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Abstract: The Middle Jurassic A6 Anomaly is located 30 km southeast of Eskay Creek, north-central
British Columbia and consists of thick, altered felsic igneous rocks overlain by a mafic volcano-
sedimentary package. Lithogeochemistry on igneous rocks, X-ray diffraction on altered felsic units,
and electron probe microanalysis and secondary ion mass spectrometry on illite and quartz were
applied to explore the volcanogenic massive sulfide (VMS) potential, characterize alteration, and
determine fluid conditions at the A6 Anomaly. Lithogeochemistry revealed calc-alkaline rhyodacite
to trachyte of predominantly FII type, tholeiitic basalts with Nb/Yb < 1.6 (i.e., Group A), and
transitional to calc-alkaline basalts and andesites with Nb/Yb > 2.2 (i.e., Group B). The felsic units
showed weakly to moderately phyllic alteration (quartz-illite with minor orthoclase and trace chlorite—
pyrite—calcite-barite-rutile). Illite ranged in composition from illite/smectite (K = 0.5-0.69 apfu) to
almost endmember illite (K = 0.69-0.8 apfu), and formed from feldspar destruction by mildly acidic,
relatively low temperature, oxidized hydrothermal fluids. The average §'80 composition was
10.7 £ 3.0%0 and 13.4 & 1.3%o relative to Vienna Standard Mean Ocean Water for illite and quartz,
respectively. Geothermometry involving illite composition and oxygen isotope composition on illite
and quartz yielded average fluid temperatures of predominantly 200-250 °C. Lithogeochemical
results showed that the A6 Anomaly occurred in a late-Early to Middle Jurassic evolving back-arc
basin, further east then previously recognized and in which transitional to calc-alkaline units formed
by crustal assimilation to enriched Mid-Ocean Ridge Basalt (EMORB) (i.e., felsic units, Group B),
followed by thinning of the crust resulting in tholeiitic normalized MORB basalts (i.e., Group A) with
a minor crustal component. The alteration assemblage is representative of distal footwall alteration,
and metal transport in this zone was limited despite favorable temperature, pH, and redox state,
indicating a metal depleted source (i.e., felsic units).

Keywords: lithogeochemistry; alteration mineralogy and mineral chemistry; illite chemistry; oxygen
isotope; geothermometry; exploration; stratigraphy; VMS; north-central British Columbia

1. Introduction

North-west British Columbia is a highly metal-endowed region, often colloquially
dubbed the “Golden Triangle”. The area hosts several high-grade mines and deposits
including the Kerr-Sulphurets-Mitchell (KSM) porphyry camp, the epithermal Au Brucejack
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mine, and the Eskay Creek volcanogenic massive sulfide (VMS) deposit, among others.
Mineralization in the area is hosted predominantly within the Lower to Middle Jurassic
Hazelton Group (e.g., [1-3]). Although the area has been the focus of regional campaigns
(e.g., [4-6]), steep terrain, poor exposures outside of the alpine and rapid facies changes in
the volcanic units has made stratigraphic correlations between areas difficult, and hence,
hindered exploration efforts to identify exploration targets. Among the known deposits
in the region, the majority are porphyry and epithermal deposits formed in a volcanic arc
in the Lower Jurassic (e.g., [1,7,8]). In contrast, known VMS deposits are relatively rare
and occur predominantly in the southern portion of the “Golden Triangle” (e.g., Triassic
Granduc deposit, Jurassic Anyox and Eskay Creek deposits; [9,10]). Nevertheless, more
VMS occurrences haven been assumed for the area (e.g., [11,12]). Of particular interest
for VMS exploration are lithologies in the Iskut River Formation of the Upper Hazelton
Group, as these are interpreted to have formed, in part, in a late-Early to Middle Jurassic
back arc rift which is a favorable VMS setting (e.g., [13-17]). The anomalous Au-rich Eskay
Creek deposit is interpreted to have formed within a north-south trending back-arc rift (i.e.,
Eskay rift; [10,18,19]) in the Middle Jurassic. Exploration efforts targeting VMS systems
have been following the trend of this rift but with little success so far.

In 2018 and 2019, Pretivim Resources Inc. targeted the A6 Anomaly, a greenfields explo-
ration prospect, located about 15 km north northeast of the Brucejack mine and 30 km south-
east of the Eskay Creek deposit. The targeting was based on: (1) the occurrence of the A6
Anomaly within strata of the Iskut River Formation [5]; (2) the volcanic-sedimentary litholo-
gies indicating a submarine environment susceptible to VMS mineralization (e.g., [20-22]);
and (3) its stratigraphic similarities on the surface (i.e., (pillow) basalt flows and sills alter-
nating with mudstones) to the anomalously Au-rich Eskay Creek VMS deposit. Drilling in
2019 further revealed hydrothermally altered felsic flows and volcaniclastic rocks beneath
the mafic volcano-sedimentary package [23]. U-Pb geochronology on the felsic strata
confirmed the stratigraphic position of the A6 Anomaly within the Iskut River Formation
of the Upper Hazelton Group.

Here, we present the stratigraphic results from logging ten drill cores from the A6
Anomaly and combine these results with detailed lithogeochemistry of the felsic, intermedi-
ate, and mafic igneous rocks, and alteration mineralogy and chemistry of the altered felsic
units. The igneous rocks were analyzed for whole rock lithogeochemistry, and the altered
felsic rocks underwent further analyses with focus on mineral assemblage (transmitted
and scanned electron microscopy), mineral chemistry (electron microprobe analyses), and
stable isotope geochemistry (i.e., oxygen isotopes via secondary ion mass spectrometry)
to test the VMS potential of the A6 Anomaly and determine the conditions responsible
for the hydrothermal alteration in order to provide a spatial context of the altered felsic
flows (e.g., distal/proximal footwall alteration, hanging wall alteration). The stratigra-
phy provides insights into a poorly known area in the Iskut river region and adds to
the stratigraphic framework of the Upper Hazelton Group. Moreover, stratigraphy and
lithogeochemistry provide constraints on the tectonic setting of the A6 Anomaly, which
extends late-Early to Middle Jurassic rifting [10,18,19] further to the east than previously
mapped. This contribution also characterizes the felsic, intermediate, and mafic igneous
rocks geochemically based on their major, minor, and trace element geochemistry and
uses these results to determine if the igneous lithological units are barren or fertile to VMS
mineralization. Finally, alteration mineralogy and chemistry including mineral chemistry
and O isotope geochemistry is used to quantify the degree of alteration (i.e., mass changes),
define the alteration assemblage in the altered felsic units, and determine the hydrothermal
fluid conditions (T, pH) responsible for the alteration. This study makes a significant
contribution to the ongoing exploration efforts in north-central British Columbia, provides
new stratigraphic, geochemical, and mineralogical insights into an under-studied area
of the Iskut river region, and applies macro- to micro-scale techniques to determine the
potential of the A6 Anomaly for VMS mineralization, which can be applied to other VMS
greenfield exploration targets in the region and globally.
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2. Geological Setting
2.1. Regional Geological Setting

The North American Cordillera in western Canada is made up of five tectonic realms
that are from east (oldest) to west (youngest): Ancestral North America (Laurentia), Inter-
montane Belt (peri-Laurentia) with Coastal Plutonic Complex, Arctic and Insular Terranes,
and late accreted Pacific Terranes (Figure 1; e.g., [8,24]). The latter is more prominently
developed in Alaska, and hence, not shown in Figure 1. Of these predominantly north-
south trending terranes, the Intermontane Belt is a complex collage of arcs, back-arcs, rifts,
collisional environments, and sedimentary basins formed during the late-Paleozoic to
early-Mesozoic (e.g., [8,25-27]). The largest of these terranes is the Stikine terrane (Stikinia)
that extends for ca. 1000 km from southern British Columbia to the Yukon, flanked to the
east by the Cache Creek terrane and to the west by the Coastal Plutonic Complex (Figure 1).
Stikinia consists of Paleozoic to Mesozoic bimodal volcanic rocks, their plutonic counter-
parts, and siliciclastic and biologic sedimentary rocks (e.g., [4,6,28,29]). Stratigraphically,
four assemblages and groups make up Stikinia, which are, from oldest to youngest: (1)
Paleozoic Stikine assemblage, consisting of volcano-sedimentary rocks and limestone; (2)
Triassic Stuhini Group, consisting of mostly mafic volcano-sedimentary rocks; (3) Early to
Middle Jurassic Hazelton Group, consisting of mafic to felsic volcano-sedimentary rocks;
and (4) Middle Jurassic to Early Cretaceous Bowser Lake Group, consisting of sedimentary
rocks; (e.g., [4,6,12,28-31]).

Legend

Coast Plutonic Complex

Cache Creek

Deformed Belt

Laurentian Platform and Craton

Figure 3

Border Provinces/Territories

Alberta BC British Columbia
Northwest Territories YK Yukon

Figure 1. Simplified geological map of the Canadian Cordillera [8,9].

The Paleozoic Stikine assemblage is not well exposed in Stikinia; it forms, however, the
basement for younger arc-related strata [12]. The Upper Triassic Stuhini Group consists of
several units that are not well defined stratigraphically due to difficulties to correlate these
units continuously and the occurrence of similar lithological units at different stratigraphic
levels (Figure 2; [8,12]). The units formed in marine environments based on fauna in
sedimentary rocks [19]. The Hazelton Group lies unconformably to disconformable above
the Stuhini Group, and has an Early to Middle Jurassic age (Figure 2; [4,6,12,28,30,31]),
although an age as old as Upper Triassic has been postulated by Nelson et al. [8]. The
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stratigraphy of the Hazelton Group and its nomenclature has been inconsistent. Recent
modifications by Gagnon et al. [4], Lewis [5], and Nelson et al. [6] form the basis for the
summary given here. The Hazelton Group is divided into Lower and Upper Hazelton
Group (Figure 2). These units together with the Stuhini Group host several precious and
base metal mineral deposits in north-central British Columbia (e.g., Granduc and Snip in
Stuhini Group; Anyox, KSM, Snowfield, Brucejack, Eskay Creek, Treaty Glacier in Hazelton
Group). This exceptional metal endowment makes the Hazelton Group a prime target
for exploration.
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Figure 2. Stratigraphy of the Hazelton Group in the Iskut River area. Yellow stars and bar show the age of the deposits in this
region, while the red star shows the U-Pb zircon age of altered felsic flows at the A6 Anomaly, Iskut River Formation (light
orange is the stratigraphic level of interest in this study); see Table 1 for more detailed information on the age of mineral
deposits, modified after Nelson et al. [6], with a stratigraphic chart after Cohen et al. [32]. Abbreviations: Baj—Bajocian,
Bath—Bathonian, Call—Callovian, Fm—Formation, Het—Hettangian, Nor—Norian.

The stratigraphy of the Hazelton Group is complex with lateral facies variations,
which make spatial correlations difficult. A basal conglomerate defines the lowermost
Hazelton Group (i.e., Jack Formation), which is unconformably in contact with the un-
derlying Triassic Stuhini Group. This unconformity is overlain by fine to coarse, interme-
diate volcaniclastic rocks (tuff to breccia) and andesitic to dacitic flows (i.e., Betty Creek
Formation; [4,6,9,12,28,30,33]). Macdonald et al. [12] reported local felsic flows and vol-
caniclastic rocks above the intermediate volcanic rock succession. The uppermost Lower
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Hazelton Group is “capped” by a turbiditic siltstone to sandstone and heterolithic cob-
ble conglomerate [12]. Numerous hydrothermal deposits are hosted in the volcanic and
volcaniclastic sequences of the Lower Hazelton Group, including the Au-rich epithermal
Brucejack mine and the KSM porphyry deposits (Figures 2 and 3, Table 1; [1,7,33-35]).
The Lower Hazelton Group is interpreted as an arc complex similar to the modern-day
Philippine archipelago, characterized by volcanic and volcaniclastic sequences [8,28]. The
contact between Lower and Upper Hazelton Group has not been described in detail; it
is reported to be commonly obscured by deformation, not exposed, or to display a con-
formable to disconformable contact [6]. The late-Early to Middle Jurassic Upper Hazelton
Group includes a bimodal volcanic-sedimentary rift sequence of tholeiitic coherent and
pillow basalt with lesser rhyolite, sandstone, and siltstone beds, especially near the top of
the stratigraphic sequence (i.e., Iskut River Formation; [4,6,9,11,12,36]). The north-south
trending back-arc rift (i.e., Eskay rift) hosts the Au-rich Eskay Creek VMS deposit. The
deposit was mined from 1995 to 2001 by Homestake Canada, has historic grades of 1.9 Mt
@602 g/t Au, 2652 g/t Ag, 3.2 wt% Pb, 5.2 wt% Zn and 0.7 wt% Cu [37], current open
pit (indicated and inferred) resources of 27,070 kt @ 6.6 g/t Au and 157 g/t Ag [38], and
is currently owned by Skeena Resources Inc. Eskay Creek is characterized by thoeleiitic
rhyolite flows overlain by thick basaltic, pillowed flows, and pillow breccia intercalated
with black argillite [10-12,28,36,37,39—-41]. East of the rift, Upper Hazelton Group lithofa-
cies are characterized by epiclastic siltstones, sandstones, and conglomerates of the Spatzisi
Formation and/or laterally extensive volcanic rocks of the Mt. Dilworth Formation [4,6]
that were deposited in a submarine environment. Intercalated black mudstone, grey silt-
stone, and brown tuff beds of the Middle to Late Jurassic Quock Formation conformably
overlie the Iskut River Formation [29,31]. The epiclastic sediments of the Quock Forma-
tion mark background sedimentation and end of proximal volcanism prior to docking of
Stikinia with the Cache Creek terrane. Fine- to coarse-grained siliciclastic sedimentary
rocks of the Bowser Lake Group, which mark the onset of deposition of detritus shed from
Stikinia-Cache Creek orogenic welt, overlie the Quock Formation and are most abundant
in the Bowser Basin to the east [31]. The Hazelton Group underwent subgreenschist facies
metamorphism and deformation including thrusting, faulting, and folding during the
Cretaceous, when outboard terranes accreted onto the western Laurentian margin [8,28].
Cenozoic dikes crosscut the older stratigraphy in the Iskut river area.

Table 1. Age of mineral deposits in vicinity of study area and of the A6 Anomaly.

Deposit/Prospect Age [Ma] Lithology Reference
KSM 193.9 £ 0.5 t0 190.3 4+ 0.8 Altered and mineralized diorite [7,34,42]
Snowfield 189.6 2.2 Porphyry [43]
Brucejack <184 Porphyritic lava flow [1,44]
A6 Anomaly 1720+ 1.7 Felsic volcanic and volcaniclastic rocks (BR-65)
176.4 + 0.94 * Heterolithic sandstone (BR-38) [45]
1770+ 12* Intermediate volcaniclastic rock (E flank from BR-69)
Eskay Creek 175.0 £ 2.0 Eskay Rhyolite Member [2]

* Represent maximum deposition age due to the siliciclastic and volcaniclastic nature of sample.

2.2. Stratigraphy of the A6 Anomaly

The A6 Anomaly area is located circa 15 km north northeast of the epithermal Au
Brucejack mine and approximately 30 km southeast of the Au-rich VMS Eskay Creek
deposit (Figure 3a). Geochronological data by Pretivin Resources Inc. [45] revealed U-
Pb zircon ages of 172.0 & 1.7 Ma for altered felsic flows beneath the retreating glacier
and maximum deposition ages for heterolithic sandstone and intermediate lapilli tuff of
176.4 £ 0.94 Ma and 177.0 & 1.2 Ma on the W and E flank, respectively (Table 1). These ages
overlap with lithologies in the Upper Hazelton Group and felsic volcanic and volcaniclastic
units in the Iskut River Formation (Figure 2).
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The stratigraphy of the A6 Anomaly is based on detailed field observations and
core logging of ten drill holes done in 2018 and 2019 [23]. At the A6 Anomaly, several
stratigraphic units have been identified including: (1) basaltic flows and/or lapilli tuff and
tuff altered to chlorite + hematite; (2) altered felsic flows with minor volcaniclastic rocks
occurring only beneath the retreating glacier; (3) a heterogeneous epiclastic sequence of
siltstone to conglomerate; (4) massive to bedded mudstone that alternates with (5) basaltic
to andesitic flows and sills and their volcaniclastic counterparts; and (6) mafic intrusions
cross-cutting the aforementioned lithologies (Figure 4).

I:l Bowser Lake Group
(Middle to Upper Jurassic)

- Hazelton Group
(Lower to Middle Jurassic)

- Iskut River Formation
(Middle Jurassic)

D Stuhini Group

(Upper Triassic)
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Figure 3. Geological map of study area and map of drill holes at A6 Anomaly. (a) Detailed geological map of Iskut River
region with location of Eskay Creek, KSM, Snowfield, Brucejack, and Treaty Glacier deposits (yellow stars) and the A6
Anomaly (red star). In Map b (modified after Lewis [5] and Kirkham and Margolis [34]), the black arrow highlights (b) the
location of drill holes at the A6 Anomaly investigated in this study; cross sections for A-A’ and B-B’ are shown in Figure 4.
Their stratigraphic section of each drill hole is shown Figure 4, Easting and Northing after UTM NAD83 zone 9. Details
about geographic location and depth for each drill hole are summarized in Supplementary Materials Table Sla).

The oldest lithologies are strongly chlorite- and hematite altered, aphanitic basaltic
flows, or fine-grained tuff to lapilli tuff (Figure 5a,b) that are at least 160 m thick and occur
beneath altered felsic flows below the retreating glacier (Figure 4a). The stratigraphic
position of this unit is unclear, since chlorite and hematite alteration are typical for the
Betty Creek Formation of the Lower Hazelton Group (e.g., [4-6]). However, fine-grained
tuffs have been reported in the Upper Hazelton Group at Eskay Creek, specifically below
the altered Eskay rhyolite in the Lower Footwall unit (e.g., [40,41]). The contact towards
overlying altered flows is sharp and marked by brittle deformation.
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Figure 4. Stratigraphic cross-sections at the A6 Anomaly, locations are shown in Figure 3b. (a) A-A’ is running perpendicular
to NNW-NW dipping strata and is based on drill holes BR-35, -38, -42, -65, -74, and -87; there is a series of normal faults that
form a horst and graben structure, of which age data are from [45]. (b) B-B’ is a stratigraphic long section parallel to the
retreating glacier based on stratigraphy in drill holes BR-79, -82, and -87. (modified after Brueckner [23]).

Massive, green to light-colored, felsic flows (Figure 5c—f), partly with flow banding
(Figure 5d) and perlitic texture, are locally recognized (Figure 4) and decrease in thickness
toward the north. The flows are at least 50 m thick and can exceed 200 m in the southwest
(e.g., BR-79 in Figure 4b). They are altered to quartz-sericite with minor chlorite (Figure 5c—f)
and can have disseminated pyrite or pyrite stringers (Figure 5¢) that occur in discreet zones
(Figure 4). Flow banding is common in particular towards the upper contact; however, flow
lobes and hyaloclastite are absent. The felsic unit can have up to 5 m thick clast-bearing
tuffs and lapilli tuffs towards the upper contact intercalated with heterolithic epiclastic
lithologies, and suggest formation in a flow dome. Contacts are transitional between felsic
flows and felsic volcaniclastic rocks. Subangular, rhyolitic clasts are up to 5 mm large
within lapilli tuff and clast-bearing tuff. The matrix is very fine-grained to aphanitic, and
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quartz-sericite alteration occurs, similar to underlying felsic flows. A thin interval of felsic
lapilli tuff occurs within a sequence of andesitic tuffs and flows on the east flank. This unit
is about 15 m thick and consists of angular, up to 1 cm large volcanic clasts in a fine-grained
matrix. No sulfide mineralization or distinct alteration was observed. A 177.0 & 1.2 Ma
U-Pb zircon age [45] (Figure 4a) suggests it is older than the massive, altered felsic units
occurring beneath the retreating glacier.

Above the altered felsic flows and volcaniclastic rocks, a thick (up to 150 m) volcano-
sedimentary package occurs that is intersected in all drill holes (Figure 4). The contact
between felsic units, when present, and the epiclastic lithologies, are sharp. The epiclas-
tic comprises polymictic conglomerate grading upward into thinly bedded siltstone to
polymictic conglomerates (Figure 5g—j). The sequence is normally graded and represents
turbiditic flows. The pebble to cobble conglomerates, in which grading is either very
weak or absent, consists of poorly sorted, polymictic, subround to subangular clasts in
either a very-fine grained siltstone (Figure 5g) or a quarzitic sandstone matrix (Figure 5h)
that shows no alteration or mineralization. The clasts are both igneous (basaltic, rhyolitic;
Figure 5g,h) and epiclastic (mudstone, siltstone: Figure 5h), and the contact to overlying
finer grained epiclastic sequences is commonly transitional. Sandstone units are fine- to
coarse-grained, can show normal grading, but are rarely bedded internally. Thin sandstone
beds within finely bedded, grey siltstone to mudstone beds can occur (Figure 5i,j). Grey
siltstone beds are more commonly interbedded with mudstone, in particular upwards in
the stratigraphy, and have varying carbonate contents.

The mudstones are massive to bedded, can reach several tens of meters, and are
thickest up stratigraphy, in particular on the east and west flank, where they commonly
alternate with basalts, sills, and their volcaniclastic counterparts (Figures 4 and 6a,b). Pyrite
and occasionally pyrrhotite occur within the mudstones, either as disseminated grains,
stringers (Figure 6a), beds parallel to bedding (Figure 6b) or, when occurring as pyrrhotite,
within mm-thick quartz-carbonate veinlets. However, mineralization is not pervasive, but
rather, is local within the mudstones. Bedding is more prominent in mudstones up in
the stratigraphy, where they are the dominating epiclastic unit. Bedded mudstones either
alternate with thin siltstone and/or sandstone beds (Figure 5j) or with thin grey to brown
siltstone or tuff beds (Figure 6b); the latter texture is prominent in the upper part of the
drill holes on the east and west flank and in outcrops on the surface, and is interpreted
as the Quock Formation, representing detritus deposition shed from both Stikinia and
Cache Creek terranes (e.g., [4,31]). The carbonate content within mudstones that can
be fossil-bearing (Figure 5j) decreases downhole. Contacts to siltstone are transitional,
whereas contacts to basaltic flows and sills are often peperitic (Figure 6c), indicating that
mudstone was unconsolidated when mafic volcanic rocks were emplaced. The mudstone
marks a deeper pelagic and euxinic submarine environment that is similar to the “contact
mudstone” described from Eskay Creek and is one of the highest stratigraphic levels
within the Iskut River Formation [4,5,41]. However, prominent, pervasive mineralization
or alteration is absent in the mudstones at the A6 Anomaly.
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Figure 5. Igneous and epiclastic lithologies at the A6 Anomaly—Part I, (a,b) Hematite & chlorite altered basaltic tuffs to
lapilli tuffs, partly with quartz + calcite filled amygdules occurring below altered felsic flows (BR-65), (c—f) Quartz-sericite
=+ chlorite + pyrite altered felsic flows occurring beneath the retreating glacier, (c) silicified felsic flow with pyrite (BR-79),
(d) Quartz-sericite-chlorite altered felsic flow with flow bands of chlorite and sericite (BR-82), (e) Quartz-sericite altered
massive felsic flow (BR-82), (f) Quartz-sericite-chlorite altered massive felsic flow (BR-82), (g) Polymictic, poorly sorted
cobble conglomerate with subround amygdaloidal, porphyritic, and aphanitic clasts in mudstone matrix conglomerate are
not graded; green arrow depicts stratigraphic (BR-35), (h—j) epiclastic sequence ranging from conglomerate to siltstone,
(h) Polymictic, poorly sorted pebble conglomerate with relatively well rounded clasts (siltstone, mudstone, rhyolite),
conglomerate is not graded; green arrow depicts stratigraphic up (BR-87), (i) Finely bedded siltstone (grey variations) with
medium- to coarse-grained sandstone bed containing polymictic epiclastic, subangular clasts including mudstone, sandstone
bed is not graded; green arrow depicts stratigraphic up (BR-87), (j) Fine- to medium-grained, non-bedded sandstone
alternating with thin carbonaceous and fossil-bearing siltstone to mudstone beds; green arrow depicts stratigraphic up
(BR-65). Abbreviations: cc—calcite, chl—chlorite, hem—hematite, py—pyrite, qz—quartz, sas—sandstone, serc—sericite.
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Figure 6. Igneous and epiclastic lithologies at the A6 Anomaly—Part II, (a,b) Mudstone, (a) Massive mudstone with
disseminated pyrite and fine pyrite stringer crosscut by carbonate veinlets (BR-35), (b) Banded mudstone (dark) with
finely bedded siltstone beds (grey); green arrow depicts stratigraphic up (BR-35), (c) Peperite, emplacement of aphanitic
basalt into mudstone (BR-38), (d) Amygdaloidal basaltic flow (Group B basalt) with glass and calcite-filled vesicles (BR-82),
(e) Amygdaloidal basaltic flow (Group A basalt) with glass and calcite-filled vesicles (BR-35), (f) Pillow basalt (Group A
basalt) with amygdules along margins and quenched rim (BR-35), (g) Hyaloclastite with angular basaltic glass fragments in
aphanitic grey matrix (BR-35), (h) Moderately phaneritic dolerite dyke (dyke I-a, BR-35), (i) Fine phaneritic dolerite dyke
with cumulus texture (dyke I-b, BR-84), (j) Very fine-grained dolerite dyke (dyke II, BR-82). Abbreviations: cc—calcite,
pb—pillow basalt, py—pyrite.
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Massive, green volcanic rocks alternate with massive mudstones in the hanging
wall of altered felsic flows and volcaniclastic rocks and on the east and west flank of the
retreating glacier (Figure 4). The volcanic rocks vary in texture including: (1) amygdaloidal
texture with mm- to cm-sized, carbonate and/or glass-filled, round to elliptical vesicles
(Figure 6d,e); (2) pillow basalts with amygdules near the quenched rim and (carbonaceous)
mudstone interfills (Figure 6f); (3) porphyritic texture with up to 1 cm large plagioclase
phenocrysts; and (4) massive, aphanitic basalts with no visible texture. Pillow basalts
are common up stratigraphy, whereas amygdaloidal, porphyritic, and aphanitic basalts
interpreted as flows and sills dominate lower in the stratigraphy. Pillow basalts and, to a
lesser extent, massive basalt are accompanied by volcaniclastic rocks of similar composition.

Hyaloclastite, hyaloclastic breccia and flow top breccia, commonly <10 m in thickness,
alternate with pillow basalts (Figure 6g), indicating dynamic subaqueous eruption. Glass
fragments in hyaloclastites are angular, up to several cm large, and occur in a grey, glassy
matrix (Figure 6g).

Green, mafic dykes crosscut the stratigraphy (Figures 4 and 6h-j). They range in
thickness (up to 80 m). There are dolerite types I (I-a and I-b) and II. Dolerite dyke type I
are fine to moderately phaneritic (Figure 6h) and can have a cumulus appearance (Figure 6i)
and minor chlorite alteration (Figure 6h,i). Dolerite dyke II (<15 m thick) is fine-grained,
has mm-sized, altered feldspar crystals (Figure 6j), and occurs exclusively beneath the
retreating glacier (Figure 4). Dykes are related to volcanic activity during the Tertiary that
affected the region [28].

3. Materials and Methods

Whole rock lithogeochemistry was carried out on all igneous units. Standard optical
microscopy and scanned electron microscopy (SEM), X-ray diffraction (XRD), electron
microprobe analysis (EMPA), and secondary ion mass spectrometry (SIMS) were carried
out on altered felsic units. Sample information is provided in Supplementary Materials
Table S1b,c.

3.1. Whole Rock Lithogeochemistry

Forty-three felsic, 8 intermediate, and 85 mafic igneous samples from the A6 Anomaly,
as well as three samples from the Eskay Creek deposit (2 rhyolites, 1 basalt), were analyzed
by ALS Geochemistry, North Vancouver, Canada for their major, minor, and trace element
content. Major and minor elements (5iO,, TiO,, Al,O3, MnO, MgO, Fe;03, CaO, NayO,
K>0, P,05) were analyzed by X-ray fluorescence following acid digestion and full fusion.
Loss on ignition (LOI) was determined via furnace. Total C and S was analyzed via total
combustion. Trace elements were analyzed using (1) four acid digestion with inductively
coupled mass spectrometry (ICP-MS; Ag, Cu, Zn, Pb), (2) Li borate fusion prior to acid
dissolution with ICP-MS finish (Ba, Cr, Cs, Ga, Hf, Nb, Rb, Sn, Sr, Ta, Th, U, V, W, Y, Zr;
and REE: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu), (3) aqua regia with
ICP-MS finish (As, Bi, Hg, In, Re, Sb, Sc, Se, Te, T1) and (4) fire assay with gravimetric finish
(Au). Several reference materials (RMs) were used to monitor precision and accuracy. For
major and minor elements, precision and accuracy were excellent to very good (<5%). For
trace elements, precision and accuracy ranged from excellent (<3%) to very good (<7%)
and to good (7-10%) for a few elements. Details are provided in Supplementary Materials
Table S2a—c.

3.2. SEM

Transmitted light microscopy and SEM were used to define the mineralogy and texture
of the altered felsic volcanic rocks. Elemental maps were obtained using a FEI Quanta
650 FEG SEM at the Manitoba Institute for Materials, University of Manitoba (UofM)
between August and October 2020. The SEM was equipped with an Octane Super energy
dispersive X-ray detector, and concentric backscattered electron detection was used in
high vacuum mode at a pressure of 107 Pa, a voltage of 15 kV, a working distance of
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approximately 10 mm, and an aperture of 30 um. Elemental maps of selected phases were
obtained using K emission lines to detect C, O, F, P, Na, Mg, Al, 5i, S, K, Ca, Cl, Ti, Fe, and
L emission lines to detect Zr and Ba. Maps were performed at 64 counts for approximately
15 min per map. In order to detect possible interferences (e.g., Zr L interfering with P K),
the mineral of interest was scanned, and alternative emission lines were then used to check
for any elemental overlaps. If an overlap occurred, the alternate, interference-free emission
line was used for semiquantitative energy dispersive X-ray (EDX) scans. These scans allow
for the detection of individual elements within minerals, but the elemental maps produced
via EDX do not provide specific elemental concentrations; instead, they are based on raw
counts per second. However, as the measured intensity for each element is proportional to
its concentration, this approach is semiquantitative.

3.3. XRD

Twelve altered volcanic samples were analyzed by XRD by SGS Minerals, Lakefield,
Ontario, Canada, in December of 2020 after samples had been pulverized to <2 um. Pow-
dered samples were analyzed using a Bruker AXS D8 Advance Diffractometer without
further treatment. A Co radiation tube was used at 35 kV and 40 mA. The X-ray diffrac-
tograms were acquired at 3 to 70° 20 at step conditions of 0.02° and 0.2 s per step. The
detection limit ranges from 0.5 to 2.0% and is strongly dependent on crystallinity with
major elements having lowest detection limits. Mineral identification and interpretation
were performed by matching data from the sample material to single phase reference mate-
rial. The reference patterns were assembled by the Joint Committee on Powder Diffraction
Standards—International Centre for Diffraction Data and released on software as a database
of Powder Diffraction Files (PDF). Semiquantitative analysis using the reference intensity
ratio method was performed by analyzing the minerals peak height and their respective
I/1cor values using corundum as internal standard; the I/Ior values were accessed through
the PDF database to determine mineral composition. The mineral abundance of each
sample was generated using Bruker-EVA software and the data were reconciled with the
whole rock lithogeochemistry analyzed by ALS Geochemistry, North Vancouver, Canada.

3.4. EMPA

Sericite, K-feldspar and pyrite were analyzed on eight samples by a Cameca SX100
electron microprobe with five wavelength dispersive detectors at the Department of Ge-
ological Sciences, UofM in December 2020 and February 2021. The EMPA is equipped
with a W filament, Be window, and Faraday cup. Total analyses time per element was 40 s
with 20 s on peak time and 20 s on background. Raw analyses were recalculated to wt% of
elements and oxides using a standardized PAP correction [46]. Unknown and standard
intensities were corrected for dead time.

Sericite and K-feldspar were analyzed for Si, Al, Fe, Mg, Ca, Na, K, Cr, S, and Cu; Mn,
Ti, and F were scanned via energy-dispersive X-ray spectroscopy and not detected in both
phases and hence not analyzed. Calibration involved the following RMs (first-order ele-
ment lines, crystals used, and detection limit in wt% based on 283 analyses): Si—diopside
(Ko, TAP, 0.031), Al—andalusite (K«, TAP, 0.025), Fe—fayalite (K&, LLIF, 0.060), Mg—
olivine (K&, TAP, 0.023), Ca—diopside (Kx, LPET, 0.026), Na—albite (Kx, LTAP, 0.211),
K—orthoclase (K&, LPET, 0.031), Cr—chromite (K, LLIF, 0.051), S—CaSO, (K&, LPET,
0.028), and Cu—cuprite (Ke, LLIF, 0.098). Measurements were taken at 15 kV with a 10 nA
current and a beam diameter of 5 pm Despite careful examination of sericite, totals <90 wt%
occurred due to orientation and grain size; however, these analyses were deemed invalid
since their stoichiometry was ambiguous. Total H,O concentration was calculated by sub-
tracting analyzed totals in wt% from 100 wt%. K-feldspar data with totals of 100 &= 2 wt%
and stoichiometry representing orthoclase composition were deemed acceptable.

Pyrite was analyzed for S, Fe, Cu, Zn, Pb, As, Sb, Au, Ag, Ni, Co, Cr, and Cd at
20 V, with a 20 nA current, and a beam diameter of 1 um. Calibration involved the
following RMs (first-order element lines, crystals used, and detection limit in wt% based
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on 88 analyses): S—pyrite (Kx, PET, 0.051), Fe—pyrite (Kx, LLIF, 0.044), Cu—chalcopyrite
(K, LLIF, 0.044), Zn—sphalerite (Ka, LLIF, 0.051), Pb—altaite (K, PET, 0.527), As—
alloclasite (L«, PET, 0.070), Sb—stibnite (Lo, LPET, 0.051), Au—electrum (M«, LPET,
0.124), Ag—electrum (Lo, LPET, 0.047), Ni—pentlandite (K, LLIF, 0.036), Co—cobalt (Kc,
LLIF, 0.042), Cr—chromium (K«, LPET, 0.015), and Cd—cadmoselite (Lx, LPET, 0.060).
Analyses were deemed valid when totals of 100 & 2 wt% were achieved and stoichiometry
represented pyrite.

3.5. SIMS

Secondary ion mass spectrometry on three samples was analyzed using a Cameca 7f
with an ETP 133H electron multiplier detector at the Manitoba Isotope Research Facility,
Department of Geological Sciences, UofM in February and May 2021 to determine the
5180 composition relative to Vienna Standard Mean Ocean Water (VSMOW) in sericite
(n = 24) and quartz (n = 21). Prior to analysis, thin sections were prepared by cutting 1 inch
diameter circles out of areas of interest. Prior to SIMS analysis, the thin section cuts were
cleaned in an ultrasonic cleaner, first using tap water, followed by distilled water, and
finally ethanol. The mounts were sputter coated with a ~ 400 A layer of gold to provide a
conductive surface.

The analytical procedure is similar to the method detailed in Riciputi et al. [47].
Oxygen isotope analyses used a ~ 2 nA and ~ 5 nA primary Cs* ion beam for illite and
quartz, respectively, accelerated at 10 kV and a spot size of ~ 15 pm for both phases.
Contamination in the polished surface was prevented by pre-sputtering each spot for
45 s. An electron gun was used to compensate for negative charged ions during analyses.
The largest available contrast and field apertures (400 pm and 1800 um respectively), in
conjunction with 150 um image field and an energy bandpass of £25 eV, were used to
maximize sensitivity. The sample accelerating voltage was —8.7 kV, with the electrostatic
analyzer in the secondary column set to accept —10 kV. This 300 V sample offset suppressed
isobaric interferences [47]. Entrance slits were set to 225 pm and a mass resolving power
of 350 was used (measured at 10% valley), producing flat-top peaks. Two isotopes of
oxygen, 10 and 80 with counts of ~1.5 x 10° and ~3 x 103, respectively, were detected
by alternating the magnetic field between masses. A typical analysis comprised 80 cycles
and lasted ~ 13 min.

All isotope measurements are reported in delta () notation as parts per thousand
variations relative to a reference material and expressed in per mil (%o). Mathematically,
the O isotopic composition of any substance is expressed as (Equation (1)):

(160/180)5ample - (160/180)Reference 1
(160/180) ( )

8180 = % 1000,

Reference

with (1°O/ 180)Sample is the measured 0/80 ratio of the sample and °0/'80 geference

is the known 10/180 ratio of the reference material [48]. For O isotopic composition the
agreed upon reference is VSMOW with a §'80 = 0%. by definition [49-51].

The Fractionation Factor (FF or agpys) was calculated for each analysis (Equation (2)).
Our procedure is similar to [47]:

Rsmvs
s, @
True

FF (asmvs) =

where Rgpvs is the isotopic ratio measured by SIMS and Ry is the bulk value of the RM
used, which is 2.0261 x 1073 for the in-house muscovite RM. Instrument mass fractionation
(IMF) was quantified using Equation (3):

IMF (%») = 1000 (asivs — 1), 3)
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where agpys is the fractionation factor from Equation (2). The spot-to-spot reproducibility
was calculated for each grain analyzed. This is defined as (Equation (4)):

2
IMF — IMF,y
Reproducibility = \/ L —1) :) , 4)

where IMF is the measured instrumental mass fractionation for each spot, IMFayy is the
average IMF for all analyses, and n is the total number of analyses. The within-spot
reproducibility for oxygen was 0.8%. (10) and 0.6 %o (10) for the in-house muscovite and
the UWQ-1 quartz RMs, respectively. The used in-house muscovite RM has a §!80 value
of 10.4%., whereas UWQ-1 has a O isotope composition of 12.3%. [52]. Results for both
RMs are compiled in Supplementary Materials Table S3.

4. Results
4.1. Whole Rock Lithogeochemistry

The results of whole rock lithogeochemistry for the 136 igneous and volcaniclas-
tic rocks from the A6 Anomaly are shown in Figures 7-12, Table 2 and Supplementary
Materials Table S4.

The weakly to moderately altered felsic flows and subordinate volcaniclastic rocks
have a calc-alkaline affinity (Zr/Y > 4.5; [53]) and are rhyodacite to trachyte in composition
(Figure 7a,b) with highest SiO,, lowest TiO; and Fe,O5(t), and intermediate Al,O3 composi-
tion of all analyzed igneous lithologies (Figure 8a—c, Table 2). Alkali earth (CaO) and alkali
(NapO, K;0) elements show a wider compositional range due to their mobility related
to hydrothermal alteration (Figure 8d,e). Loss on ignition is variable, C concentration is
low, and the strong variation in S is related to varying degrees of sulfide mineralization.
A strong correlation between Al,O3 and high field strengths elements (HFSE) Zr, Nb, Y
and Ta suggest they were immobile during alteration (Figure 8f—i). Rare earth elements are
slightly enriched in light REEs show a pronounced negative Eu anomaly and flat heavy
REE pattern (relative to primitive mantle (Figure 9, Table 2). Metal content is generally low
in the altered felsic units with no pronounced enrichment in Au, Ag, Cu, Zn, and Pb.

Table 2. Summary of whole rock lithogeochemistry for selected elements and parameters of the igneous units at the A6
Anomaly. Abbreviations: Av & Stdev—average + standard deviation, n—number of samples.

Felsic Units G];;;Ift;\ c];Sraosl;llatsB AGn rg:s];i)tgs Dyke I-a Dyke I-b Dyke I1
Av + Stdev Av + Stdev Av + Stdev Av + Stdev Av + Stdev Av + Stdev Av + Stdev
n 43 38 38 8 3 3 3

SiO, [wt%] 69.9 + 3.93 42.1+4.14 49.2 +4.43 60.7 &+ 4.56 40.9 +3.04 414+ 3.84 39.0 £+ 4.98
TiO, 0.21 +0.03 1.10 £ 0.18 1.23 +0.34 0.77 £ 0.2 0.77 £0.16 1.29 £ 0.17 1.87 £+ 0.08
AlL,O3 14.6 +2.23 16.3 + 1.59 16.8 + 1.67 17.6 +1.99 16.2 +1.78 16.4 + 0.93 18.6 + 0.72
FepO3(t) 2.30 +1.45 11.7 £1.97 8.64 £ 1.67 4.19 +0.85 12.0 £ 048 143 +1.11 14.0 =194
MnO 0.05 4+ 0.03 0.18 + 0.05 0.18 + 0.08 0.12 +0.04 0.21 £+ 0.01 0.20 +0.02 0.29 + 0.09
MgO 0.71 +0.37 7.01 £2.18 3.80 +1.39 1.01 £ 0.36 13.3 +£4.03 517 £ 1.5 5.20 +2.51
CaO 1.86 + 1.07 9.68 + 3.02 718 +£3.72 323+ 1.8 9.61 +0.51 8.40 +1.83 7.01 + 4.86
Na,O 1.80 + 0.87 2.60 +1.43 3.77 £ 2.15 7.06 £ 14 092 +£1.15 3.04 +1.74 252 +0.11
K,O 493 + 1.57 0.62 +0.83 1.92 +1.36 1.54 +1.39 0.09 £+ 0.09 0.63 +1.04 1.96 + 1.61
P,0s5 0.07 +0.01 0.15 + 0.07 0.65 + 0.29 042 +0.12 0.08 + 0.03 0.10 £ 0.01 0.89 £+ 0.03
LOI 290+ 1.14 7.74 + 3.47 6.03 £2.76 297 +1.54 5.58 + 1.76 7.94 £+ 3.36 8.21 £2.84
Total 100 + 1.66 99.8 +0.48 100 + 1.7 100 4+ 0.32 100 +0.19 99.9 +0.42 101 +0.13
C 041 +0.24 1.16 £ 1.02 0.94 £+ 0.94 0.56 +0.43 0.06 =0 1.37 £ 0.88 1.27 +£1.09

S 047 +1.16 0.18 +0.27 0.37 +£1.02 0.13 +0.07 0.08 + 0.04 0.29 +0.2 0.29 +0.21

Ni [ppm] 234 +1.43 106 + 40 32.0+24.2 2.00 + 1.41 325 + 159 113 +25.1 46.7 +10.3
\% 28.0 +9.94 280 +29.3 176 + 61.5 18.4 + 3.66 222 +51.1 284 + 38.2 351 +419
Cu 9.25 +24.3 67.6 + 14.8 28.3 +23.5 2.00 + 1.41 62.3 +47.7 67.7 +2.08 45.3 +37.9
Zn 419 + 375 92.1 £ 184 929 4+ 30.1 103 +22.4 109 + 14.4 118 +10.0 251 + 108
Pb 13.6 +12.0 5.50 + 4.95 5.80 + 8.05 7.50 +1.93 5.50 +0.71
Nb 12.0 £ 2.26 2.03 £ 0.63 9.59 +2.73 174 +2.24 1.27 +0.42 1.10 £ 0.17 20.2 £1.98
Zr 147 +19.5 50.8 +9.96 125 +27.6 227 +34.3 43.0 +10.1 32.0 +2.65 115 +9.54

Y 18.2 +4.82 21.5 +2.48 26.9 + 8.85 38.8 +4.99 175+ 43 18.9 £2.37 23.1 +£4.91
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Table 2. Cont.

Felsic Units GBr;:;Il,t;A ct;ira(z;ll)tsB AGnr c‘l):s];i)tgs Dyke I-a Dyke I-b Dyke I1
Av =+ Stdev Av =+ Stdev Av =+ Stdev Av =+ Stdev Av =+ Stdev Av =+ Stdev Av =+ Stdev
Ta 0.97 £0.27 0.25+0.17 0.58 + 0.28 0.98 +0.14 0.13 4+ 0.06 0.43 +0.32 1.10 £ 0.36
La 29.7 £7.35 5.64 £ 1.96 21.8 £ 6.14 39.8 £ 6.56 3.77 £ 1.65 2.87 £ 0.45 39.1+£15
Ce 53.6 £12.7 13.3 £3.44 471+ 141 839 +15.5 8.37 £2.25 8.23 +0.99 79.1 +3.36
Pr 5.87 +£1.38 2.10 £0.48 6.30 £2.11 10.6 £ 1.67 1.32+0.35 1.54 £0.18 9.25 + 0.48
Nd 21.0 £ 4.72 104 +£2.2 27.7 £9.19 42.6 £5.87 6.73 +£2.03 9.00 + 0.66 373 £1.85
Sm 3.95+0.79 3.12 + 047 6.19 +2.17 8.56 + 1.06 2.12 £ 041 292 +0.42 7.43 +0.57
Eu 0.70 £+ 0.19 1.05 +0.18 1.81 £ 0.6 217 £0.29 0.81 £0.42 0.90 £+ 0.44 1.96 + 0.29
Gd 328 £0.76 3.63 +0.44 6.06 +2.22 746 +1.01 2.59 £0.73 3.89 + 0.65 6.21 +0.87
Tb 0.48 £ 0.13 0.61 £ 0.07 0.84 £0.29 1.14 £0.16 0.47 £ 0.09 0.56 £ 0.06 0.79 £0.12
Dy 3.04 +£0.89 3.79 £ 043 512 +1.82 6.98 +1.13 2.94 +0.89 3.90 + 0.44 428 +£0.84
Ho 0.64 £ 0.17 0.83 £ 0.09 1.04 +0.34 1.41 £0.19 0.68 £0.15 0.79 £ 0.09 0.85 £0.16
Er 2.05 + 0.54 2.46 +0.26 3.06 £+ 1.05 4.38 £0.48 2.03 £ 0.54 223 +£0.31 244 +0.31
Tm 0.31 + 0.08 0.35 + 0.04 0.43 +£0.13 0.64 + 0.06 0.29 +0.1 0.30 + 0.03 0.29 +0.04
Yb 2.35 + 0.59 2.33£0.23 2.94 £+ 0.89 4.30 + 0.49 1.81 +0.52 220 £0.23 215+ 0.13
Lu 0.36 + 0.09 0.35 + 0.04 0.43 +£0.12 0.66 + 0.08 0.29 £+ 0.09 0.31 + 0.04 0.29 + 0.02
~REE 127 £+ 28.5 50.0 £9.32 131 £+ 40.2 215+ 31.7 342 +10.1 39.7 £ 3.68 192 +£9.74
Zr/Y 841 +1.61 2.38 + 0.46 487 £1.04 5.90 + 0.88 246 +£0.21 1.70 £+ 0.08 5.16 + 1.45
Zr/Ti 0.12 £ 0.01 0.01+0 002+0 0.05 £ 0.01 001+0 0.00£0 001+0
Nb/Yb 5.37 £ 1.53 0.88 +0.27 3.32+£0.62 4.05 £ 0.43 0.70 +£0.18 0.50 + 0.03 949 + 1.5
Mg# ! 38.6 £ 11.6 53.3 +£9.57 455 +7.32 31.8 + 6.65 67.6 + 6.9 413+79 40.8 £ 8.83
La/Sm 7.52 +1.01 1.80 4+ 0.45 3.64 £0.61 4.64 +£0.44 1.73 £ 042 0.99 £ 0.18 527 £0.22
Ce/Ce*? 0.97 £ 0.02 0.93 + 0.06 0.95 £+ 0.04 0.98 + 0.04 0.90 £ 0.11 0.94 £ 0.02 0.98 £ 0.02
Eu/Eu*3 0.59 + 0.08 0.95 +0.11 0.93 +0.19 0.83 + 0.08 1.01 £ 0.27 0.81 +0.37 0.89 +£0.15
Yb, 4 10.7 £+ 2.68 10.6 £+ 1.07 13.4 + 4.06 195 +2.24 8.24 +2.36 10.0 £+ 1.06 9.76 £+ 0.61
(La/Yb), 5 8.9 £3.16 1.62 +0.52 5.09 +£1.20 6.26 +1.21 1.35+0.24 0.87 £ 0.15 12.2 £ 041
(La/Sm), ° 4.73 £ 0.63 1.13 +£0.28 2.29 +0.38 292 £0.28 1.09 + 0.27 0.62 £0.11 3.32+0.14
(Gd/Yb), 7 1.16 £ 0.27 1.26 +0.11 1.65 + 0.25 1.40 £ 0.09 1.15 +0.02 142 £0.11 2.33 +£0.24
I Mg# = molar (100 x (Mg/(Mg + Fe)) [54]. 2 Ce/Ce* = (Ce/0.808)/(sqrt((La/0.31)%3 x (Nd/0.6)'/3))) [55]. 3 Eu/Eu* =

(Eu/0.0735)/(sqrt((Sm/0.195) x (Gd/0.295))) [55]. * Yb, = Yb/0.22 [56]. ® REE fractionation: (La/Yb), = (La/0.329)/(Yb/0.22) [13,56].
6 LREE fractionation: (La/Sm), = (La/0.31)/(Sm/0.195) [55]. 7 HREE fractionation: (Gd/Yb), = (Gd/0.259)/(Yb/0.209) [55].
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Figure 7. Rock classification and magmatic affinity of altered felsic igneous lithologies at the A6 Anomaly in comparison
to samples from Eskay Creek (this study and [40]). (a) Nb/Y vs. Zr/Ti rock classification diagram after [57], (b) Zr vs. Y
magmatic affinity plot for alkaline rocks using Zr/Y ratios of [53].
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Figure 9. Spider diagram of REEs normalized to primitive mantle [58] for felsic units at the A6 Anomaly (orange) and Eskay
Creek rhyolite (light yellow, [40] and this study).
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Figure 10. Rock classification and their magmatic affinity of mafic and intermediate igneous lithologies at the A6 Anomaly
in comparison to samples from Eskay Creek (with data from [40] and this study) and basalts from the Eskay rift [10].
(a) Nb/Y vs. Zr/Ti classifying mafic and intermediate rocks from the A6 Anomaly and Eskay Creek, (b) Zr vs. Y
characterizing magmatic affinity of mafic and intermediate lithologies. Rock classification diagram after [57], magmatic
affinity for alkaline rocks using Zr/Y ratios of [53]. Note: Group A basalts from the A6 Anomaly and Group 1 basalts from
the Eskay rift [10] are almost identical in their composition and hence overlap in particular in (a) resulting that data of
Group 1 are partially obscured by Group A basalts since focus is on lithologies of the A6 Anomaly.
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The mafic and intermediate igneous rocks from the A6 Anomaly can be divided
into basaltic flows with their volcaniclastic counterparts and dolerite dykes. Flows and
volcaniclastic rocks are further divided into: (1) Group A basalts, (2) Group B basalts,
and (3) Group B andesites. This distinction is purely geochemically, since Group A and
B basalts can have the same texture (Figure 6d,e) and are indistinguishable from each
other macroscopically. Group A basalts are more common on the west and east flanks
and commonly occur with mudstones close to the surface and hence higher up in the
stratigraphy (Figure 4). Group B basalts are the dominant mafic lithology in the hanging
wall of the altered felsic flows and are volumetrically less common on the east and west
side where they also occur with Group B andesites (Figure 4).

Geochemically, Group A basalts are tholeiitic (Zr/Y < 2.8; [53]; Figure 10a,b) with
Nb/Yb < 1.6, lowest SiO;, Al,O3, intermediate TiO;, and highest Fe,O3(t) composi-
tion among mafic and intermediate lithologies (Figure 11a,b, Table 2). The Mg# for
Group A basalts varies between 33 and 70 (Figure 11c). Group B basalts are transitional
(Zr/Y = 2.8-4.5) to calc-alkaline (Zr/Y > 4.5; [53]; Figure 10a,b) with Nb/Yb > 2.2, inter-
mediate 5i0,, Al,O3 and Fe;O3(t), and highest TiO, composition among the mafic and
intermediate lithologies (Figure 11a,b, Table 2). The Mg# for Group B basalts is lower
than in Group A basalts and varies between 21 and 58 (Figure 11c). Group B andesites are
calc-alkaline (Zr/Y > 4.5; [53]) with Nb/Yb > 3.5 (Figure 10a,b), highest SiO; and Al,O3,
and intermediate TiO, and Fe,O3(t) composition of the mafic to intermediate lithologies
(Figure 11a,b, Table 2); they have a Mg# similar to Group B basalts ranging between 25
to 45 (Figure 11c). Carbon content in mafic and intermediate rocks is higher than in the
altered felsic units due to calcite commonly occurring in vesicles (Figure 6d,e), whereas the
S content is lower, since sulfide minerals are largely absent (Table 2). Loss in ignition is
relatively high in Group A and Group B basalts (Table 2) due to hydrous phases including
chlorite and zeolites.

Similar to major elements, Group A and Group B lithologies differ strongly from each
other in trace element content including transition metals Cr, Co, Ni, and V (Figure 11d,e,
Table 2, Supplementary Materials Table S5) that are decreasing from Group A basalts to
Group B basalts to Group B andesites. High field strength element content including Zr,
Y, Nb and Ta increases from Group A basalts to Group B andesites; average Zr content is
50.8 = 9.96 ppm, 125 & 27.6 ppm and 227 + 34.3 ppm for Group A basalts, Group B basalts
and Group B andesites, respectively (Figure 11f, Table 2). Group A basalts have also lowest
Zr/Ti and La/Sm ratios, Group B basalts are intermediate and Group B andesites have the
highest Zr/Ti and La/Sm ratios (Figure 11h,I; Table 2).

Group A basalts REE patterns show minimal REE fractionation with a slight decrease
from LREEs towards HREE and no distinct Ce or Eu anomalies (Figure 12a; Table 2). Group
B basalts and andesites have identical REE patterns with overall higher REE contents
for andesites (Figure 12b, Table 2). The REE pattern for both types strongly decrease
from LREE towards HREE with no distinct Ce or Eu anomalies (Figure 12b, Table 2).
Light REE fractionation is 2.29 &+ 0.38 and 2.92 + 0.28 for Group B basalts and andesites,
respectively and HREE fractionation is 1.65 £ 0.25 and 1.4 & 0.09 for Group B basalts and
andesites, respectively.

Dykes I-a and I-b are geochemically similar to each other and Group A basalts: (1)
they are tholeiitic basalts (Figure 10), (2) have Nb/Yb < 1.6 and similar major and trace
element composition and ratios than Group A basalts (Figure 11); and (3) show a similar
REE pattern with overall flat REE patterns (Figure 12c). A negative Eu anomaly can occur
in I-b dolerites. In contrast, type II dolerite is an alkali basalt (Figure 10) with Nb/Yb > 8
and with similar major to trace element content as Group B rocks (Figure 11). The REE
pattern of type II dolerite strongly decreases from LREE to HREE and there are no distinct
Ce or Eu anomalies (Figure 12d, Table 2).
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Figure 11. Bivariate plots of mafic lithologies from the A6 Anomaly, Eskay Creek (with data from [40], and this study)
and the Eskay rift [10] for selected major, minor and trace elements, and element ratios versus N/Yb. (a) TiO; [wt%],
(b) Al,O3 [wt%], (¢) Mg# (Mg# = 100 x [molar (Mg?*/(Mg?* + Fe?*)]), (d) Cr [ppm], (e) V [ppm], (f) Zr [ppm], () Zr/Ti,
(h) La/Sm. Note: Group A basalts from the A6 Anomaly and Group 1 basalts from the Eskay rift [10] are almost identical in
their composition and hence overlap in most plots resulting that data of Group 1 are partially obscured by Group A basalts
since focus is on lithologies of A6 Anomaly.
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Figure 12. Spider diagrams of REEs normalized to primitive mantle [58] for the different mafic and intermediate units at
the A6 Anomaly, (a) Group A basalts in comparison to Eskay Creek basalts and andesites, (b) Group B basalts and andesites
in comparison to Eskay Creek basalts and andesites, (c) dykes I-a and I-b dolerites in comparison to Group A basalts,
(d) dyke II dolerite in comparison to Group B basalts and andesites. Note: REE patterns for Group 1 and Group 2 basalts [10]
overlap with Group A basalts and are not shown here since emphasis is on lithologies of the A6 Anomaly.

The metal content for Group A and Group B lithologies and dolerite dyke types I and II
is in the lower ppm level for base metals Cu, Zn, and Pb, whereas precious metals are below
the detection limit in all mafic to intermediate units (Supplementary Materials Table S4).
There is no pervasive mineralization in these lithological units and sulfide mineralization
is absent; hence, the trace Cu, Zn, and Pb levels are likely due to trace concentrations in the
mafic minerals.

4.2. Alteration Mineralogy
4.2.1. SEM

Optical microscopy and SEM studies show that the felsic flows have an alteration
assemblage of quartz and sericite, minor K-feldspar, and trace chlorite, pyrite, calcite, rutile,
barite, and hematite [59] (Figures 13-15).
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Figure 13. Alteration assemblage and texture in altered felsic units, (a) pervasive sericite and quartz alteration, (b) plagioclase
phenocrysts in quartz-sericite altered matrix and partly altered to sericite, (c) completely sericitized feldspar phenocryst in
quartz-sericite matrix, (d) plagioclase pseudomorph with quartz core and rim of secondary K-feldspar in sericite-quartz
matrix, (e) biotite partly altered to chlorite, (f) pyrite in partly chloritized biotite, (g) anhedral pyrite aggregate, (h) calcite
veinlet cross-cutting sericitized plagioclase in quartz-sericite-chlorite matrix. Abbreviations: bt—biotite, chl—chlorite,
cc—calcite, K-fsp—K-feldspar, plag—plagioclase, py—pyrite, qz—quartz, serc—sericite.
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ab replaced
by serc

Figure 14. Elemental maps, (a-d) sericitization of plagioclase with orthoclase rim and pyrite inclusions (5825792, BR-79),
(a) elemental map of alteration phases present, (b) Si and Al highlighting occurrence of quartz, K-feldspar and sericite,
(c) K highlighting occurrence of K-feldspar and sericite both replacing plagioclase, (d) S highlighting pyrite inclusions
within sericite, (e-g) sericitization of albite surrounded by quartz, calcite and rutile (5825756, BR-74), (e) elemental map
of alteration phases present, (f) Si highlighting occurrence of quartz (bright lime), albite and sericite (darker lime), (g) K
and Na highlighting occurrence of albite (Na) that is almost completely replaced by sericite (K), (h) Ca and Ti highlighting
intergrowth of secondary calcite (blue) and rutile (orange) between sericite and quartz. Abbreviations: ab—albite, cc—calcite,
Kfsp—K-feldspar, plag—plagioclase, py—pyrite, qz—quartz, rt—rutile, serc—sericite.
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Figure 15. Primary (igneous) and secondary (alteration) minerals of altered felsic flows and their paragenesis.

Quartz occurs both as primary and secondary (i.e., alteration) phase. As an alteration
phase, it has a saccharoidal, very fine-grained texture which is common with sericite
(Figure 13a—d), or single clusters of larger grains (Figures 13b,d and 14a,b,e,f), and can
replace plagioclase (Figure 13d). It is the dominant alteration mineral.

The dominant K-bearing and second most abundant alteration phase is sericite or
illite. Sericite is used solely as textural term here, referring to a fine-grained, K-bearing
sheet silicate formed from the alteration of feldspar, whereas illite refers to its chemical
composition. Sericite occurs in various textures in the felsic units including: (1) pervasive
alteration intergrown with quartz + K-feldspar (Figure 13a-d), (2) thin veinlets cross-
cutting and/or rimming plagioclase (Figure 13b), and (3) (almost) complete replacement of
plagioclase (Figures 13¢,h and 14a—c) and albite (Figure 14e,g).

Feldspars are common primary and secondary alteration phases. Euhedral to sub-
hedral albite and to lesser extent Na-rich plagioclase are primary phases, whereas sec-
ondary K-feldspar replaces plagioclase as fine rims around plagioclase pseudomorphs
(Figures 13d and 14a—c) or is intergrown with quartz in the matrix (Figure 14a,c). However,
K-feldspar is only a minor to trace alteration phase.

Chlorite is a trace phase partially replacing biotite in irregular patches (Figure 13e,f).
Pyrite is the only sulfide phase recognize and occurs as fine disseminated anhedral grains
either within the quartz-sericite + K-feldspar matrix, as inclusions in biotite (Figure 13f)
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and sericitized plagioclase (Figure 14a,d) replacing these primary phases, or as fine stringers.
Less commonly, aggregates of anhedral pyrite occur (Figure 13g). These larger aggregates
occur in zones with relatively high pyrite occurrence (>5 vol%) within the altered flows
(Figure 4).

Calcite is a late alteration phase forming small veinlets that cross-cut altered matrix
(Figures 13h and 14e,g,h). Single calcite grains occurring interstitially between sericitized
feldspar and quartz are less common (Figure 14e,h).

Rutile is a late trace alteration phase that forms small, subhedral to anhedral grains
that can occur with calcite veinlets (Figure 14e/h) or as single grains with ilmenite lamellae
within the quartz-sericite matrix.

Barite and hematite, identified via XRD, may be present as well, but were not ob-
served microscopically.

4.2.2. XRD

The mineralogical composition of the altered flows and tuffs is relatively homoge-
neous and dominated by quartz, albite, and illite (Supplementary Materials Table S5 and
Figure S1). Only two samples show significantly less albite (<1 wt%), and are instead
dominated by orthoclase and illite due to strong alteration. Semiquantitative XRD analyses
confirm the occurrence of several trace phases including pyrite, Fe-chlorite, calcite, and
rutile, whereas barite and hematite were only detected by XRD. Fe-chlorite and pyrite are
not widespread alteration phases; however, their abundance can exceed 5 vol% locally, and
is related to pyrite stringer zones (Figure 4).

The spectra of selected samples highlight selected peaks of illite, Fe-chlorite, pyrite,
and calcite (Figure 16). Samples were not further treated by ethylene glycol to distinguish
between white mica (i.e., muscovite), illite, and illite/smectite (I/S), as this is difficult due
to their similar composition and crystal structure. However, based on EMPA analyses (see
below), the composition of the sericite phase is illite with varying I/S components rather
than muscovite.

The reflections for illite are at 9.98833 A, 4.94266 A, 4.7424 A and 2.55743 A which
correspond to crystal faces {002}, {004}, {110} and {131}, respectively. Powder XRD identified
an Fe-chlorite of chamosite [Fe2+3Mg1_5A1Fe3+0_5Si3AIO12(OH)6] composition in some
samples. The peaks are at 14.19753 A, 7.08170 A and 3.53633 A which correspond to crystal
faces {001}, {002} and {004}, respectively. Pyrite shows reflections at 3.13008 A, 27094 A,
2.42363 A, 2.21265 A, 1.91606 A and 1.63387 A corresponding to crystal faces {111}, {200},
{210}, {211}, {200} and {311}, respectively. Calcite has a significant reflection of 3.03026 Ain
most samples displaying {104} crystal face. The major phases show no significant change
in intensity spatially which reflects the rather homogeneous and pervasive alteration of the
rhyodacitic to trachytic flows and tuffs at the A6 Anomaly.

4.3. EMPA

The detailed compositions of K-feldspar, illite, and pyrite are provided in Supple-
mentary Materials Table S6a—c. The composition of illite is summarized in Table 3, since
it is the most abundant alteration phase. Feldspar (n = 23) is of orthoclase composition
with an average formula of (Ko g4, Nag 03)x0.87Alo.97513,0s0g. Sodium is a trace phase that
commonly has a concentration of <0.6 wt%, with the exception of one analysis that yielded
1.17 wt% Na,O.
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Analyses on sericite (n = 102) yielded an illite composition with an average formula
of (Ko.67, Nag.03, Cag.01)s0.70(Al1 .38, Feo.10, Mgo.15)x1.63(Alo.6s, Sin.oa)53.50(OH)1 48. Allillite
analyses have deficiencies both on the tetrahedral and octahedral sites (Figure 17a,b) due
to relatively low SiO; and Al,O3 concentrations (Table 3). The cause for this deficiency may
be related to grain orientation and size and hence, affect analysis conditions, rather than
representing structural deficiencies. However, no further investigations were done to test
this theory. Besides Al, the octahedral site is occupied by Fe?* and Mg (Table 3). Despite a
weak enrichment in Fe that can result in up to 0.20 atoms per formula unit (apfu), these
illites are not Fe-rich illite sensu stricto [60] that commonly occur in various unconsolidated
sedimentary environments including marine shales [61]. Observed deficiencies on the
interlayer site (Figure 17c; Table 3) are common for illite [62,63]. Within the interlayer
cations, K varies between 0.60 to 0.84 apfu K (Figure 18) forming both layered illite-smectite
(I/S; K =0.5-0.69 apfu; [64,65]) and almost pure endmember illite (K = 0.88 apfu; [66-68]).

Pyrite analyses (n = 72) showed a homogeneous pyrite composition independent
of texture with an average formula of Fepg9Sy o9 averaging 53.78 + 0.65 wt% S and
46.34 £ 0.34 wt% Fe. Frequent enrichments in trace metals are rare, with the exception
of As that can have concentrations of up to 3.9 wt% and an average of 0.37 & 0.63 wt%,
either due to micro-inclusions of arsenopyrite or the incorporation of As within the pyrite
structure [69]. Cobalt concentrations in two grains reach 0.05 and 0.07 wt% and occur in
pyrite with measurable As concentrations. Trace concentrations of Cu, Zn, and Pb in a
limited number of grains are likely due to micro-inclusions of chalcopyrite, sphalerite, and
galena, respectively.
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Figure 17. Box-Percentile plots showing range in major and minor elements in apfu within analyzed illite. (a) Si and total

Al (b) Elements Fe?* and Mg2+ on the octahedral site and their sum; (c) Elements Ca, Na, and K on the interlayer site and

their sum.
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Table 3. Summary of illite (n = 102) composition analyzed via EMPA in felsic volcanic rocks. Temperature calculation af-
ter [70]. Abbreviations: apfu—atoms per formula unit, Max—maximum value, Min—minimum value, Stddev—standard deviation.

Element Average Stddev Min Max
SiO; [wt%] 50.02 1.52 45.78 54.16
Al O3 29.36 1.06 26.42 32.33
FeO(t) 2.04 0.41 1.32 4.09
MgO 1.72 0.30 1.05 2.58
CaO 0.08 0.07 0.00 0.64
Na,O 0.26 0.40 0.00 2.09
K,O 8.93 0.59 6.82 9.85
Cry0O3 0.01 0.01 0.00 0.04

SO; 0.02 0.06 0.00 0.63

CuO 0.02 0.02 0.00 0.11
Total 92.45 1.11 90.09 95.56
H,0O_calc 7.55 1.11 4.44 9.91
Na,O + K,O 9.19 0.54 8.00 10.54

Based on 11 oxygen atoms

Si [apfu] 294 0.10 2.67 3.17
VAL 0.65 0.00 0.65 0.65
Subtotal 3.59 0.10 3.32 3.82
ViAl 1.38 0.08 1.17 1.56

Fe?* 0.10 0.02 0.06 0.20

Mg 0.15 0.03 0.09 0.23

Sum Octahedral 1.63 0.08 1.36 1.74
R?** = Fe + Mg 0.25 0.04 0.17 0.35
VIRZ* /(VIRZ* 4 VIR3*) < 0.25 0.15 0.02 0.10 0.23
Ca 0.01 0.00 0.00 0.04

Na 0.03 0.05 0.00 0.24

K 0.67 0.05 0.50 0.75

Sum Interlayer 0.70 0.05 0.60 0.84
Total_no water 5.92 0.13 5.65 6.26
OH 1.48 0.20 0.89 1.90
Al_total 2.03 0.08 1.82 2.21

Cr 0.00 0.00 0.00 0.00

S 0.00 0.00 0.00 0.03

Cu 0.00 0.00 0.00 0.00

x =K+ |Fe-Mg| 0.72 0.06 0.53 0.83
T[°C] = 267.95x + 31.50 225 16 173 253

* Composition for Al octahedral site was assumed constant with 0.65apfu according to illite composition. ** EMPA cannot distinguish
between Fe* and Fe®*; however, all analyzed Fe was assumed to be Fe?* according to illite composition
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Figure 18. Composition of analyzed illite in 4Si-M+-3R? ternary plot after [66,71]. Endmember composition of selected
micas and clays are given based on [62,66,67,72]. (a) Analyzed illites plot in-between illite composition with interlayer
charges of 0.6 (Illy4), 0.65 (Illy ¢5) and 0.88 (Illy gg). (b) Close up of (a), illite composition vary between I/S composition

(illp 60-0.65) and endmember illite composition (Illy gg) which is a function of increasing temperature (orange arrow).

4.4. SIMS

Analyses of 24 illite and 21 quartz grains from three samples from different drill holes
yielded average O isotope composition of 10.7 = 3.0%0. and 13.4 £ 1.3%., respectively
(Table 4; Figure 19). Oxygen isotope composition in illite predominantly ranges from 6.2
to 14.3%o, with one outlier at 21.7%o (Figure 19a,b). The analyzed illite grains occur as
pseudomorphs after feldspar (Figure 19¢), fine-grained aggregates in the groundmass
(Figure 19¢,d), or fine stringers (Figure 19d). Despite textural variations, O isotope compo-
sition does not correspond to different textures of illite. The oxygen isotopic composition
of altered quartz grains both in the fine matrix and relatively coarse, saccharoidal grains
surrounding illite (Figure 19¢,d) is homogeneous (Figure 19a), ranging from 11.0 to 15.3 %o,

(Figure 19a,b; Table 5), which is higher than the average 5180 composition of illite.



Minerals 2021, 11, 867

29 of 50

Table 4. Oxygen isotope composition of illite and quartz in felsic volcanic rocks relative to VSMOW. Abbreviations:

180/ 16OMeas—measured 180 /160 composition, DDH—diamond drill hole, Max—maximum value, Min—minimum value,

Stdev—standard deviation.

Illite Quartz
Sample Spot BOM60peas 5180 (%o) 10 (%o) Spot B8O/ 00 eas 6180 (%o0) 10 (%o)
DDH BR-79
5825792 C2-01 1.90 x 1073 8.3 0.8 C2-b 1.89 x 1073 13.7 0.8
5825792 C2-02 1.90 x 103 7.6 0.8 C2-c 1.89 x 1073 14.6 0.8
5825792 C2-03 1.90 x 103 8.6 0.8 C-2¢2 1.89 x 1073 15.1 0.8
5825792 C2-04 1.90 x 1073 11.2 0.8 C2-e 1.89 x 1073 12.4 0.8
5825792 C1-01 1.90 x 103 8.8 0.8 C-3g 1.89 x 1073 13.7 0.8
5825792 C1-02 1.89 x 1073 6.2 0.8 C-3e 1.89 x 1073 13.9 0.8
5825792 C1-03 1.90 x 103 10.2 0.8 Cl-a 1.89 x 1073 13.3 0.8
5825792 C1-04 1.90 x 103 7.8 0.8 Cl-e 1.89 x 1073 13.7 0.8
DDH BR-65
5826468 C5-01 1.90 x 1073 11.6 0.8 C5-a 1.88 x 1073 11.7 0.8
5826468 C5-02 1.90 x 1073 14.3 0.8 C5-e 1.88 x 1073 11.0 0.8
5826468 C5-03 1.90 x 1073 9.9 0.8 C5-¢ 1.88 x 1073 12.1 0.8
5826468 C5-04 1.90 x 1073 10.3 0.8 C5-f 1.89 x 103 14.0 0.8
5826468 C1-01 1.90 x 1073 10.1 0.8 Cl-b 1.89 x 1073 14.9 0.8
5826468 C1-02 1.90 x 1073 10.2 0.8 Cl-c 1.89 x 1073 12.6 0.8
5826468 C1-03 1.90 x 1073 9.4 0.8 C1-d 1.89 x 1073 13.7 0.8
5826468 C1-04 1.90 x 1073 10.1 0.8
DDH BR-82
5826793 C3-01 1.90 x 103 11.8 0.8 C3-d 1.89 x 1073 15.3 0.8
5826793 C3-02 1.90 x 1073 21.7 0.8 C3-f 1.88 x 1073 14.1 0.8
5826793 C3-03 1.90 x 1073 12 0.8 C3-g 1.88 x 1073 14.2 0.8
5826793 C3-04 1.90 x 1073 13.3 0.8
5826793 C5-01 1.90 x 1073 13.1 0.8 C5-a 1.89 x 1073 14.7 0.8
5826793 C5-02 1.90 x 103 9.6 0.8 C5-f 1.88 x 1073 11.7 0.8
S826793 C5-03 1.90 x 1073 11.4 0.8 C5-g 1.88 x 1073 11.7 0.8
5826793 C5-04 1.90 x 1073 10.2 0.8
Average 10.7 13.4
Stdev 3.0 1.3
Min 6.2 11.0
Max 21.7 15.3

Table 5. Comparison of selected features for A6 Anomaly and Eskay Creek deposit, compiled with information from this

study

and [40,41].

Feature

A6 Anomaly

Eskay Creek VMS Deposit

Felsic units

Calc-alkaline FII with minor FI rhyodacite to
trachyte

Slightly decreasing REE pattern with weakly
negative Eu anomaly

Zr <200 ppm

I-type (volcanic arc) affinity

Tholeiitic FIII rhyolite (i.e., ‘Eskay rhyolite’)
Slightly decreasing REE pattern with strongly
negative Eu anomaly

Zr < 200 up to 400 ppm

A-type (within-plate) and anomalous ocean ridge

affinity

Mafic volcanic units

Tholeiitic Group A basalts with Nb/Yb < 1.6,
relatively flat REE pattern and NMORB
signature with UCC assimilation
Transitional to calc-alkaline Group B basalts
and andesites with Nb/Yb > 2.2, steeply
declining REE pattern and EMORB signature
with UCC assimilation

Tholeiitic hanging wall basalts with Nb/Yb < 2,

relatively flat REE pattern and NMORB signature

Tholeiitic footwall andesites with Nb/Yb > 2,
steeply declining REE pattern and EMORB
signature with UCC assimilation
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Table 5. Cont.

Feature

A6 Anomaly

Eskay Creek VMS Deposit

Intrusions

Relatively thick dyke I dolerite similar in
geochemistry to Group A and Eskay Creek
basalts and cross-cutting hanging wall

Thin alkali basalts with Nb/Yb > 8 and
similar REE pattern than Group B lithologies
cross-cutting footwall and hanging wall

Relatively thick felsic dykes (felsite) crosscutting
footwall stratigraphy at low angle

Thin basaltic dykes cross-cutting footwall and
hanging wall

Tectonic setting

Back arc basin evolving into a rift (subbasin
east of ‘Eskay rift’)

Back arc basin rift (i.e., "Eskay rift’)

Weak to moderate phyllic alteration of felsic
units (quartz-illite + chlorite & sulfide &

Strong phyllic alteration in Eskay

Alteration ; e oy .
calcite -+ barite + rutile) rhyolite(quartz-sericite-pyrite & chlorite)
. Sulfosalt-Au-Ag-sulfide mineralization in
. . . . . rhyolite (stockwork zone) and as
Local, uneconomic pyrite stringer in felsic . ) . .
Mi ligati units bedding-parallel sulfide lenses in overlying
ineralization ‘ ’ : :
No elevated Cu, Zn, Pb, Au, Ag content contact mudstone” and less in hanging wall
mudstone
. Elevated Au, Ag, Zn, Pb contents
22 8
| (a)‘ |9} Average Outlier (b) W ivite
. i [ quartz
o — o
S 16 =
= 16 Min Max o
(% ] 250 £ 75m ]
>g LA Percentile 5 Percentile g-
= 3 o
5312-i 'y
0 10 |
8 —

10

12 14 16 18 20 22
590 [%VSMOW]

Figure 19. Oxygen isotope composition of illite and quartz in altered flows, (a) Tukey box-whisker plot showing range of
8180 composition in both phases, (b) histogram (bin width 0.775%), (c) §'80 values of illite completely replacing plagioclase
phenocryst, quartz surrounding feldspar pseudomorph, and fine-grained quartz-illite matrix (sample S825792, BR-79),
(d) 8180 values of illite in fine stringer and within altered matrix and relatively fine- to coarse-grained quartz in vicinity of

illite (sample S826793, BR-82).
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5. Discussion

The results of lithogeochemistry, alteration mineralogy and mineral chemistry, and in
situ oxygen isotope geochemistry on illite and quartz are used: (1) to determine the VMS
potential of the A6 Anomaly; (2) to compare the A6 Anomaly with the near-by Eskay Creek
deposit to provide more details on the tectonic setting of the study area; and (3) to quantify
the effects of alteration (i.e., mass changes), determine hydrothermal fluid conditions (e.g.,
T, pH and redox state), and provide a spatial context of the alteration (i.e., distal/proximal
footwall vs. hanging wall alteration).

5.1. Potential for a VMS System

Exploration for VMS deposits commonly applies the use of geochemistry of felsic and
mafic igneous rocks to determine the tectonic setting and fertility of the lithological units
(e.g., [73]). The composition of igneous host lithologies provide insights into source region
and melting depth of the parent rock and therefore tectonic setting, which is critical to
the metal endowment of the lithologies that can host VMS deposits (e.g., [13,15,16,74]). In
order to determine to what extent the volcanic rocks of the A6 Anomaly have potential for
VMS formation, several geochemical parameters (e.g., Zr/Y, HFSE content, (La.Yb),, Yby,
Ti/V,Nb/Yb, Th/Yb) were applied and are shown in Figures 20 and 21.

The felsic units of the A6 Anomaly correspond with rhyolites of FII type and to
lesser extent FI type (Figure 20a,b) of Lesher et al. [74] and Hart et al. [13] due to their
calc-alkaline affinity, HFSE content and decreasing LREE pattern (Figures 7b, 8f-h and 9,
Table 2). Rhyolites of type II are characterized by moderate Zr/Y ratios, intermediate
abundance of HFSE, and gently sloping REE patterns with variable Eu anomalies [13,74].
Although many felsic Phanerozoic VMS host rocks have FII affinity [75], such as the
VMS deposits in the Bathurst camp [76], they are rather complex in evaluating their VMS
potential since melting depth at which the parent rock melted vary in FII rhyolites and
impact how much heat is generated to the overlying VMS systems (e.g., [13]). Rhyolites
of FI type are commonly characterized by high Zr/Y ratio, low abundance of HFSE, and
relatively steep REE pattern with weak Eu anomaly (positive or negative; [13,74]). They
commonly do not host VMS deposits due to their larger melting depth (>30 km) of the
source rock and hence do not provide sufficient heat for a thriving VMS systems and
exhibit less metal fertility [13,74]; however, the bimodal-mafic Cu(-Au) VMS Ming deposit
in Newfoundland is hosted by FI rhyolites [15,16,77,78].

Although both fractional crystallization and partial melting have been proposed to
form FII rhyolites (e.g., [74,75,79,80]), Hart et al. [13] argued that partial melting at depth of
10-15 km of an amphibole-plagioclase-bearing precursor is the favorable process to form
the geochemical patterns observed in FII rhyolites. Partial melting of such a precursor is
likely for the felsic units at the A6 Anomaly as well resulting in the formation of peralumi-
nous (alkali saturation index >1) rhyodacites to trachytes with moderately depleted HREE
(i.e., (Gd/Yb), =1.16 £ 0.27) and Y and with moderate Zr/Y (8.41 £ 1.61) and (La/Yb),
(8.9 £ 3.16) ratios. The negative Eu (Eu/Eu* = 0.59 &£ 0.08) anomaly is therefore the result
of plagioclase in the source rather than plagioclase fractionation. Fractional crystallization
trends, in contrast could not be observed from the geochemical composition of the altered
felsic units. Moreover, the felsic units at the A6 Anomaly are formed from the same source
rock since immobile element ratios (e.g., Al,O3/TiO,, Al,O3/Zr, Al,O3/Nb, Al,O3/Y,
Figure 8b,f-h) are strongly correlated to each other. Although partial melting of an interme-
diate amphibole-plagioclase-bearing precursor is very likely, contamination by a crustal
component cannot be excluded for the altered felsic units at the A6 Anomaly. Despite
the potentially favorable FII affinity and geochemical characteristics, the peraluminous
rhyodacites and trachytes have a relatively low Zr content (<200 ppm) and an I-type (i.e.,
volcanic arc) affinity that is similar to most barren VMS systems (Figure 20c,d; [15,16]).
Additionally, the felsic units are low in base metal content, and mass balance calculations
(see below) show a depletion in Cu, Zn, and Pb of altered units relative to an unaltered
precursor. This indicates low metal fertility within the altered host rocks that are commonly
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Figure 20.

also the source of base metals in VMS systems (e.g., [81,82]). A subvolcanic intrusion that
was likely the heat source for a VMS system and probably the parent of the altered felsic
units was not detected either. This could be, however, due to limited access and depth
of drilling.
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Discrimination of felsic lithologies at A6 Anomaly and Eskay Creek regarding their VMS potential,
(a) Y vs. Zr/Y plot [74] displaying different rhyolite types FI, FII, Flla, and FIIb that can be associated with VMS systems,
(b) Yb,, vs. (La/ Yb)n plot [13,74] displaying rhyolite types FI, FII, Fllla, FIlIb, and FIV that can be associated with VMS
systems, concentrations are normalized to chondrite using values of Nakamura [56], (c) Nb vs. Zr plot [83] highlighting
barren (light grey) and ore-bearing (dark grey) VMS systems [15,16], (d) Y vs. Nb plot [84] showing the tectonic setting for
felsic rocks with areas highlighting barren (light grey) and ore-bearing (dark grey) VMS systems [15,16].

Mafic units that are often part of the host rock lithology in VMS systems (e.g., [85,86])
also play an important role in assessing the VMS potential of an area, since they provide
important insight into the tectonic setting (e.g., [15,16]). The tholeiitic Group A basalts
and the geochemical similar type I dykes have Ti/V ratios of 18-25, similar to back-arc
basin basalts (BABB; Figure 21a). Transitional to calc-alkaline Group B basalts have a larger
Ti/V ratio of 20 to >100, and the majority of samples show BABB or midocean ridge basalt
(MORB) affinity with a lesser number of samples being alkaline (Figure 21b). The variations
in Ti/V ratios can be explained by different parent rocks of MORB affinity. Group A basalts
and type I dolerite show affinity to normal MORB (N MORB), whereas Group B rocks are
more characteristic to have an enriched MORB (EMORB) parent, and the alkali basalts of
type Il relate to deep melting of ocean island basalt (OIB; Figure 21b). Based on Pearce’s [87]
Nb/Yb versus Th/Yb plot, the source regions for the different mafic rocks can be further
determined. In Figure 21c, Group A basalts with type I dolerite and Group B rocks form
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different arrays that can be explained by assimilation of continental crust to either NMORB
(Group A and type I) or EMORB (Group B). Increments of <5 up to 10% of UCC [88] explain
the majority of mafic rocks present at the A6 Anomaly. Larger assimilation of UCC up
to 30% is responsible for the remaining data (Figure 21c). The presence of two different
source regions forming the mafic and intermediate lithological units with the exception of
type II dolerite results in different geochemical parameters (Figure 11) and contrasting REE
patterns (Figure 12). They show, in combination with Pearce’s [87] Nb/Yb and Th/Yb plot
(Figure 21c), that there is no genetic relationship between Group A and B lithological units.
However, Group B andesites are related to Group B basalts and are most likely the product
of larger UCC assimilation to EMORB (Figure 21c).
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Figure 21. Discrimination of mafic lithologies at A6 Anomaly and Eskay Creek, (a) Ti vs. V plot [89] showing tectonic setting
of basalts and dolerites, field for back-arc basin basalts (BABB) highlighted in grey, (b) Nb/Yb vs. TiO,/Yb biplot [90]
discriminating between different melting sources for mafic rocks, (¢) Nb/Yb vs. Th/Yb biplot [87] discriminating tectonic
setting of mafic and intermediate rocks with mixing lines between N-MORB and UCC (white squares) and E-MORB and
UCC (yellow squares), N-MORB, E-MORB and OIB composition from [58] and UCC composition from [88], (d) La-Yb-
Nb ternary plot [91] discriminating tectonic setting of mafic and intermediate rocks, See text for details. Note: Group
A basalts from the A6 Anomaly and Group 1 basalts from the Eskay rift [10] are almost identical in their composition
and hence overlap in particular in (b,d) resulting that data of Group 1 basalts are partially obscured by Group A basalts
since focus is on lithologies of A6 Anomaly. Abbreviations: BABB—back-arc basin basalt, E-EMORB—enriched mid-ocean
ridge basalt, [AT—island arc tholeiite, N-MORB—normal mid-ocean ridge basalt, OIB—ocean island basalt, UCC—upper

continental crust.
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The geochemical similarity between Group A basalts and type I dolerite can be
explained by formation in the same tectonic setting (i.e., back arc basin rift; Figure 21a,d)
and hence the same time although no age date is available for these units yet. In contrast,
type II dolerite are alkali basalts formed in intercontinental domains (Figure 21d) and hence
are most likely related to Cenozoic magmatism [28].

Piercey [15,16] showed that mafic rocks in mafic-hosted VMS deposits are shallow
melted NMORB and of tholeiitic affinity (Figure 21b). However, this only applies to Group
A basalts and type I dolerites at the A6 Anomaly whose spatial and temporal relationship
to the altered felsic units is yet unclear (Figure 4). In contrast, Group B basalts, which
occur predominantly above altered felsic rhyodacites and trachytes, are less likely to be
affiliated with fertile VMS systems due to larger crustal contamination. Combining the
results from assessing the felsic and mafic to intermediate units at the A6 Anomaly, they
currently do not show strong ore-bearing VMS potential. Nevertheless, further exploration
of the immediate and wider area with focus on geochemistry of felsic and mafic lithological
units is needed to fully assess the area’s VMS fertility.

5.2. Comparison to Eskay Creek VMS Deposit and Tectonic Setting of A6 Anomaly

The Eskay Creek deposit is an anomalous Au-rich VMS system hosted in bimodal-
felsic lithologies of the Middle Jurassic Iskut River Formation, Upper Hazelton
Group [2,11,12,17,40,41]. Due to its vicinity to the A6 Anomaly and similar stratigra-
phy and age, a comparison between the A6 Anomaly as potential VMS prospect and the
Au-rich Eskay Creek VMS deposit is made here to further determine the tectonic setting of
the A6 Anomaly which aids exploration in the area.

The maximum deposition age of the A6 Anomaly is based on U-Pb zircon ages of
volcaniclastic and epiclastic units on the west and east side of the altered felsic units with
177 £ 1.2 and 176.4 £ 0.94 Ma, respectively (Figure 4, Table 1) [45]. The altered felsic unit
has a U-Pb zircon age of 172 £ 1.7 Ma [45] which is slightly younger than that of the Eskay
rhyolite member with 175 + 2 Ma [2,3]. Cutts et al. [3] analyzed zircons from various
igneous lithological units east of the Eskay Creek deposit, determining the age of the Iskut
River Formation to be in the region from 178.5 + 1.8 to 173.3 &+ 1.8 Ma, which overlaps
with the age dates at the A6 Anomaly.

The stratigraphy of the Eskay Creek deposit is described in detail in [11,12,40,41]
and briefly summarized here. The stratigraphy is characterized by footwall andesites
and dacites that are overlain by a thin mudstone interval and the Eskay rhyolite member,
which can be strongly altered to quartz-sericite-pyrite and hosted prominent stockworks
(i.e., 109 zone, Pumphouse/Pathfinder). However, the economic valuable mineralization
occurred on the interface of Eskay rhyolite with overlying mudstones (i.e., ‘contact mud-
stone’; Figure 22) that hosted bedding-parallel, semimassive mineralization enriched in
sulfosalts, As-Sb + Hg-bearing phases and gold with lesser amount of base metal sulfides.
Tholeiitic (pillow) basalts and sills alternate with less mineralized and unmineralized mud-
stones in the hanging wall. Felsic dykes (i.e., felsite) crosscut the footwall and thin mafic
dykes crosscut both footwall and hanging wall. There are several similarities between
the stratigraphy at the A6 Anomaly and at Eskay Creek (Figure 22) including: (1) felsic,
altered flows with minor volcaniclastic rocks overlain by a volcano-sedimentary sequence;
and (2) hanging wall mudstones alternating with basaltic flows and sills. However, the
stratigraphy at the A6 Anomaly indicates a more dynamic environment above the altered
felsic units, since turbiditic sequences consisting of submarine heterogeneous epiclastic
units (conglomerate to siltstone) are common.
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A6 Anomaly (potential VMS prospect)

Hanging wall mudstone (20-
100m) intercalated with tholeiitic
= Group A basalt (flows, pillow

— basalt, sills; up to 35m) and
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Eskay Creek (anomalous Au-rich VMS deposit)
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Figure 22. Comparison of Upper Hazelton Group stratigraphy at A6 Anomaly (left) and Eskay Creek deposit (right;
modified after [41]; * [45], ** [2], sections not to scale.

Igneous lithologies at both locations indicate formation in a back arc basin setting
(e.g., [10,18,19,92]). The Eskay Creek deposit is located in the Eskay rift, a ca. 300 km
long and 50 km wide north-south zone of en echelon grabens active in the late-Early
to Middle Jurassic and formed as result of collision between Stikinia and inboard ter-
ranes [8]. Lithologies formed within and along 12 sub-basins of the Eskay rift make up
the Iskut River Formation present both at the A6 Anomaly and Eskay Creek VMS deposit
(Figure 22). Despite the similar tectonic setting, the geochemistry of igneous units differs
between A6 Anomaly and Eskay Creek (Table 5) indicating different processes with in the
two subbasins. The felsic units at both locations show constant immobile element ratios
(Figure 8) albeit at different slopes indicating different precursors. Moreover, both felsic
units have different magmatic affinities (i.e., calc-alkaline vs. tholeiitic; Figure 7b) and
different rhyolite affinities (i.e., FII vs. FIII; Figure 20a,b; [13,74]) due to different melting
depth of the precursor. The tholeiitic Eskay Creek rhyolite member is most likely the result
of partial melting at shallow depth (<10 km) of a plagioclase-bearing NMORB or EMORB
(Figure 21b—d; [13,40,74]), which is in contrast to the felsic units with FII to minor FI affinity
at the A6 Anomaly as discussed above. This indicates that the back-arc basin in which
the felsic units at the A6 Anomaly formed was just opening and had a rather thick crust
(Figure 23a). The Group B basalts overlying these felsic units confirm this environment,
since their EMORB precursor assimilated crust resulting in a steep REE pattern and arc-like
signature (Figures 12b and 21c,d).



Minerals 2021, 11, 867 36 of 50

Formation of felsic units and Group B basalts/andesites

BJ/\/V\N\N\/\JWVV

* Thinning of crust and upwelling of mantle

+ Melting of upper mantle forming EMORB at
depth of 10-15km

* During ascent of magma, assimilation of crust

« Formation of calc-alkaline Fll rhyodacite and
trachyte dome

« Formation of transitional to calc-alkaline Group
B lithologies

» Emplacement of turbiditic sequences during rift
opening in marine sub-basins

Formation of Group A basalts and type | dolerite
(b)

+ Further thinning of crust and upwelling of
mantle

» Melting of upper mantle forming NMORB at
depth of <10km

* During ascent of magma, minor assimilation of
crust

* Formation of tholeiitic Group A basalts and type
| dolerite (not shown)

+ Deposition of mudstones in relative deep
marine, quiet subbasins

[ Felsic units =4 \ Crustal assimilation
I Group A basalts ¢= =) Crustal thinning
I Group B basalts/andesites

[ Mudstone

| Turbiditic epiclastic sequence

Figure 23. Simplified genesis of the A6 Anomaly in an evolving back-arc basin rift, (a) Formation of altered felsic units and
Group B mafic rocks due to deep partial melting of upwelling mantle producing EMORB, (b) Continuing thinning of back
arc rifting resulting in shallower partial melting depth of upwelling mantle which is the source for Group A basalts and
type I dykes; sketches not to scale.

In contrast, mafic rocks within the Eskay rift (i.e., Groups 1 and 2 basalts after Barresi
et al. [10]; Figures 10-21) have MORB signatures with little (i.e., Group 1 basalt after [10];
Figure 21) to some (i.e., Group 2 basalt after [10]; Figure 21) crustal assimilation as result of
shallow melting in an almost fully developed back-arc rift [10,40]. This setting developed
as well at the A6 Anomaly due to continuous crustal thinning albeit after felsic units
and Group B basalts formed (Figure 23b). The result of continuous thinning and mantle
upwelling were Group A basalts and dyke I dolerite that occur in the hanging wall of
the stratigraphy and cross-cut stratigraphy, respectively. However, no indication of felsic
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magmatism accompanying this stage of tholeiitic mafic igneous activity is recorded at the
A6 Anomaly (i.e., subvolcanic intrusion, sills) which could have driven the heat engine
of a VMS system as it occurred at Eskay Creek (i.e., Eskay rhyolite member). Hence, the
evolving back-arc magmatism at the A6 Anomaly, despite its favoring tectonic setting for
a VMS system (e.g., [17,22,81,93,94]), is currently lacking an effective and necessary heat
engine, metal source, and felsic lithology formed at relatively shallow depth. The back-arc
setting developed at the A6 Anomaly resembles more the northern Eskay rift than the
southern part in which Anyox and Eskay Creek deposits formed. However, it is the first
reported late-Early to Middle Jurassic tholeiitic basalts formed in a rift basin east of the
Eskay rift and other, better developed sub-basins in the vicinity of the A6 Anomaly may be
favorable for ore-bearing VMS deposits.

5.3. Alteration

Hydrothermal alteration assemblages reflect the pathways of hydrothermal fluids
while circulating through the crust, which commonly intensifies towards mineralization,
resulting in alteration zonation around the deposit (e.g., [95,96]). This alteration zoning is
particularly prominent in VMS systems which can have a large alteration footprint that
significantly exceeds the dimension of the ore body, and therefore, is commonly used
in exploration to identify potential targets and vector towards massive sulfide lenses
(e.g., [17,81,86,97-99]). Alteration assemblages provide information about hydrothermal
fluid conditions (e.g., T, pH, redox state), fluid pathways, and spatial relation to a hy-
drothermally upwelling area. These parameters are determined here using quantitative
(i.e., mass balance, isocon) analyses [100-104], geochemical (i.e., molar ratios, alteration
indices; [98,105,106]), and compositional and geothermometric [63,70,107-110] approaches.

5.3.1. Isocon and Mass Balance Calculations

There are different methods to quantify the physical (e.g., volume) and chemical
(e.g., element gain/loss) changes caused by hydrothermal alteration, including the isocon
method, mass balance, and immobile element approach; they all have their challenges
(see [111] for discussion). However, these methods provide insight into fluid pathways,
alteration intensity, and even metal source (e.g., [78]). Both the isocon method [100,101] and
mass balance calculations [102-104] are applied here to quantify mass changes in the altered
felsic units at the A6 Anomaly. Both approaches require a least altered precursor which
is especially difficult to identify in poorly defined areas such as the A6 Anomaly, because
felsic flows of the same geochemical composition but with no visible alteration were not
observed. However, the altered felsic units are geochemically homogeneous indicating a
common precursor (Figure 8), and hence, a least altered sample can be identified within
this lithological unit. Here, three samples from BR-74 have been identified as least altered
based on: (1) their SiO,, TiO,, and Al;O3 content similar to average rhyolite [111-113], (2)
a loss on ignition (LOI) content < 2.9 wt%, (3) an alteration index (Ishikawa, 1976) < 40, and
(4) a sericite index (i.e., K;O/(Ky0 + Nay0O)) < 40 indicating minimal loss in NayO during
hydrothermal activity. The average concentration of selected elements of the least altered
rocks plotted against concentrations of altered rocks using the isocon method identify
both volume and elemental loss/gain (Figure 24a). Immobile elements Al,O3, TiO;, Nb
and Zr were used to define the isocon and elements were scaled [114] to better visualize
changes. The scaling resulted in an isocon indicating a minimal volume loss (i.e., slope
m = 1.0909; Figure 24a) relative to the average of the least altered samples. The calculated
volume loss for altered felsic flows at the A6 Anomaly is rather minor compared to other
VMS systems in which volume loss or gain commonly can exceed 20% highlighting the
strong alteration of wall rocks in particular proximal to massive sulfide mineralization
(e.g., [78,114]). Elemental gains (i.e., elements plot above isocon; Figure 24a) include Ba,
K,0, Fe;O3 and minor MgO, whereas elements NayO and lesser 5iO; and CaO were lost
(i.e., plot below isocon). These gains and losses are further quantified using mass balance
calculations [103,104] in which Al,O3 was used as reference immobile element, since it is a
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Figure 24. Mass balance calculation for altered felsic units from the A6 Anomaly. (a) Isocon diagram using the method of
Grant [100,101] showing element gains and losses (orange circles) relative to immobile elements Al,O3, TiO,, Nb, and Zr
(dark grey circles) that describe the isocon (dashed line). Altered rocks underwent relative volume loss since isocon has

a slope of > 1. All elements are subjectively scaled using the method described by Mukherjee and Gupta [114] to better

visualize gain/loss of elements, (b—e) Mass balance changes of altered felsic flows (orange circles) relative to an average of

least altered sample (grey circle at point of origin) using the calculations of MacLean [103] and MacLean and Barrett [104].
All changes are given in %, (b) ACaO vs. ANayO displaying feldspar destruction and carbonatization, (c) AK,O vs. ANa,O
displaying strong K gain due to sericitization at expense of albite and plagioclase destruction, (d) AMgO vs. AFe;O5(t)
displaying Fe and Mg gain due to Fe-Mg-chloritization and pyritization (Fe gain), (e) ASiO, vs. ABaO displaying silica gain
or loss with formation of barite. Composition of average precursor (n = 3) with standard deviation is given in upper right

for selected elements. See text for details. Abbreviations: Ab—albite, LOI—loss on ignition, Plag—plagioclase.



Minerals 2021, 11, 867

39 of 50

Mass changes (Figure 24b-e) quantitatively confirm the alteration mineralogy of
altered felsic units observed by microscopy and XRD analyses. Most prominent is loss in
Na;O and, to a lesser extent, CaO (Figure 24b), and gain in K,O (Figure 24c) due to partial
to complete albite and plagioclase destruction resulting in the formation of illite and minor
K-feldspar (Figures 13a—d and 14). Minor gain in CaO (Figure 24b) is attributed to late
calcite veins cross-cutting early alteration (Figures 13h, 14e,h and 15). Moderate gains in
Fe, Mg, and Ba (Figure 24d,e) are due to minor to trace Fe £ Mg-chlorite, pyrite and barite
accompanying the phyllic alteration assemblage. Loss and gain in SiO; (Figure 24e) are the
result of silicate destruction (e.g., feldspars) and quartz alteration, respectively.

The occurrence of barite, while not observed in the thin section due to the small grain
size, is common in many low-temperature VMS deposits, and is commonly associated
with distal alteration [115,116]. However, the limited number of drill holes and the absence
of a (semi-) massive sulfide lens make it difficult to determine the spatial relation of the
altered felsic units (i.e., alteration pipe proximal to sulfide lens vs. semi-conformable
alteration zone distally around sulfide lens; e.g., [17,117,118]). The alteration in the felsic
units represents footwall alteration, because overlying epiclastic rocks and basaltic flows in
the hanging wall are relatively unaltered. Although sulfide mineralization has not been
recognized, the alteration and mass change at the A6 Anomaly provides information on
the fluid pathways. The horst-graben structure with steep dipping, N-5 trending fault
zones (Figure 4) flanking the altered felsic flows may represent syngenetic fluid pathways
since alteration is most prominent adjacent to these faults. Additionally, zones of strong Na
depletion (<2 wt% NayO; Figure 4) are related to changes in lithology (coherent flows to
overlying volcaniclastic rocks) and more commonly to zones of brittle deformation which
both provide increased fluid permeability and hence fluid upwelling.

5.3.2. Alteration Geochemistry and Geothermometry

The alteration boxplot (Figure 25a) defines the degree of sericitization, chloritization,
pyritization and carbonatization of altered felsic to mafic rocks in VMS systems using two
indices: (1) alteration index AI [106] defining sericitization and (2) chlorite-carbonate-pyrite
index CCPI [98] characterizing degree of chloritization, carbonatization and pyritization
(Figure 25a). The altered felsic units of the A6 Anomaly have a low CCPI (<40 for most
samples) and an Al varying between <35 to >90 (Figure 25a) displaying no significant
chlorite-carbonate and/or sulfide mineralization at varying phyllic (sericite) alteration,
which supports the mineralogical observations. Additionally, the lack of consistent and
moderate chlorite alteration is both a function of felsic host rock lithology and fluid tem-
peratures not exceeding 300 °C that could have otherwise transformed sericite into chlorite
(e.g., [95,98,105,111]). Despite the rather moderate degree of phyllic alteration in the felsic
units, the main process of sericitization (i.e., formation of white mica or clays due to the
destruction of feldspar) affects the complete unit, albeit to different degrees (Figure 25b).
Feldspar destruction at the A6 Anomaly occurred via three processes (Figure 25b,c): (i)
albite destruction resulting in Na loss and K gain and hence illite formation; (ii) plagioclase
destruction resulting in Na and Ca loss and K gain and hence K-feldspar formation; and
(iii) K-feldspar destruction resulting in K loss and illite and quartz formation. Although
the first two processes are most prominent (Figures 14, 15 and 24b,c), the last, albeit minor
process has been observed as well (Figure 13d).
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Figure 25. Quantification of processes related to K-Na + Ca mass changes in altered felsic units of the A6 Anomaly (orange

circles), (a) Alteration box plot, AI vs. CCPI [98], (b) molar ratios of mobile versus immobile element depicting K/Al vs.
Na/Al[105]), (c) (K*/H") activity-(Na* /H") activity diagram displaying the processes related to feldspar destruction in the
felsic units of the A6 Anomaly at 250 °C, phase diagram modified after [119] with thermodynamic data of [120], equations

depicting processes (i) to (iii) highlighted in (b,c) are given in the lower right. See text for details.

Due to its common occurrence, the hydrothermal fluid conditions (e.g., T, pH, redox)
responsible for sericitization, and hence, phyllic alteration, are clearly identified; they re-
quire a relatively low temperature (<300 °C) and mildly acidic, oxidized hydrothermal fluid
(equations in Figure 25; [95,96,98,121-123]). Based on the observations in the altered felsic
units (i.e., moderate alteration degree; phyllic alteration assemblage; mass gain/loss in par-
ticular of Na and Ca) these conditions were responsible for the alteration assemblage in the
felsic units as well. Additionally, variations in illite composition show that sericitization of
feldspars occurred at increasing temperatures since both I/S and illite close to endmember
composition are present (Figure 18). This process of illitization (i.e., sequential formation
of illite commonly from smectite with increasing temperature; [66,107,124,125]) is well ob-
served in hydrothermal systems including geothermal fields [126], Zn-Pb hosted Irish-type
deposits [127], VMS and seafloor massive sulfide deposits (e.g., [128,129]), and porphyry
deposits [130]) and is a function of temperature. Illite/smectite is stable at temperatures of
<200-230 °C [119,124], whereas endmember illite stability is commonly achieved at temper-
atures of 230 to 360 °C [63,65,107,119,125]. However, muscovite is not present in the altered
felsic units indicating that illite formed at temperatures <275 °C, since muscovite is unsta-
ble in this temperature range [65]. Fluid temperature was further determined by applying
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BR-79

150

several geothermometers including: (1) K-Mg-Fe composition of illite [70] and (2) oxygen
isotope geothermometry involving SlgOﬂhte_water and 6180quartz_water. Geothermometry
using illite composition is debated since results vary even within the same alteration
assemblage within a district [122]. However, Battaglia [70] showed that using K-Fe-Mg
composition in illite can result in valid temperatures of phyllic alteration (Equation (5)):

T[°C] = 267.95x + 31.50, x = K + | Fe-Mg | (5)

Using Equation (5) for all successful illite analyses resulted in an average temperature
of 225 £ 16 °C (Table 3). However, there is a temperature gradient with fluid temperatures
decreasing downwards from ~230-240 °C to ~220-200 °C (Figure 26; Supplementary
Materials Table S7). Lower fluid temperatures (200-220 °C) coincide with I/S composition
(e.g K=0.50-0.69 apfu), whereas higher temperatures (230-240 °C) relate to illite compo-
sition close to endmember illite (K = 0.69-0.80 apfu). Although temperature commonly
increases downwards in VMS systems (e.g., [81,86,118]), an inverse temperature gradient
has also been observed locally on the modern Tinakula seafloor massive sulfide deposit in
the Solomon Islands [128]. The inverse temperature profile at the A6 Anomaly is related
to zones of increased brittle deformation with abundant fractures and quartz veins that
allowed for larger lateral fluid flow due to higher permeability and was not caused by
lithological changes (i.e., coherent flows vs. overlying volcaniclastic rocks). Despite varying
temperatures with depth, the alteration assemblage does not change significantly which
contrasts with other hydrothermal systems (e.g., [128,129]) and displays the homogeneity
of alteration assemblage over a relatively large area (ca. 0.5 km?). Although highest fluid
temperatures coincide with areas of strong Na depletion, K enrichment (e.g., sericitization
and illitization) and high Al, sulfide and base metal content rather correlate with lower
temperatures and less alteration intensity (Figure 26).
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Tinite is based on calculations using illite composition (Equation (6); [70]).
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Oxygen geothermometry is applied to confirm the temperatures of the illite geother-
mometer. Since neighboring quartz-illite pairs are analyzed, (Figure 19¢,d), isotopic equi-
librium is tested using the method described in Gregory and Criss [131] and Gregory
et al. [132]. If isotopic equilibrium is established, !0 composition of neighboring quartz-
illite pairs aligns in a positive linear array with a slope close to 1, with strong correlation
factor R? and an intercept of 0. The slope is used to calculate the equilibrium temperature
since it correlates to Equation (6):

18 18 18 10°  L10°

o Oqz ) Oﬂl = A Oqz—ill ~ 10001110(qz_ﬂl = A? + BT +C (6)
where 6180qz,i11 is the oxygen isotope composition of quartz and illite, respectively; Algoqz_ﬂl
is the difference in isotopic composition of neighboring quartz and illite; oy, i is the frac-
tionation factor between quartz and illite; A, B, and C are constants; and T is temperature
in Kelvin. Isotherms ranging between 160 to 700 °C were calculated using 0.95, 0 and
0.9 for constants A, B, and C, respectively, at T = 160-270 °C [133] and 0.735, 0.912 and
0 for constants A, B, and C, respectively, at T = 300-700 °C [110]. However, quartz-illite
pairs from the felsic units neither show a positive slope, strong correlation or align paral-
lel to an isotherm (Figure 27a), indicating isotopic disequilibrium between both phases.
Geothermometric calculations than involved hydrothermal fluids and each phase, since
isotopic equilibrium between hydrothermal fluid and illite or quartz in a fully open system
can be assumed due to a constant evolved seawater input [109,131,134]. Fluid tempera-
tures were calculated assuming 580y, composition between 0.5 to 2.3%. based on the
data of hydrothermal fluids from active vents [135] and applying Equation (7) [109] and
Equation (8) [108] for illite and quartz, respectively:

1 6
580y — 8"%0p,0 = A0y _m,0 ~ 1000y _p,0 = 2.39 x TOZ —3.76 @)

6 3
580, — 50,0 = A™®Oq, 1,0 ~ 1000Inag, H,o = 4.28 x % —35x % (8)
The results are shown in Figure 27b. Based on variations in illite composition (i.e.,
I/S and close to illite endmember) and their stability at T = 200-360 °C (e.g., [63,65,119]),
§180p,0 composition of evolved seawater was most likely closer to 4%. (Figure 27b). This
‘heavier” oxygen composition in hydrothermal fluids has been observed in some VMS-
forming systems including Kuroko deposits (§'80y,0 = 6-10%.; [136,137]), Bathhurst min-
ing Camp (6180H20 =4%o;[138]) and seafloor massive sulfide systems (6180H20 ~ 5%o; [128]).
However, it is unclear if boiling, a magmatic component or both processes contributed to
higher 6180H20 composition at the A6 Anomaly based on the current data (e.g., unknown
water depth; lack of bladed alteration phases). The hydrothermal fluid temperatures at the
A6 Anomaly based on illite composition, illite geothermometry, and oxygen geothermome-
try ranged between 200250 °C, and are higher than fluid temperatures responsible for the
mineralization at Eskay Creek [37] (Figure 27b).
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§!80p,0 = 0.5, 2.3 and 4 %0, and homogenization temperatures of fluid inclusions in quartz and sphalerite from Eskay
Creek [37], light blue horizontal bar indicates temperature range of hydrothermal fluid responsible for alteration at the A6
Anomaly and shaded area is stability of I/S and endmember illite without the presence of muscovite, legend as in Figure 17.
See text for details and calculations are summarized in Supplementary Materials Table S7.

Physico-chemical hydrothermal fluid conditions (i.e., T = 200-250 °C; mildly acid,
oxidized) causing phyllic alteration in felsic units at the A6 Anomaly are common for
Zn £ Pb VMS hosted within (bimodal-)felsic lithologies [17,85,86,139]. However, the lack
of mineralization in the studied felsic altered units indicates either an insufficient metal
source (e.g., altered units itself) or a yet undiscovered massive sulfide lens which would be
rather distal to the studied drill holes. Although quartz-illite alteration can occur rather
proximal to and in hydrothermal upwelling zones beneath ore lens(es) (e.g., [128,140]),
the relative homogeneity of alteration assemblage in the felsic units over several hundred
meters distance, the low temperature gradient laterally and horizontally, and the lack
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of pervasive sulfide stringers instead indicate distal alteration or alteration in a barren
VMS system.

6. Conclusions

In this study, the stratigraphy and lithogeochemistry of igneous rocks, and the alter-
ation assemblage of felsic units including the mineral composition and chemistry of the A6
Anomaly, were investigated to determine the VMS potential, alteration mineralogy, and
hydrothermal fluid conditions, and provide a spatial context of the observed alterations.
The following conclusions were drawn:

e  Stratigraphy at the A6 Anomaly is comprised of altered felsic rhyodacites to trachytes
that are overlain by a fining upward volcano-sedimentary sequence consisting of
heterogeneous turbiditic sequence and mafic to intermediate volcanic rocks. This
stratigraphy has late-Early to Middle Jurassic age (177-172.7 Ma) and is assigned here
to the Iskut River Formation of the Upper Hazelton Group.

e Rhyodacites and trachytes have a calc-alkaline affinity and represent FII to minor FI
rhyolites with Zr < 200 ppm, and a weakly decreasing REE pattern that has a weakly
negative Eu anomaly. These units were formed by partial melting of an amphibole-
plagioclase precursor at a melting depth of 10-15 km in an evolving back-basin.

e  Mafic units, which are distinguished into Group A basalts (tholeiitic, Nb/Yb < 1.6;
slightly decreasing REE pattern) and Group B basalts and andesites (transitional to
calc-alkaline, Nb/Yb > 2.2; strongly decreasing REE pattern), represent MORB with
varying degrees of crust assimilation. Group B basalts, which occur spatially in the
hanging wall of altered felsic units, are formed in a similar back-arc setting to those of
rhyodacites to trachytes. In contrast, Group A basalts which occur predominantly in
the upper part of the stratigraphy formed when the evolving back arc basin thinned
due to extension, resulting in less crustal contamination compared to Group B rocks;
this indicates the presence of a rift basin east of the main Eskay rift.

e  Felsic and mafic units at the A6 Anomaly are ambiguous in their potential to host an
ore-bearing VMS deposit, since they have characteristics of both barren VMS systems
(e.g., absence of subvolcanic intrusion that provide heat and metals; felsic units with
geochemistry common in VMS barren systems and low metal content; lack of distinct
sulfide stringers common in stockwork zones beneath massive sulfide lenses) and
ore-bearing VMS systems (e.g., association with shallow melting mafic units such
as Group A basalts; pre-dominant FII affinity; formation in evolving back-arc rift
common for VMS formation). Hence, further exploration in the area should focus on
identifying a shallow subvolcanic tholeiitic felsic intrusion that could have provided
heat and base metals, and on further identifying the stratigraphy and geochemistry of
igneous units.

e  The alteration assemblage in the altered felsic units is laterally and vertically homoge-
neous, defined by phyllic alteration with quartz—illite—K-feldspar & chlorite & pyrite
= calcite + barite & rutile. Illite is of I/S and almost endmember illite composition
and formed from feldspar (albite, plagioclase, K-feldspar) destruction by mildly acidic
(pH = 4-5.5), oxidized fluids at temperatures of 200-250 °C. The alteration represents
distal footwall alteration, presumably in a semiconformable alteration zone, and lacks
significant sulfide stringers and metal enrichment. Hydrothermal fluids, despite fa-
vorable fluid conditions, in particular for Zn 4= Pb £+ Ag transport, were relatively
metal barren.

Supplementary Materials: The following supplementary materials are available online at https:
//www.mdpi.com/article/10.3390/min11080867/s1, Table Sla: Diamond drill hole information,
coordinates in UTM9, Table S1b: Sample information for whole rock lithogeochemistry, Table Slc:
Sample information for mineralogy and in situ geochemistry of altered flows, Table S2a: Methods
used by ALS to analyze major, minor and trace elements. Table S2b: Detection limits based on ALS
methods for analyzed elements and different methods, Table S2c: Precision (RSD) and accuracy
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(RD) for reference materials (RMs) used for major, minor and trace element lithogeochemistry,
Table S2c: Precision (RSD) and accuracy (RD) for reference materials (RMs) used for major, minor
and trace element lithogeochemistry, Table S3: Results of SIMS measurement on in-house muscovite
and quartz RMs, Table S4: Results of whole rock lithogeochemistry and calculated parameters,
Table S5: Mineralogical composition altered felsic flows from XRD analyses, Figure S1. Mineralogical
composition of altered felsic flows, Table S6a: K-feldspar composition with calculated mineral
formula in altered felsic flows, Table S6b: Illite composition with calculated mineral formula in
altered felsic flows, Table Sé6c: Pyrite composition with calculated mineral formula in altered felsic
flows, Table S7: Calculated fluid temperature using illite composition for all drill holes.
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