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ABSTRACT

The White Pine Fork Mo porphyry has an estimated resource of 16 Mt of Mo at 0.1%
Mo. The host intrusions are K-feldspar- and quartz-porphyritic monzo- to syeno-granites
characterised by LREE enrichment, fractionated HREEs and negative Nb, Ta, Sr and Ti
anomalies, consistent with a subarc mantle melt source. The granites also have an adakitic
geochemical signature. A U-Pb age for zircon from a clast in the mineralized breccia pipe at
White Pine yielded an age of 26.52+0.42 Ma, which falls within the error of the White Pine
intrusion age of 26.61+0.24 Ma. Re-Os ages for duplicate samples of the Mo-mineralised quartz
breccia are 30.21+£0.14 and 29.84+0.15 Ma, which correlate with the age of the Little
Cottonwood stock rather than the host intrusion and may represent Re-Os inheritance. In
contrast, Buckingham Mo (-Cu) porphyry has an estimated resource of 1,000 Mt of Mo at 0.1%
Mo and is hosted in Cretaceous K-feldspar- and quartz-porphyritic granites. Four feldspar- and
quartz-porphyritic granites in the area were dated using LA-ICP-MS U-Pb of zircon and yielded
ages of 38.68+0.53, 39.28+0.58, 40.76+0.41, and 40.81+0.51 Ma and therefore unrelated to the
Buckingham deposit, and instead are correlated with Tertiary magmatism associated with Au
skarns in the nearby Battle Mountain district. The Tertiary intrusions are feldspar- and quartz
porphyritic granites. Primitive mantle-normalized geochemistry of both suites of intrusive rocks
have LREE enrichment, fractionated HREE, negative Nb, Ta and Ti anomalies and a slight
enrichment of Zr and Hf, consistent with a subarc mantle source for both suites.

The most prominent alteration in both systems is phyllic alteration comprising an
assemblage of white micas, quartz and pyrite. Potassic alteration was also observed at the White
Pine Fork Mo breccia pipe and kaolinite and chlorite observed in SWIR data suggest advanced

argillic alteration around the Buckingham system. These petrographic observations are



substantiated by the whole rock geochemistry. The potassic, phyllic, and possible advanced
argillic alteration were mapped out by the absolute values of trace elements. The trace element
geochemistry of quartz and pyrite can be used to fingerprint deposit types and as vectors towards
mineralisation in alteration systems around ore deposits. At White Pine Fork, the hydrothermal
quartz is characterised by higher Ti and As than the igneous quartz. The Li content of
hydrothermal quartz is greater near the centre of the White Pine Fork deposit than in its margins.
At Buckingham, quartz in the breccia cement at the centre of the deposit shows the highest
concentration of Al, Li, K, Ca, As, and Sb, and metals (i.e. Cu, Fe, Zn, and Pb), whereas the
igneous and sedimentary quartz shows the highest Ti values. The high values indicate that the
primary Ti contents were not subjected to recalibration during hydrothermal alteration. The Al
and Sb contents of quartz decrease away from the centre of deposit at Buckingham. This trend
was not observed at White Pine Fork.

At White Pine Fork, pyrite occurs in a domain extending more than 1.5 km from the
breccia pipe and is partially weathered to Fe-oxides and Fe-hydroxides. LA-ICP-MS analyses
showed Ni and Co compositional zoning within the pyrite grains. The Ni content in the pyrite
increases away from the centre of the White Pine Fork deposit. At Buckingham, the pyrite was
almost completely altered to Fe-oxides and Fe-hydroxides in most of the surface samples studied
here. The trace element concentrations of Au, Cu, and Cd in pyrite decreases away from the
centre of deposit. Ni, Co and Pb zonations were also seen in the cores of the pyrite grains at
Buckingham. LA-ICP-MS element maps in most of the surface samples studied here showed
that the pyrite at Buckingham is depleted in trace elements relative to the weathering rinds which
are enriched in Au, Ag, Cu, As, Sb and Mo. The increased Au concentration in the weathering

rind suggests either an overprinting mineralised rind similar to the proximal skarns or Carlin-



style sediment hosted Au. This rind was then weathered during supergene alteration. Another
possibility is that the cores of the sulphides acted as traps for the precipitation of precious metals
from the hydrothermal event associated with the proximal Eocene granite intrusions which were
subsequently concentrated in the weathering rind during supergene alteration.

The comparison the White Pine Fork and Buckingham Mo porphyries has refined the
processes associated with hydrothermal alteration around Mo porphyry deposits and the

applicability of trace element chemistry of alteration minerals as exploration tools.
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Chapter 1: Introduction

1.1 Objectives

This study was undertaken as a part of the P1060 project funded by numerous mining and
exploration companies through AMIRA International. The P1060 project is a continuation of the
P765 and P765A programs which successfully developed mineral chemistry vectors within
porphyry copper systems to expand the extent of the recognized alteration footprint of mineral
deposits. After successful studies in the P765A project, it was expanded into the P1060 project
which focused on refining the known mineral chemistry vectors, but also adding new minerals to
the tool box and testing proven vectoring tools in different environments.

The purpose of this current study was to apply the theories and methods created by the
P1060 project to two study sites: the White Pine Fork Mo porphyry and the Buckingham Mo (-
Cu) porphyry. One objective of this study was to collect data on Mo-porphyry systems, a style of
mineralisation that was poorly represented in the P765, P765A and P1060 databases due to lack
of sampling. In addition to expanded research on Mo porphyry systems, this study tested the
effectiveness of quartz and pyrite as mineral tools in environments other than lithocaps, as well
as developing new mineral vectoring tools in white rock environments. White rock environments
are classified as host rocks that are dominantly sedimentary. The Buckingham porphyry was
emplaced in a Paleozoic metasedimentary package, dominated by quartzites (Theodore et al.,
1992). The relatively homogenous, inert quartz and white micas in these systems result in
different alteration minerals forming around the mineralising system than around a system hosted
in green rock (volcanic hosted) and lithocap environments. The other objective of this study was

to increase the database for new mineral chemistry data for quartz and pyrite. The P765A project



focused on propylitic minerals (i.e., chlorite and epidote) typically found distal to the deposit.
This study focussed on quartz and pyrite as Both the White Pine Fork and Buckingham have

well-developed quartz and pyrite alteration halos around the mineralized centre.
1.2 Location

White Pine Fork Mo porphyry

The White Pine Fork porphyry is located in the Wasatch Mountains, Utah, USA. The
study site is located approximately 50 km southeast of Salt Lake City, near the Snowbird resort
in Alta (Fig. 1.1). Access to the study site was obtained by public trails leading up to White Pine

Lake, Red Pine Lake, Maybird Gulch, and along the seasonal ski trails in the area.

Buckingham Mo (-Cu) porphyry

The Buckingham porphyry is located west of the town of Battle Mountain, Nevada, USA
and is currently owned by Freeport McMoran Copper & Gold (Fig. 1.1). Access to the property
was granted and sample collection and mapping for this study was supported by their geologists.
Access to the Battle Mountain mining camp is located about 30 km southwest along the Nevada

Highway 305 S. The property is approximately 8 km”.



Figure 1.1: (Top) Location of the White Pine Fork study area outlined in the red box; and (bottom) the
location of the Buckingham study area outlined in the red box.




1.3 Porphyry deposits

Porphyry deposits are low- to medium-grade, high tonnage, hypogene resources of
numerous metals. The deposits can be subdivided by the main metal types found within them
into Au, Cu, Mo, Sn and W, and Ag (Kirkham and Sinclair, 1996; Seedorff et al., 2005; Holliday
and Cooke, 2007), although normally, more than one metal is present in a given deposit.
Porphyry deposits are associated with hypogene mineralization and hydrothermal alteration
mineral assemblages that occur in and around large porphryritic, epizonal and mesozonal
complexes of felsic to intermediate compositions (Kirkham and Sinclair, 1996). The tectonic
setting for these intrusions is typically related to large-scale subduction zones or rift settings such
as oceanic island arcs, continental (Andean) arcs, accreted arc terranes, and in post-orogenic
magmatic belts (Sillitoe, 1987). The metals present in the mineralized systems are related to the
geochemistry of the host rocks and the degree of fractionation undergone in the associated
igneous bodies. The less fractionated, calc-alkaline and alkaline intrusions are often associated
with Au-Cu deposits, whereas the more fractionated intrusions are associated with Cu, Mo, and
Sn-W deposits (Holliday and Cooke, 2007). The hypogene ore mineralization is dominantly
structurally controlled and hosted within veins in the stockwork, fracture sets, and breccia pipes.
In some deposits, the mining activity has focused on the supergene mineralization which results
from the oxidation and leaching and precipitation of the ore metal into a tabular zone located
stratigraphically above the intrusion and hypogene mineralization (Lowell and Guilbert, 1970;

Corbett and Leach, 1998; Kirkham and Sinclair, 1996).

Holliday and Cooke (2007) outlined the characteristic hydrothermal alteration
assemblages associated with the high-grade core of calc-alkalic porphyry deposits. A variation of

these alteration zones can be observed in all porphyry deposits and the reoccurrence of the



common alteration minerals is the basis of the P1060 project. Holliday and Cooke (2007)
outlined the following alteration mineral assemblages in the hydrothermal systems associated

with the more common calc-alkaline intrusion complexes (Fig. 1.2):

1) Potassic: characterized by abundant secondary orthoclase + biotite, and often an associated
magnetite halo in the high-grade zone in the system. In alkaline systems, the core could have

undergone calc-potassic alteration, characterized by the addition of garnet + actinolite + epidote

2) Phyllic: an overprinting alteration found near the core of the system characterized by abundant

sericite + quartz + pyrite

3) Advanced argillic: an overprinting alteration characterized by quartz + alunite + kaolinite +
pyrophyllite. This hydrothermal alteration is potentially associated with high sulfidation state

mineralisation

4) Calc-silicate (skarn mineral assemblages if carbonate wallrocks are present): characterized by
garnet (andradite) + pyroxene (diopside) + epidote + calcite + chlorite + sulfides + quartz +

anhydrite

5) Propylitic (often unmineralized, distal alteration halo): characterized by epidote + chlorite +
carbonates + pyrite + actinolite. This alteration zone may extend several kilometers out from the

centre of the mineralizing system (Norman et al., 1991; Garwin, 2002; Rae et al., 2003)

6) Lithocaps (a stratabound ‘cap’, rooted by intense phyllic and advanced argillic alteration,
found in some porphyry deposits, located above the high-grade zone and below the magnetite-
destructive clay and quartz-alunite alteration; Sillitoe, 1995): characterized by argillic and silicic

alteration



Lithocap (pyrite-rich stratabound domains of advanced argillic and residual silicic alteration:
chargeability high, magnetic low; silicic zone may define a resistivity high)

The Lithocap Environment
Enargite-rich high-sulfidation
mineralization (Fault-hostad and/or
stratabound Cu-Au-As, potential EM anomaly)

= The Green Rock
Environment

Pyrite halo (root zones of lithocap,
chargeability high, Zn-Pb-Mn

4—  Propylitic halo

(epidote subzone)

geochemical halo)
LS /IS vein
(Fault-hosted Le gan d
ﬂﬁgﬁ;ﬁ?ﬂﬁﬂ- ’ m Composite porphyry stock

AlEsg=0ET0) Alteration Assemblages
Lithocap and associated clay-altered root zones

Propylitic halo (silicic, advanced argillic, argillic and phyliic-altered rocks)

(actinolife subzone) Propylitic (chlorite sub-zone: chl-py-ab-cb)

Propylitic (epidote sub-zone: epi-chl-py-ab-cb+hm)

Potassic core
(magnetic high or low,
Cu-Au-Mo geochemical

anomaly) 250 m

Propylitic (actinolite sub-zone: act-epi-chl-py-ab-cb)

Pyrite halo (outer limit of pyrite - can vary markedly)

/||| Potassic (bi-Kf-gz-mt-anh-bn-cp-Au)

Figure 1.2: Alteration zoning and overprinting relationships in a porphyry system (modified after Holliday and
Cooke, 2007; Cooke et al., 2014).

ab = albite, act = actinolite, anh = anhydrite, Au = gold, bi = biotite, bn = bornite, cb = carbonate, chl = chlorite, cp = chalcopyrite, epi = epidote,
hm = hematite, Kf = K-feldspar, mt = magnetite, py = pyrite, qz = quartz.

The hydrous fluids, which precipitate the metals in a porphyry system, also generate the
hydrothermal alteration in the surrounding rocks. Several studies have suggested that the
majority of the initial fluids involved in the transportation of metals are probably sourced from
the magma with a smaller proportion coming from meteoric waters (e.g., Keith et al., 1995;
Williams-Jones and Heinrich, 2005; Davidson et al., 2005). The mantle-sourced water and fluids
are sourced from the volatile degassing of the cooling intrusion. For example, in the Questa
Porphyry Mo Deposit in New Mexico, stable oxygen isotope analyses from the mineralized

breccia pipe indicated that, in addition to the aplitic matrix, there was little to no meteoric water



component in the mineralizing fluid (Ross et al., 2002). There is evidence from other, F-poor
deposits, that decreasing &'°0 values and geothermal gradients may indicate a higher meteoric
water input (Ross et al., 2002). Meteoritic water is important in the formation of supergene

mineralization and oxidation of the hypogene mineralization (Kirkham and Sinclair, 1996).

The classic alteration mineral zoning seen in porphyry deposits is the result of initial high
temperatures and the subsequent cooling and influx of meteoric water (Kirkham and Sinclair,
1996). Gustafson and Hunt (1975) developed a model for the evolution of alteration mineral
assemblages at the EI Salvador porphyry Cu deposit in Chile. They suggested that the
subsequent progressive changes from the higher temperature alteration assemblages (phyllic
alteration) to lower temperature conditions (argillic alteration) resulted from a change from
lithostatic to hydrostatic conditions. They also suggested that the initial emplacement of
mineralizing porphyries occurred at depths of ~2 km, under lithostatic pressures. This significant
depth helped to facilitate the development of potassic alteration and quartz stockwork veins
under very hot (>400-500°C) and highly saline conditions. The evolution to the phyllic, argillic,
and advanced argillic alteration zones was interpreted to have been either the result of the influx
of deep circulating, connate fluids from the surrounding rocks or the cooling, laterally migrating
magmatic-hydrothermal fluids moving away from the intrusion (Gustafson and Hunt, 1975;

Dilles et al., 2000).



1.4 Green rock vs. white rock environments

One of the goals of the P1060 project was the creation of tools for mapping gradients of
hydrothermal alteration in ‘green rock’, ‘white rock’, and lithocap environments. The previous
P765, P765A and P1060 projects defined the green rock environment as being volcanic or
intrusive hosted rocks; whereas, a white rock environment is hosted in clastic or chemical
sedimentary rocks. In this study, the White Pine Fork Mo porphyry is hosted within the Little
Cottonwood granitic stock, defining it as a green rock site whereas the Buckingham Mo(-Cu)
porphyry is a white rock site due to it being hosted within a metasedimentary sequence. The
wallrock composition influences the formation of alteration minerals. Cooke et al. (2014)
suggested that the formation of a propylitic halo mineral assemblage requires a minor mass
transfer of cations with the addition of H,O, H,S, CO,, and [Ca]2+ to form hydrous minerals,
pyrite, calcite, and hydrous Ca-aluminosilicate minerals, respectively. However, if
ferromagnesian minerals are not already present in the rock (e.g., quartzites and limestones) then

the characteristic chlorite, epidote, actinolite and hydrothermal alteration products will not form.



Chapter 2: Regional geology of the Wasatch Mountain Range

The north-trending Wasatch Mountain range lies at the intersection of the Basin and
Range province and the Colorado Plateau, east of Salt Lake City, Utah (Fig. 2.1; John, 1997).
The central Wasatch Mountains are composed of older Proterozoic and Mesozoic sedimentary
and metamorphic rocks with younger Eocene to Oligocene igneous rocks (Crittenden, 1977;
John, 1997). The study area has a complex geological history. The deformed and metamorphosed
Paleoproterozoic basement (~1700-1800 Ma), which crops out east of the study area, near Park
City is comprised of the cratonic rocks of Rodinia and is overlain by Neoproterozoic
metamorphosed and unmetamorphosed clastic sedimentary rocks of the Little Willow and Big
Cottonwood Formations (Spencer et al., 2012). These sedimentary formations represent some of
the earliest clastic material shed into the Uinta rift basin during the earliest-known phases of the
Rodina supercontinent break-up (Spencer et al., 2012). The later clastic and chemical
sedimentary rocks (late Proterozoic to Jurassic in age) have been interpreted to be sediment
deposited along a passive continental margin (Crittenden et al., 1983; Spencer et al., 2012). This
sequence is topped by the Keetley volcanic suite, which comprises intermediate lava flows and
flow breccias as well as associated volcaniclastic and pyroclastic rocks. These rocks underwent
periods of compression and extension, resulting in the emplacement of several granitic intrusions

that are thought to be cogenetic with the Keetley volcanic rocks (John, 1997).

2.1 The Cottonwood and Park City area geology

The stratigraphic sequence in the Cottonwood and Park City area comprises rocks from
the early Proterozoic to the Quaternary. The oldest rocks found in the area are the early
Proterozoic metamorphic rocks including amphibolites, gneisses, schists, meta-conglomerates

and sandstones. A noncomformity separates these rocks from the late Proterozoic quartzites,
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shales, conglomerates and greywackes which contain evidence of glacial deposition (i.e.,
dropstones and glaciofluvial formations; Crittenden et al., 1983; John, 1997). The Proterozoic
rocks eventually grade into Cambrian-aged dolostones, limestones, and finer grained sandstones
and shales interpreted to represent shelf sedimentation (Crittenden et al., 1983; John, 1997). The
youngest sedimentary rocks in the area are Jurassic in age and comprise sandstones, mudstones
and conglomerates. These units can be distinguished from the older Cambrian sedimentary rocks
by the lack of carbonate chemical sedimentary rocks (John, 1997).

The youngest rocks in the Wasatch range are Oligocene to Eocene in age. The Keetley
volcanic rocks comprise intermediate lava flows and breccias with associated pyroclastic rocks.
These volcanic rocks are thought to be surface, cogenetic expressions of the intrusive igneous
rocks that were emplaced in the Paleoproterozoic basement and the Neoproterozoic- to Jurassic-

aged sedimentary sequence (John, 1997).
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Figure 2.1: Geology and structural
features within the Wasatch
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location of the distribution of the
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John et al., 1997).
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2.1.1 Oligocene and Eocene intrusive and extrusive rocks

There are two generations of intrusive rocks exposed in the Central Wasatch Mountains
which were emplaced from ~40 to 30 Ma. The Little Cottonwood, Alta and Clayton Peak stocks,
are located in the western portion of the Wasatch range and have been interpreted to have deeper
paleodepths of emplacement (~10 — 5 km; John, 1989). The Eastern Stocks include the Flagstaff,
Valeo, Pine Creek, Mayflower and Park Premier stocks and have shallower calculated depths of
emplacement (Figs. 2.2 and 2.3; Cooke et al., 2012). The Eastern Stocks have similar
geochemical compositions to the Keetley Volcanics, which uncomformably overlie the older
sedimentary rocks (Vogel et al., 1997, 2001; John, 1997). The stocks cover a calc-alkaline series
that range from a granite to diorite compositions; however, most of the rocks are granodiorites
(John, 1989; Vogel et. al., 1997). These units are high-K calc-alkaline rocks and are enriched in
light rare earth and incompatible elements and show a Nb anomaly and no Eu anomaly (Vogel et
al., 1997). Table 2.1 outlines the characteristic features of the intrusions from west of the
Wasatch fault to Park Premier in the Central Wasatch Mountains (John et al., 1997). The ages

were collected by the P1060 project.

Wasatch

fault
W = . Locations where pressure or depth E
estimates were made

~— Silver Fork
fault

Figure 2.2: W — E cross section with the estimated paleodepths of emplacement and the erosional surface with
the regional block tilting resulting from extensional tectonics (modified from John, 1989).
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Table 2.1: Summary of the compositions, ages, paleodepths and local mineralisation for the major stocks formed

during the Tertiary magmatism (modified from John et al., 1997; Vogel et al., 1997).

Age (U-Pb; Ma)
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Little Granite to 29.45£0.31 gglltleltzzlg zgli\/lps)r'phyry e
Cottonwood ranodiorite 29.63+0.27 30-31 93-5.6 Greisen altéraiion :;nd ossible Mo
Stock = 29.91+0.34 eisen are .
mineralisation
Diorite to Big Cottonwood Mine;
+ _
Alta Stock dacite/quartz 32.82+0.42 35-33 6.0-55 Mountain Lake Mine;
diorite Fe-Cu skarn deposits
Granodiorite  to
Clayton Peak q‘uar"tz monzo- 34.64 4 0.51 3635 28 Multiple polymetallic ‘VEII’I and
Stock diorite/ replacement style deposits
monzonite
Pine Creek Granodiorite 34.85+0.39 38-41 28-13 Multiple polymetallic ‘VEII’I and
Stock porphyry replacement style deposits
Granodiorite  to Polymetallic vein and replacement
Flagstaff Stock  diorite/syeno- 35.09 + 0.37 - 2.8-1.3 deposits including the Daly West
diorite and Judge mines
Polymetallic vein and replacement
. deposits including:
. Andesite to .
Park  Premier , te/diorite 33.69+0.6 3532 0.5-1 Mayflower Au-Ag-Pb-Zn-Cu vein
Stock ornhyr mine; Park Premier composite
porphyry porphyry Cu-Au, Cu skarn and
polymetallic vein mine
Emplacement age (Ma)
42 40 38 36 34 32 30 28 26 24
| | | | | | | | |
(—DD—) Keetley Volcanics
o - —— Figure 2.3: Compilation of the
1 . . . .
Mayflower D | Park Premier intrusive suites in the Wasatch
:'"_' T-=--- T nn_ T Range and the new ages
1
— 1 1 H
3 2 L. ' : Flagstaff Pine Creek prodL-Jc-ed by the P1060 project
' i (modified from John et al., 1997)
£ 1 h
S— A e o o e p————
°z Valeo Pine Creek H - D
- ! [
o 4 1 Flagstaff [T
()] Clayton Peak White Pine
© Little Cottonwood
- (m————— j=——-
c I i
g 6 — — P !
Bingham Canyon  ar. I
@ Alta :
o 1
o i
Q 8 — :
£ [] P1060 age i
- :
- 1
1 -
10 - i__} Pre-P1060 age i
Average SiO, content :L
70 68 66 64 62 60 58 -
 — WP Mo age WP granitic
12 - (Re-Os dating) breccia clasts



13

2.1.2 Little Cottonwood stock and the White Pine intrusion

The youngest igneous stock in the Wasatch Mountains is the Little Cottonwood stock. This
igneous body contains a younger phase known as the White Pine intrusion. The Little
Cottonwood stock is bound by two north-trending, normal faults: the Wasatch Fault to the west
and the Silver Fork Fault to the east (Fig. 2.1). This intrusion was emplaced into older
metasedimentary rocks, and possibly the Paleoproterozoic basement (John et al., 1997; Vogel et
al., 1997). The majority of the unit is granodioritic to quartz monzonitic in composition with
large (<6cm) K-feldspar phenocrysts. The mafic mineralogy is commonly biotite and hornblende
with accessory titanite and magnetite. There are several aplitic and pegmatitic dykes throughout
the intrusion. The unit also hosts xenoliths of the metamorphosed basement and later
metasedimentary rocks. The White Pine Fork intrusion is a coarser grained, more leucocratic, K-
feldspar- and quartz porphyritic phase of the Little Cottonwood Stock (John, 1989; Cooke et al.,
2012). There are rare, younger, narrow (<5m wide), north-trending lamprophyric dykes which
cross-cut both the Little Cottonwood and White Pine Fork intrusion (John, 1997).

The White Pine Fork Mo porphyry and mineralised breccia pipe is located in the eastern part
of the Little Cottonwood intrusion (Fig. 2.4). The hydrothermal alteration around the mineralised
zone is very similar to a porphyry-style alteration halo around known mineralised centres. The
hydrothermal alteration has been described by John (1997) as occurring in in stockwork veins
and vein selvages, fracture-controlled and disseminated pyrite with localised potassic and
sericitic alteration. John (1997) also describes a green sericite + pyrite + fluorite + molybdenite
alteration, similar to greisens. The porphyry hosts a quartz-cemented, rusty breccia pipe which
includes the most intense hydrothermal alteration (sericitization and pyritization with significant

potassic alteration and an extensive pyrite alteration halo; Fig. 2.4). Abundant, visible
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molybdenite can be observed in veins, as well as pods within vein selvages and disseminated in
the breccia clasts (John, 1997). Bromtfield and Patten (1981) described the low-grade Mo (+ W +
Cu) mineralisation as being strongly associated with quartz stockwork veins that are commonly
stained with secondary iron oxides. John (1983) noted seven different types of veins (Mo is
associated with types 2, 3, and 4), suggesting multiple pulses of fluid:

Pyrite + sericite;

Vuggy quartz + pyrite with sericite vein selvages
Vuggy quartz + pyrite without sericite vein selvages
Granular quartz + pyrite

Sericite

K-feldspar

Anhydrite veins, partially altered to gypsum

Nk WD =

444000 444200
| |

l:] Alluvium and
Glacial deposits

~ Lamprophyre dyke
" Aplite dyke

White Pine Intrusion
Little Cottonwood Stock

H_/
Aeusayend

4492000
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Pyrite alteration halo
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Figure 2.4: Geological map showing
the outline of the White Pine
intrusion and the location of the
mineralised breccia pipe and pyrite
alteration halo (modified from John
etal., 1997)
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2.2 Structural history of the Cottonwood and Park City area

The Cottonwood area has undergone multiple episodes of regional faulting and
deformation. Early Tertiary structures in the Cottonwood area comprise east-striking thrust faults
found in the Sevier orogenic belt (active from 130 — 40 Ma) and those related to the uplift along
the west-plunging Neoproterozoic Uinta arch (a gently- to steeply-dipping regional-scale
anticline; John, 1989). Three major thrust faults (the Alta, Mount Raymond, and Charleston-
Nebo thrusts) and numerous minor faults propagated along weaker sedimentary strata during the
collisional events. These faults have been proposed as the mechanism for emplacing a thicker
allochtonous Paleozoic section over a thinner, equivalent autochtonous cratonic block (the
Paleoproterozoic basement and earlier metasedimentary rocks; Crittenden, 1977; Willis, 1999).
The Sevier orogeny and the Laramide orogeny (which temporally overlaps the Sevier mountain
building event) lasted from 70 — 34 Ma (Sprinkel, 2014). The Laramide orogeny resulted in an
uplift of basement rock (Willis, 1999). Both of these crustal shortening events resulted from the
subduction of the Farallon Plate below the North American plate. After compression ceased, the
resulting extensional stress regime allowed for the emplacement of the igneous intrusions in the
Wasatch range (Willis, 1999). Most of the intrusions in the Wasatch Mountains were emplaced
along the axis of the Uinta arch, with some porphyritic bodies intruding along minor folds
formed off the main Uinta arch (Crittenden, 1977; John, 1989).

Crustal extension in the study area has been interpreted to be associated with Basin and
Range tectonism. The Wasatch Mountains are along the eastern boundary of the Basin and
Range province, with the western edge of the Cottonwood area bounded by the Wasatch fault (a
north-striking, normal fault; Fig. 2.1; John, 1989). Another north-striking normal fault, the Silver

Fork fault, bounds the other side of the Little Cottonwood stock and cuts and displaces the Alta
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stock. The uplift (up to 11 km relative to the Salt Lake Basin) of the Little Cottonwood stock is
interpreted to be the result of the formation of high-angle normal faults (John, 1997; Zoback,
1983; Parry and Bruhn, 1986, 1987). The uplift of the Wasatch Range has been proposed to have
started at 17 Ma, but the majority of the uplift has been in the last 10 m.y. (Crittenden et al.,
1973; Naeser et al., 1983; Parry and Bruhn, 1986). The uplift and tilting of the crustal block
dipping approximately 20° to the west resulted in the exposure of deeper plutonic complexes in
the western portion of the study area (i.e., the Little Cottonwood stock) and shallower and older
plutons and coeval volcanic rock in the east (i.e., the Mayflower stock and Keetley volcanics;
Fig. 2.2; John, 1989).

A second major orientation of faults that cut the Wasatch intrusions strike east-west.
These faults may have been active during the emplacement of the igneous intrusions and it has
been suggested that they were important for the transportation of mineralising fluids in local

precious and base metal occurrences in the study area (John, 1989).

2.3 Mineralization in the Cottonwood and Park City region

The central Wasatch Mountains have been mined since 1868 (John, 1997). There are
notable Ag-Pb-Zn+Cu+Au replacement and vein deposits, a low grade Cu-Au porphyry deposit,
Cu skarn deposits and high-sulfidation (quartz-alunite) Au deposits (John, 1997). The Park City
mining district produced >1.4 Moz of Au, 253 Moz of Ag, 2.7 billion lbs Pb, 1.5 billion lbs Zn,
and 129 million Ibs of Cu from 1872 to 1978 (John, 1997). There has also been mining of mostly
Pb-Ag (+Cu*Au) replacement deposits along fissures in carbonate rocks in the Little and Big
Cottonwood districts (John, 1997). The majority of the Ag-Pb-Zn mineralization in the Big and
Little Cottonwood district is located along the Alta thrust. The ore bodies were formed as

replacement of brecciated limestone and were later disrupted and displaced by the north-trending
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normal faults (John, 1997). The main ore minerals are pyrite and galena with minor sphalerite,
tetrahedrite, and W-minerals (John, 1997). At some localities, the ore mined was secondary
metal oxides, sulphates, and hydroxides (Calkins and Buter, 1943). Carbonate-hosted
polymetallic Cu-skarn deposits are also found in the Cottonwood district. Limestones of the Big
Cottonwood formation were altered and replaced during metasomatism, resulting in local ore
bodies of massive magnetite + bornite + chalcopyrite which also hosts some base metal and
precious metal mineralization (John, 1997).

The White Pine Fork Mo occurrence is centralized around a rusty breccia pipe located
near the southern portion of the White Pine intrusion (John, 1997). Three drill holes by Bear
Creek Mining Co. intercepted a zone ~40 m thick containing <0.5 % MoS, starting at depths of
90 to 120 m. An estimate of 16 Mt at 0.1% Mo was obtained based on the drilling program
(Bromfield and Patten, 1981). Bromfield and Patten (1981) describe this low-grade Mo (+ W +
Cu) mineralisation as being strongly associated with the, frequently Fe-stained, quartz stockwork
veins. The majority of molybdenite occurs in veins, blebs, within vein selvages and disseminated

in the breccia clasts (John, 1997).



Chapter 3: Regional geology of the Battle Mountain mining district

The Buckingham Mo (-Cu) porphyry is located in northern central Nevada, just north of

the Carlin-style Battle Mountain-Eureka Au trend (Fig. 3.1) and is associated with supergene and

hypogene Cu mineralization. The Battle Mountain mining district is a historically significant

producer of copper, and more recently, gold and molybdenum (Theodore et al., 1992). The area

hosts two generations of intrusive rocks which were emplaced into metasedimentary rocks. The

oldest exposed rocks in the district belong to the Scott Canyon Formation, the Cambrian

Harmony Formation and the upper Paleozoic rocks of the Antler sequence (Theodore et al.,

1992). The Paleozoic metasedimentary sequence hosts the Late Cretaceous granitoid dykes and

stocks associated with the Buckingham Mo and supergene Cu mineralisation. These

metasedimentary rocks were also intruded by the later Eocene-aged granitic stocks which are

associated with gold mineralisation and skarn alteration (Fig. 3.1; Theodore et al., 1992).
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3.1 The Paleozoic Geology of the Battle Mountain mining district

The sedimentary sequences in the study area formed as the result of deposition during
multiple tectonic episodes. The Devonian Scott Canyon sequence (>1500 m thick) comprises
deep water sedimentary rocks such as chert, argillite, and intercalated volcanic rocks
(greenstone) with minor carbonate rocks (Theodore et al., 1992). The argillitic and cherty units
in the Scott Canyon formation are thinly laminated with some bedding. These beds and layers are
deformed and fractured, frequently showing displacement along the faults (Roberts, 1964;
Theodore et al., 1992). Andesitic to basaltic metavolcanic units make up a significant proportion
of the formation. The rocks are predominantly pyroclastic (grainsize ranging from tuffs to
coarse-grained breccias) with a minor component of the unit being massive flows. Syngenetic
alteration of the rocks has been interpreted to suggest subaqueous eruptions (Roberts et al.,
1964). Narrow fossiliferous, carbonate lenses and arkosic sandstones are found near the top of
the sedimentary sequence (Roberts, 1964).

The Late Cambrian Harmony is considered to be a transitional formation from the Scott
Canyon Formation. The Harmony formation (>1000 m thick) is composed of feldspathic
sandstone (now quartzite), rock fragment-rich sandstone, shale, and limey shale and other
carbonate-rich rocks. The formation is predominantly (<70%) sandstones and quartzites
(Roberts, 1964). These rocks rarely show coarse-grained material and display consistent graded
bedding and some evidence of turbiditic activity. This unit is considered to be autochthonous or
parautochthonous. A thrusting event moved blocks of the Harmony formation eastward during
the Paleozoic and westward during Mesozoic tectonism (Roberts et al., 1958). The sedimentary
sequences overlying the Cambrian rocks is composed of three smaller units, in ascending order,

the Battle Formation, Antler Peak Limestone, and the Edna Mountain Formation. This sequence
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rests uncomformably on the Harmony formation. These units contain carbonate rocks which

grade into sedimentary rocks with a greater clastic proportion (conglomerates, sandstones,

shales) and topped with fluvial deposits indicative of a near shore environment with marine and

terrestrial clastic components. These rocks, including the intrusive suites, are covered by

quaternary alluvium and young fluvial deposits (Fig. 3.2; Roberts, 1964; Theodore et al., 1992).
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3.2 Cretaceous intrusive rocks of the Battle Mountain district

The dykes and stocks which host the Mo mineralisation in the Buckingham area are
Cretaceous in age and consist of several approximately east-west-trending dikes and a smaller
number of equant stocks (Theodore et al., 1992). The primary lithology is a homogenous
monzogranite porphyry which intrudes the Upper Cambrian Harmony Formation (Fig. 3.2). This
monzogranite has been dated by U-Pb in zircon from 92.2 + 1.4 Ma to 98.8 + 2.0 Ma (Keeler,
2010). Theodore et al (1992) describe the other key intrusive relationships and phases as follow.
The Buckingham Camp’s granitic complex including megacrystic monzogranite porphyry,
aplite, and brecciated rocks. Locally, parts of the monzogranite are hydrothermally altered with
most of the plagioclase feldspars reacting to white micas and clay minerals and the rock
occasionally becoming silicified. The homogenous porphyritic monzogranite is texturally
characterized by 10mm wide, bipyramidal and subrounded quartz phenocrysts, composing up to
20 to 25 volume percent of the rock. There are also pink K-feldspar phenocrysts (<15 mm) and
hydrolosized plagioclase feldspar phenocrysts. Tabular sheets of biotite (<1.5mm wide) are
dispersed irregularly in the monzogranite porphyry and are intensely altered to white mica and
chlorite. The contacts of the megacrystic monzogranite with the very similar homogenous
monzogranite are not well-developed but the megacrystic unit has been interpreted to crosscut
the more homogenous monzogranite. Theodore et al. (1992) noted that there is also a highly
altered monzogranite unit comprised large, pink or white, euhedral K-feldspar phenocrysts which
are irregularly distributed in a medium-grained to microaplitic groundmass. This altered unit has
a notable decrease in the overall abundance of quartz veins (but an increase in some places of
weathered pyrite veins), and an increase in abundance of white mica and iron oxide minerals in

comparison to the less altered monzogranites. There is often a well-developed quartz vein
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stockwork and hydrolysized alteration halo in the Paleozoic metasedimentary rocks adjacent to
the highly altered unit.

The aplitic unit is the latest phase in the Buckingham monzogranite and composes a very
minor component of the intrusive suite (Theodore et al., 1992). The rock is K-feldspar-rich
(often >50 modal %) and has a component of quartz microphenocrysts. The unit crosscuts the
megacrystic monzogranite porphyry. It also does not display the quartz stockwork veining often
seen in the rest of the monzogranitic units (Theodore et al. 1992). Theodore et al. (1992) describe
a very small (~20 m wide) circular area in the East stock of the Buckingham system that is made
up of a probable breccia pipe. This unit has been interpreted to represent the last stages of the
Buckingham molybdenum hydrothermal system. The pipe contains variable-sized fragments (10
to 15 mm in width) of different lithologies from the metasedimentary country rock (mostly
intensely argillized shaly hornfels fragments derived from the Harmony Formation) and some
partially rounded fragments of vein quartz (Theodore et al., 1992). The development of the
breccia pipe is interpreted to be mostly post-Mo mineralization. However, some of the clasts and
fragments have Cu-rich coatings on their weathered surfaces composed of secondary copper
minerals: chrysocolla and/or malachite (Theodore et al., 1992; Blake, 1992). Blake (1992)
suggested that the Cu may have migrated during the supergene alteration of nearby primary Cu
minerals. A pebble dyke is found to the east of the system which cuts through all the same units
which are cross-cut by the breccia dyke including some intensely-veined monzogranite porphyry.
The dominant clast type are well-rounded, dark-gray pebbles and chert fragments, most likely
derived from the Devonian Scott Canyon Formation at depth. The development of the pebble

dyke has been suggested to be coeval with the breccia pipe (Theodore et al., 1992).
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3.3 Eocene intrusive rocks of the Battle Mountain district

To the north of the Buckingham intrusion, there are several younger, Eocene intrusive
bodies and a co-genetic rhyolite/rhyodacite (Fig. 3.2). Theodore et al (1992) describes three
main intrusions: a biotite-hornblende monzogranite and younger leucogranite and granodiorite
porphyries. The biotite-hornblende monzogranite is characterised by the occurrence of
occasional plagioclase feldspar phenocrysts and hornblende + augite as the dominant mafic
mineral phase. The largest body of the biotite-hornblende monzogranite is nearly circular in
shape and measures about 800 m in diameter (Fig. 3.2). There are several much smaller equant
bodies and dyke-like satellites to this larger intrusion. The extensive contact metamorphic
aureoles around these smaller intrusions imply that at least some of these small outcrops of the
biotite-hornblende monzogranite are underlain by more extensive intrusive rocks (Theodore et
al., 1992). In places, the Harmony Formation metasedimentary rocks are recrystallized to a
dense, black biotite hornfels. The fabric of quartz veins formed during the emplacement of the
Eocene biotite-hornblende monzogranite is distinct from the veins associated with the
emplacement of the Late Cretaceous Buckingham molybdenum system. Many of the quartz
veins associated with the biotite-hornblende monzogranite show quartz-quartz banding, a texture
not found in the Buckingham system (Theodore et al., 1992). The interfaces between the quartz
bands are characterized by an increased concentration of microscopic solid inclusions of pyrite
and fluid inclusions (which frequently host opaque minerals; Theodore et al., 1992). This
monzogranite hosts an irregularly shaped hydrothermal breccia pipe about 500 m by 200 m.
Similar to the breccia pipe hosted in the Buckingham system, this pipe boasts several different
types of clasts, including brecciated quartz veins and fragments of the Paleozoic

metasedimentary host rocks (Theodore et al., 1992).
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A porphyritic leucogranite intrudes the Upper Cambrian Harmony Formation and
contains xenoliths of the biotite-hornblende monzogranite but at the northwest end, the
porphyritic leucogranite is intruded by Oligocene granodiorite porphyry and contains fragments
of the younger granodiorite (Fig. 3.2; Theodore et al., 1992). There are biotite-rich baked zones
(hornfels) found in the metasedimentary rocks which host both the leucogranite and granodiorite
intrusion (Theodore et al., 1992). The leucogranite comprises Na-rich plagioclase, K-feldspar
phenocrysts, and common bipyramidal quartz phenocrysts with clinopyroxene (Roberts, 1964).
There are two different phases within the leucogranite, a smaller quartz dioritic phase near the
northern end of the intrusion, and a much more common porphyritic leucotonalite phase in the
eastern portion. The tonalitic body has been associated both spatially and possibly genetically
with skarn mineralization and with well-developed quartz stockwork vein systems that formed
extensively in rocks of the Harmony Formation north of the Copper Basin Mine (Theodore et al.,
1992). The quartz veins often contain some pyrite (now weathered to Fe oxide minerals) and host
rare quartz-epidote and quartz-K-feldspar veins (Theodore et al., 1992).

The granodiorite porphyry has a similar composition to the older monzogranite but with
an increased modal abundance of quartz in the groundmass and hornblende and biotite
phenocrysts. This intrusive body is unique in that it has undergone a moderate degree of
propylitic alteration. Much of the hornblende and biotite has been altered to actinolite + titanite
with rare secondary plagioclase and K-feldspar (Roberts, 1964; Theodore et al., 1992). The
granodiorite is cross-cut by quartz-actinolite veins and is with associated skarn alteration along

it’s the contacts with adjacent Cambrian carbonate rocks (Theodore et al., 1992).
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3.4 Tectonic history of the Copper Basin area

Continental rifting at the start of the Cambrian led to the formation of a new continental
shelf and the deposition of a westward-thickening sequence of shelf sediments deposited from
the end of the Proterozoic through the Cambrian (Roberts, 1964). The sedimentary rocks include
shallow terrestrial material to shallow and deep marine sediments (Stewart and Poole, 1974). The
sedimentation along this continental margin was disrupted by subsequent orogenic events
including the Devonian-Mississippian Antler orogeny, which formed the Roberts Mountains
allochthon, and the Permian-Triassic Sonoma orogeny, which resulted in the Golconda
allochthon (Silberling and Roberts, 1962; Roberts, 1964). These periods of tectonism pre-date
the later, uncomformably over-lying Antler metasedimentary sequence. The subduction of the
Farallon plate beneath North America, starting in the Jurassic, resulted in the magmatism in
Copper Basin which continued until the mid-Tertiary (Barton, 1996). Arc magmatism ceased as
the continental margin switched from a subduction zone to a transform margin (John, 2001). This
termination of the convergent plate boundary in the late Eocene (~38-41 Ma) generated large-
scale extensional forces that resulted in the formation of the Basin and Range province (Seedorff,
1991). The Battle Mountain mining district is structurally complex with the entire sequence of
the metasedimentary rocks (composed of thrust plates of Paleozoic rocks that have been
deformed into a broad anticline) cut by younger Tertiary low angle, normal brittle faults (Keeler,
2010). The notable faults in the area are the Contention, Buckingham, Second, and Long Canyon
faults. The faults strike northwest and have shallow to steeper northeasterly dips (15° to 50-60°).
The Elvira fault system strikes north-east and steeply dips to the northwest and has 335 m of

displacement downdip. The fault systems have been suggested to be synchronous with the
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emplacement of the Eocene igneous intrusions in the northern part of the study area (Keeler,

2010).

117°00'

40°45'

arigold Au

Map location

40’ 40

* Copper Basin Area

Key
[ Quaternary alluvium

Il Tertiary volcanic rocks
J : Il Tertiary intrusive rocks
- Cretaceous intrusive rocks
V55 Il Golconda allochthon
Il Antler overlap sequence

Il Roberts Mountains allochthon
Il Dewitt allochthon

/ \ 2 _~~ Contact
A o~ Fault- Dashed where
Copper Canyon Area ) approximately located;
dotted where inferred

/ Thrust fault- Dashed where
approximately located;

L
3 Miles 2
40°30° ; ; dotted where inferred 40°30'

11715 10 5 117°00'

Buffalo Valley Mo

==

4 S Kilometers
I '

-
e

Figure 3.3: Structural map showing the major faults and tectonic blocks in the area
surrounding the Copper Basin (modified from Keeler, 2010). The location of this map in the
state of Nevada is outlined in the top right.



27

3.5 Mineralization in the Battle Mountain district

3.5.1 Buckingham Mo + Cu system

The most recent resources of the Buckingham porphyry system have been estimated to be
1,000 Mt of Mo at 0.1% MoS, (Theodore et al., 1992). The stockwork vein-hosted molybdenum
mineralisation has been interpreted to be associated with the emplacement of the Late Cretaceous
composite porphyry system (Theodore et al., 1992). The molybdenite typically occurs as very
fine-grained flakes, intergrown with white mica (probably sericite). In places the molybdenite is
concentrated where white mica has completely replaced primary biotite and other mafic minerals
or around the margins of quartz phenocrysts and radiating out into the groundmass (Theodore et
al., 1992). However, the majority of the molybdenite is dispersed irregularly throughout the
groundmass of the monzogranite porphyry (Theodore et al., 1992). The molybdenite often occurs
as fine-grained blades concentrated in the granular groundmass. Locally, it occurs in quartz veins
hosted within the Buckingham stock and adjacent metasedimentary rocks. Some small blades of
molybdenite have narrow halos of ferrimolybdite and chrysocolla replacing molybdenite and
chalcopyrite, respectively, formed as a result of weathering (Theodore et al., 1992). Fracture
surfaces of the Buckingham porphyry show secondary copper minerals which either represent
primary hypogene Cu minerals (i.e., chalcopyrite) which was weathered or Cu that has migrated
from the adjacent Cu occurrences (Theodore et al., 1992; Blake, 1992). The dominant vein type,
aside from the quartz stockwork, are quartz-white mica-pyrite veins (phyllic alteration mineral

assemblage) with the majority of the pyrite altered to iron oxides (Theodore et al., 1992).

3.5.2 Supergene/hypogene Cu mineralisation
Secondary Cu mineralisation at Copper Basin is located in the Cretaceous monzogranite

dykes and the stockwork quartz veins, to the west of the Buckingham system, and comprises



28

chrysocolla and turquoise, as well as malachite and azurite (Theodore et al., 1992). Blake (1992)
notes that the principal hypogene sulphide minerals found beneath the leached cap and supergene
blanket are pyrite, pyrrhotite, chalcopyrite, galena, sphalerite, molybdenite, marcasite, and rare
arsenopyrite. The total sulphide abundance is generally low (~2 vol %) but can reach 5-10 vol %

(Blake, 1992).

3.5.3 Au + Cu skarn mineralisation

There are a number of Au and Au + Cu skarn deposits in the Copper Basin area. The Au
mineralisation in the northern part of the study area is hosted dominantly in the metasedimentary
rocks in iron-oxide veins that are thought to have originally contained primary, high temperature,
Fe-sulphides (Theodore et al., 1992). These veins were initially thought to have been associated
with the Cretaceous magmatism. However, geochronology undertaken by Keeler (2010) and in
this study show that the proximal intrusions are Eocene in age and that the Au mineralisation sits
on the periphery of the larger porphyry deposit. The Au mineralisation has been suggested to

represent a shallow extension of an Eocene porphyry Cu-(Au-Mo) system (Seedorff et al., 2005).

3.5.4 Carlin-style Au mineralisation

The Battle Mountain area is located west of the Roberts Mountains thrust, part of the
larger Eureka mineral belt (Fig. 3.1). This mineral belt contains Eocene disseminated, sediment-
hosted Carlin-style Au deposits (Theodore et al., 1992). The gold in these deposits is typically
hosted as Au-rich rims on As-rich pyrite and marcasite or arsenopyrite and is also found
disseminated in the sulphides that formed during mineralisation (Cline et al., 2005). One pulse of
volcanism, associated with Carlin-style Au overprinting mineralisation, has been dated around
~40 — 36 Ma, making it similar in age to the granites responsible for the Au mineralisation at

Copper Basin (Henry and Ressel, 2000). Although total contained Au and ore grades vary widely
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across districts and within deposits, there are ten deposits in the Carlin, Getchell, and Battle
Mountain Eureka trends which contain more than 5 million ounces of Au and four deposits
which contain more than 10 million ounces (Fig. 3.1; Cline, 2005). The Nevada Bureau of Mines

and Geology (2004) have listed the production of these deposits as exceeding 50 million ounces.
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Chapter 4: Methodology

4.1 Field mapping and sample collecting

The field areas at White Pine and Buckingham were both accessible by foot. Sampling
followed planned transects away from the centre of the mineralised system. The mapping
coverage of the White Pine study area was completed in two weeks and extended from the base
of the valley of the Little Cottonwood Canyon up to White Pine Lake (Fig. 4.1). At Buckingham,
the sampling was completed in three days and the lack of tall vegetation and a lower topography
made transects easier to follow (Fig. 4.2). The whole rock and petrography rock samples chosen
were representative of the characteristic mineralogy and textures as well as hydrothermal
alteration (i.e., veins and disseminated sulphides). Some samples of the least altered rock were

collected for comparison to the altered rocks.
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4.2 Petrography

Thirty nine polished thin sections (cut to ~30um thickness) and 58 polished mounts were
prepared at Lakehead University, of which 40 were used for mineral chemistry analyses. These
sections were used to characterise the lithologies and the alteration present at the two study sites.
The samples were selected in the field in transects from the centre of deposit or the area of
increased mineralisation moving out towards the periphery of the alteration halo. The samples
collected were considered to be representative of the unit and any textures or variations and
contain alteration or veining, where present. The rock samples used for creating thin sections
were chosen to be representative samples of the lithologies and any variations within the units
(i.e., different intrusive phases, alteration, or mineralisation) present within the study area. The
granites were classified using a QAPF diagram, which plots the modal percentages of quartz, K-
feldspar and plagioclase which have been normalized to 100%. Whole rock geochemistry and

petrographic descriptions of the samples are presented in Appendices 1 and 4.
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4.3 Whole rock geochemistry

Major and trace element data for a total of 67 samples from the White Pine Fork and 75
samples from the Buckingham study site were generated at ACME Analytical Laboratories Ltd.
in Vancouver, Canada. The samples were submitted for analyses under the AA
Lithogeochemical Package (acmelab.com, 2015). Samples were jaw crushed to 70% passing 10
mesh (2 mm), a 250 g aliquot was riffle split and pulverized to 95%, passing 150 mesh (100 um)
in a mild-steel ring-and-puck mill. 0.2 g of powdered sampler was fused in a graphite crucible
with 1.5g of LiBO,/LiB4O7 flux at 980°C for 30 minutes and then dissolved in 5% HNO3. Major
elements were determined using a Jarrel Ash AtomComp Model 975/Spectro Ciros Vision
inductively coupled plasmas emission spectrograph. Trace elements were analysed using a
Perkin-Elmer Elan 6000 or 9000 inductively coupled plasma mass spectrometer. For both major
and trace elements calibration standards, verification standards and reagent blanks were included
in the sample sequence. Reported detection limits for the major elements are <0.04 wt% and

<0.5 ppm for the majority of the trace elements but <0.05 ppm for the REE (acmelabs.com).

4.4 Geochronology
4.4.1 U-Pb dating

The granitic clasts from the White Pine Fork breccia pipe (sample WP13ES62) and the
Tertiary granites from the Buckingham study site (samples BK13ES048, -50, -53, and -58) were
dated by measuring U-Pb systematics in zircon by the laser ablation inductively coupled mass
spectrometry (LA-ICP-MS) at CODES-University of Tasmania. LA-ICP-MS is now widely used
for measuring U, Th and Pb isotopic data (e.g., Fryer et al., 1993; Compston, 1999; Black et al.,
2003; Kosler and Sylvester, 2003; Black et al., 2004; Jackson et al., 2004, Chang et al., 2006

Harley and Kelly, 2007). The isotopes that were measured were 49Ti, 5 6Fe, 90Zr, 178Hf, 202Hg,
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204Pb, 206Pb, 207Pb, 2Ong, 232Th and >®U. The element abundances in the zircons were calculated
using Zr as the internal standard element and correcting for mass bias and drift (Kosler, 2001).
The data reduction used for the results was based on the method outlined in Meffre et al. (2008)
and Sack et al. (2011) and was similar to the methods in Black et al. (2004) and Paton et al.
(2010).

At CODES, approximately 100 g of the sample was crushed in a Cr-steel ring mill to a
<400 micron grain size. The non-magnetic heavy minerals were then separated from the crushed
material and the zircons were hand-picked from the heavy mineral concentrate. The selected
crystals were mounted, polished and washed using distilled water in an ultrasonic bath. The
analyses were performed on an Agilent 7500cs quadrupole ICP-MS with a 193 nm Coherent Ar-
F gas laser and the Resonetics S155 ablation cell. The downhole fractionation, instrument drift
and mass bias correction factors for Pb/U ratios on the zircons were calculated using two
analyses on the primary (91500 standard of Wiendenbeck et al. 1995) and one analysis on each
of the secondary standard zircons (Temora standard of Black et al., 2003; JG1 of Jackson et al.,
2004) analysed at the beginning of the session and every 15 unknown zircons. These quality
assurance and control runs were completed using the same spot size and conditions as used on
the samples. Additional secondary standards (Mud Tank Zircon of Black and Gulson, 1978;
Penglai zircons of Li et al., 2010; Plesovice zircon of Slama et al., 2008) were also analysed. The
correction factor for the **’Pb/**°Pb ratio was calculated using large spots of NIST610. This
standard was analysed after every 30 unknown measurements (corrections were done using the

values recommended by Baker et al., 2004).
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4.4.2 Re-Os dating

In addition to the granitic clasts from the White Pine breccia pipe, the molybdenite
mineralisation was dated using Re-Os systematics at the University of Alberta Radiogenic
Isotope Facility. Molybdenite is enriched in Re and contains insignificant common Os, meaning

1 187

that essentially all "°'Os derives from 87Re decay (Suzuki, 1996). After the molybdenite was

187 187 . . . L.
¥Re and 'Os concentrations were determined by isotope dilution mass

isolated, the
spectrometry using Carius tube, solvent extraction, and chromatographic techniques as outlined
by Selby and Creaser (2001). Rhenium and Os isotope ratios were measured using negative
thermal ionization mass spectrometry on a Micromass Sector 54 mass spectrometer using
Faraday collectors (Creaser et al., 1991; Volkening et al., 1991). The Chinese molybdenite
powder HLP-5 (Markey et al., 1998) is routinely analyzed at the University of Alberta as a
control sample. It has a determined average Re-Os date of 221.65 + 0.45 Ma (1SD uncertainty,

n=11). This Re-Os age date is identical to that reported by Markey et al. (1998) of 221.0 £ 1.0

Ma

4.5 Mineral chemistry

The mineral chemistry analyses for quartz and pyrite and any associated imaging were
performed on polished circular mounts. These mounts were prepared at Lakehead University.
Figures 4.3 and 4.4 below outline the location of the samples from which mounts were prepared

from both study sites.
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4.5.1 Cathodoluminescence imaging of quartz

Prior to any analysis of the quartz samples, the igneous, sedimentary, cement, and
hydrothermal quartz on the mounts underwent cathodoluminescence imaging. The imaging was
completed at the University of Tasmania — Centre for Ore Deposits and Exploration Science
(UTAS — CODES) Electron Microscopy and X-Ray Microanalytical Facility with the FEI
Quanta 600 Environmental SEM. The cathodoluminescence (CL) imaging was completed with
the GatanPanaCLF panchromatic CL detector. The imaging was used as a map to locate the spots

for the laser ablation analyses to ensure measurements bracketed all compositional variations.

4.5.2 Quartz mineral chemistry

The quartz trace element geochemistry was collected by LA-ICP-MS at CODES at the
University of Tasmania. The spots to be ablated on each quartz grain were mapped on scanned
images of the mounts based on any available cathodoluminescence imaging. The ablation spot
size was set to 47 um, frequency 10 Hz, energy 85 mJ and fluence 14 J/em?®. The NIST612
standard was used as the primary external calibration standard and was run every 15 analyses,
while a blank silica secondary standard was run under the same conditions as the quartz analyses
every 30 spots. As well, GSD-1G, synthetic glass, standards were run at the beginning and end of
every quartz session. Typically, four to six grains were sampled from one mount and up to six
data points were selected for an average of 12 to 15 spots per grain. These data were collected,
normalized to Si and run through an EXCEL spreadsheet which plotted the concentrations of the
elements throughout the duration of the spot analysis. This spreadsheet was used to review each
spot analysis and verify that it was a clean run and to eliminate any portion of the run containing
obvious contaminations or mineral inclusions (Fig. 4.5). Detection limits for elements are found

in Appendix 6.
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4.5.3 Pyrite mineral chemistry

The pyrite trace element geochemistry was collected by LA-ICP-MS at CODES at the
University of Tasmania. The spots to be ablated on each pyrite grain were mapped on scanned
images of the pucks with spots located in the core, mantle and rim of the grain. The ablation spot
size was set to 35 um, frequency 5 Hz, energy 54 mJ and fluence 4 J/em?®. The GSD-1G standard
was also used in the pyrite analyses in conjunction with the STDGL2b2 standard (a control
sample with Fe as the internal standard element). These standards were run after each grain
(approximately every 12 to 15 spot analyses per grain and three grains per mount) and at the start
and end of each session. As well, the Peru Pyrite standard was used as the baseline for the Fe
values. This data was collected and run through an Excel spreadsheet which plotted the
concentrations of the elements throughout the duration of the spot analysis. This spread sheet
was used to review each spot analysis and verify that it was a clean run and to eliminate any
portion of the run containing obvious contaminations or mineral inclusions (Fig. 4.6). Detection

limits for elements are found in Appendix 7.

4.5.4 Quality ranking

In addition to the reduction of the mineral chemistry data, each spot spectra collection
was given a quality ranking of 1 to 4. The data collection for each spot ran for 60 seconds. After
the data reduction, a run of which 10 to 19 seconds was kept and used was given a quality
ranking of 1. A run which contains 20 to 29 seconds of data was given a ranking of 2. A run
containing 30 to 39 seconds was designated a 3 and 40 to 60 seconds was given the highest

quality ranking of 4 (Figs. 4.5 and 4.6).



38

100000000
w— (T
w— N32 3
Mg24
AL27

10000000

— $29

v 1)
] 1
] 1
] ]
] ]
1 .
1 —t Si — P31
1 1 — K39
] ] a7
: : T49
T —+ Na
1
]

1000000

— 153
Mn55
Fe57
Cu63
Cu65
w— 7166
Ge74
— D85
Sr88
— 7190
s AG107
Sb121
Cs133
Gd157
Hf178
s Ta18 1
Aul97
Pb208
Bi209
U238
- - =BG start
‘ | - - -iGend
0 10 20 30 40 50 60 70 80 90 100 = = = = SG start

100000

R SRS S -

10000 -

1000

100

10

Accepted data

1
' 1
' [l
Background ' :
prior to ablation ! !

- - - -

T T T 1

100000000 -
w— N32 3
Mg24
AI27

w— (29

10000000

. Si s P31

— K 39
— (343
@7
Té9
/5 1
Na Crs3
Mn55
Fe57
Cub3
Ge74

1000000

]
]
Sr E Mn

100000

- - - -

10000

- — AST7 S
ML — RDES
% 4 4 = e ST88
n e 7190
’ e AG107
- i ) o \, :gul
100 - /3 I\ PV - AT S Cs133
/ : Gd157
Hf178
e Ta181
Au197
Pb208
8209
U238

1000

r— - -

10

Rejected data

'
i
Reduced :
data range !

5
Background :
prior to ablation !

- e e =BG start

T T T 1

0 10 20 30 40 50 60 70 80 90 100

Figure 4.5: Two spot analyses from the quartz data. (top) an inclusion-free run fromWP13ES06 - Circle 3, Spot 4
which has a quality ranking of 4; and (bottom) a run from BK13ES013 — Circle 1, Spot 2 in which the data has been
reduced to remove a Sr-Mn-Mg-rich inclusion from the data set. This run has a quality ranking of 1.




39

100000000

Mg2a
AI27
s34
9
crs3
Mn55
Fes7
Co59
Ni60
Cu6S
Zn66
s $€77
Mo95
e 7107
cdi1
sn118
sb121
Te125
e 83137

/
) ’ Gd157

\l‘v ll:h?’l“ :f;ﬁ
1, \l \J b —T
W L\ \RIANY { oy
1 ] ] —P1195
1 ' | Au197
1 1 " e T1205
! Background ' ! £ra0s
: ! kg s ! | Accepted data e
, | priortoablation | | | , | =
- - - -G end
0 10 20 30 40 50 60 70 80 90 100 ===asostnt

-G end

10000000 -+

1000000

100000

- -----‘#--
- - - - - -

10000

1000 ww

100 ““.

-——--

10 -

- -

100000000
— Ng24
A27
S34
Caa3
TH49
Crs3
Mn55
Fe57
Ca59
Ni60
—CUGS
Zn66
— SET7
—— 90
Mo95
s AG107
Cdi11
Sn118
e S01 21
Tel2s
—B3137
Gd157
Hf178
Tal81
s W182
| e P1195
1 Au197
] s TI205
Background ! Reduced gz
[} Bi209
'
1

prior to ablation data range Enjertnddata U238

1 T . 2 ' . - - :g ;gr;n
= wfE

10 20 30 40 50 60 70 80 90 100  ====sGstart

- - SGend

10000000

1000000 -

100000 *-‘:t. -

| RN RN AN DNT AT
By 7 'ww 5
\\1 \.«A'\ “"‘ ‘\K ‘1.; '\l.’ }'.I\H
100 - "A/u‘ AR “A vnk‘. '. ..4'- )
' AL\ -

-
=
—
’ -
2
‘_

10

l
b
'
|
'
|
'
|
1

o

Figure 4.6: Two spot analyses from the pyrite data. (top) an inclusion-free run fromWP13ES58 - Circle 1, Spot 2
which shows the homogenous incorporation of Ni, Co, and Cu into the pyrite. This run has a quality ranking of 4;
and (bottom) a run from WP13ESO7 — Circle 2, Spot 6 in which the data has been reduced to remove an inclusion
from the data set. This run has a quality ranking of 3.



40

4.6 Short-wave infrared spectroscopy

Spectroscopic data were collected from the prepared mounts using a TerraSpec 4
Standard-Res mining analyzer. The sample spectra were measured in a darkened room on a ~1
cm diameter reading window with a run gathering data for 30 seconds. The light source was
calibrated with a white plate standard after every sample. Raw spectra were imported
into Indico® Pro acquisition software for the extraction of the peak parameters such as the
wavelength, width and depth of specific absorption features. Spectra were interpreted by
comparing the unknown spectra to reference spectra from The Spectral Geologist™ viewer

software and the USGS spectral library.
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Chapter 5: Field Observations and Petrography

5.1 White Pine Fork Mo porphyry lithologies

5.1.1 Little Cottonwood stock

The Little Cottonwood stock was sampled from the perimeter of the study area into the
breccia pipe. Samples WP13ES67 and WP13ES68 were located on the periphery of the intrusion
and are the least altered of the samples collected. The hand samples and thin sections showed a
relatively unaltered, coarse-grained K-feldspar porphyritic granite with an equigranular
groundmass and some rusty alteration along fracture planes (Fig. 5.1). The mafic mineral is
dominantly biotite, with chlorite alteration; quartz content ranges from 24-39% of the rock, the
K-feldspar comprises 33-51% of the unit, and the plagioclase feldspar ranges from 24-37% (Fig.
5.2). This rock plots as a monzogranite on the QAPF diagram (Fig. 5.3). The rusty surfaces were
the result of the weathering of primary, magmatic magnetite. Some variations within the Little

Cottonwood unit included aplitic dykes, mineral banding, and xenoliths sourced from the

metasedimentary host rocks (Fig. 5.1).

Figure 5.1: Variations seen in the Little Cottonwood stock: (A) A typical, homogenous K-feldspar porphyritic
monzogranite [WP13ES47]; (B) An aphanitic, aplitic dyke devoid of ferromagnesian minerals except for pyrite



Figure 5.2: Transmitted light microphotograph of the unaltered Little Cottonwood stock (WP13ES68). Quartz

[gz]; orthoclase [or]; plagioclase [pl]; biotite [bt]; muscovite [ms]; chlorite [chl]; and titanite [ttn]

Quartzolite (>90% quartz)

Quartz rich granitic rock (>60% quartz)

total feldspar)
D and E: Granite, may be subdivided into:
D: Syeno-granite
E: Monzo-granite
Granodiorite
G: Tonalite

F:

H: Quartz alkali feldspar syenite
I:  Quartz syenite

J:  Quartz monzonite

K: Quartz monzodiorite (An<50%)

Quartz monzogabbro (An>50%)
L:

Quartz diorite (An<50%)
Quartz gabbro (An>50%)
Quartz anorthosite (Mafic<10%)

M: Alkali feldspar syenite

Syenite
Monzonite

Monzodiorite / monzogabbro
Diorite / gabbro / anorthosite

Figure 5.3: QAPF plot showing the Little Cottonwood stock (red) within the monzogranite field and the White Pine

intrusion (blue) plotting closer to the quartz apex, but within the monzogranite-syenogranite field.

Alkali feldspar granite (plagioclase <10%)of
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5.1.2 White Pine intrusion

The White Pine intrusion is a later phase of the Little Cottonwood stock and as such the
major mineralogy of the two units is very similar. The differences lie in the textural
characteristics and the degree of alteration. Some of the samples collected from the periphery of
this igneous phase (e.g., WP13ES26) still show a substantial amount of alteration. The least
altered samples were used to characterise the White Pine intrusion as a K-feldspar and quartz
porphyritic syeno- to monzogranite with altered feldspar phenocrysts with an increased
muscovite content relative to the Little Cottonwood stock (Fig. 5.4). The quartz content ranges
from 35-46%, K-feldspar from 31-46%, and the plagioclase feldspar ranges from 18-30%. The
samples from the White Pine intrusion plot as a monzogranite on the QAPF diagram (Fig. 5.3).
Weakly altered biotite is present in the groundmass and frequent rusty spots (i.e. altering
hydrothermal pyrite grains) and rusty quartz veins are present in all of the samples. Compared to
the Little Cottonwood stock, there is a higher total quartz content and larger and more quartz

eyes in the White Pine intrusion (Fig. 5.5).

Figure 5.4: Transmitted light microphotograph of the altered plagioclase and the overgrowth of muscovite
(WP13ES22). Quartz [gz]; plagioclase [pl]; muscovite [ms]; pyrite [py]; and hematite [hm].



mm across.

5.1.3 White Pine Fork Mo breccia pipe

The breccia pipe is a portion of the White Pine intrusion shows significant hydrothermal
alteration and brecciation. The breccia crops out as a rusty knoll of approximately 150 m by 200
m near the southern portion of the White Pine intrusion, at the contact with the Little
Cottonwood stock (Fig. 4.1). The rock is a polymictic, chaotic breccia with fragments of strongly
altered K-feldspar and quartz porphyritic granite and quartz hosted in a quartz (£ K-feldspar) and
primary pyrite vein stockwork. Euhedral pyrite and molybdenite are present throughout the
cement. The granitic clasts have <10 mm sericite alteration rinds and range from <1 mm in size
to >1 m and are irregular in shape (Fig. 5.6A). The presence of K-feldspar and quartz

phenocrysts suggests that fragments belong to the younger White Pine intrusion, as opposed to
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the Little Cottonwood stock which does not contain quartz phenocrysts. The alteration rinds of
the clasts show the highest degree of hydrothermal alteration observed in the study area, with the
complete replacement of feldspars to white mica and any ferromagnesian minerals to pyrite. The
quartz clasts likely represent fragments of quartz veins or quartz breccia cement implying that
brecciation occurred after the first stages of hydrothermal activity at White Pine. Fork The
cement is dominantly hematite-stained, vuggy, very coarse-grained (>15mm) quartz (Fig. 5.6B).
Molybdenite was only observed in the breccia cement. Hydrothermal agnetite has been altered to

pyrite and vein K-feldspar suggest that pervasive phyllic alteration overprinted earlier potassic

alteration.
444000 444200
| | | |
o
S £
o Alluvium and 8
Q - '—|
o A Glacial deposits } 3
< ®
- <
~ Lamprophyre dyke
~ Aplite dyke =
- White Pine Intrusion %
~ l:] Little Cottonwood Stock <
= s Ui j
Pyrite alteration halo / nconformity
. g
8 . Maxfield Limestone g-
S ity 5
8 - .. s -
<« ov®
v .

Breccia pipe

4488000
|

0 1 2 km

Figure 5.7: The mineralised breccia pipe is located along the southern contact of the White Pine intrusion and the Little
Cottonwood stock. The lamprophyric dykes are north-trending and the aplitic dykes trend east-northeast. The pyrite
alteration halo has been modified from John (1997). (A) WP13ES68; (B) WP13ES22; (C) WP13ESO5; (D) WP13ES54; (E)

WP13ES46; (F) WP13ES65
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5.1.4 Lamprophyric dykes

The lamprophyric dykes were identified in the field as north-south trending, <5Sm wide,
brown rocks which cross-cut the Little Cottonwood stock (Fig. 5.8A). They were mainly
observed in the south eastern portion of the study area. The rocks were soft and contained visible
biotite phenocrysts and trace sulphides. In thin section (WP13ESOS5), the groundmass was
predominantly comprised altered feldspars (likely potassic, due to the lack of polysynthetic
twins) and some anhedral quartz. The presence of quartz suggests the absence of feldspathoids.
The fine-grained groundmass also contains patches of calcite, white micas and muscovite. The
white micas are the result of almost complete sericite/white mica and other clay mineral
alteration of the K-feldspar. Biotite is the dominant ferromagnesian mineral and it is randomly
orientated and is altered to muscovite/phengite, magnetite and possibly chlorite. The dominant
mineral assemblage is biotite (35%), orthoclase (35%), quartz (5-10%) and white micas (20%;
Fig. 5.8B, C, D). There are small euhedral fluorite and red rutile grains throughout the
groundmass. Minor amounts (<5%) of magnetite occur interstitially throughout the groundmass
in needles and with hematite likely formed as a reaction product from the alteration of biotite.
The sulphides observed in the hand samples are pyrite which occurs as isolated equant, subhedral

crystals in the groundmass, frequently with a partial hematitic alteration rind.
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Figure 5.8: (A) Sharp contact of a lamprophyric dyke [left] and the Little Cottonwood stock [right]; (B) Reflected light
photomicrograph of the oxides and sulphides: magnetite [mt], pyrite [py] and hematite [hm; WP13ES05]; (C)The
mica minerals: biotite [bt], chlorite [chl] and muscovite in groundmass[ WP13ESO5]; (D) Altered orthoclase
groundmass [K-feldspar — Kfs; WP13ESO5].

5.1.5 Alteration and the vein stockwork in the granites

The Little Cottonwood stock and the White Pine intrusion have undergone hydrothermal
alteration, notably phyllic alteration (quartz + pyrite + white mica mineral assemblage). The
most common vein expression of this alteration is the occurrence of rusty quartz veins with
sericitic or muscovite-rich selvages (Fig. 5.9). There is evidence of some primary potassic
alteration in the breccia pipe, represented by the occurrence of adularia-quartz veins. However,

the overprinting phyllic alteration is the most prominent.
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Figure 5.9: (Top) Quartz vein showing a sericite vein selvage; (Bottom; A + B) Transmitted light microphotograph of
a white mica vein selvage (WP13ES54) in plane polarized light (left) and cross-polarized light (right)

The sericite alteration is commonly observed as the partial to complete alteration of the
feldspars in the granites from orthoclase, microcline, and albite/oligoclase to muscovite/sericite,
phengite, and other white micas. In the cases of partial alteration, the feldspars were affected
differently. The coarser-grained, well-developed white micas were found within the plagioclase
feldspars and, in grains where compositional zoning was evident, the micas preferentially altered
the Ca-rich core. The K-feldspars (orthoclase, microcline, and perthite) has been affected by
patchy, irregular alteration. As the proximity of the samples to the breccia pipe increased, so did

the degree of hydrothermal alteration of the feldspars. The white mica alteration was also seen in
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veinlets which cross-cut the samples (Fig. 5.9). These veinlets occasionally contained quartz
and/or pyrite (Fig. 5.10)

The pyrite alteration seen at the White Pine Fork Mo porphyry was pervasive in the Little
Cottonwood rocks surrounding the breccia pipe. The coarse-grained pyrite is typically euhedral
and often seen as isolated grains throughout the groundmass of the rock. The precipitation of the
minerals in the quartz-pyrite-sericite veins was observed to be cyclical. The first mineral to
precipitate was white mica, followed by the quartz and then pyrite before the sequence was
repeated (Fig. 5.10). In sample WP13ES46, a 20mm wide quartz vein showed a white mica-rich
vein selvage around a coarse-grained, well annealed quartz vein with hematite as an alteration of
primary pyrite that crystallized on the quartz vein in a cyclic pattern with sericite (Fig. 5.10). The
pyrite found within veins outside of the ~700 m radius of the breccia pipe was typically very
rusty (i.e., weathered to hematite) and anhedral to subhedral. The pyrite within the 700m radius
of the breccia pipe is euhedral and less weathered (i.e., partial to absent hematitic mineral
coronas). The pyrite grains within <500 m of the breccia pipe also exhibited higher mineral
inclusion content (chalcopyrite, sphalerite, and galena; Fig. 5.11A). Sample WP13ES65 (located
609 m from the breccia pipe), contained two generations of veins. It was observed in the field
that the older veins were mineralized with molybdenite flakes and lacked any other sulphides
(Figs. 5.11B and 5.12). These veins were cut by pyrite-quartz veins which contained no
molybdenite. This field relationship distinguished the mineralizing system from the later,

overprinting alteration.



Figure 5.10: Quartz vein in an altered monzogranite from the Little Cottonwood stock showing hematite [hm] as an
alteration of primary pyrite crystallised on the quartz vein in a repeating, cuniform pattern with sericite [src]
(WP13ES46). Reflected light (left) and cross-polarised transmitted light (right)

200%m

Figure 5.11: (A) Inclusion-rich pyrite [py] grain in a quartz vein with a well-developed hematite [hm] weathering rind.
Chalcopyrite [cp] and sphalerite [sph; WP13ES28]; (B) Molybdenite needles [Mo; WP13ES65]. Reflected light.

Figure 5.12: Scanned mount with the laser ablation tracks, targeting
the quartz and pyrite. A younger quartz vein cross-cuts the quartz
vein containing molybdenite.
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The SWIR spectropy data collected on the pucks prepared for mineral chemistry analyses

was used to characterise the alteration minerals present at the White Pine Fork Mo porphyry. The

intense phyllic alteration observed during the mapping resulted in the formation of several white

phyllosilicates including muscovite, sericite, phengite, and possible clay minerals. In the distal

samples, the muscovite is euhedral and found as books in the groundmass and is interpreted to be

magmatic in origin. The altered samples show muscovite replacing feldspars. The two most

common minerals related to alteration were muscovite and phengite (found in all but two

samples) with secondary siderite (found in 13 out of 41 samples; Fig. 5.13; Table 5.1).

Table 5.1: Summary of SWIR data data from the White Pine Fork Mo porphyry study area. Mineral 1 is the most
common and Mineral 2 is the second most common mineral. Coordinates are NAD27.

Sample Unit Lithology Easting Northing  Elevation Mineral 1 Mineral 2
WP13ES001 White Pine intrusion ffy"r'liz 3;‘:‘ QUAMZ 417630 4489434 2689 Phengite

WP13ES002 Breccia pipe Z‘:Z':t dast and 40460 4489331 2680 Muscovite Siderite
WP13ES002 Breccia pipe &‘:‘”Z cementand o460 4489331 2680 Muscovite

WP13ES003 Little Cottonwood stock Porphyritic granite 441521 4488155 2984 Phengite

WP13ES006 Little Cottonwood stock Porphyritic granite 441314 4488621 2881 Siderite Muscovite
WP13ES006 Little Cottonwood stock Quartz vein 441314 4488621 2881 Muscovite

WP13ES007 Little Cottonwood stock Altered granite 441229 4489140 2754 Phengite

WP13ES013 Little Cottonwood stock Porphyritic granite 442725 4487733 3093 Siderite Muscovite
WP13ES014 Little Cottonwood stock :\‘/’Ii:ic pegmatite 412725 4487733 3093 Muscovite

WP13ES017 Little Cottonwood stock Porphyritic granite 442844 4488617 2861 Phengite Siderite
WP13ES018 Little Cottonwood stock Porphyritic granite 442874 4488858 2811 Phengite

WP13ES020 White Pine intrusion Porphyritic granite 442578 4490390 2596 Muscovite Siderite
WP13ES021 White Pine intrusion Altered granite 441918 4490808 2491 Muscovite Siderite
WP13ES022 White Pine intrusion Porphyritic granite 443573 4491671 2463 Phengite Siderite
WP13ES023 White Pine intrusion Porphyritic granite 443213 4490846 2821 Muscovite

WP13ES025 White Pine intrusion Aplitic dyke 443156 4490596 2963 Paragonite mgntmmmm
WP13ES026 White Pine intrusion Porphyritic granite 443269 4490401 3036 Muscovite

WP13ES027 White Pine intrusion Porphyritic granite 443257 4490251 3026 Muscovite Siderite
WP13ES028 White Pine intrusion Porphyritic granite 443365 4490168 3039 Muscovite

WP13ES030 Little Cottonwood stock Porphyritic granite 440499 4488348 2984 Phengite Siderite
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WP13ES033 Little Cottonwood stock Altered granite 440544 4488874 2919 Phengite
WP13ES036 Little Cottonwood stock Altered granite 441178 4489285 2747 Muscovite
WP13ES040 Little Cottonwood stock Porphyritic granite 442564 4488141 3043 Phengite
WP13ES041 Little Cottonwood stock Porphyritic granite 442676 4488242 2963 Phengite Siderite
WP13ES043 Little Cottonwood stock Aplitic dyke 442641 4488520 2858 Muscovite
WP13ES044 Little Cottonwood stock Porphyritic granite 442699 4488669 2819 Phengite
WP13ES046 Little Cottonwood stock Altered granite 442741 4488943 2804 Phengite
WP13ES046 Little Cottonwood stock Altered granite + 15741 4488943 2804 Jarosite
quartz vein
WP13ES048 Little Cottonwood stock Quartz-sericite vein 443156 4488003 3073 Phengite
WP13ES049 Little Cottonwood stock Porphyritic granite 443208 4488086 3103 Muscovite Dolomite
WP13ES050 Little Cottonwood stock Porphyritic granite 443175 4488331 3006 Phengite Siderite
WP13ES052 Little Cottonwood stock Porphyritic granite 443116 4488704 2954 Phengite Siderite
WP13ES053 Little Cottonwood stock Altered granite 443025 4488956 2885 Muscovite
WP13ES054 White Pine intrusion Porphyritic granite 442964 4489077 2869 Muscovite
WP13ES058 Little Cottonwood stock Altered granite 443727 4490549 2884 Muscovite
WP13ES062 Breccia pipe Breccia  cement  ,,hcey 4489280 2741 Phengite Siderite
and clasts
B i t
WP13ES063 Breccia pipe recca - CemMent  ,i>582 4489280 2741 Siderite
and clasts
WP13ES064 White Pine intrusion Altered granite 442429 4489968 2703 Muscovite
WP13ES065 White Pine intrusion Altered granite 442221 4489771 2607 Phengite Siderite
WP13ES066 White Pine intrusion Altered granite 442084 4489641 2650 Muscovite
WP13ES068 Little Cottonwood stock Porphyritic granite 442823 4491905 2377 Muscovite Siderite
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Figure 5.13: SWIR results in relation to the White Pine intrusion and the breccia pipe as well as the pyrite
alteration halo (defined by John, 1997).



53

5.3 Buckingham lithologies and alteration
5.3.1 Harmony Formation

The Harmony Formation is a metasedimentary unit comprised predominantly of
sandstones, arkosic sandstones, and pebble conglomerates (Theodore et al., 1992). The
predominant lithology mapped and sampled was a quartzite which was composed of rounded,
moderately sorted quartz grains up to ~2mm wide. There is no other clast type except for some
minor (<1% total) feldspar grains. The rock is clast-supported and the interstitial material is
white, soft and powdery micas and clay minerals. There were some variations in the unit where
the metasandstone was more arkosic which is evidenced by white, opaque, altered grains.
Transmitted light microscopy showed that the quartz clasts comprised up to 95% of the rock in
some of the quartzite samples and in the rest. Some of the larger clasts (<1 mm) displayed
subgrains. As not all the grains displayed subgrain boundaries it is likely that the subgrains
formed pre-metamorphism, before erosion and deposition. The grains were typically well
annealed with wavy grain boundaries interpreted to be the result of metamorphism. In the areas
where the grain boundaries were not as annealed and the clasts have retained more of a rounded
grain outline, the interstitial mineral is dominantly white micas, including muscovite (Fig. 5.14).
The mica minerals occur as fine-grained laths and as aphanitic crystal aggregates of sub- to
euhedral grains in the quartz matrix as an alteration product of the pelitic component of the
sandstone protolith. The other minerals present in the rock were introduced as the result of
hydrothermal alteration, weathering and veining. The most common vein types are quartz,

quartz-pyrite and associated white micas.
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Figure 5.14: Quartzite hosting a sericite-rich vein [src]. The vein selvage contains a higher modal abundance of sericite
than the quartzite groundmass (BK13ES003). Transmitted light plane polarized light (left) and cross-polarized light (right).
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Figure 5.15: Altered feldspar-porphyritic granite (BK13ES011). The orthoclase? [Kfs] and plagioclase [pl] phenocrysts are
outlined. They have been almost completely altered to white mica minerals. The hematite [hm] grain retains a relict
pyrite cubic grain shape. Transmitted light plane polarized light (left) and cross-polarized light (right).

Figure 5.16: Hornblende- [hbl] bearing, orthoclase- [Kfs] and quartz-[qtz] porphyritic Tertiary granite. The primary
ferromagnesian mineral has been altered to biotite [bt; BK13ES048]. Transmitted light plane polarized light (left) and
cross-polarized light (right)
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5.3.2 Buckingham Intrusions

The Buckingham granites are pervasively hydrothermally altered and comprise coarse-
grained quartz and K-feldspar phenocrysts in a quartz—orthoclase—plagioclase groundmass that
displays a granitic texture with annealed grain boundaries. The quartz phenocrysts are coarse-
grained (up to 9mm wide), anhedral and rounded. These quartz eyes show some undulatory
extinction and are unaltered. The K-feldspar phenocrysts in this sample are difficult to
distinguish, other than by relict growth twins, from the plagioclase due to the extensive sericitic
alteration. The larger relict grains of feldspar (which show some tartan twinning) are likely
microcline, the grain shape and size closely resembles the phenocrysts seen in less altered
samples. The plagioclase was determined to be oligoclase, is finer-grained than the K-feldspar
and occurs as equant, euhedral, altered phenocrysts. They have been almost completely altered to
white micas (the alteration replaces up to 95% of the plagioclase grain). Primary growth twins
can be seen in some of the less altered grains. The groundmass has undergone sericite/white mica
and other clay mineral alteration of the feldspars (Fig. 5.15). No magmatic ferromagnesian
minerals where observed in the granites. Primary hydrothermal pyrite and its weathering reaction
products of Fe-oxide occur throughout the groundmass, where altered, the hematite retains the

relict outline of the pyrite.

5.3.3 Tertiary granites

The younger, Tertiary granites are located in the northern part of the study area and are
also hydrothermally altered. Two distinct lithologies have been recognised, a quartz feldspar-
porphyritic hornblende monzogranite and a quartz K-feldspar-porphyritic granite. Samples
BK13ES048 and BK13ES053 are monzogranites with quartz and feldspar phenocrysts in a

quartz-microcline-oligoclase-hornblende groundmass. The quartz phenocrysts are very coarse-
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grained with rounded quartz eyes that reach 9 mm in diameter. These grains show some
undulatory extinction, no subgrain formation and are unaltered. There is also finer-grained,
anhedral quartz in the altered groundmass. Feldspars in the very fine-grained groundmass have
undergone some sericite/white mica and other clay mineral alteration. In some of the feldspar
grains, white mica replaces up to 15% of the feldspar. The K-feldspar and plagioclase
phenocrysts are euhedral and show some compositional zonation. The medium- to fine-grained
K-feldspar phenocrysts (which show some tartan twinning) are microcline. Several, equant,
euhedral altered phenocrysts are also found within the groundmass. They have been partially
altered to white micas (~15% of the grain). The primary growth twins indicate that the
plagioclase is oligoclase. The most common ferromagnesian mineral in these granites is
hornblende which occurs as subhedral to euhedral, fragmented crystals throughout the
groundmass (Fig. 5.16). The crystals range from being unaltered to weakly altered to biotite.
Some trace epidote and titanite are also associated with the glomeritic ferromagnesian minerals.
Samples BK13ES050 and BK13ES51 have undergone more hydrothermal alteration than
the granites which contained hornblende. These altered monzogranites are characterised by
pervasive barren quartz stockwork veins in an altered fine-grained quartz and K-feldspar
porphyritic quartz-orthoclase-plagioclase groundmass. The feldspars in the groundmass have
undergone sericite/white mica and other clay mineral alteration, with white mica replacing up to
55-75% of some crystals. The primary, magmatic ferromagnesian minerals in these granites have
been altered to opaque minerals (Fe-oxides), titanite and epidote. In sample BKI13ES048,
primary hydrothermal pyrite, often weathered to Fe-oxides, occur throughout the groundmass.

Where present, the hematite often preserves the relict outline of the pyrite.
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5.3.4 Hydrothermal breccias

Different generations of hydrothermal breccias were recognised at Buckingham that are
interpreted to be associated with the emplacement of the Buckingham intrusion and with the
Tertiary granites (Fig. 5.17). An unmineralized breccia, associated with the Cretaceous granites
(BK13ES016), is characterised by hematite-jarosite-quartz veinlets cement. The breccia is
chaotic and polymictic. The predominant clasts are quartzites composed of rounded, moderately
sorted quartz grains of the Harmony Formation. Some of the larger grains (<1 mm) have
subgrains of fragmented sedimentary grains (Fig. 5.18). The matrix of the quartzite is composed
of very fine-grained quartz and white phyllosilicates as well as coarser crystals of either
muscovite or phengite. There is a very minor (<1%) component of biotite-rich clasts that are
likely sedimentary as the biotite suggests a more Al-rich or pelitic protolith. This breccia also
contains wavy and anastomosing veinlets of very fine-grained hematite and aphanitic, greenish
jarosite. The veins have the same mineralogy as the breccia cement and define a halo to the
chaotic breccia. There are numerous, angular single quartz grains found within the hematitic
cement which may be hydrothermal in origin or derived from disaggregation of the quartzite
(Fig. 5.18). Some of defines a relict cubic shape, suggesting that pyrite was a primary breccia
cement. Hematite is the main mineral in the matrix of the breccia veins. Local goethite (?)
cement is associated with jarosite and occurs as patches around some of the quartzite clasts.
Jarosite also occurs in patches around some of the quartzite clasts. No primary or secondary

sulphides or granitic clasts were observed in the breccia.
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Figure 5.17:

(Top) Locations of hydrothermal breccias (BK13ES016, -
022, -104) and a leached cap (BK13ES025) associated
with the emplacement of the Buckingham porphyry
system. The Tertiary breccia is located near the top of
the map (BK13ES052, -059).

(Bottom) (A) Cretaceous hydrothermal breccia with a
Fe-oxide groundmass and quartzite clasts (BK13ES022);
(B) Tertiary hydrothermal breccia with a Fe-oxide
groundmass and  hydrothermal quartz clasts
(BK13ES052). The hammer is 40 cm long; (C) The
contact between the intensely altered leached cap and
the quartzites (BK13ES025).
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Figure 5.18: Unmineralised hydrothermal breccia (BK13ES016) characterised by hematite [Fe-ox]-jarosite-quartz
cement and range of clast sizes.

Figure 5.19: Tertiary hydrothermal breccia (BK13ES059) with a hematite [hm] and quartz [qtz] cement. The clasts
arefragmented hydrothermal quartz that predates brecciation.

Figure 5.20: Quartz [gtz] and hematite [hm] vein in the Tertiary hydrothermal breccia (BK13ES052). The open
space fill allowed for the growth of euhedral quartz and botryoidal hematite.

The breccia (sample BK13ES052) associated with the emplacement of the Tertiary
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granites comprises hematite-jarosite-quartz cement around quartz vein clasts. The breccia is
chaotic, monomictic and clast-supported. The clasts are hydrothermal, barren quartz with
annealed grain boundaries. The clasts are variable in size, reaching up to >50 mm wide and very
angular. The matrix of the breccia is composed of very fine-grained hematite, quartz and
aphanitic yellow jarosite, which also occur in <1 mm veinlets. No quartz veins were observed
cross-cutting the Fe-oxide veinlets or the annealed brecciated quartz matrix. Hematite is the main
cement mineral, typically occurring with jarosite as patches around the clasts. The breccia likely
had a sulphidic cement prior to weathering to Fe-oxides. Some relict cubic shapes are preserved,
suggesting that hematite has replaced pyrite. In places, early hematite defines weathering rinds
around specularite, which has pseudomorphed pyrite. The outer rind is weathered to a darker
brown hematite, whereas the core of the altered grain is whiter, more reflective and non-
magnetic. The Fe-oxides have grown in cuniform and botryoidal forms where open space was
available (Fig. 5.20). No primary or secondary sulphides were observed.

A sample of a chaotic and polymictic mineralised breccia was collected near the
Buckingham adit (Fig. 5.17). Sample BK13ES104 displays quartzite clasts and massive sulphide
clasts cemented by quartz. The predominant clast types are massive sulphide clasts and older
hydrothermal quartz clasts which are finer-grained than the groundmass quartz and very angular.
The hydrothermal quartz clast size is variable and the clast size decreases towards the edges of
the breccia. There is a minor (<10%) component of quartzite clasts in the breccia which are
identified by rounder quartz grains which host interstitial white micas. The hydrothermal quartz
cement contains pyrite and arsenopyrite. Pyrite occurs as euhedral grains in the quartz cement
and is generally massive with cubic, inclusion-free cores, surrounded by very fine-grained grains

of granular pyrite and arsenopyrite. This texture suggests that the older pyrite core acted as a
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nucleation site for later sulphide precipitation. The arsenopyrite occurs as white thombs in the
quartz cement, or as euhedral rims on the pyrite (Fig. 5.21). Chalcopyrite and sphalerite occur as

inclusions in the pyrite grains. Hematite only occurs as incomplete weathering rinds on some of

the pyrite. No jarosite was observed.

Figure 5.21: Sulphide-rich breccia with a very fine-grained sulphide and quartz [qtz] matrix and large pyrite [py],
arsenopyrite [Asp], and quartzite clasts. The cubic cores of the pyrite can be seen near the top of the image.

5.3.5 Alteration and the vein stockwork in the granites

The two generations of granites have undergone hydrothermal alteration, notably phyllic
alteration (quartz + pyrite + white mica mineral assemblage). The most common vein expression
of this alteration is the occurrence of hematite-stained quartz veins with sericitic or muscovite-
rich selvages (Fig. 5.22). There is also evidence of argillic alteration, as indicated by the
formation of clay minerals, specifically the kaolinite, identified in the SWIR absorption data. The
kaolinite is likely hypogene since it is concentrated around a leached cap and hydrothermal
breccias, indicating areas of increased hydrothermal activity. The clay minerals were observed to
replace the feldspars in the granites.

The phyllic alteration commonly occurs as the partial to complete replacement of

feldspars in the granites from orthoclase, microcline, and albite/oligoclase to muscovite/sericite,
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phengite, and other white micas. In the Cretaceous granites, the feldspars were typically
completely altered whereas in the Tertiary granites, K-feldspar and plagioclase feldspar
phenocrysts were less altered, generally retaining their primary growth twins. In the crystals
where compositional zoning was evident, the micas preferentially altered the rim of the
phenocrysts. This white mica alteration was also seen in the quartzites. Any feldspar clasts were
altered and consequently could be distinguished from the unreactive quartz grains. Veinlets of
white phyllosilicates occur in patches with coarser-grained, radiating muscovite in the quartzites.
These veinlets are composed of ~85% very fine-grained white micas and some contain very fine-
grained hematite (Fig. 5.14). The hematite is most likely a weathering product of primary pyrite
in the veins. Barren quartz veins were also observed in the quartzites (Fig. 5.22).

The most intensively veined samples (BK13ES009 and BK13ES022) contained different
generations of veins. Within the quartzite, there are localized breccias of very fine-grained
hematite and aphanitic, greenish jarosite cement. The hematite and jarosite display some relict
cubic shapes, suggesting they are after pyrite. The edges of the breccias tend to be composed of
hematite with jarosite cores. In addition barren, fine-grained hydrothermal quartz veins which are
cross-cut by the white mica veinlets were present. The jarosite in the veins occurs in patches and
in veinlets with cross-cutting coarser-grained, radiating muscovite and possible phengite (Fig.

5.23)



500 pm

Quartzite

Figure 5.24: Hydrothermal breccia hosted in a quartzite (BK13ES009) with brecciating veinlets composed of very
fine-grained hematite [hm] and aphanitic jarosite [jrs]
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5.3.6 SWIR data

A Terraspec was used to analyse absorption features in the SWIR (short-wave infrared)
region which are a function of the composition of the mineral in the mounts prepared for mineral
chemistry analyses. This technique is particularly effective for distinguishing clay and mica
minerals which may have similar appearance at the Buckingham study site. The intense phyllic
and argillic alteration was observed in the altered Buckingham porphyry and the hosting
metasedimentary rocks. The two most common minerals recorded were muscovite/phengite
(found in 22 out of the 32 samples as the most common or second most common mineral) and
kaolinite (found in 8 out of the 32 samples as the most common or second most common
mineral; Table 5.2). Figure 5.25 shows a map of the minerals in Table 5.2 relative to the
Buckingham quartz stockwork and system and the Copper Queen mineralisation (as defined by

Theodore et al., 1992).

Table 5.2: Summary of SWIR data from the Buckingham porphyry study area. Mineral 1 is the most common and
Mineral 2 is the second most common mineral. Coordinates are NAD27.

Sample Unit Lithology Easting Northing  Elevation  Mineral 1 Mineral 2
BK13ES001 Harmony Formation Quartzite 494048 4495299 1940 Siderite Muscovite
BK13ES003 Harmony Formation Quartzite 493887 4495072 1960 Muscovite

BK13ES005 Harmony Formation Quartzite 493854 4495695 1862

BK13ES006 Harmony Formation Quartzite 493869 4495675 1835 Epidote

BK13ES009 Harmony Formation Quartzite 493872 4495778 1890 Phengite Jarosite
BK13ES011 Buckingham intrusion Porphyritic granite 493264 4493194 1774 Phengite

BK13ES012 Harmony Formation Quartzite 493242 4493400 1815 Muscovite  Chlorite
BK13ES013 Harmony Formation Quartzite 493242 4493505 1851 Muscovite  Siderite
BK13ES014 Harmony Formation Quartzite 493309 4493679 1902 Chlorite Muscovite
BK13ES015 Harmony Formation Quartzite 493467 4493840 1974 Muscovite  Gypsum
BK13ES017 Harmony Formation Quartzite 493543 4494037 2023 Muscovite

BK13ES018 Harmony Formation Quartzite 493667 4494161 2038 Muscovite  Kaolinite
BK13ES020 Harmony Formation Quartzite 493803 4494098 2055 Chlorite

BK13ES021 Harmony Formation Quartzite 493689 4494250 2005 Muscovite

BK13ES023 Harmony Formation Altered quartzite 493704 4494629 2023 Muscovite  Kaolinite

BK13ES025 Harmony Formation Altered quartzite 493870 4494735 2034
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BK13ES027 Harmony Formation Quartzite 493834 4494857 1986 Kaolinite Dolomite
BK13ES028 Harmony Formation Quartzite 493830 4495512 1816 Chlorite Muscovite
BK13ES044 Harmony Formation Quartzite 495061 4495804 1760 Muscovite
BK13ES046 Harmony Formation Slate 493125 4493125 1740
BK13ESO50  Tertiary granite Monzogranite 495602 4497295 1820 Muscovite
BK13ES059 Harmony Formation Cu-mineralized quartzite 495423 4496484 1744 Muscovite
BK13ES061 Harmony Formation Quartzite 495300 4496176 1725 Kaolinite Nontronite
BK13ES062 Harmony Formation Quartzite 495249 4496328 1764 Muscovite  Kaolinite-
BK13ES063 Harmony Formation Quartzite 495104 4496069 1731 Kaolinite
BK13PH100  Buckingham intrusion Porphyritic granite 494781 4495855 1800 Siderite Muscovite
BK13PH101  Buckingham intrusion Porphyritic granite 494649 4495456 1780 Muscovite  Dolomite
BK13PH102  Harmony Formation Quartzite 494552 4495308 1825 Muscovite
BK13PH103 Harmony Formation Quartzite 494527 4495031 1887 Jarosite Muscovite
BK13PH104 Harmony Formation Breccia 494189 4494905 1943
BK13PH105 Harmony Formation Andesitic hornfels 494314 4494553 1858 Kaolinite Dolomite
BK13PH106  Buckingham intrusion Porphyritic granite 494239 4494450 1866 Muscovite  Kaolinite
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Figure 5.25: SWIR results relative to the Buckingham quartz stockwork vein system and the Copper Queen
mineralisation (limits of stockwork fromTheodore et al., 1992).
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Chapter 6: Whole Rock Geochemistry and Geochronology
Whole rock geochemistry was completed on all of the samples collected in the field. The
whole rock geochemistry of the igneous lithologies from both study areas was used to determine
the progression from the initial crystallization and later hydrothermal alteration during the
mineralisation event. The trace element geochemistry of the porphyries, granites and associated

igneous bodies was used to provide insight into the evolution of the igneous rocks.

6.1 White Pine Fork Mo porphyry lithologies
6.1.1 Little Cottonwood Intrusion

This unit is characterized by anhydrous SiO; values of 66 — 75 wt.%, Fe,O3 values of 2 —
5 wt.%, MgO values of 0.4 — 1.6 wt.% and a Mg# of 20 — 47. The whole rock contents of Mo
ranged from <1 to 302 ppm, with an average of 12 ppm. When the Little Cottonwood stock and
the White Pine intrusion were plotted on a TAS (total alkali-silica) diagram, they fell within the
granite, granodiorite and quartz monzonite fields (Fig. 6.1). The Little Cottonwood plotted
slightly more in the granodiorite and quartz monzonite fields, reflecting a lower SiO, content
then the White Pine intrusion. The Little Cottonwood is characterised by negative Nb and Ti
anomalies (Nb/Nb*=0.11-0.63; Ti/T1* = 0.20 — 0.54), as well as generally positive Hf anomalies
(Hf/Hf* = 0.74 — 2.02; Appendix 4). Normalized to primitive mantle values, there is a Nb-Ta and
Sr depletion (Fig. 6.2). The granite displays LREE enrichment, with a La/Sm¢, values of 5.5 -
13.4; and well fractionated HREEs (denoted by the Gd/Yb,, values ranging from 2.9 — 7.0; Fig.

6.2).
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6.1.2 White Pine Intrusion

The White Pine intrusion has anhydrous SiO, values of 69 — 77 wt.%, Fe,O3 values of 1 —
4 wt.%, MgO values of 0.5 — 1.0 wt.% and a Mg# of 28 — 54. The whole rock contents of Mo
ranged from <1 to 1096 ppm, with an average of 133 ppm. Similarly to the Little Cottonwood
stock, the White Pine intrusion is characterised by negative Nb and Ti anomalies (Nb/Nb*=0.16
—0.35; TY/Ti* = 0.21 — 0.56), as well as positive Hf anomalies (Hf/Hf* = 0.71 — 2.49; Appendix
4; Fig. 6.2). When these values are normalized to primitive mantle values, there is a depletion of
Nb — Ta and Sr. The granite displays LREE enrichment, with La/Sm,, values of 5.5 -10.3 and

well fractionated HREEs (denoted by the Gd/Yb,, values ranging from 3.0 — 7.2; Fig. 6.3).
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Figure 6.1: TAS diagram for the Little Cottonwood granitic rocks (red) and the White Pine intrusion (black). After

Middlemost (1994).
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6.1.3 Lamprophyric Dykes

The other igneous rocks sampled in this study were the four lamprophyric dykes. These
dark-coloured dykes were narrow (<5 m) and cross-cut the Little Cottonwood stock. They are
characterized by anhydrous SiO, values of 55 —61 wt.%, Fe,O3 values of 5 — 7 wt.%, MgO
values of 2.8 — 5.0 wt.% and a Mg# of 55-62. The whole rock contents of Mo ranged from 0.06
to 0.86 ppm, with an average of 0.40 ppm. Similar to the Little Cottonwood stock and the White
Pine intrusion, the dykes are characterised by negative Nb and Ti anomalies (Nb/Nb*=0.10 —
0.14; Tv/Ti* = 0.21 — 0.33), as well as positive Hf anomalies (Hf/Hf* = 0.59 — 1.4; Appendix 4).
Normalized to primitive mantle values, there is a depletion of Nb-Ta and Sr. As well, in two
samples (WP13ESO8 and WP13ES10) there is a slight enrichment in Sm and La. These dykes
display a strong LREE enrichment, with a La/Sm,, values of 6.9 — 7.1 and fractionated HREEs

(Gd/Yb,, values ranging from 5.5 — 8.8; Fig. 6.2).
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6.2 Buckingham Mo (-Cu) porphyry lithologies
6.2.1 Buckingham porphyry

This unit is characterized by anhydrous SiO; values of 70 — 85 wt.%, Fe,O3 values of 1 —
4 wt.%, MgO values of 0.3 — 1.6 wt.% and a Mg# of 24 — 54. As well, the whole rock
geochemistry averaged 84 ppm of Mo, 212.0 ppm of Cu, and 1605 ppb of Ag. The Buckingham
granites are characterised by negative Nb and Ti anomalies (Nb/Nb*=0.21 — 0.45, with an outlier
of 2.18; Ti/Ti* = 0.24 — 0.58), as well as positive Hf and Zr anomalies (Hf/Hf* = 0.86 — 2.46;
Zr/7r¥=0.96 — 2.37; Appendix 4; Fig. 6.4). The granite shows LREE enrichment, with La/Sm,,
values of 3.18 — 6.82; and moderately fractionated HREEs (denoted by the Gd/Yb., values
ranging from 1.7 — 3.8; Fig. 6.4). When the Buckingham porphyry granites and the Tertiary
granites were plotted on a TAS (total alkali-silica) diagram, the data points fell almost entirely in

the granite field (Fig. 6.3). The outliers were all Tertiary granite samples.

6.2.2 Tertiary granites

The rock types vary from monzogranites to very Si-rich granites. As a whole, this unit is
characterized by anhydrous Si0, values of 70 — 85 wt.%, Fe,Os values of 1-3 wt.%, MgO values
of 0.4 — 2.8 wt.% and a Mg# of 29 — 81. As well, the whole rock geochemistry averaged 4.2 ppm
of Mo, 166 ppm of Cu, and 606 ppb of Ag. The Buckingham granites are characterised by
negative Nb and Ti anomalies (Nb/Nb*=0.29 — 0.97; Ti/Ti* = 0.25 — 0.53; Fig. 6.4), as well as
positive Hf and Zr anomalies (Hf/Hf* = 1.06 — 4.28; Zr/Zr*=0.77 — 4.28; Appendix 4). The
granite shows LREE enrichment, with La/Sm, values of 2.1 — 5.9; and weakly fractionated

HREEs (denoted by the Gd/Yb, values ranging from 1.5 — 2.5; Fig. 6.4).
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6.2.3 Hydrothermal breccias

There are two generations of hydrothermal breccias in the study area. The older
hydrothermal breccias are interpreted to have formed during the emplacement of the
Buckingham system. The breccias are mineralized with average grades of 9.4 ppm of Mo, 232
ppm of Cu, and 3372ppb of Ag. In addition to the Buckingham hydrothermal breccias, one
sample was collected from a hydrothermal breccia interpreted to have formed during the
emplacement of the Eocene granites. This sample had whole rock grades of 3.0 ppm of Mo, 96

ppm of Cu, and 1496 ppm of Ag.
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6.3 U-Pb and Re-Os dating of the White Pine Fork breccia pipe

The White Pine Fork Mo porphyry is most strongly mineralized at the breccia pipe near
the southern end of the intrusion. The heterolithic breccia pipe is composed of fragments of a
felsic intrusive rock thought to be the White Pine intrusion (a leucocratic, K-feldspar and quartz-
porphyritic monzogranite) and hydrothermal quartz fragments. The cement is rusty (primary
pyrite) Fe-oxides and vuggy quartz. The molybdenite from the hydrothermal cement to the
breccia was collected in order to determine the age of mineralisation. At the White Pine Fork
porphyry, two different minerals were dated. Fourteen zircons collected from the granitic clasts
were dated using U-Pb systematics. As well, samples of the quartz cement and associated Mo
mineralisation were dated using Re-Os systematics in the molybdenite. The average U-Pb age
collected from the granitic clasts was 26.52+0.42 Ma (Table 6.1). This age was determined by
the plotting of 2*’Pb/**°Pb against >**U/***Pb values of all 14 zircons (Fig. 6.5A). The concordia
plot shows a mean squared weighted deviation (MSWD) value of 0.52, suggesting that the data
fell within the statistical error of the analytical uncertainties. The Re-Os age of the molybdenite
calculated as 30.21+£0.14 and 29.84+0.15 Ma (Table 6.1). The 29.84+0.15 Ma age is a duplicate

age from the same sample which was reanalysed due to the unexpected age.

6.4 U-Pb and Re-Os dating of the Battle Mountain Eocene granites

The granites in the northern portion of the study area were suspected to be younger than
the Cretaceous Buckingham-related intrusions. In order to test this, samples were submitted and
the ages determined from these suspected Eocene granites were 38.68+0.53 (from BK13ES048),
39.284+0.58 (from BKI13ES050), 40.76+0.41 (from BK13ES058), and 40.81+0.51 Ma (from
BK13ES053; Table 6.1). Sample BK13ES048 was dated using 14 zircons which gave ages

ranging from 37.0+0.8 to 40.3+0.7 Ma with one zircon giving an interpreted inherited age of
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144.0£2 Ma. This zircon is shown on the Concordia diagram as a blue datum point (Fig. 6.5E).
This concordia plot had a MSWD of 1.8, which infers that the data falls outside of the inherited
analytical error. Sample BK13ES050 was dated using 14 zircons which gave ages ranging from
37.3+0.9 to 49.9 £0.9 Ma with one zircon giving an interpreted inherited age of 132.0+2 Ma.
This concordia plot had a MSWD of 1.9, which infers that the data falls outside of the inherited
analytical error (Fig. 6.5 D). Sample BK13ESO058 had an age of 40.76+0.41 which was collected
from 12 zircons and had a range of 39.1£1.2 to 41.7+0.8 Ma. One zircon gave an age (of
48.6x1.1 Ma), which is suspected to mixing age domains and can be used with caution (Fig.
6.5B). There were two ages of 148 and 1282 Ma which were interpreted as Pb loss. The MSWD
value is 0.51 which infers that this concordia age lies within statistical error of the inherent
analytical error (Figs. 6.5B). Sample BK13ES053 had an age of 40.81+0.51 which was collected
from 11 zircons and had a range of 40.0+ 0.7 to 41.9+£1.0 Ma. There were three ages which were
interpreted as inherited, Proterozoic ages. The MSWD value is 0.46 which infers that this
concordia age lies within statistical error of the inherent analytical error (Figs. 6.5C). These ages
confirm the younger, Eocene age, as opposed to being related to the Cretaceous magmatism in

the study area.
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Chapter 7: Mineral trace element geochemistry
The quartz and pyrite present at both study sites formed as the result of phyllic
hydrothermal alteration, however they also occur as primary igneous and sedimentary minerals.
These two alteration minerals were sampled and analysed to determine their effectiveness as
mineral chemistry vectors to mineralisation. In addition to the development of vectoring tools,
this study attempted to distinguish the different types of quartz (igneous, sedimentary and

hydrothermal; Fig. 7.1) based on their mineral chemistry.
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Figure 7.1: Sample BK13ES012; (top left) Outcrop-scale barren quartz vein [Hyq] cross-cutting a quartzite;
(top right) a mount prepared and the quartz grains marked for LA-ICP-MS analyses; (bottom) a
cathodoluminescence image of the zoned quartz vein, within the red rectangle superimposed on the
polished mount, cross-cutting homogenous quartz clasts [Sdq].
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The textural differences noted between the quartz types are easily recognized in
cathodoluminescence (CL) imaging by lighting up at varying intensities. CL imaging highlights
trace element variations in the compositions of the quartz. CL intensity variations are not specific
to a single trace element and are not affected by fluid or mineral inclusions, only structurally
bound elements. If the substituted elements increase the specific gravity of the quartz, the
mineral specimen with that composition will be brighter than the quartz with an average lower
specific gravity (Rusk et al., 2008). The sampled igneous quartz from White Pine Fork and
Buckingham was coarse-grained phenocrysts with no to weak oscillatory zoning and no
inclusions (Figs. 7.2B and 7.4). The composition is typically more homogenous than the
hydrothermal quartz and sample spots were taken from the core to the rim of the crystals. The
sedimentary quartz grains from the Buckingham study site were homogenous throughout and had
various intensities (Fig. 7.2A). The hydrothermal quartz showed weak to very well-defined,
alternating dark and light bands and euhedral, hexagonal grain shape outlines (Fig. 7.1). The

breccia quartz has irregular patches and inconsistent zonation (Fig. 7.2D).

iz Figure 7.2

(A) Sedimentary quartz grains in a white
mica groundmass [BK13ESO03]

(B) Igneous quartz phenocryst
[WP13ES022]

(C) Fine-grained zone within a quartz
vein in a quartzite [BK13ESO15]

g (D) Breccia quartz [WP13ES63]
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7.1 Quartz trace element geochemistry from the Little Cottonwood and White Pine intrusions

For the samples from the White Pine Fork Mo porphyry, a total of 229 quartz spot
analyses, with 36 rejected runs (16%), were analysed. Of these analyses, 47 spots sampled
background igneous quartz crystals from the Little Cottonwood and White Pine intrusions (Fig.
7.3). The igneous crystals were large and occasionally showed oscillatory compositional zoning

during cathodoluminesence imaging (Fig. 7.2 and 7.3).
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Figure 7.3: Sample locations of the quartz mounts prepared for mineral chemistry analysis at White Pine Fork.
The red spots identify samples which included igneous quartz grains.
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The White Pine and Little Cottonwood igneous quartz samples showed very little
variation in the concentrations of trace elements. The more common Si-substituting elements, Ti
(varied from <1 to 82 ppm, with a mean of 26.93 ppm) and Al content ranges (varied from 20 to
127 ppm with a mean of 57.12 ppm) were larger than the other elements. Bismuth (<0.3700
ppm) and Ge (<3.300 ppm) were also not very abundant in the igneous quartz. The highest
values of Li (mean of 3.557 ppm), K (5.598 ppm), and Na (10.95 ppm) are associated with some
of the highest concentrations of Al. Gold was at very low levels in the igneous quartz (below
detection limits in 24 out of the 45 samples). The heavy metal content in the quartz spiked and
these high values were not representative of the entire quartz grain. Fe had a mean of 28.69 ppm
and a median of 2.100 ppm (two samples at 582 and 298 ppm) and Cu had a mean of 0.3273
ppm and a median value of 0.1480 (one sample spiked at 5.70 ppm ). This spike was identified in
the LA-ICP-MS data and they are interpreted here to represent mineral inclusions. In the igneous
quartz at White Pine, the concentrations of As (<7.900 ppm, average of 2.151 ppm) and Sb

(<0.2600 ppm, average of 0.0277 ppm) had more consistent values than other metals (Table 7.1).

Igneous quartz

Ti: 40 ppm
Al: 127.9 ppm
Ti: 46.2 ppm
Al: 110.4 ppm

Ti: 57.1 ppm
Al: 47.5 ppm
Ti: 46.8 ppm

Al: 5.7 ppm Figure 7.4: BSE-CL image of an

igneous quartz grain from the Little
Cottonwood  stock  (WP13ES13)

showing a core with a slight increase
14/May/2014| HV |Spot| WD |Mag| HF\ —100.0pm— inTi
14:44:44 |20.0 kV| 7.0 |12.0 mm[400x|0.68 CSL UTAS
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In addition to the igneous quartz samples, hydrothermal quartz, found in veins (132
spots) and as breccia cement (21 spots) which were associated with the emplacement of the
intrusion, were also analysed. The selected vein quartz crystals from the Little Cottonwood and
White Pine intrusions were large and sometimes showed oscillatory compositional zoning in
cathodoluminescence images (Fig. 7.3). The breccia quartz cement was characterized by a
marked increase in other mineral inclusions (i.e., sulphides and adularia) relative to the quartz
veins in the rest of the samples. The breccia cement samples have similar Al values (mean of
75.27 ppm) to the vein quartz (mean of 147.0 ppm). Titanium varied from 1 to 79 ppm, with an
average of 29.41 ppm in the vein quartz. The mean Ti value from the breccia cement samples is
37.60 ppm. Bismuth (mean is 0.0511 ppm in the vein quartz and 0.0032 in the breccia cement)
and Ge (mean of 1.816 ppm in the vein quartz samples and 1.052 ppm in the breccia samples)
were also not very abundant in the hydrothermal quartz. In the vein quartz, Li has a mean of
3.747 ppm, K, 19.32 ppm, and Na, 25.01 ppm. The breccia cement samples show that the Li
(mean of 3.655 ppm), K (16.82 ppm), and Na (16.89ppm) values are similar to the vein quartz.
Au was not recorded in significant amounts in the hydrothermal quartz or breccia cement. Iron
(mean of 16.26 ppm in the vein quartz and 6.280 ppm in the breccia cement) and Cu (average of
0.4282 ppm in the vein quartz and 0.2912 ppm in the breccia cement) occur as inconsistent
spikes and are not homogenous values. The concentrations of As (average of 3.526 ppm in the
vein quartz and 6.756 ppm in the breccia cement) and Sb (average of 0.3257 ppm in the vein
quartz and 0.0162 ppm in the breccia cement) were consistent throughout the crystals (Table

7.1).
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Table 7.1: Trace element concentrations in different quartz types at White Pine Fork. All values are in ppm, except
for Au, which is in ppb.

Vein quartz Igneous quartz Breccia cement quartz
(Nmax=132) (Nmax=47) (Nmax=21)

Na23 25.01 10.95 16.89

Al27 147.01 57.12 75.27

K39 19.32 5.598 16.82

Tia7 29.41 26.93 37.60

V51 0.0207 0.0261 0.0295

Mn55 0.2092 0.1330 0.4179

Cu63 0.4282 0.3273 0.2912

Zn66 0.1297 0.3098 0.1428

As75 3.526 2.151 6.756

Sr88 0.1979 0.1227 0.0815

Agl07 0.0268 0.0099 0.0207

Cs133 0.0164 0.0185 0.0539

Hf178 0.0031 0.0031 0.0037

Aul97 0.0061 0.0045 0.0055

Bi209 0.0511 0.0247 0.0032
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7.2 Quartz trace element geochemistry from the Buckingham porphyry

At Buckingham, the quartz was categorised as sedimentary, igneous, vein or breccia
quartz. The sedimentary quartz was collected from the Harmony Formation quartzites whereas
the igneous grains were sourced from the Buckingham intrusions. In the field, quartz in veins
that were cross-cutting the host rocks (identifiable as belonging to the Buckingham system by
being mineralized or belonged to a quartz stockwork) was sampled. These quartz samples were
classified as the hydrothermal quartz. The breccia quartz samples were BKI13ES025 and
BK13ES104, collected from areas of intense hydrothermal alteration and mineralisation. The
breccia samples were separated from the hydrothermal vein quartz samples due to their increased
sulphide content and mineral evidence of intense hydrothermal alteration.

From the samples collected at the Buckingham Mo (-Cu) porphyry, a total of 384 quartz
spot analyses, with 75 rejected runs (19%), were collected. From these analyses, 77 spots
sampled sedimentary quartz detrital grains from the quartzites of the Harmony Formation. The
composition of these grains varied due to their multiple sources prior to erosion and deposition.
The grains often appeared fragmented and compositionally homogeneous or irregular with
cathodoluminesence imaging (Fig. 7.2 and 7.5).

In the sedimentary rocks, a wide range in values is expected due to the multiple sources
of the detrital quartz. In the sedimentary quartz, Ti has a mean of 41.38 ppm and Al has a mean
of 110.7 ppm in the sedimentary quartz. Bismuth (<0.040 ppm) and Ge (<3.600 ppm) had low
contents in the sedimentary quartz. The highest Li (mean of 5.419 ppm), K (25.37 ppm), and Na
(17.97 ppm) contents correlate with the highest Al contents. Iron (mean of 14.37 ppm), Cu
(average of 0.3705 ppm), Pb (average of 0.115 ppm), and Zn (average of 0.2843 ppm) values

show sporadic and inconsistent concentrations, often correlating with each other. Au was not
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recorded in significant amounts in the sedimentary quartz (below detection limits in 38 out of the
78 samples). In the sedimentary quartz, the concentrations of As had a mean of 0.6987 ppm and

Sb averaged 0.1151 ppm.

Figure 7.5: BSE-CL image of two quartz samples from BK13ESO13. (Left) a detrital quartz grain with
cross-cutting, clay-filled fractures and showing some slight, irregular compositional zoning; (Right) A
hydrothermal vein quartz with euhedral crystals and compositional zoning.

In addition to the sedimentary quartz in the quartzites, there were 13 usable spots from
the Buckingham intrusion. These samples, partially due to their smaller sample size, showed a
narrower range in data. Titanium had a mean of 51.81 ppm, Al, 105.4 ppm and Bi and Ge were
0.0020 ppm and 1.531 ppm, respectively. Lithium (mean of 9.093 ppm), K (11.22 ppm), Ca
(34.52 ppm) and Na (15.61 ppm) increase with higher concentrations of Al and Ti. The metal
cations, Fe (mean of 4.397 ppm), Cu (average of 0.2666 ppm), Pb (mean of 0.0892 ppm), and Zn
(mean of 0.2138 ppm) values show heterogeneous concentrations within a single quartz grain.
As well, high concentrations of Pb and Zn often correlated. Gold was not present in significant
amounts in the igneous quartz (below detection limits in 7 out of the 13 samples). The As values
in the igneous quartz (mean of 2.741 ppm) and the Sb (mean of 0.0318 ppm) were homogenous

throughout the crystal (Table 7.2)
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The hydrothermal quartz at Buckingham was classified in to two categories: vein quartz
and breccia cement (Figs. 7.1 and 7.2). There were 218 usable spots collected from quartz veins
(193 spots) and from hydrothermal breccias with a quartz and primary sulphide cement (25
samples). The vein quartz Ti and breccia cement Ti contents averaged 24.52 and 8.589 ppm,
respectively. The Al content of the breccia quartz is higher than the vein quartz (average of 1067
ppm and 218.4 ppm, respectively). Vein quartz Bi (<0.050ppm) and Ge (<5.800 ppm) were
similar to the breccia cement quartz Bi (<0.0300 ppm) and Ge (<5.500 ppm) values. The vein
quartz has a mean of 10.48 ppm Li and the breccia cement has a mean of 90.59 ppm, with some
values in the breccia cement reaching ~560.0 ppm. The K has a mean of 37.63 ppm in the vein
quartz and 134.7 ppm in the breccia cement and the Ca values has a mean of 46.54 ppm in the
vein quartz and 237.3 ppm in the breccia cement. The amount of Fe in the vein quartz (mean of
45.42 ppm) is lower than the breccia cement (mean of 68.10 ppm). The vein quartz shows Cu
values averaging 3.743 ppm, Pb averaging 0.1559 ppm, and Zn averaging 0.3407 ppm. The
breccia samples also contain higher amounts of Zn (mean of 5.457 ppm) with a similar amount
of Cu (mean of 1.332 ppm) and Pb (0.4598 ppm) to the vein quartz. Au was not recorded in
significant amounts in the hydrothermal quartz at Buckingham. The highest amount of As and Sb
in the hydrothermal quartz was in the breccia cement quartz (mean of 28.41 ppm and 6.610 ppm,
respectively). The vein quartz contained, for comparison, a mean of 2.197 ppm As and 0.1954

ppm Sb (Table 7.2).
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Table 7.2: Trace element concentrations in different quartz types at White Pine Fork. All values are in ppm, except
for Au, which is in ppb.

Vein quartz Igneous Sedimentary Breccia cement

(Nmay=193) (Nmax=13) (Nmax=77) (Nmax=13)
Li7 10.48 9.0926 5.419 90.59
Na23 19.13 15.61 17.97 12.97
Mg24 2.101 0.9846 1.851 80.62
Al27 218.4 105.4 110.7 1067
P31 16.16 17.13 14.74 17.85
K39 37.63 11.22 25.37 134.7
Ca43 46.54 34.52 39.32 237.3
Ti4a7 24.52 51.81 41.38 8.589
Ti49 24.81 50.76 42.00 9.353
V51 0.2533 0.02112 0.02840 1.538
Cr53 0.2357 0.1037 0.1101 0.3379
Mn55 0.8203 0.3544 0.7972 5.767
Fe57 45.42 4.397 14.37 68.099
Cu63 3.743 0.3128 0.3705 1.332
Cub5 3.967 0.2666 0.4125 1.400
Zn66 0.3407 0.2138 0.2843 5.457
Ge74 1.829 1.531 0.9722 1.411
As75 2.197 2.741 0.6987 28.41
Rb85 0.1835 0.06183 0.1349 0.9150
Sr88 0.3425 0.09157 0.2374 0.6879
Zr90 0.03454 0.08375 0.02211 0.2821
Agl07 0.05397 0.03235 0.01747 0.05314
Sbh121 0.1954 0.03184 0.1151 6.610
Cs133 0.05814 0.02867 0.03462 0.1591
Gd157 0.02162 0.005938 0.007606 0.01277
Hf178 0.003797 0.006097 0.003793 0.009742
Ta181 0.001571 0.001261 0.002028 0.004765
Aul97 0.006364 0.004508 0.005183 0.003384
Pb208 0.1559 0.08924 0.1185 0.4598
Bi209 0.005130 0.002008 0.004814 0.006723

U238 0.008799 0.01489 0.003498 0.04030
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7.3 Trace element geochemistry of pyrite at White Pine Fork Mo porphyry

The bulk of the pyrite from White Pine Fork Mo porphyry was predominantly found
within the pyrite alteration halo (Fig. 7.6). The pyrite from the breccia pipe was euhedral and
often found with chalcopyrite and molybdenite (Fig. 5.11). In some of the samples collected
more distally from the deposit, the pyrite occurred as ‘disseminated’ crystals in the groundmass,
and is interpreted to be altered from primary magnetite which was observed in least altered
samples of the Little Cottonwood stock (Fig. 7.7). Chemical etching was performed on all of the
pyrite samples to reveal any compositional zoning in reflected light microscopy, but none was
observed. At White Pine Fork, three element maps were created from three pyrite samples (Fig.
7.6). Some compositional variation was seen in the element maps created by LA-ICP-MS. One
sample was collected from the breccia pipe (WP13ES63; Fig. 7.8), one taken from one of the
farthest samples (WP13ES03; Fig. 7.10), and one from a medial distance (WP13ES46; Fig. 7.9).
The samples were homogenous in composition with the most noticeable variations seen in the
breccia pyrite samples. In total, 290 spot analyses were collected from 23 samples containing

hydrothermal pyrite. Figure 7.6: Sample locations
for pyrite mineral chemistry
4,401,750 analyses. Samples WP13ES63,
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The pyrite did not contain significant amounts of precious metals with a mean of 0.0020
ppm of Au and 0.522 ppm of Ag. The pyrite also contained a mean value of 0.9630 ppm of Mo.
Some of the metalloids, As (mean of 0.7390 ppm) and Sb (mean of 0.198 ppm), had
homogenous values in pyrite. The metals Co (mean of 104.2 ppm), Ni (51.81 ppm), Cu (25.09
ppm), Zn (2.222 ppm), and Pb (2.300 ppm) showed compositional zonation in the element maps.
Interruptions in the Co and Ni zonations, in the breccia pipe sample (WP13ES63), showed a
brecciated grain edge with interrupted, repeating compositional zonation (Fig. 7.8). Another
sample, taken 372 m from the breccia sample (WP13ES46) also shows compositional zonation
with a Co-rich and a Pb-poor core (Fig. 7.9). Sample (WP13ES03), taken 1546 m from the
breccia pipe, does show the same zonation with Pb-poor core; as well, the Co map shows a

square outline which may indicate a relict grain shape (Fig. 7.10).

Figure 7.7: Evidence of hydrothermal alteration around
the pyrite grains at White Pine.

(A+B) Mica minerals surrounding an altered magnetite
grain (now pyrite): biotite [bt], chlorite [chl] and
muscovite [ms] in altered orthoclase groundmass [K-
feldspar — Kfs] groundmass [transmitted light;
WP13ES22];

(C) Reflected light photomicrograph of the oxides and
sulphides, pyrite [py] and hematite [hm; WP13ES22].



Figure 7.8: Element maps of S34, Co59, Fe57, and Ni60 collected by LA-ICP-MS of a pyrite grain (WP13ES63)
collected from the breccia pipe. The Co and Ni maps growth zones that are not continuous indicate a
fragmented pyrite grain.

PI208 cps i

Figure 7.9 Element maps of S34, Co59, Fe57, and Pb208 collected by LA-ICP-MS of a pyrite grain (WP13ES46)
collected 372 m from the breccia pipe. The element map shows the Co-rich and Pb-poor core of the grain
grading into a more uniform composition. This grain also has iron oxide minerals along its perimeter (grey in
reflected light).

Figure 7.10: Element maps of S34, Co59, Fe57, and Pb208 collected by LA-ICP-MS of a distal pyrite grain
(WP13ES03) collected 1546 m from the breccia pipe. The element map shows the Pb-poor core of the pyrite
grain. This grain also has iron oxide minerals along its perimeter (grey in reflected light).
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7.4 Trace element geochemistry of pyrite at Buckingham Mo(-Cu) porphyry

The pyrite at the Buckingham study site was difficult to analyse (Fig. 7.11). The majority
of the Fe sulphides were partially or completely altered to Fe-oxides and hydroxides due to the
extensive supergene alteration in the study area. The relict pyrite grains showed well-developed
weathering rinds composed of Fe-oxides and Fe-hydroxides (Figs. 7.12, 7.13 and 7.14).
Sulphides were analysed from three samples of pyrite and two samples of arsenian pyrite. Spot
analyses of the sulphides do not include samples of the weathering rind. In total, 31 spots were
collected from arsenian pyrite and 30 spots were collected from pyrite. As well, three maps were
created of the three pyrite samples in order to investigate any compositional variations. Upon
creating the maps, it was observed that all of the pyrite samples showed a weathering rind
enriched in Au, Cu, and Mo.

The arsenian pyrite contained a mean of 27.57 ppm of Au and 50.56 ppm of Ag. The
arsenian pyrite samples also contained 0.5688 ppm of Mo. The three samples of pyrite a had
mean of 0.0023 ppm of Au, 0.1776 ppm of Ag and 0.1197 ppm of Mo. The arsenian pyrite
contained much more As (mean of 121 778 [~12.2 wt %] ppm vs 69.69 ppm [<0.01wt %] in the
pyrite) and Sb (mean of 1360 ppm vs. 0.0738ppm in pyrite). The heavy metals means in the
arsenian pyrite were Co (mean of 107.7 ppm), Ni (54.77 ppm), Cu (852.0 ppm), Zn (784.1 ppm),
and Pb (1176 ppm). In the pyrite, the mean values of the heavy metal contents were lower for Cu
(0.9671 ppm), Zn (0.2428 ppm), and Pb (4.490 ppm) and higher for Co (mean of 244.8 ppm) and
Ni (177.4 ppm). The Co and Ni element maps from the pyrite samples show distinct

compositional variations (Figs. 7.12, 7.13, and 7.14).
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7.5 Au-rich rims around pyrite grains at Buckingham

The pyrite sampling included rocks from within the Buckingham porphyry, as well as the
Harmony Formation and the younger Tertiary granites. The majority of the Fe sulphides were
partially altered to Fe-oxides and hydroxides. Relict pyrite grains showed well-developed
weathering rinds composed of Fe-oxides and Fe-hydroxides. The maps created using LA-ICP-
MS (Figs. 7.12, 7.13, and 7.14) showed that the pyrite was depleted in trace elements relative to

the weathering rind which was enriched in Au, Ag, Cu, As, Sb and Mo but not Fe and S.
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Figure 7.11: Location map for samples collected for pyrite mineral chemistry analyses. Samples BK13ES025 and
BK13ES104 were arsenian pyrite. Samples BK13ES028, BK13ES059 and BK13ES102 were pyrite. Buckingham quartz
stockwork outline modified from Theodore et al. (1992).
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Figure 7.12: Element maps created by LA-ICP-
MS of pyrite (BK13ES028) collected 778 m
from the breccia pipe. The weathering rind
shows enrichment in Cu, Mo, As, Sb, and Au
and Ag. Heavy metals (Co, Ni, and Zn) show
compositional zonation within the grain.

Figure 7.13: Element maps created by LA-ICP-MS
of pyrite (BK13ES102) collected 870 m from the
breccia pipe. The weathering rind shows a slight
enrichment in Cu, Mo, As, Sb, and Ag. The heavy
metals (Co and Ni) show compositional zonation
within the grain.

r

Fe57 cps.
Figure 7.14: Element maps created by LA-ICP-
MS of pyrite (BK13ES059) collected 2339 m
from the breccia pipe. The weathering rind
shows a slight enrichment in Cu, Mo, As, Sb,
and Au and Ag. The heavy metals (Co and Ni)
show compositional zonation within the grain.
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Chapter 8: Discussion

8.1 Petrography of the White Pine Fork Mo porphyry

The two granites in the White Pine Fork Mo study area were both categorized as
monzogranites and syenogranites using the QAPF diagram (Fig. 4.3). The younger White Pine
intrusion is characterised by a higher SiO, consistent with the higher the modal percent of quartz
and the formation of quartz phenocrysts compared to the Little Cottonwood stock. The rocks in
or adjacent to the White Pine intrusion show a slightly higher degree of alteration, likely due to
its proximity to the breccia pipe. The zone of intensely altered feldspars characterised by >80%
replacement of the feldspar by sericite or other white micas, surrounds the breccia pipe and

trends away from the White Pine Fork breccia (Fig.8.1).

The SWIR data from White Pine Fork were used to define muscovite and phengite
domains as these were the two most common minerals found. In hydrothermal systems, phengite
forms at 300°C during phyllic alteration and is often associated with coarse-grained, primary-
growth quartz veins (Bongiolo et al., 2008). Meunier and Velde (1982) noted that the formation
of phengite and muscovite in hydrothermally altered granites typically progresses from a Mg-
rich fluid (formation of phengite) to the crystallisation of muscovite. The rough zonation of a
muscovite>phengite core and the occurrence of phengite>muscovite primarily in the distal Little
Cottonwood unit suggests a cooler, more Mg-rich fluid in the periphery of the system (Fig. 8.2).
Petrographic characterisation of the distal muscovite suggests that it is igneous rather than

hydrothermal suggesting that the alteration halo is limited to approximately 1500 m.

John (1997) described the alteration associated with the White Pine Fork Mo porphyry as
consisting of stockwork veins and vein selvages, fracture-controlled and disseminated pyrite with

localised potassic and sericitic alteration. John (1997) also describes a pervasive green sericite +
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pyrite + fluorite + molybdenite alteration. The results of this study are broadly consistent with
those observations except that molybdenite and calcite were not observed outside of the breccia
pipe and sample WP13ES65, the other minerals, including fluorite were observed throughout the
study area. However, the detailed work undertaken in this study makes it possible to better define
the extent of the alteration halos. In addition to the intensity of the sericitization of the feldspars,
the pyrite alteration halo was also mapped. The pyrite halo formed as the result of the alteration
of primary magnetite and hydrothermal magnetite being altered to pyrite as well as the formation
of the quartz-pyrite-sericite veins from the White Pine hydrothermal system. At White Pine Fork,

the pyrite halo occurs within the muscovite zone (Fig. 8.2).

The mineralogy of the lamprophyres is consistent with minettes — a lamprophyric rock
characterised by a dominant biotite and K-feldspar mineralogy. Tingey et al. (1991) discussed
the wide-spread Tertiary lamprophyric magmatism related to the tectonics of Basin and Range
province in the Wasatch Plateau in north-eastern Utah. They reported similar lithologies and
occurrences as noted in this study with the rocks sharing similar mineral and geochemical

characteristics.
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8.2 Petrography of the Buckingham Mo (-Cu) porphyry

Both the Cretaceous and Eocene granites are coarse-grained quartz and K-feldspar
porphyritic granites with a quartz—orthoclase—plagioclase groundmass that has undergone
variable degrees of hydrothermal alteration. In the Cretaceous granites, any primary
ferromagnesian minerals have been completely replaced, whereas in the Eocene granites,
hornblende, biotite, and titanite were observed. Theodore et al. (1992) noted that clinopyroxene

is observed in some portions of the Eocene intrusions.

Both suites of granites from this study are characterised by feldspars that are partially to
completely replaced by white micas + clay minerals * sericite by possible, separate hydrothermal
events occurring in different loci within the mapping area. The quartzites contained sericite-
altered feldspar clasts as well as an altered micaceous, interstitial groundmass. Both the granites
and quartzites contained relict minerals interpreted to have originally been hydrothermal pyrite
that have undergone supergene weathering to form hematite, goethite and jarosite. In addition
five samples collected contained pyrite. This is consistent with the observations of Theodore et
al. (1992) who identified a phyllic alteration zone around Buckingham comprised of pyrite +
white mica + quartz as veins and disseminated throughout the granites and quartzites. In addition
Theodore et al. (1992) reported that localized portions of the Cretaceous monzogranites which
had been hydrothermally altered were characterised by plagioclase feldspars altered to white
micas and clay minerals and the rock occasionally becoming silicified. Similar silicification was
observed in the hydrothermal breccias and well-veined rocks where quartz flooding resulted in

very fine-grained, annealed grains in samples BK13ES104 and BK13ESO16.

SWIR data collected in this study are consistent with an advanced argillic alteration

mineral assemblage. Intense kaolinitization + clay minerals and chlorite accompanying white
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mica + quartz + pyrite alteration of sedimentary rock and porphyry deposits is characteristic of
hypogene intermediate argillic alteration (Chabert, 1997). Kaolinite was present in the SWIR
data in samples in two locations, adjacent to the centre of deposit near an occurrence of a leached
cap (BK13ES025) and near the Copper Queen deposit (Fig. 8.3). As well, chlorite, which was
not identified in thin sections, was identified by the SWIR in samples proximal to the kaolinite
occurrences. The presence of these two minerals strongly suggests the presence of advanced
argillic alteration characteristic of intense hydrothermal activity. Kaolinite in quartz-rich rocks
suggests a formation temperature of ~ 200°C which is at the lower end of temperatures estimated
for phyllic alteration seen from fluid inclusion measurements from other porphyry copper

deposits (Perry et al., 2002 and references therein).
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8.3 Geochemistry

Molybdenum porphyry deposits are typically associated with granites and bimodal
volcanism related to regional rifting and extensional tectonic activity in continental crust
(Kirkham and Sinclair, 1996). Keith et al. (1995) suggested that the transition from
compressional to extensional tectonics in a suprasubduction zone environment, in addition to
emplacement in a thick continental crust, allows late-stage melts time to fractionate and become
contaminated by subcontintental lithospheric mantle to the degree needed to concentrate Mo in
the melt. The melt generated above the subducting slab would initially retain a MORB
geochemical signature. However, dehydration of the downgoing slab will generate fluids that are
enriched in large ion lithophile elements (K, Rb, Cs, Th, and LREESs) relative to the primitive

mantle source melt.

8.3.1 White Pine Fork Mo porphyry area

The granites from the White Pink Fork area are geochemically similar. Both the Little
Cottonwood stock and the White Pine intrusion, are characterised by LREE enrichment, depleted
high field strength elements (HFSEs) and fractionated HREEs. This geochemistry is consistent
with magmas derived from a subarc mantle melt (Kay and Mpodozis, 2002; Hollings et al.,
2011a, b). The lamprophyres show similar geochemistry to the granites suggesting that they may
have been derived from a broadly similar source region. Tingey et al. (1991) discussed the origin
of lamprophyres cross-cutting the Little Cottonwood stock and suggested that they were
generated by the fractionation of an ultrapotassic, ultramafic melt sourced from the
asthenosphere. Prelevi¢ et al. (2004) argued that the isotopic signatures of minettes could be the
result of mixing of ultramafic melts with a dacitic magma. Lamprophyric melts are associated

with intra-continental tectonic settings, post-dating convergent tectonics and active margin
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processes (Mitchell and Bergman, 1991). In active tectonic margins, lamproites may be
associated with calc-alkaline lamprophyres and calc-alkaline silicic magmatism, so that the
mixing of melts with a dacitic melt is possible in this tectonic environment (Prelevi¢ et al.,
2004). At White Pine Fork, the geochemical signature of the granites is consistent with a tectonic
environment of a convergent plate margin which could generate these late-stage, calc-alkaline
lamprophyric melts.

Vogel et al. (1997; 2001) compiled the geochemistry of the intrusions of the Wasatch
range. The Little Cottonwood and White Pine whole rock geochemistry from this study can be
compared to geochemistry collected for regional data sets. When plotted on a TAS diagram,
there is an evolution in the melt composition from a less silicic melt (Clayton Peak and
Flagstaff/Mayflower intrusions) to an intermediate composition (Alta stock) to a granitic, more
Si-rich rock with time (Little Cottonwood stock; Fig. 8.4). The estimated paleodepths by John
(1989) and the ages calculated in this study and by the P1060 project further support an evolving
melt in the Wasatch range (Figs. 8.5 and 8.6). The new ages of the project infer that the
Mayflower, Flagstaff and Clayton Peak stocks are the oldest intrusions in the Wasatch range
(emplacement ages of 41 — 34.5 My; John, 1989). The oldest intrusions would be the first to
crystallize and would be the least fractionated, or evolved. These intrusions also crystallized at
the shallowest depths (0.5 — 4 km). The Alta stock has an intermediate composition (diorite to
granodiorite) between the predominantly monzonite and monzodiorite compositions of the
Flagstaff, Mayflower, and Clayton Peak stocks and the granite composition of the Little
Cottonwood stock. The Alta stock was emplaced ~35-33 Ma at depths of 5.5-6.5 km (John,
1989). The Little Cottonwood stock has an estimated emplacement depth of 6 — 12 km and is the

youngest of the intrusions in the Wasatch range (Fig. 8.5). The progression of the Wasatch range
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intrusions from intermediate to felsic compositions with age and emplacement depths indicates a
progression of melts undergoing increased fractionation and assimilating more crustal material.
Data from John (1999) show the evolution of the melts by the degree of crustal contamination.
Rubidium is more compatible than Sr in melts and, therefore, during the formation of continental
crust by fractionated melting of the upper mantle, Rb becomes enriched in the crust relative to
Sr. Consequently, Y"Rb/*Sr ratios can be used to investigate the amount of crustal contamination
or melt fractionation from an upper mantle YRb/*°Sr  value of ~0.7000 (Faure, 1986). The
%’Rb/*Sr values for the intrusive suites from the Wasatch range results in a trend of increased
¥’Rb/*Sr ratios in the more evolved granites (Little Cottonwood, ranges from 0.70765 to
0.70845) which steadily decreases with the less evolved suites of the Clayton Peak and Pine
Creek stock (0.70665 to 0.70708). The Mayflower stock has an anomalously high value

(0.70812; Fig. 8.6).
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8.3.2 Magma fertility at White Pine Fork

The whole rock trace element geochemistry of the granites at White Pine Fork shows
similarities to adakitic rocks often associated with volcanic arc rocks, notably those which host
porphyry deposits and have been suggested to be linked to the mineralisation process (Defant
and Drummond, 1990; Defant and Kepezhinskas, 2001; Chiaradia et al., 2009, 2012; Schiitte et
al., 2010). Adakitic (fertile) magmas are thought to form melts of subducted oceanic slabs that
interact with mantle-wedge peridotite rocks during ascent (Defant and Drummond, 1990). The
geochemical signature of adakites is a low Y (<18 ppm), Yb (<1.9 ppm) and other HREE with a
high Sr content (>400 ppm; Defant and Drummond, 1990). A result of high pressure melting of
garnet-bearing mantle rocks under hydrous conditions where the plagioclase (containing Sr) is
assimilated into the magma and garnet and amphiboles (which contain the Y, Yb and HREEs)
remains in the residue. At White Pine Fork, the Little Cottonwood and the White Pine intrusions
(after being screened for LOI values greater than 1% to minimize the effect of alteration) fall
within the fertile adakite fields on Sr/Y vs. SiO2 and Sr/Y vs. Y plots (Figs. Xx and xx,
respectively). In Figure xx, the data fall mostly within and near the Si-rich portion of the ore-
forming rock field, as defined by Rohrlach and Loucks (2005) using modern day Pacific arc rock

suites. The fields were defined using the modern day rocks in mineralised and barren deposits.
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8.3.3 Whole rock geochemistry mapped hydrothermal alteration

At White Pine Fork, the whole rock geochemistry of the granites can be used to further
define the alteration around the mineralised centre. When the absolute whole rock trace element
contents are plotted on a normal log distribution plot, normal, or background, concentrations of
the elements will fall in a straight line, whereas any deviations from this line indicate a
statistically anomalous value. On the plots in Figure Xx, anomalously high values plot above the
linear trend whereas depleted values of the element will plot below the trend. The upper and

lower limits of the linear trend are interpreted as the upper and lower limits of the background

concentrations.
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Once the background values of six key elements for the White Pine Fork granites were
calculated, the data were plotted on a simplified geologic map and ranked as being depleted,
background, anomalous or strongly anomalous (the upper quartile of the data set). Contours were
added to the maps, highlighting areas of anomalously high or low concentrations of the six
elements (Fig. xx). Molybdenum, Cu and Au were selected to highlight the areas of
mineralisation and suggests potassic alteration which is intimately associated with
mineralisation. High Zn and Pb values indicate phyllic and propylitic alteration whereas their
depletion indicates potassic alteration (Halley et al., 2015). Tellurium was also selected as an
element that identifies phyllic alteration since it concentrates in sheet silicates (Micko, 2010).
The White Pine intrusion has strongly anomalous Mo, Cu, and Au concentrations above
background levels extending into the surrounding Little Cottonwood stock (Fig. xx). The phyllic
alteration zone (defined by Pb, Zn and Te) encompasses both the pyrite alteration halo (as
defined by John et al., 1997) and the two corridors of intense phyllic alteration defined by the
almost complete replacement of feldspar by white mica. The whole rock geochemistry
successfully identified areas of mineralisation and associated potassic alteration and overprinting
phyllic alteration identified through mapping and petrography
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8.3.4 Buckingham Mo (-Cu) porphyry area

The two suites of granites from the Buckingham area are characterised by similar
geochemical signatures with LREE enrichment, fractionated HREE and negative Nb, Ta and Ti
anomalies characteristic of a subarc mantle melt source (Kay and Mpodozis, 2002; Hollings et
al., 2011a, b). The whole rock average concentrations of 83.5 ppm of Mo in the Cretaceous
granites are much higher than background crustal levels (Newsom and Palme, 1984; Newsom et
al., 1986). The trace element geochemistry supports the subduction zone model for the formation

of a porphyry deposit.

8.3.5 Whole rock geochemistry mapped hydrothermal alteration

At Buckingham, the whole rock geochemistry was also used to interpret different types of
hydrothermal alteration in the homogenous quartzites. Using the same methodology as at White
Pine Fork, maps for Mo, Cu, Au, Ag, Pb, Li, As, and Sb around the Buckingham intrusions were
created (Figs. Xx and xx). Once the contours for anomalous values were plotted, the maps were
consolidated into a single map (Fig xx). Above background levels of Mo, Cu, Au and Ag
identified areas of increased mineralisation and potassic alteration (Halley et al., 2015). Adjacent
to this inferred potassic alteration, there was a corridor of depleted Pb and As which is indicative
of an extension of this potassic alteration. South of this alteration zone, increased Li and Sb
suggest an over-printing phyllic alteration (Fig. Xx). There is a second corridor of increased Au
and Ag contents to the south of the Buckingham intrusions but the absence of elevated Mo and
Cu, suggests that this mineralisation is not related to the deeper porphyry mineralisation, but
rather to mineralisation and alteration similar to that found in a lithocap (Cooke et al., 2014;

Halley et al., 2015). The advanced argillic alteration interpreted from SWIR overlaps with this
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field and is consistent with the existence of a lithocap. The sample selected to be the centre of

deposit falls within the zone of the overprinting phyllic alteration (Fig. XX).
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8.4 White Pine Geochronology

The U-Pb age for the White Pine intrusion of 26.61+0.24 Ma is younger than the ages for
the Little Cottonwood stock of (29.45+0.31 Ma, 29.63+0.27 Ma, and 29.91+0.34 Ma; Baker et
al., 2014: pers. comm.). The younger age is consistent with the field observations that the White
Pine intrusion is a younger, more leucocratic and felsic late phase than the Little Cottonwood.
The new age for the granitic clasts from the White Pine breccia was 26.52+0.42 Ma which falls
within the error of previous age collected from the younger White Pine intrusion rather than the
Little Cottonwood stock and makes it one of the youngest intrusive phases in the Wasatch
Mountains (John et al., 1997; Baker, 2014: pers. comm.)

Molybdenum from the White Pine breccia dated in this study yielded a Re-Os age of

30.21+£0.14 Ma. As this age was older than the granite clasts within the breccia a replicate
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analyses was undertaken which yielded a similar age of 29.84+0.15 Ma. Given that the Mo
samples came from the quartz cement breccia and not granitic clasts in the intrusion the apparent
age discrepancy is hard to explain. The ~30 Ma age of the Mo mineralisation falls within the
error of the Little Cottonwood intrusion which is difficult to reconcile given that it is hosted in
and associated with younger clasts of the White Pine intrusion. One possibility is that the Mo
mineralisation is inherited from the older intrusion and was remobilised during hydrothermal
alteration, however there is no evidence for inherited Re-Os ages in Mo associated with porphyry

systems (R. Creaser, 2014: pers. comm.). Further study is needed to resolve this issue.

8.5 Eocene granite geochronology

The new U-Pb ages determined for the Eocene granites for this study are 38.68+0.53,
39.28+0.58, 40.76+0.41, and 40.81+0.51 Ma and they clearly postdate formation of the
Buckingham system, which has been dated at 92.2 + 1.4 Ma to 98.8 + 2.0 Ma (Keeler, 2010).
Previous studies of the granitoid bodies found in the northern part of the study area by Keeler
(2010) and McKee (1992) obtained several dates which ranged from 38.7 £ 0.6 Ma to 39.9 + 0.7
Ma. The U-Pb ages were calculated from LA-ICP-MS data collected from zircons in the granitic
rocks (Keeler, 2010). There were other K-Ar and Ar-Ar ages from muscovite/sericite,
hornblende, biotite, and chlorite collected from other igneous rocks in the area in the two studies.
However, these ages are younger than the U-Pb ages created from the same samples. And have
been interpreted as the result of resetting ages.

The Battle Mountain area is located west of the Roberts Mountains thrust, part of the
larger Eureka mineral belt (Fig. 3.1). Cline et al. (2005) proposed a genetic model for all of the
Carlin-style sedimentary-hosted Au deposits in Nevada, linking them to the emplacement of K-

rich, calc-alkaline intrusions in calcareous sedimentary rocks from 42-36 Ma. The new ages
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reported in this study suggest that the intrusions are coeval with the Tertiary volcanism and
granitic intrusions associated with Carlin-style Au mineralisation (Henry and Ressel, 2000).
Other features that support this interpretation include the gold-rich rims seen around pyrite grains
(Figs. 7.12, 7.13, 7.14) as the gold in Carlin deposits is typically hosted in Au-rich rims on As-
rich pyrite and marcasite or arsenopyrite (Cline et al., 2005). The majority of the Carlin deposits
are also associated with skarn alteration similar to that seen in Copper Basin (Seedorff et al.,
2005). The presence of the Tertiary granites in Copper Basin, which can be genetically linked to
other intrusions in the region which host Au mineralisation, suggests the hydrothermal fluids
could create the initial hypogene Au mineralisation seen surrounding the pyrite grains and other

sulphides in the study area.
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Chapter 9: Mineral Chemistry and Applications
The trace element geochemistry of quartz and pyrite was investigated for two purposes.
The first was to investigate possible geochemical vectors to the centre of the deposit which could
aid in exploration for other porphyry systems. The second was as a fingerprinting tool to help

distinguish between hydrothermal, detrital, igneous, and breccia cement quartz.

9.1 Quartz

Quartz is a very common mineral in porphyry and epithermal systems. It is also a very
common rock-forming mineral, and occurs as a major constituent in host rocks and related
porphyry intrusions. In epithermal to mesothermal environments (<300°-350°C), quartz will
precipitate with a decrease in temperature, with its maximum solubility in the fluid phase
occurring around 350°C (Corbett and Leach, 1998). At higher temperatures >350°C, increases in
temperature and pressure significantly increase the solubility of quartz. The silica-rich zone often
present in the roof of porphyry systems is the result of a rapid temperature, pressure, and salinity
decrease of the ascending fluids possibly associated with the change from a lithostatic to a
hydrostatic regime and result in the formation of quartz stockwork systems (Corbett and Leach,
1998). Between 300°-350°C, these physical (i.e. pressure) and chemical variations (i.e., mixing
with meteoric water and salinity) have a moderate influence on quartz deposition (Corbett and
Leach, 1998; Rimstidt et al., 1998 ).

Quartz (Si0,) is an exceptionally stable and unreactive framework silicate mineral with
strong Si-O bonds that do not allow for a lot of elemental substitution, interstitial elements or
microinclusions. Muller et al. (2003) showed that trace elements may replace Si in the crystal
structure or that interstitial elements can enter in between the Si-O bonds. Some common cation

substitutions for Si*" include AI’*, Ti**, Fe**, Ge**, and P°* (Gétze et al., 2001). Whereas, Li",
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H', K*, and Na*, OH", and H,O are common interstitial elements and compounds which serve the
purpose of charge balancing, typically AI** (Dennen, 1966; 1967; Dennen et al., 1970; Lehmann,
1975; Weil, 1984, Breiter et al., 2013). In addition to the structural impurities, quartz frequently
contains solid and fluid inclusions which may be difficult to distinguish from true element
substitution or interstitial trace elements during LA-ICP-MS analysis. Finally, Al, Fe, and alkali
metals (i.e., Li and K) form atomic couplings and substitute for Si, especially in low-temperature
quartz (Muller et al., 2003 and references therein).

The substitution of elements into the quartz crystal structure is largely controlled by the
physical and chemical characteristics of the hydrothermal fluids or the magmatic melt. In
igneous rocks, the enrichment of Al, Li, Ge, and Be in magmatic quartz is observed in highly
fractionated facies of both S- and A-type plutons (Breiter et al., 2013). The increased
concentration of these elements in the minerals reflects their increased occurrence in the evolved
melt. Breiter et al. (2013) noted that, in addition to the decreasing partitioning of Ti into quartz, a
decrease in temperature and pressure facilitates the substitution of Al in the crystal lattice.
However, the more important variable is the fluid chemistry, for example Rusk et al. (2008)
stated that a high Al concentration in hydrothermal quartz does not entirely reflect temperature of
quartz precipitation (except for it being <350°C). Rather, it most likely reflects the aqueous Al
concentration. A lower fluid pH greatly increases the solubility of Al and may be indicated by
the presence of kaolinite which is indicative of acidic fluids (Rusk et al., 2008). Li* acts as a
charge balancing cation for another cation — usually AI’* (Muller et al., 2003). The increased
incorporation of Al in the quartz crystal structure may account for the increase of Li to stabilize
the lattice bonds. As well as Li and Al, the occurrence of Sb is common in quartz crystallizing in

acidic conditions. Rusk et al. (2014) and Rusk (2010) noted that Sb is common in epithermal
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deposits up to tens of ppms in quartz (which forms at ~200-300 °C). However, Sb is not often
detectable in Mississippi valley deposits, Carlin, or porphyry-Cu quartz and its occurrence is not
correlative to other elements in quartz (unlike Al and Li).

Breiter et al. (2013) showed that, in addition to the increased occurrence of Al, Li, Ge,
and Be, an evolved melt is typically characterised by a strong depletion of Ti, and that the
composition of the quartz phenocrysts will likely reflect the melt evolution. The ability for Ti to
substitute for Si in quartz increases with the temperature of formation (Rusk et al., 2008; Rusk,
2010). This relationship between Ti and temperature allowed Wark and Watson (2006) to
constrau