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Abstract

The AG volcanogenic massive sulfide (VMS) deposit is hosted within the Late Triassic
(Hyd and Tats Group) bimodal volcanic rocks of the Alexander Triassic metallogenic belt
(ATMB). The AG deposit is composed of both exhalative- and replacement-style, barite-rich
VMS mineralization with an inferred resource of 4.3 Mt grading 4.64% Zn, 0.12% Cu, 0.96% Pb,
119.5 g/t Ag, 0.53 g/t Au and 34.8% BaSQ4. The volcanic sequence that hosts the AG deposit
includes: (1) enriched mid-ocean ridge basalt (EMORB)-like pillowed flows of tholeiitic basalts,
(2) effusive flows of ferroandesites (FeA) and Fllla ferrodacites (FeD) that are capped by Fllla
ferrorhyolitic lapilli tuffs (FeR), all of which have weak “arc-like” geochemical signatures and
mixed tholeiitic/calc-alkaline affinities (3) EMORB-like pillowed flows of FeTi-rich, variolitic
basalts (Z-FeTiB) that are intercalated with barite clast-bearing heterolithic fragmental rocks, (4)
pyroclastic deposits of EMORB-like, FeTi-rich, hanging wall (HW) basalts (HW-FeTiB), and (5)

syn-volcanic sills of FIIIb high-silica rhyolites (HSR).

The AG deposit is a bimodal-mafic deposit with a flow-dominated stratigraphic footwall
and a volcaniclastic-dominated hangingwall. Most of the AG deposit formed at the contact of the
Fe-rich, intermediate to felsic rocks with weak “arc-like” geochemical signatures and the
EMORB-like FeTi-rich basalts. Mineralization is intercalated with FeTi-rich, variolitic pillowed
basalts and heterolithic fragmental rocks. The heterolithic fragmental rocks are considered debris
flow deposits that were emplaced along an interpreted syn-volcanic fault, the Finch fault. The
Finch fault also controlled the distribution of HSR sills, sharp lateral changes in hydrothermal

alteration intensity, the thicknesses and facies of units, and VMS mineralization.

Litho- and chemo-stratigraphic reconstruction of the volcanic environment suggests the

rocks hosting the AG VMS deposit formed in a propagating intra-arc rift associated with basin
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development where high temperature (> 900 °C), shallow (< 10 km) magmatic processes included
basaltic underplating, crystal fractionation, assimilation of arc crust, and periodic magmatic
replenishment. The tectono-magmatic conditions that were essential for initiating and sustaining
the hydrothermal convection required to form the AG VMS deposit are both physically and

chemically reflected in the AG volcanic sequence.

Zircons from the FeR and HSR yield new chemical abrasion isotope dilution thermal
ionization mass spectrometry (CA-ID-TIMS) U-Pb crystallization dates of 210.35 + 0.27, and
210.52 £ 0.08 Ma, respectively (Fig. 2.17; Table 2.4, Table 2.5) that constrain the timing (210.60
Ma to 210.08 Ma) of the AG mineralization and corroborate the Norian (ca. 227-208.5 Ma)
conodonts in the Tats Group rocks that host the Windy Craggy VMS deposit and the timing of

VMS mineralization at the Palmer deposit (213 + 5 Ma; Hyd Group).

The AG volcanic rocks have geochemical and geologic features that are like assemblages
documented in Neoarchean VMS-hosting rocks in the Abitibi greenstone belt, suggesting that the
tectono-magmatic processes responsible for forming the AG volcanic rocks in the Late Triassic

may have been operative in the Neoarchean.
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Chapter 1. Introduction to the AG VMS deposit

1.1. Introduction

The rocks of the Alexander Triassic metallogenic belt (ATMB) in the North American
Cordillera are well endowed with volcanogenic massive sulfide (VMS) deposits, including the
supergiant (~300 Mt) Cu-Co Windy Craggy deposit, the Ag-rich Greens Creek deposit, and the
polymetallic (Zn-Cu-Pb-Ag-Au-Ba) Palmer deposit (Figs. 1.1, 1.2; Taylor et al., 2008). Despite
the economic significance of the ATMB, it remains understudied compared to other global VMS
districts (such as those reviewed by Allen et al., 2002; Franklin et al., 2005; Monecke et al.,
2017a). The most recent discovery (2017) in the ATMB, the AG VMS deposit, is located 3 km
from the 10 Mt Palmer deposit on Constantine Mining LLC’s advanced stage Palmer VMS
Project (Fig. 1.4). It is hosted in bimodal volcanic rocks and is composed of both exhalative- and
replacement-style, barite-rich VMS mineralization with an inferred resource of 4.3 Mt grading
4.64% Zn, 0.12% Cu, 0.96% Pb, 119.5 g/t Ag, 0.53 g/t Au and 34.8% BaSO4 (Gray and
Cunningham-Dunlop, 2018). No detailed study of the deposit-scale stratigraphy,

lithogeochemistry, and structural architecture exists for this deposit.

The focus of this thesis is to integrate observations from geologic mapping, core logging,
petrography, lithogeochemistry, and U-Pb zircon geochronology to: (1) reconstruct the AG
volcanic architecture, (2) improve our understanding of the relationships between the magmatic,
tectonic, and hydrothermal processes that formed the AG VMS deposit, and (3) constrain the

timing of VMS formation at AG.

Much of our understanding of VMS genesis arises from exploration and studies of

numerous ancient deposits and studies of modern analogues on the seafloor (Allen et al., 2002;



Franklin et al., 2005; Galley et al., 2007; Gibson et al., 2007). The goal of this thesis is to better
understand the setting and genesis of the AG deposit to guide future exploration efforts, facilitate
correlations with nearby VMS occurrences on the Palmer property, and contribute to the growing

knowledge of Late Triassic VMS systems in the ATMB and VMS systems worldwide.

1.2. Regional setting

1.2.1. Alexander terrane

The Alexander terrane spans the Saint Elias Mountains in southwestern Yukon and
northwestern British Columbia (BC), most of the Alexander Archipelago in southeastern Alaska,
and a minor part of western BC near Prince Rupert (Fig. 1.1). It has a nearly complete rock record
beginning from at least the Ediacaran (a felsic metavolcanic with a U-Pb zircon date of 595 + 20
Ma; Gehrels et al., 1996) and spanning until it was accreted to the North American continental
margin during the Middle Jurassic to Late Cretaceous (Berg et al., 1972; Plafker and Berg, 1994;
Nelson et al., 2013b). The Alexander terrane is composed of the Craig and Admiralty subterranes,
which are crustal fragments that are differentiated based on their pre-Permian stratigraphy
(Gehrels and Saleeby, 1987; Karl et al., 2010; Beranek et al., 2014) and the recently proposed
Saint Elias subterrane, which has a pericratonic signature (Nelson et al., 2013a). The Alexander
terrane originated in the paleo-Arctic during the Neoproterozoic (Beranek et al., 2012; Nelson et
al., 2013b; White et al., 2016), and faunal and isotopic evidence suggests that it had low latitude
affinities with Siberia or Baltica in the late Silurian to Early Devonian (Soja and Antoshkina,
1997). In general, the tectonic evolution of the terrane included: (1) Neoproterozoic to Silurian
oceanic arc magmatism, including the formation of Neoproterozoic and Ordovician to Silurian
VMS deposits (Ayuso et al., 2005; Slack et al., 2007; Beranek et al., 2012; Nelson et al., 2013a),

(2) a period of quiescence during the Devonian to Permian with the Alexander and its subterranes



joined to the Wrangellia-Peninsular super-terrane by the late Permian (Capitanian) (Karl et al.,
2010; Beranek et al., 2014; Israel et al., 2014; Sack et al., 2016), (3) the formation of the
economically significant Late Triassic VMS deposits during extension along the eastern edge of
the Alexander terrane in a 200-800m thick sequence of rocks known as the Alexander Triassic
metallogenic belt (ATMB) (Gehrels and Saleeby, 1987; Gehrels and Berg H.C., 1994; Newberry
et al., 1997; Katvala and Stanley, 2008; Taylor et al., 2008; Steeves et al., 2016; Steeves, 2018),
and (4) accretion of the composite Alexander-Wrangellia-Peninsular superterrane to the North
American continental margin during the Middle Jurassic to Late Cretaceous, as marked by
Gravina (and related) overlap assemblages (Berg et al., 1972; Plafker and Berg, 1994; Nelson et

al., 2013b).

1.2.2. Alexander Triassic metallogenic belt (ATMB)

Late Triassic rifting of the Alexander terrane coincided with the deposition of volcanic
and sedimentary rocks and VMS deposit formation in a northwest-trending belt - the Alexander
Triassic metallogenic belt (ATMB) (Fig. 1.2; Taylor et al., 2008). These rocks formed in an
asymmetrical back-arc or intra-arc rift and are discontinuously exposed over a strike length of
~750 km along the eastern margin of the Alexander terrane in southeastern Alaska and
northwestern BC (Taylor et al., 2008). The ATMB includes the Hyd Group in Alaska (Loney,
1964; Mufftler, 1967; Wilson et al., 2015) and the Tats Group (Maclntyre et al., 1992; Cui et al.,
2017) in northwestern BC. The Randall Formation (Woodsworth and Orchard, 1985) on Randall

Island in BC near Prince Rupert may also be equivalent to the Hyd Group.

The most complete lithostratigraphic and biostratigraphic section through the ATMB is in
Keku Strait (Muffler, 1967; Katvala and Stanley, 2008). The ATMB stratigraphy includes a basal

conglomerate overlain by a lower volcanic section, a middle sedimentary section, and a thick



mafic volcanic cap (Loney, 1964; Taylor et al., 2008; Sack et al., 2016). Regionally, the lower
volcanic section is rhyolite-dominant in the southeast (e.g., the Keku Inlet (KI) section) and thins

and transitions to bimodal and mafic-dominant in the northwest (Taylor et al., 2008; Fig. 1.2).

In addition to the AG deposit, the ATMB hosts three other significant VMS deposits
(Table 1.1). The ~300 Mt Cu-Co Windy Craggy deposit is the world’s largest known Besshi
(pelitic-mafic)-type deposit though it is protected from production by BC provincial park status
(Peter and Scott, 1997). The 24.2 Mt Greens Creek deposit, with 13.9% Zn, 5.1% Pb, 658 g/t Ag,
and 5.1 g/t Au, is consistently among the top ten Ag producers worldwide (Bennett, 2016;
Steeves, 2018). The 10 Mt Cu-Zn-Ag-Au-Ba Palmer deposit is 3 km from the AG deposit on the

Palmer property (Fig. 1.4; Goodwin et al., 2019).

The ATMB also hosts the small, past-producing, 0.75 Mt, Ba-rich Castle Island deposit
in the Duncan Canal area. Several VMS-related prospects on the Cornwallis Peninsula at the
north end of Kuiu Island are proximal to the 150-200 ton Ag-Pb-Zn Kuiu prospect, which was
mined between 1937-1938 (Still et al., 2002). On Annette Island, the Sylburn Peninsula hosts
several VMS-related prospects and drilling results from 1976, combined with soil geochemical
anomalies, defined a ~1-2 Mt ore body averaging 32% barite and 2-3% combined Pb and Zn

(Taylor, 1993).

Several authors (Karl et al., 2010; White et al., 2016) suggest that restoring the ~180 km
post-middle Cretaceous and pre-Holocene (Hudson et al., 1982) dextral movement along the
Chatham Strait fault would place the Palmer property deposits approximately 30-50 km from
Greens Creek (Fig. 1.2). The Greens Creek deposit formed after the emplacement of a Hyd Group
rhyolite with a chemical abrasion isotope dilution-thermal ionization mass spectrometry (CA-ID-

TIMS) U-Pb zircon date of 226.86 + 0.24 Ma (Sack et al., 2011; Sack et al., 2016) interpreted to



stratigraphically underlie argillites that hosts the Greens Creek deposit (Steeves, 2018). These
argillites contain conodonts assigned to the Carnian-Norian boundary (~227 Ma) (Premo et al.,
2010; Steeves, 2018). Previous conodont studies on the Palmer property confirmed that the host
rocks for VMS mineralization are Late Triassic (Norian to Rhaetian; Green, 2001; Green et al.,
2003) and an ID-TIMS U-Pb zircon date of 213 £ 5 Ma from a hydrothermally altered rhyolite
constrains the timing of mineralization at the Palmer deposit (Green, 2001). These
geochronologic constraints suggest that the Palmer deposit could be at least 10 — 15 million years

younger than the Greens Creek deposit.

1.3. Local setting - the Palmer VMS Project

The Palmer volcanogenic massive sulfide (VMS) project is an advanced-stage Cu-Zn-
Au-Ag VMS exploration project located within the ATMB near Haines, Alaska (Goodwin et al.,
2019). The Palmer VMS project includes both the Palmer and AG VMS deposits as well as
several other VMS prospects and occurrences (Fig. 1.3; Fig. 1.4). The Palmer VMS deposit
contains 4.7 Mt of indicated resources grading 5.23 % Zn, 1.49 % Cu, 30.8 g/t Ag, 0.30 gt Au,
23.9 % BaSO4and 5.3 Mt of inferred resources grading 5.20 % Zn, 0.96 % Cu, 29.2 g/t Ag, 0.28
g/t Au, 22.0 % BaSO4 (Goodwin et al., 2019). The AG VMS deposit contains 4.3 Mt of inferred
resources grading 4.64 % Zn, 0.12 % Cu, 0.96 % Pb, 119.5 g/t Ag, 0.53 g/t Au, 34.8 % BaSO,

(Goodwin et al., 2019).

1.3.1. Previous studies and exploration history

The Palmer property is in the Porcupine Mining Area within the Skagway B-4
Quadrangle. Active mining in the area began in 1898 with the discovery of placer gold in

Porcupine Creek and Glacier Creek (Still, 1991). In 1969, a local prospector, Merrill Palmer, first



discovered VMS-style massive barite and base-metal sulfides in the Glacier Creek prospect area.
Since then, several VMS-related mineral occurrences and prospects, and two VMS deposits

hosted within Upper Triassic volcanic rocks have been identified on the property (Figs. 1.4, 1.3).

The geology of the property has been established through the regional mapping and
geochemical sampling efforts of MacKevett Jr. et al. (1974), Redman et al. (1985), Forbes et al.
(1989), and Still (1991). Since 1979, 206 drill holes totaling ~76,900 m have been drilled on the
property. Various operators conducted drilling programs between 1979-1989, including
Anaconda (1979), Bear Creek Mining/Kennecott Exploration (1984 and 1985), Granges
Exploration Inc. (1989), and Newmont Exploration Ltd. (1987-1989). In 1999, Rubicon Minerals
Corporation drilled the Palmer deposit discovery hole into the RW zone. In 2007, Constantine
drilled the discovery hole into the Southwall zone. Between 2006 and 2022, Constantine explored
and defined the Palmer deposit, which consists of the Southwall and RW zones (Green et al.,
2003; Steeves et al., 2016). In 2017, Constantine drilled the AG discovery hole and subsequent
drilling and mapping to 2018 resulted in the definition of the first inferred resource (Gray and

Cunningham-Dunlop, 2018).

Two Master of Sciences theses (Green, 2001; Steeves, 2013), two research projects
associated with applied Master of Sciences programs (Doherty, 2018; Transburg, 2020), one
undergraduate honors thesis (Miller, 2015), and many generations of internal company reports are

the basis of the geological knowledge base of the Palmer Project area.

1.3.2. District Geology

The Palmer property is underlain by Paleozoic to Mesozoic marine metavolcanic and

metasedimentary rocks that are intruded by Mesozoic granodiorite plutons (MacKevett Jr. et al.,



1974; Macintyre and Schroeter, 1985; Redman et al., 1985; Still, 1991; Green et al., 2003; Wilson
et al., 2015; Proffett, 2019). Figure 1.4 highlights the distribution of regional geologic units as
compiled by Wilson et al. (2015). Geochronologic data includes fossils (Green et al., 2003), U-Pb
zircon dates from the Palmer rhyolite (213 Ma) (Green, 2001), and U-Pb dates from detrital
zircons (Karl et al., 2020). The locations of radiometric data from Green (2001) and Karl et al.

(2020) are presented in Figure 1.4.

Thinly bedded limestone and marble of the Devonian basement rocks are in depositional
contact with the overlying, informally-named Porcupine slates (Redman et al., 1985; Karl et al.,
2010). The Porcupine slates are likely correlative with the Devonian to Early Permian Cannery
Formation (Karl et al., 2010; Wilson et al., 2015). The Porcupine slates and Cannery Formation
consist of cherty graywacke and argillite with subordinate conglomerate, limestone, and volcanic
interbeds (Redman et al., 1985; Karl et al., 2010; Wilson et al., 2015). The youngest Paleozoic
rocks are Early Permian and contain brachiopods in limestone that were documented in 1904 by

C.W. Wright at a poorly referenced location along Porcupine Creek (Karl et al., 2010).

The Permian-Triassic boundary at Palmer is not easily distinguishable. Thick sequences
of pillowed basalt of the Hyd Group provide the best indication of Triassic stratigraphy. Locally,
Permian argillite is in contact with Triassic argillite but is often challenging to differentiate.
Elsewhere in the Alexander terrane, the Permian-Triassic boundary is unconformable and marked
by a distinct polymictic conglomerate (or breccia) containing locally derived Paleozoic clasts
(Loney, 1964; Muffler, 1967; Taylor et al., 2008; Karl et al., 2010). At Greens Creek,
mineralization is hosted in Upper Triassic sedimentary rocks directly above the Permian-Triassic
unconformity, and is an economically significant contact regionally (Taylor et al., 2010; Steeves,

2018).



Geologic mapping and petrography by Proffett (2019) helped characterize the Permian-
Triassic boundary near the headwaters of Sara Creek immediately to the north of the Jurassic
argillites that are immediately north of the Palmer deposit (Fig. 1.4). Proffett (2019) identified
marble clast-bearing conglomerates unconformably overlying marbles and greenstones of
probable Paleozoic age; petrographic evidence also suggested the clasts were derived from
underlying marbles and greenstones. Stratigraphically above the conglomerates are black
limestone and a thick pile of pillowed basalts. An older foliation in the marbles and greenstones is
truncated by the marble-clast conglomerate contact and crenulated by the main foliation observed
in the rocks stratigraphically above the conglomerates (Proffett, 2019). Proffett's (2019)
observations suggest that the marble-clast conglomerates occur at the Permian-Triassic boundary.
Similar but more deformed marble clast conglomerates were documented by the author in 2018
on the hillsides flanking the eastern margin of the Jarvis Glacier; they may also represent the

unconformable Triassic-Permian boundary, but more evidence is needed to test this hypothesis.

Lower to Middle Triassic rocks are not documented on the property and are mostly
absent from the rock record in the Alexander terrane; an Anisian (Middle Triassic) conodont
fossil from a limestone debris flow found east of Keku Strait is the only known pre-Late Triassic
fossil in the Alexander terrane (Katvala and Stanley, 2008). Volcanogenic massive sulfide
mineralization is hosted within Upper Triassic mafic-dominated, bimodal volcanic sequences
with associated volcaniclastic rocks and minor fine-grained sedimentary and tuffaceous interbeds
(Green et al., 2003; Steeves et al., 2016). The age of mineralization at Palmer is constrained by a
U-Pb age of 213 +/- 5 Ma from a hydrothermally altered rhyolite at the Palmer deposit with

stratiform mineralization above and below (Green et al., 2003).



The Triassic section is capped by volcanic breccias at the top of Mt. Morlan (Green et al.,
2003), near the Palmer deposit, and black argillites that occupy a syncline (Proffett, 2019) to the
north of the Palmer deposit. The igneous crystallization age for the volcanic breccia is ~195 Ma
based on U-Pb zircon dates (Karl et al., 2020), and the black argillites have a young population of

detrital zircons with U-Pb zircon dates of ~144 Ma (Karl et al., 2020).

Regional metamorphism and deformation

Mid-Cretaceous deformation of the Alexander terrane (Karl et al., 1999; Nelson et al.,
2013b) resulted in four main deformation events (D1 to D4) that affected the rocks in the Palmer
area (Lewis, 1998; Green et al., 2003). A north-south contractional deformation event (D1) is
characterized by south-verging folds and thrust faults and slatey cleavage (S1) (Lewis, 1998;
Green et al., 2003). It is best displayed by the deposit-scale geometry of Palmer, consisting of a
south-verging, overturned anticline with ~200m displacement along a thrust fault proximal to the
axial surface of the anticline (Green et al., 2003; Steeves et al., 2016). D2 is marked by tight to
open, north-northwest-plunging folds (Green et al., 2003). D3 is weakly manifested as NE-
striking crenulation cleavage in some rocks (Lewis, 1998; Green et al., 2003). D4 consists of
poorly understood, late, SW- and NW-striking, high-angle brittle faults related to the post-middle
Cretaceous and pre-Holocene (Hudson et al., 1982) dextral transpression that formed the
Chatham Strait fault system (Karl et al., 1999; Steeves et al., 2016). Proffett (2019) documented
an older foliation (pre-D1) in rocks of apparent Paleozoic age compared to the overlying
Mesozoic rocks. Peak, lower to mid-greenschist facies, regional metamorphism (Green et al.,
2003) was reached before the emplacement of non-metamorphosed granitic rocks with cooling
ages between 110-120 Ma (Forbes et al., 1989). Reverse faults, normal faults (Lewis, 1998;
Wasteneys, 2009), strike-slip faults (Proffett, 2016), and south-verging thrusts (Green et al.,

2003) occur on the Palmer property.



1.4. AG Deposit Geology

The AG deposit is a tabular, steeply northeast dipping barite- and sulfide-rich lens
underlain predominantly by coherent mafic flows and subordinate rhyolite (Gray and
Cunningham-Dunlop, 2018). The immediate stratigraphic footwall to the deposit is comprised of
rhyolitic lapilli tuffs and most mineralization is associated with these felsic tuffs and with basalts
that contain distinctive white ovoid features that company geologists have called spherulites
(Gray and Cunningham-Dunlop, 2018). The deposit is overlain by mafic volcaniclastic rocks that

are overlain by argillite (Gray and Cunningham-Dunlop, 2018).

Based on the metal tenor, the AG deposit is divided into the “Main,” “Zinc,” “Hinge,”
and “Upper” zones (Gray and Cunningham-Dunlop, 2018). Barite is a major phase, especially in
the exhalative-style ores, and also occurs within veins (“stringers”) that are commonly sulfide-
bearing (Doherty, 2018). Pyrite, sphalerite, galena, sulfosalts, and rare chalcopyrite are present as
disseminated, vein, semi-massive, and massive sulfide facies (Doherty, 2018). Hydrothermal
alteration assemblages in the stratigraphic footwall are dominated by pervasive fine-grained white
mica (colloquially referred to as sericite), disseminated pyrite, and variable pervasive to selective
quartz (Gray and Cunningham-Dunlop, 2018). Hyperspectral imaging of white micas shows that
short wave infrared Al-OH feature absorption wavelengths range from 2190 nm to 2215 nm,
indicating the presence of paragonite (2,195 nm), muscovite (2,200 nm) and phengite (2,210 nm),
however these data were insufficient to document the distribution of mica species in the deposit

area (Transburg, 2020).
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1.5. VMS Deposits

Volcanogenic massive sulfide (VMS) deposits are stratiform concentrations of sulfide
minerals that precipitate on or near the seafloor from hydrothermal fluids that form by the
convective circulation of seawater through ocean crust in thermally driven, submarine,
extensional regimes (Fig. 1.6; Franklin et al., 2005; Hannington et al., 2005; Galley et al., 2007).
Volcanogenic massive sulfide deposits are syngenetic and stratigraphic setting exerts a first-order
control on their formation. Structures and permeability of substrate control the migration of
hydrothermal fluids and can influence deposit morphology (Gibson et al., 1999). Further, the
volcano-sedimentary sequences that host VMS deposits are diverse and can reflect complex and
dynamic volcanic, sedimentary, tectonic, and alteration processes, which can influence metal

tenor, size, geometry, mineralization styles, and preservation.

1.5.1. VMS model

Extensional submarine environments and high-temperature magmatism are essential
components for the formation of VMS deposits (Lesher et al., 1986; Hart et al., 2004; Franklin et
al., 2005; Hannington et al., 2005; Galley et al., 2007; Piercey, 2010). Rift environments contain
extensional faults that serve as fluid pathways for hydrothermal convective cells and provide void
space for upwelling high-temperature magmas (Fig. 1.6; Galley et al., 2007; Piercey, 2011).
Mantle-derived, high-temperature magmatism within shallow (3—10 km) crustal levels initiates
and sustains hydrothermal convective cell(s) by drawing seawater (with dissolved CI and SO4>)
down through the brittle section of crust (1-3 km) where it is modified by a series of high-
temperature fluid-rock chemical reactions to become a high-temperature (250—400°C), acidic
fluid (Fig. 1.6; Franklin et al., 2005; Herzig and Hannington, 2006; Galley et al., 2007; Gibson et

al., 2007; Hannington, 2013). This highly reactive fluid can leach metals (such as Li, K, Rb, Ca,
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Ba, Fe, Mn, Cu, Zn, Au, Ag, and some Si) from the wall rock putting them into solution as
chloride complexes (Herzig and Hannington, 2006). In some systems, magmatic fluids and gases
may also contribute metals to the hydrothermal fluids (Hannington et al., 2005; Piercey et al.,
2015). These hot, metalliferous fluids above high-level magma chambers are buoyant and migrate
through the crust to the seafloor, preferentially along major structures, but they can also migrate
laterally through porous substrates. The abrupt change in conditions at or near the seafloor causes
sulfide or sulfate minerals to precipitate as the hydrothermal fluids mix with ambient seawater
(~2°C). The complete convective cycle of seawater through the crust occurs within an estimated
three years or less (Herzig and Hannington, 2006). Volcanogenic massive sulfide mineralization
emplaced within the existing seafloor substrate is replacement-style, whereas mineralization
formed by exhalation on the seafloor is exhalative-style (Doyle and Allen, 2003; Piercey, 2015).
Black smokers on the modern seafloor, modern analogs to some ancient VMS deposits, are the
physical expressions of exhalative-style mineralization. They result from the venting of
hydrothermal fluids (generally >300°C to 400°C) containing sufficient metal and sulfur to
precipitate iron sulfide and iron oxide particles, whereas white smokers result from the venting of
cooler (<10°C to 50°C) hydrothermal fluids that are not capable of transporting significant
dissolved metals and instead produce minerals such as anhydrite, barite, or siliceous Fe-
oxyhydroxides, Mn-oxides and silica (Herzig and Hannington, 2006). Chemical sedimentary
rocks that are products of exhalative processes have been referred to by many names depending
on their character (e.g., barite-rich rocks, chert, jasper, Algoma-type iron formations) and all can
broadly be termed “exhalites” (James, 1954; Gross, 1983; Spry et al., 2000; Peter, 2003). Because
they are genetically linked to hydrothermal fluids they can be spatially and temporally associated

with VMS deposits (Peter, 2003).
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Many factors influence the size, geometry, and metal endowment of VMS deposits,
including host substrate composition (Barrie and Hannington, 1999) and texture/permeability
(Gibson et al., 1999), tectonic spreading rates (Hannington et al., 2005; Patten et al., 2016), redox
conditions (Herzig and Hannington, 2006), or presence of a sediment pile (Herzig and
Hannington, 2006). These factors are not critical to forming VMS deposits but can account for

unique features observed between deposits (Franklin et al., 2005).

The growth of a VMS deposit requires a period of volcanic quiescence to allow for the
undisturbed deposition of metals. Larger and higher-grade deposits generally have more complex
growth patterns and result from “zone refinement” processes (Piercey et al., 2015). Zone
refinement is the redistribution of metals in the massive sulfide mound caused by the progressive
dissolution and sequential precipitation of metals in response to decreasing temperature and
increasing pH during mixing with cold seawater (Eldridge et al., 1983; Lydon, 1988; Gibson et
al., 2007). The sulfide mound can trap metals before they are diluted and dispersed at the vent
site. This process is especially important in the genesis of Zn-rich VMS deposits (Piercey et al.,
2015). Finally, the preservation of a deposit relies on shielding from natural submarine erosion

and weathering processes, generally through subsequent burial.

1.5.2. Classification

Several classification schemes for VMS deposits have been proposed based mainly on
ore composition or host-rock lithology (Franklin et al., 1981). The most widely-used
classification is non-genetic, based on the pre-alteration host-rock lithologies and geodynamic
setting, and includes mafic, mafic siliciclastic, bimodal mafic, bimodal felsic and felsic
siliciclastic (Barrie and Hannington, 1997; Franklin et al., 2005; Galley et al., 2007; Piercey,

2011; Piercey et al., 2015). Piercey (2011) summarizes the petrochemical associations and
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tectonic implications of these end-member classes (Fig. 1.6) and shows that some volcanic
successions have progressive geochemical variations throughout their stratigraphy that reflect
shifting geodynamic regimes. As such, this classification scheme is closely linked to the tectonic

setting of formation.

1.5.3. Tectono-magmatic associations

Volcanogenic massive sulfide deposits form in extensional environments that range from
primitive to more evolved (continental) settings, including mid-ocean ridges (ophiolites), intra-
oceanic arc rifts, back-arc basins, evolved rifted arcs, rifted continental margins, or intra-
continental rifts (Fig. 1.8; Barrett and MacLean, 1999; Galley et al., 2007; Piercey, 2010). Each
tectonic setting is associated with distinct suites of igneous rocks that reflect magmatic source(s),

melting depth(s), degree(s) of melting, melt temperature(s), and mantle flow regimes.

In an extensional environment, two important things happen:

(1) the crust attenuates, causing a decrease in lithostatic pressure, which may induce

upwelling of the mantle and associated adiabatic melting; and

(2) networks of extensional faults develop to accommodate brittle deformation and serve
as fluid pathways for the hydrothermal convective cell and, in some cases, for

ascending magmas (Piercey, 2011).

Hot, mafic melts derived from the mantle are generally not buoyant in the crust, resulting
in ponding at the base of the crust in a process referred to as basaltic underplating (Fig. 1.9; Galley
et al., 2007; Winter, 2010; Piercey, 2011). The thermal input of these ponded basalts is essential to
induce crustal, partial melting resulting in the formation of intermediate to silicic melts (Huppert

and Sparks, 1988). The mechanisms that drive VMS formation and the nuances specific to each

14



tectonic setting of formation are geochemically and petrologically reflected in the overall volcanic

successions that host these deposits.

1.5.4. Using geochemistry for VMS exploration

Geochemistry can be used to investigate precursor composition, alteration, and ore-
bearing potential of host rocks to VMS mineralization. Primary igneous lithogeochemical
signatures provide insight into an assemblage's tectonic and petrologic history (Lesher et al.,
1986; Hart et al., 2004; Piercey, 2010; Piercey, 2011). Immobile elements are unaffected by
metasomatism and, therefore, can be used to investigate magmatic processes, precursor
composition, and tectonic setting (e.g., Pearce et al., 1984; Lesher et al., 1986; Hart et al., 2004;
Piercey, 2010; Ross and Bédard, 2009; Piercey, 2010; Pearce, 2014). Common immobile
elements include Al,Os, TiO,, high field strength elements (HFSE; Zr, Hf, Nb, Ta, Y, Sc, Ti, V),
and rare earth elements (REE) (Piercey, 2010). The Cann (1970) correlation method can be
applied to test the mobility of elements in any given suite of rocks prior to lithogeochemical

determinations that rely on the assumptions of immobility.

Altered rocks near VMS deposits may include hydrothermal alteration products,
diagenesis, seafloor weathering and oxidation, and regional metamorphism (Gifkins et al., 2005).
Hydrothermally altered rocks in VMS systems reflect the large-scale convective cell that drives
fluid circulation associated with ore deposition and the associated redistribution of elements
(Galley, 1993; Gifkins et al., 2005). Major element ratios, normative calculations, alteration
indices, and mass balance calculations can be used to evaluate hydrothermal alteration (Barrett
and MacLean, 1994; Large et al., 2001; Mathieu, 2018). Establishing that a hydrothermal system

is present, understanding the chemical reactions that produce alteration mineral assemblages, and
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then quantifying the intensity and extent of the alteration provides insight into the genesis of a

deposit and guides exploration efforts.

1.6. Fundamental research questions and approaches

This thesis aims to use detailed mapping, core logging, petrography, geochemistry, and
geologic modeling to reconstruct the volcanic environment hosting the AG deposit and to develop
a genetic model for the AG deposit. Furthermore, geochronologic studies will help to understand
the timing of hydrothermal mineralization. This research will also set the framework for future

detailed studies on other aspects of the deposit.
This thesis aims to:

1. Characterize the lithostratigraphy by:
a. logging drill core at a scale of 1:400.
b. geologic mapping near the AG zone deposit at a scale of 1:1,000.
c. collecting hand samples from the surface and drill core
d. describing the mineralogy, mineral assemblages, and textures of the
rocks.
e. conducting petrographic analysis using both transmitted and
reflected light microscopy.
f. identifying textures and minerals that are indistinguishable by
transmitted and reflected light microscopy methods using:
i. ascanning electron microscope (SEM); and
ii. an electron probe microanalyzer (EPMA),

2. Establish the tectono-magmatic framework of the deposit by:
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a. distinguishing and interpreting volcano-sedimentary facies using
geologic mapping and petrographic techniques; and
b. investigating the lithogeochemistry using immobile element ratios,
discrimination diagrams, multi-element normalized diagrams, and
other geochemical and geostatistical methods.
3. Present an updated geologic map and associated cross-section interpretations
by:
a. incorporating core logging observations, surface geological mapping,
lithogeochemical analyses, and structural observations into 2D
b. modeling the chemostratigraphy in LeapFrog Geo 3D software
4. Constrain the timing of VMS mineralization with a combination of:
a. laser ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) U-Pb zircon geochronology,
b. and chemical abrasion isotope dilution thermal ionization mass

spectrometry (CA-ID-TIMS) U-Pb zircon geochronology

1.7. Research goals and organization of the thesis

This research project aims to understand how the AG deposit formed and the main
controls on this formation, the chemostratigraphy of volcanic units, their petrogenetic history and
tectonic settings, the volcanic facies of these units, and their emplacement, and inter-relationships
between units. Further, it will evaluate the structural architecture of the deposit and whether syn-
volcanic faults can be identified. This research will also evaluate the age of mineralization at AG
and compare when it formed with other VMS mineralization on the Palmer Property and in the

ATMB. Further, petrogenetic information from both mafic and felsic igneous rocks may provide
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insight into the relationship of magmatism and tectonics to the formation of bimodal VMS

deposits, and provide insight into the evolution of the ATMB.

This thesis includes three chapters with accompanying appendices. Chapter one provides
background information and the research objectives. Chapter two is written as a scientific paper
intended for publication and contains the lithologic descriptions, chemostratigraphic observations,
geochronologic results, and a genetic model for the AG deposit based on mapping, core logging,
petrography, lithogeochemical techniques, and U-Pb geochronology. Chapter three summarizes
the research conclusions and proposes future research ideas. The appendices contain photographs
of the AG deposit host stratigraphy, petrographic descriptions, geochemical data, geochronologic

data, and electron probe microanalyzer (EPMA) data.
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Chapter 1 Tables

Table 1.1 Summary of significant VMS deposits in the ATMB. The VMS classifications are based on Barrie and
Hannington (1997). Data for Windy Craggy are from Peter and Scott (1997) and Peter et al. (2014); data for Greens
Creek are from Premo et al. (2010), Steeves (2018), Sack (2009) and Sack et al. (2016); data for the Palmer deposit are
from Goodwin et al. (2019), Green (2001), and Steeves et al., (2016); data for the AG deposit are from Goodwin et al.
(2019) and 'this thesis.

Windy Craggy deposit Greens Creek deposit Palmer deposit AG deposit

Classification Pelitic-mafic; Besshi type Mafic of pelitic-mafic VMS; hybrid Bimodal-mafic; Kuroko type Bimodal-mafic; Kuroko type

VMS-SEDEX

Main Commodities  Cu-Co-Au-Ag Zn-Pb-Ag-Au Zn-Cu-Ag-Au-BaSO, Zn-Pb-Ag-Au-BaSO,

Tonnage 297.4 Mt 242 Mt 10.0 Mt 4.3 Mt

Grade 1.38% Cu, 0.07% Co, 0.2 g/t Au, 3.8 13.9% Zn, 5.1% Pb, 658 g/t Ag,5.1 4.7 Mt indicated resource grading  4.64 % Zn, 0.12 % Cu, 0.96 % Pb,
g/tAg g/t Au 5.23 % Zn,1.49 % Cu, 30.8 g/t Ag, 119.5g/t Ag,0.53 g/t Au,34.8 %

0.30 gt Au, 23.9 % BaSO, BaSO;, (inferred)

5.3 Mt inferred resrouce grading
5.20 % Zn, 0.96 % Cu, 29.2 g/t Ag,
0.28 g/t Au, 22.0 % BaSO,

Host rocks Argillites and alkalic basaltic flows Graphitic argillite, dolomite, and  Tholeiitic plagioclase-phyric basalt, Tholeiitic basalts including FeTi

and dikes/sills sedimentary breccias; footwall volcaniclastic rocks, rhyolite, basalts, ferro-andesites, ferro-
Mississipian (340 - 330 Ma) tuffaceous rocks, argillites dacites, Fllla ferro-rhyolites, FIIIb
tholeiitic mafic volcanic rocks and high-silica rhyolites, volcaniclastic
phyllites (volcaniclastic rocks rocks, minor argillites[
mixed with graphitic sedimentary
component)

Age Early Norian (~225 Ma) based on  Younger than (1) a Hyd Group Coeval with rhyolite that has a ID-  Between 210.60 Ma to 210.08 Ma
conodonts collected within rhyolite with a CA-ID-TIMS U-Pb  TIMS U-Pb zircon date 0of 213+ 5  based on coeval rhyolites with CA-
sedimentary beds hosting the zircon date of 226.86 + 0.24 Ma and Ma. ID-TIMS U-Pb zircon dates of
deposit. (2) argillite with Norian-Carnian 210.35 +0.27, and 210.52 + 0.08

(227 + 4.4 Ma) conodonts. These Ma.!

argillites are intruded by gabbros
with a LA-ICP-QMS U-Pb zircon
date of 219 + 8 Ma.

Possibly coeval with nearby altered
mafic-ultramafic intrusions that
have fuchsite with a 40Ar/”Ar
plateau age of 210.3 + 0.3 Ma.
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Fig. 1.1 Terrane map of the northwestern Cordillera highlighting the Alexander terrane and subterranes. Pre-Triassic
VMS deposits are from Slack et al. (2007) and Nelson et al. (2013b). Terrane boundaries are from Colpron and Nelson

(2011).
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Fig. 1.3 Palmer property VMS occurrences, prospects, and deposits location map.
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Contour Interval: 100 m

Base: LiDAR-derived hillshade

Palmer property lithology
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D Qs Unconsolidated surficial . Trhgv Hyd Group igneous rocks, undivided. Permian-Devonian
deposits, undivided Palmer: predominantly basalt X
Cretaceous (massive, pillowed and feldspar-phyric) . Pzps Porcupine slate of Redman
D K G diorit d and minor associated basaltic volcaniclastic rocks. and others (1985)
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9 ) Local, subordinate rhyolite. |:| Pzce Marble, southeast Alaska
other plutonic rocks h L
Jurassic D Trhg Hyd Group, undivided. .
. Palmer: predominantly basalt with interbedded D PDcf Canner}' Formation and
D JTrsv Black argillite limestone, calcareous siltstone and tuffaceous Porcupine slate of Redman
siltstone. Local basaltic volcaniclastic rocks, rhyolite, and others (1985), undivided
. JTrsv  Volcanic breccia and jasper.

. Trhgs Hyd Group sedimentary rocks, undivided

Palmer property map symbols
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i} VMS deposit <> U-Pb magmatic zircon (Green, 2001)  ..... Fault; inferred
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Fig. 1.4 Regional geology near the Palmer property based on the Alaska digital geology compilation by the USGS
(Wilson et al., 2015). The locations of the Palmer and AG VMS deposits and several VMS prospects are shown.
Geochronologic data includes a U-Pb zircon date of 213 Ma from the Palmer rhyolite (Green, 2001) and U-Pb dates from
detrital zircons (Karl et al., 2020).
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Fig. 1.5 VMS convective hydrothermal system and components from Franklin et al. (2005) after Galley (1993) and
Gibson et al. (2007). The numbers reflect (1) a heat source, (2) a high-temperature reaction zone, (3) synvolcanic faults

and fissures, (4) a footwall alteration zone, (5) massive sulfide deposits, and (6) distal hydrothermal products that may
be mixed with background sedimentation.
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Fig. 1.6 Lithostratigraphic classification of VMS deposits shown with their respective stratigraphic relationships and
associated petrochemical assemblages by Piercey (2011).

36



Failed, or Incipient Rift A

Ocean Ocean Nascent  Rifted Back-Arc B
Island Spreading Arc Arc Spreading
Centre Centre

> > €2 < >

Mature Oceanic Continental C
Arc Arc

ka5 2ih S

Ocean crust Arc assemblage Fe-formation
Lithosphere Continental crust Granitoid
Asthenosphere Siliciclastic strata Mafic-ultramafic
intrusion
® VMS deposits @ Epithermal Au E Porphyry Cu-Au
% Orogenic Au (+ skamns)

Fig. 1.7 Tectonic settings where VMS deposits form with black arrows showing extension direction and pale arrows
showing mantle movement from Galley et al. (2007). A) Incipient rift environments such as those formed from vigorous
mantle plume activity in early Earth evolution or those formed in the Phanerozoic during transpressional, back-arc rifting.
B) Mafic-dominated deposits form in ocean spreading centers. The formation of oceanic arcs at subduction zones
commonly coincides with extension in the arc or back-arc parts of the system were bimodal mafic, bimodal felsic, and
mafic-dominated VMS deposits form. C) Felsic-dominated and bimodal siliciclastic VMS deposits form in more evolved
settings such as mature oceanic back-arc basins and continental back-arc basins.
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Fig. 1.8 Extension-related magmatic plumbing system including crustal thinning, mantle decompression melting, the
generation of basaltic melts that underplate the crust, and the generation of felsic melts by partially melting the crust.
From Galley et al. (2007).
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Chapter 2. Geology, lithogeochemistry, age, and genesis
of the AG VMS deposit, Alaska

2.1. Abstract

The 4.3 Mt, bimodal-mafic AG volcanogenic massive sulfide (VMS) deposit contains
both exhalative- and replacement-style, barite-rich, Zn-Ag-Pb-Cu-Au VMS mineralization hosted
by Late Triassic (Hyd Group) volcano-sedimentary rocks of the Alexander Triassic metallogenic
belt (ATMB) near Haines, Alaska. The immediate stratigraphic footwall consists of coherent to
volcaniclastic Fe-rich, intermediate to felsic rocks with weak “arc-like” geochemical signatures,
including FlIlla felsic rocks that were derived from high-temperature (T > 900°C) melts that were
generated at shallow (< 10 km) depths in the crust. Mineralization is intercalated with FeTi-rich,
enriched mid-ocean ridge basalt (EMORB)-like, variolitic pillowed basalts and heterolithic
fragmental rocks. The heterolithic fragmental rocks are considered debris flow deposits that were
emplaced along an interpreted syn-volcanic fault. This syn-volcanic structure also controlled the
distribution of FIIIb high-silica rhyolite (HSR) sills, sharp lateral changes in hydrothermal
alteration intensity, the thicknesses and facies of units, and VMS mineralization. The AG deposit
is capped by volcaniclastic, FeTi-rich basalts that are interpreted to be products of explosive

submarine volcanism.

Two new high-precision chemical abrasion isotope dilution thermal ionization mass
spectrometry (CA-ID-TIMS) U-Pb geochronology dates from zircons of hydrothermally altered
FllIa ferrorhyolite lapilli tuffs (FeR), 210.35 = 0.27 Ma, and FIIIb HSR, 210.52 £ 0.08 Ma,

constrain the timing of the AG hydrothermal activity.
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Litho- and chemo-stratigraphic reconstruction of the volcanic environment suggests the
AG VMS deposit formed in a propagating intra-arc rift associated with basin development where
high temperature, shallow magmatic processes included basaltic underplating, crystal
fractionation, assimilation of arc crust, and periodic magmatic replenishment. The AG volcanic
rocks have geochemical and geologic features that are like assemblages documented in
Neoarchean VMS-hosting rocks in the Abitibi greenstone belt, suggesting that the tectono-
magmatic processes responsible for forming the AG volcanic rocks in the Late Triassic may have

been operative in the Neoarchean.

2.2. Introduction

Volcanogenic massive sulfide (VMS) deposits are synvolcanic, stratiform concentrations
of sulfide minerals that form in submarine, rifted environments associated with high-temperature
magmatism (Franklin et al., 2005; Galley et al., 2007; Gibson et al., 2007; Piercey, 2011).
Reconstructing the physical volcanic environment is critical to identify favorable intervals that
may host VMS deposits and to map out primary structures (e.g., syn-volcanic faults, rift basins,
and calderas) that may control the siting of mineralization (Gibson et al., 1999; Allen et al.,
2002). Additionally, the geochemical signatures of VMS-hosting volcanic sequences can be used
to evaluate petrogenetic settings and predict VMS-favorable successions (Lesher et al., 1986;
Kerrich and Wyman, 1996; Lentz, 1998; Barrett and MacLean, 1999; Barrie and Hannington,
1999; Hart et al., 2004; Piercey, 2010; Piercey, 2011). Combining the physical volcanology with
litho- and chemo-stratigraphy of VMS-hosting volcanic sequences provides an opportunity to
understand the interplay between the magmatic, tectonic, and hydrothermal processes that form

these deposits.
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The Alexander terrane in the North American Cordillera contains abundant volcanogenic
massive sulfide (VMS) deposits in the Late Triassic rift-related intra-oceanic island arc rocks of
the Alexander Triassic metallogenic belt (ATMB) (Fig. 2.1; Taylor et al., 2008). The belt
contains the supergiant (~300 Mt) Cu-Co Windy Craggy deposit (Peter and Scott, 1997), the Ag-
rich Greens Creek deposit (Taylor et al., 2010), and the 10 Mt polymetallic (Zn-Cu-Pb-Ag-Au-
Ba) Palmer deposit (Green et al., 2003; Steeves et al., 2016); however, there are limited studies
detailing the geodynamics of individual deposits within the ATMB (Taylor et al., 2008; Sack,
2009; Peter et al., 2014). Chemostratigraphic reconstructions at Greens Creek have been difficult
because the VMS mineralization is hosted in highly deformed sedimentary rocks located directly
above a regional unconformity (Sack, 2009; Steeves, 2018). The Windy Craggy deposit is hosted
in mafic rocks intercalated with voluminous sedimentary rocks (Peter and Scott, 1997) and is
postulated to have formed in a subduction zone setting associated with a slab window (Peter et
al., 2014). The rocks at the Palmer property provide an opportunity to improve our understanding
of the tectonostratigraphic, magmatic, and hydrothermal evolution of VMS deposits in the ATMB
as they contain well-preserved and well-exposed mafic and felsic rocks, which have only
undergone greenschist facies metamorphism and minimal deformation, with stratigraphy well

preserved in structural panels.

Massive barite outcrops were first discovered at the Nunatak prospect in the 1970s that
eventually led to the drill discovery of the AG deposit in 2017; the AG deposit is located 3 km
from the 10 Mt Palmer deposit on the Palmer property (Fig. 2.2). Drilling and geologic mapping
data up to 2018 was used to calculate an inferred resource for AG of 4.3 Mt grading 4.64% Zn,
0.12% Cu, 0.96% Pb, 119.5 g/t Ag, 0.53 g/t Au and 34.8% BaSO4 (Gray and Cunningham-
Dunlop, 2018). Diamond drilling programs between 2017-2019 have totaled 12,000 m. Over 800

whole rock geochemical samples from the AG stratigraphy were collected from the surface and

41



drill core between 2014-2021. The systematic sampling programs paired with high-quality,
modern analytical data provide a unique opportunity to apply lithogeochemical methods to
understand the evolution of the volcanic succession that hosts this deposit. The Palmer deposit
has been the focus of deposit-scale studies published on the Palmer property (Green et al., 2003;
Steeves et al., 2016); descriptions of the geology in the vicinity of the AG deposit have only been
documented in a few company reports and technical documents (Gray and Cunningham-Dunlop,
2018). This contribution represents the first comprehensive description of the AG deposit
geology. It aims to integrate observations from geologic mapping, core logging, petrography,
lithogeochemistry, and U-Pb zircon geochronology to: (1) reconstruct the volcanic stratigraphy
through facies analysis and chemostratigraphic correlation, (2) evaluate the petrogenesis of the
AG volcanic units, (3) propose a model for the genesis of the AG deposit, and (4) constrain the

timing of the formation of the AG deposit.

This study highlights the importance of the Late Triassic intra-arc rifting that: (1) formed
the geochemically distinct syn-rift felsic and mafic volcanic rocks hosting the AG deposit and (2)
led to the development of syn-volcanic structures and rift basins where replacement- and
exhalative-style VMS mineralized bodies were localized. The relationships of the tectono-
magmatic evolution of the host rocks to the AG deposit and the deposit genesis can potentially
improve future exploration efforts at the Palmer property, the ATMB, and in other analogous

VMS environments globally.
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2.3. Geological setting

2.3.1. Regional geology

The AG deposit is in southeast Alaska and occurs within the Alexander terrane (Fig. 2.1).
The Alexander terrane includes a near complete Ediacaran to Late Cretaceous rock record
(Muffler, 1967; Saleeby, 1983; Gehrels and Saleeby, 1987; Gehrels and Berg, 1994; Gehrels et
al., 1996, Nelson et al., 2013b) and radiogenic isotopic signatures of the contained rocks suggest
it formed in a wholly oceanic realm (Samson and Patchett, 1991; Peter and Scott, 1997; Peter et
al., 2014; Steeves et al., 2016). The early geologic history of the terrane includes Ediacaran to
Silurian intraoceanic arc magmatism followed by deposition of Devonian to Permian shallow
marine carbonate and minor greenstone rocks (Gehrels and Saleeby, 1987; Gehrels et al., 1996;
Plafker and Berg, 1994; Taylor et al., 2008). From the Pennsylvanian to the earliest Permian, the
Alexander terrane had a shared geologic history with the Wrangellia and Peninsular terranes,
forming the Alexander-Wrangellia-Peninsular superterrane (Gardner et al., 1988; Beranek et al.,
2014; Israel et al., 2014). The Middle Triassic was marked by renewed volcanism in the
Alexander-Wrangellia-Peninsular superterrane and thick accumulations of tholeiitic basalts that
formed the Wrangellia flood basalts (or large igneous province) during the middle Ladinian to
Norian (239 — 225 Ma) (Nelson et al., 2013b). Late Triassic island arc rifting coincided with the
deposition of the Hyd (Loney, 1964; Muffler, 1967; Wilson et al., 2015) and Tats Group
(MaclIntyre et al., 1992) volcanic and sedimentary rocks that host numerous metal occurrences
and deposits in a ~750 km northwest-trending belt: the Alexander Triassic metallogenic belt
(ATMB) (Fig. 2.1; Taylor et al., 2008). Significant VMS deposits in the ATMB include the
supergiant Windy Craggy deposit, the Ag-rich Greens Creek deposit, and the polymetallic Palmer

deposit (Fig. 2.1).
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2.3.2. Palmer property geology

The Palmer property contains the AG and Palmer VMS deposits along with fifteen VMS
prospects hosted within a Late Triassic mafic-dominated bimodal volcanic belt that contains
associated volcaniclastic rocks and minor fine-grained sedimentary and tuffaceous interbeds (Fig.
2.2A; Redman et al., 1985; Green et al., 2003; Wilson et al., 2015). In places, a marble clast-
bearing conglomerate marks the base of the Late Triassic rocks on the Palmer property and is
interpreted to be a Permian-Triassic unconformity (Proffett, 2019). The timing of mineralization
at the Palmer deposit is constrained by an isotope dilution-thermal ionization mass spectrometry
(ID-TIMS) U-PDb zircon date of 213 + 5 Ma from a hydrothermally altered rhyolite (Green, 2001).
Jurassic volcanic breccias and black argillites cap the Triassic section; the igneous crystallization
age for the volcanic breccia is ~195 Ma based on U-Pb zircon dates from the tuffaceous matrix of
the volcanic breccia, and the black argillites have a young population of detrital zircons with U-
Pb zircon dates of ~144 Ma (Karl et al., 2020). Rocks at the Palmer property have undergone
multiple phases of deformation, greenschist facies metamorphism, and local contact
metamorphism (Forbes et al., 1989; Lewis, 1998; Green et al., 2003; Steeves et al., 2016), yet are
remarkably well-preserved and contain primary stratigraphic and volcanic textures, despite these

overprints.

2.4. Geology and lithostratigraphy of the AG deposit

2.4.1. Methodology

Geologic bedrock mapping (1:1,000) and core logging was utilized to document volcanic
textures and lithofacies, contact relationships, and hydrothermal alteration mineral assemblages.

Nine drill holes totaling about 3,700 m were relogged, but all core logs and photos for the
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~12,000 m of available drill core were reviewed. Appendix 1 contains additional photographs of
the AG deposit geology. The volcanic rocks are broadly categorized as coherent or volcaniclastic
(McPhie et al., 1993). The volcaniclastic rocks are classified using the non-genetic, granulometric
terms of tuff, lapilli, and block/bomb of Fisher (1966) with the transport- and depositional-

focused descriptive terminology of White and Houghton (2006).

Petrographic analyses using transmitted and reflected light microscopy were completed
on polished thin sections. A subset was further investigated using a JEOL JSM 7100F scanning
electron microscope (SEM) operating at 15 kV at Memorial University. Textures were identified
with backscatter electron (BSE) imaging, whereas mineral chemistry was explored with semi-
quantitative energy dispersive spectrometer (EDS) point analysis. See Appendix 2 for
petrographic descriptions, including microphotographs and BSE images. Quantitative analysis of
plagioclase and FeTi oxide mineral chemistry was investigated using a JEOL JXA-8230 electron
probe microanalyzer (EPMA) equipped with four energy dispersive spectrometers (EDS) at

Memorial University. The EPMA analytical methods and results are summarized in Appendix 6.

Prior to this study, only basalt and rhyolite compositions were identified in the
stratigraphy. Lithogeochemical investigations of the volcanic rocks were critical to identify
geochemically unique units (including basaltic, andesitic, dacitic, and rhyolitic compositions), to
recognize genetically related units, and to reconstruct the volcanic stratigraphy. All samples were
classified with lithogeochemical techniques (section 2.5) using i0GAS 8.0 software and then
explored in Seequent’s Leapfrog Geo 6.0 software to visualize their distribution in 2D and 3D
space. There is a strong correlation between stratigraphic position and the primary geochemistry
of the volcanic rocks (section 2.5), so new geochemical nomenclature for the units was created

and is used throughout for consistency and to highlight chemostratigraphic relationships. Some
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units are readily identified in the field, but most volcanic units in the stratigraphic footwall,
especially where strongly hydrothermally altered, are typically only distinguishable with
lithogeochemistry. The reconstruction of the AG volcanic stratigraphy was an iterative process
involving mapping, core logging, lithogeochemical classification, and 2D to 3D visualization. A
new geologic bedrock map at a scale of 1:1,000 reflects the distribution of the newly identified
geologic units and other geologic features (Fig. 2.2B). Graphic logs and associated cross-section
interpretations are consistent with the updated geologic bedrock map and are presented in Figures

2.3 and 2.4, respectively.

2.4.2. Geology of AG deposit

The AG deposit is a tabular, steeply northeast dipping barite- and sulfide-rich lens that
varies in thickness from tens of centimeters to 15 m and that extends for ~600 m along strike (see
Fig. 2.2B) and ~100-250 m downdip. It is underlain by locally mineralized coherent volcanic and
volcaniclastic rocks. Most mineralization is along strike of and intercalated with basalts with a
distinct variolitic texture, referred to as the Zone FeTi basalts (Z-FeTiB) (Figs. 2.3, 2.4, 2.6).
Local heterolithic fragmental rocks and minor, thin (typically sub-meter or thinner) discontinuous
beds of argillite and chemical sedimentary rocks (e.g., jasper-magnetite and chert) are also
spatially associated with mineralization. The immediate footwall is comprised of rhyolitic lapilli
tuffs, referred to as the ferrorhyolites (FeR), that also locally host replacement-style VMS
mineralization (Fig. 2.5). Most of the footwall consists of basalt, andesite, and dacite flows. Mafic
volcaniclastic rocks, termed the hangingwall FeTi basalts (HW-FeTiB; Fig. 2.7), overlie the

deposit and are capped by argillite.
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Alteration and metamorphism

The footwall volcanic rocks locally contain hydrothermal alteration assemblages
dominated by pervasive fine-grained white mica (colloquially referred to as sericite),
disseminated pyrite, and variable pervasive to selective quartz. Hydrothermal alteration extends
up to at least ~200 m into the footwall. The Z-FeTiB and the HW-FeTiB locally contain alteration
assemblages composed of chlorite, Fe- and Ca-carbonate, magnetite, quartz, hematite, and
sericite. In places, hydrothermal alteration is present tens of meters into the hanging wall basalts
(the HW-FeTiB). The rocks have undergone regional greenschist facies metamorphism, and
metamorphic assemblages of chlorite, calcite, quartz, and epidote are typical where rocks are less
impacted by hydrothermal alteration. Local, intense epidote-garnet-chlorite-biotite is present in
some units proximal to Mesozoic intrusions and is interpreted to have formed from contact
metamorphism. Although the volcanic rocks are affected by metamorphism and VMS-related
alteration, primary textures, and lithologic contacts are well-preserved in much of the

stratigraphy. The “meta” prefix is not attached to the rock names, but it is implied.

Deformation

Mapping (Fig. 2.2B), core logging (Fig. 2.3), cross-section interpretations (Fig. 2.4), and
chemostratigraphic studies (section 2.5) show that the stratigraphic sequence is folded along a
deposit-scale syncline. The axial trace of the syncline is consistent with northwest-oriented
schistose foliation that is best developed in strongly hydrothermally altered rocks and may be
related to the north-south contractional deformation event (D1) displayed by the geometry of the
Palmer deposit (3 km to the north) (Fig. 2.2A), consisting of a south-verging overturned anticline
disrupted by a thrust fault (Lewis, 1998; Green et al., 2003; Steeves et al., 2016). Local

occurrences of northeast striking schistosity at AG suggest that the axial traces of the D1 folds
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were broadly warped by a later deformation event (D2), though interference patterns are poorly

understood.

Hanging wall sedimentary rocks are well exposed along a prominent north-south ridge in
the northeast part of the deposit mapping area (Fig. 2.2B). This sedimentary package has widely
varied bedding orientations and a major fault, the “Main” fault, which divides two structural
domains, herein referred to as the “Jag panel” and the “Nunatak panel,” which host the Jag and
Nunatak prospects, respectively. The Main fault is a steep (~70° dip), north-northeast dipping
(~22° dip-azimuth), 0.5—-1 m wide recessively-weathered reverse fault composed of sheared rock
and gouge that roughly parallels the hinge of the deposit-scale syncline between the JAG and
Nunatak prospects. The Main fault may be related to other, poorly understood late, SW- and NW-
striking, high-angle brittle faults on the property referred to as D4 events (Lewis, 1998; Green et
al., 2003) attributed to the post-middle Cretaceous and pre-Holocene (Hudson et al., 1982) dextral
transpression that formed the Chatham Strait fault system (Karl et al., 1999; Steeves et al., 2016).
The stratigraphy to the south of the Main fault within the JAG panel is upright and steeply north-
dipping. The stratigraphy north of the Main fault within the Nunatak panel is parasitically folded

within the hinge of the deposit-scale syncline (Fig. 2.2B and 2.4). It is also faulted.

The Nunatak panel

The Nunatak prospect consists of two massive barite beds layered with pyrite, sphalerite,
galena, and sulfosalts on talus-dominated north-facing slopes. The more northern exposures (at
elevations 1140 m and 1162 m) are within a steeply south-dipping bed between strongly
hydrothermally altered ferroandesitic (FeA) volcanic rocks to the south and a chloritic, strongly
foliated undifferentiated mafic volcanic unit to the north (Fig. 2.2B). The southern exposures crop

out at 1222 m. They are folded in a tight syncline marked by fragmental basalts (HW-FeTiB) in
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the core of the syncline and strongly hydrothermally altered rhyolitic fragmental rocks (FeR)
underlying the moderately south-dipping limb. Stratigraphic reconstruction of the Nunatak panel
has been hindered by chaotic folding, poorly understood faulting, intense hydrothermal alteration,
and limited drilling in this area. Most of the Nunatak outcrops are strongly quartz-sericite-pyrite

altered, and lithogeochemistry is critical in determining protolith composition.

The JAG panel

The JAG panel hosts the bulk of the AG deposit, including its surface expression at the
JAG prospect on an east-facing cliff between elevations 1310 m to 1410 m (Fig. 2.2B). Here,
upright, steeply NNW-dipping beds of baritic massive sulfide with laminations of pyrite,
sphalerite, sulfosalts, and galena overlie strongly hydrothermally altered rhyolite (FeR) and are
overlain by basalt flows (Z-FeTiB) with intense chlorite, carbonate, and magnetite alteration (Fig.
2.5C). Cross-section interpretations show that the northeastern extent of the AG deposit, where
mineralization is the thickest, is truncated by the Finch fault (Fig. 2.4). The Finch fault is only
identified on the JAG panel. It dips ~64° towards the southwest, strikes ~145°, and projects to the
surface beneath the talus between the JAG prospect and East AG (Fig. 2.2B). The Finch fault is
defined by the complete discontinuation of units (e.g., the barite-rich beds and heterolithic
fragmental rocks), the sharp changes in the thickness of units (particularly the Z-FeTiB), and the
repetition of units (e.g., drill hole 120; Fig. 2.4) as defined by chemostratigraphic patterns
(section 2.5). Intrusive felsic rocks, chemically defined as high-silica rhyolites (HSR; section
2.5), are localized on the southwestern side of this fault and taper in thickness away from this
structure (Fig. 2.4). In drill core, the Finch fault is obscured by intrusive rocks interpreted to post-

date mineralization.
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Compared to the Nunatak panel, the JAG panel contains a more densely drilled and
straightforward section of ~ 400 m of stratigraphy that occupies the steeply northeast-dipping,
upright limb of the northeast closing deposit-scale syncline (Fig. 2.4). Based mainly on the intact
JAG panel, the AG succession is herein divided into six informal litho- and chemo-stratigraphic
sequences that are presented from the base to the top of the section and include the: (1) footwall
basalts (FW-B) and ferrobasalts (FW-FeB), (2) footwall Fe-rich silicic rocks including
ferroandesites (FeA), ferrodacites (FeD), and ferrorhyolites (FeR), (3) Zone FeTi basalts (Z-
FeTiB) and associated fragmental rocks, (4) hangingwall FeTi basalts (HW-FeTiB), (5) High
silica rhyolites (HSR), and (6) argillite. Most mineralization is hosted in Sequence 3, but
Sequence 2 is an important host for replacement-style mineralization. The entire succession,
particularly sequence 6, is intruded by various undifferentiated dykes and sills (e.g., Fig. 2.3),

which are not described herein.

Sequence 1 — Footwall basalts and ferrobasalts

In Figure 2.2B, the footwall basalts (FW-B) and ferrobasalts (FW-FeB) are merged into
one lithologic unit, described together as the footwall basalts because they have similar field
characteristics, occur laterally along strike from each other, and have similar geochemical
signatures (section 2.5). The FW-B are more abundant in the west, and the FW-FeB are more
common in the east part of the study area. They are the lowermost stratigraphic sequence with a
thickness of >150 m. Their lower contact is not intersected in drilling. They comprise
predominantly pillowed, amygdaloidal flows that locally grade into flow-margin breccias such as
hyaloclastite and autoclastite (monomictic, locally jigsaw-fit, matrix-poor breccias) and pillow
breccias. They have a fine-grained dark grey to green groundmass commonly metamorphosed to
chlorite, calcite, quartz, albite, and epidote. Sparse plagioclase-phenocrysts (up to ~5 mm in

length) are selectively replaced by muscovite.
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Sequence 2 — Footwall Fe-rich silicic rocks

Sequence 2 is composed predominantly of coherent ferroandesite (FeA) and ferrodacite
(FeD) flows and is capped by lesser ferrorhyolitic lapilli tuffs (FeR). The FeD are discontinuous,
up to 40 m thick, and dominated by sparsely amygdaloidal pillowed to lobate flows with an
aphanitic, grey groundmass. They have some monomictic brecciated facies associated with
intense chlorite alteration, which occur along the margins of individual pillows and flow margins,
including at their upper contacts with the base of the FeA. The FeA are predominantly massive
and contain minor amygdules and sparse feldspar phenocrysts that locally form glomerocrysts in
a fine-grained, green chloritic groundmass. The FeA unit reaches thicknesses exceeding ~30m,
but in some places, it is less than 8 m thick. Monomictic breccias with local jigsaw-fit textures up
to 3 m thick are common at their flow margins and contacts with other units. They commonly
underlie the FeR lapilli tuffs (e.g., at the JAG prospect; Fig. 2.5C), but where the FeR are absent,
they directly underlie the Z-FeTiB. They share their lower contacts with any of the FeD, footwall

basalts, or the HSR.

The ferrorhyolitic (FeR) lapilli tuffs locally host replacement-style mineralization (Fig.
2.5G) and generally immediately underlie exhalites, including massive baritic sulfides, chert, and
jasper-magnetite (Fig. 2.5B-C). In some places, they underlie the Z-FeTiB. They vary in
thickness from 1-25 m. They are exclusively fragmental and dominated by poorly sorted, matrix-
supported lapilli tuffs (Fig. 2.5A-B, E-H). In general, they are non-stratified, although sparse
sections (< 50 cm thick) are composed of laminated tuffs (Fig. 2.5E). Where discernable,
fragments include subangular chloritic clasts (primary glassy fragments?), lapilli with ragged to
winged margins or wispy to flamme-like textures (Fig. 2.5A-B, E-H). Some fiamme-like clasts
are locally aligned and define a foliation (Fig. 2.5A-B). Clasts with abundant 1 — 5 mm ovoid

features (typically composed of quartz but locally sulfides) may represent original pumice clasts
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that have had their vesicles later filled by quartz and sulfides (Fig. 2.5G). In thin section, the FeR
have muscovite-rich matrices that are presumably altered tuffaceous material (Fig. 2.5E). In some
places, especially where pyrite is absent, they contain disseminated euhedral magnetite (~2%)
(Fig. 2.5F). Accessory euhedral zircon crystals up to 170 um are typically fractured (see
Appendix 2). Backscattered electron (BSE) images combined with semi-quantitative EDS point
analyses show that allanite is an accessory phase and that the FeR contain globular features
(“globules™) up to 150 um in diameter composed of random and disorganized arrangements of
anhedral rutile masses intergrown with variably anhedral to euhedral sub-micrometer zircon and
monazite, and rare apatite (Fig. 2.5E). Based on: (1) their ubiquitous fragmental character and
lack of an association with an effusive facies (Figs. 2.3, 2.4, 2.5), (2) the presence of wispy and
fiamme-like fragments, and pumice (Figs. 2.5A-B, E-I) that could by pyroclasts (White and
Houghton, 2006), (3) their tuffaceous-rich matrices (devitrified mainly to muscovite; Fig. 2.5E-I)
and (4) their lithofacies consisting dominantly of massive, poorly sorted, matrix-supported lapilli
tuffs with rare laminated tuffaceous sections (Fig. 2.5E-I), the FeR may be subaqueous

pyroclastic flow deposits (Gibson et al., 1999).

Sequence 3 — The zone FeTi basalts and heterolithic fragmental rocks

Sequence 3 hosts most of the AG exhalative- and replacement-style VMS mineralization
(Fig. 2.3 and 2.4) and consists of the Zone FeTi basalts (Z-FeTiB) (2.6A-E) and heterolithic
fragmental rocks (Fig. 2.6F-G). In some places, the Z-FeTiB directly underlie exhalative massive
sulfides (e.g., drill hole 109; Fig. 2.3 and 2.4), and in some areas, they directly overlie exhalative
massive sulfides (e.g., at the JAG prospect or drill hole 128; Fig. 2.4 and Fig. 2.5C). Some of the
thickest intersections of mineralization occur near accumulations of hydrothermally altered

heterolithic fragmental rocks that have sharp lateral transitions into thick sequences of relatively
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less altered Z-FeTiB flows that help define the Finch fault (Fig. 2.3 and 2.4). Sequence 3 is

dominantly clastic southwest of the Finch fault, but flow-dominant northeast of the Finch fault.

The Z-FeTiB pillowed (up to 3 m in diameter) flows reach total accumulated thicknesses
of up to 90 m. Individual flows can be less than a few meters thick and are marked by matrix-
poor, flow margin breccias that have monomictic cuspate to winged clasts (0.5 — 10 cm) with
local jigsaw-fit textures (Fig. 2.6C). They contain a grey-green, fine-grained groundmass
consisting of plagioclase microlites set in a mesostasis of intersertal, cryptocrystalline biotite,
chlorite, lesser epidote, and minor apatite, amphibole, and quartz (Fig. 2.6D-E). Disseminated
magnetite and ilmenite reach combined modal abundances of >10%. Sparse, lath-shaped
plagioclase phenocrysts up to 1.5 mm are partially replaced by albite, muscovite, chlorite, biotite,
and minor epidote (Appendix 2). Abundant (up to 30%) leucocratic varioles (see Fowler et al.,
2002) are a distinguishing feature of the Z-FeTiB (Fig. 2.6 B-E). They are white (dominated by
quartz and plagioclase), 0.5-5 mm in diameter, locally coalesce to form wormy trains, and have
sharp mineral phase boundaries with the groundmass (Fig. 2.6 B-E). The varioles are commonly
zoned with an outer rim of recrystallized polycrystalline quartz and cores that are typically
composed of plagioclase partially to wholly replaced by muscovite, epidote, and minor chlorite,
biotite, and amphibole (Fig. 2.6 B, D-E). Greenschist facies metamorphism has obscured the
primary textures and mineralogy of the distinct leucocratic varioles. However, some varioles have
preserved features that are consistent with spherulitic crystallization, including: (1) fibrous
plagioclase crystals radiating from a somewhat lath-shaped plagioclase core with interstitial mafic
phases that could have been primary glassy components that later recrystallized (Fig. 2.6E), and
(2) the coalescence of varioles to form wormy trains (Fig. 2.6D; Lofgren, 1974; Philpotts, 1977;
McPhie et al., 1993; Fowler et al., 2002). Further detailed evidence for spherulitic crystallization

is discussed in Appendix 6.
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The heterolithic fragmental rocks are intercalated with the Z-FeTiB and vary in thickness
from ~5-50 m. At the surface adjacent to the hanging glacier above the Nunatak prospect near an
elevation of 1350 m (Fig. 2.2B; intersected by section line D-D’), the fragmental rocks are a
chaotic mixture of subrounded to subangular volcanic, exhalite, and minor sedimentary fragments
supported in a fine-grained chloritic matrix with patchy Fe-carbonate alteration (Fig. 2.6F-G).
Most fragments are 3—50 cm in apparent maximum dimension, but some larger blocks and bombs
are greater than 1 m. Some elongate fragments are aligned, defining a crude foliation. The
fragments are mainly white, siliceous, aphyric, subangular to subround rhyolite (?), or highly
altered basalt (?) that locally contain abundant ovoid features that may be amygdules or varioles.
Some green-colored blocks of the Z-FeTiB are recognized based on their distinct variolitic
texture. Subround to oval-shaped, massive barite clasts are up to 30 cm long and are commonly
rimmed with Fe-carbonate, magnetite, and pyrite (Fig. 2.6G). Minor discontinuous and deformed
lenses (~10 cm x ~50 cm) of argillite are minor. Fragments of jasper and chert are rare but
present. Irregular-shaped gossanous patches are undifferentiated hydrothermally altered
fragments (Fig. 2.6E). In places (e.g., drill hole 110), strong hydrothermal alteration obscures the
identification of the heterolithic fragmental rocks. They can be recognized by chaotic, brecciated
intervals with variable fine-grained silica, pyrite, and sericite matrix that contain amygdaloidal(?)
volcanic fragments with variable chlorite to sericite alteration, lesser pale grey-white cherty
fragments, and local tuffaceous parts. A few clasts have been geochemically identified as Z-
FeTiB, FeR, and chert, suggesting the clasts are of local origin (e.g., samples W812865 and

W812866 in Appendix 3).

Sequence 4 — The hangingwall FeTi basalts
The 40-80 m thick HW-FeTiB were the last major volcanic rocks to erupt in the AG

stratigraphy. They overlie Z-FeTiB flows, exhalative massive sulfides (e.g., Nunatak prospect;
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drill hole 109), and thin beds of pelagic sedimentary rocks, and they are not appreciably offset by
the Finch fault (Figs. 2.3, 2.4). Their lower contact is typically sharp and locally chaotic. Their
upper contacts are poorly understood because they are often obscured by abundant dykes (Fig.
2.3). The HW-FeTiB have exclusively volcaniclastic textures with diverse particle sizes,
components, and lithofacies (Figs. 2.7). They have two generalized facies that include: (1) a thick
(> 30 m) basal section of monolithic, locally crystal-bearing, massive lapilli tuffs with minor
bombs (Fig. 2.7A-E, H), and (2) a thinner (< 10 m) capping sequence of laminated tuffs with

sparse lapilli (Fig. 2.7F-G, [-K).

The basal lapilli tuffs lack internal structures except for local, crude foliations defined by
aligned lapilli to bombs. The tuffaceous matrix contains recrystallized chlorite, magnetite, quartz,
calcite, ankerite, and muscovite (Fig. 2.7H). The abundance of fragments ranges from 20 to 60 %.
Most are subangular to subround green, grey, or black, strongly magnetic basalt lapilli that are
locally plagioclase-phyric. Some contain abundant ovoid features that may be amygdules,
indicating that these are potentially scoria. Clasts vary in form and can be wispy with cuspate to
ragged margins (Fig. 2.7C-D) or have ameboidal (Fig. 2.7E) to fiamme-like shapes (Fig. 2.7H).
Ovoid basaltic bombs up to 10 cm long occur, especially in the more matrix-rich facies, and some
have pale alteration fronts along their margins (Fig. 2.7A). Juvenile plagioclase crystals occur in
varied abundances and are typically wholly replaced by quartz, muscovite, and lesser calcite and
chlorite (Fig. 2.7C-D). Selective alteration of clasts locally imparts an apparent heterolithic
texture. Generally, the larger lapilli and bombs with more abundant ovoid features are more
strongly altered to quartz, carbonate, and muscovite, imparting variable pale grey, tan, to pale
pink colors. Some basalt clasts are partially to wholly replaced by bright red jasper-magnetite

(Fig. 2.7C, E).
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The basalt lapilli tuffs gradationally transition into medium-bedded tuffs with sparse
lapilli overlain by laminated tuffs (Fig. 2.7F-G, I-K). The medium-bedded tuffs typically have
pale tan-brownish tuffaceous matrices recrystallized to quartz, magnetite, muscovite, and chlorite
(Fig. 2.71). They have up to 10% disseminated lapilli composed of recrystallized magnetite. Some
lapilli with honeycomb textures outlined by FeTi oxide minerals have deformed and stretched-out
appearances and could be tube-scoria fragments (Fig. 2.71). The laminated tuffs have sharp,
planar, chlorite- and magnetite-rich laminations alternating with beige-tan-pink, predominantly
quartz and muscovite laminations (Fig. 2.7G). Some laminated tuffs are strongly altered to
chlorite, carbonate, and FeTi oxide minerals, resembling Algoma-type iron formations (Spry et
al., 2000). Some tuff-rich layers contain abundant cuspate, Y- to X-shaped (McPhie et al., 1993,
p.28) shards (Fig. 2.7K) and microscopically-identified concentrically zoned accretionary lapilli

(Fig. 2.7J).

Like the FeR, the HW-FeTiB have many features consistent with pyroclastic origins,
including their: (1) ubiquitous fragmental character and lack of an association with effusive
facies, (2) abundance and variety of pyroclastic particles like shards, wispy/fiamme-like lapilli,
scoria, bombs with ameboidal to fluidal margins, plagioclase crystals, and rare accretionary lapilli
(Fig. 2.7; White and Houghton, 2006), (3) tuffaceous-rich matrices (devitrified to quartz, calcite,
magnetite, ankerite, muscovite, and chlorite) that locally contain shards (Fig. 2.7), and (4) their
internal organization of unstratified, poorly-sorted, matrix-supported lapilli tuffs overlain by
laminated tuffs that is similar to stratigraphic patterns described for deposits of pyroclastic

density currents (Figs. 2.3, 2.4; McPhie et al., 1993; Gibson et al., 1999).

56



Sequence 5 — The high-silica rhyolites

The high-silica rhyolites (HSR) are strongly siliceous, aphyric, pale grey-white, massive
lens-like bodies that occupy multiple stratigraphic levels (Fig. 2.4 and 2.8). They vary in
thickness from 0.1 — 125 m, but they may reach estimated true thicknesses greater than 200 m
where their lower contacts were not intersected in drilling beneath AG west (Fig. 2.2, 2.4, and
2.8B). Thick occurrences of the HSR are localized along the Finch fault. They taper with distance
from this structure (Fig. 2.4). They are interpreted as a sill complex because they are generally
massive with a distinct homogeneous-texture (Fig. 2.8C) and have intrusive relationships
observed in several locations, including: (1) a swarm of 10-50 cm dykes with sharp, chilled
margins that intruded the footwall basalts in drill hole 109 (Figs. 2.3 and 2.4), (2) their sharp
contacts that bound the FeD flows in drill hole 114 (Fig. 2.4), and (3) a 15 m thick tabular body
with sharp contacts with the Z-FeTiB and underlying FeR at East AG (Fig. 2.8A). They contain
some monomictic in-situ brecciated facies with subangular clasts up to 6 cm in a matrix that
resembles the composition of the clasts, but this does not preclude them from being intrusive, as
brecciated margins have been documented on some felsic cryptodomes (e.g., Goto and McPhie,
1998). Based on cross-cutting relationships, some HSR bodies are at least younger than the Z-
FeTiB. The relative timing between the emplacement of the HSR and the HW-FeTiB is uncertain
because no contact relationships were observed between these two units. Because the HSR locally
contain hydrothermal chlorite, pyrite, and muscovite, hydrothermal activity is interpreted to have
occurred following their emplacement. However, they are typically less altered than the HW-
FeTiB, suggesting that they may post-date the HW-FeTiB. In thin section, the HSR groundmass
is dominated by fine-grained muscovite and quartz (Fig. 2.8D-E). Quartz is interstitial, and some
grains are rounded and composed of a single quartz crystal (up to 0.3 mm in diameter) that may

be quartz eyes. Accessory epidote locally has allanite cores with Ce, La, and Nd (as deduced from
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EDS spectra); other accessory minerals include magnetite, zircon, apatite, and rutile (Fig. 2.8D-
E). Rare microscopic grains of disseminated rutile contain minor Nb (as deduced from EDS

spectra; Appendices 2, 6).

Sequence 6 — Argillite

The capping sequence to the volcanic stratigraphy includes a 5-20 m section of
undifferentiated tuffs thinly interbedded with pelagic sedimentary rocks (argillite) that
gradationally transitions into a ~60 m section of argillite. The tuffs are laminated to thinly bedded
and range in color from pale grey, light to medium green, and pale brown to maroon. They are
commonly calcareous. The argillite unit comprises laminated to thinly bedded siliciclastic
mudstone, siltstone, and rare sandstone. The sedimentary sequences vary from pale grey to black,
locally have water escape structures including flames, and resemble distal turbidite formations
(Bouma and Ravenne, 2004). Most of the argillite is calcareous, although it is darker grey, non-
calcareous, and siliceous in a few places. Rare oval-shaped fossils composed of calcium
carbonate occur in a few sandier beds and are interpreted as Late Triassic sponges called
Heterastridium? (Appendix 1; Karl et al., 2020). This entire unit was intruded by mafic to felsic

dykes and pale hornfels is common in the wall rocks along the intrusive contacts.

Mineralization

The AG deposit comprises exhalative-, replacement-, and minor vein-style mineralization
(e.g., Doyle and Allen, 2003; Piercey, 2015). Barite is a major phase, especially in the exhalative-
style ores, and occurs within veins (“stringers”) that are commonly sulfide-bearing. Pyrite,
sphalerite, galena, sulfosalts, and sparse chalcopyrite are disseminated, vein, semi-massive, and

massive sulfide facies. Silver is mainly hosted in freibergite-tetrahedrite-tennantite solid solution
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minerals, whereas the residency of gold is undetermined except for being hosted in a rare visible

electrum grain (Doherty, 2018).

Exhalative-style mineralization occurs in beds that vary in approximate true thickness
from tens of centimeters to greater than 15 m. Surface exposures of exhalative-style
mineralization are located at the JAG and Nunatak prospects where sub-meter to 4 m thick
massive barite beds with lesser quartz contain minor laminations of pyrite, sphalerite, galena, and
sulfosalts (Fig. 2.2B and 2.5C). Exhalative mineralization consists of sulfide- and sulfosalt-
bearing massive barite (Fig. 2.5D) and mineralized chert is a minor mineralization type, which is
typically more Ag- and Au-rich than replacement-style mineralization (Gray and Cunningham-
Dunlop, 2018). Exhalative mineralization contains laminated to diffusely layered sulfide, sulfate,
and silicate minerals that likely reflects a combination of primary bedding, post-depositional zone
refining processes, and possibly tectonic foliations (Lydon, 1988; Gibson et al., 2007; Lafrance et
al., 2020). Deposition on the seafloor is supported by: (1) the presence of chemical sedimentary
rocks, such as jasper- and magnetite-rich iron formations, along strike or directly overlying the
massive barite- and sulfide-rich beds (Fig. 2.5B-C), (2) the local accumulation of fine-grained,
laminated pelagic sedimentary rocks at or near these horizons (e.g., drill hole 110; Fig. 2.3 ), and
(3) significantly more intense hydrothermal alteration of the stratigraphic footwall rocks

compared to the hangingwall sequences (e.g., Doyle and Allen, 2003).

Underlying the exhalative style mineralization is mineralization interpreted to be
subseafloor replacement-style based on the presence of relict volcanic facies such as pumice-
bearing felsic lapilli tuffs (FeR) that have tuffaceous matrices replaced by sericite, barite and
pyrite and pumice clasts replaced by quartz, barite, sphalerite, galena, and sulfosalts (Fig. 2.5G).

The heterolithic fragmental rocks are locally mineralized, especially near the Finch fault and
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gradually become less altered with distance from the Finch fault, consistent with a subseafloor-
type replacement model where replacement fronts are a diagnostic feature (Doyle and Allen,
2003). The felsic lapilli tuffs (FeR) and heterolithic fragmental rocks are the predominant hosts to

replacement-style mineralization.

2.5. Primary lithogeochemistry

2.5.1. Analytical methods

Between 2014 to 2021, 661 drill core and 122 surface rock samples were prepared and
analyzed by Constantine Metals at the ALS Minerals laboratory in North Vancouver, BC using
the complete characterization package (ALS code CCP-PKG-03). As part of this study, an
additional 22 drill core samples were collected and analyzed using the same methods and
laboratory. Three of these samples were duplicates of samples in the company database used to
assess the reproducibility of the company's whole rock dataset. In addition, six standard reference
materials (“SRM”; three samples each of LK-NIP-1 diabase and ORCA-1 rhyolite) were analyzed
to monitor analytical accuracy and precision. The whole rock lithogeochemical data for the 22
drill core samples and six SRM are provided in Appendix 3. An assessment of the accuracy and
precision is provided in Appendix 4. The geochemical results presented in this section include
only samples of volcanic and syn-volcanic rocks (n = 428) that represent the stratigraphic
sequence hosting the AG deposit. Intrusive rocks interpreted to post-date the VMS-hosting

volcanic sequence are not presented here.

Rock samples were crushed in an oscillating steel jaw crusher (>70% of the sample
passing through a 6 mm screen), followed by a riffle split of 250 grams using a Boyd

crusher/rotary splitter combination, then pulverized in a carbon steel ring mill (>85% of the
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sample passing through a 75 um screen). A 1g sample was ignited in a furnace at 1000°C, cooled,
and weighed to determine loss on ignition (LOI). Major oxides (Al,Os3, BaO, CaO, Cr,03, Fe;0s,
K,0, MgO, MnO, Na,0, P,0s, SiO,, SrO, and TiO,) were obtained by fusing a prepared sample
(0.66g) with a lithium tetraborate and lithium metaborate flux and creating a disk that was then
analyzed by X-ray fluorescence (XRF). The “total” presented is the combination of the
major/minor element oxides and LOI. Sulfur and carbon were determined using combustion and a
LECO infrared spectroscopy analyzer. Chalcophile and siderophile elements (Ag, Cd, Co, Cu,
Mo, Ni, Pb, Zn) and lithophile elements (Li and Sc) were determined by 4-acid digestion with an
inductively coupled plasma - atomic emission spectroscopy (ICP-AES) analytical finish. Volatile
elements (As, Bi, Hg, In, Sb, Se, Tl, Te, Re) were determined by aqua regia digestion and an
inductively coupled plasma - mass spectrometry (ICP-MS) analytical finish. The high field
strength elements (HFSE; Ga, Y, Zr, Nb, Hf, and Ta), the low field strength elements (LFSE; Rb,
Sr, Cs, and Ba), rare earth elements (REE; La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, YD,
and Lu), transition elements (V and Cr) and other elements (Ge, Sn, and W) were determined by a
lithium borate fusion technique followed by a 3-acid (HF-HNO3-HCI) dissolution and ICP-MS

analytical finish.

2.5.2. Lithogeochemical methods

The AG host volcanic rocks have been variably affected by ocean floor metamorphism,
local hydrothermal alteration, regional greenschist facies metamorphism, and local intrusion-
related metamorphism. Under these conditions, many major elements (Na, Mg, Si, K, Ca, Mn,
Fe) and LFSE (Ba, Sr, Rb) are mobile (Cann, 1970; MacLean, 1990; Jenner, 1996; Barrett and
MacLean, 1999), and cannot be relied upon for use in traditional volcanic rock classification

schemes (e.g., Peacock, 1931; Irvine and Baragar, 1971; Peccerillo and Taylor, 1976; Le Bas et
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al., 1986; Le Maitre, 2002). Common immobile elements in VMS settings include Al +/- P,
HFSE (Y, Sc, Th, Zr, Hf, Ti, Nb, Ta) and REE, and some transitional elements (+/-V, +/- Cr, +/-
Ni)(Pearce and Cann, 1973; MacLean and Kranidiotis, 1987; Barrett and Maclean, 1994; Barrett
and MacLean, 1999; Piercey, 2010). However, some traditionally immobile elements can be
mobile under certain conditions (e.g., high fluid-to-rock ratio or in the presence of dissolved
species such as CO;or F) or in proximity to major structures (Finlow-Bates and Stumpfl, 1981;
Campbell et al., 1984; Humphris, 1984; MacLean, 1988; Rubin et al., 1993; Liaghat and
MacLean, 1995; Pearce, 1996; Polat and Hofmann, 2003). Identifying compositionally uniform
volcanic units and establishing element immobility was accomplished using bivariate plots of
potentially immobile elements and their ratios (Cann, 1970; MacLean, 1990; Maclean and
Barrett, 1993; Barrett and Maclean, 1994; Gifkins et al., 2005). This method confirmed that the
most highly immobile elements in the AG dataset are Al,O3, TiO,, Nb, Zr, Th, and the HREE,
especially Gd and Yb. The LREE are mainly immobile except in the most intensely
hydrothermally altered samples. Yttrium, Sc, V, and P,Os showed variable mobility. The most
immobile elements were used to classify and interpret the petrogenesis of the volcanic rocks in
the AG suite; some plots based on mobile elements supplement the immobile element
observations (Figs. 2.9 to 2.16). Niobium was selected as a fractionation monitor because it is
highly resistant to the most intense alteration (Mathieu, 2018), and it behaves incompatibly for all
units (Fig. 2.10). To improve all classifications, the least altered samples representative of each
unit were identified by visual observation, textural characteristics and using several geochemical
criteria (Table 2.1; Spitz and Darling, 1978; Campbell et al., 1984; Barrett and MacLean, 1994;
Large et al., 2001; Gifkins et al., 2005; Mathieu, 2018; Rollinson and Pease, 2021). Coherent
facies were preferentially selected over fragmental facies for representative least altered samples,

but the FeR and HW-FeTiB are exclusively clastic and are included herein. All samples of the
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FeR and the HW-FeTiB are moderately altered, likely owing to their volcaniclastic nature, so the
least-altered samples do not meet the criteria of Table 2.1, but the best, least altered candidates
were selected. Many samples of the FW-B are monomictic breccias with considerable amounts of
glassy components (hyaloclastite) and breccia cement. These samples typically had major
element abundances that totaled more than 100%; they were omitted from plots in favor of the
more crystalline and homogeneous samples for this unit. Any samples with visible weathering or

oxidation were also omitted.

The major and trace element whole rock lithogeochemical data for 22 representative,
least altered samples are presented in Table 2.2, and significant element ratios are summarized in
Table 2.3. The least altered samples are depicted as the largest symbols on all lithogeochemical
plots, whereas smaller symbols represent variably altered samples (Figs. 2.9 to 2.16). Major
elements in the lithogeochemical plots are presented as original values and have not been
recalculated on a volatile-free basis. Iron is reported as Fe,Os", denoting total iron expressed as
Fe,0;. The fractionations of Nb, Zr, Ti, and Eu compared to their neighboring elements on pm-
normalized diagrams (Nb anomaly = Nb/Nb* ,n; Zr anomaly = Zr/Zr*,n; Ti anomaly = Ti/Ti*pm;
Eu anomaly = Eu/Eu*,) were quantified using geometric means following the method outlined in
McLennan and Taylor (2012) (Table 2.3). Unless otherwise specified, normalizing reference
values for primitive mantle (pm) and chondrite (cn) are from Sun and McDonough (1989). Plots
with the reference mantle reservoirs, pm, enriched mid-ocean ridge basalt (EMORB), normal
mid-ocean ridge basalt (NMORB), and ocean island basalt (OIB) are from Sun and McDonough

(1989). The average continental crust (ACC) is from Rudnick and Gao (2014).
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2.5.3. Results

The AG volcanic rocks show a mainly bimodal distribution on the Nb/Y versus Zr/Ti
plot, where they cluster predominantly in the basalt and rhyolite fields (Fig. 2.9A) with the
exception of a tight cluster of samples in the basaltic-andesite field and a more dispersed
population of samples that plot across the basaltic-andesite to rhyolite-dacite boundary (Fig.
2.9A). Most samples are subalkaline (Nb/Y < 0.7), except one population of rhyolites (the HSR),
and some altered FeTi basalts (Fig. 2.9A). Immobile element plots involving Al,O3, TiO,, and Zr
demonstrate that these elements are highly immobile and suggest that there are eight
compositionally homogeneous populations in the AG stratigraphy (Fig. 2.9B): footwall basalts
(FW-B; n = 32), footwall ferrobasalts (FW-FeB; n = 41), ferroandesites (FeA; n = 63),
ferrodacites (FeD; n = 25), ferrorhyolites (FeR; n = 49), zone FeTi basalts (Z-FeTiB; n = §1),
hangingwall FeTi basalts (HW-FeTiB; n = 84), and high-silica rhyolites (HSR; n = 53). Based on
empirical diagrams (Figs. 2.9, 2.13-2.16), fractionation trends of the least altered samples (Fig.
2.10), ratios of HFSE (Table 2.3), and pm- and cn-normalized signatures (Figs. 2.11 and 2.12),
these units are grouped into four distinct magmatic suites: footwall basalt suite (FW-B and FW-
FeB), Fe-rich silicic suite (FeA, FeD, and FeR), FeTi basalt suite (Z-FeTiB and HW-FeTiB) and
high silica rhyolite suite (HSR). These geochemical suites are highly correlated with stratigraphic
position (see section 2.4). The FW-B, FW-FeB, and FeA are indistinguishable in the field,
especially where strongly hydrothermally altered. The FeD can be confused with altered basalts
without geochemical classification. The FeTi-rich basalts and the two unique rhyolites (FeR and
HSR) have distinct lithological and petrographic features (see section 2.4). However, where
strongly hydrothermally altered, the FeR lapilli tuffs can be confused with altered fragmental
basalts or heterolithic fragmental rocks. Strongly hydrothermally altered Z-FeTiB can be

misclassified without the aid of lithogeochemistry.
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The footwall basalt suite (FW-B and FW-FeB)

The pillowed flows of this suite have basaltic Zr/Ti ratios and subalkaline Nb/Y ratios
(Fig. 2.9A; Pearce, 1996). Ratios of Zr/Al,03 and Al,O3/TiO; indicate that the footwall basalts
(FW-B) and ferrobasalts (FW-FeB) are two compositionally homogeneous units (Fig. 2.9B). The
FW-FeB are more evolved than the FW-B and have lower Al,O3, Ni, Sc and higher Fe;O3, TiO,,
P,0s, and XREE (Fig. 2.10) and exhibit a typical tholeiitic magmatic trend (Maclean and Barrett,
1993; Koepke et al., 2018). The FW-FeB have Fe,O;" > 14.32 wt.% and TiO, < 1.9 wt.% (Table
2.3) and are classified as ferrobasalts (FeO' > 12 wt % and TiO, < 2 wt %; Perfit et al., 1999;
Christie et al., 2005). The Fe-rich nature of the FW-FeB is reflected by their classification as
high-Fe tholeiitic basalts on the Jensen (1976) cation plot, whereas the FW-B plot on the
boundary between calc-alkaline basalts and tholeiitic andesites (Fig. 2.9C). In addition to their
Fe-enrichment trends, the FW-B and the FW-FeB have tholeiitic Zr/Y versus Th/YDb ratios (Fig.
2.9D; Ross and Bédard, 2009) and within plate tholeiite (WPT) Th-Zr-Nb signatures (Fig. 2.13;

Wood, 1980).

The FW-B and FW-FeB have similar typical non-arc EMORB-like (Sun and
McDonough, 1989) signatures on pm- and cn-normalized plots (Figs. 2.11 and 2.12), with: (1)
LREE enrichment compared to HREE and MREE, (2) flat HREE patterns, (3) no significant Nb
or Zr anomalies, and (4) slight negative Ti anomalies (Table 2.3). They also have EMORB-like
Zr-Th-Nb-Yb-TiO; systematics on several tectono-magmatic discrimination diagrams (Figs.
2.13A-C, 2.16). They have MORB/back-arc basin basalt (BABB) Ti/V ratios (Fig. 2.13D;

Vermeesch, 2006; Shervais, 2022).
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The Fe-rich silicic suite (FeA, FeD, and FeR)

These units have subalkaline Nb/Y ratios (except one least altered FeR sample has Nb/Y
=(.72) and Zr/Ti ratios indicative of andesitic, dacitic, and rhyolitic compositions (Fig. 2.9A;
Pearce, 1996). The three compositionally homogeneous units are also differentiated based on
ratios of Zr/Al,O3 and Al,O3/TiO; (Fig. 2.9B). These units are interpreted to be more evolved
than the footwall basalts that precede them in the stratigraphy based on their fractionation trends
(Fig. 2.10). Relative to the footwall basalts, they show decreasing Fe and Ti with fractionation,
typical of intermediate compositions fractionating FeTi phases in either tholeiitic or calc-alkaline
magmatic systems (Juster et al., 1989; Barrett and MacLean, 1999; Frost and Frost, 2011;
Charlier et al., 2013; Koepke et al., 2018). The least altered FeA have Al-Mg-Ti-Fe contents like
high-Fe tholeiitic basalts (Fig. 2.9C; Jensen, 1976), reflecting their relatively high concentrations
of TiO, (TiO>= 1.5-1.7 wt.%) and Fe,O;" (Fe,0;" = 12.7-16.8 wt.%) compared to typical
orogenic andesites (Fe,O3' < 12 wt.% and typically Fe;Os" is closer to 8.5 to 9 wt.% and TiO, =
0.8-1.0 wt.%; Gill, 1981). This suggests that they are Fe- and Ti-rich andesites, also known as
ferroandesites or icelandites (Gill, 1981; Gibson et al., 2007). Their high P,Os contents (P,Os=
0.52-0.57 wt.%) are also consistent with their classification in the icelandite/ferroandesite family,
as typical orogenic andesites have P,Os = 0.05-0.30 wt.% (Gill, 1981, p. 112). The FeD have Al-
Mg-Ti-Fe contents like tholeiitic andesites (Fig. 2.9C; Jensen, 1976), reflecting their relatively
high concentrations of TiO, (TiO, wt.% = 0.82-0.85 %) and Fe;O3" (Fe203' wt.% = 8.9-11.1)
compared to typical dacites (e.g., FexO3' ~4.75 % and TiO, ~0.60 %; Mathieu, 2018), suggesting
that they are FeTi-rich dacites, or ferrodacites (Barrett and MacLean, 1999). The FeR have Al-
Mg-Ti-Fe contents like tholeiitic dacites to andesites (Fig. 2.9C; Jensen, 1976) reflecting their
relatively average TiO (TiO» = 0.26-0.36 wt.%) and high concentrations of Fe;O3" (Fe,O3" =

8.19-8.64 wt.%) compared to typical rhyolites (e.g., Fe203" ~ 2.71 wt.% and TiO2 ~ 0.36 wt.%;
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Mathieu, 2018), suggesting that they are ferrorhyolites. Most of the FeR and FeD samples have
ferroan (“tholeiitic”) SiO, versus Fe* signatures, but some of the least altered samples plot within
the magnesian (“calc-alkaline”) field near the ferroan-magnesian boundary (Fig. 2.14B; Frost et
al., 2001). The Fe-rich nature of the FeA, FeD, and FeR lithologies, combined with the Fllla-like
signatures (Fig. 2.14A; Hart et al., 2004) of the felsic units strongly supports that they are
tholeiitic. Furthermore, the A-type affinities (Fig. 2.14B, D; Pearce et al., 1984; Frost et al., 2001)
of the felsic units (FeD and FeR) shows that they have characteristically high Fe/(Fe + Mg)
(Bonin, 2007; Frost and Frost, 2011); a feature more typical of the tholeiites. However, the FeA
have transitional to nearly calc-alkaline Th-Yb-Zr-Y affinities (Fig. 2.9D; Ross and Bédard,
2009), and the FeD and FeR have calc-alkaline Th-Yb-Zr-Y signatures (Fig. 2.9D; Ross and
Bédard, 2009). Furthermore, the FeD have subalkaline Zr contents, and the FeR have peralkaline

Zr abundances (Table 2.3; Fig. 2.14C; Leat et al., 1986; Piercey, 2010).

The FeA, FeD, and FeR have similar, irregular signatures on pm- and cn-normalized
plots (Figs. 2.11 and 2.12), with: (1) LREE enrichment relative to HREE and MREE (2)
relatively flat HREE patterns, (3) negative Nb, Ti, and Eu anomalies, and (4) positive Zr
anomalies (Table 2.3). The intensity of their LREE-enrichments and the magnitudes of their Nb,
Ti, Eu, and Zr anomalies increase as the rock types become more evolved from andesitic (FeA),
to dacitic (FeD), to rhyolitic (Fer) compositions. These pm-normalized signatures are more
typical of arc-related rocks (Kerrich and Wyman, 1996). Arc-like influences are also supported
by tectono-magmatic discrimination diagrams that show that they are enriched in Th relative to

Nb (Figs. 2.13A-B, 2.15A-C, 2.16; Wood, 1980; Condie, 2005; Pearce, 2008).
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The FeTi basalt suite (Z-FeTiB and HW-FeTiB)

These units have basaltic Zr/Ti ratios and subalkaline Nb/Y ratios (Fig. 2.9A; Pearce,
1996). Ratios of Zr/Al,O3 and Al,03/TiO; indicate that the Z-FeTiB and HW-FeTiB are two
compositionally homogeneous units (Fig. 2.9B). The Z-FeTiB are more evolved than the HW-
FeTiB based on their lower Al,O3 and Ni and higher TiO», P,Os, and ZREE relative to Nb (Fig.
2.10) and exhibit typical tholeiitic magmatic trends (Maclean and Barrett, 1993; Koepke et al.,
2018). Relative to the footwall basalts, both the Z-FeTiB and the HW-FeTiB show extreme Fe-
and Ti-enrichment trends and relatively high concentrations of TiO, (Z-FeTiB TiO, = 2.78-3.16
wt.% and HW-FeTiB TiO, = 2.38-2.68 wt.%) and Fe,O; (Z-FeTiB Fe,O3 "= 13.05-22.19 wt.%
and HW-FeTiB Fe;O; "= 17.04-20.00 wt.%), typical of FeTi basalts (FeO" > 12 wt % and TiO, >
2 wt %; Byerly et al., 1976; Perfit et al., 1999; Christie et al., 2005). Their tholeiitic, Fe-rich
nature is also supported by their classification as high-Fe tholeiitic basalts on the Jensen (1976)
cation plot (Fig. 2.9C) and their within plate tholeiite (WPT) Th-Zr-Nb signatures (Fig. 2.13;
Wood, 1980). However, the FeTi basalts have tholeiitic to transitional affinities based on the trace

elements Zr, Y, Th, and Yb (Fig. 2.9D; Ross and Bédard, 2009).

The FeTi basalts have similar typical non-arc EMORB-like (Sun and McDonough, 1989)
signatures on pm- and cn-normalized plots (Figs. 2.11 and 2.12), with: (1) LREE enrichment
compared to HREE and MREE, (2) relatively flat HREE patterns, (3) no significant Nb or Zr
anomalies, and (4) slight negative Ti and Eu anomalies (Table 2.3). They also have EMORB-like
Zr-Th-Nb-Yb-TiO; systematics on several tectono-magmatic discrimination diagrams (Figs.
2.13A-C, 2.16). They typically plot within (Fig. 2.13C) or slightly above (2.16A-B) MORB-
ocean island basalt (OIB) arrays. The Z-FeTiB have OIB-like Ti/V ratios and the HW-FeTiB
have MORB/BABB- to OIB-like Ti/V ratios (Fig. 2.13C-D; Vermeesch, 2006; Shervais, 2022).

Compared to all other mafic units, the HW-FeTiB have the most fractionated HREE patterns
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(Gdpm/Ybpm = 1.42—1.48), but these are still closer to EMORB (Gdpm/Ybpm = 1.04) than OIB
(Gdpw/Ybpm=2.92) (Sun and McDonough, 1989). They also have TiO»-Yb-Nb signatures that
straddle the boundary between EMORB and OIB (Fig. 2.13C). Compared to the footwall basalt

suite, the FeTi basalts are slightly more Th-enriched relative to Nb (Figs. 2.13A-B, 2.15A-C).

The high silica rhyolite suite (HSR)

Both the large HSR bodies and thinner dykes and sills have rhyolitic Zr/Ti ratios and plot
within the alkali rhyolite field on the modified Floyd-Winchester volcanic discrimination plot
(Fig. 2.9A; Pearce,1996). They form a tight cluster on the Al,O3/TiO; versus Zr/Al,Os plot (Fig.
2.9B). The least altered HSR have 71.26—75.06 SiO, wt % (Table 2.2), extreme HFSE-REE
enrichments (Figs. 2.11, 2.12), flat REE patterns with negative Eu anomalies (Fig. 2.12), Y >
108.5 ppm, Lac/Yben=2.62-5.5 (Fig. 2.14A), and anomalously low Zr/Hf ratios (Table 2.3; Fig.
2.10), consistent with other high-silica rhyolites (Barrie et al., 1993; Barrie and Pattison, 1999;

Galley, 2003; Claiborne et al., 2018); they are the most evolved of all units (Fig. 2.10).

Although they plot in the alkali rhyolite field (Fig. 2.9A) and have Th-Zr-Nb systematics
that more closely resemble those of alkali basalts (Fig. 2.13A-B), their Nb/Y (Nb/Y = 0.43-0.59),
Zr/Y (Zx/Y = 2.09-2.50), and Lacy/Yben (Lacn/Yben = 2.6-5.6) ratios, and Zr abundances (Zr =
271-378 ppm; Fig. 2.14C) are more akin to tholeiitic felsic magmas (Nb/Y < 0.7; Zr/Y = 2-7;
Law/Yben < 6; Zr = 200-500 ppm) as opposed to alkaline (Nb/Y >> 0.7; Zr/Y > 7; Lac/Yben >> 6;
Zr > 500 ppm) or calc-alkaline (Nb/Y <0.7; Zt/Y > 7; Lac/Yben > 6; Zr < 500 ppm) felsic
magmas (see Lentz, 1998). Furthermore, their A-type (Fig. 2.14B, D) and FIIIb affinities (Fig.
2.14A) are more typical of tholeiitic melts (Hart et al., 2004; Fassbender et al., 2022). However,
they have tholeiitic to transitional Th-Yb-Zr-Y affinities (Fig. 2.9D; Ross and Bédard, 2009).

Furthermore, the least altered HSR have calc-alkaline major element signatures and plot near
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tholeiitic/calc-alkaline dividing boundaries (Fig. 2.9C, Jensen, 1976; Fig. 2.14B; Frost et al.,
2001). In summary, their magmatic affinity is undetermined due to these varied classifications

based on major and trace element signatures; a common trait of A-type felsic rocks (Bonin,

2007).

The HSR have irregular signatures on pm- and cn-normalized plots (Figs. 2.11 and 2.12),
with: (1) LREE enrichment relative to HREE and MREE (2) relatively flat HREE patterns, and
(4) weak negative Nb anomalies, strong negative Zr and Eu anomalies, and very strong negative
Ti anomalies (Table 2.3); typical of arc-related rocks (Kerrich and Wyman, 1996). Arc-like
influences are also supported by their Th-enrichment relative to Nb; they are much more Th-
enriched relative to Nb compared to all the basalts but less so compared to the Fe-rich silicic suite

(Figs. 2.13A-B, 2.15A-C, 2.16).

2.6. U-Pb zircon geochronology

2.6.1. Sample selection

Two samples of felsic rocks from the AG stratigraphy were collected from drill hole 110
to constrain the timing of VMS mineralization at AG based on their stratigraphic location,
lithology, and geochemical attributes (Fig. 2.3 and 2.4). Sample 110-322 is a hydrothermally
altered FeR lapilli tuff located along the strike of exhalative VMS mineralization and underlies
hydrothermally altered and mineralized heterolithic fragmental rocks. Sample 110-368 is massive
high-silica rhyolite (HSR) with patchy chlorite, calcite, and epidote alteration that intrudes FeA
flows downhole of the FeR lapilli tuffs. The samples were analyzed at the Boise State University
Isotope Geology Laboratory (BSU IGL) in Idaho. Mineral separation and extraction, imaging,

laser ablation inductively coupled plasma mass spectrometry (LA-ICPMS), and chemical
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abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) were all
performed at the BSU IGL. The results presented here are adapted from an internal BSU IGL

report presented in Appendix 4.

2.6.2. Analytical methodology

Individual zircon grains were separated and prepared using standard techniques.
Cathodoluminescence (CL) images were obtained with a JEOL JSM-300 scanning electron
microscope (SEM) and Gatan MiniC (Fig. AS. 3, Fig. A5. 4). Laser ablation was performed on
each zircon grain using a Teledyne Photon Machines Analyte Excite+ 193 nm excimer laser
ablation system with HelEx II Active two-volume ablation cell. An iCAP RQ Quadrupole ICP-
MS was used to analyze the ablated material for U-Th-Pb isotopic ratios and trace element
concentrations. A selected subset of zircon grains were removed from the epoxy mounts for CA-
ID-TIMS dating based on the CL images and LA-ICPMS ages. Chemical abrasion was performed
on individual grains following methods modified after Mattinson (2005) that are detailed in
Appendix 4. Isotopic measurements for U and Pb were made on a GV Isoprobe-T or IsotopX
Phoenix multi-collector TIMS equipped with an ion-counting Daly detector. More in-depth
details on sample preparation, analytical methods, quality assurance, quality control, and data

reduction calculations are provided in Appendix 4.

2.6.3. Results

A total of 11 and 49 zircon grains were analyzed by LA-ICPMS for samples 110-322 and
110-368, respectively. In sample 110-322, the zircons were difficult to recover due to the
presence of pyrite and the eleven recovered anhedral to subhedral grains were small; they yielded

LA-ICPMS **Pb/?*8U dates of 212 £ 6 to 194 + 5 Ma. Sample 110-368 contained abundant
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euhedral, prismatic, and oscillatory-zoned zircon grains; they yielded LA-ICPMS **°Pb/**U dates
of 213 £ 5 to 189 + 4 Ma. The LA-ICP MS U-Pb geochronologic analyses and trace element

concentrations are provided in Appendix 4.

A total of seven and six zircon grains were analyzed by CA-ID-TIMS for samples 110-
322 and 110-368, respectively. Four older grains in 110-322 yielded ***Pb/>**U dates of 211.03 +
0.32 t0 210.68 = 0.17 Ma and are interpreted as containing inherited components. The three
youngest zircon grains from 110-322 yielded a weighted mean **°Pb/***U date of 210.35 = 0.27
Ma, the interpreted igneous crystallization age. The six zircon grains analyzed by CA-ID-TIMS
from sample 110-368 yielded a weighted mean *°°Pb/>**U date of 210.52 + 0.08, the interpreted
igneous crystallization age. The CA-ID-TIMS U-Pb zircon isotopic data is presented in Table 2.4.
Concordia diagrams displaying CA-ID-TIMS U-Pb dates are shown in Figure 2.17. The U-Pb

geochronology results are summarized in Table 2.5.

2.7. Discussion

2.7.1. Volcanic controls on AG VMS mineralization

The location, style and hydrothermal alteration footprints of VMS deposits are influenced
by the types of volcanic rocks that host them (Gibson et al., 1999). In flow-dominated host
successions, hydrothermal fluid pathways are typically restricted to syn-volcanic normal faults
(Sillitoe, 1982; Gibson et al., 1999; Lafrance et al., 2020) and VMS-style mineralization is
precipitated immediately below the seafloor in stringer and replacement zones and at the seafloor
as exhalative mineralization (Gibson et al., 1999). In the rock record, syn-volcanic faults can be
recognized by sharp lateral changes in volcanic lithofacies, discontinuous units, local thickening

of units, and offset stratigraphy (Nelson, 1998; Gibson et al., 1999; Allen et al., 2002; Lafrance et
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al., 2020). In volcaniclastic-dominated successions, hydrothermal fluid migration is less
restricted, favoring the formation of subseafloor replacement-style deposits associated with
pervasive, widespread stratigraphy-parallel alteration zones and the development of multiple,
coalescing vent sites at the seafloor (Gibson et al., 1999; Piercey, 2015). Whether VMS deposits
are hosted by flow- or volcaniclastic-dominated substrates, a commonality is that they form in
proximal (near-vent) environments that can be recognized by distinct lithofacies associations

(McPhie et al., 1993; Gibson et al., 1999; Allen et al., 2002).

At AG, the footwall rocks are dominated by effusive flows. However, the main
mineralized succession includes a mix of volcaniclastic (FeR, heterolithic fragmental rocks) and
coherent volcanic rocks (Z-FeTiB), and minor sedimentary units (Fig. 2.4). The pumice-bearing
FeR lapilli tuffs are especially thick (up to 25 m) where they underlie the first barite- and sulfide-
rich exhalite at AG (e.g., drill hole 109; Figs. 2.3, 2.4). This may indicate that the thickest parts of
the FeR represent a proximal volcanic center (Gibson et al., 1999) and that the location of some
VMS mineralization at AG coincided with the same structures that may have fed the FeR
eruptions. Further, most VMS mineralization is focused along the southwest side of the Finch
fault (Figs. 2.3, 2.4), where the heterolithic fragmental rocks are thickest (Fig. 2.4, 2.6F-H) and
coincide with barite-rich beds layered with sulfides and minor argillite suggesting that the
localization of both volcaniclastic rocks and mineralization here is because they are basin-filling
sequences and that the Finch fault was a synvolcanic fault. The above units are locally underlain
by Z-FeTiB and they sharply transition laterally into a thick package of Z-FeTiB flows,
suggesting that the Z-FeTiB were likely uplifted and eroded during basin subsidence along the rift
shoulder of the Finch fault (Figs. 2.3, 2.4). In other words, the Finch fault is interpreted to have
been a topographic scarp that formed after the emplacement of the Z-FeTiB and was present at

the time of VMS deposition (Fig 2.18F). Further, based on their lithofacies, clast components,
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and volcano-stratigraphic relationships, the heterolithic fragmental rocks that were deposited
proximal to the Finch fault may be debris flow deposits that reworked some of the previously
deposited units (Z-FeTiB, FeR, massive barite) (Fig. 2.18E-F) during synvolcanic faulting (e.g.,
McPhie et al., 1993; Hampton et al., 1996; Hughes et al., 2021). Following the emplacement of
the heterolithic fragmental rocks, the thickest deposits of barite- and sulfide-rich exhalites
accumulated adjacent to the Finch fault, suggesting that the Finch fault provided the pathways for
hydrothermal fluids to reach the seafloor (Fig. 2.4). In addition, the heterolithic fragmental rocks
are strongly hydrothermally altered to quartz, sericite, and pyrite, and locally mineralized
adjacent to the Finch fault and the alteration intensity dissipates with distance from this structure,
further supporting that this fault is synvolcanic (Fig. 2.2). Minor, thin flows of Z-FeTiB were
emplaced between the deposition of the barite- and sulfide-rich exhalites, but in general,
volcanism was subdued, and allowed for VMS mineralization and background pelagic

sedimentation to accumulate.

The mineralized sequences are overlain by the HW-FeTiB, whose upper contacts are not
appreciably offset at the Finch fault, further supporting that this is a synvolcanic structure
(Gibson et al., 1999). These units are also thick (up to 80m), and have features including their (1)
abundance and variety of pyroclastic particles like shards, wispy/fiamme-like lapilli, scoria,
bombs with ameboidal to fluidal margins, plagioclase crystals, and rare accretionary lapilli (Fig.
2.7; White and Houghton, 2006), and (2) their internal organization of unstratified, poorly-sorted,
matrix-supported lapilli tuffs overlain by laminated tuffs that suggest the HW-FeTiB are also
pyroclastic flow deposits (Figs. 2.3, 2.4; McPhie et al., 1993; Gibson et al., 1999) and given their
proximity to the synvolcanic Finch fault, they were likely emplaced in a proximal volcanic center

(Gibson et al., 1999). Their field relationships suggest they may have filled the paleo AG basin
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and spilled over its walls, thus capping the AG deposit and likely helping to preserve the

exhalative parts of the deposit from erosion and oxidation on the seafloor (Figs.2.4, 2.18G).

The HSR intrusions are interpreted as the last phase of magmatism in the AG volcanic
succession. Because felsic magmas are viscous, their occurrence, especially where they form
thick flows or abundant intrusions, typically mark vent-proximal locations and synvolcanic faults
(McPhie et al., 1993; Gibson et al., 1999; Franklin et al., 2005) The thickest parts of the HSR
intrusions are localized along the Finch fault and they taper in thickness with distance from it,
implying this fault acted as the conduit for HSR emplacement. The HSR intrusions likely plugged
this conduit, impeded hydrothermal fluid flow, or redirected it and potential VMS mineralization
elsewhere. This is supported by the absence of VMS mineralization within or above the HW-

FeTiB.

In the sequence (FeR — Z-FeTiB — heterolithic fragmental rocks — HW-FeTiB —
HSR) that hosts the AG deposit, rift-related features (the Finch fault and the heterolithic
fragmental rocks), basin-filling sequences (exhalites, minor sedimentary rocks, HW-FeTiB), and
vent-proximal volcanic deposits (FeR, HW-FeTiB, and HSR) demonstrate that AG formed in a
rift basin near an active volcanic center. The flow-dominated footwall sequence (FW-B, FW-FeB,
FeD, and FeA) includes relatively impermeable host-rocks that restricted hydrothermal fluids to
permeable synvolcanic structures (e.g., Gibson et al., 1999), such as the Finch fault, that
controlled the siting of most of the AG mineralization. The HSR intrusions may have ultimately
quenched the hydrothermal system by plugging crustal structures and hindering hydrothermal

fluid flow.
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2.7.2. Petrogenesis of the AG volcanic rocks

Petrogenesis of the footwall basalt suite

The footwall basalts (FW-B) and ferrobasalts (FW-FeB) were the first to erupt in the
volcanic sequence in the AG deposit. Their EMORB signatures (Figs. 2.11, 2.12) and Zr-Nb-Yb-
Ti systematics (Figs. 2.13A-C, 2.16) indicate they were derived from an HFSE-REE-enriched
mantle and have not been influenced by subducted slab fluids (Pearce, 2008; Pearce, 2014). Their
TiO2/Yb ratios (Fig. 2.13C) and relatively flat HREE patterns (Figs. 2.11 and 2.12) show that
garnet was not a residual phase, typical of shallow (< 2.5 Gpa; < 80 km) melts (Pearce, 2008;
Pearce, 2014). The FW-B and the FW-FeB are interpreted to be related to one another by
fractional crystallization based on their decreasing Al,Os, Ni, Sc, and increasing Fe,Os, TiOs,
P,0s, and XREE relative to Nb (Fig. 2.10). These are typical major and trace element
fractionation trends for low pressure, shallow-level fractional crystallization in tholeiitic magmas
that are dominated by Fe-poor and Al-rich mineral phases such as plagioclase, olivine (Ni-
bearing), and clinopyroxene (Sc-bearing), creating residual melts that become increasingly Fe-Ti-
P-rich and AI-Ni-Sc-poor at somewhat constant SiO; during fractionation (Juster et al., 1989;
Perfit et al., 1999; Charlier et al., 2013; Grove and Brown, 2018; Koepke et al., 2018).
Fractionating tholeiitic melts also exhibit steadily increasing HFSE and REE concentrations
(Brophy, 2009) without a change in the pattern of their primitive mantle-normalized signatures,
except for total concentrations of said elements (Maclean and Barrett, 1993), a trend observed
from the FW-B to the FW-FeB. Their non-arc, within-plate EMORB signatures (Figs. 2.11, 2.12,
2.13A-C, 2.16) and MORB/BABB-like Ti/V ratios (Fig. 2.13D) are also consistent with their
formation in an extensional setting like a mid-ocean ridge (MOR) or back-arc basin (BAB) where
thinned crust allowed enriched asthenosphere to upwell and partially melt by decompression (Fig.

2.18B; Sun and McDonough, 1989; Kerrich and Wyman, 1996; Pearce, 1996). These basaltic
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magmas probably rapidly intruded cold crust and likely cooled quickly, favoring fractional

crystallization processes (e.g., Christie and Sinton, 1981; Huppert and Sparks, 1988).

Petrogenesis of the Fe-rich silicic suite

The Fe-rich silicic suite was emplaced following the footwall basalt suite. They are
tholeiitic (Fig. 2.9C) and have Nb/Yb ratios that are comparable to the footwall basalt suite,
suggesting derivation from similarly enriched mantle sources (Fig.2.16; Pearce, 2008). Similar
mantle sources are also supported by the comparable Nb/Ta (Table 2.3) for both suites that more
closely resemble the mantle (Nb/Ta ~ 17.5) than crustal values (Nb/Ta ~ 11-12) (Green, 1995).
However, the Fe-rich silicic rocks have trace element signatures (Fig. 2.9, 2.13A-B, 2.16) and
distinctly negative Nb and Ti anomalies (Fig. 2.11; Table 2.3) that are more typical of arc-like
volcanic rocks (Saunders et al., 1980; Pearce and Peate, 1995; Elliott, 2004; Pearce and Stern,
2006; Pearce, 2008). The Fllla-type signatures of the felsic rocks (Fig. 2.14A), suggests they
formed within the upper 10 km of the crust at low pressure (< 0.5 GPa) and high temperatures
(1,100-900°C) (Hart et al., 2004). Their high abundances of REE and HFSE (Fig. 2.11, 2.12,
Table 2.2) also indicate that they were anomalously hot, depolymerized melts, such that they
could accommodate these highly incompatible elements (e.g., Zr > 200 ppm; Fig. 2.14C) (Leat et
al., 1986; Lentz, 1998; Hart et al., 2004; Piercey, 2011). These geochemical features, combined
with their within plate (A-type) signatures (Fig. 2.14B, D), are typical of tholeiitic felsic rocks
derived from extension-related magmatism, such as those that form in intra-oceanic back arcs and
arc-related rifts (Lesher et al., 1986; Hart et al., 2004; Piercey, 2011; Fassbender et al., 2022). The
arc-like Fe-rich silicic suite is stratigraphically bound by non-arc, EMORB-like basalts (discussed
above and below) providing strong evidence that the AG succession formed in an arc-related
extensional setting since both arc-like and MOR-like rocks can be spatially and temporally

juxtaposed in these environments (Pearce and Stern, 2006).
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The origin of extension-related intermediate to felsic lavas in oceanic arc settings has
been attributed to: (1) fractional crystallization of a basaltic parent (Fretzdorff et al., 2006; Haase
et al., 2011; Beier et al., 2015; Ma et al., 2017), (2) partially melting mixed MORB-like (dry) and
arc-like (wet) mantle sources (Stern et al., 1990; Arai and Dunn, 2014; Caratori Tontini et al.,
2019), (3) partially melting arc crust (Haraguchi et al., 2017), typically by basaltic underplating
(Lesher et al., 1986; Lentz, 1998; Hart et al., 2004; Piercey, 2011) - these partial melts may
further contaminate the basaltic intrusions (Kent et al., 2002), or (4) a combination of these
processes, such as assimilation fractional crystallization (AFC) (DePaolo, 1981; Kondo et al.,

2000; Marty et al., 2001).

Fractional crystallization is inefficient at changing incompatible element ratios (O’Neill
and Jenner, 2012) and so the Fe-rich silicic suite cannot be related to the footwall basalt suite by
fractional crystallization because the Fe-rich silicic suite has distinct Th-enrichment relative to
Nb, Zr-Hf enrichments relative to Sm, and they have more fractionated LREE patterns compared
to the footwall basalt suite (Table 2.3, Fig. 2.11, 2.15A-C). Their weak negative Nb anomalies
could be explained by melts derived from mixed MORB-like and arc-like mantle sources in a
back-arc setting (Stern et al., 1990; Pearce and Stern, 2006), but this contradicts their consistent
positive Zr anomalies (Table 2.3, Fig. 2.11) since subduction-related melts typically have
negative (or flat) Zr anomalies (Kelemen et al., 1993; Pearce and Peate, 1995; Kerrich and
Wyman, 1996; Niu et al., 1999; Pearce and Stern, 2006). Even though the FeA, FeD, and FeR
could be related to each other by fractional crystallization based on decreasing Al-Ti-Fe-Sc-P
(plagioclase, FeTi oxide, clinopyroxene, and apatite fractionation) and increasing ZREE as Nb
increases (Fig. 2.10), this process alone cannot account for why the magnitudes of (La/Sm)pm, the
negative Nb anomalies, and the positive Zr anomalies that increase from andesitic (FeA), to

dacitic (FeD), to rhyolitic (FeR) compositions. Instead, contamination by arc crust is likely why
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this suite shows these systematic compositional trends, consistent with AFC processes (Fig.2.16;
DePaolo, 1981; Pearce, 2008). For example, the FeA, FeD, and FeR show a negative
compositional trend of increasing (La/Sm)pm and Zr with decreasing (Nb/Th),m (Fig. 2.15A-B),
typical of rocks derived from crustal contamination (e.g., Piercey et al., 2006; Ordonez-Calderon
et al., 2016). Assimilating arc crust into a fractionating tholeiitic magma also resolves why this
Fe-rich, tholeiitic suite has trace element patterns that are transitional between tholeiitic and calc-
alkaline (Fig. 2.9D). To explain their enrichments in Zr-Hf relative to Sm, the crustal contaminant
could have been partially melted hydrated mafic crust, since the decoupling of Zr-Hf relative to
Sm is a feature shared by silicic melts experimentally-derived from partially melted mafic rocks
under conditions (low pressure, high temperature, hydrous, and highly oxidizing) simulating the
tops of magma chambers beneath spreading centers (France et al., 2010; France et al., 2014). This
argument is supported by the Si0,-TiO, systematics (Fig. 2.15D; Koepke et al., 2007) of the FeR
and FeD and their Fllla signatures (Hart et al., 2004), which are consistent with derivation from
hydrous partial melting of mafic crust. The distribution of the FeA, FeD, and FeR across the
fields of MORB differentiation and hydrous partial melting suggests that fractional crystallization
was an important process, but assimilation was especially significant for the more felsic melts
(Fig. 2.15D). The interpretation that the Fe-rich silicic suite is made up of contaminated tholeiites
mirrors that proposed for hybrid tholeiitic/calc-alkaline rocks associated with VMS deposits in
the Archean Abitibi greenstone belt (Gélinas and Ludden, 1984; Lafléche et al., 1992a). It may
also explain why the FeR have distinct Ti-rich globules observed in thin section (Fig. 2.51);
perhaps these are disequilibrium features derived from mixed magmatic sources. For example,
quenched mafic globules in felsic tuffs from the Kamiskotia VMS area in the Abitibi greenstone
belt have been interpreted as evidence that mafic and felsic liquids co-existed in a subvolcanic

magma chamber (Barrie et al., 1993).
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Basaltic underplating beneath a rifted arc can best explain the geochemical features of the
Fe-rich silicic suite. In this model, thinned island arc crust promoted the upwelling of hot
asthenosphere to shallow depths beneath the rift where it partially melted by decompression and
these melts intruded the arc crust (Lesher et al., 1986; Huppert and Sparks, 1988; Lentz, 1998;
Hart et al., 2004; Shukuno et al., 2006; Galley et al., 2007; Piercey, 2011). The basaltic melts may
have been sourced from a similarly enriched type of mantle to the footwall basalt suite (e.g., Fig.
2.16). The thermal input of fractionating, tholeiitic, mafic magmas in the arc crust likely caused
the geothermal gradient to increase and induced partial melting of the arc crust. The silicic, partial
melts of arc crust were assimilated by the Fe-rich basaltic intrusions, forming the Fe-rich silicic
suite with mixed crust-mantle signatures (Fig. 2.18C; Huppert and Sparks, 1988; Galley et al.,
2007; Piercey, 2011). The most felsic compositions were formed by basaltic intrusions that
assimilated the highest amounts of crustal contaminants. Since assimilation requires sustained,
anomalous heat at crustal levels (Grove and Brown, 2018), it can be surmised that the Fe-rich
silicic suite formed in a thermally anomalous geodynamic setting, a feature that is critical in the
development of hydrothermal systems (Maclennan et al., 2005; Piercey, 2011). The Fe-rich silicic
suite immediately precedes the emplacement of the first beds of barite- and sulfide-rich exhalite
and it is interpreted that the heat necessary to form the Fe-rich silicic suite also drove the

hydrothermal system that formed the AG deposit.

Petrogenesis of the FeTi basalt suite

A volcanic hiatus between the emplacement of the Fe-rich silicic suite and the Z-FeTiB is
indicated by exhalative massive sulfides that locally marks the contact between them (Figs. 2.3,
2.4). Because both the Z-FeTiB and HW-FeTiB (the FeTi basalts) have EMORB-like Zr-Nb-Y-Ti
systematics (Figs. 2.13A-C, 2.16A-B; Pearce, 2008; Pearce, 2014) and smooth primitive mantle-

normalized signatures that are more similar to the footwall basalts (Fig. 2.11), it is possible that
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they were derived from similar shallow, extension-related, enriched magmatic sources as the
footwall basalts. However, their unique primitive mantle-normalized signatures relative to the
preceding Fe-rich silicic suite suggests that these suites probably formed in separate magma
chambers from that suite (Figs. Fig. 2.11, 2.18D). The FeTi basalts likely evolved by extensive
fractional crystallization given their extreme enrichments in Fe,Os, TiO,, P,Os, ZREE relative to
Nb (Fig. 2.10). The FeTi basalts have slightly lower Nb/Th (Figs. 2.13A-C, 2.15A-C, 2.16)
compared to the footwall basalts, indicating that their enriched mantle sources also had slight
additions from subducted slab-related fluids (Pearce, 2008). Further, because the FeTi basalts
have lower Nbpm/Thym relative to other monitors of crustal contamination, like Laym/Smpm and Zr,
than the footwall basalt suite (Fig 2.15A-B; e.g., Piercey et al., 2006; Ordonez-Calderon et al.,
2016), their Th-enrichment relative to Nb is interpreted to represent minor crustal contamination.
These interpretations are consistent with petrologic studies that have shown that the formation of
FeTi basalts is primarily attributed to extensive low-pressure (<1-3 kbars) fractional
crystallization of typical MORB (Byerly et al., 1976; Juster et al., 1989) and some studies have
shown that, in addition, minor assimilation of oceanic crustal material is also important in their
genesis (Perfit et al., 1999). The Z-FeTiB were emplaced synchronous with rifting and VMS
mineralization (as discussed above) and fractional crystallization was important in their
formation. Collectively, these features suggest that hydrothermal convective circulation was
efficient at transferring heat (and metals) from the crust to the seafloor when they formed (Fig.
2.18D; e.g., Maclennan et al., 2005; Liu and Lowell, 2011), also promoting VMS formation. By
association, Fe- and Ti-rich mafic rocks like the Z-FeTiB may be prospective for VMS in other
districts. In fact, Fe- and Ti-rich basalts are associated with several VMS deposits and districts
globally including in the Abitibi greenstone belt (Matagami, Kamiskotia, and Noranda camps),

the Wawa subprovince greenstone belts (Geco, Nama Creek, and Winston Lake deposits), the
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Uchi subprovince greenstone belts (South Bay deposit), and the Flin Flon belt (Cuprus and White
Lake deposits) (Barrie and Pattison, 1999; Gibson et al., 2007; Kerrich et al., 2008 and references

therein; Syme et al., 2000).

The HW-FeTiB were the last to erupt in the AG host sequence (Figs. 2.3, 2.4). They have
highly correlated Nb/Th values to the Z-FeTiB (Figs. 2.13A-C, 2.16), suggesting these units had
similar levels of crustal contamination. However, the HW-FeTiB do not follow expected AFC
fractionation vectors relative to the Z-FeTiB (Fig. 2.16A-B). The HW-FeTiB are less evolved
than the Z-FeTiB based on their higher Al,O3-Sc-Ni and lower TiO,-P,0Os-ZREE relative to Nb
(Fig. 2.10); they have Ni and P,Os abundances that are comparable to the FW-B (Table 2.2).
These geochemical trends suggest that the HW-FeTiB cannot be related to the Z-FeTiB by crystal
fractionation or AFC processes. They could, however, be derived from the same magma chamber
that was replenished by influxes of new mafic magmas that could have reset the residual melts,
resulting in lower TiO,-Fe,03-P>0s and higher Al,O3-Ni-Sc relative to Nb. If the replenishing
magmas were derived from a slightly deeper or more enriched source, this would help explain
why the HW-FeTiB trend toward slightly more alkaline compositions (Fig. 2.16) and why they
have a more intermediate depth signatures (Fig. 2.13C) and somewhat more fractionated HREE
patterns (Figs. 2.11, 2.12). Furthermore, magmatic replenishment provides a mechanism to
trigger explosive eruptions (Sparks et al., 1977; Fujibayashi and Sakai, 2003; Head and Wilson,
2003; Cassidy et al., 2016; Leeman and Smith, 2018) consistent with the pyroclastic textures

exhibited by the HW-FeTiB.

Petrogenesis of the HSR suite
The HSR are the most evolved of all the units based on their high silica contents (Fig.

2.15), FIIIb classifications (Fig.2.14), and their most extreme abundances of HFSE and REE
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(Figs.2.10, 2.11, 2.12; Table 2.2). They are interpreted to be a sill complex and based on cross-
cutting relationships - some of the HSR sills are younger than the Z-FeTiB (Figs. 2.2B, 2.8A) but
their timing of emplacement relative to the HW-FeTiB is uncertain. They have Nb/Yb and Nb/Ta
ratios that are comparable to the HW-FeTiB (Table 2.3), suggesting derivation from similar
mantle sources, however, they plot above the MORB-OIB array, indicating that they have been

modified by subduction zone-related influences (Fig.2.16).

The formation of FIIIb high-silica rhyolites like the HSR has been attributed to extensive
fractional crystallization of a basaltic parent (Lesher et al., 1986), or shallow (< 10 km), high-
temperature (1,100°-900°C) hydrous partial melting of mafic crust where clinopyroxene is more
stable than amphibole (Lesher et al., 1986; Barrie et al., 1993; Barrie and Pattison, 1999; Hart et
al., 2004). Plagioclase, clinopyroxene, and titanite could have been fractionating phases as
indicated by negative Eu anomalies, low Sc contents (Sc < 1 ppm), and extreme negative Ti
anomalies, respectively, in the HSR suite (Table 2.3, Fig. 2.11). Furthermore, the HSR have
anomalously low Zr/Hf (Zr/Hf = 24.20-28.21) relative to chondritic meteorites (Zr/Hf = 34.08—
37.09) and the primitive mantle (Zr/Hf = 34.17 — 37.10) (Sun and McDonough, 1989;
Mcdonough and Sun, 1995; Palme and O’Neill, 2014) that could also be explained by the
fractionation of zircon, clinopyroxene, or titanite (Linnen and Keppler, 2002; Claiborne et al.,
2018). Zircon fractionation is also supported by their accessory euhedral zircon crystals (Fig.
2.8D-E) including grains recovered from the geochronologic sample 110-368 (Table 2.5;

Appendix 4) that were interpreted as igneous and not inherited grains.

Their extremely low Fe and Ti, high Si nature, and high abundance of HREE could also
reflect hydrous partial melting of mafic crust (Table 2.3; Fig. 2.15D, Koepke et al., 2007;

Wanless et al., 2010; Fassbender et al., 2022). Their elevated Th/Nb (Fig. 2.13A-B, 2.15A-C,
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2.16) relative to the footwall basaltic and FeTi basalt suites suggests that mafic arc crust was the
likely contaminant. Derivation from mixed crust-mantle sources best explains their variable
tholeiitic (Fig.2.14A,C) and calc-alkaline (Figs. 2.9C, 2.14B) major and trace element signatures.
Some of their transitional (Figs. 2.9D) to alkaline (Figs. 2.9A, 2.13A-B) trace element signatures
may not be reliable since Zr behaved compatibly during zircon fractionation. For example, they
have higher Nb relative to Zr compared to the FeR (Fig. 2.14C). The HSR probably formed by
high-temperature, low-pressure crustal partial melting followed by fractional crystallization since
they: (1) have relatively constant compositions, (2) are hosted in a bimodal volcanic succession,
and (3) none of the other volcanic suites are related to each other purely by fractional
crystallization suggesting the absence of a single, large, fractionating magma chamber (e.g., Hart

et al., 2004).

Magmatic replenishment by slightly deeper (or possibly somewhat more alkaline) sources
was invoked to relate the HW-FeTiB to the Z-FeTiB (described above). Perhaps such an influx of
hot mafic magma into the crust may have promoted crustal melting to generate the HSR. Once
the HSR melts were generated, they may have further evolved by fractional crystallization. These
petrogenetic interpretations are consistent with those postulated for some high silica rhyolites
with FIIIb signatures elsewhere (Barrie et al., 1993; Barrie and Pattison, 1999; Hart et al., 2004),
including some high Zr/Ti felsic composite intrusions that postdate the main VMS-forming
events in Precambrian VMS camps (Galley, 2003); the HSR are interpreted to postdate the main

AG VMS-forming period.

2.7.3. Tectonic controls on the AG VMS deposit genesis

In the ancient rock record an estimated 80% of all VMS deposits are interpreted to have

formed in rifted arc settings (Hannington et al., 2005). The VMS deposits of the ATMB are
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postulated to have formed in a propagating intra-arc rift (Taylor et al., 2008) and radiogenic
isotopic signatures of rocks in the Alexander terrane suggest it formed in a wholly oceanic realm
(Samson and Patchett, 1991; Peter and Scott, 1997; Peter et al., 2014; Steeves et al., 2016).
Rifting is the first stage in arc extension that may occur over several millions of years before true
ocean floor spreading allows mantle material to upwell passively in a back-arc basin (Barrett and
MacLean, 1999; Hannington et al., 2005; Stern, 2010). The rifting stage is typically
geochemically and spatially disorganized (Gill et al., 2021). In sufficiently wide (~ 200 km) back-
arc basins with true seafloor spreading (Hannington et al., 2005), volcanism is dominated by
monotonous piles of effusive MORB-like basalts with minimal felsic to intermediate rocks and
especially minor volcaniclastic facies (Syme et al., 2000). Given that the AG volcanic
stratigraphy includes diverse rock compositions, especially highly evolved compositions (e.g.,
FeTi basalts, andesitic through rhyolitic compositions including high-silica rhyolites) with
variable MOR-like to arc-like geochemical features, and volcaniclastic facies (FeR, heterolithic
fragmental rocks, HW-FeTiB) are volumetrically significant in the AG suite, an intra-arc rift is
the preferred tectonic setting (Fig. 2.19). Intra-arc rifting is the most common cause of mantle
enrichment, with enriched compositions typically migrating into the space beneath the rift during
and immediately after arc rifting (Hawkins, 2003; Hochstaedter et al., 1990; Pearce and Peate,
1995; Gill et al., 2021), consistent with the enriched mantle signatures of the AG units. The FIlla
signatures of the FeR and FeD are also common in felsic rocks associated with rifted intraoceanic

island arcs (Fassbender et al., 2022).

Evolved basalts enriched in Fe and Ti, like the Z-FeTiB and HW-FeTiB, are not common
on the seafloor, but in arc settings, many have been sampled in association with ridge
discontinuities such as propagating rifts, transform faults, and overlapping spreading centers

(Sinton et al., 1993; Pearce et al., 1994; Caroff and Fleutelot, 2003; Sinton et al., 2003; Fleutelot
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et al., 2005; Fretzdorff et al., 2006). The formation of evolved lavas by AFC processes in
intraoceanic island arc settings, such as the Fe-rich silicic suite and the HSR, has also been linked
to propagating rift tips (Fassbender et al., 2022), where the opportunities for these melt-
generating processes are highest (Pearce and Stern, 2006). The lithogeochemical associations
with propagating rift tips reflect the unique tectonic, thermal, and magmatic regimes at ridge
discontinuities governed by episodic magmatic supply rates that favor the formation of isolated
magma chambers where fractional crystallization processes dominate (Sinton et al., 1983; Pearce
et al., 1994) but where assimilation can also occur (Pearce and Stern, 2006), especially following
magmatic replenishment cycles (Grove and Brown, 2018). A propagating intra-arc rift provides
the mechanism for basin development where upwelling asthenosphere brings heat to crustal
levels. The injection of asthenosphere-derived partial melts into cold crust favors fractional
crystallization processes (e.g., Christie and Sinton, 1981; Huppert and Sparks, 1988), generating
basalts like the footwall basalt suite (Fig. 2.18B). High heat flow from basaltic intrusions in rifted
crust also initiates hydrothermal convective circulation and induces partial crustal melting to
create geochemically distinct units like the Fe-rich silicic suite and the HSR (Fig. 2.19C, H).
Ridge discontinuities may result in the development of disconnected magma chambers that are
cut off from magmatic replenishment (Sinton et al., 1983), favoring fractional crystallization
processes and the development of highly evolved basalts, like the FeTi basalts. The cooling of
these isolated magma chambers may be enhanced in rifted basins that create conduits for
hydrothermal fluids to efficiently transfer heat (and metals) from the crust to the seafloor (e.g.,
Maclennan et al., 2005; Liu and Lowell, 2011), a process critical in the development of VMS

deposits.

The formation of the AG deposit in a propagating intra-arc rift agrees with previous

interpretations for the VMS deposits of the ATMB (Taylor et al., 2008) and this tectonic setting is
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common for bimodal-mafic VMS deposits globally (Allen et al., 2002; Galley et al., 2007;
Piercey, 2011). The thermally anomalous, extension-related tectono-magmatic processes at
propagating intra-arc rifts are conducive to VMS formation, and furthermore, the volcanic rocks
that form in these settings have distinct lithogeochemical associations that can be used to guide

VMS exploration.

2.7.4. Age of the AG VMS deposit and implications for the timing of hydrothermal
activity in the ATMB

Generalized stratigraphic columns with geochronologic data for Greens Creek, Palmer,
AG, and Windy Craggy are provided in Fig. 2.19. Previous conodont studies on the Palmer
property confirmed that the host rocks for VMS mineralization are Late Triassic (Norian to
Rhaetian; Green, 2001; Green et al., 2003) and an ID-TIMS U-Pb zircon date of 213 £ 5 Ma from
a hydrothermally altered rhyolite constrains the timing of mineralization at the Palmer deposit
(Green, 2001). Zircons from the FeR and HSR at AG yield new CA-ID-TIMS U-Pb
crystallization dates of 210.35 + 0.27, and 210.52 + 0.08 Ma, respectively (Fig. 2.17; Table 2.4,
Table 2.5) that are in agreement with these previous age constraints on the Palmer property. The
FeR crystallized at 210.35 + 0.27 Ma, marking a break in volcanism, the onset of hydrothermal
activity, and the accumulation of exhalative massive barite laminated with sulfides. Therefore,
this date provides a reasonable constraint on the age of hydrothermal activity at AG. The HSR are
interpreted to be emplaced as high-level intrusions, some of which were emplaced after the Z-
FeTiB when VMS mineralization was interpreted to be at a maximum. They are locally
hydrothermally altered, suggesting they were emplaced synchronously with hydrothermal
activity. The HSR sill that intrudes the FeA in drill hole 110 crystallized at 210.52 + 0.08 Ma.
This date also provides a reliable constraint on the age of hydrothermal activity at AG. The HSR

sill is interpreted to have formed after the FeR, based on their stratigraphic relationship. The
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overlapping date ranges for the FeR and the HSR suggest that the immediate volcanic hosts to the
AG deposit (FeR, Z-FeTiB, HSR) were emplaced within less than million years of each other and
that the deposit formed sometime between 210.60 Ma (oldest limit of HSR) to 210.08 Ma

(youngest limit of FeR).

It has been suggested that Greens Creek mineralization formed mainly by subseafloor
replacement on a 100 million year unconformity (Steeves, 2018) and occurred after the deposition
of argillite containing conodonts assigned to the Norian-Carnian boundary (220.7 £+ 4.4 Ma;
Premo et al., 2010). According to the current Norian-Carnian boundary (227 Ma; Walker et al.,
2018), the argillite is estimated to have been deposited around 227 Ma (Steeves, 2018). A Hyd
Group rhyolite interpreted to be stratigraphically above the argillite and post-dating the Greens
Creek mineralization returned a CA-ID-TIMS U-Pb zircon date of 226.86 + 0.24 Ma (Sack et al.,
2011; Sack et al., 2016) suggesting that the AG deposit could be at least 15 million years younger
than the Greens Creek deposit. However, field mapping and structural interpretations suggest that
this Hyd Group rhyolite is actually structurally above the argillite in an overturned sequence,
making it stratigraphically older than the argillite and thus older than Greens Creek
mineralization (Steeves, 2018). The argillites are intruded by gabbros with a LA-ICP quadrupole
mass spectrometry (QMS) U-Pb zircon date of 219 + 8 Ma. Hydrothermal mineralization at
Greens Creek may be linked to mafic-ultramafic intrusions emplaced between 215 and 211 Ma in
Gambier Bay (Premo et al., 2010). Fuchsite from one of these altered ultramafic bodies has a
“OAr/*° Ar plateau age of 210.3 + 0.3 Ma, representing the time that the intrusion cooled to below
300°C and when hydrothermal activity is interpreted to have ceased (Premo et al., 2010).
Furthermore, a mineralized sample at Greens Creek yielded a LA-ICP-MS U-Pb age of 209 + 9.4
Ma from hydrothermal monazite, however, this age was deemed unreliable due to Pb

contamination from sulfides and also possible Pb loss from later metamorphism (Steeves, 2018).
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The age of mineralization at AG is very similar to the interpreted age of hydrothermal
activity near Greens Creek based on the mafic-ultramafic intrusions (Premo et al., 2010). This is
significant because the Palmer property that hosts the AG and Palmer deposits may have formed
only 30-50 km from Greens Creek after restoring the ~180 km post-middle Cretaceous and pre-
Holocene dextral movement along the Chatham Strait fault (Hudson et al., 1982). The
overlapping ages of interpreted hydrothermal activity at AG and near Greens Creek suggests that
the AG and Greens Creek deposits could be broadly coeval. This differs from previous
interpretations that suggest that the AG and Palmer deposits formed from two different
hydrothermal events approximately 10—15 million years apart (Sack et al., 2016). Until the timing
of mineralization at Greens Creek can be determined with higher confidence, the possibility that

AG and Greens Creek could be coeval remains valid and testable.

2.7.5. The association of VMS deposits with Fe-rich volcanic rocks and high-
silica rhyolites — comparisons to the Neoarchean Blake River Group, Abitibi
greenstone belt

Fe-rich volcanic rocks and high-Si rhyolites are common in many bimodal-mafic settings,
including the Archean Abitibi greenstone belt, which hosts world-class VMS deposits in various
similar sequences, many of which are within the Blake River Group (“BRG”) in Ontario and
Quebec (Barrett and MacLean, 1999; Barrie and Pattison, 1999; Franklin et al., 2005; Gibson et
al., 2007; Hathway et al., 2008; Kerrich et al., 2008). The BRG rocks have many similarities to
the AG volcanic stratigraphy, including: (1) variolitic, Fe-rich basalts (Gélinas et al., 1976;
Gélinas et al., 1984; Fowler et al., 1987), (2) Fe-rich volcanic rocks of varied compositions,
including some with hybrid tholeiitic to calc-alkaline affinities (Dimroth et al., 1982; Gélinas et
al., 1984; Gélinas and Ludden, 1984; Fowler and Jensen, 1989; Gibson, 1990; Barrett et al., 1991;

Lafléche et al., 1992b; Barrie et al., 1993), (3) FIll-type high-silica rhyolites and FeTi-rich mafic

&9



rocks with VMS mineralization (Lesher et al., 1986; Barrie and Pattison, 1999; Hart et al., 2004;
Hathway et al., 2008), (4) pyroclastic deposits within VMS-hosting stratigraphy (Barrie and
Pattison, 1999; Ross et al., 2011), and (5) formation in rifted arc geodynamic settings (Lafléche et
al., 1992b; Wyman, 2003). The stratigraphy of the Aldermac VMS deposit (2700.2 + 0.9 Ma;
McNicoll et al., 2014) is similar to AG, mineralization formed at the end of an andesite, dacite,
and Fe-rich rhyolite extrusive cycle and was followed by the emplacement of a large dome of
mainly massive to brecciated high-Si rhyolite and high-Ti andesite (Barrett et al., 1991). In the
Kamiskotia volcanic complex, the Kam Kotia VMS deposit occurs along strike from FeTi basalts
and they occur in the immediate stratigraphic hangingwall; mixed basalt-rhyolite lapilli tuffs are
broadly synchronous with mineralization; and the deposit is both underlain and overlain by high-
silica rhyolites (Barrie and Pattison, 1999). The spatial association of FeTi-rich mafic rocks, FIII-
type high-silica rhyolites, and volcaniclastic rocks with VMS mineralization at Kam Kotia are

like some of the AG units (Fig. 2.20).

The similarities between the AG volcanic stratigraphy and sequences hosting VMS
deposits in the BRG indicate the Late Triassic intra-oceanic island arc rift processes proposed to
have formed the AG rocks may have also been operative in the Neoarchean. Interestingly, it has
been suggested that the BRG may have formed by plume-arc interaction (Wyman, 2003). By
association, could mantle plume events or the products of plume events, such as oceanic plateaus
and large igneous provinces (LIP), be linked to the formation of the ATMB? In the Alexander-
Wrangellia-Peninsular composite super-terrane, thick (> 6,000 m ) accumulations of plume-
related Ladinian to Norian (239-225 Ma; Nelson et al., 2013b) tholeiitic basalts were deposited in
the Wrangellia flood basalt province (Lassiter et al., 1995; Greene et al., 2008; Greene et al.,
2009), immediately prior to the emplacement of the rhyolite (226.86 £+ 0.24 Ma; Sack et al., 2011;

Sack et al., 2016) postulated to be in the Greens Creek stratigraphic footwall (Steeves, 2018) and
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about 15 million years before the AG deposit formed (between 210.60 to 210.08; this study) in
the rifted arc rocks of the ATMB. The interaction of mantle plumes or products of mantle plumes
(e.g., LIP) with intra-oceanic island arc systems has been documented in some modern settings,
such as the Tonga-Lau intraoceanic arc system (Ewart et al., 1998; Falloon et al., 2007; Lupton et
al., 2012; Price et al., 2014; Timm et al., 2014; Lupton et al., 2015; Gill et al., 2021) and the New
Hebrides Island arc system (Anderson et al., 2016). Large igneous provinces can plug subduction
zones, cause subduction zone reversals, initiate rifting, impact the dynamics of ridge
segmentation, and subduction of these LIPs can enhance magmatism (Hall, 2002; Stern, 2004; de
Ronde et al., 2007; Hastie and Kerr, 2010; Anderson, 2018). Peter et al. (2014) combined
observations from geochemistry, isotope studies, and geological relationships to infer that the
Late Triassic ATMB Windy Craggy deposit hosted by argillite and alkalic basalts formed in a
back-arc setting associated with a slab window; similar tectonic configurations are proposed in
the northern Lau basin in the southwest Pacific (Regelous et al., 2008; Lupton et al., 2009; Price
et al., 2014) where seismic evidence suggests that there is a tear in the Pacific plate associated
with the hotspot volcanism of the Samoan Islands (Millen and Hamburger, 1998). It is possible
that the Wrangellia flood basalt events imparted complex and heterogeneous stresses to the Late
Triassic Alexander intra-oceanic arc system that eventually rifted to form the ATMB (e.g.,
Nelson et al., 2013b). Furthermore, these thick, buoyant masses may have helped to preserve the
VMS-hosting crust during terrane accretion. FIIIb rhyolites like the HSR at AG are much more
common in the Archean (Hart et al., 2004; Piercey, 2011), possibly because the mantle was hotter
in the Archean (Abbott et al., 1994), but it could also reflect the low preservation potential of
mid-ocean ridge or mature back-arc basin oceanic crust where FIIIb rhyolites are mainly formed

today (Fassbender et al., 2022). Complex microplate configurations associated with buoyant crust
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(e.g., LIP such as the Wrangellia flood basalts) may have been critical to initiate arc rifting in the

ATMB and preserve it from subduction (Dilek and Furnes, 2014).

2.8. Conclusions

Reconstruction of the AG volcanic architecture with the aid of lithogeochemical
investigations indicates that the AG deposit is a bimodal-mafic VMS deposit hosted by FIII-type
rhyolites and FeTi-rich basalts. The primary geochemical signatures of the volcanic rocks are
highly correlated with their stratigraphic position; chemostratigraphic patterns show that most of
the deposit formed at the contact between the Fe-rich silicic suite and the FeTi basalt suite. Field
relationships, geochemical observations, and geochronologic evidence suggest that the AG
deposit formed in a propagating intra-arc rift sometime between 210.60 to 210.08 million years

ago. A propagating intra-arc rift provided the mechanism for basin development where:

1. Thinned arc crust promoted enriched asthenosphere to upwell and partially melt by
decompression, forming the pillowed, footwall basalt suite that have tholeiitic, EMORB-
like geochemical signatures.

2. Fractionating tholeiitic basaltic intrusions at shallow (< 10 km from surface) levels in the
arc crust induced partial crustal melting and assimilated those crustal melts to create the
Fe-rich silicic suite, including FIlla- and A-type felsic rocks, which have mixed tholeiitic
and calc-alkaline geochemical signatures. The high heat flow required to sustain
assimilation processes was also critical in the development of hydrothermal convective
circulation. Barite- and sulfide-rich exhalites accumulated above the thickest parts of the
FeR lapilli tuffs that have a crystallization age of 210.35 = 0.27 Ma.

3. Propagating rift tectonics allowed the development of a disconnected magma chamber that

could evolve by extensive fractional crystallization and minor crustal assimilation to form
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the EMORB-like Z-FeTiB. The cooling of the Z-FeTiB magma chamber may have been
enhanced in a rifted basin where synvolcanic structures created conduits for hydrothermal
fluids to efficiently transfer heat from the crust to the seafloor. The Z-FeTiB variolitic,
pillowed flows were emplaced synchronous with rift-related heterolithic fragmental rocks
and VMS mineralization. One synvolcanic fault, the Finch fault, was responsible for the
sharp lateral changes in the thicknesses and facies of units and the focus of VMS
mineralization.

4. Magma recharge in the same crustal magma chamber that fed the Z-FeTiB may have
triggered the explosive volcanic eruption of the volcaniclastic HW-FeTiB that cap the AG
deposit, and likely helped to preserve the exhalative parts of the deposit.

5. The influx of mafic magma related to the HW-FeTiB is interpreted to have promoted high-
temperature (1,100°-900°C), low-pressure (< 10 km) crustal melting followed by fractional
crystallization (e.g., zircon fractionation) to generate the FIIIb HSR. The HSR intrusions
were the last magmatic phase in the AG volcanic succession and crystallized at 210.52 +
0.08 Ma. They were emplaced as intrusions along the Finch fault, and they likely plugged

this conduit, possibly quenched the hydrothermal system, or redirected it elsewhere.

Collectively, the Fllla FeR, Z-FeTiB, and heterolithic fragmental rocks are the most
important hosts to VMS mineralization at AG. Hydrothermal mineralization was intimately
associated with basin development in a rifted arc environment near an active volcanic center.
Volcanic rocks with weak arc-like geochemical signatures that are derived from AFC processes,
such as the Fe-rich silicic suite and the HSR, signify a thermally anomalous geodynamic setting;

a feature that is critical in the development of hydrothermal systems. Fe- and Ti-rich basalts, like
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the Z-FeTiB and HW-FeTiB are also prospective for VMS because they may coincide with rifted

settings governed by efficient heat transfer from the crust to the seafloor.

The lithostratigraphic and geochemical features of the AG host volcanic rocks help to
elucidate the tectono-magmatic conditions governing the formation of the AG VMS deposit.
These insights can help to improve our understanding of how VMS deposits form. They can also
identify VMS-favorable successions and guide exploration at the property- to belt-scale and in

similar intra-arc rift settings globally, from the Neo-Archean to the present.
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Chapter 2 Tables

Table 2.1 Summary of criteria used to select the least altered samples.

Alteration test Least altered sample criteria Rationale Reference
Absence of abundant hydrothermal
ineral Iphi ici
. minerals (sulphides, brt, qz, sericite, Fresh volcanic rocks are not hydrothermally altered Barrett and
Visual Assessment chl, carbonate, and ep). Absence of , K Maclean
. and haven't undergone contact metamorphism.
abundant contact metamorphism (1994)
minerals (bt, grt, chl and ep).
Na,O wt % for average fresh volcanic rocks from
basaltic to rhyolitic compositions varies from 2.56% Mathieu
Na,O (wt % . . L. ..
3.0 (Wt %) 15103 to 3.87%. Na-depletion is characteristic of sericite- or (2018)
chlorite-alteration.
Al,O5 wt % for average, fresh volcanic rocks from Mathi
AlLO3 (Wt %) >10 basaltic to rhyolitic compositions varies from 13.24% athieu
(2018)
to 16.67%
Monitors Na-depletion caused by feldspar destruction .
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