartz and aplite UST textures observed in a pegmatite dike in the WAu zone. H.
Example of chalcopyrite-Bi-Au-bearing epithermal vein with crustiform textures hosted in
phyllic- and propylitic-altered Whitehorse suite granodiorite. Mineral abbreviations in
accordance with Whitney and Evans (2010).

Figure 3-10: Schematic long-sections comparing the Mount Nansen Gold Corridor (A) to the
Freegold Mountain District (B). Note that no vertical exaggeration is applied to both sections.

111

The legend for these sections matches the legend in Figure 3 except for lithologies indicated
otherwise. Dashed thick lines represent drilling extents at the time of writing.

Table 1: Compilation of Re-Os molybdenite geochronology results.
Sample ID

Re

± 2σ

(ppm)

± 2σ

187

Re

(ppm)

187

Os

± 2σ

(ppb)

Model Age

± 2σ

(Ma)

(Ma)

CYWS17-01

5.777

0.017

3.631

0.011

4.299

0.006

71.0

0.3

CYWS17-01-RPT

5.959

0.018

3.746

0.011

4.427

0.006

70.9

0.3

KZWS17-128

42.06

0.13

26.44

0.08

34.11

0.04

77.4

0.3

KZWS17-128-SPT

0.1086

0.0003

0.0682

0.0002

0.0877

0.0005

77.1

0.5

KY19-20

0.1108

0.0003

69.65

0.21

0.094

0.001

80.8

0.9

KY19-20-SPT

0.0733

0.0002

46.06

0.14

0.061

0.001

79.3

1.2
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Chapter 4
Geology, Petrology and Geochronology of the Late Cretaceous
Klaza Epithermal Deposit: A Window into the Petrogenesis of an
Emerging Porphyry Belt in the Dawson Range, Yukon, Canada
4.1 Abstract
The richly mineralized Dawson Range gold belt (DRGB) in Yukon, Canada remains a
relatively understudied part of the North American Cordillera despite a long history of porphyry
Cu-Au-Mo deposit (PCD) exploration. Here the well-preserved Klaza Au-Ag-Pb-Zn porphyryepithermal deposit is used as a type-example of Late Cretaceous magmatic-hydrothermal
mineralization to address the complex metallogeny of the DRGB. U-Pb zircon dating defines
four magmatic pulses of Late Triassic to Late Cretaceous with the latter consisting of the Casino
(80–72 Ma) and Prospector Mountain (72–65 Ma) suites.
The Casino suite has five phases of intermediate- to felsic calc-alkaline composition,
correspond with older (77 Ma) porphyry mineralization, and display evidence of magma mixing.
The intermediate to mafic, slightly alkalic Prospector Mountain suite shows evidence of
mingling with the youngest Casino suite phases, correlates with younger (71 Ma), intermediatesulfidation epithermal and porphyry-type mineralization, and shoshonitic basalts of the
Carmacks Group. Zircon trace element data suggest a common melt source for these suites;
however, the younger suite records features (e.g., high La/Yb) indicating melting at higher
pressure.
Results from this study highlight the Prospector Mountain suite as a historically
overlooked causative suite linked to Au-rich PCDs in the DRGB and extends the temporal
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window of PCD prospectivity in the DRGB. The transition from Casino- to Prospector Mountain
suite magmas is proposed to reflect a transition to localized extension, which is becoming more
recognized as a common characteristic of productive porphyry belts globally.
Keywords: Telescoped porphyry; Dawson Range; metallogeny; petrogenesis; paragenesis;
Casino; Prospector Mountain; Klaza; Yukon; postsubduction; slab rollback

4.2 Introduction
The North American Cordillera represents a long-lived orogen, active since the
Neoproterozoic, which has involved many episodes of accretion, rifting and varied magmatism
with spatially and temporally related varied hydrothermal mineralization (Allan et al., 2013;
Nelson et al., 2013; Colpron et al., 2015). Consequently, the area is well known for a wide
spectrum of ore-deposit types that include porphyry, epithermal, volcanogenic- and sedimentaryhosted massive sulfide deposits, MVT and orogenic gold deposits (Nelson et al., 2013).
Numerous studies have documented the nature and origin of these ore deposits at various scales
which collectively have contributed to furthering our understanding of metallogeny of this and
analogous settings (e.g., Corriveau, 2007; Dubé et al., 2007; Galley et al., 2007; Goodfellow and
Lydon, 2007; Hart, 2007; Paradis et al., 2007; Peter et al., 2007; Sinclair, 2007; Taylor, 2007).
As expected, however, details of processes relevant at more refined scales for different districts
requires more concentrated and focused studies. This is the case for the Late Cretaceous
evolution of the Yukon segment of the Canadian Cordillera (Allan et al., 2013; Nelson et al.,
2013; Colpron et al., 2015).
Factors which have limited further advancing the understanding of the Yukon segment of
the Cordilleran region, in particular its magmatic-hydrothermal ore deposit systems, include: (1)
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poor characterization the progenitor igneous rocks and their related hydrothermal systems; (2)
limited geochronological constraints and paragenetic investigations; (3) obscure and/or poorly
preserved cross-cutting relationships between intrusive phases and mineralization; and (4)
limited outcrop due to variably thick soil cover (limited glaciation) in the Dawson Range gold
belt (DRGB). This gap in metallogenic knowledge has understandably hindered both the
understanding of mineralization and exploration in the DRGB, which is currently one of the
richest mineral belts in the Yukon Cordillera, particularly for Au and Cu (Fig. 1A).
The Late Cretaceous Klaza Au-Ag-Pb-Zn-(Cu) epithermal deposit is one of many
mineralized magmatic-hydrothermal centres in the DRGB (Fig. 1A). It has a current indicated
resource of 4.457 Mt containing 686,000 oz Au, 14,071,000 oz Ag, 73,268,000 lbs Pb and
92,107,000 lbs Zn at grades of 4.8 g/t Au and 98 g/t Ag, 0.7% Pb, and 0.9% Zn (Ross et al.,
2018) and a recent (summer 2020) positive feasibility study indicates its likely future mining
potential (Ross et al., 2020). Although porphyry-type targets, and thus potentially more
significant mineral resources, have long been speculated to be present on the Klaza property
(Lamb, 1947; Hart and Langdon, 1997; Mortensen et al., 2016; Ross et al., 2018), compelling
evidence for such mineralization has not been presented prior to this study.
The well-preserved, widely mineralized porphyry-epithermal Klaza setting provides an
excellent opportunity to better constrain and define the nature of this mineralized setting. This is
important as it means that any derived ore-deposit models from such work can then be widely
applied across the mineral-deposit favourable DRGB (Allan et al., 2013; Nelson et al., 2013;
Friend et al., 2018). As such, this paper uses an extensive database provided by recent (20112020) exploration to propose a revised tectonic and petrogenetic model for the Klaza system.
The present study is based is based on new field constraints derived from logging of 12 km of
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core, related regional mapping, and follow-up work. The latter work comprised petrographic
studies, whole rock lithogeochemistry, geochronology (U-Pb zircon, Re-Os molybdenite, Ar-Ar
muscovite) and in situ zircon geochemistry. In addition, an extensive company dataset of metal
assays allowed examination of metal zonation at the deposit scale. This information is
collectively used to improve the metallogenic model in an emerging porphyry Cu-Au district in
Yukon.

4.3 Regional Geology and Mineralizing Events
The DRGB stretches from the Yukon-Alaska border to within 50 km of Carmacks in
Yukon, Canada (Allan et al., 2013; Fig. 1A). However, the known porphyry Cu-Au deposits
(PCDs), prospects, and occurrences are at present restricted to the mid- to southern Dawson
Range area (Fig. 2A). This preferential distribution of porphyry and epithermal systems could be
a function of varying exhumation extents (and thus preservation potential; see discussion section)
or accessibility for exploration activities in the DRGB.
Basement rocks underlying most magmatic-hydrothermal systems in this area comprise
Devonian and older metamorphosed volcaniclastic and sedimentary rocks of the
parautochthonous Yukon-Tanana terrane (YTT; Fig. 1B). The YTT re-accreted to the Laurentian
margin between the Late Permian and Early Triassic during west-dipping subduction on its
eastern flank (Nelson et al., 2013), as now represented by the Slide Mountain Terrane and the
Whitewater Fault (Klepacki and Wheeler, 1985). Subduction polarity switched in the Late
Triassic and resulted in east-dipping subduction of the Kula plate on the western flank of the
YTT (Nelson et al., 2013). Consequently, intermediate calc-alkalic Minto (ca. 204-195 Ma) and
Long Lake (ca. 188-183 Ma; Sack et al., 2020) suite plutonic bodies of granodiorite to monzonite
nature intrude the suture between the YTT and the Stikine Terrane. These rocks host rafts of the
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migmatized Late Triassic porphyry Cu-Au-Ag systems (Minto, Carmacks Copper) in the Minto
Copper Belt (Kovacs et al., 2020). This Late Triassic to Early Jurassic magmatic pulse coincides
with the well-known and significant porphyry Cu-Au-Mo endowment (e.g., Mt. Milligan, Jago et
al., 2014; Galore Creek, Micko et al., 2014; Red Chris, Rees et al., 2015; Highland Valley,
D’Angelo et al., 2017; Mitchell, Febbo et al., 2019;) further south in British Columbia (Logan
and Mihalynuk, 2014).
The aforementioned volcanic arc migrated westward at ca. 120 Ma and gave rise to
intermediate- to felsic, metaluminous, calc-alkaline Whitehorse suite (ca. 120-98 Ma)
granodioritic bodies that intrude the contact between the Minto-Long Lake suites and the YTT
(Fig. 2A). The Mountain Nansen Group (ca. 115 Ma) andesites, which form a coeval extrusive
counterpart to the Whitehorse suite rocks, are documented to overlie and are in-turn intruded by
younger phases of the Whitehorse magmatic pulse (Klöcking et al., 2016). Mineralization
correlated with the extensive Whitehorse suite magmatism in the DRGB includes the Pattinson,
Idaho Creek, and Antoniuk prospects (Allan et al., 2013).
East-dipping subduction continued in the Late Cretaceous and resulted in emplacement of
the intermediate calc-alkaline Casino suite (ca. 79–72 Ma; Allan et al., 2013) rocks with the
same magmatic locus as the Whitehorse suite rocks (Fig. 2A). This Late Cretaceous intrusive
suite is significantly less voluminous than the earlier plutonic suites and importantly was
emplaced as high-level porphyry dikes, plugs, and breccias; they are inferred to be the causative
intrusions of several porphyry-epithermal systems in the southern DRGB (Bennett et al., 2010;
Bineli-Betsi and Bennett, 2010; Bineli-Betsi et al., 2013; Allan et al., 2013). The more
significant centres of mineralization related to this magmatism include (see Fig. 2A): (1) Casino
with resource of 1057 Mt at 0.2% Cu, 0.23 g/t Au and 0.022% Mo (Allan et al., 2013); (2)
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Nucleus with an indicated resource of 31 Mt at 0.65 g.t Au, 0.07% Cu, and 0.70% Ag (Sim and
Davis, 2020); and (3) Revenue with an indicated resource of 11.4 Mt at 0.38 g/t Au, 0.12% Cu,
2.4 g/t Ag, 0.016% Mo, and 0.008% W (Sim and Davis, 2020). Many PCDs in the DRGB host
significant Cu-Au-Mo resources and occur with genetically-associated epithermal extensions.
The youngest magmatism of 72–67 Ma (Allan et al., 2013), termed the Prospector
Mountain suite, consists of intermediate, subalkaline intrusive rocks that are coeval with the
shoshonitic and Mg-rich Carmacks Group (ca. 70 Ma) basalts (Smuk, 1999). Some Ag-rich
polymetallic veins with intermediate sulfidation (IS) epithermal characteristics are associated
with these intrusions (e.g., Prospector Mountain, Sixtymile River: Glasmacher and Freidrich,
1992; Allan et al., 2013). Several tectonic models have been proposed to address this magmatic
pulse: (1) plume-related magmatism (Johnston et al., 1996); (2) lithospheric delamination
(Mortensen and Hart, 2010); and (3) slab break-off (Ciolkiewicz et al., 2012).
Metallogenic epochs in the DRGB have been defined by varying timeframes in the
literature (as discussed above). In this contribution, we use new age constraints to modify the
original groupings from Allan et al. (2013) and redefine three metallogenic epochs correlating
with magmatism and mineralization int eh DRGB as: (1) mid-Cretaceous Whitehorse (120–90
Ma); (2) early-Late Cretaceous Casino (80–72 Ma); and (3) late-Late Cretaceous Prospector
Mountain (72–65 Ma).
4.3.1 The Mount Nansen Gold Corridor (MNGC)
The Mount Nansen Gold Corridor (MNGC; Fig. 2B) comprises approximately thirty
mineral occurrences and its overall geological setting is interpreted as a northwest-trending horst
structure (Hart and Langdon, 1997). Most of the mineral occurrences are hosted in steeply
dipping northwest-trending fault structures within Whitehorse suite granodiorite host rocks,
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Casino suite porphyritic dikes, Minto suite foliated granitoids, or YTT metasedimentary rocks
that form the basement in this area. Northeast-trending sinistral faults which appear to post-date
and offset northwest-trending structures, are proposed to likely be syn-kinematic with the
northwest-trending dextral faults (Allan et al., 2013). Allan et al. (2013) suggest these northeasttrending sinistral faults were likely active in the late-Late Cretaceous, with a normal component,
conducive to forming epithermal-type veins. This hypothesis is supported by recent U-Pb calcite
data from Mottram et al. (2020), which present Prospector Mountain age (ca. 72 Ma) calcite
veins hosted in hydrothermal veins and faults from the Freegold Mountain district (FMGD; Fig.
2A).
The MNGC comprises two clusters of gold-rich polymetallic veins: (1) the Klaza deposit
(NW; Fig. 2B); and (2) the past producer, Brown-McDade (SE; Fig. 2B). Both clusters form the
intermediate sulfidation epithermal extensions of a central porphyry complex (Hart and Langdon,
1997). The central porphyry complex comprises the Kelly, Cyprus, and Rusk drilled prospects
(Fig. 2B). Selby et al. (2001a, 2001b) proposed a 72–67 Ma age of formation for the MNGC
systems (Cyprus/ Rusk) based on dating of molybdenite (Re-Os) and hydrothermal K-feldspar
(Ar-Ar). Mortensen et al. (2016) proposed a post-77 Ma age of formation for the Klaza system
and a ca. 115 Ma age for the Brown-McDade system, both based on co-spatial relationships with
porphyritic dikes and their corresponding in situ U-Pb zircon ages.

4.4 Methodology
A detailed magmatic-hydrothermal paragenesis is used to provide geologic context for all
analytical techniques discussed below. The methodologies are elaborated in detail in Appendix
EA 4-1.
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4.4.1 Field work and Paragenesis
Sampling and field work of four months were conducted at Klaza in the 2017 and 2019
field seasons. The paragenesis of magmatic and hydrothermal events was established through a
combination of drill-core logging, which provided crosscutting relationships, detailed
petrography (transmitted and reflected light complemented with scanning electron microscopy
and energy dispersive spectroscopy (SEM-EDS)), whole-rock lithogeochemistry, and
geochronology (U-Pb zircon (CA-TIMS and LA ICP-MS), Re-Os molybdenite, and 40Ar/39Ar
muscovite). A list of samples and their locations is provided in Appendix Table EA 4-2.
4.4.2 Lithogeochemistry of altered rocks
Thirty-six samples of least- to highly altered intrusive rock were sent to Activation
Laboratories in Ancaster, Ontario for crushing, pulverising, and whole-rock geochemical
analysis. The analytical package used was 4Lithoresearch (Fusion XRF and ICP-OES). Lab
certificates and QA-QC of the output data indicate no analytical issues for the results presented
herein. Estimates of the errors for the major and minor elements are 0.5 to 10 % whereas for the
trace elements it is 0.25 to 10 %. A list of lithogeochemical results is provided in Appendix
Table EA 4-3.
4.4.3 Geochronology
40

Ar/39Ar muscovite: Three representative samples of phyllic- (muscovite-pyrite-quartz)

altered rocks from the Klaza deposit were collected and made into thin sections to verify the
presence of muscovite. Following on this, samples were then irradiated at the Oregon State
TRIGA Reactor, Corvallis, Oregon, USA, and analyzed by the furnace step-wise heating method
at the Nevada Isotope Geochronology Laboratory at the University of Nevada Las Vegas
(UNLV), USA, following the procedures outlined in Zamora-Vega et al. (2018).
120

U-Pb zircon (zircon separation): Twelve samples of feldspar porphyritic intrusive dikes
from the Klaza deposit were collected and sent to Overburden Drilling Management Laboratories
in Ottawa, Canada, where they underwent mineral separation using electric-pulse disaggregation.
Zircon grains were extracted through the use of a shaking table and micropanning the table
concentrate followed by hand-picking from the pan concentrate at Laurentian University.
U-Pb zircon (CA-TIMS): Two samples of zircon concentrates were sent to the Isotope
Geology Laboratory at Boise State University, USA, in 2018. The separated zircons were
mounted, polished, and subjected to CL imaging prior to reconnaissance LA-ICP-MS analysis to
identify age distributions, zircon morphology and provenance, and common Pb contamination.
Subsets of zircons from each sample were then selected from the LA-ICP-MS-analyzed zircons
and subjected to the chemical abrasion isotope dilution thermal ionization mass spectrometry
(CA-TIMS). The procedures used and data regression follow methods in Mattinson (2005).
U-Pb zircon (LA-ICP-MS): Ten samples of zircon concentrates were sent to the Isotope
Geology Laboratory at the University of Alberta, Canada, in 2018. The separated zircons were
mounted, polished, and subjected to CL imaging prior to LA-ICP-MS analysis. In situ analytical
techniques were employed following Simonetti et al. (2006). The instrument parameters used for
the analyses are summarized in Appendix Table A1. Each analytical run includes periodic
analysis of a primary reference material interspersed through the analytical session, to which the
raw data for unknown samples were normalized to correct for instrumental bias and within-run
drift. Secondary reference materials were also analyzed, and the results are in agreement with
standard values (App. Table EA 4-4).
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4.4.4 Zircon trace element analysis
Zircon trace element analyses were conducted at the Mineral Exploration Research
Centre isotope Geochemistry Lab (MERC-IGL), at Laurentian University, Sudbury, Canada. The
zircons analysed were those used for dating (see above) and the analysis overlapped pre-existing
laser ablation spots (40 µm). Reference materials were analyzed multiple times at the beginning
and end of each session, and once every ten unknowns throughout the session. Three seconds at
the beginning and two second at end of the ablation period were excluded from the spectra in
order to minimize potential fractionation effects. Iolite v3.6 (Paton et al., 2010, 2011) was used
for data reduction.

4.5 Results
4.5.1 Magmatic-Hydrothermal Paragenesis and Alteration
A detailed description of the mineralogical, textural, and geochemical characteristics of
the intrusive suites, as best seen in the Klaza deposit area, is presented in Lee et al. (2021),
whereas the detailed hydrothermal history is presented in Lee et al. (2020). This information is
summarized in chronological order to form a framework for the analytical results presented
herein. A shorthand nomenclature (i1 to i5) is used to simplify referencing of intrusive phases
(documented in drill core) in paragenetic order, whereas stages (1 to 4) are used to define
hydrothermal events. Furthermore, a shorthand prefix of “p” and “v” (e.g., p-Pro and v-Pro) is
used to indicate porphyry-related and epithermal vein-related alteration assemblages,
respectively.
Four magmatic suites are present in the MNGC: (1) early Triassic Minto (Fig. 3A); (2)
mid-Cretaceous Whitehorse (120 – 90 Ma); (3) Late Cretaceous Casino (80 – 72 Ma); and (4)
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Late Cretaceous Prospector Mountain (72 – 65 Ma). Geochemical fingerprinting of these suites
indicates using lithogeochemistry indicates intermediate- to evolved, calc-alkaline compositions
with a common lower-crust melt source (Lee et al., 2021). The Mt. Nansen Group andesite (Fig.
3B) which flank the Klaza deposit (Fig. 2B) are intruded by the Whitehorse intrusive suite (i1;
oldest intrusive suite documented in drill core). The Whitehorse suite is a multiphase intrusion of
biotite granodiorite (Fig. 3C) to biotite tonalite (Fig. 3D). This unit is common at depth and in
the Kelly zone. The i1 phase is cut by subsequent magmatic units (i.e, dikes) and forms a
primary host for hydrothermal (epithermal and porphyry) mineralization.
The Casino suite consists of at least five phases (i2 to i4; Fig. 3E – I) spanning
hornblende diorite to biotite granodiorite compositions with porphyritic to equigranular textures,
whereas currently only one phase is identified for the Prospector Mountain suite (described
below as i5; Fig. 3J). The Carmacks Group basalts (Fig. 3K) do not occur in the deposit area and
lie stratigraphically-above previously described lithologies. A summary of crosscutting
relationships between the various intrusive phases and vein types is provided in Figure 3L.
The earlier Casino suite phases (i2 to i3c) are confined to the Kelly zone, display
evidence of magma mingling seen as gradational contacts (Fig. 4A), cross cutting relationships
(Fig. 4B – D), embayed quartz (Fig. 4E), and sieve-textured plagioclase (Fig. 4F, 4G). These
phases also host porphyry-type mineralization (see below). In contrast, the i4 phase (Fig. 3I) is a
plagioclase porphyritic granodiorite that occurs as 10 cm to 3 m-wide dikes hosted in NWtrending structures throughout the deposit area. Mineral modes for each intrusive phase are
provided in Table 1.
Porphyry-type mineralization and alteration (Stage 1): Four vein types localized to the
Kelly zone are grouped together and these define the stage 1 event. Intrusive phases observed at
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Klaza (i1 to i5) are described in their chronological order of formation based on cross cutting
relationships; representative examples are shown in Figure 4. As the veins have features typical
of high-temperature magmatic-hydrothermal veins and generally conform to those described in
typical calc-alkaline porphyry deposit settings, the nomenclature of Seedorff et al. (2005) and
Sillitoe (2010) is herein adopted and used to describe them.
The earliest veins are considered to equate to the early dark micaceous- (EDM) type as
they are characterized by having dark biotite-muscovite haloes (Fig. 4H, 4I). They are 4 to 10 cm
in width, are replaced by chlorite during subsequent propylitic overprinting (Fig. 4H), and are
commonly lined by quartz-pyrite ± chalcopyrite due to later reopening coincident with formation
of later A- (Fig. 4J) and D- (Fig. 4M) type veins (e.g., Monecke et al., 2019). A less common
variant of these is an earlier biotite (EB) vein type which has a K-feldspar selvage (Lee et al.,
2020).
Sinuous A-type veins (Fig. 4I, 4J) are uncommon relative to EDM veins. They are
comprised of cloudy, granular quartz, are ~1 cm wide with pyrite-muscovite selvages, and rarely
have chalcopyrite. A weak Fe-carbonate overprint on these veins is attributed to later epithermal
fluids. B-type veins (Fig. 4K) comprise centre-line pyrite-quartz stockwork veins. These veins
are seen throughout the Kelly zone, but are most commonly hosted in the i2 phase in the Kelly
zone. Potassic alteration is observed deep in the Central Klaza zone as rare, magnetite-biotite ±
K-feldspar alteration (see section below). Although the A- and B-type veins are typically
associated with potassic alteration in porphyry settings (Seedorff et al., 2005; Sillitoe et al.,
2010), these veins are commonly overprinted by phyllic (p-Phy) and propylitic (p-Pro) alteration
in the Kelly zone (Fig. 4J, 4K).
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Quartz molybdenite veins (Fig. 4L) 3 to 10 cm wide and hosted in the i1 phase, are
commonly cut by pyrite-arsenopyrite-carbonate veinlets associated with the later epithermal
stages; consequently, they have a combination of phyllic (p-Phy and v-Phy) alteration haloes.
The D-type veins (quartz-muscovite-pyrite; Fig. 4M) are hairline-width and have well-developed
phyllic (p-Phy) alteration haloes of cm-scale. These veins have several variations, including a
quartz-muscovite-pyrite-tourmaline ± rhodochrosite variant, which can form as breccia zones in
the Central Klaza zone (Fig. 4N).
Propylitic (p-Pro) alteration contains an assemblage of chlorite-hematite ± epidote ±
pyrite. Chlorite replaces magmatic hornblende and biotite and is the dominant alteration
mineral, whereas trace hematite occurs in magmatic K-feldspar. The assemblage is extensive on
the deposit scale with a minor overprint even seen on the least altered samples. This assemblage
occurs syn-to-post D-type vein formation, and therefore overprints Stage 1 veins and p-Phy
alteration.
Prospector Mountain suite: A Prospector Mountain-age dike (ca. 72 Ma) was first
reported by Mortensen et al. (2016) amongst other Casino-age dikes. This U-Pb zircon age has
since been reproduced in this study (see below). This previously unrecognized intrusive phase
(i5) is highly altered, with only pseudomorphs of primary feldspar minerals preserved amongst
remnant primary biotite, secondary illite and calcite. The i5 phase is a slightly alkalic (Lee et al.,
2021) diorite seen as biotite-plagioclase-bearing dikes which occur co-spatially with the i4
phase; however, this phase is less voluminous than the i4 phase. It differs from the i4 phase in its
lack of resorbed quartz phenocrysts and displays an overall lower silica content; however, it also
displays features of magma mingling with the i4 phase (Fig. 5A). The i5 phase is cut (Fig. 5B,
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5C) and brecciated (Fig. 5D) by Stage 2b (see below) epithermal mineralization, therefore it
forms an upper time constraint to the mineralization.
Epithermal-type mineralization and alteration (Stage 2): The stage 2 veins constitute the
main-ore stage at Klaza. It comprises three sub-stages with the mineralogy zoned laterally (on
the deposit scale) with respect to the inferred heat source, thus from hotter (SE) to colder (NW).
Detailed petrographic observations and supporting micro-analytical data for these hydrothermal
stages are beyond the scope of this study and are instead discussed elsewhere (Lee et al., in prep.;
see Chapter 5).
Stage 2a veins are massive pyrite ± arsenopyrite veins that are cut by later white, cloudy
(from fluid inclusions) quartz ± chalcopyrite ± enargite veins (Fig. 5E, 5F). The abundance of
arsenopyrite increases towards the NW, away from the heat source (Fig. 5F), whereas the
abundance of both chalcopyrite and enargite increases toward the heat source (SE). Stage 2b
veins are banded arsenopyrite-sphalerite-pyrite - bearing smoky quartz veins, their textures
indicating repeated dilation and fill of these antitaxial-like veins (Fig. 5E, 5G). Petrographic and
LA-ICP-MS analysis indicate that Au occurs as electrum inclusions and also as a refractory
phase (i.e., invisible Au) in arsenopyrite and pyrite from both Stage 2a and Stage 2b (Lee et al.,
in prep; see Chapter 5). Stage 2c veins comprise quartz-galena-sphalerite-sulfosalt ± chalcopyrite
fill (Fig. 5G, 5H). These veins cut Stage 2a veins and locally form jigsaw breccias. Quartz occurs
as euhedral crystals occluding space following semi-massive infill by galena and sphalerite.
Intergrown sulfosalts include several Ag-bearing phases such as tetrahedrite, pyrargyrite, and
argentite (now acanthite). Galena is also argentiferous and contains intergrowths of boulangerite,
argentite, and Ag-tetrahedrite (Fig. 5I, 5J). The sulfosalts are zoned laterally and vertically, thus
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Ag- and Pb-rich phases occur in the Western Klaza zone (NW), whereas the Ag- content of
tetrahedrite decreases with depth. In addition, chalcopyrite abundance increases with depth.
Epithermal carbonate veins (Stage 3): Sulfides hosted in carbonate veins are minor
contributors to the overall Ag-Pb-Zn budget of the ore system. This vein stage cuts stage 1 and
stage 2 assemblages and occurs as breccia (Fig. 5D) or narrow veins (Fig. 4L, 5C, 5H) and vein
swarms. The carbonate is varied and includes ankerite, dolomite, calcite, and rhodochrosite with
dolomite being the most abundant phase. Clasts of Pb-Zn sulfide phases are commonly observed
in this stage (Fig. 5H); however, primary galena and sphalerite are observed to be intergrown
with bladed barite phases (Fig. 5K), colloform, and moss-textured carbonate (Fig. 5L). The
bladed barite and colloform ± moss-textured carbonate phases, features commonly attributed to
fluid boiling (e.g., Moncada et al., 2012, 2017), are observed at shallow depths (75-125 m) and
generally post-date the deposition of the precious- and base metals seen in Stage 2.
Cataclasis (Stage 4): Stage 4 is syn- to post-stage 3 and occurs in the form of extensive
shearing and cataclasis along the composite-vein-hosting fault structure. Vein-hosting faults
display evidence of post-mineral movement, such as clay-altered fault gouges on the margin of
mineralized quartz veins (Fig. 5M). This cataclasis is seen as polymictic breccias with subrounded clasts of earlier vein material of all stages, the various intrusive phases (i1, i4, and i5),
silicified breccias (Fig. 5N), and rock flour.
The epithermal event forms wide, complex, composite veins due to their strong structural
controls. The noted textural relationships between substages and vein stages described above are
summarized in Figure 5O. Alteration associated with the epithermal stages is described below.

127

A transect depicting the typical changes in alteration mineralogy from wall rock to
mineralized veins that relates to the epithermal type mineralization is shown in Figure 6A-C and
summarized graphically in Figure 6D. Stage 2 veins are associated with a proximal, phyllic (vPhy; muscovite-illite-quartz-pyrite ± sphalerite ± galena) alteration halo. This assemblage occurs
in very narrow (cm-scale) intervals beside composite epithermal veins (Fig. 6A, 6C). This halo is
bleached white because of extensive muscovite alteration resulting from acid-alteration near the
fluid-hosting structure. Fine-grained sphalerite and galena are observed in addition to pyrite and
hairline D-type quartz-pyrite-muscovite veins.
The epithermal veins are also associated with a distal, propylitic (v-Pro) alteration halo.
This assemblage mainly consists of chlorite-epidote-Fe-Mg-carbonate-rutile and illite-muscovite
intergrowths. It is characterised by a 1–2 cm wide chlorite-leucoxene (rutile) band on its outer
margin and the limit of mafic minerals (hornblende-biotite-magnetite). Importantly, the lack of
magnetite in this alteration allows related vein zones to be modeled using magnetic susceptibility
measurements. Its width (4 m to several m) varies according to degree of brecciation of the host,
which is a function of structural preparation. The Fe-Mg-carbonate is more extensive and is
observed up to 8 m from the sulfide veins. This footprint is best seen in oxidized drill-core (Fig.
7) due to carbonate oxidation (bright orange; Fig. 7C, E) or using carbonate staining protocols
(Hitzman, 1999).
4.5.2 Geochemistry of Alteration Assemblages
Mass balance was done on select samples using Grant’s (1986, 2005) isocon method
(Fig. 8) with three different vein-related alteration assemblages studied (i.e., magnetite-biotite, pPhy, and v-Pro). In each case, the altered material is compared to a representative least altered
Whitehorse suite granodiorite sample (KZWS17-62), which contained a weak p-Pro overprint. In
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these plots, P2O5, TiO2, Al2O3, and Zr are used to define the isocon (note the TiO2 exception for
the magnetite-biotite alteration) which also includes many of the rare earth (REE) and high field
strength (HFSE) elements.
The magnetite-biotite ± K-feldspar assemblage shows variable gains or enrichments
with >900% for Cu, Mo, As, and W, >100 % for Cr, Ag, and LOI, and 15–100 % for V, TiO2,
P2O5, MgO, Co, Sc, Sb, Ba, Sr, Zn, total Fe2O3, and K2O relative to its protolith (Fig. 8A).
Enrichment of Ti is noted here and is related to this alteration type as it behaves as a conserved
element in the other plots below. The alteration assemblage also has variable depletion with
<25 % loss for MnO, Na2O, and CaO, and 50% for Bi. The elemental changes relate to alteration
with V, TiO2, Fe2O3, MgO, and volatiles reflect increases in secondary magnetite and biotite, K
due to secondary K-feldspar, biotite, or muscovite overprint, and the Cu, Mo, W, Sb, and Co
reflecting contributions from the mineralizing fluid. The depletion in Na and Ca reflects
plagioclase destruction, whereas Mn loss likely reflates to a thermal gradient as it is commonly
mobilized into the cooler, epithermal environment (Seedorff et al., 2005; Sillitoe 2010).
Phyllic alteration associated with D-type veins (p-Phy) shows variable enrichments with
a >900 % increase in Sn, Cu, Ni, Bi, Co, W, and As, >300 % for Ag, Sb, and LOI, and 50–100 %
for Fe2O3, K2O, and Zn relative to the least altered protolith (Fig. 8B). This alteration assemblage
has variable depletion with 50 % loss of MgO and U, and 75–100 % for Ba, Sr, MnO, Na2O, and
CaO. The increase in K and complementary depletions of Na and Ca reflect plagioclase
destruction to form muscovite and illite. The increases in Fe reflects extensive pyrite formation
which is also related to slight mass gain (mass factor =1.1). The imprint of the mineralizing fluid
is reflected by the gains for Sn, Cu, Bi, W, Ag, Sb and As.
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Propylitic alteration (v-Pro) shows variable enrichments with >500 % increase for Zn, Pb,
Cu, Ag, Sb, Cr, Mo, Sn, and MnO, and 40–100 % for Fe2O3 and K2O, and depletions in Ca, Bi,
Co, Ba, Sr, and Na (Fig. 8C). The Zn and Pb relate to fine-grained sphalerite and galena seen
petrographically in the wall rock adjacent to epithermal veins, whereas the increase in Mn
reflects rhodochrosite or Mn-bearing carbonate minerals.
4.5.3 Lithogeochemistry
Data for 34,611 whole-rock analysis of the host rocks to the mineralization are plotted
and contoured (by point density) in molar-type diagrams in Figure 9 to better assess the nature
and degree of alteration. In addition, the lithogeochemical data (N = 28) from Lee et al. (2021)
are also plotted for reference. Aluminum is used as a denominator in Figure 9A since it has just
been shown to be relatively immobile in this system (Fig. 8). In the molar Na/Al versus molar
K/Al plot (Fig. 9A), significant alkali element exchange is noted and is compared to common
primary and secondary (i.e., alteration) mineral nodes. This plot reveals two starting
compositions for the Whitehorse suite rocks (i1) based on the positions of least altered i1
samples in this study: (1) granodiorite, the most common host rock, which falls on the albitemuscovite tie-line; and (2) tonalite which falls on the plagioclase-muscovite tie-line. This plot
also highlights a dominant trend of muscovite formation (through phyllic alteration) and some
formation of clay minerals (through argillic or illite alteration).
A triple-ternary diagram for Ca, Na, K, Al, and Mg (Fig. 9B) is also used to better
evaluate the alteration trends. The Ca-Na-K ternary depicts three trends: (1) plagioclase
destruction via Na removal (trend 1); (2) muscovite-illite alteration via Ca-loss and minor Kaddition (trend 2); and (3) carbonate alteration, which involved CO2 which is not shown, and
also indicates the loss of K (trend 3). The Ca-Al-K and the Al-K-Mg ternaries show that most of
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the K-bearing alteration minerals are muscovite and clays and in addition that Ca and Mg
addition relates to dolomite alteration associated with the later vein stages. The latter likely
reflects the zoned alteration noted about the high-grade epithermal veins noted previously (Fig.
7).
4.5.4 40Ar/39Ar Muscovite Geochronology
Three samples of Whitehorse suite granodiorite with secondary muscovite were analyzed
using the 40Ar/39Ar stepwise heating method to determine the timing of phyllic (p-Phy)
alteration. The full results are provided in Appendix Table EA 4-5, whereas age spectra are
summarized in Figure 10. The plateau ages given follow the criteria of Fleck et al. (1977).
Sample KZ-1 is a stage 1 muscovite-pyrite-quartz D-vein (ddh KL-12-133, 441 m depth)
from the Central Klaza zone. It yielded a plateau age of 79.13 ± 0.30 Ma (Fig. 10A; MSWD =
0.24) based on 70.9 % of the gas released. The low-temperature gas fraction reflects a slight
thermal overprint at <76 Ma.
Sample KZWS17-03 is a muscovite-pyrite-quartz alteration halo (Fig. 3J) associated
with a stage 1 D-vein from the Central Klaza zone (ddh KL-15-240, 146 m depth). It yielded a
plateau age of 77.74 ± 0.79 Ma (Fig. 10B; MSWD = 1) based on 63.1 % of the high-temperature
gas released.
Sample KZWS17-56 is a stage 1 muscovite-tourmaline-quartz-pyrite vein/ breccia from
the Central Klaza zone (ddh KL-12-133, 93 m depth). It yielded a plateau age of 77.66 ± 0.71
Ma (Fig. 10C; MSWD = 0.4) based on 78.6 % of the gas released.
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4.5.5 U-Pb Geochronology
Representative samples of the intrusive phases were processed for CA-TIMS (two
samples) and LA-ICP-MS (six samples) U-Pb zircon geochronology. The results are tabulated in
Appendix Tables EA 4-6 and EA 4-4 respectively, whereas images of the dated samples and
relevant plots of the age data are presented in Figures 11 and 12. We use the terms “date” for
analytical results, whereas “age” refers to the interpretation.
CA-TIMS analysis: Sample KZWS-009 is a plagioclase-quartz-hornblende-biotite-phyric
granodiorite dike (i4) from the Western Klaza zone. The six zircon grains analysed, all having
well-developed magmatic zoning as seen in cathodoluminescence (CL), were analysed and all
yielded concordant dates, which range from 76.61 ± 0.05 to 76.53 ± 0.06 and overlap within
analytical error (Fig. 11A). The weighted average of the two youngest zircons of 76.53 ± 0.04
Ma (± 2σ; MSWD = 0.02) is interpreted as the crystallization age of this sample.
Sample KZWS-045 is a plagioclase-biotite-phyric diorite dike (i5) sampled from the
Central Klaza zone. The six zircon grains analysed, again having well-developed magmatic
zoning as seen in CL, all yielded concordant dates that range from 71.48 ± 0.05 to 71.35 ± 0.05
Ma (Fig. 11B). The weighted average of the three youngest zircons of 71.35 ± 0.03 Ma (± 2σ;
MSWD = 0.004) is interpreted as the crystallization age of this sample.
LA-ICP-MS analysis: For these samples, the results are all summarized in Figure 12
where data is tabulated as single dates and presented in both Concordia and Terra-Wasserburg
plots with the youngest zircons in each sample highlighted in red. In all samples, the weighted
mean (where applicable) for the youngest zircon(s) dates is interpreted to represent the best
estimate of the time (i.e., age) of crystallization for the host samples.
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KZWS-010 is an i4 phase plagioclase quartz-porphyritic biotite-phyric dike from the
Western Klaza zone. Twenty-four of the thirty analyses yielded concordant dates between 75 ± 2
Ma and 79 ± 2 Ma (Fig. 12A). Of the remaining six analyses that yielded anomalously older
dates between 88 ± 2 Ma and 167 ± 9 Ma, four overlap with the age of the Whitehorse plutonic
suite (ca. 115 to 90 Ma). Of the younger dates, the two youngest yield a weighted mean value of
75.5 ± 1.4 Ma (MSWD = 0.051), which is significantly younger than the weighted mean date
(77.52 ± 0.40 Ma; MSWD = 1.09) for all concordant zircons in the sample and also younger than
for data regressed in the Terra-Wasserburg plot which yields an intercept date of 77.43± 0.40 Ma
(MSWD = 1.15).
KZWS-079 is an i4 phase plagioclase-quartz porphyritic dike from the Central Klaza
zone. Of the 25 zircons analysed, three yielded dates between 90 ± 2 Ma and 115 ± 2 Ma which
equate to the Whitehorse plutonic suite. The remaining zircons have dates between 76 ± 2 Ma
and 81 ± 2 Ma (Fig. 12B). Samples plotting on the Terra-Wasserburg plot yield an intercept date
of 77.48 Ma ± 0.60 Ma (MSWD = 1.7). The six youngest concordant zircons have a weighted
mean date of 76.21 ± 0.85 Ma (MSWD = 0.077).
KZWS-134 is a porphyritic plagioclase phyric dike (i3a phase) from the Kelly zone.
Three of the 24 zircons analysed yielded dates between 90 ± 2 Ma and 115 ± 2 Ma which equate
to the Whitehorse plutonic suite. The remaining concordant dates range between 77 ± 2 Ma and
84 ± 2 Ma (Fig. 12C). Samples plotting on discordia yield an intercept date of 80.03 ± 0.89 Ma
(MSWD = 3.2). The two youngest concordant zircons yield a weighted mean date of 77.0 ± 1.6
Ma (MSWD = 0.077).
KZWS-130 is an i5 plagioclase phyric diorite dyke from the Kelly zone with a clast of i4
dyke entrained in its igneous groundmass (Fig. 12D). The analysis of 13 zircons yielded three
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clusters of dates: (1) three between 90 ± 2 Ma and 115 ± 2 Ma which equate to the Whitehorse
plutonic suite; (2) five between 74 ± 2 Ma and 78 ± 2 Ma which give a weighted mean date of
75.9 ± 2.2 Ma (MSWD = 1.8). This age equates to the time of Casino suite magmatism; and (3)
five with similar dates of 71 ± 2 Ma and 72 ± 2 Ma, which give a weighted mean date of 71.8 ±
1.0 Ma (MSWD = 0.074). Of these clusters, only the youngest zircons are concordant.
Sample KZWS-115 is from an i5 phase aphyric diorite dike which is cut by 1 cm-wide
sulfide veins (sphalerite-galena) and is in contact with a 10 cm-wide fault gouge which contains
clasts of sulfides and vein material. The dike contains argillic alteration up to 2 m from the fault
gouge (Fig. 12E). The 27 analysed zircons yielded a range of dates: (1) five discordant zircons
with mid-Cretaceous dates between 90 ± 2 Ma and 115 ± 2 Ma which equate to the Whitehorse
plutonic suite; (2) three to four discordant zircons between 82 ± 2 Ma and 88 ± 2 Ma that do not
equate to known pulses of magmatism in the region and which may therefore reflect Pb loss; and
(3) 18 remaining zircon that range from 75 ± 2 Ma to 68 ± 2 Ma with the majority of these
concordant and yielding a date of ca. 72 Ma with the youngest at 68 ± 2 Ma. As the dike is cut by
sulfide veins, it provides a maximum age limit for the epithermal mineralization.
Sample KZWS-019, from the Western BRX zone, is a hydrothermal breccia with clasts
of stage 2a vein material and intrusive material in a fine-grained rock flour matrix cemented by
quartz (Fig. 12F). Six zircons were analysed which yielded the following results: 1 ) 295 ± 9 Ma
which equates to Yukon Tanana Terrane metamorphosed basement; 2) 207 ± 9 Ma which
equates to the Minto plutonic suite; 3) 106 ± 3 Ma which equates to the Whitehorse plutonic
suite; and 4) two grains at 77 ± 2 Ma and 82 ± 2 M which equate to the Casino suite. These
results indicate the fault structures at Klaza hosting composite veins extend into the
metamorphosed basement, as represented by the ca. 295 Ma zircons.
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4.5.6 Zircon trace element geochemistry
Zircon grains used for in situ dating were also analysed for trace elements and REE. As
with dating, the points selected for analysis were based on CL imaging to selected areas of
magmatic growth and to avoid areas of xenocrysts or where post-crystallization alteration may
have occurred (e.g., Corfu et al., 2003; Belousova et al., 2006). Based on the results of U-Pb
dating, samples are grouped according to their ages and hence intrusive suites rather than simply
by samples or host due to the issue of inheritance. A summary of igneous zircon provenance is
provided in Figure 13, whereby the inheritance of both xenocrystic and antecrystic zircons are
illustrated.
Screening of data: The zircon analyses (N = 128; see Appendix Table EA 4-7, Sheet A)
have been filtered to remove anomalous data based on the criteria of Lu et al. (2016), which
includes: (1) apatite contamination (La > 2.5 ppm; N = 29); and (2) titanium contamination (Ti >
50 ppm; N = 12). Of the remaining zircon data (N = 87), 19 are Prospector Mountain age, 51 are
Casino age, seven are Whitehorse suite age (112-110 Ma), and eight a younger pulse of
Whitehorse suite rock (100 to 88 Ma).
At current detection limits, the chondrite-normalized REE profiles of zircons from each
intrusive suite appear relatively similar (i.e. distinct Ce anomalies, enriched HREEs, and slight
Sm anomalies in Late Cretaceous-aged zircons; Fig. 14). However, trace element plots (Fig. 15,
16) show distinct differences in zircon types that can be grouped by zircon-age. In the following
discussion, three groups of zircon ages are frequently referenced (Fig. 15A): (1) older Casino age
(CAZ-1; 84-77 Ma); (2) younger Casino age (CAZ-2; 76-74 Ma); and (3) Prospector Mountain
age (PMZ; 72-68 Ma).
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Fractionation trends: The progressive fractionation in each suite is traced via the change
in trace elements in zircon using several proxies, these being Hf, Y, U, Th and REE. Thus,
progressive differentiation is reflected by an increase in Hf (Watson et al., 2006; Wooden et al.,
2006; Clairborne et al., 2010) or decreasing Th/U ratio (Clairborne et al., 2006, 2010; Gagnevin
et al., 2010). In addition, the crystallization of amphibole removes Y from the melt and thereby
the Hf/Y ratio increases (Moore and Carmicheal, 1998; Gagnevin et al., 2010; Richards et al.,
2012). In this regard, all three zircon groups show signatures of amphibole crystallization (Fig.
15B), as supported by the presence of amphibole in both Casino and Prospector Mountain suite
rocks.
The CAZ-1 is less evolved relative to the CAZ-2 based on Hf/Y and Yb/Gd versus Th/U
plots (Fig. 15B, C), which is further supported by the diorite (i3a) versus granodioritic (i3c and
i4) compositions of these suites, respectively; the PMZ is intermediate compared to these suites.
The Yb/Gd ratios of zircons from all three groups are low (<8; Fig. 15D) and, as noted by
Richards et al. (2012), such values suggest a role of garnet fractionation in the melt history, but
the PMZ is clearly more enriched in Gd for a given Yb value (Fig. 15E). CAZ-1, CAZ-2, and
PMZ display similar ranges of Sm/Ce; however, CAZ-2 displays elevated Yb/Gd ratios relative
to PMZ.
Nb/Ta ratio: The Nb/Ta ratio is commonly used to assess the extent of fractionation of
magmas whereby lower Nb/Ta ratios are correlated with more evolved rocks due to the
partitioning of Nb and Ta commensurate with rutile and amphibole crystallization (Li et al.,
2017; Tang et al., 2019). The results show a clear separation of the PMZ data with higher (i.e.,
less evolved) Nb/Ta ratios (3 to 6) relative to CAZ-1 and CAZ-2 (Fig. 15F). The data also show
a diversity in magmatic evolution among the Whitehorse suite-zircons.
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Titanium-in-zircon thermometer: Ti-in-zircon thermometry (Ferry and Watson, 2007)
yielded temperature estimates that range from 900 ± 60 to 600 ± 40 °C (Fig. 15G and Appendix
Table EA 4-7, Sheet B). As expected, there is a negative trend between temperature and degree
of fractionation with the fields for CAZ-1 and CAZ-2 overlapping (Fig. 15H).
Ce and Eu content: The Ce and Eu contents of zircons are used as proxies for estimating
fO2 conditions of magmas (Ballard et al., 2002; Shen et al., 2015; Lu et al., 2016), with various
methods used to calculate this parameter. For example, Zhong et al. (2019) discuss the
disadvantages of using Ce/Ce* based on Ce* = √LaN x PrN) versus Ce* = NdN2/ SmN) (cf.,
Loader et al., 2017). Here the approach of Zhong et al. (2019) was evaluated and the results
(Appendix Table EA 4-7, Sheet C and Appendix 2) show the Ce/Ce*C values are significantly
higher compared with the values using the Loader et al. (2017) approach. The results based on
Zhong et al. (2019) are considered to be the best estimate of Ce anomalies since it addresses
problems of overestimation in Ce/Ce* using the method of Loader et al. (2017) and, in addition,
it avoids complications due to detection limits on La and Pr measurements in zircon. The
EuN/Eu* values were calculated with the standard approach of Eu* = √Smn x Gdn.
The results for PMZ and CAZ-1 show a range in EuN/Eu* values between 0.4 and 1.1,
whereas CAZ-2 data cluster between 0.45 and 0.6 (Fig. 16A), and there is no apparent linear
relationship with temperature. However, the large spikes in EuN/Eu* values between 725 and
775 °C in some PMZ and CAZ-1 zircons are noted and thus indicate that some process (or
processes) acted to change this value in some of the melts.
The calculated Ce/Ce*C values of the zircons are also evaluated in regard to their
temperature (Fig. 16B) and EuN/Eu* values (Fig. 16C). Two trends are noted in the data: 1)
increasing Ce/Ce*C at generally lower temperatures; and 2) increasing Ce/Ce*C at lower
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EuN/Eu* values. In addition, the change in the calculated Ce/Ce*C parameter as a function of age
(Fig. 16D) indicates that the largest range, and highest values, are for the younger Casino and
Prospector Mountain suites with values for the older Whitehorse suite samples much lower. The
range Ce/Ce*C values therefore reflects relevant process (or processes) that appear to be time
dependent in regard to the nature of magmatism.

4.6 Discussion
Magmatism and hydrothermal mineralization at Klaza straddle the boundary between two
of the most productive magmatic suites (by Cu-Au-Ag resource; Fig. 17) in the DRGB. In
addition, the Klaza system and the Freegold Mountain District (FGMD; Fig. 2A) show
characteristics of superimposed porphyry systems, thus harbouring increased potential for
enriched Cu-Au-Mo ore zones (Lee et al., 2021).
Our observational- (i.e., field and petrography), geochemical-, and geochronologicalbased paragenetic reconstructions are now used to discuss the petrogenesis and evolution of the
Klaza Igneous Complex (KIC) and the genesis of the Klaza superimposed porphyry-epithermal
system. The KIC spans a highly protracted history of periodic magmatic activity (Late Triassic to
Late Cretaceous) for a trans-crustal magmatic system. Magma mixing and a change in tectonic
regime over time are suggested to have been responsible for the overall chemical evolution of
these magmas, the implications of which are discussed below.
4.6.1 Petrogenesis of the Klaza Igneous Complex
The Late Cretaceous magmas display several key features indicative of productive
porphyry Cu systems: (1) a highly protracted magmatic history; (2) evidence for magma
mingling; and (3) dynamic changes in magmatic composition with time.
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Protracted magmatic history: Geochronological constraints of Late Cretaceous
magmatism is reflected in an apparent ~13 myr U-Pb zircon-record from 80 to 67 Ma. A
histogram of the relevant age data depicts a bimodal spread (Fig. 18A, B), with peaks
corresponding to times of Casino (77-79 Ma) and Prospector Mountain (~72 Ma) age magmatic
pulses. Productive porphyry deposits globally display evidence of protracted magmatichydrothermal activity (e.g., Lund et al., 2002; Sedorff et at., 2005; Sillitoe, 2010; Richards, 2011,
2012; Correa et al., 2016), as seen in the regional setting of the study area. The unusually
prolonged period of magmatic activity in mineralized porphyry settings and more specifically at
Klaza provided opportunities for magma mingling (see below), compositional evolution (i.e.,
fractionation), and at least two porphyry mineralizing events (Re-Os molybdenite; Fig. 19 and
Lee et al., 2021).
Magma chamber dynamics: Lee et al. (2021) proposed a tectonic model whereby the KIC
formed as a result of multiple emplacement events in a trans-crustal magmatic system (e.g.,
Richards, 2003) during the Late Cretaceous. This model addresses the similar whole rock
geochemical footprint (REE and trace elements) of the Casino and Prospector Mt. suites in the
KIC, with a suggested common deep crustal (MASH; melting-assimilation-storagehomogenization) source (Richards, 2003, 2011). Magma mixing is documented as gradational
contacts between Casino suite phases (i3a and i3b) in drill core samples (Fig. 4A), whereas
magma mingling is documented in drill core between the youngest phases of the Casino suite
(ca. 73 Ma) and older phases (ca. 72 Ma) of Prospector Mountain suite magmas (Fig. 5A).
Zircon trace element data for the Casino and Prospector Mountain suites show strong
similarities, with the main differences lying in the MREE and HREE content of the magmas
(Fig. 14B, C and 15B, C). Since CAZ-1 and PMZ are temporally distinct, the similarities in trace
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element content and fractionation behaviour may reflect magma mixing and mingling and/ or
partial melting from a common reservoir. The trace element data (Hf/Y versus Th/U) also
indicate the Casino and Prospector Mountain suites display characteristics of amphibole
fractionation (Fig. 15B); however, the low Yb/Gd values in CAZ-1, CAZ-2, and PMZ suggest a
role of garnet fractionation in the melt history (Fig. 15C). The observed variations in
geochemical compositions of the zircons in each suite (Fig. 15) suggest an evolution related to
time and depth of partial melting.
The Ti-in zircon data (Fig. 15H) and fluctuations in the Eu and Ce anomalies (Fig. 16)
are attributed to variation of temperature and oxidation states in the magma related to recharging
of the magmatic reservoir and fluid discharge events. Thus, the recorded variation in zircon
temperatures is interpreted to reflect periodic influx of juvenile magma with commensurate
higher temperatures (Harrison et al., 2007; Tapster et al., 2016), whereas the decrease in
temperature likely records fractionation and/or possible loss of heat during magma degassing
related to ore deposition events. In regard to the latter, the noted changes in EuN/Eu* values
mostly occur in PMZ and CAZ-1 zircons between 725 and 775 °C, as has been noted in zircons
elsewhere and attributed to SO2 degassing of the magma (Dilles et al., 2015) or reduced water
content related to ore deposition (Lee, R.G. et al., 2020). Furthermore, that all zircons in the
sample suites have EuN/Eu* values above 0.4 suggests that SO2 degassing and fluid content may
be the dominant process impacting Eu distribution in the Klaza intrusive rocks; this has strong
implications for ore deposition. We further note that although Green and Pearson (1987)
proposed that strong positive Eu anomalies (EuN/Eu* > 1) can be caused by plagioclase
accumulation in the rock or fractionation of hornblende, as recorded for three zircons from
Prospector Mountain and Whitehorse suites, Lee, R.G. et al. (2020) proposed that higher
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EuN/Eu* values may be the result of increasing water content in the melt or magma mixing.
Evidence for the latter hypothesis is observable in drill core with abrupt changes in textures
where intrusive phases are in gradational contact (Fig. 4A).
Although increased Ce content in zircon is generally correlated to increased oxygen
fugacity in the magma (Ballard et al., 2002), the increase in Ce/CeC* values of the Casino and
Prospector Mountain suite rocks cannot be attributed to oxygen fugacity changes alone, since
they correspond to lower EuN/Eu* values (Fig. 16C). Lee, R. G. et al. (2020) propose zircon with
these geochemical characteristics either formed from volatile-rich, crystal-poor magmas
(Erdmann et al., 2013), or formed in a magma chamber that experienced high temperature melt
influx from a source that had yet to crystalize zircon and titanite. Such an event would enrich
these zircons in Ce and other trace elements. In regard to the present study, both hypotheses are
likely since these suites are biotite-amphibole-bearing and display textural evidence of a dynamic
magma chamber. Importantly, this implies the spikes in Ce/CeC* values correlating with
porphyry mineralization events (Fig. 16D) may be coincident with magma influx/ recharge
events.
Magmatic evolution: Lithogeochemical data for the various intrusive suites presented in
Lee et al. (2021) display a large compositional range for the Casino and Prospector Mountain
suites. The Casino suite rocks generally have intermediate- to felsic, calc-alkaline compositions
(andesite to granodiorite), whereas the Prospector Mountain suite rocks show a change to an
intermediate- to slightly mafic and alkalic composition (andesite to diorite). This trend of
increasing alkalinity and mafic compositions in the evolution of these magmas is interpreted to
reflect a change from a volcanic arc setting to a back-arc extensional setting in the MNGC (Lee
et al., 2021), as recorded in other settings (e.g., Emperor, Fiji, Eaton and Setterfield, 1993;
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Cripple Creek, Colorado, Kelly and Ludington, 2002; Northern Luzon, Philippines, Hollings et
al., 2011; Northern Chile, Richards et al., 2016; Western Tethyan Belt, Rabayrol et al., 2019).
Based on whole rock geochemical data, the Whitehorse and Minto suites display a
plagioclase fractionation-controlled negative Eu anomaly, whereas the Casino and Prospector
Mountain suites (also plagioclase-bearing) have EuN/ Eu* values near unity. This feature is
commonly interpreted, in particular for the causative magmas in mineralized porphyry settings,
to be an artifact of highly oxidized magmas such that Eu is present as Eu3+ which precludes
development of a negative Eu anomaly (Frey et al., 1978; Hanson, 1980; Richards et al., 2012;
Lee et al., 2021). Furthermore, both Late Cretaceous suites plot in the field of adakite-like-rocks
(ALR; La/Yb versus Yb plot), supporting zircon trace element results that suggest a garnet-rich
melt source, whereby the Prospector Mountain suite is likely sourced at greater depths (e.g.,
Richards and Kerrich, 2007).
Intra-suite variations in the Casino suite document a coexistence of mafic- (i3a, i3b) and
felsic- (i2, i3c, i4) magma components at various stages in the paragenesis (see above and Lee et
al., 2021). These observations support the trace element characteristics for whole rock and zircon
datasets discussed above for a dynamic magmatic chamber whereby mixing and fluid influx
drives the evolution of magma compositions. One such example is the similarity between the
CAZ-1 zircons and the PMZ zircons, which are temporally distinct, yet display similar
geochemical characteristics (Fig. 13) because they originate from mafic-to-intermediate
composition rocks.
Magma mixing and compositional changes are also suspected to contribute to the variety
of zircon ages in each sample (Fig. 12). The terminology for zircon provenance, as defined in
Olierook et al. (2020), is applied below. A significant amount of inherited zircon was identified
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in this study (Fig. 12), as was also done by Mortensen et al. (2016). As described by Gilmer et al.
(2018), the provenance of minerals in a trans-crustal magmatic system can be challenging to
decipher, since crystals can include phenocrysts that grew in the latter stage of magma evolution
(autocrysts), antecrysts from earlier stages involving crystal cycling and related pulses, and/or
xenocrysts from previous, unrelated magma (or the wallrock/basement). In addition, all the
aforementioned types can be remobilized multiple times.
Zircons displaying mid-Cretaceous ages are interpreted as xenocrysts sourced from the
granodiorite which hosts these dikes. Zircons with Late Triassic and Permian ages (Fig. 12F) are
interpreted as xenocrysts originating from the Minto suite and the metamorphosed basement
respectively. The distinction between antecrystic and autocrystic zircons is challenging here, as it
is in any study (Gilmer et al 2018; Olierook et al., 2020), particularly when fluctuations in the
composition of the Late Cretaceous magmas can enhance or reduce zircon saturation and thus its
consequent growth or dissolution. Zircon morphology (Fig. 11 and Appendix EA 4-9) display a
combination of bright and dark anhedral cores that are rimmed by dark oscillatory-zones. As
such, the youngest concordant zircons in each sample are interpreted to be autocrystic and
represent the best estimate of the age of crystallization of the magma. The remaining zircons in
each sample are termed antecrystic and reflect crystallization in the same magma chamber but at
earlier times in its evolution. See Figure 13 for a summary of zircon provenance in this study.
The change in magma composition (towards more mafic, alkalic compositions) with time
could explain the large proportion of antecrystic zircons relative to the youngest concordant
autocrystic zircons (Fig. 12). This could also explain the apparent historic sampling bias of
Casino-age zircons by previous workers (Fig. 19).
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4.6.2 Assembly of the Klaza Igneous Complex and Superimposed Porphyry System
Herein we combine the tectonic and genetic model with the results from Lee et al. (2021)
with new data from this study to reconstruct the formation of the KIC and MNGC. The tectonic
model from Lee et al. (2021) proposes a subduction-initiated arc setting from 204 to 72 Ma (Fig.
20A) with a steepening subducting slab (Kula plate) through westward rollback, following on the
earlier work of Nelson et al. (2013) at a more regional scale for the Northern Canadian
Cordillera. The tectonic setting changes into a locally extensional setting at 72 Ma when the
subducting slab has migrated away from the MNGC (Fig. 20B) as suggested by Allan et al.
(2013). The emplacement of the Minto and Whitehorse suite rocks is discussed here in addition
to the KIC to provide tectonic context for the discussion.
Late Triassic to Late Cretaceous (80 Ma): Arc-related subduction initiates partial melting
of the hydrated mantle to form a MASH zone at the base of the crust. The Minto suite rocks were
emplaced into the Yukon Tanana Terrane between 204 and 195 Ma at a depth of ~25 km
(hornblende thermobarometry; Topham et al., 2015; Fig. 20C). The Whitehorse suite is emplaced
through similar structures as the Minto suite and to form a composite batholith in the MNGC
(Fig. 20D). Continued subduction into the Late Cretaceous (80 Ma) leads to the emplacement of
the less voluminous Casino suite rocks. Note that both the Minto and Whitehorse suites contain
compositional variations and are themselves multiphase batholiths (Allan et al., 2013; Sack et al.,
2020). However, the complexities of these intrusive bodies are not discussed here or reflected in
Figure 20 since insufficient zircon data were collected in this study area. The reader is referred to
Sack et al. (2020) for a regional compilation of whole rock and zircon data for Triassic-Jurassic
intrusions in Yukon.
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Late Cretaceous (80 to 72 Ma): The Casino suite magmas are bimodal in composition
(felsic and mafic phases) and are inferred to have mingled at depth and to have been emplaced as
small pulses over a period of 8 myr (Fig. 20E). This magma is geochemically similar to the
Whitehorse and Minto suites and, therefore, is hypothesized to be sourced from recycled MASH
material. A dynamic magma chamber with frequent mafic influx events contributed to a
changing magma composition. Mafic, amphibole- and plagioclase-rich phases (i3a, i3b) and
felsic- (i2) to intermediate phases (i3c) are emplaced in the Kelly zone, whereas intermediate- to
felsic dikes were emplaced at Klaza (Fig. 3). Two pulses of molybdenite-bearing porphyry (CuAu-Mo) mineralization occur at 80 and 77 Ma respectively, correlating to the emplacement of
the Kelly porphyry.
The hydrothermal fluids associated with the Kelly porphyry formed a large, ca. 79 Ma
phyllic footprint which overprints some of the currently intersected porphyry mineralization (Fig.
4J, K). This footprint is reflected in the histogram of Ar-Ar muscovite dates in Figure 18B, with
a peak ranging from 77 to 80 Ma. This phyllic halo is interpreted to be an overprinting event
coinciding with the collapsing thermal cell of the porphyry system.
Late Cretaceous (72 to 65 Ma): Current resolutions in geochronology data depict a
continuous transition from Casino to Prospector Mountain suite magmatism (Fig. 19), with the
change in magma composition occurring at ca. 72 Ma (Allan et al., 2013; and this study). This
compositional change is hypothesized to reflect the change to a locally-extensional setting due to
westward slab rollback (Lee et al., 2021), as documented in other metallogenic settings and
related to asthenospheric upwelling and re-melting of the pre-existing MASH zone (e.g.,
Richards, 2009; Hollings et al., 2011; Richards et al., 2012; Rabayrol et al., 2019). The
Prospector Mountain suite magmas, which has a chemistry (e.g., depleted HREE signature) that
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reflects melt generation at garnet-stable depths, comprise a more mafic, slightly alkaline
composition that mingled with the remnant, younger Casino suite magmas to form a mixed
magmatic signature (Fig. 20F). The resulting hybrid Prospector Mountain suite magmas were
emplaced at shallower, epizonal depths as narrow diorite dikes between 72 and 65 Ma.
This Late Cretaceous magmatic event is accompanied by porphyry mineralization as
established from ca. 71 Ma Re-Os molybdenite ages (Selby et al., 2001a; Lee et al., 2021) at
Rusk and Cyprus respectively. Although the footprint of Prospector Mountain related alteration
is less significant in comparison to the Casino-age footprint, it cannot be dismissed since thermal
overprints of this age are suggested in the Ar-Ar age-spectra (Fig. 18B) and Re-Os molybdenite
ages (Fig. 19). The Prospector Mountain-age alteration is also recorded in Ar-Ar K-feldspar
(Selby et al., 2001b; Fig. 19) and K-Ar biotite ages (Stevens et al., 1982; Fig. 19).
Lee et al. (2021) proposed the above tectono-magmatic setting is conducive to forming
alkalic-type epithermal Au and porphyry Cu-Au systems. Thus, the Cyprus and Rusk porphyry
systems were emplaced within the MNGC with the possibility of overlapping with pre-existing
Kelly porphyry-related mineralization at depth. The Klaza and Brown-McDade intermediate
sulfidation epithermal veins were emplaced distally to the Cyprus-Rusk porphyry complex at
northwest and southeast locations respectively (Fig. 2B) and represent distal expressions of the
younger porphyry complex.

4.7 Exploration Implications
Historically, mineral occurrences in the DRGB have been viewed and explored
independently of each other (e.g., Lamb, 1947; Godwin, 1975; Glasmacher and Freidrich, 1992;
Bennett et al., 2010; Bineli-Betsi et al., 2013). Although some workers have attempted to link
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occurrences with metallogenic events through geochronological, geochemical and mineralogical
similarities (e.g. Smuk, 1999; Selby and Creaser, 2001; Selby et al., 2001; Allan et al., 2013),
complexities in the petrogenesis of the Casino and Prospector Mountain suite rocks have resulted
in unequal distributions of zircon populations and produced a geochronologic record biased
towards Casino (80–72 Ma) suite ages.
Hydrothermal ages documenting Prospector Mountain-age alteration (see Fig. 21) are
present in older (pre-2010) literature; however, many of these dates were interpreted as outlier
values or minerals that have been thermally reset by Carmacks Group basalts (Mortensen et al.,
2003; Allan et al., 2013; Mortensen et al., 2016). Evidence of Prospector Mountain-age porphyry
mineralization (Re-Os molybdenite; Selby and Creaser, 2001; Lee et al., 2021) from the Cyprus
prospect (MNGC) provide strong support for the validity of the hydrothermal dates yielded from
biotite, hydrothermal K-feldspar, and muscovite from other localities in the DRGB (Fig. 21).
Furthermore, current regional maps do not document the presence of the Carmacks Group basalts
near localities where Prospector Mountain-age alteration is recorded (Fig. 2A).
Thermochronological studies by Bineli-Betsi et al. (2012) and Moher (2018) also demonstrate
that it is highly unlikely that the Carmacks Group basalts underwent significant erosion since
emplacement at 70 Ma.
Figure 21 contains a compilation of geochronology data from other porphyry-epithermal
occurrences in the DRGB. This data suggests: (1) regional magmatism in the DRGB occurs
nearly continuously between 80 and 67 Ma; (2) the boundary between Casino and Prospector
Mountain suite rocks cannot be easily distinguished on the basis of geochronology alone; (3) the
locus of Casino suite magmatism and hydrothermal mineralization appears to migrate along the
Big Creek Fault from the MNGC in the SE towards the Casino deposit in the NW; and (4) the
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transition into Prospector Mountain suite magmatism occurs at the Casino deposit, and then
proceeds further NW into the Sixtymile district and Fortymile district (Pluto), prior to being
emplaced as isolated plugs in the MNGC, the FGMD, at Mt. Cockfield, and at Bonanza.
Mineralization and magmatism correlated with the Prospector Mountain suite is also documented
in Eastern Alaska (Allan et al., 2013).
The new geochronological results presented in this study and Lee et al. (2021) enable the
temporal window for PCD prospectivity in the DRGB to be extended by seven million years,
encompassing Prospector Mountain suite rocks, currently identified to be sourced from
environments conducive for forming PCDs (Lee et al., 2021 and this study). Furthermore,
geochronology data, whole rock and zircon geochemical results also indicate strong similarities
between the Casino and Prospector Mountain suites, with hybridized signatures varied by
temporal factors. The results from this study suggests the Casino and Prospector Mountain suite
may be one-and-the-same, with the younger suite being a slightly evolved counterpart of the
same magma chamber.
Recent geochronology data from the Casino Cu-Au-Mo deposit (Friend, 2021), when
compared with previously published age constraints (Fig. 21) suggests magmatism at the deposit
straddles the boundary between Casino- and Prospector Mountain suites (75–69 Ma), with pulses
of hydrothermal mineralization and alteration occurring throughout this time frame (Re-Os
molybdenite ages from Selby and Creaser, 2001 and age of Patton Porphyry cut by
mineralization from Friend, 2021). This extended time frame for magmatic-hydrothermal activity
(6 myrs) allows superposition of hypogene ore zones (as discussed in Lee et al., 2021), and could
explain the exceptionally large ore tonnage at the Casino deposit.
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The geochronology data from the DRGB, when viewed together from a regional
perspective (Fig. 21), depicts a large (~200 km-long), protracted magmatic-hydrothermal system
stretching from the town of Carmacks, Yukon into Eastern Alaska. This long-lived magmatichydrothermal system produces oxidized, hydrous magmas, and is strongly correlated with
regional, orogen-parallel, transcrustal strike-slip structures (Big Creek Fault) thus containing
significant tectonomagmatic building blocks (Richards, 2003) required to form porphyry coppergold districts. The scale of Late Cretaceous porphyry activity in the DRGB (~200 km-long) is
comparable to the metallogenic belt of northern Chile. When overlain, the DRGB would
encompass the Escondida district (Richards et al., 2001), Chuquicamata-El Abra (Campbell et
al., 2006), and Quebrada Blanca (note also that Late Cretaceous magmatism and mineralization
also extends ~600 km further south into British Columbia). Therefore, it is important for regional
explorers to adapt a belt-scale approach to exploration in the DRGB as a metallogenic corridor.
Findings from this study can be applied to other porphyry-productive metallogenic
districts globally (e.g., Western Tethyan Belt, Turkey, Northern Luzon, Philippines, Northern
Chile) in the search for superimposed hypogene ore shells. Should sampling biases similar to that
discussed for the DRGB be identified, previously overlooked intrusive suites can be revaluated
for prospectivity, thus potentially increasing the number of prospective mineral targets in
established districts.

4.8 Conclusions
This study has integrated field studies with lithogeochemistry, zircon geochemistry and
U-Pb zircon and Ar-Ar muscovite geochronology to interpret the complex magmatic and related
hydrothermal-mineralization history of the intensely mineralized (Au-Ag-Cu_An-Pb) Klaza
district of Yukon, Canada that forms an important window into the regional metallogeny of the
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northern Canadian Cordillera and, as such, can be extrapolated to other geodynamic settings
globally.
The study suggests this area experienced two changes in regard to broad-scale
geotectonics in the Late Cretaceous which translated into varied arc-type magmatism and related
mineralization. The nature and subsequent evolution of these magmas combined with their highlevel crustal setting generated favourable fertile causative intermediate- to felsic, oxidized,
hydrous magmas which culminated in the formation of superimposed porphyry-epithermal
mineralization at two times: (1) typical calc-alkaline arc-type Casino suite magmas at 80–72 Ma
that gave rise to porphyry Cu-Au-Mo deposit formation; and (2) a subsequent back-arc
extensional environment at ca. 72 Ma that formed an environment conducive to the formation of
intermediate-sulfidation Au-Ag-Pb-Zn epithermal systems related to the Prospector Mountain
magmas.
The Casino- and Prospector Mountain suite magmas show evidence of magma mingling
and mafic magma influx corresponding with mineralization events (Re-Os molybdenite). Both
magmas show hybridized signatures indicative of a common source. The overall structural
controls in the DRGB increase the likelihood of the superposition of the two aforementioned
metallogenic events to form mineral deposits with enriched ore shells. The same structural
controls benefited the Klaza system by allowing the focusing of hydrothermal fluids through
long-lived crustal-scale structures to form wide, Au-rich vein intersections.
Findings from this study can be used to inform regional explorers in the DRGB and in
other porphyry belts globally. Petrogenic and geochronologic constraints on causative and nonprospective intrusive suites in these districts should be revaluated so that opportunities for new
discoveries are not missed due to human bias.
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Figure 4-1: A. Simplified map of the Yukon territory, Canada. Mineral districts are indicated and
colour coded. Bar charts display the total contained metals in each district as reported (proven,
probable, indicated, and inferred resources) in NI-43-101 reports from the Yukon Geological
Survey Minfile database. The inset map shows the location of Yukon in Canada. B. A terrane
map of Yukon from Yukon Geological Survey (2020a). The red square indicates the location of
the study area.
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Figure 4-2: A. Simplified geologic map of the southern Dawson Range redrawn and modified from Yukon Geological Survey (2019).
The locations of porphyry and epithermal occurrences and the town of Carmacks are labeled. The locations of the Mt. Nansen Gold
Corridor (MNGC) and Freegold Mt. District (FGMD) are also indicated. B. Geologic map of the Mt. Nansen Gold Corridor modified
from Sack et al. (2021) and Lee et al. (2020). The locations of the Klaza deposit and past producing Brown-McDade mine are
indicated. A cross-section of A-A’ matching the colour scheme of this map is provided. UTM Zone 08, Datum: NAD 83.
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Figure 4-3: Polished and sodium cobaltinitrite-stained samples of important igneous rocks at
Klaza. A. Minto suite granodiorite with rounded K-feldspar pheonocrysts (surface sample). B.
Mt. Nansen Group andesite adjacent to deposit area (surface sample). C. Hornblende-biotite
granodiorite showing a light propylitic overprint (Eastern BRX zone: KL-17-374; 75 m). D.
Biotite-hornblende tonalite (KL-15-286; 93 m). E. Monzogranite to granite (Kelly zone: KL-16314; 117 m). F. Plagioclase(-biotite) phyric diorite (i3a phase). G. Hornblende diorite (Kelly
zone: KL-16-314; 331 m). H. Plagioclase-quartz-biotite phyric granodiorite (Kelly zone: KL-16314; 358 m). I. Plagioclase-quartz(-biotite) phyric granodiorite (Kelly zone: KL-16-314; 453 m).
J. Plagioclase phyric biotite diorite (Kl-14-193; 248 m). K. Carmacks Group basalt (surface
sample). L. Timeline with crosscutting relationships between magmatic phases and high to low
temperature vein types at the Klaza deposit and Kelly prospect. Mineral abbreviations in
accordance with Whitney and Evans (2010).
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Figure 4-4: A. Gradational contact between i3a and i3b phases (Kelly zone: KL-16-314; 358.2 m
depth) B. clast of i3a within i3b (Kelly zone: KL-16-314; 370.2 m depth) C. i3a dike cutting i3b
(Kelly zone: KL-16-314; 352.65 m depth). D.i3b clast in i3c phase (Kelly zone: KL-16-314;
358.8 m depth). E. Cross polarized image of embayed quartz crystals in i4 phase dike.
Groundmass is mostly sericite and biotite (surface sample). F. Cross polarized image of sievetextured, relict plagioclase crystal in a sericite-altered groundmass in i4 phase dike (Kelly zone:
KL-16-314; 446.5 m). G. Cross polarized image of sieve-textured plagioclase crystal intergrown
with biotite and hornblende in i3b phase (Kelly zone: KL-16-314; 332.2m) H. EDM-type veins
overprinted by propylitic alteration and infilled by pyrite and chalcopyrite (Kelly zone: KL-16314; 442.3 m depth). I. An EDM-type vein infilled by an A-type vein (Kelly zone: KL-16-314;
358 m depth). J. A-type vein overprinted by phyllic alteration (Kelly zone: KL-16-314; 379.19 m
depth). K. B-type vein overprinted by phyllic alteration (Kelly zone: KL-16-314; 114 m depth).
L. Quartz molybdenite vein cut by epithermal-type pyrite and carbonate veins (Kelly zone: KL16-314; 431 m depth). M. D-type veins with associated phyllic alteration (Central Klaza zone:
KL-15-240; 146 m depth). N. Tourmaline-quartz-muscovite-pyrite vein with associated phyllic
alteration (Central Klaza zone: KL-12-133; 327.75 m depth). Mineral abbreviations in
accordance with Whitney and Evans (2010).
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Figure 4-5: A. Anhedral i4 dike clast within i5 dike (Kelly zone: KL-16-309; 395.66 m depth) B. Stage 2b vein cutting i5 dike
(Central Klaza zone: KL-11-12; 195.8 m depth). C. Stage 2b and Stage 3 vein at the contact between an i5 dike and i1 granodiorite
(Central Klaza zone: KL-11-12; 176.5 m depth). D. Prospector Mt. suite dike (i5) brecciated and cemented by Stage 2c (Western
Klaza zone: KL-14-178; 96.5 m depth). E. Stage 2a massive pyrite cut by Stage 2b cloudy quartz-pyrite-sphalerite-arsenopyrite vein
and Stage 2c galena-sphalerite-tetrahedrite (Central BRX zone: KL-14-428; 57 m depth). F. Stage 2a massive arsenopyrite and
prismatic Stage 2a quartz (Western BRX zone: KL-17-398; 123 m depth). G. Stage 2b banded arsenopyrite-pyrite-sphalerite-quartz
vein with a centre-fill Stage 2c galena-sphalerite-tetrahedrite-quartz vein (Central Klaza zone: KL-14-193; 271.86 m depth). H. Stage
3 rhodochrosite vein with sphalerite cutting Stage 2c galena-sphalerite-tetrahedrite-quartz (Western BRX zone: KL-17-398; 123.5 m
depth). I. Backscattered electron image of galena with tetrahedrite inclusions (Central Klaza zone: KL-11-12; 221.19 m). J. X-ray map
of (I) displaying Ag enrichments in tetrahedrite. K. Bladed barite hosted in quartz-carbonate alongside banded ankerite veins from
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Stage 3 (Central Klaza zone: KL-11-18; 181.90 m) L. Colloform and moss textured quartz-carbonate from Stage 3 (Central Klaza
zone: KL-12-133; 148.65 m depth). M. Fault gouge containing milled vein and wallrock material (Western BRX zone: KL-17-401; 82
m depth). N. Silicified breccia in i1 granodiorite (Central Klaza zone: KL-12-133; 352.20 m depth). O. A schematic diagram of the
Klaza composite vein substages and their relationship to magmatic and high-T vein phases. Mineral abbreviations in accordance with
Whitney and Evans (2010).
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Figure 4-6: A. Representative example of alteration types present in vicinity of composite
epithermal veins. B. Close up view of porphyry-related propylitic (p-Pro) and epithermal veinrelated propylitic (v-Pro) alteration. The boundary between these alteration types is defined by
the alteration of biotite and amphibole to rutile and leucoxene. C. Close up view of epithermal
vein-related phyllic (v-Phy) and v-Pro alteration. D. Schematic diagram depicting the transitional
mineral stabilities between alteration types. Mineral abbreviations in accordance with Whitney
and Evans (2010).
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Figure 4-7: Comparison of drillhole KL-12-114 (110 to 121.5 m depth) in A. 2012 and in B.
2019 to compare and highlight orange Fe-staining from the oxidation of Fe-carbonate alteration.
C. A close-up view of Fe-stained carbonate. D. A comparison of carbonate colour in the same
piece of core from 2012 with E. 2019.
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Figure 4-8: Isocon diagrams plotted using the methods of Grant (1986) to compare least altered granodiorite (KL-12-133; 157 m
depth) to A. Magnetite-biotite alteration (KL-12-133; 546.7 m depth), B. phyllic alteration (KL-15-240; 146 m), and C. Vein-related
propylitic alteration (KL-12-133; 285.5 m depth). White scale bars represent 1 cm width. Mineral abbreviations in accordance with
Whitney and Evans (2010).
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Figure
4-9: A. Na/Al versus K/Al plot used to illustrate alteration trends at Klaza. Multielement assay
data from 2012-2019 are plotted and contoured by point density. Samples submitted for whole
rock lithogeochemical analysis from Lee et al. (under review) are also plotted for reference. B.
Triple ternary diagram used to further illustrate Ca, Na, K, Al, and Mg distribution. Alteration
trends are highlighted in white lines. Mineral abbreviations for mineral nodes are in accordance
with Whitney and Evans (2010).
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Figure 4-10: Age spectra from Ar-Ar dating of muscovite through step-wise heating methods. A.
KZ-1 (KL-12-133; 442 m). B. KZWS17-03 (KL-15-240; 146 m). C. KZWS17-56 (KL-12-133;
93 m depth).
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Figure 4-11: CA-TIMS U-Pb in zircon geochronology results for intrusive rocks. Red ellipses in
Concordia plots and red bars in weighted mean plots denote zircon crystals interpreted to be the
youngest crystalizing zircons in the sample (autocrysts). The grey zone in the weighted mean
plots represents the 2σ uncertainty limits whereas the green line represents the weighted mean.
CL images of representative zircons from each sample are displayed.
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Figure 4-12: LA-ICP-MS U-Pb in zircon geochronology results for intrusive rocks (A to E) and a hydrothermal breccia (F) in which
all recovered zircon are interpreted as xenocrysts. Red ellipses in Concordia plots and red bars in weighted mean plots denote zircon
crystals interpreted to be the youngest crystalizing zircons in the sample (autocrysts; except in (F)). The grey zone in the weighted
mean plots represents the 2σ uncertainty limits whereas the green line represents the weighted mean. Blue bars in weighted mean plot
in (D) denote a concordant subpopulation of autocrysts significantly older than the red population. The weighted means for the blue
population and the red population are denoted by brown and orange lines respectively.
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Figure 4-13: Schematic diagram depicting igneous zircon provenance in the Klaza system.
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Figure 4-14: Plots of chondrite-normalized REE values for each group of zircons. Chondrite data
from Sun and McDonough (1989).
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Figure 4-15: A. Plot comparing calculated zircon U-Pb dates with Th/U. B. Plot comparing Hf/Y
with Th/U. C. Plot comparing Yb/Gd with Th/U. D. Plot comparing Yb/Gd with Sm/Ce. E. Plot
comparing Gd with Yb. F. Plot comparing Nb/Ta with Th/U. G. Plot comparing calculated
crystallization temperatures from Ti in titanium against Hf/Y. H. Plot comparing calculated
crystallization temperatures from Ti in titanium against calculated U-Pb dates.
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Figure 4-16: A. Plot comparing calculated crystallization temperatures from Ti in titanium
against Eu/Eu*. B. Plot comparing calculated crystallization temperatures from Ti in titanium
against Ce/Ce*C. C. Plot comparing Eu/Eu* with Ce/Ce*C. D. Plot comparing calculated U-Pb
dates with Ce/Ce*C.
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Figure 4-17: Summary diagram plotting tectonic regime (from Nelson et al., 2013), contained
metals (compiled from NI-43-101 reports from the Yukon Geological Survey Minfile database),
estimate of magmatic activity (based on exposed areas of intrusive and extrusive igneous rocks;
Yukon Geologic Survey, 2019), and a histogram of geochronologic data (Yukon Geological
Survey, 2020b) against time.
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Figure 4-18: Histogram and relative probability plots of geochronology data from this study.
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Figure 4-19: Compilation of geochronology data from this study and from previous workers.
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Figure 4-20: A. Schematic tectonic model from the Late Triassic to Late Cretaceous (72 Ma). B.
Schematic tectonic model for the latest Cretaceous (72-65 Ma). C–F. Petrogenetic model for the
Late Triassic to the latest Cretaceous.
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Figure 4-21: A. Simplified map of the Dawson Range including the Sixtymile area. Only igneous rocks comprising ages discussed in
this chapter are displayed. B. Compilation of geochronologic data for other Late Cretaceous porphyry-epithermal occurrences in the
DRGB. Regional geochronology data are compiled in in Appendix Table EA 4-10.
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Table 1: Mineral modes for major intrusive phases based on field and petrographic observations
of least altered samples.
Intrusive
Phase
i1
i2
i3a
i3b
i3c
i4
i5

% quartz

% plagioclase

% K-feldspar

% biotite

% hornblende

% sericite*

25-40
30
0-5
0-5
25-30
15-20
0-5

30-45
40
30-40
45-50
30-40
25-30
?

0-20
?
0
0
?
?
?

10-15
0-1
0-5
20-25
7-10
5-10
5-10

1-8
0-5
5-10
30
2-5
0-1
0-5

5-15
20-30
5-10
5-10
30-50
30-50
50-65

Sericite*= secondary, alteration-related mineral phase consisting of muscovite and illite inferred to be replacing K-feldspar and lesser plagioclase.
? = no primary K-feldspar preserved, hence unable to estimate modal abundance.
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Chapter 5
Zone Refining in an Epithermal Environment:
A Gold-liberation mechanism at the
Klaza Au-Ag-Pb-Zn-(Cu) deposit, Yukon, Canada
5.1 Abstract
The distribution of precious metals in intermediate sulfidation (IS) epithermal systems
remains a subject of limited understanding and, as such, contributes a possible metallurgical risk
in during processing and recovery. A combination of empirical (field observations, drill core
logging, petrography) and data driven (LA-ICP-MS element mapping of sulfides) methods are
used to investigate ore genesis and modification at the well-preserved Late Cretaceous Klaza
deposit in Yukon, Canada. A workflow utilizing unsupervised machine learning methods (Kmeans clustering and principal component analysis (PCA)) is developed to interrogate raster
datasets generated from the (often underutilized) laser ablation maps. This workflow was
successful in: (1) automating the filtration of noise from the element maps (removing pixels
unrelated to the mineral of interest); (2) differentiating between primary growth-related features
from secondary/ late features (PC1); and (3) producing “feature maps” that depict these textural
relationships for comparison with the element maps.
Results of the study suggest: (1) primary Au was deposited as solid-solution (Au1+) in
early arsenopyrite and arsenian pyrite through cooling of a ≈300-250 °C magmatic fluid, whereas
Ag was deposited later (with Zn-Pb sulfides) as a result of cooling and dilution of a saline fluid
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by surficial waters, and concentrated in sulfosalts and galena; (2) an oxidized, saline, higher
temperature (> 300 °C), chalcophile element-rich (Ag-Cu-Bi-Pb-Sn-Sb-As), higher-sulfidation
state fluid likely of magmatic origin overprinted the Klaza system, added Cu, and liberated
lattice-hosted Au (and other impurities) from arsenian pyrite and arsenopyrite to form particulate
Au (Au0); (3) purification of the sulfides and coupled re-concentration of Au-Ag-Bi-Pb as
inclusions constitutes zone refining in the epithermal realm. These results have significant
impacts on the understanding metal deportment, genetic understanding, and economics of IS
epithermal systems.

5.2 Introduction
Polymetallic vein systems, in particular those related to intermediate sulfidation (IS)
epithermal ore systems, contain a wealth of textural and chemical information preserved in their
ore and gangue minerals (Dong et al., 1995; Chauvet et al., 2006; Wade et al., 2014; Moncada et
al. 2012, 2019; Marinova, 2019; Slater et al., 2019; Zeeck et al., 2020;). Interest in such settings
derive from their genetic association with their deeper counter parts, the porphyry Cu-Au deposit
realm (e.g., Heinrich, 2005; Williams-Jones and Heinrich, 2005; Sillitoe, 2010). Despite much
research (e.g., Albinson et al., 2001; Einaudi et al., 2003; Deditus et al., 2008; Williams-Jones et
al., 2009; Bodnar et al., 2014; Hurtig and Williams-Jones, 2015; Alford et al., 2020), questions
regarding Au transport and deposition remains, especially since the ore forming fluid for IS
systems favours the transport and precipitation of Ag (instead of Au) and base metals (Cu, Pb,
Zn) through fluid mixing and wall rock interaction (Hedenquist, 2000; Sillitoe and Hedenquist,
2003; Simmons et al., 2005). This is simply because high salinity fluids are typically involved in
IS systems (Albinson et al., 2001). These high salinity fluids are demonstrated to be more
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efficient in transporting Ag, Cu, Pb, and Zn as chloride complexes (Williams-Jones et al., 2009;
Hurtig and Williams-Jones, 2015).
Models which account for Au-precipitation in Au-rich IS systems, where the textural and
fluid inclusion evidence for boiling is lacking, remain ill-defined. Current contending models
suggest alternative models may be involved: (1) colloidal gold transport (Saunders, 1990;
McLeish et al., 2018, 2019); or (2) remobilization and/or post-ore zone refining (Kerr et al.,
2018; Hastie et al., 2020; Voisey et al., 2020). Finding evidence to support the former hypothesis
has proved challenging (e.g., Petrella et al. (2020) but for orogenic gold), whereas the latter
hypothesis has yet to be tested in the epithermal realm.
The application of laser ablation inductively-coupled mass spectrometry (LA-ICP-MS) in
quantifing mineral chemistry has been crucial for the investigation of ore deposition in a variety
of settings, including epithermal (Cook et al., 2011a; George et al., 2015; Maydagan et al., 2015;
Tanner et al., 2016; Roman et al., 2019; Rottier et al., 2018; Keith et al., 2020) and orogenic
(Large et al., 2007, 2009, 2011; Kerr et al., 2018; Gourcerol et al., 2020; Hastie et al., 2020)
settings. The ongoing progress and innovation in LA-ICP-MS machinery, data acquisition
methodology, and the increased computing power of average computers has far expanded the
capabilities of this analytical technique. However, at present we would suggest that many studies
incorporating LA-ICP-MS analysis, in particular elemental mapping, do not fully utilize the
potential this method offers as many of the maps generated are only interpreted empirically (cf.
Kerr et al., 2018; Gourcerol et al., 2018, 2020; McDivitt et al., 2020). We also acknowledge, that
in order for a microanalytical study of this nature to yield meaningful results, the deposit-scale,
textural and paragnetic context of each mineral grain analyzed must be constrained with high
confidence with prior field- and petrographic work.
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In this contribution, we present a case-study on the Late Cretaceous Klaza deposit, a
well-preserved IS epithermal system with porphyry-Cu roots in Yukon, Canada. Building on our
improved geological model reflecting the integration of field studies, petrology, and
geochronology (Lee et al., 2020, 2021, in prep.), we present the results of a detailed study
focused on the ore mineralogy and paragenesis of the composite IS epithermal veins. The latter
work includes detailed studies of drill-core samples and follow-up ore petrography and scanning
electron microscope energy dispersive spectrometry (SEM-EDS). Using the established
paragenesis to constrain the temporal location of three sulfide minerals (pyrite, arsenopyrite, and
sphalerite), these phases were mapped using the LA-ICP-MS. We then present a workflow
designed to process, interrogate, and interpret LA-ICP-MS multi-element map data through
empirical and data-driven methods. We also present a series of novel approaches to visualize the
results of this workflow, which have provided evidence for zone refining as a mechanism of
post-ore gold liberation in IS epithermal system. The results of the study have important
implications for similar ore deposit settings.

5.3 Regional and Local Geological Setting
The Late Cretaceous Klaza Au-Ag-Pb-Zn-(Cu) deposit hosts a current indicated mineral
resource of 4.457 Mt containing 686,000 oz Au, 14,071,000 oz Ag, 73,268,000 lbs Pb and
92,107,000 lbs Zn at grades of 4.8 g/t Au and 98 g/t Ag, 0.7% Pb, and 0.9% Zn (Ross et al.,
2018). A recent (Q3 2020) positive feasibility study indicates it has a positive mining potential
(Ross et al., 2020). The Klaza deposit forms one of two clusters of epithermal-type polymetallic
vein mineralization in the Mount Nansen Gold Corridor (MNGC; Fig. 1). The two epithermal
clusters are interpreted to have been fed by a central porphyry complex (Hart and Langdon,
1997; Lee et al., 2021).
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The metamorphosed Late Devonian to Early Mississippian sequence of mixed
volcaniclastic and intrusive rocks forms the basement to the area and is referred to as the YukonTanana Terrane. It was intruded by a series of plutonic rocks: The Late Triassic to Early Jurassic
Minto suite granodiorite, the mid-Cretaceous (120–90 Ma) Whitehorse suite granodiorite, the
Late Cretaceous (80–72 Ma) Casino suite diorite to granodiorite and the Prospector Mountain
suite diorite to gabbro (Fig. 1). Geochronology (Mortensen et al., 2016; Lee et al., 2021, in prep.)
provides evidence for the Late Cretaceous (72–65 Ma) Prospector Mountain suite diorite dikes
being co-spatial with the Casino-age dikes in the same fault structures. Whole-rock
lithogeochemical data from these intrusions reflect continental arc signatures in all four suites,
with both of the Late Cretaceous suites showing a progressive increase in depletion of the
HREEs and enrichments in LREEs due to the hydrous magmas being sourced from garnet-stable
depths (Lee et al., 2021).
The Klaza deposit displays changes in vein mineralogy, vein types, and intrusive rock
textures moving from northwest towards the inferred porphyry complex in the southeast (Fig.
2A). The mineralization consists of composite, multistage epithermal fault-fill veins that are
dominantly hosted in northwest-trending structures cutting the Whitehorse suite granodiorite.
These veins are co-spatial with dikes assigned to the Casino and Prospector Mountain suites
(Fig. 2B) which they cut (Lee et al., in prep.; Chapter 4). Both the distribution of sulfides (Fig.
2A) and metals (Fig. 2C) display a clear zonation from distal, Ag-rich mineralization in the
northwest to Cu-Au-Mo-rich mineralization in the southeast. This zoning is similar to that in
large porphyry deposits (e.g., Seedorff et al., 2005; Sillitoe, 2010), however it is now known,
based on Re-Os molybdenite (Lee et al., 2021) and Ar-Ar muscovite dating (Lee e al., in prep.;
Chapter 4), that the mineralized system formed from the superposition of two temporally distinct

197

porphyry Cu-Au-Mo systems ~6 million years apart. Thus, the Klaza veins are genetically
associated with the younger porphyry event.

5.4 Methodology
5.4.1 Paragenesis:
Sampling and core logging (≈7 km) was conducted at Klaza in the 2017 and 2019 field
seasons with follow-up detailed petrographic (transmitted and reflected light) and SEM-EDS
studies. This work, combined with geochronology referred to above, was used to establish the
magmatic and hydrothermal paragenesis presented below. The latter was used to select
representative sulfide minerals (pyrite, arsenopyrite, and sphalerite) from key locations in the
paragenesis to investigate precious metal deportment using LA-ICP-MS analysis.
5.4.2 LA-ICP-MS:
Element mapping of pyrite, sphalerite and arsenopyrite was carried out on thick sections
(~200 µm) using LA-ICP-MS at the Geological Survey of Canada. The latter was done with a
Photon Machines/Teledyne Analyte G2 193 nm excimer laser ablation system coupled to a
Helex two-volume ablation cell and an Agilent 7700x quadrupole ICP-MS. The mapping
procedure followed the methodology in Paradis et al. (2020). Element maps were constructed by
translating the sample stage under a focused laser beam which formed a series of raster line
scans. Laser conditions used were: a fluence of 4.2–5.0 J/cm2, a repetition rate of 30 Hz, a spot
size of 4 to 20 µm, and a scan speed of 4 to 40 µm/s.
The calibration procedures of Jackson (2008a) were followed during the mapping
sessions with standardization achieved by calibrating the signals of unknowns against analyses of
USGS doped synthetic basalt standard GSE-1G for most major and trace elements (Guillong et
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al., 2005). Internal reference materials used were pyrrhotite for Sand calcite for C (where
necessary), with normalization of total elements (or element oxide) concentrations to 100%, on a
pixel-to-pixel basis. Reference materials were analyzed every 20 unknowns (approximately
every hour) to account for instrument drift during the mapping runs. Line scans of secondary
standards USGS GSD-2G or UQAC-Fe-S1 (doped pressed sulphide powder pellet prepared at
LabMaTer, UQAC) were analyzed throughout the mapping sessions, and routinely yielded
calculated concentrations within 5–10% of the accepted values for most elements. Reference
values for GSE-1G were taken from the online geological and environmental reference materials
database (GeoReM; Jochum et al., 2005), whereas information values were used for GSD-2G
(supplied by the USGS Certificate). Internal working values for FeS-1 were provided by
LabMaTer (UQAC – Dany Savard). The software programs LAMTRACE and PixeLAte
(Jackson, 2008b) were used to calibrate the data and convert the line scans to quantitative
elemental maps.
Elements analyzed include: 10B, 13C, 23Na, 25Mg, 27Al, 29Si, 31P, 34S, 39K, 42Ca, 47Ti, 51V,
53

Cr, 55Mn, 57Fe, 59Co, 60Ni, 65Cu, 66Zn, 75As, 77Se, 88Sr, 89Y, 91Zr, 95Mo,109Ag, 111Cd, 115In, 118Sn,
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Sb, 125Te, 127Ba, 140Ce, 172Yb, 178Hf, 181Ta, 182W, 197Au, 201Hg, 205Tl, 206Pb, 207Pb, 208Pb, 209Bi,
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Th, and 238U. Further details on this method are available in Appendix EA 5-1.

5.4.3 Data Interrogation Workflow:
The LA-ICP-MS element maps were first evaluated empirically via visual identification
of growth textures (i.e., elemental zoning) and cross-cutting relationships defined by elemental
patterns – we note that conventional studies’ data interpretation ends here. Observations from
this step are used to form hypotheses for further testing through data-driven methods (see Fig. 3)
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and supporting petrographic and SEM-EDS observational evidence. Data preprocessing and
statistical analysis was conducted using the Reflex ioGAS software.
5.4.4 Data Preprocessing and Normalization:
The raster data for each mineral map are first screened for missing or problematic
characteristics (e.g., below detection limit (BDL) or non-numeric values). In this study we only
used elements from datasets where less than 30% of the data are BDL, as recommended in
Martín-Fernández et al. (2012). A selection of elements fulfilling this criterion may vary
(elements chosen vary depending on sulfide minerals of interest), but in all cases are subjected to
the centered logarithmic-ratio (CLR) transform (Aitchison, 1982) in order to address the effects
of closure in geochemical data, which is compositional rather than absolute. The CLR transform
was selected due to its ability to conserve feature dimensionality, and its demonstrated suitability
for use in mapping studies in the geosciences at various scales (Carranza, 2011; Reimann et al.,
2012; Hood et al., 2018; Ahmed et al., 2020). The CLR-transformed data is then normalized
using a Z-score transformation (i.e., data are centred and divided by the standard deviation) in
order to provide relative measures of scale (Witten and Frank, 2005; Templ et al., 2008).
Prior to using the numeric data from each map, it is important to consider that raster maps
commonly capture data from minerals other than the target sulfide grains. For example, with
reference to the sphalerite map presented below, it was necessary to map the entire euhedral
sphalerite grain which necessitated the laser traversing quartz and carbonate. Thus, in order to
assess the chemistry of the sphalerite grain, the pixel (or data points) containing data from other
minerals first need to be filtered out. We propose using K-means clustering (Steinhaus, 1956;
MacQueen, 1967; Ripley, 1996) to automate this process. K-means was first proposed in 1956
and is one of the most popular and widely-used clustering algorithm due to its ease of
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implementation, and simplicity (Jain, 2010). K-means acts to maximize similarities between data
points within clusters while also maximizing the Euclidean distance between clusters (Ripley,
1996).
5.4.5 K-means clustering and Principal Component Analysis:
In this study, normalized map data for each raster map (three raster maps are analyzed in
this study) are subjected to K-means clustering to group data points of similar geochemical
associations together. The number of clusters (K) was determined using broken stick plots,
which allows the user to determine the “natural number” of clusters by assessing cluster
dispersion and distance (see Ahmed et al., 2020). Broken stick plots from this study are
presented in Appendix EA 5-3. The results of this clustering can be displayed in 2D to generate
mineral domain maps, which can be verified for validity with petrographic images of the mapped
location.
Following on the above, the clustered data for each map are further filtered to isolate data
points containing information from the mineral of interest. Again, the compositional data is
screened to omit elements with a high % of BDL values. The elements selected for each sulfide
mineral with accompanying % BDL information is compiled in Table 1. Probability plots used to
screen the elements are compiled in Appendix EA 5-2. Filtered data points from each raster map
are then subjected to principal component analysis (PCA) and K-means clustering (Fig. 3).
Principal component analysis (PCA) has been in use for some time to evaluate and
discriminate important associations among large populations of data through dimensionality
reduction (Templ et al., 2008; Grunsky et al., 2010; 2013). The generation of large geochemical
datasets in various geochemical studies makes them ideal for application of PCA studies, which
has been used for example to decipher the associations for elemental maps generated in LA-ICP201

MS studies, in particular Fe sulfides (e.g., Gourcerol et al., 2018; Kerr et al., 2018; Pilote et al.,
2020), and, more recently, epidote (Ahmed et al., 2020). A modified approach building on these
previous studies is applied for the sulfide samples analysed in this study.
The products of this round of clustering can be displayed in 2D as feature maps for
interpretation or further data interrogation. Simplex plots of principal components serve to
complement the feature maps and to interpret the geologic process each cluster represents. The
products of this workflow are used collectively with paragenetic constraints and petrographic
evidence to test the hypotheses proposed from visual inspection of the LA-ICP-MS element
maps.

5.5 Results
5.5.1 Hydrothermal History
The magmatic history of the Klaza deposit is discussed elsewhere (Lee et al., 2020, 2021,
Chapter 4) and instead here we focus on the hydrothermal history of the setting with an emphasis
on its epithermal-type mineralization. The overall mineral paragenesis of the system is shown in
Figure 4, whereas examples of the vein types are presented in Figures 5 to 6 with a schematic
diagram in Figure 6D.
Vein Paragenesis: Four vein stages are documented. Stage 1 veins include typical high
temperature, porphyry-type veins - A-, B- and EDM-type as documented in Lee et al. (2020,
2021). The D-type veins (Fig. 5A) are also part of the stage 1 and occur as hairline quartz-pyritemuscovite veins with cm- to m-scale phyllic alteration haloes. These veins are cut by Stage 2
veins.
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Stage 2 veins are divided into four sub-stages based on their mineralogy, textures, and
cross-cutting relationships. Stage 2a veins are massive pyrite ± arsenopyrite veins (Fig. 5A, B),
with the arsenopyrite content increasing from southeast to the northwest part of the deposit.
Gradually, the veins become arsenopyrite ± pyrite ± quartz (Fig. 5C) in the Western BRX zone,
with it entirely absent in the Western Klaza zone.
Stage 2b veins occur as arsenopyrite-pyrite-sphalerite-quartz veins with banded textures.
Arsenopyrite in stage 2b preferentially localized to the wall-rock contact (Fig. 5A, D), whereas
sphalerite, galena, and quartz line cavities (Fig. 5D). The banded features of these veins likely
reflect repeated activation and dilation of the faults which host them.
Stage 2c veins comprise galena-sphalerite-tetrahedrite-quartz (Fig. 5B, D, E). These veins
cut Stage 2a veins and pre-mineral porphyritic dikes (i5; Fig. 5H) and form a jig-saw breccia
(Fig. 5H). Intergrown sulfosalts, as described in more detail below, include several Ag-bearing
phases (e.g., tetrahedrite, pyrargyrite, and argentite (now acanthite)). The sulfosalts are zoned
laterally and vertically, thus Ag- and Pb-rich phases occur in the Western Klaza zone (NW),
whereas the Ag- content of tetrahedrite decreases with depth.
Stage 2d veins comprise chalcopyrite-tetrahedrite ± enargite-cemented breccia (Fig. 5F),
which is observed to crosscut all previous vein-stages. This stage is more commonly observed at
the hand-sample-scale in the Central BRX, Central Klaza, and Eastern zones. Evidence for this
vein stage is more noticeable at thin-section scales (see next section).
Stage 3 carbonate veins are minor contributors of Ag-Pb-Zn to the ore system. This vein
stage, which cuts stage 1 and stage 2 veins (Fig. 5A), occurs as breccias (Fig. 5H), narrow veins
(Fig. 5A) and/or vein swarms. The carbonate varies among ankerite, dolomite, calcite, and
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rhodochrosite. Clasts of Pb-Zn sulfides are commonly observed in this stage (Fig. 5E); however,
primary galena and sphalerite are observed to be intergrown with bladed barite and/or colloformand moss-textured carbonate (Fig. 5G). The bladed barite and colloform ± moss-textured
carbonate phases, features commonly attributed to fluid boiling (e.g., Moncada et al., 2012,
2019), are observed at shallow depths at Klaza (75-125 m) and generally post-date the preciousand base metals stages seen in Stage 2.
Stage 4 occurs syn- to post-Stage 3 in the form of extensive shearing and cataclasis along
the composite-vein-hosting fault structure. The cataclasis is represented as a polymictic breccias
with sub-rounded clasts of all earlier vein stages (Fig. 5I), the various intrusive phases (Fig. 5J),
silicified breccia (Fig. 5J), and rock flour (Fig. 5K). Vein-hosting faults display evidence of postmineral movement, such as clay-altered fault gouges on the margin of mineralized quartz veins
(Fig. 5K).
Pre-existing fault zones reactivated during vein deposition enhanced the focusing of
fluids along pre-existing fault zones and fractures which resulted in formation of composite
fault-fill veins, such as those shown in Figure 6A and 6B. A composite schematic diagram that
summarises all the vein types and their relationship to the magmatic suites is shown in Figure
6D. The diagram emphasises the overall importance of structural control to the Klaza veins. To
better understand the distribution of precious metals and ore precipitation mechanisms in this ore
system, studies continued on the thin-section scale.
Mineral Paragenesis: Stage 1 veins produced zoned quartz with a dull CL response, likely due to
a high temperature of formation (cf., Rottier et al., 2018), that is intergrown with acicular to
radiating muscovite and subhedral pyrite (Py1; Fig. 7A). Stage 2a veins also have minor
muscovite of similar radiating texture as stage 1 veins, but with more abundant subhedral- to
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anhedral pyrite (Py2; Fig. 7B). This pyrite, although appearing massive in drill-core, and display
colloform- and banded textures as revealed through oxidative staining with a bleach solution
(Fig. 7C); it is also characterized by an abundance of small anhedral mineral inclusions (Fig.
7C). The various pyrite generations display overgrowth textures where pyrite from Stage 2b
(Py3) rims brecciated Py2 (Fig. 7D). Py2 is also observed to rim Py1 (Fig. 7E), which is
manifested as a common occurrence in the wall rock adjacent to composite veins.
Pyrite at Klaza is arsenian (to 1 wt. % As), as indicated via both SEM-EDS and LA-ICPMS work (see below). Bright banding in massive Py2 correlates with As enrichment (Fig. 7F, G).
Stage 2b is characterized by brecciation of Py2, subsequent replacement by sphalerite, and
rimming by arsenopyrite and Py3 (Fig. 7F, I). Enargite is present as a rare, late-stage mineral
replaced by chalcopyrite (also late, see below) hosted in massive Py2 in the Central BRX zone
(Fig. 7H).
Galena, sphalerite and Ag-tetrahedrite occur in Stage 2c as anhedral phases infilling
porous Stage 2b assemblages (Fig. 7I–K) or as anhedral grains occluding space between earlier,
variable CL-zoned prismatic quartz (Fig. 8A). Quartz associated with Stage 2b is more variable
in CL response than earlier quartz and also the later crosscutting Stage 2c quartz which is CL
dull (Fig. 8A). Galena of Stage 2c displays a symplectite texture (Fig. 8B, C) due its intergrowth
with Ag-rich tetrahedrite, as seen in backscatter electron images (BSE; Fig. 8C) which also
shows galena is Bi rich. These symplectites vary in their assemblage with the intergrowth of
galena with Ag-rich tetrahedrite, argentite or bismuthinite. This diversity of Ag- and sulfosalt
mineral phases increases towards the northwest, most notably in the Western Klaza zone, where
acicular boulangerite (Fig. 8D, E) and pyrargyrite can be observed as overgrowths on galena.
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The low-grade Cu distribution at Klaza is broadly confined to the eastern zones and
towards the Kelly and Cyprus porphyry prospects (Fig. 2C). This zonation is controlled by the
increased presence of low-grade, disseminated chalcopyrite in veins and the wall rock,
particularly in the Kelly prospect. Epithermal vein-hosted Cu, although under-reported, is present
throughout the ore system and correlates with Au-Ag-Pb-Zn (in assays). Our observations
suggest Cu is a late-stage event, occurring as an assemblage of chalcopyrite-tetrahedrite ±
enargite cementing breccias (Fig. 8F–I) in the Western BRX zone, Central BRX zone, and
Central Klaza zone. This late-stage Cu-input is more evident on the micro-scale (i.e., in thin
section) where fragmented sphalerite, galena, and pyrite show a jig-saw fit texture (Fig. 8H) or in
some cases a more chaotic texture (Fig. 8I). Sphalerite in proximity to these breccias has
chalcopyrite disease (Fig. 8F) with partial to near complete replacement by chalcopyrite.
However, elsewhere in the deposit it shows little evidence of chalcopyrite disease where the Cubreccia is lacking (Fig. 9A). It is also noted that the sulfides (i.e., arsenopyrite, pyrite, sphalerite,
galena) throughout the deposit commonly display porous textures (Figs. 7I–K, 8B, F, 9A, B), a
feature attributed to coupled dissolution reprecipitation (CDP) processes (e.g., Cook et al.,
2009a; Sung et al., 2009; Martin et al., 2011; Altree-Williams et al., 2015; Mondal et al., 2017;
Hastie et al., 2020). These pores are sometimes lined by quartz.
Au distribution: In addition to lattice-hosted Au (see below), Au is present as grains of high-Au
electrum (> 75 wt. % Au) preferentially hosted in pyrite and arsenopyrite (Fig. 9A–D). The
electrum inclusions commonly occur, along with galena, bismuthinite, and Ag-tetrahedrite
inclusions, within the same sulfide minerals (Fig. 9C–F). Pyrite and arsenopyrite, which both
display a preservation of As-banding (e.g., Hastie et al., 2020), do not contain inclusions of
electrum (Fig. 9E–H).
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5.5.2 LA-ICP-MS Elemental Mapping of Sulfides
Three sulfide minerals were selected for elemental mapping based on their relative
position in the mineral paragenesis (Fig. 9) so as to best document the elemental versus mineral
paragenesis (e.g., Gourcerol et al., 2018, 2020) and, as such, the geochemical evolution of the
ore system. Each of these is described in detail below. Data collected for this study are compiled
in Appendix EA 5-3.
Stage 1 and 2 pyrite: Mapping of pyrite from wall rock adjacent to a composite vein in the
Central Klaza zone (Fig. 5A) revealed the presence of three chemical and textural domains (Fig.
10): (1) a corroded or anhedral core enriched in Ni-Co-Se-Te; (2) a euhedral overgrowth
enriched in As-Au-Cu-Ag-Sb-Pb-Bi; and (3) crosscutting features enriched in Ag-Sb-Bi-Pb-BaCr-Sr which traverse the core area but not the latest stage overgrowth. We note that both Au and
Cu are only marginally enriched (Au: 1–10 ppm; Cu: 10–100 ppm) in the latter features. In
addition to the targeted pyrite grain, other phases mapped were a carbonate vein and plagioclase
(or illite) which surround the pyrite, as seen in the domain map (Fig. 10).
Stage 2b arsenopyrite: The mapped arsenopyrite from the Western BRX zone (Fig. 5B, 5C)
included seven variable sized, euhedral crystals in the selected area. These grains are intergrown
with sphalerite, also of stage 2b, and crosscut by later stage barite (Fig. 11). The arsenopyrite
grains display three different elemental domains that otherwise occupy overall euhedral shapes:
(1) a euhedral, Sb-dominant core; (2) an Au-dominant overgrowth; and (3) a crosscutting
network enriched in Ag-Cu-Pb-Bi-which extends into the surrounding sphalerite. We note that
these textural relationships are variably developed in each of the mapped arsenopyrite grains, as
seen in the features map (Fig. 11).
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Stage 2b/2c sphalerite: The mapped sphalerite, from the Western BRX zone (Fig. 5B, 5C) is
bounded by quartz and Fe-Mg-carbonate in the southwest and northeast parts of the rastered
area, respectively (Fig. 12). Six elemental domains are noted: (1) Fe-Mn ± In dominant; (2) InCo dominant; (3) Zn-S-Cd dominant; (4) Sn-dominant; (5) Ag-Cu dominant; and (6) Cu-Ag-Sb
dominant. The feature map in Figure 12 highlights the latter chemical domains with some
reflecting primary growth features with oscillatory zones of enrichment, late-stage enrichment
and late crosscutting zones. In addition, it is noted that a thin inner growth rim in the mapped
grain is slightly enriched in Co (up to 2 ppm; see Appendix EA 5-3). Ge, Se, and Mo are BDL.
Elemental Paragenesis: Using the three elemental maps and the inferred relative timing of
elemental enrichment and depletion, a color-coded summary of the dominant elements in each
vein stage was derived (Fig 13). Siderophile elements (Fe-Ni-Co) dominate in early Stage 1
sulfides, which is followed by Fe-As-Sb enrichment that precipitated in the abundant
arsenopyrite and arsenian pyrite (Stage 2a, 2b). Both of the As-bearing sulfide minerals host
lattice-bound Au, with arsenopyrite being a more preferred host with 100s ppm versus <10 ppm
Au, respectively (Figs. 10, 11). This was followed by enrichment of Ag-Pb-Zn-(Stage 2c) in
sphalerite, galena, and silver-bearing minerals; a significant amount of In was also incorporated
in this stage. The latest stage corresponds to Stage 2d in the vein and mineral paragenesis and
includes enrichment in a range of chalcophile elements (Cu, Pb, Ag, Au, Sb, Sn, Bi, Te). In
addition, enrichment of Ba, Sr, Cr, Mn, and Al also form a significant part of this stage.
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5.6 Discussion
5.6.1 Trace element variance
Pyrite: Figure 14A depicts the feature map generated using K-means clustering for the pyriteonly map data, whereas Figure 14B-D show the partitioning of elements of interest between the
four identified clusters in this map. The Ni-Co dominant cluster (blue) shows an overall
depletion of Sb, Ag, Au, and Cu, whereas points from the orange and yellow clusters, which are
for paragenetically later pyrite, show overall enrichment of the same elements. The green cluster,
which is for pyrite crosscutting the earlier blue pyrite area, shows higher levels of Ag enrichment
and lower levels of Cu-Au-enrichment relative to the orange cluster (i.e., late overgrowth). The
green cluster also shows similar ratios of Ag and Sb enrichment (1:1), and is interpreted to
represent the formation of Ag-tetrahedrite in Stage 2c. Based on these observations, the blue
cluster is interpreted to represent an earlier Stage 1 pyrite related to phyllic alteration attributed
to the porphyry-type event (known to be Ni-Co-rich; see Sykora et al., 2018) and recorded in
alteration of the wall rock, whereas the orange and yellow clusters represent the later Stage 2d
epithermal-type mineralization and reflects enrichment of the fluid in Cu-Au-Sb-Pb-Bi.
The Au versus As plots in Figures 14E and 14F indicate depletion in Co and enrichment
in Ag with increasing Au and As, respectively. Since Au and As contribute to the orange and
yellow clusters, it is suggested from the above that the later fluid mobilized Co, Ni, Te, and Se
from the earlier Stage 1 pyrite and enriched the later pyrite overgrowth with these chalcophile
elements, in addition to As and Au, due in part to CDP processes. The dashed line on both plots
indicates the transition between solid-solution Au (Au1+) and electrum (Au0) as inclusions (Reich
et al., 2005), with the latter mostly Ag-As-poor. The noted strong association of Au as Au1+ in
arsenian pyrite has been noted for some time and its significance discussed in gold deposit
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settings: epithermal-porphyry (e.g., Chouinard et al., 2005; Reich et al., 2005; Peterson and
Mavrogenes, 2014; Morishita et al., 2018; Sykora et al., 2019; Roman et al., 2019), Carlin (e.g.,
Simon et al., 1999; Large et al., 2011; Kusebach et al., 2019) and orogenic (e.g., Cook and
Chryssoulis, 1990; Simon et al., 1999; Deditius, 2008; Large et al., 2007, 2011; Su et al., 2008,
2012; Hastie et al., 2020), but we also note there are exceptions where Au is also enriched in Aspoor pyrite (Cook et al., 2009a). Of note in this pyrite is the decoupling of Au from As and Ag in
the early arsenian pyrite which indicates Au-liberation from its lattice-bound nature and
subsequent formation as inclusions (see As-poor, Au-rich inclusions in Fig. 14F), as noted in
other studies of pyrite (e.g., Kerr et al., 2018; Hastie et al., 2020). In contrast, this did not happen
for the later Au-rich pyrite.
Arsenopyrite: Figure 15A shows a close-up view of the arsenopyrite grain that was laser mapped,
which is located in the southwest corner of the low magnification feature map in Figure 15B. In
addition, the latter image also identifies galena inclusions and the surrounding sphalerite. Figures
15C and 15D show the correlation of each cluster of data points to key elements in the
arsenopyrite. Based on this information, the blue and yellow clusters are correlated to Sb and Au
partitioning, respectively, into arsenopyrite during different stages of its growth in Stage 2b. The
Sb-rich arsenopyrite is interpreted to reflect the early fluid event of this stage which was
progressively dissolved and reprecipitated via CDP processes in concurrent with influx of a Aurich fluid. Interestingly, the extent of the CDP varies from grain to grain, as shown in the
different levels of preservation of Sb-rich arsenopyrite cores in each crystal in Figure 15B and
thus indicates that several grains need to be mapped to reveal this complexity. We further
emphasize this aspect by noting that in some grains the early Sb-rich core is nearly completely
replaced by Au-rich arsenopyrite (up to 400 ppm Au; Fig. 15F).
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The green and orange clusters represent late fluid input during Stage 2d. Importantly, it is
noted that the overall grade of Au is unchanged during Stage 2d (Fig. 15D), therefore
representing a local Au remobilization event with no net changes to the overall Au budget, but
with a significant complementary increase in Cu (Fig. 15E, 15F). This late fluid influx is
important for liberating lattice-bound Au (Au1+) and re-precipitating it as Au0 that is decoupled
from Ag and As (Fig. 15F). The remobilization of Au in arsenopyrite is not uncommon and thus
widely reported for arsenopyrite in orogenic gold systems (e.g., Fougerouse et al., 2017; Voisey
et al., 2019; Gourcerol et al.., 2018, 2020). From Figure 15G, which depicts the distribution of
Ag, Cu, Bi, and Pb in arsenopyrite, it is evident that the late fluid enriched the system in these
elements with three clusters of data highlighted for further discussion. The first cluster,
corresponding to high Ag-Cu at a 1:1 ratio with low- to moderate Bi and Pb. The second cluster
has high Ag-Pb-Bi and moderate Cu, which is the most common-type of inclusion in
arsenopyrite. These first two clusters likely represent a variety of Ag-Cu-rich sulfosalts (e.g.,
arsenpolybasite). The third and final cluster corresponds to high Ag-Pb-Bi with very low Cu.
This cluster is interpreted to represent inclusions of Ag-Bi-rich galena, native silver, and
argentite. The texture of these various inclusions in arsenopyrite is depicted in the backscattered
image of Figure 15H.
Sphalerite: A plane-polarized image of the mapped sphalerite grain displayed in Figure 16A is
noted for the presence of late, crosscutting dark fractures, as highlighted by the white dashed
lines in the inset image and also seen in the feature map of Figure 16B. Based on the textural
relationships of the geochemical clusters shown in Figure 16B, the orange and blue clusters are
interpreted to be primary growth zones (Stage 2b, 2c), whereas the yellow, green, and purple
clusters are interpreted as relating to late fractures.
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Data plotted in Ag versus Cu space (Fig. 16C) indicate there is coupled enrichment of
these elements as they both increase along the same trend. Cadmium, Fe, and In display
preferential partitioning into primary growth zones (Fig. 16D–F), whereas Bi is concentrated into
late fractures (Fig. 16G). Of note, this late-stage Ag-Cu enrichment is also seen as the late
clusters of data in the arsenopyrite and pyrite maps and suggests the stage 2d event is extensive
on both a micro- and macro-scale.
5.6.2 Sphalerite Substitution Mechanisms and Implications:
Sphalerite (like pyrite) can host a wide variety of elements in its lattice, with fractionation
of any given element sensitive to changes in the crystalizing environment (temperature, source of
metals, and cooling history; Cook et al., 2009c). Since sphalerite is intergrown with arsenopyrite
(a primary host of Au, but with a limited variety of lattice-hosted elements; Cook et al., 2013) at
Klaza (Fig. 15A), mapping this mineral provides a valuable opportunity to understand the fluid
chemistry of an important part of the paragenesis.
Due to similarities in cation sizes to Zn2+, Fe2+, Cd2+, Mn2+, and Co2+ enter the sphalerite
lattice through simple substitution (Becker and Lutz, 1978; Chen et al., 1988; Cook et al.,
2009c). Di Benedetto et al. (2005) showed that the presence of Cd can influence the distribution
of Fe and Mn. The latter two elements would thus have an inverse correlation due to competition
at the mineral-fluid interface. This is not the case at Klaza as Fe and Mn show a strong
correlation (Fe-Mn correlation demonstrated through K-means-assigned cluster; Fig, 15B and
Fig. 18C, D). This relationship indicates that Fe and Mn may take part in a more complex
coupled substitution reaction involving Sn4+(shown to be correlated with primary growth zones;
Fig. 12): Fe2+ + Mn2+ + Sn4+ ↔ 4 Zn2+ (based on general coupled-substitution mechanism for
trivalent and tetravalent elements in sphalerite proposed by Johan (1988)). In addition, Hg2+ has
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also been proposed to substitute with Zn2+ (and thus, also Fe2+) based on a study conducted at
Eskay Creek, Canada (Grammatikopoulos et al., 2006).
Indium and Cu are correlated, with older growth zones (Fe-Mn-rich and In-rich)
displaying strong correlations (near a ratio of 1:1 and with a slope of ~1; Fig. 16H). This
suggests In and Cu likely participate in coupled substitutions such as Cu+ + In3+ ↔ 2 Zn2+
(Schorr and Wagner, 2005; Cook et al., 2009c; 2011). Younger growth zones show a weaker
correlation but still with a slope of ~1, likely representing gradual addition of Cu (and loss of In)
in the late fluid. In addition, a significant portion of Cu is observed to fall off these trends (Fig.
16H), likely corresponding to late Cu hosted as inclusions (chalcopyrite disease; Fig. 8F) and
fractures (chalcopyrite, tennantite; Fig. 12).
Late Cu is also correlated with Ag (Fig. 16C), which is argued to be incorporated as
solid-solution in sphalerite through coupled substitution with Sn (Cook et al., 2009c). The
element maps in Figure 12 do not show significant amounts of Ag correlating with primary
growth zones; however, the plot in Figure 16I suggests a coupled substitution reaction involving
Ag, Cu, and Sn is plausible in the form: Ag+ + Cu+ + Sn4+ ↔ 3 Zn2+. Much like Cu, Ag is also a
component of the late fluid, represented by data falling off the trend (Fig. 16I) and Ag-rich
tennantite inclusions (Fig. 12). The substitution mechanism for Ga (assumed to be trivalent)
remains unexplained, as it only shows weak, positive correlations with In, Sn, Hg, Cu, and Ag
(see Appendix EA 5-3). Work by Oftedahl (1940) suggests Ga-Ge-rich sphalerite occur in lowertemperature systems, whereas Co- and In-rich sphalerite occur in mesothermal systems. Cook et
al. (2009c) proposed that In-Sn-rich sphalerite can be used as an indicator for proximity to
locations of magmatic input. These results suggest that the mapped sphalerite grain underwent
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repeated fluxes in ratio of higher temperature magmatic- (In-Sn-rich) to low temperature (GaHg-rich) fluids (likely of surficial origin).
5.6.3 Sphalerite Sulfidation State:
FeS values of sphalerite (in mol%) were calculated using the elemental map data to
estimate the sulfidation state of fluids (as defined in Einaudi et al., 2003) based on the methods
of Barton and Toulmin (1966). In this regard, low FeS values correspond to higher sulfidation
states and vice-versa. Rather than the conventional method of using sparse spot analyses to
estimate bulk sulfidation states of sphalerite-bearing fluids, this study utilized all available spot
data from the laser to plot a 2D sulfidation state map of the sphalerite crystal (Fig. 17A) for
comparison with the feature map (Fig. 17B).
An important assumption for the use of sphalerite FeS values to estimate sulfidation state
is that the sphalerite be buffered by an Fe-phase (pyrite or pyrrhotite; Barton and Toulmin,
1966). The fluid precipitating stage 2b and 2c sphalerite in the Klaza system is buffered by pyrite
(Fig. 4), whereas the late fluid (stage 2d) is likely to also be in contact with pyrite (late fractures
and Au-Ag-Cu-Bi-sulfide inclusions).
The sulfidation state map shows oscillations between low- and moderate sulfidation
states throughout the growth of the sphalerite and correspond to the growth zones in the feature
map. These oscillations are attributed to possible fluid mixing events (between magmatic fluids
and externally sourced surficial fluids), which is a common feature in epithermal systems
(Sillitoe and Hedenquist, 2003; Simmons et al., 2005; Rottier et al., 2018). The outermostgrowth zone indicates slightly higher sulfidation states compared to the rest of the crystal and
notably corresponds with Zn-Cd-enrichment. In contrast, In-dominant bands generally
correspond with higher FeS values, between 1.1 and 0.85 mol% FeS (Fig. 17C), thus more
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reduced conditions and may represent influx of magmatic-sourced fluids as expected for
enrichment in In (Cook et al., 2009c). Lastly, the lowest FeS values on the sulfidation state map
(Fig. 17A) correspond to late fractures (Stage 2d) which are seen to be enriched with Ag-Cu
(Fig. 17D) and indicate this late Ag-Cu-Bi-Pb-bearing fluid was of higher sulfidation state. Thus,
these observations indicate that overall, there was a gradually increasing sulfidation state of the
hydrothermal fluid throughout the growth of the sphalerite crystal.
Broadly the data points in sphalerite occupy values between 1.73 and 0.55 mol% FeS.
This range of values occupies the IS state (Fig. 18E), as defined by Einaudi et al. (2003). The
fluid evolution pathways of primary sphalerite (Stage 2b, 2c) and late fractures (Stage 2d), as
constrained based on mineral assemblages of this study and the fluid inclusion homogenization
temperatures of Smuk (1999) and Main (2015) (see below), are shown in Figure 17E and depict
the possible pathways for both fluids.
5.6.4 Principal component analysis (PCA):
Summaries of the results for PCA of the elemental data from the mapped pyrite,
arsenopyrite, and sphalerite are depicted in simplex plots in Figure 18. The simplex plots are
contoured by point-density and based on clusters generated through the K-means algorithm
corresponding with feature maps in the previous section. The results show that, overall, the PC1
component alone is capable of distinguishing elemental enrichment and associations for both
primary and secondary (i.e., late stage) processes in the mineral grains. In Figure 18, PC1 > 0
represents elements incorporated in the primary structure/ growth zones of each mapped mineral.
Importantly the PCA highlights that Ag-Cu-Pb-Bi is the dominant component of the late-stage
fluid.
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Pyrite: The first three principal components account for 70 % of variation (Fig. 18A) in the
dataset and represent three geological processes that control trace element distribution in the
mapped pyrite grain. Principal component 1 accounts for 40 % of variance in the dataset.
Primary (Stage 1) pyrite growth and secondary (Stage 2d) pyrite growth form end members of
the PC1 with well-defined clusters defined in the point-density-contoured simplex for PC1 and
PC2 (Fig. 18B). The proportion of the data in the PCA plots indicate that a significant amount of
pyrite resulted from growth during Stage 2d. Also evident in these plots is that Ni-Co are major
constituents of Stage 1 pyrite, which likely partitioned by coupling with S. That Mn-Sb-Ba-Sr
are aligned with the later Stage 2d pyrite (Fig. 18B) suggests this fluid represents a more
oxidized system (Sillitoe and Hedenquist, 2003; Sharma and Srivastava, 2014; Halley et al.,
2015).
Principal component 2 (15 % of variance) highlights the very strong association of As
with Au in pyrite (Fig. 18C), as was noted above for the elemental maps, and is further
confirmation of the importance of As in pyrite for hosting lattice-bound Au as Au1+, which is
now well established in the literature (see above). Importantly, the net Au content of wall-rock
pyrite is shown to increase in Stage 2d (Fig. 14D), which suggests the Au now seen in the rims in
wall-rock pyrite may have originated and been liberated from the vein-hosted Stage 2a and 2b
auriferous arsenopyrite (and arsenian pyrite) via interaction with this fluid. Principal component
3 (13 % of variance) isolates the Mn-Ba-Sr-Zn-rich signature of the Stage 3 carbonate-related
fluids (Fig. 18D).
Maps contoured by the various principal components (Fig. 18F – H) are compared with
the feature map containing data clustered by K-means (Fig. 18E). Importantly, a map of PC1
(Fig. 18F) is able to distinguish between primary and late features in pyrite, whereas maps of
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PC2 and PC3 are able to highlight enrichments in Au-As-(Cu) and Ag-Pb-Bi respectively. The
decoupling between Au and Ag reflects the stage of the paragenesis each fluid is from (i.e., Stage
2c versus Stage 2d), and is supported by the crosscutting relationships in the feature map (Fig.
18E).
Sphalerite: The first three principal components account for 76 % of variance in the sphalerite
data (Fig. 18I) and represent the enrichment of specific minor and trace elements in the sphalerite
lattice as a result of coupled-substitution processes discussed above. These results are harder to
interpret relative to the pyrite maps since trace elements forming part of the late, Stage 2d event
are also observed to partition into the sphalerite lattice during primary, couple-substitution. For
example, the data for sphalerite shows Sn as a constituent of the late, Stage 2d fluid (Fig. 18J);
however, the element map for Sn also highlights its lower values (~10-90 ppm) that correlate
with primary, oscillatory growth zones (Fig. 12). A similar feature is noted for Cu, which is up to
200 ppm in primary growth zones, but with several orders of magnitude higher enrichment in
late fractures (Figs. 12, 16); the presence of chalcopyrite disease (e.g., Fig. 9A) is consistent with
the latter. There is also a coupling of Ag with the late-stage Cu as described previously.
Plotting of PC1 against PC2 (Fig. 18J, K) clearly illustrates the dominant substitution
mechanisms present in the sphalerite crystal. Four clusters are highlighted in Figures 18J and
18K: (1) elements which undergo simple substitution with Zn (Hg, Cd, Fe, Mn; albeit with
internal complexities discussed above); (2) In-Ga (both trivalent cations which are selectively
incorporated in sphalerite depending on fluid conditions; Cook et al., 2009c); (3) Cu-Ag-Sn,
which participate in a coupled-substitution reaction (Cook et al., 2009c); and (4) an outlying
cluster corresponding with Cu-Ag-rich inclusions in sphalerite. Principal components 2 and 3
correspond with enrichments of In-(Ga) and Ga-(Hg-Sn) respectively (Fig. 18L). The contoured
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maps of these principal components (Fig. 18N – P) can thus be optimized to aid in
geometallurgical modeling and identifying the location of critical metals (e.g., In, Ga, Cd) in ore
minerals.
Arsenopyrite: The first four principal components account for 85 % of variance (Fig. 18 Q) in the
dataset. Principal component 1 is essentially an alteration index for the arsenopyrite grain (Fig.
18R). High (> 0) PC1 values correspond with Fe-As-S and Sb (elements interpreted to be part of
the primary sphalerite grain), moderate PC1 values (~0) correspond with areas where Sb was
substituted by Au, low (< 0) PC1 values correspond Cu-Pb, and Zn-Cd, interpreted to be late
relative to the primary arsenopyrite grain.
The inclusion of Zn and Cd in the field for late-stage fluid is an artifact of the location of
the arsenopryrite crystals in sphalerite hosts, therefore contributions of Zn and Cd are from the
host crystal and were unavoidable, particularly at arsenopyrite grain boundaries (best highlighted
using PC2; Fig. 18S). However, the Cu-Pb signature is real and observed (along with Bi and Ag)
as late fractures and inclusions in the arsenopyrite element maps (Fig. 11) and corresponding
with the composition of the late fractures observed in the pyrite (Fig. 10) and sphalerite (Fig. 12)
element maps.
Principal component 3 and 4 are harder to interpret. We propose PC3 provides a vector
toward accumulations of Pb-(Sb) (PC3> 0) and Au (PC3<0), whereas PC4 likely provides a
vector towards accumulations of Cu (PC4>0) (Fig. 18T; and Appendix EA 5-3). Examples of
principal component use for metallurgical purposes are illustrated in Figure 18 V – X. Here, it is
evident that these techniques can provide a quantitative means to improving ore body knowledge
and guiding metallurgists.
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The PCA correlates well with the inferences made from the elemental maps for the
arsenopyrite. Thus, Sb and Au are noted to have an inverse relationship, as was seen in the maps
(Fig. 15B) where Sb was incorporated as part of the early Stage 2 fluid whereas Au was
introduced by a later fluid event. In both cases, the Au and Sb were likely incorporated into the
arsenopyrite lattice via adsorption processes by substituting with As (FeAsS-FeSbS solid
solution; see Cook et al., 2013).
Bi and Ag were not included in the arsenopyrite PCA due to a high % BDL, owing to low
uptake of these elements in the arsenopyrite lattice. Cook et al. (2013) observed a relationship
between Au and Bi-Pb chalcogenides, which is noted to be common in gold systems (Ciobanu et
al., 2005, Cook et al., 2009b). Cook et al. (2013) attributed the late Au-Pb-Bi-rich fractures to be
remobilized from the host arsenopyrite lattice in response to brittle deformation (common in
orogenic gold systems); however, the Klaza system underwent negligible post-emplacement
deformation. This is apparent in the preservation state of the veins observed from drillcore (see
Fig. 5 and Lee et al., 2020), primary quartz growth textures in CL (Fig. 8), and lack of
deformation kinks in quartz (Main, 2015). Thus, the mechanism that remobilized Au and the
chalcophile elements (Ag-Cu-Pb-Bi) is unlikely to be post-mineral deformation. Below we
discuss other potential models for Au remobilization at Klaza.
5.6.5 Fluid PTX constraints:
Primary sphalerite fluid inclusion data from Tawa (old name for Klaza) and Heustis
(inferred to be genetically related to Klaza; Hart and Langdon, 1997; Lee et al., 2021) have a
range of homogenization temperatures (Th) of 260 – 350 °C and 235 – 300 °C, respectively
(Smuk, 1999). Smuk (1999) also observed that sphalerite from massive ore (corresponds to Stage
2a at Klaza) displayed higher Th values (260 to 300 °C). In another study, Main (2015) recorded
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a similar range of Th values (223 – 307 ± 30 °C) for primary fluid inclusions from Stage 2a
quartz, whereas primary inclusions in sphalerite and quartz from Stage 2b/2c yielded
significantly lower Th values of 138 – 254 ± 6 °C. Main (2015) only reported pseudo-secondary
quartz inclusion data from Stage 3 quartz, yielding Th values of 104 – 141 ± 50 °C with a low
outlier of 42 °C. These observations suggest a cooling trend on the evolving hydrothermal fluid
from Stage 2a to Stage 3. The disparity between temperatures recorded in sphalerite in both
studies could be resultant from sampling of sphalerite from different paragenetic stages or from
fluid inclusion assemblages part of Stage 2d-related fractures in sphalerite.
Smuk (1999) provided further temperature constraints based on sulfur isotope data (δ34S)
for sphalerite and galena inferred to be in equilibrium. The results for two mineral pairs indicated
temperatures of 250 °C and 330 °C for the Heustis and Tawa occurrences, respectively. The
validity of the assumption of equilibrium is unknown, as in this study sphalerite and galena are
rarely observed to be in true textural equilibrium at Klaza.
Ice melting temperatures (Tm) from sphalerite inclusions at Heustis correspond to
salinities of 8.0 (Pb-Zn ore) and 6.4 wt. % NaCl equiv. (massive ore), whereas only a few
inclusions from Tawa yielded useful cryogenic data, corresponding to a salinity of 5.0 wt. %
NaCl equiv. (Smuk, 1999). Primary Stage 2a quartz fluid inclusion data reported by Main (2015)
provide a salinity range of 4.8 – 9.9 wt. % NaCl equiv., with an outlier value of 0.9 wt. % NaCl
equiv. Main (2015) also reported salinity values of 0.5 – 13.9 wt. % NaCl equiv. for primary
Stage 2b/2c sphalerite inclusions, and a highly saline (14.9 – 18.8 wt. % NaCl equiv.) fluid from
pseudo-secondary inclusions within Stage 3 quartz. Overall, this information indicates a gradual
increase of fluid salinity with each stage of mineralization. The data is consistent therefore with
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the models for IS epithermal fluid compositions whereby fluids associated with Ag-Pb-Zn stage
are typically of higher salinity (Albinson, 2001; Sillitoe and Hedenquist, 2003).
Based on the fluid inclusion data from Main (2015), the mineralization is constrained to
depths of <1 km and therefore strengthens the classification of the Klaza deposit as an epithermal
system. Based on brine boiling curves from Haas (1971), Stage 2a is inferred to have formed at
~850 m, Stage 2b/2c at ~160 m and Stage 3 at a minimum depth of 30 m, with pressures likely
exceeding lithostatic based on the abundance of hydrothermal brecciation associated with Stage
3 quartz-carbonate veins (Main, 2015). We note, however, that the use of brine boiling curves to
estimate the depths of emplacement of the Klaza vein stages may not be justified since good
evidence for boiling, that is coexisting L- and V-type fluid inclusions, was not observed in Stage
2a and Stage 2b/2c based on our petrographic studies of fluid inclusion sections.
5.6.6 Summary of hydrothermal events
Figure 19 summarizes the mineral and textural paragenesis of the Klaza composite
epithermal veins by synthesizing the aforementioned observations and results. Stage 1 D-type
veins were emplaced in association with ca. 79 Ma phyllic alteration (Fig. 19A; Lee et al., in
prep). Pyrite 1, which formed in the wall rock Whitehorse suite granodiorite by replacing
magnetite, biotite, and hornblende, is enriched in Ni-Co. Stage 2a massive pyrite ± arsenopyrite
and quartz 1 veins, which precipitated at minimum temperatures of ~250-300 °C (fluid inclusion
constraints), are enriched in Au and Sb due incorporation into arsenian pyrite and arsenopyrite
via solid-solution (Fig. 19B). Accompanying this, the earlier stage 1 wall rock pyrite experienced
new growth enriched in chalcophile elements (Ag-Cu-Pb-Bi), As-Sb, and Au as a result of fluid
influx from the adjacent vein (see overgrowth on pyrite in Fig. 19A).
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The fault zone hosting Stage 2a mineralization is repeatedly reactivated with each fluid
pulse corresponding to subsequent vein stages. Stage 2b precipitation was related to brecciation
of pyrite 2, which was replaced by sphalerite 1 and rimmed by arsenopyrite and pyrite 3. As part
of Stage 2b, Au and Sb are incorporated into the arsenopyrite structure during different fluid
pulses. Prismatic, CL-bright quartz 2 precipitated after arsenopyrite deposition followed by comb
quartz 3 having moderate CL response as part of Stage 2c which is then is cut by CL dull or dark
quartz 4. Euhedral sphalerite 2 and an anhedral Pb-Bi-Ag-As-Sb-S phase (fahlore) precipitated in
dissolution cavities of quartz 4 (Fig. 19B). Wall-rock pyrite shows fractures lined with sulfide
phases enriched in Ag-Cu-Bi-Pb related to this fluid pulse (Fig. 10).
Retrograde cooling of this fahlore phase allowed Ag-Bi-rich galena, Ag-tetrahedrite,
bismuthinite, argentite, pyrargyrite, and boulangerite to co-precipitate or exsolve, forming the
acicular and symplectite textures noted above (Figs. 8B–D, 19C). This retrograde cooling event
was interrupted by the Stage 2d fluid pulse. This fluid was oxidized (correlation with barite), rich
in chalcophile elements (Ag-Pb-Cu-Bi), and of higher sulfidation state (presence of tetrahedriteenargite and low FeS sphalerite). This fluid pulse caused widespread chalcopyrite disease in Ferich growth zones of sphalerite, chalcopyrite-tetrahedrite-cemented breccias, minor enargite
precipitation (later replaced by chalcopyrite during retrograde cooling), and locally the complete
replacement of sphalerite (Fig. 19D). This fluid pulse liberated lattice-bound Au and other
impurities from arsenopyrite and arsenian pyrite and re-precipitated high Au electrum (Au
~80%) along with Pb-Bi-Ag sulfide minerals as inclusions in arsenopyrite and pyrite. The loss of
these impurities was accompanied by loss of the banding in the affected arsenopyrite and pyrite
crystals due to CDP processes. Wall-rock pyrite are rimed by chalcophile elements and gold
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associated with this fluid pulse, whereas arsenopyrite and sphalerite display evidence of
fracturing and inclusions enriched in chalcophile elements.
Subsequent hydrothermal stages do not display significant correlations with metal
deposition, although evidence of boiling and amorphous silica textures is documented in Stage 3
quartz-carbonates in this study and by Main (2015). The cataclasites associated with Stage 4 are
responsible for post-mineral modification to the deposit’s grade distribution and can either dilute
or concentrate Au-Ag grades depending on the dispersion of clasts from earlier vein stages.
5.6.7 Previously Proposed Deposit Model
Main (2015) proposed (based on fluid inclusion data) a magmatic-hydrothermal model
for Klaza involving cooling, fluid mixing, and local fluid reduction as mechanisms for Au-Ag
deposition. Firstly, the cooling of magmatic fluids (Stage 2a; ~300 °C, 5 wt. % NaCl) by ~50 °C
is postulated to destabilize gold-bisulfide complexes and precipitate native gold (Hayashi &
Ohmoto, 1991). In the Klaza system, cooling likely resulted in Au as bisulfide complexes to be
deposited as solid solution in arsenian pyrite and arsenopyrite. Saturation of the arsenian pyrite
with Au between 150 °C and ~250 °C likely resulted in the precipitation of rare quartz-hosted
electrum observed by Main (2015).
Main (2015) also attributed the occurrence of electrum inclusions in pyrite to be resultant
from reduction of gold-chloride compounds due to the locally reducing conditions on the surface
of pyrite (Mycroft et al., 1995). Main (2015) also inferred that such H2S–poor fluids likely
occurred at a paragenetically later time when fluids had higher salinities. The mixing of these
two fluids was proposed to as the mechanism for Ag precipitation (Main, 2015): (1) dilution of
magmatic fluids by meteoric or groundwater to produce fluids of low salinity; and (2) isothermal
mixing of magmatic fluids with a high-salinity brine (i.e., connate fluids) to produce fluids of
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high salinity. The latter mechanism is commonly proposed for IS epithermal systems in Mexico
(Albinson, 2001; Bodnar et al., 2014).
5.6.8 Updated Model
Results from this study are combined with those of Smuk (1999) and Main (2015) to
provide an updated ore deposition model for the Klaza system (Fig. 20A). Ore deposition is
currently defined by four stages and a temperature versus log fS2 diagram (Fig. 20B) is used to
trace the fluid evolution of the system through changes in sulfidation state (as defined in Einaudi
et al., 2003). The wall-rock intrusive rocks from Klaza, despite of different ages, are calcalkaline (Lee et al., in prep), thus equating chemically to the intrusion and mineral systems used
to construct the aforementioned diagram from Einaudi et al. (2003) and justifying its use.
Stage 1: A high-temperature (≥350 °C) magmatic fluid related to the ca. 72 Ma porphyry
Cu system contributes Ni-Co-As ± Se ± Te and forms D-type veins associated with pyrite and
phyllic alteration in the wall rock.
Stage 2: The same high-temperature magmatic fluid (≥350 °C) deposits Stage 2a massive
pyrite ± arsenopyrite ± quartz veins due to by cooling via interaction with Whitehorse suite
granodiorite wall rock. Increased interaction of the fluid with the wall rock shifts the fluid redox
to lower sulfidation states (towards the rock buffer composition) away from the heat source and
into the arsenopyrite-stable field (Fig. 20B). This leads to the preferential precipitation of
massive arsenopyrite in Stage 2a veins in distal zones of the system (e.g. Western BRX zone).
Further wall-rock interaction and cooling favours precipitation of Stage 2b arsenopyritesphalerite-pyrite-quartz assemblages. Fluid cooling enhances uptake of Au-Sb and other
elements (e.g., Ni-Co-Te-Bi-Se) in arsenian pyrite and arsenopyrite.
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Stage 3: Cooling (to ≥140 °C) and dilution of a lower temperature magmatic-sourced
fluid upon interaction with surficial waters (Stage 4a) deposits Ag-Zn-Pb-Mn as sulfide-mineral
diversified base metal-rich assemblages. These base metals were likely carried as chloride
complexes in high-salinity fluids. The surficial waters likely leached Ca-Mg-Cr-Al from the midCretaceous Mt. Nansen andesite packages overlying the deposit. The signature of these leached
elements is reflected in elemental associations spatial-related to the late fractures seen in the
element maps (Fig. 10). It is currently unclear if the In and Ga were sourced from the magmatic
fluid or leached from surficial volcanic rocks, although the former is most likely for In (Oftedahl,
1940; Cook et al., 2009c) whereas Ga could have been mobilized with Al since they are often
chemically coupled.
Stage 4b: A prograde thermal gradient enables increased input of oxidized, hot
(temperature estimate for occurrence of chalcopyrite disease is ≥250-300°C; Barton and Bethke,
1987; Eldridge et al., 1988; Bortnikov et al., 1991), higher sulfidation state fluids. This fluid is
highly saline (based on fluid inclusion constraints) and rich in chalcophile elements (based on
element maps). The fluid liberated Au and other impurities from arsenian pyrite and arsenopyrite
lattices. The remobilized elements (transported as chloride complexes) destabilized due to locally
reducing conditions on pyrite and arsenopyrite surfaces, thus precipitating electrum, galena and
other sulfosalts as inclusions and fracture-fill. While the source of the chalcophile elements in
this fluid is likely to be magmatic in origin, the source of the saline fluid is currently unknown.
Main (2015) suggested a basinal brine source; however, such a source has not yet been identified
near Klaza.
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Stage 4c: Structurally controlled syn-mineral brecciation and cataclasis (Stage 2b to
Stage 4) created highly permeable corridors for fluid mixing needed to precipitate ore in steps 3
– 4.

5.7 Implications
5.7.1 Ore Deposition and Metallurgy in IS Epithermal Environments
Findings from this study highlight the decoupling of Au and Ag in the IS epithermal
environment, with structural control as the reason behind the apparent superposition of Au- and
Ag-grade shells in this system. Syn-to-post ore deposition fluid overprint is highlighted as an
important mechanism for liberating lattice-hosted Au, as discussed above, which can be
expensive to extract metallurgically. That this Au can be mobilized via CDP processes and
redeposit as electrum inclusions is significant given the cheaper extraction of the latter form of
Au. Therefore, a better understanding of Au and Ag deportation, as well demonstrated in the
element maps and derived diagrams, can significantly impact the economics and feasibility of IS
epithermal projects such as Klaza.
The liberation of Au and other trace elements from pyrite and arsenopyrite during Stage
2d generated a stoichiometrically purer sulfide phase at the end of this process. The released
impurities would then be concentrated at specific parts of the crystals. This process constitutes
the definition of zone refining, a geologic process recently recognized to play a role in gold
remobilization in a variety of Au-deposit settings that include orogenic (Cook et al., 2013; Kerr
et al., 2018; Hastie et al., 2020; Voisey et al., 2020) and Carlin (Simmon et al., 1999; Su et al.,
2008; 2012; Large et al., 2009), but also recognized in other ore settings, such as volcanogenic
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massive sulfide systems (Lydon, 1984; Ridley, 2012) and many felsic intrusive-rock settings
hosting rare metals (Kontak, 2006, 2017; Linnen et al., 2012; Pandur et al., 2015).
Zone refining could play an important role in post-ore upgrading of gold tenor in IS
epithermal systems and thus would be an important consideration for mineral economics in
exploration projects. This study constituted sampling from one epithermal system (Klaza), and
hence would require follow up work to search for evidence of this processes in IS epithermal
systems around the world.
5.7.2 Regional Exploration
The Klaza deposit forms one of several Late Cretaceous porphyry and epithermal systems
correlated with ~8 million years of protracted magmatism in the Dawson Range (Lee et al.,
2021). Ore deposition and post-ore refining processes that occur at Klaza likely could have
occurred at other mineral occurrences in the Dawson Range of the Yukon (Canada) due to
similar structural controls and the similar chemistry of ore fluids and causative intrusions. Thus,
results from this study could serve as an important reference for analogous systems regionally
(e.g., Freegold Mountain district, Casino deposit) and globally (Alford et al., 2020). Further
textural and mineralogical work is needed on analogue systems to Klaza in the Dawson Range to
further unravel complexities in Au-Ag-Cu deposition linked to the Late Cretaceous metallogenic
pulse.
5.7.3 LA-ICP-MS Elemental Mapping
This study highlights the importance of data-driven interrogation to fully extract
information stored in LA-ICP-MS raster maps, which we suggest is much underutilized based on
how data is presented and qualitatively discussed in the literature (see Gourcerol et al., 2018 for
discussion). The workflow developed in this study is fully applicable to any raster dataset from a
227

variety of minerals, ore deposit settings, and scales. Furthermore, the importance of mapping
more than a single mineral grain is demonstrated in Figure 11, as the mapped arsenopyrite grains
showed differences in crystallization and replacement histories despite sharing a common
paragenetic location.

5.8 Conclusions
The 4.457 Mt of combined Au-Ag-Pb-Zn metal resource of the Late Cretaceous Klaza
deposit is hosted in structurally controlled, northwest-trending, multi-stage polymetallic veins
with a genetic association to a 72 Ma porphyry Cu-Au-Mo system. The data-driven interrogation
of LA-ICP-MS element map data through a workflow developed in this study, aided by
supporting mineral paragenesis, fluid inclusion studies, and geochronological constraints,
provided the basis for key information on ore deposition to be retrieved from sulfide minerals.
This information is summarized below:
(1) Gold and Ag are decoupled in the Klaza system, with a primary Au-As-Sb and Ag-Pb-Zn
association, respectively.
(2) Primary Au (transported as bisulfide complexes) is deposited as lattice-hosted solidsolution in early Stage 2 As-Sb-rich arsenian pyrite and arsenopyrite veins due to cooling
of the magmatic fluid.
(3) Primary Ag is deposited with Pb and Zn fahlore (transported as chloride complexes) by
dilution of a moderate-to-high salinity fluid through mixing with surficial waters.
(4) Retrograde cooling of the vein system allowed Ag-bearing sulfosalts and other Pb-Zn
minerals to co-precipitate as symplectites.
(5) An oxidized, saline, higher temperature and higher sulfidation state fluid, likely of
magmatic origin, overprinted the Klaza system and interrupted retrograde cooling of the
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silver-rich assemblages. This fluid is highly efficient in remobilizing and transporting
chalcophile elements (Ag-Cu-Bi-Pb-Sn-Sb-As), added Cu to the system in the form of
enargite, tetrahedrite and chalcopyrite, and liberated lattice-hosted Au from arsenian
pyrite and arsenopyrite.
(6) The liberated gold traveled only a short distance (inefficient transport in late saline,
sulfur-poor fluid), and was redeposited (destabilization of chloride complexes due to
locally reducing conditions on sulfide minerals) on the surface of arsenian pyrite and
arsenopyrite as Au-rich electrum inclusions along with Ag-Bi-Pb sulfides.
(7) The deposit-scale mineral and metal zonation at the Klaza deposit is a function of
distance from heat source and degree of wall-rock interaction, best explained in the
context of sulfidation state (Einaudi et al., 2003). This combined with fluid inclusion
constraints suggest Klaza is best described as an intermediate-sulfidation epithermal
deposit.
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Figure 5-1: A. Location of Yukon territory in Canada. B. Location of the Dawson Range Gold
Belt in Yukon. C. Simplified geologic map of the Mt. Nansen Gold Corridor modified from Sack
et al. (2021) and Lee et al. (2020), with locations of Klaza deposit and Brown-McDade mine
indicated. D. A true-to-scale cross section A-A’. A schematic long-section B-B’’ is illustrated in
Figure 2B and 2C. Map from (C) plots in UTM Zone 08, Datum: NAD 83.
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Figure 5-2: A. A birds’ eye view of the Klaza deposit with vein traces highlighted in red and
disseminated mineralization highlighted in yellow. Representative images depicting the mineral
and textural zonation throughout the system from northwest to southeast are provided. B.
Schematic cross section through B-B’ (from Fig. 1C). Relative motion of faults is indicated and
inferred based on drill hole and surface data. C. Section highlighting precious and base metal
distribution in the main deposit. Zonation data were obtained from leapfrog models of assay data.
The data displayed here are limited to current drilling extents.
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Figure 5-3: Workflow diagram to illustrate steps taken for interrogation of LA-ICP-MS raster
data and hypothesis testing.
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Figure 5-4: Mineral paragenesis diagram depicting mineral phases observed through petrography
and core logging. The symbols are colour-coded to depict deposit-scale zonation and minerals
selected for LA-ICP-MS mapping.
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Figure 5-5: A. Stage 1 D-type veins in phyllic (quartz-pyrite-muscovite) alteration cut by Stage
2b quartz-arsenopyrite-pyrite-sphalerite veins (Central Klaza zone: KL-14-193; 296.3 m depth).
B. Stage 2a massive pyrite cut by Stage 2b cloudy quartz-pyrite-sphalerite-arsenopyrite vein and
Stage 2c galena-sphalerite-tetrahedrite (Central BRX zone: KL-14-428; 57 m depth). C. Stage 2a
massive arsenopyrite and prismatic Stage 2a quartz (Western BRX zone: KL-17-398; 123 m
depth). D. Stage 2b banded arsenopyrite-pyrite-sphalerite-quartz vein with a centre-fill Stage 2c
galena-sphalerite-tetrahedrite-quartz vein (Central Klaza zone: KL-14-193; 271.86 m depth). E.
Stage 3 rhodochrosite vein with sphalerite cutting Stage 2c galena-sphalerite-tetrahedrite-quartz
(Western BRX zone: KL-17-398; 123.5 m depth). F. Stage 2d chalcopyrite-enargite-cemented
breccia cutting Stage 2a quartz-pyrite (Central BRX zone: KL-14-428; 55 m depth). G.
Colloform banding and moss texture in quartz-carbonate from Stage 3 (Central Klaza zone: KL12-133; 148.5 m depth). H. Prospector Mt. suite dike brecciated and cemented by epithermal
mineralization (sphalerite-galena-boulangerite-quartz-ankerite) (Western Klaza zone: KL-14178; 96 m depth). I. Stage 4 cataclasite cutting Stage 2c and Stage 3 veins grading 94.09 g/t gold,
545 g/t silver, 2.86% lead and 4.21% zinc over 2.63 m (Western BRX zone: KL-17-401; 110 m).
J. Silicified breccia with clasts of porphyritic dike and granodiorite host rock (Central Klaza
zone: KL-11-18; 70 m depth). K. Fault gouge containing milled vein and wallrock material
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(Western BRX zone: KL-17-401; 82 m depth). Mineral abbreviations in accordance with
Whitney and Evans (2010).

Figure 5-6: A. Example of composite vein containing all generations of vein stages. Location of
thin section containing pyrite map is indicated (Central Klaza zone: KL-11-18; 186 m depth). B.
Section of Western BRX vein with location of thin section containing arsenopyrite and sphalerite
maps shown (KL-14-151; 184 m depth). C. Scan of thin section KZ-18-01, with locations of
arsenopyrite and sphalerite maps labeled. D. Schematic diagram showing vein paragenesis based
on cross cutting relationships observed in drillcore and in thin section. Mineral abbreviations in
accordance with Whitney and Evans (2010).
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Figure 5-7: A. Cathodoluminescence image of a Stage 1 D-type quartz-pyrite-muscovite vein
(Central Klaza zone: KL-12-133; 442 m depth). B. Cross-polar image of muscovite-quartz-pyrite
from a Stage 1 D-type vein (Central Klaza zone: KL-11-12; 199 m depth). C. Colloform banding
in massive pyrite highlighted through oxidative staining (Far Western BRX zone: KL-11-42; 42
m depth). D. Reflected light image of pyrite generations 2 and 3 (Eastern BRX zone: KL-15-240;
170 m depth). E. Reflected light image of pyrite generations 1 and 2 highlighted through
oxidative staining. F. Back-scattered electron image of arsenopyrite rims and sphalerite
replacements on massive arsenian pyrite (Central Klaza zone: KL-11-18; 186 m depth). G.
Close-up of arsenic-controlled banding in (F). H. Enargite in contact with pyrite 2 replaced by
chalcopyrite. Galena and arsenpolybasite (Asb) are secondary precipitates (Central BRX zone:
KL-12-114; 118 m depth). I. Arsenopyrite and sphalerite rimming pyrite 2. Galena is late and
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fills fractures and pores in pyrite 2 (Central Klaza zone: KL-11-18; 186 m depth). J.
Replacement of galena in pyrite 2 by sphalerite and tetrahedrite (Central Klaza zone: KL-11-18;
186 m depth). K. Close up of Stage 2b vein. Arsenopyrite is followed by sphalerite which is later
replaced by pyrite 3 (Western Klaza zone: KL-14-178; 96 m depth). Mineral abbreviations in
accordance with Whitney and Evans (2010). BSE images were adjusted for contrast to highlight
features.

Figure 5-8: A. Cathodoluminescence image of Stage 2c quartz-sphalerite-galena vein.
Multigenerational quartz is labeled (Qz0 = magmatic quartz; Qz1 and Qz2 = Stage 2c quartz; Qz3
= Stage 2d overprint) and distinguished based on CL response and texture (Central Klaza zone:
KL-14-193; 271.86 m depth). B. Symplectite texture in galena showing partitioning of Ag, Pb,
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and Bi reflecting tetrahedrite and Bi-mineral exsolution from fahlore phase. False colour images
of EDS X-ray maps are attached. C. Close-up of symplectite texture in (B). D. Boulangerite
(Bou) replacement rims on galena (Western Klaza zone: KL-14-178; 96 m depth). E.
Boulangerite needles in a Stage 2c quartz-cemented breccia with clasts of pyrite3, sphalerite, and
arsenopyrite from Stage 2b (Western Klaza zone: KL-14-178; 96 m depth). F. Stage 2b
sphalerite brecciated by galena from Stage 2c, which is in turn replaced by chalcopyrite and
tetrahedrite from Stage 2d. Note sphalerite displays chalcopyrite disease on it’s rims in contact
with the late breccia (Far Western BRX zone: KL-11-42; 42 m depth). G. Sphalerite and galena
replaced by chalcopyrite and tetrahedrite. Note tetrahedrite fractures cut chalcopyrite (Far
Western BRX zone: KL-11-42; 42 m depth). H. Jigsaw-fit brecciation of pyrite by chalcopyrite
which is in turn replaced by tetrahedrite (Eastern BRX zone: KL-15-240; 170 m depth). I.
Chalcopyrite-cemented breccia with clasts of pyrite 2 (Central BRX zone: KL-12-114; 118 m
depth). Mineral abbreviations in accordance with Whitney and Evans (2010). BSE images were
adjusted for contrast to highlight features.
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Figure 5-9: A. Electrum inclusion within pyrite 2 cut by Stage 2c galena and sphalerite.
Sphalerite displays chalcopyrite disease (Central Klaza zone: KL-11-12; 195 m depth). B.
Electrum inclusion within massive arsenopyrite. Remnant pyrite 2 is preserved. Note both
arsenopyrite and pyrite are highly porous, indicating far-from equilibrium conditions (Central
Klaza zone: KL-11-12; 221.19 m). C. Electrum-galena-bismuth-tetrahedrite inclusions within
massive arsenopyrite (Western BRX zone: KL-15-291; 382 m depth). D. Electrum-galenabismuth inclusions in pyrite. Note absence of As-banding (Western BRX: KL-15-291; 382 m
depth). E. Pyrite 3 clast in chalcopyrite-cemented breccia with As-rich bands and galena-Bitetrahedrite inclusions (Far Western BRX: KL-11-42; 42 m depth). F. Pyrite 3 clast rimmed by
chalcopyrite containing inclusions of galena-Bi-tetrahedrite (Far Western BRX: KL-11-42; 42 m
depth). G. Chalcopyrite rims on pyrite 3. Note As-rich bands and absence of electrum inclusions
(Western BRX: KL-15-291; 382 m depth). H. (Central Klaza zone: KL-11-18; 186 m depth). I.
Arsenopyrite rim on porous pyrite 2 with an electrum inclusion (Western BRX zone: KL-15-291;
382 m depth). Mineral abbreviations in accordance with Whitney and Evans (2010). BSE images
were adjusted for contrast to highlight features.
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Figure 5-10: LA-ICP-MS element maps, mineral domain map, and feature map for pyrite. Data
are compiled in Appendix EA 5-3.
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Figure 5-11: LA-ICP-MS element maps, mineral domain map, and feature map for arsenopyrite.
Data are compiled in Appendix EA 5-3.
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Figure 5-12: LA-ICP-MS element maps, mineral domain map, and feature map for sphalerite.
Data are compiled in Appendix EA 5-3.
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Figure 5-13: Elemental paragenesis diagram depicting correlation of elements to paragenetic
sequence. Constructed based on empirical observations of element maps.
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Figure 5-14: A. Pyrite feature map with clusters arranged in paragenetic sequence. B. Plot of Sb
against Ag with data labeled by clusters corresponding with the feature map in (A). C. Plot of Au
against Ag with data labeled by clusters corresponding with the feature map in (A). D. Plot of Au
against Cu with data labeled by clusters corresponding with the feature map in (A). E. Plot of Au
against As with data contoured according to Co concentration. F. Plot of Au against As with data
contoured according to Ag concentration. The dashed line in (E) and (F) represents the Au
saturation curve from Reich et al. (2005).
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Figure 5-15: A. Reflected light image of mapped arsenopyrite crystal with galena inclusions.
Laser map field of view is depicted in inset. B. Arsenopyrite feature map with clusters arranged
263

in paragenetic sequence. C. Plot of Au against Sb with data labeled by clusters corresponding
with the feature map in (B). D. Plot of Au against Cu with data labeled by clusters corresponding
with the feature map in (B). Arrow depicts hydrothermal evolution based on textural
relationships. E. Plot of Au against Sb with data points contoured by Mn concentration. Arrow
depicts hydrothermal evolution based on Mn concentration and its association with the late fluid
influx. F. Plot of Au against As with data points contoured by Ag concentration. The dashed line
represents the Au saturation curve from Reich et al. (2005). G. Plot of Ag against Cu with data
points contoured by Pb+Bi concentration. H. Back-scattered electron image of arsenopyrite with
galena-tetrahedrite inclusions (Western BRX zone: KL-15-291; 382 m depth). Mineral
abbreviations in accordance with Whitney and Evans (2010).
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Figure 5-16: A. Plane-polarized image depicting the location of the sphalerite laser map. The inset shows the mapped grain with late
fractures traced in dashed lines. B. Sphalerite feature map with clusters arranged in paragenetic sequence. C. Plot of Sn against In with
data labeled by clusters corresponding with the feature map in (B). Only data points corresponding with primary growth zones are
shown. D. Plot of Ag against Cu with data labeled by clusters corresponding with the feature map in (B). E. Plot of Ag against Cu
with data points contoured by Cd concentration. F. Plot of Ag against Cu with data points contoured by Fe concentration. G. Plot of
Ag against Cu with data points contoured by In concentration. H. Plot of Ag against Cu with data points contoured by Bi
concentration. Mineral abbreviations in accordance with Whitney and Evans (2010).
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Figure 5-17: A. Sulfidation state map of sphalerite based on FeS (mol %) values calculated from
element map data. B. Sphalerite feature map with clusters arranged in paragenetic sequence.
White arrow in (A) and (B) indicate direction of crystal growth. C. Plot of FeS against In with
data points contoured by FeS concentration. D. Plot of FeS against Ag with data points
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contoured by FeS concentration. E. Temperature versus log fS2 plot depicting sulfidation state
redrawn from Einaudi et al. (2003). Red dashed lines indicate FeS (mol %) content in sphalerite
from Barton and Toulmin (1966). The diagram is annotated with estimated pathways taken in
sphalerite based on the sulfidation state map in (A) and fluid inclusion microthermometric data
from Smuk (1999) and Main (2015).
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Figure 5-18: A. Distribution of variance plot for pyrite map data. B. Simplex plot of pyrite map
data contoured by data point density. C. Simplex plot of pyrite map data clustered by K-means.
D. Scaled-coordinate values for PC2 and PC3. E. Feature map for comparison with attribute
maps contoured by principal components in F – H. I. Distribution of variance plot for sphalerite
map data. J. Simplex plot of sphalerite map data contoured by data point density. K. Simplex plot
of sphalerite map data clustered by K-means. L. Scaled-coordinate values for PC2 and PC3. M.
Feature map for comparison with attribute maps contoured by principal components in N – P. Q.
Distribution of variance plot for arsenopyrite map data. R. Simplex plot of arsenopyrite map data
contoured by data point density. S. Simplex plot of pyrite map data clustered by K-means. T.
Scaled-coordinate values for PC1 and PC3. U. Feature map for comparison with attribute maps
contoured by principal components in V – X.
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Figure 5-19: Textural paragenesis diagram for Klaza system with time (indicated on left axis). A.
Stage 1 to Stage 2a. B. Stage 2b to Stage 2c. C. Retrograde cooling. D. Stage 2d. Colour codes
for mineral phases are indicated on the right panel.
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Figure 5-20: A. Proposed genetic model for Klaza epithermal system. Key steps in formation of
the system are labeled and described. B. Temperature versus log fS2 plot depicting sulfidation
state redrawn from Einaudi et al. (2003) to illustrate fluid evolution of system. The diagram is
annotated with estimated pathways taken each vein stage based on known mineral stabilities
fields, observed mineral assemblages, sphalerite FeS (mol %) data, and fluid inclusion
microthermometric data from Smuk (1999) and Main (2015).
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Table 1: % Below detection limit (BDL) values for each element selected for machine learning
input. Text highlighted in red indicates BDL values > 30 %.
Pyrite
Ag
24.02
As
N/A
Arsenopyrite
As
0.09
Au
12.56
Sphalerite
Ag
0.04
Cd
N/A

Au
39.71
Ba
18.39

Bi
16.23
Co
0.39

Cu
14.70
Fe
N/A

Mn
27.37
Ni
2.64

Cd
3.88
Cu
17.63

Fe
0.39
S
0.48

Sb
0.21
Pb
3.53

Zn
0.04

Cu
N/A
Fe
N/A

Ga
0.19
Hg
1.87

In
1.23
Mn
N/A

S
N/A
Sn
0.20
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Pb
2.96
S
N/A

Zn
N/A

Sb
19.16
Sr
22.37

Zn
20.85

Chapter 6
6.1 Conclusions
This thesis documents and characterizes the magmatic-hydrothermal system present at the well
preserved, data-rich Klaza deposit, with an ultimate aim to improve Late Cretaceous
metallogenic understanding in the Dawson Range, Yukon, and to refine genetic and exploration
models for porphyry-related IS epithermal systems.
•

Chapter 2 presents the first geological compilation of magmatic and hydrothermal phases
at the Klaza deposit, Yukon, Canada using field-based methods and petrography. This
work provides evidence for a dynamic magmatic engine (five intrusive phases) with
evidence of magma mingling and a correspondingly large hydrothermal footprint.
Evidence of porphyry-type mineralization (A-, B-, D-type, and EDM) is documented,
inferred as the heat source to epithermal mineralization at Klaza and Brown-McDade,
and highlighted as important exploration targets for further testing.

•

Chapter 3 presents the first geochronologic and field evidence of superimposed porphyry
systems in the DRGB. Re-Os molybdenite data show evidence for two pulses of porphyry
mineral deposition events at the Klaza deposit (77 Ma and 71 Ma). Whole rock
lithogeochemical data of the Casino and Prospector Mountain suites show increasing
alkalinity, volatile content, and oxygen fugacity with time, forming an environment
conducive to producing calc-alkaline porphyry Cu-Au-Mo deposits. The geochemistry of
the Prospector Mt. suite is inferred to reflect a change from a convergent arc setting to a
back-arc extensional setting at ca. 72 Ma which also deposited the shoshonitic Carmacks
Group basalts (ca. 70 Ma).
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•

Chapter 4 presents the first detailed geochronologic and petrogenetic investigation on the
intrusive phases and alteration assemblages present at the Klaza deposit using high
resolution geochronology and multielement zircon geochemistry. This chapter compares
the Casino suite to the Prospector Mt. suite, and shows an overall highly protracted
magmatic window of activity (80-65 Ma). The Prospector Mt. suite rocks show evidence
of mingling with Casino suite magmas, and features of melting at garnet-stable depths.
Zircon trace element data suggest common melt sources for both suites. The Prospector
Mt. suite is thus highlighted as a historically overlooked causative intrusion linked to
PCDs in the DRGB and extends the temporal window of PCD prospectivity by 8 million
years.

•

Chapter 5 presents the first use of paragenesis-supported LA-ICP-MS element mapping
on key, Au-Ag-hosting sulfide minerals in an IS epithermal system to investigate
precious and deleterious element distribution. This investigation utilized a newly
developed workflow to filter raster LA-ICP-MS data and extract valuable textural and
numeric information. This chapter also introduces new methods of visualizing LA-ICPMS element map data as mineral domain maps and feature maps by machine learningaided pre-processing. This methodology enabled the extraction of necessary evidence to
show the presence of zone refining in the epithermal environment and demonstrate its
importance in liberating lattice-hosted gold at Klaza.

6.2 Synthesis
The Klaza epithermal Au-Ag-Pb-Zn deposit is a zoned, northwest-trending polymetallic
system which displays field (and mineralogical) characteristics of an intermediate sulfidation
epithermal system. Broad metal (and mineralogical) zonation in the Klaza system suggests a heat
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source (Cu-Au-Mo rich, Mn-poor zones) towards porphyry prospects in the southeast. This
hypothesis is supported by a changed in vein and mineralization-style (sheeted veins, and
disseminated sulfides) in the eastern zones. This simple zonation is made complicated by
repeated hydrothermal fluid influx, resulting in large breccia zones in the fault-structure-hosted
epithermal mineralization.
The primary form of ore deposition at Klaza is proposed to be a result of magmatichydrothermal fluids from the porphyry environment ascending along fault zones and interacting
with granitic mid-Cretaceous-age wallrock and surficial waters. This interaction led to metal
deposition through cooling and mixing processes, which destabilized gold-bisulfide and
chalcophile-element-chloride complexes at different points in the fluid evolution. Primary Au is
deposited early as lattice-hosted invisible gold in arsenopyrite and pyrite. Gold and other
chalcophile elements were remobilized during a late fluid pulse and reprecipitated as electrum
and Bi-Pb-Cu-sulfide minerals in arsenopyrite and pyrite. Such processes of removing impurities
from arsenopyrite and pyrite lattices constitutes zone refining and has not been documented in
epithermal systems prior to this study. Understanding zone refining processes in epithermal
systems is important since it can improve ore body knowledge and affect mineral economics.
The post-mineral cataclasites at Klaza also contribute towards upgrading gold-content in the
deposit through natural milling.
The Klaza deposit is likely the distal hydrothermal expression of a ca. 72 Ma buried AuCu-Mo porphyry system located near the Cyprus prospect. The Klaza veins appear to
superimpose ca. 77 Ma Cu-Au-Mo porphyry veins near the Kelly prospect. Superposition of
these two genetically-unrelated hydrothermal is resultant of reactivated structural corridors
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enabling the ascent of magmatic-hydrothermal fluids into the same area at differing periods of
time.
The Klaza Igenous Complex (KIC) hosts multiple intrusive phases that depict magma
mixing and mingling textures, with corresponding geochemical signatures reflecting similar
processes. Geochemical similarities between the Casino and Prospector Mt. suite igneous rocks
and zircons suggest they originated from a long-lived co-magmatic source. Furthermore, the
common occurrence of inherited zircons from prior intrusive suites (Minto, Whitehorse, and
Casino suites) in younger suites (Casino and Prospector Mt. suites) further supports the
hypothesis above since previously crystalized melts have to be assimilated into the younger
magmas, thus producing similar bulk chemical compositions, and recycle older zircons. The
tendency for slightly alkaline Prospector Mountain suite rocks to contain a large amount of
inherited zircon may have contributed to an age-bias towards Casino-ages in previous work.
The results of this study and on-going studies by other workers are increasingly
displaying evidence of Prospector Mountain-age magmatism and mineralization in other
localities in the DRGB such as the Casino deposit and the Freegold Mountain District. Prolonged
periods of magmatic-hydrothermal activity at localities such as the Casino deposit may explain
its particularly large metal endowments, with implications in localities where similar features
have been detected (e.g., Klaza and Freegold Mountain). Further work in other porphyryepithermal systems in the DRGB is needed to continue assessing the potential of the Prospector
Mountain suite rocks to host large PCDs. The sub-alkaline rocks of the Prospector Mountain
suite and Carmacks Group proposed to be linked to localized extensional environments may
coincide with alkalic porphyry and epithermal Au deposits, and should be investigated further.
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6.3 Future work
This investigation was limited to the extents of the Klaza deposit, therefore certain
aspects are worth pursuing in future studies to validate some results. Firstly, the magmatic phases
that were sampled are mostly altered, therefore petrographic investigation to identify primary
igneous minerals was highly challenging. The descriptive results of intrusive phases presented in
Chapters two and four represent preliminary classifications of the Klaza Igneous Complex.
Futher geochemical and geochronologic investigations are recommended to aid exploration in
the area.
Future workers are encouraged to locate equivalent magmatic phases far away from the
Klaza system for a more detailed investigation. In addition, explorers in the DRGB will benefit
from a petrology-focused investigation into the Prospector Mt. suite intrusive phases and the
alkaline Carmacks Group volcanic rocks. A study of this nature will focus on intrusive rocks
within and outside the Klaza region and provide a satisfactory explanation of the petrogenesis of
this increasingly important intrusive suite.
The Brown-McDade mine was inaccessible due to safety restrictions throughout the
duration of this investigation. Access to several prospects (e.g., Flex, Cyprus) within the BrownMcDade cluster was granted to an operator affiliated with Alexco Resources Corp. in 2020,
therefore providing an opportunity for sample collection from the Brown-McDade area for a
comparative geochronology, alteration, and genesis study.
Due to impacts of the Covid-19 pandemic, several analytical aspects of this investigation
were postponed or canceled. In-situ, unconventional geochronologic investigations (e.g., U-Pb in
calcite, Ar-Ar in muscovite) data were collected but will be published at a later date and not

277

included in this dissertation; however, fluid inclusion microthermometry, in-situ stable isotope
analytical work, and collection of LA-ICP-MS element maps of chalcopyrite and tetrahedrite
(other key sulfide minerals at Klaza) have been postponed indefinitely. An opportunity exists for
future workers to build on the results from this investigation (particularly chapter five) and
improve the IS epithermal model by collecting high resolution, in situ fluid inclusion, stable
isotope, and sulfide mineral chemical data.
Finally, the carbonate-rich stages of the Klaza composite veins (Stage 3) have not been
investigated in detail due to time constraints and a general lack of observed association between
carbonate minerals and ore precipitation at Klaza. Curiously, Mn-bearing carbonate veins have
been highlighted in epithermal literature to be closely associated with Ag-rich ore. A follow up
study on the chemistry (Fe-Mn-Mg-Ca-associations) and isotopic composition of carbonate veins
at Klaza in comparison with silver-hosting carbonate veins from another IS epithermal ore
system would be a valuable investigation into ore deposition conditions in Ag-rich systems.
Furthermore, this study could potentially reveal if this common gangue mineral can be utilized
for vectoring towards heat sources in porphyry-epithermal systems.
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