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Abstract

Felsic igneous complexes and associated volcano-sedimentary rocks in continental back-arc environments host
large-tonnage and/or high-grade volcanogenic massive sulfide (VMS) deposits. The emplacement mechanisms,
style, and preservation of these deposits is thought to be partially dependent on depositional rates of the host
lithofacies (i.e., discrete volcanic eruptions) relative to the setting of massive sulfide genesis on the seafloor
as mounds and/or via subseafloor replacement of existing strata. The localization and occurrence of subsea-
floor replacement-style VMS deposits is therefore strongly influenced by the characteristics of the volcano-
sedimentary facies in the hosting basin and the rates of their emplacement; the latter are poorly constrained in
the literature due to the difficulty of obtaining high-precision dates that make this possible in Phanerozoic and
older rocks. New high-resolution U-Pb geochronology and detailed regional stratigraphic investigation indicate
that Devonian-Mississippian volcanic rocks and associated VMS mineralization in the Yukon-Tanana terrane in
the Finlayson Lake district, Yukon, Canada, were erupted or emplaced during distinct time periods (ca. 363.3,
362.8, and 355.2 Ma) in two discrete submarine basins: the Kudz Ze Kayah formation and the Wolverine Lake
group. The VMS deposits in both settings are contained within intrabasinal rocks that accumulated at rapid
rates of ~350 to 2,000 m/m.y. over 0.6 to 1.4 m.y. Locally, these rates reach peak rates up to 7,500 m/m.y. in
the Wolverine Lake group, which are interpreted to reflect facies deposition by mass transport complexes or
turbidity currents. These new dates indicate that rapid accumulation of volcanic rocks in the back-arc basins
was critical for localizing subseafloor replacement-style mineralization and the development of the Zn-enriched
GP4F, Kudz Ze Kayah, and Wolverine VMS deposits. Rapid depositional processes observed in these deposits
and their host basins are interpreted to have an important role in developing highly porous and permeable,
water-saturated lithofacies that provide optimal conditions for enhancing zone refining processes and subse-
quent preservation of massive sulfide mineralization, which are key in the development of high-grade and
large-tonnage VMS deposits. It is herein suggested that quantitative basin-scale accumulation rates, as a result
of new U-Pb geochronological methods and increased precision combined with detailed stratigraphic and facies
analysis, may provide important perspectives on the formation of continental back-arc basins and the localiza-
tion of VMS deposits in other continental margin environments globally.

Introduction facies (+ epiclastic sedimentary rocks) in the subaqueous en-
vironment of continental back-arc basins provides insight into
the nature of volcanism, sedimentation, and subsidence in
ancient seafloor environments. Collectively, volcanic and vol-
cano-sedimentary rock emplacement style can also influence
the styles of VMS mineralization. Flow-dominated environ-
ments commonly lead to exhalative mound development (i.e.,
black smoker chimneys), whereas in more clastic-dominated

Silicic magmatism at convergent margins contributes to the
growth of continental crust and drives the formation of hy-
drothermal ore deposits in both the arc (e.g., porphyry Cu de-
posits; Sillitoe, 2010) and back-arc environments (e.g., volca-
nogenic massive sulfide [VMS] deposits; Franklin et al., 2005;
Piercey, 2011). In the back-arc environment, slab rollback,

crustal extension, and upwelling of asthenosphere-derived ° .
melts elevate the geothermal gradient, increase heat flow, environments, replacement-style deposits are common where

and enhance fluid circulation in the upper crust (McKenzie sulfides replace porous and, to a lesser extent, coherent volca-

and Bickle, 1988; Heuret and Lallemand, 2005). Extensional nic and sed.imentary faci.es (e.g. Fraeklin et al., 20,05; Gibson,
faults within the back-arc rifts facilitate magma transport in 2005). Rapid accumulation of volcaniclastic rocks in VMS set-

the crust and the formation of subvolcanic intrusions, volcanic tings has beee proposed as an impo@ant aspect of forming
flows, or explosive pyroclastic eruptions on the seafloor (Gib- large and/or high-grade VMS deposits in the subseafloor envi-

son et al., 1999). Rapid accumulation of volcanic-subvolcanic ronment (e.g., Doyle and Alle1.1, _2003)' However, despite the
potentlal tectonic and economic importance of emplacement

rates at which volcanic facies are accumulated, the rates, how
tCorresponding author: e-mail, mjmanor@mun.ca they are related to the formation and localization of VMS de-
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posits, and their role in facilitating subseafloor replacement
mineralization remain poorly understood.

Deciphering rates of volcanic and sediment accumulation
in the ancient rock record is challenging due to the paucity
of robust geochronological data in ancient assemblages. Fur-
ther, most historical geochronological data, or dates obtained
by less precise in situ methods (e.g., laser ablation-inductively
coupled plasma-mass spectrometry [LA-ICP-MS] or sec-
ondary ion mass spectrometry [SIMS]), are not sufficient
for robust calculations of ancient emplacement rates at the
resolution required to investigate VMS formation. Thus, de-
termining volcanic emplacement rates requires the applica-
tion of modern, high-precision geochronological methods,
such as chemical abrasion-isotope dilution-thermal ionization
mass spectrometry (CA-ID-TIMS) U-Pb zircon geochronol-
ogy (Mattinson, 2005) and precise controls on stratigraphic
and structural relationships for the VMS-hosting rock pack-
ages (e.g., Bleeker et al., 1999; Ross et al., 2014; Oliver et al.,
2021). Current U-Pb zircon geochronological methods allow
for a precision of <0.1% on single zircon crystals with weight-
ed mean dates that can decipher distinct Paleozoic magmatic
events less than 100 k.y. apart (Schoene and Baxter, 2017).
Utilizing modern CA-ID-TIMS methods, we present the first
set of new high-precision U-Pb zircon dates for mid-Paleozoic
back-arc related rocks in the Kudz Ze Kayah formation and
Wolverine Lake group in the Finlayson Lake VMS district,
Yukon, Canada, which together contain >25 Mt of polyme-
tallic base metal sulfide resources (Regan, 2007; Peter et al.,
2007; van Olden et al., 2019). The rock packages in this dis-
trict are interpreted to be deposited in relatively small (<600
km?), restricted continental back-arc basins that formed along
the western margin of ancestral North America in the Late
Devonian to Early Mississippian (e.g., Bradshaw et al., 2008).
We integrate stratigraphic data and, to our knowledge, the
highest-resolution U-Pb results ever reported for any VMS
district in the ancient geologic record to calculate linear and
volumetric, time-resolved accumulation rates for volcanic
and sedimentary rock assemblages within the Finlayson Lake
VMS district. These calculated rates indicate rapid accumula-
tion of large volumes of subaqueous volcanic and sedimentary
facies during the early back-arc rifting stage. The results may
indicate a possible link between rapid, basin-scale volcano-
sedimentary processes and the localization and genesis of
Zn-rich, replacement-style VMS deposits in the Finlayson
Lake district.

Geologic and Stratigraphic Setting

The Finlayson Lake VMS district, Yukon, Canada, is a fault-
bounded portion of the Yukon-Tanana and Slide Mountain
terranes that formed adjacent to the peri-Laurentian conti-
nental margin in the mid- to late-Paleozoic (Fig. 1; Tempel-
man-Kluit, 1979; Mortensen and Jilson, 1985; Murphy et al.,
2006). Rocks that compose the Yukon-Tanana terrane arc and
back-arc assemblages are volcanic, plutonic, and sedimen-
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tary rocks that were deposited above or intruded a pre-Late
Devonian basement; these rocks are variably deformed and
metamorphosed but locally retain primary geologic and geo-
chemical features (Colpron et al., 2006; Murphy et al., 2006;
Piercey et al., 2006; Piercey and Colpron, 2009). The Jules
Creek transform fault juxtaposes rocks of the Yukon-Tanana
terrane with ophiolitic rocks of the Slide Mountain terrane
(Figs. 1, 2; Murphy et al., 2006), which were then together
thrust above North American platformal strata along the In-
connu thrust in the Late Jurassic (Murphy et al., 2002). In the
Eocene, Yukon-Tanana terrane rocks were displaced ~430 km
along the Tintina strike-slip dextral fault system, resulting in
the Finlayson Lake district (Fig. 1; Gabrielse et al., 2006).

Yukon-Tanana terrane rocks within the Finlayson Lake
VMS district are hosted in three distinct structurally imbri-
cated panels (from deepest to shallowest): the Big Campbell,
Money Creek, and Cleaver Lake thrust sheets (Figs. 1, 2; Mur-
phy et al., 2006). We will only discuss the geology of the Big
Campbell thrust sheet in the scope of this paper, as the Money
Creek and Cleaver Lake thrust sheets contain no known VMS
mineralization; we refer the reader to Murphy et al. (2006)
for descriptions of these rock packages. The Big Campbell
thrust sheet is bounded below by the post-Late Triassic Big
Campbell thrust fault and above by the Early Permian Mon-
ey Creek thrust fault (Figs. 1, 2). Rocks in the Big Campbell
thrust sheet include the basal Upper Devonian metasedimen-
tary rocks of the North River formation overlain by Upper
Devonian mafic and felsic metavolcanic and metasedimentary
rocks of the Grass Lakes group, which include the Fire Lake,
Kudz Ze Kayah, and Wind Lake formations (Figs. 1, 2). Late
Devonian gabbroic to dioritic intrusions of the North Lakes
intrusion and granitoid intrusions of the Grass Lakes plutonic
suite cut the Grass Lakes group. The Grass Lakes group is
unconformably overlain by Lower Mississippian metaclas-
tic and mafic to felsic metavolcanic rocks of the Wolverine
Lake group (Figs. 1-3). Metasedimentary rocks of the Lower
Permian Money Creek formation are interpreted to uncon-
formably overlie the Wolverine Lake group. Bimodal felsic
and felsic-siliciclastic Zn-enriched VMS mineralization in the
Big Campbell thrust sheet is present throughout the Grass
Lakes group stratigraphy (GP4F and Kudz Ze Kayah deposits;
Piercey et al., 2001; Sebert et al., 2004; Peter et al., 2007) and
in the Wolverine Lake group (Wolverine deposit; Bradshaw
et al., 2008; Figs. 1-4); mafic-siliciclastic VMS mineralization
is present in the Fire Lake formation (Kona Cu-Co deposit;
Sebert et al., 2004; Peter et al., 2007). Rocks and associated
VMS mineralization in the Grass Lakes and Wolverine Lake
groups are interpreted to have formed in an evolving conti-
nental arc to back-arc basin environment that represents the
earliest stages of rifting on the western peri-Laurentian conti-
nental margin (Piercey et al., 2001, 2002, 2004, 2006; Murphy
et al., 2006).

Our discussion below focuses on the felsic VMS-bearing as-
semblages in the Big Campbell thrust sheet that have been

Fig. 1. Regional geologic setting of the Finlayson Lake district, Yukon-Tanana terrane, Yukon (modified after Murphy et al.,
2006 and Colpron and Nelson, 2011). Numbers indicate locations of VMS deposits in the region. Abbreviations: BCT = Big
Campbell thrust, CLT = Cleaver Lake thrust, JCF = Jules Creek fault, MCT = Money Creek thrust, NRF = North River fault,
VMS = volcanogenic massive sulfide. Inset map of Yukon shows the distribution of Paleozoic terranes (YI'T = Yukon-Tanana
terrane; SMT = Slide Mountain terrane) relative to the North American continental margin.
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Fig. 3. Geologic setting of the Kudz Ze Kayah formation and Wolverine Lake group illustrating property-scale mapping from
this study merged with regional data sets (after Yukon Geological Survey, 2018; van Olden et al., 2019). Circled numbers
correspond to Zn-rich volcanogenic massive sulfide (VMS) deposits in felsic stratigraphy after Figures 1 and 2. Diamond
symbols show locations of archival U-Pb dates, where colors correspond to study reference. Numbers in parentheses are the
2s uncertainty on the U-Pb date in Ma. Red box outlines correspond to zoomed in maps in Figures 4 and 5. Abbreviations:
B-F = bimodal-felsic VMS deposit, carb = carbonaceous, F = felsic, F-S = felsic-siliciclastic VMS deposit, Fsp = feldspar, T
= intermediate, Qtz = quartz.

variably metamorphosed to greenschist facies (Murphy et al.,  based nomenclature of Fisher (1966), recently updated by
2006). However, primary textures are preserved throughout ~White and Houghton (2006).
the rock units in the Grass Lakes and Wolverine Lake groups
(e.g., lapilli, laminations), and as such, we omit the prefix
“meta” from all rock descriptions below. Descriptive termi-

Lithostratigraphy of the Kudz Ze Kayah formation and
Wolverine Lake group

nology is used for coherent and volcaniclastic lithofacies (i.e.,
tuff, lapilli tuff, aphyric) that follows the non-genetic, size-

The Kudz Ze Kayah formation and Wolverine Lake group
contain the greatest abundance of back-arc related felsic
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Fig. 4. Geologic map of the Kudz Ze Kayah formation (after van Olden et al., 2019) showing U-Pb geochronology sample
locations (yellow circles and black numbers) and lines of cross section lines used to reconstruct stratigraphic sections. Struc-
tural data is shown for representative measurements used to construct cross sections for Sp and S; cleavages only. Red boxes

correspond to VMS zones. Unit labels and colors as in Figure 3.
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Fig. 5. Geologic map of the Wolverine Lake group, merged with regional mapping (after Yukon Geological Survey, 2018).

Symbols and labels as in Figures 3 and 4.

volcanic facies in the Finlayson Lake district (Piercey et al.,
2001), were deposited in two distinct continental margin ba-
sins, and both contain multiple occurrences of sulfide mineral-
ization (e.g., Figs. 1-3; Peter et al., 2007). Geologic mapping,
cross sections, and stratigraphic reconstructions indicate that
both stratigraphic units are characterized by lateral variations
in thickness over minimum strike lengths of ~15 km (Kudz
Ze Kayah formation) and ~23 km (Wolverine Lake group;
Figs. 3-8). The lower part of the Kudz Ze Kayah stratigraphy

consists of siltstone and carbonaceous argillite (~130-500 m
thick), but volcaniclastic rocks (i.e., tuffs, lapilli tuffs, and crys-
tal tuffs), aphanitic rhyolitic intrusive rocks, and minor mud-
stone and mafic intrusive rocks compose the remaining ~400
to 1,300 m of stratigraphy throughout the district (Figs. 4, 6,
8). The volcaniclastic rocks (RHYv; Fig. 9A-D) are volumetri-
cally dominant and contain facies variations that are indistin-
guishable at the regional scale; these variations occur both
along strike and up-section but are mapped as one regional
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Fig. 6. Cross sections for lines A-A’, B-B’, C-C’, D-D’, and E-E’ in the Kudz Ze Kayah formation, drafted with no vertical
exaggeration. Sections correspond to plan view lines in Fig. 4. Unit colors and abbreviations as in the legend in Fig. 3. U-Pb
samples are shown as yellow circles for reference and projected into the cross section where applicable (B-B” and C-C’;
17MM-002); numbers correspond to sample symbols in Figures 4 and 5. Thin, black dashed lines in the subsurface are inter-
preted cleavage plane variations based on outcrop measurements. Red dashed lines indicate approximate location of VMS
lenses. Arrows on the surface indicate locations of outcrop measurements corrected as apparent dips. Abbreviations: Ef =
East fault, FCf = Fault Creek fault, FLf = Fire Lake formation, GLPS = Grass Lakes plutonic suite, KKT = Krakatoa, KZKf
= Kudz Ze Kayah formation, NRf = North River formation, WLf = Wind Lake formation.
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Fig. 7. Cross sections for lines F-F’, G-G’, and H-H’ in the Wolverine Lake group, drafted with no vertical exaggeration. All
aspects of cross sections the same as in Fig. 6. Abbreviations: CRF = Campbell Range formation, MCf = Money Creek forma-

tion, WLg = Wolverine Lake group.

geologic unit (Fig. 4). Coherent rhyolites (RHYc; Fig. 9E, F)
are present as discrete units that crop out over a 6-km strike
length and have been transposed subparallel to the regional
S1 cleavage (Fig. 4). These rocks are spatially associated with
aphyric rhyolites that contain minor quartz eyes (RHYi), and
both RHYc and RHYi units exhibit features that are indica-
tive of being stratigraphically concordant; however, surface
expressions of the RHYi unit are limited to between the B-B’
and C-C’ cross sections (<2 km along strike; e.g., Figs. 4, 6).
Tuffaceous facies are commonly poorly sorted and, where la-
pilli and/or crystals are present, are matrix- to clast-supported
(e.g., Fig. 9B, C) with random grain sizes and modal distribu-
tions; rare instances of graded bedding within the tuffs are
present. In the Kudz Ze Kayah formation, massive sulfides are
present in the felsic-siliciclastic GP4F deposit (1.5 Mt at 6.4%
Zn, 3.1% Pb, 0.1% Cu, 2.0 g/t Au, and 81.7 g/t Ag; MacRob-
bie and Holroyd, 2000), located ~70 m above the siltstone-
volcaniclastic facies transition in the lower Kudz Ze Kayah
formation, and in the bimodal-felsic Kudz Ze Kayah deposit
(18.1 Mt at 6.6% Zn, 2.0% Pb, 0.9% Cu, 1.4 g/t Au, and 156
g/t Ag; van Olden et al., 2019)—consisting of the ABM and
Krakatoa zones—located higher in the Kudz Ze Kayah stratig-
raphy, ~500 to 600 m above GP4F (Fig. 4; Peter et al., 2007).
Coarse grained, alkali feldspar porphyritic granites and sills
of the Grass Lakes plutonic suite intrude the Kudz Ze Kayah
formation and overlying Wind Lake formation, providing a
minimum age for the latter rocks (Fig. 4).

The Wolverine Lake group contains a basal unit of quartzo-
feldspathic grit and conglomerate (~170-470 m; ca. 357.5 Ma;

Murphy et al., 2006) that is overlain by a thick footwall se-
quence (~500-1,000 m) of crystal-rich volcaniclastic rocks
and intercalated tuffs and argillites that are interpreted to
have commenced deposition by ca. 356.2 Ma (Figs. 5, 7, §;
Murphy et al., 2006). The crystal tuffs in this sequence (XLT)
are generally more homogeneous than in the Kudz Ze Kayah
formation, and at a regional scale, the fine-grained tuffs occur
as distinct bedforms within the crystal tuff unit (Fig. 5). These
rocks are gradationally overlain by carbonaceous argillite that
is intruded or interbedded with felsic porphyritic and volcani-
clastic rocks, respectively (~700 m; Fig. 9G-I). Mineralization
is present near the top of the footwall sequence as the felsic-
siliciclastic Wolverine deposit (Wolverine and Lynx zones; 5.2
Mt at 9.66% Zn, 1.26% Pb, 0.91% Cu, 281.8 g/t Ag; Regan,
2007) and the Puck, Sable, and Fisher zones (Fig. 5; Brad-
shaw et al., 2008; Piercey et al., 2008). Fine-grained resedi-
mented rhyolitic tuff/siltstone, carbonate and quartz-pyrite
exhalite, iron formation, shale, greywacke, and MORB-type
basalts comprise Wolverine Lake group hanging-wall facies
(~150-460 m); all of these facies represent a sharp geochemi-
cal transition from facies of the Wolverine Lake group footwall
(Figs. 5, 8; Piercey et al., 2001, 2016; Bradshaw et al., 2008).

Structure

Rocks in the Grass Lakes and Wolverine Lake groups have
been metamorphosed to greenschist facies and exhibit four
phases of deformation (e.g., Fig. 10; Murphy and Piercey,
1999; Murphy et al., 2006). In both areas, local occurrences
of fine laminations in argillite define primary bedding planes
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Fig. 8. Regional stratigraphic columns for A) Kudz Ze Kayah formation, and B) the Wolverine Lake group. Columns show
cumulative unit thicknesses, approximate locations of VMS deposits, and U-Pb sample locations (circles = this study; dia-
monds = data from Murphy et al., 2006; Piercey et al., 2008). Unit thicknesses are measured from interpreted cross sections
in Figures 6 and 7. Thicknesses in panel (A) account for fault restoration and subtraction of Grass Lakes plutonic suite gran-
ites, as these rocks intruded the volcanic succession following the transition into the overlying Wind Lake formation. Thick
dashed lines in the columns represent unconformities; solid lines are locations of facies changes. Bold numbers correspond
to sample numbers in Figures 4 and 5. Abbreviations: FW = footwall, HW = hanging wall, KKT = Krakatoa VMS zone. Unit

colors correspond to Figure 1.

(So; e.g., Fig. 10C). The first deformation (D:) is represented
by penetrative foliation in the Grass Lakes group (Si-crg) that
is typically subparallel to the So bedding planes and is defined
by oriented micas, flattened lapilli and feldspar crystals, and
fissile argillite (e.g., Figs. 9, 10). The D; structures are inter-
preted to result from the regional deformation event at ca.
358 Ma (Murphy and Piercey, 1999; Murphy et al., 2006). A
second phase of deformation (D) is recognized by the fol-
lowing: 1) local crenulation fabrics (Sa.crg) in the Grass Lakes
group that are oblique to the Si.c1g in rocks with low compe-
tency (e.g., argillite and sericite-altered, well-foliated volcani-
clastic rocks; Fig. 10B); 2) rare, mesoscale folds that contain
the So and Si.cr, foliation (Fi.cLe); 3) penetrative foliation in
the Wolverine Lake group (S1-wig) that is subparallel to bed-
ding in argillite (So), represented by similar oriented mica,
feldspar, and lapilli as in the Grass Lakes group; and 4) a
weakly foliated, discordant granitic intrusion that cuts previ-
ously deformed (Si.c1g) argillites in the Wind Lake formation
(Murphy et al., 2006). The D; and D, deformations are fur-
ther supported by distinct S1.cre (~20°-30° dip to the north-
northeast) and Siwig (~20°=30° dip to the east) that define
the dominant penetrative foliation in the Grass Lakes group
and Wolverine Lake group, respectively. The third deforma-
tion phase (Ds) is present primarily as localized, southwest-
vergent isoclinal folds (F1wr,) in the upper Wolverine Lake

group footwall and hanging wall (mm- to m-scale) that fold
the earlier Si.wig fabric. The orientation of these Fiwi, folds
together with E-dipping Si.wi, cleavage supports earlier hy-
potheses that the Wolverine Lake group stratigraphy makes
up part of the eastern limb of an open, upright, N-NE—trend-
ing, regional anticline (Murphy and Piercey, 1999; Bradshaw
et al., 2008). Stratigraphically above the Wolverine Lake
group in the Campbell Range formation basalts, tight isocli-
nal anticline-syncline pairs have been interpreted as the areas
of highest strain during the D3 deformation which are con-
sidered to be near a synclinal hinge of the regional anticline
(Murphy and Piercey, 1999). Finally, the latest deformation
(Dy) is represented by late, brittle faults in two orientations:
1) NE-E—trending structures that cut both the Grass Lakes
and Wolverine Lake groups with ~320 m of mappable offset
(e.g., East and Fault Creek faults; Figs. 4, 5) and 2) N-NW-
trending structures in the Grass Lakes group (Fig. 3; Murphy
and Piercey, 1999).

Unit thickness corrections and assumptions

The unit thicknesses for lithofacies in the Kudz Ze Kayah for-
mation and Wolverine Lake group can be estimated despite
deformation in the Big Campbell thrust sheet. We base this
interpretation on the following arguments. First, argillites
in both the Grass Lakes and Wolverine Lake groups contain
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Fig. 9. Representative volcanic lithofacies in the Kudz Ze Kayah formation (A-F) and the Wolverine Lake group footwall
(G-I). A) felsic tuff; B) matrix-supported felsic lapilli tuff; C) clast-supported felsic lapilli-crystal tuff, with blue quartz eyes;
D) felsic crystal tuff with feldspar fragments and blue quartz eyes; E) amygdaloidal rhyolite; F) aphyric rhyolite; G) quartz-
feldspar porphyritic intrusive rock, containing blue quartz and feldspar phenocrysts; H) felsic lapilli-crystal tuff with blue
quartz eyes; I) tuffaceous argillite with lapilli. Abbreviations: Arg = argillite, fsp = feldspar, qtz = quartz.

local laminae that signify So bedding planes (Fig. 10C). Sec-
ond, primary features are recognized in volcaniclastic rocks
despite vertical compressional strain (i.e., flattening), such as
lapilli and crystal fragments that are variably oriented with
the Si fabric (Figs. 9-11). Bradshaw et al. (2008) note that
stratigraphy in the vicinity of the Wolverine deposit is de-
formed and significantly flattened, but primary stratigraphic
and deposit morphologies can still be deciphered. This indi-
cates that although the rocks are metamorphosed to phyllite
and schist, conditions were not conducive to full recrystalli-
zation and fold-induced thickening of the strata in the study
areas. Third, although folding of early penetrative foliation is
relatively common throughout the Wolverine Lake group, we
interpret the footwall stratigraphy to be situated on the east-
ern limb of an open N-NE-trending anticline that was not
affected by intense strain of a hinge region (e.g., Murphy and
Piercey, 1999). Strain intensity increases above the Wolverine
Lake group hanging wall in the overlying Money Creek (YIT)

and Campbell Range formations (SMT); however, folding is
interpreted to not impact the stratigraphic thickness of the
Wolverine Lake group footwall stratigraphy (Figs. 5, 7; Mur-
phy and Piercey, 1999; Murphy et al., 2006). Furthermore, we
are confident that thickness estimates are reasonable despite
widespread strain.

In light of the above points, cross sections were constructed
in orientations that are roughly orthogonal to the strike of
the penetrative foliation in each area (Si.crg and Siwig Figs.
4-T7). For the Kudz Ze Kayah formation, Late Devonian por-
phyritic granites of the Grass Lakes plutonic suite intrude the
entire Grass Lakes group and are thus omitted from thickness
reconstructions (Figs. 1, 3, 4). On the surface, these porphy-
ritic rocks are ~40- to 60-m-thick sills in the middle part of
the Kudz Ze Kayah formation, whereas units in the western
Kudz Ze Kayah formation are thicker (~200-250 m; Fig. 4).
In the Wolverine Lake group, porphyritic rocks are interpret-
ed as synvolcanic intrusive rocks (e.g., Piercey et al., 2008),
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Fig. 10. Representative structural fabrics in the Kudz Ze Kayah formation (A-B) and the Wolverine Lake group footwall
(C-D). Pervasive S; cleavage is the dominant planar feature in both geologic units. A) Prominent S; cleavage in an outcrop of
felsic tuff, with a broadly west-east strike that dips to the north. B) Crenulation fabrics in a felsic tuff developed on an earlier
S1 cleavage, with a Sy cleavage superimposed highly oblique to Si. C) Intercalated argillite (ARG) and felsic tuff (FLT) in the
upper Wolverine Lake group footwall. Laminations of argillite beds represent primary bedding (So), and S; cleavage in the
FLT unit is subparallel to bedding. D) Quartz-feldspar porphyritic intrusive rock with strong mineral alignment subparallel
to the prominent S; cleavage.

confirmed by U-Pb dating (below), and included in thick-
ness measurements. Large-scale folds are taken into account
in the Wolverine Lake group, and thicknesses are calculated
based on the open fold patterns (Fig. 7). Cross sections in the
Kudz Ze Kayah formation cross the high-angle East and Fault
Creek faults (Dy4) and are corrected for a maximum of ~320 m
of normal displacement; the Dy faults in the Wolverine Lake
group, however, are roughly parallel to and therefore do not
intersect the cross sections. To avoid assumptions related to
the intensity of strain throughout the study areas, the degree
of compression is left uncorrected, and the final thicknesses
and associated rates presented are thus minimum estimates.
Finally, due to the lack of high-precision geochronological
constraints above the Kudz Ze Kayah formation and Wol-
verine Lake group, the Wind Lake formation and Wolverine
Lake group hanging-wall strata, respectively, are not included
in rate calculations below.

Previous Geochronology Results

Previous geochronology studies in the Finlayson Lake dis-
trict have primarily focused on defining the relationship of
stratigraphic horizons to a broad tectonostratigraphic frame-

work of the Yukon-Tanana terrane (Mortensen, 1983, 1992;
Grant, 1997; Piercey, 2001; Devine et al., 2006; Murphy et
al., 2006; Piercey et al., 2008). In the vicinity of the Kudz
Ze Kayah and Wolverine VMS deposits, there are 14 his-
toric U-Pb dates that were completed using air-abrasion pre-
treatment techniques on multigrain fractions (Fig. 3). These
dates broadly define limits on the upper Fire Lake forma-
tion (ca. 366-365 Ma; n = 2), Grass Lakes plutonic suite (ca.
362-357 Ma; n = 3), and Wolverine Lake group (ca. 356-346
Ma; n = 7). Dates available for the Kudz Ze Kayah forma-
tion (ca. 357-347 Ma; n = 3) and the Wolverine Lake group
hanging wall (ca. 360 Ma; n = 1) are of poor quality (e.g.,
contain components of Pb-loss and inheritance) and no lon-
ger fit with updated stratigraphic constraints (Murphy et al.,
2006). Two periods of magmatism in the upper footwall of
the Wolverine Lake group have been defined by porphyritic
rocks associated with VMS mineralization at 1) ca. 352 Ma:
pre-VMS quartz-feldspar porphyritic intrusions (Sable zone:
352.4 + 1.5 Ma; Puck zone: 356.9 + 0.5 Ma); and 2) ca. 347
Ma: syn- to post-VMS feldspar porphyritic intrusions (Wol-
verine/Lynx zone: 347.8 + 1.3 Ma; Fisher zone: 346.0 + 2.2
Ma; Piercey et al., 2008).
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Fig. 11. Rock samples used for chemical abrasion-isotope dilution-thermal ionization mass spectrometery (CA-ID-TIMS)
U-Pb zircon geochronology in the Kudz Ze Kayah formation (A-D) and the Wolverine Lake group (E-I). A) Felsic crystal tuff
with blue quartz eyes located ~5 m below the Wind Lake-Kudz Ze Kayah formation contact (17MM-002). B) Felsic tuff to
lapilli tuff in the hanging wall of the ABM zone (17MM-031). C) Felsic tuff with minor lapilli in the footwall of the Krakatoa
horizon (18MM-133). D) Felsic crystal tuff with feldspar and blue quartz in the footwall of the GP4F deposit (17MM-074).
E) Feldspar porphyritic intrusive rock in the Fisher zone (18MM-102). F) Felsic crystal tuff with feldspar and quartz frag-
ments from the footwall of the Wolverine/Lynx zone (P99-WV-4K). G) Feldspar porphynritic intrusive rock from the footwall
of the Wolverine/Lynx zone (P00-WV-1C). H) Quartz-feldspar porphyritic intrusive rock from the Sable zone (P00-WV-12).
I) Felsic crystal tuff with quartz and feldspar in the lower Wolverine Lake group footwall (18MM-114). Mineral abbreviations:

fsp = feldspar, py = pyrite, gtz = quartz.

Analytical Methods

Sample preparation and mineral separation procedures were
carried out at Memorial University of Newfoundland (MUN).
Zircon was extracted from rock samples following a series of
crushing, grinding, splitting, sieving (to <500 pm to >63 pm),
heavy liquid (bromoform, methylene iodide), and magnetic
separation methods. The zircon grains were then hand-picked
in ethanol, loaded into quartz crucibles, and placed into a fur-
nace for annealing at 900°C for 60 hours to treat minor radia-
tion damage; annealing enhances cathodoluminescence (CL)
emission (Nasdala et al., 2002), promotes more reproducible
interelement fractionation during laser ablation-inductively
coupled plasma-mass spectrometry (LA-ICP-MS; Allen and
Campbell, 2012), and prepares the crystals for subsequent
chemical abrasion (Mattinson, 2005). Annealed grains were

mounted in epoxy and ground and polished with 12-pm Al
oxide grit, 3-pm diamond paper, and 1-pm Al oxide powder
in steps until the grains were sectioned approximately halfway
through. Samples were then carbon coated and imaged with
cathodoluminscence (CL), backscattered electron (BSE), and
secondary electron (SE) techniques at voltages of 10kV (CL)
and 15kV (BSE, SE) on a JEOL JSM 7100F scanning electron
microscope equipped with a Schottky-type Field Emission
gun and a Deben Centaurus CL detector. Zircon CL images
are presented in Figure 12 and Appendix Figures A3 and A4.

LA-ICP-MS and CA-ID-TIMS analyses were performed
at the Isotope Geology Laboratory at Boise State Universi-
ty, Idaho (BSU). The LA-ICP-MS analyses were completed
prior to CA-ID-TIMS to target and omit zircon grains with
components of Pb loss or inheritance that would otherwise
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Fig. 12. Representative cathodoluminescence images for zircon selected
for chemical abrasion-isotope dilution-thermal ionization mass spectrom-
eter (CA-ID-TIMS) analysis in A) the Kudz Ze Kayah formation and B) the
Wolverine Lake group footwall. Each grain corresponds to an individual CA-
ID-TIMS analysis that corresponds with Table 1. The 50-micron scale bar is
applicable to all grains in the figure.

be unsuitable for obtaining high-precision CA-ID-TIMS
analyses. Laser ablation was performed on each grain using
a New Wave Research UP-213 Nd:YAG UV laser (213 nm)
using fluence and pulse rates of ~5 J/em? and 10 Hz, respec-
tively, during a 45-second analysm (15-sec gas blank 30-sec
ablation). Spot sizes are 25 pm in diameter and, where neces-
sary, raster lines of 10-pm diameter and ~50-mm length were
used to avoid burning through grains. Ablated material was
carried by a 1.2-L/min He gas stream to the nebulizer flow
of the plasma and analyzed in a ThermoElectron X-Series II
quadrupole ICP-MS. Quadrupole dwell times were 5 ms for
Si and Zr, 200 ms for #¥Ti and 207Pb, 80 ms for 206Pb, 40 ms
for 202Hg, 204Ph, 205Pb, 232Th, and 238U, and 10 ms for all other
high field strength elements (HFSEs) and rare earth elements
(REEs); total sweep duration is 950 ms. Background count
rates for each analyte were obtained prior to each spot analy-
sis and subtracted from the raw count rate for each analyte.
For concentration calculations, background-subtracted count
rates for each analyte were internally normalized to 29Si and
calibrated with respect to NIST SRM-610 and -612 glasses
as the primary standards. Standards (PleSovice, Seiland, and
Zirconia) were used throughout the run, four for every ten
unknowns, to monitor for instrument drift. Data processing
was completed with a BSU in-house Excel-based program.
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The results for LA-ICP-MS U-Pb analysis on zircon stan-
dards show concordant 206Pb/238U dates of 337.02 + 0.50 Ma
for Pleovice (20; n = 245; mean square of weighted deviates
[MSWD] = 1.00), 527.1 + 1.8 Ma for Seiland (20; n = 125;
MSWD = 1.2), and 326.87 + 0.91 Ma for Zirconia (20; n =
128; MSWD = 1.9; App. Fig. A5). The U-Pb dates are consis-
tent with published 206Pb/238U dates for PleSovice (337.13 =
0.37 Ma; Slama et al., 2008), Seiland (531 + 2 Ma; Pedersen
et al., 1989), and Zirconia (327.24 + 0.048 Ma; Boise State
University in-house standard) zircon standards.

CA-ID-TIMS U-Pb geochronology methods for isotope
dilution thermal ionization mass spectrometry follow those
previously published by Davydov et al. (2010) and Schmitz
and Davydov (2012). Zircon crystals were plucked from the
epoxy mount following LA-ICP-MS analysis and subjected to
a modified version of the chemical abrasion method of Mat-
tinson (2005), whereby single crystal fragments plucked from
grain mounts were individually abraded in a single step with
concentrated HF at 190°C for 12 h. The CA treatment effec-
tively eliminates zircon domains that have experienced post-
crystallization Pb loss, thereby producing more concordant
and accurate U-Pb dates. Zircon fragments were dissolved in
Parr bombs at 220°C for 48 h. Dissolved zircon solutions were
subsequently dried down, redissolved in 100 pl of 6N HCI and
converted to chlorides in Parr bombs at 180°C for 12 h, after
which solutions were dried again and brought up in 50 pl of
3N HCIL. Uranium and Pb were isolated by anion exchange
column chromatography using 50-pl columns and AG-1 X8
resin (200—400 mesh, chloride form [Eichrom]; Krogh, 1973).

The U-Pb aliquot was loaded in a silica gel emitter (Ger-
stenberger and Haase, 1997) to an outgassed, zone-refined Re
filament. Isotopic determinations were performed using an
IsotopX PhoeniX-62 TIMS. A correction for mass-dependent
Pb fractionation was applied based on repeated measure-
ments of NBS 982 (Catanzaro et al., 1968) Pb (on both the
Daly ion counter [0.16 + 0.03 %] amu; 1s) and the Faraday
cups (0.10 x [1 + 0.02%] amu; 1s). Uranium was run as an ox-
ide (UO2) and measured in static mode on Faraday detectors
equipped with 1012 Q resistors. The U mass fractionation for
the same analyses was calculated using the 233U/235U ratio of
the EARTHTIME ET535 mixed 233-25U-205Ph double spike
solution (0.99506 + 0.01%, 1s). The EARTHTIME ET2535
mixed 233-2557-202-205Ph double spike solution (0.99923 =
0.027%, 1s) was also utilized for certain samples (denoted by *
beside the sample number in Table 1) and, where applicable,
the mass-dependent Pb fractionation was corrected for dur-
ing the run.

Raw U and Pb data were filtered using the Tripoli software
program (Bowring et al., 2011), and the U-Pb dates and uncer-
tainties for each analysis were calculated using the algorithms
of Schmitz and Schoene (2007), the U decay constants of Jaffey
etal. (1971), and a value of 238U/235U = 137.88. Uranium oxide
measurements were corrected for isobaric interferences us-
ing an 180/160 value of 0.00206. Uncertainties are based upon
non-systematic analytical errors, including counting statis-
tics, instrumental fractionation, tracer subtraction, and blank
subtraction. All non-radiogenic Pb was attributed to labora-
tory blank with a mean isotopic composition determined by
total procedural blank measurements. These error estimates
should be considered when comparing the 206Pb/238U dates
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with those from other laboratories that used tracer solutions
calibrated against the EARTHTIME gravimetric standards.
When comparing our dates with those derived from other
isotopic decay schemes (e.g., “Ar/*Ar, 157Re-1570s), the un-
certainties in tracer calibration (0.05%; Condon et al., 2015;
McLean et al., 2015) and U decay constants (0.108%; Jaffey et
al., 1971) should be added to the internal error in quadrature.
Quoted errors for calculated weighted means are thus of the
form +X/Y/Z (+20), where X is solely analytical uncertainty, Y
is the combined analytical and tracer uncertainty, and Z is the
combined analytical, tracer and 23U decay constant uncer-
tainty (Schoene et al., 2006). Concordia diagrams, regression
intercepts, and weighted averages were produced with Iso-
plot 4.1 (Ludwig, 2003). Results are presented as 206Pb/238U
isotope ratios for all of the CA-ID-TIMS and LA-ICP-MS
samples <1 Ga; those grains with dates >1 Ga are reported in
the text as 207Pb/26Pb dates. Unless otherwise noted, grains
with young LA-ICP-MS dates that are not included in the
weighted mean are interpreted to reflect post-crystallization
Pb loss. The CA-ID-TIMS results are reported in Table 1 and
Figures 13 and 14; LA-ICP-MS results are presented in Ap-
pendix Tables Al and A2, and Figures A5 and A6.

CA-ID-TIMS and LA-ICP-MS U-Pb
Zircon Geochronology

Integrated field mapping and drill core logging were utilized
for precise stratigraphic sampling in the Upper Devonian
Kudz Ze Kayah formation and the Early Mississippian Wol-
verine Lake group (Figs. 3-5). Four CA-ID-TIMS samples
were collected in the Kudz Ze Kayah formation, and five
samples were obtained from the Wolverine Lake group for
the purpose of precisely defining the ages of important VMS
deposits in the Finlayson Lake district (i.e., Kudz Ze Kayah,
GP4F, and Wolverine) and constraining ages of host stratigra-
phy in each rock package (Fig. 11). Detailed rock descriptions
are presented in the Appendix.

Reporting of CA-ID-TIMS U-Pb zircon dates

The dispersion of individual CA-ID-TIMS 206Pb/238U dates
indicates that protracted crystallization of zircon occurred
during the formation of rocks in the Finlayson Lake district
(Table 1; Figs. 12, 13). Protracted crystallization suggests that
the oldest zircon date represents the time of zircon saturation,
whereas the youngest date represents the final stage of zircon
crystallization at the solidus temperature (e.g., Wotzlaw et al.,
2013; Rioux et al., 2012; Samperton et al., 2015); the estab-
lished array is thus defined by a total duration (At) of zircon
within the host magma that includes the 20 uncertainty (95%
confidence interval). However, for each individual sample
presented for the Kudz Ze Kayah formation and Wolverine
Lake group, the individual zircon dates record uncertainties
that are in many cases larger than the dispersion between
each zircon date (e.g., Fig. 13). Therefore, we report a single
weighted mean 206Pb/238U date for each sample population
with a 20 uncertainty that directly overlaps within error of the
youngest individual zircon date.

Kudz Ze Kayah formation

Kudz Ze Kayah-Wind Lake formation contact (17MM-002):
Sample 17MM-002 yielded zircon that is euhedral and elon-
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gate ranging from 120 to 200 um with high aspect ratios (~3:1
to 5:1). The grains typically have oscillatory zoning with the
brightest CL response near the core of the grains (Fig. 12A,
App. Fig. A3). The CA-ID-TIMS analytical results for seven
individual fractions are concordant, contain relatively low
Th/U (0.16-0.54), and yield a weighted mean 206Pb/238U date
of 362.404 + 0.098 Ma (20; MSWD = 0.55; Table 1; Fig. 13A).
Fraction z5 is interpreted as a xenocryst due to its higher
Th/U (0.86) and a concordant U-Pb date of ~363.4 Ma. The
LA-ICP-MS results gave concordant Th/U (0.13-2.2) and a
weighted mean 206Pb/238U date of 365.1 + 2.7 Ma (20; MSWD
= 1.6; n = 35) that overlaps within error of the CA-ID-TIMS
date. Four zircon grains gave older dates between ca. 378 to
397 Ma (n = 3) and ca. 1720 Ma (n = 1), which are all inter-
preted as Xenocrysts.

ABM hanging wall (17MM-031): Zircon grains from this
sample (17MM-031) are euhedral and typically 80 to 120 um
(aspect ratio 1:1 to ~2:1); rare grains are >200 um and have
high aspect ratios (~5:1). The zircon grains have oscillatory
CL-bright to CL-dark zones with minor CL-bright sector
zones (e.g., z7; Fig. 12A, App. Fig. A3). The CA-ID-TIMS
data gave seven concordant fractions with high Th/U (0.67
and 1.01-1.15) and a weighted mean 206Pb/23U date of 362.82
+ 0.12 Ma (20; MSWD = 0.84; Table 1; Fig. 13B), inferred
as the timing of eruption and approximate age of the ABM
deposit (Fig. 2C). The LA-ICP-MS analytical results are con-
cordant with variable Th/U (0.15-1.8) and a weighted mean
206Ph/238U date of 361.2 + 2.4 Ma (20; MSWD = 0.55; n = 32);
this date overlaps the CA-ID-TIMS date within error. One
grain yielded an older 207Pb/206Ph date of ca. 2350 Ma and is
interpreted as a xenocryst.

Krakatoa footwall (18MM-133): Zircon grains from sample
18MM-133 are euhedral and ~80 to 120 um in length with as-
pect ratios near ~2:1. The grains have oscillatory zoning with
alternating CL-bright and CL-dark zones, and minor sector
zoning (Fig. 12A, App. Fig. A3). The CA-ID-TIMS results
show seven concordant zircon fractions with high Th/U (0.99—
1.2, n = 6), where one fraction yielded a low Th/U of 0.20 (z5).
These seven grains gave a weighted mean 206Ph/238U date of
362.847 + 0.099 Ma (20; MSWD = 0.47; Table 1; Fig. 13C),
which is equivalent within uncertainty to the ABM hanging
wall (17MM-031); this date is interpreted as the eruption age of
this rock and approximate age of the Krakatoa deposit. One zir-
con fraction (z10) overlaps with the weighted mean U-Pb date
but is not included in the weighted mean calculation because
of its high uncertainty that increases the MSWD. The LA-ICP-
MS results are concordant with variable Th/U (0.42-3.8) and a
weighted mean 206Pb/233U date of 360.0 + 1.6 Ma (20; MSWD
= 0.70; n = 34), which is younger outside of 20 uncertainty than
the CA-ID-TIMS date. One grain gave an older 207Pb/206Ph
date of ca. 1130 Ma and is interpreted as a xenocryst.

GP4F footwall (17MM-074): Zircon grains in this rock are
euhedral, with rare subhedral dipyramid terminations, and
vary in length (~75-120 um) and aspect ratio (1:1 to 3:1; Fig.
12A, App. Fig. A3). The zircon grains typically display oscil-
latory zoning with CL-bright cores and relatively CL-dark
rims, with rare CL-bright sector zones (e.g., z8). The CA-
ID-TIMS data yields eight concordant zircon fractions with
variable Th/U; five fractions have Th/U between 0.27 and
0.47, while three have higher Th/U (0.83-1.2). The weighted
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Fig. 13. Concordia diagrams showing chemical abrasion-isotope dilution-thermal ionization mass spectrometery (CA-ID-
TIMS) U-Pb geochronology results for zircon in rocks from the Kudz Ze Kayah formation (A-D) and the Wolverine Lake
group (E-I). A) Felsic crystal tuff at the Kudz Ze Kayah-Wind Lake formation contact (17MM-002); B) felsic lapilli tuff in
the ABM hanging wall (17MM-031); C) felsic tuff from the Krakatoa footwall (18MM-133); D) felsic crystal tuff in the GP4F
footwall (17MM-074); E) feldspar-porphyritic rhyolite from the Fisher zone (FP; 18MM-102); F) felsic tuff in the Wolver-
ine/Lynx footwall (P99-WV-4K); G) feldspar-porphyritic rhyolite from the Wolverine/Lynx zone (P00-WV-1C); H) quartz-
feldspar-porphyritic rhyolite from the Sable zone (QFP; P00-WV-12); and I) felsic crystal tuff from the lower Wolverine Lake
group footwall (1I8MM-114). Each individual ellipse encompasses the 20 error on a single zircon analytical result. The gray
dashed lines represent the range of decay constant uncertainty on the concordia curve. The inset panels show individual grain
analyses with their included 20 error (vertical bars); the solid black line indicates the calculated weighted mean 206Ph/235U
date, and the larger gray region indicates the error associated with external reproducibility of the analyses. Ellipse and bar
colors correspond to the ranked bars in Fig. 14. Abbreviations: FW = footwall, HW = hanging wall, MSWD = mean square
of weighted deviates, Wtd. = weighted.

mean 206Pb/23U date for this zircon population is 363.254 +  of Th/U (0.13-4.3) and a weighted mean 206Pb/238U date of
0.098 Ma (20; MSWD = 0.57; Table 1; Fig. 13D), interpreted ~ 363.1 + 2.3 Ma (20; MSWD = 0.67; n = 40); this date is within
to be the eruption age of this rock, the approximate age of uncertainty of the CA-ID-TIMS date. Two grains have older
the GP4F deposit, and the oldest date in the Kudz Ze Kayah  dates of ca. 383 and 1770 Ma, which are both interpreted as
formation. The LA-ICP-MS data is concordant with a range  xenocrystic zircon.
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Fig. 14. Summary of chemical abrasion-thermal ionization mass spectrometer (CA-TIMS) U-Pb geochronological results in

ranked order. A) Ranked U-Pb zircon CA-isotope dilution (ID)-TIMS geochronology results for the Kudz Ze Kayah forma-
tion (blue) and the Wolverine Lake group (green). Each vertical bar represents a single 206Pb/28U date with maximum 20
extents (Table 1). Horizontal black bars indicate the weighted mean 206Pb/235U date. Lighter vertical bars are not included in
the weighted mean calculation for each sample and, except for z1 in 18MM-133, are interpreted as xenocrysts. Horizontal
pink lines indicate distinct time intervals of VMS mineralization based on 20 uncertainties on the weighted mean date, indi-
cated by the names of deposits from which rocks were sampled (red text). Broken Y-axis scale from 361 to 358 Ma indicates a
period of deformation (D), represented by an angular unconformity between the two stratigraphic successions. Bold numbers
correspond to sample numbers in Figures 4 through 8 and Table 1. B) Summary of age distributions (At) for each sample
(blue = Kudz Ze Kayah formation; green = Wolverine Lake group) and the total minimum and maximum durations based on
weighted mean 206Pb/238U dates (WM), 206Pb/23U dates, and their associated 20 uncertainties. Vertical boxes represent the

At for each category. Durations given in k.y.

Wolverine Lake group

Fisher feldspar porphyry (18MM-102): Zircon from feldspar
porphyritic rocks (ISMM-102) in the Fisher zone are typically
euhedral, prismatic grains between 80 and 140 gm in length
with high aspect ratios (2:1 to 3:1; Fig. 12B, App. Fig. A4).
The zircon grains are generally CL-bright and display oscil-
latory and patchy sector zoning that is both CL-bright and
CL-dark. The The CA-ID-TIMS analytical results are concor-
dant with high Th/U (1.02-1.39, n = 6) and a weighted mean
206Ph/238U date of 354.982 + 0.068 Ma (20; MSWD = 0.93;
n = 6; Table 1; Fig. 13E). This U-Pb date is inferred to be
the crystallization age of this rock and the age mineralization
in the Fisher zone. The LA-ICP-MS data yield concordant
results with variable Th/U (0.24-3.2) and a weighted mean
206Ph/238U date of 355.5 + 1.8 Ma (20; MSWD = 1.19; n = 29),
which overlaps the CA-ID-TIMS date within uncertainty. Ten
zircon grains have older U-Pb dates between ca. 367 to 379
Ma (n = 9) and 1811 Ma (n = 1), where all are interpreted as
Xenocrysts.

Wolverine/Lynx footwall (P99-WV-4K): Zircon grains from
afeldspar + quartz crystal tuff in the footwall of the Wolverine/
Lynx deposit are euhedral and ~80 to 150 um in length with
aspect ratios ~2:1 (Fig. 12B, App. Fig. A4). The zircon crys-
tals typically have oscillatory zoning with minor sector zon-
ing (e.g., z3). The CA-ID-TIMS data shows seven concordant
zircon fractions with high Th/U (0.92-1.03) and a weighted

mean 206Ph/238U date of 355.236 + 0.058 Ma (20; MSWD =
0.85; Table 1; Fig. 13F), interpreted to be the eruption age of
the rock and the approximate age of the Wolverine/Lynx VMS
deposit. Zircon fraction z5 is interpreted as a xenocryst due
to its concordant U-Pb date of ~363.4 Ma. The LA-ICP-MS
results are concordant and yield highly variable Th/U (0.23-
5.4) and correspond to a weighted mean 206Pb/235U date of
353.3 = 1.7 Ma (20; MSWD = 0.97; n = 37), which is slightly
younger outside of uncertainty than the CA-ID-TIMS date.
Four grains have older 206Pb/23U dates between ca. 366 and
373 Ma and are interpreted as xenocrysts.

Wolverine/Lynx feldspar porphyry (PO0-WV-1C): A feld-
spar porphyritic rock (P00-WV-1C) in the Wolverine/Lynx
deposit footwall yielded zircon that is euhedral and relatively
small (~60-90 m in length) with low aspect ratios (1:1 to 2:1).
The zircon grains display oscillatory zoning and sector zoning
shown by CL-bright zones (e.g., z2 and z3; Fig. 12B, App. Fig.
A4). Results from CA-ID-TIMS analyses reveal zircon grains
that are concordant with high Th/U (0.90-1.1) and a weighted
mean 206Pb/238U date of 355.262 + 0.066 Ma (20; MSWD =
0.99; Table 1; Fig. 13G); this date is inferred as the crystalliza-
tion age of the rock and the age of mineralization in the Wol-
verine/Lynx deposit. One zircon fraction (z6) is inferred to be
a xenocryst with a concordant U-Pb date of ~363.3 Ma. The
LA-ICP-MS analytical results are concordant and yield vari-
able Th/U (0.14-3.7) with a weighted mean 206Pb/23%U date
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of 352.8 + 2.2 Ma (20; MSWD = 1.07; n = 25); this date is
slightly younger outside of uncertainty than the CA-ID-TIMS
date. Three older grains gave dates of ca. 370 to 371 Ma (n
= 2) and a 207Pb/206Ph date of 1105 Ma (n = 1), which are all
interpreted to be xenocrystic zircon.

Sable quartz-feldspar porphyry (PO0-WV-12): Zircon grains
in a quartz-feldspar porphyritic rock (P00-WV-12) in the
Sable zone are euhedral and prismatic with grain sizes be-
tween 100 and 250 um in length. The grains have the highest
aspect ratios of samples in the Wolverine Lake group, rang-
ing between ~2:1 and 4:1, and show oscillatory zoning with
CL-bright cores and CL-dark rims (Fig. 12B, App. Fig. A4).
The CA-ID-TIMS data show five concordant zircon fractions
with relatively low Th/U (0.45-0.70) and a weighted mean
206Ph/238U date of 356.094 + 0.059 Ma (20; MSWD = 0.67;
Table 1; Fig. 13H), interpreted as the crystallization age of the
rock. Two zircon fractions (z5 and z7) have high Th/U (1.15-
1.25) and concordant U-Pb dates of ~363.4 and ~363.5 Ma,
which are interpreted as xenocrysts. The LA-ICP-MS data
give concordant results with variable Th/U (0.15-2.2) and a
weighted mean 206Ph/235U date of 354.6 + 2.1 Ma (20; MSWD
= 1.05; n = 22), which overlaps within error of the CA-ID-
TIMS date. Five zircon grains have older dates between ca.
366 and 369 Ma and are interpreted as xenocrysts.

Lower Wolverine Lake group (18MM-114): Zircon grains
from this sample (1SMM-114) are euhedral and range from
near-equant (aspect ratio = ~1:1) to prismatic (~2:1 to 4:1)
morphologies that are 60 to 80 and 80 to 200 #m in length,
respectively (Fig. 12B, App. Fig. A4). The zircon grains typi-
cally display oscillatory zoning with CL-bright core zones. The
CA-ID-TIMS analytical results are concordant with relatively
low Th/U (0.25-0.35, 0.80) and a weighted mean 206Pb/238U
date of 356.371 + 0.091 Ma (20; MSWD = 0.53; n = 7; Table
1; Fig. 13I), interpreted as the eruption age of this rock and
the onset of volcanism in the Wolverine Lake group. The LA-
ICP-MS analytical results are concordant with variable Th/U
(0.16-2.2) and a weighted mean 206Pb/238U date of 359.5 =
2.0 Ma (20; MSWD = 1.5; n = 31), which is distinctly older
outside of uncertainty to the CA-ID-TIMS date. This sample
contains seven zircon grains that are significantly older than
the weighted mean date, including ca. 372 Ma (n = 1) and
207Ph/206Ph dates of 1062 Ma (n = 1), 1192 Ma (n = 1), 1721 to
1766 Ma (n = 3), and 1886 Ma (n = 1); all of these grains are
interpreted to be xenocrysts.

Volcano-Sedimentary Accumulation Rates
and Volume Estimates

Rates of volcano-sedimentary accumulation in submarine set-
tings are dependent on the character of volcanism, tectonic
and depositional setting, and proximity to the continental
slope and/or arc edifice (e.g., Karig and Moore, 1975; Carey
and Sigurdsson, 1984; Diaz-Asencio et al., 2019). Quantitative
estimates of volcaniclastic sedimentation rates on the modern
seafloor are typically between 300 and 1000 m/m.y. for Eo-
cene continental margin basins and younger early intra-arc rift
settings (Karig and Moore, 1975; Clift, 1995; Marsaglia et al.,
1995; Carey, 1999). Rates for background sedimentation de-
void of volcanism are typically lower and in continental shelf
environments, such as in the Gulf of Mexico, where rates de-
crease from the slope to the deeper abyssal plain areas (~130-
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180 m/m.y. to ~30-50 m/m.y.; Santschi and Rowe, 2008; Diaz-
Asencio et al., 2019). The Middle Valley sedimented rift in the
Juan de Fuca Ridge contains background Holocene sedimen-
tation rates of 55 to 65 m/m.y., but much higher rates related
to Pleistocene turbidite influx have been also recorded at this
site (400 m/m.y.; Goodfellow and Franklin, 1993). Volumet-
ric rates for subaerial, silicic volcanic eruptions in continental
and oceanic tectonic settings range from 2 to 11,550 km3/m.y.
(median = 921 km3/m.y.; n = 79; White et al., 2006, and refer-
ences therein). Moreover, the volcano-sedimentary accumu-
lation rates in the literature vary significantly between 30 and
1,000 m/m.y. and are dependent on the sediment source and
the association with active submarine volcanism (e.g., Karig
and Moore, 1975; Diaz-Asencio et al., 2019).

Stratigraphic reconstructions and new CA-ID-TIMS U-Pb
results provide constraints for estimations of volcano-sedi-
mentary accumulation rates and volume estimates for intra-
basinal facies in the Kudz Ze Kayah formation and Wolverine
Lake group. Due to the lack of drilling constraints and mini-
mal outcrop exposure in low-lying areas, we have simplified
the volcanic facies in the entire Kudz Ze Kayah formation and
Wolverine Lake group footwall into discrete units, although
both are composed of numerous individual eruptions that
were likely deposited at much faster rates. In the case of the
Kudz Ze Kayah formation and Wolverine Lake group, the
major map units are relatively continuous along strike, and
are estimated to have strike lengths of at least 15 and 23 km,
respectively (Figs. 4, 5). The lateral continuity of these basins
is similar in basin structure to various parts of the Okinawa
Trough (e.g., Arai et al., 2017; Minami et al., 2020), which has
been interpreted as the closest modern analogue to the Fin-
layson Lake district (Piercey et al.,, 2001). The stratigraphic
locations of U-Pb samples are thus extrapolated to similar lo-
cations in all cross sections and rates are calculated based on
the thickness of the column divided by the total At for the en-
tire unit, unless otherwise noted. For each case, the minimum
At is the smallest difference between the weighted mean 20
envelopes and the maximum At is the total range of single
crystal dates, including the 20 error. The Wolverine Lake
group has been attributed to forming in a basin of at least ~14
by 10 km (Bradshaw et al., 2008); however, we recognize a
much greater strike length of ~23 km (Fig. 3). Volumetric es-
timates for the regional units are calculated using a modified
method of Kokelaar and Busby (1992) and Hudak et al. (2003)
to account for a basin shape that is assumed to have a length
greater than its width. Thus, we use the formula for an ellipti-
cal cylinder (V = wabh), where a is half the strike length, b is
70% of a, and h is the dip-corrected unit thickness (Fig. 8).
Moreover, these calculations represent minimum estimates
for both rates and volumes due to post-depositional lithifica-
tion, deformational compression, and erosion (e.g., Kokelaar
and Busby, 1992; Hudak et al., 2003).

The U-Pb dates for the Kudz Ze Kayah formation indicate
that volcanism lasted <1 m.y. and accumulated with rates be-
tween 350 and 1,900 m/m.y. (Table 2). Taking only the facies
thickness of ~600 m and At ~400 k.y. between the GP4F and
Kudz Ze Kayah deposits, higher calculated rates between
1,000 and 2,900 m/m.y. are observed. Repeated occurrenc-
es of thick (>10- to 50-m), unsorted to poorly sorted crystal
and lapilli-rich tuffs at and in between the two VMS deposits
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may indicate that these units were deposited as volcaniclastic
mass-flows, which have been interpreted to represent rapid
emplacement and burial rates during subaqueous volcanic
eruptions (e.g., App. Fig. Al; McPhie et al., 1993; White,
2000). Estimated volumes of facies along the ~15-km strike
length yield an average of ~150 km3 of basin fill, which cor-
respond to time-resolved rates between 110 and 180 km3/m.y.
In the Wolverine Lake group, the footwall volcano-sedimen-
tary facies reflect up to 1.5 m.y. of deposition that accounts for
average accumulation rates of ~800 to 1,400 m/m.y., similar
to those in the Kudz Ze Kayah formation (Table 2). Facies
below the stratigraphic level of the Sable zone (i.e., sample
P00-WV-12), not including the lowermost quartzofeldspathic
meta-sandstone, were deposited at a rapid rate of between
2,300 and 7,800 m/m.y. (At = ~150-400 k.y.) and are inter-
preted to be a result of volcanic and sediment influx by mass
transport complexes or turbidity currents similar to those ob-
served in the hanging wall of the Wolverine deposit (Piercey
etal., 2016). The longer strike length (~23 km) of the Wolver-
ine Lake group strata alone indicates larger volumes of basin
fill than in the Kudz Ze Kayah formation, yielding a minimum
volume of ~440 km? with rates between 280 and 360 km?3/m.y.
(Table 2). The total volcanic contributions in the Wolverine
Lake group are approximately 1.8 times greater than argillite,
whereas in the Kudz Ze Kayah formation, volcanic facies are
much more abundant (~3.8 times) than siltstones and argil-
lites.

Discussion

The new lithostratigraphic and U-Pb geochronological con-
straints for the Finlayson Lake VMS district provide insights
into the timing and duration of VMS mineralization and rates
of basin-scale volcano-sedimentary depositional processes in
an ancient continental margin setting. Our results provide the
first robust dates, absent of Pb loss effects and inheritance, for
all known felsic-hosted, Zn-enriched VMS deposits in the Fin-
layson Lake district and provide insight into depositional rates

MANOR ET AL.

at a resolution that has not been previously documented in
the ancient geologic record. These results provide improved
stratigraphic constraints for the Kudz Ze Kayah formation and
Wolverine Lake group and directly impact regional correla-
tions throughout the Yukon-Tanana terrane. The discussion
below highlights the importance of integrating detailed strati-
graphic and high-precision CA-ID-TIMS geochronologi-
cal results to establish links between depositional rates and
replacement-style mineralization in seafloor and subseafloor
environments.

Timing and duration of felsic-hosted VMS mineralization

The age and duration of mineralizing processes in VMS dis-
tricts is critical to understanding the development of hydro-
thermal systems in the upper crust and identifying prospec-
tive areas for future exploration; however, depositional rates
are challenging to determine in the ancient record, and this
limits our ability to compare rates of deposit formation be-
tween modern seafloor massive sulfide (SMS) and ancient
VMS systems. Current U-Pb zircon geochronology methods,
coupled with precise stratigraphic controls, can constrain the
lower and upper age extents of VMS mineralization within a
district (e.g., Bleeker and Parrish, 1996; Bleeker et al., 1999;
Ross et al., 2014; Mortensen et al., 2015; Oliver et al., 2021),
but do not allow for direct dating of hydrothermal mineraliza-
tion except in the exceptionally rare cases where hydrother-
mal zircon is observed (e.g., Iberian Pyrite Belt; Nesbitt et al.,
1999). Therefore, quantifying the age and duration of mineral-
ization has historically been challenging due to the uncertain-
ties on U-Pb dates (>0.2% at best on individual zircon crys-
tals before 2010; Schoene, 2014) that often are much greater
than the lifespan of hydrothermal systems (~10 ky. to 1 m.y;
e.g., Cathles et al., 1997; Barrie et al., 1999; Hannington et
al., 2005). With modern CA-ID-TIMS U-Pb zircon geochro-
nology, however, the uncertainties are now typically <0.1%
(Schoene and Baxter, 2017) and stratigraphically bracketed
U-Pb dates in a VMS deposit (i.e., stratigraphically above and

Table 2. Summary of Calculated Volcano-Sedimentary Accumulation Rates

Average Average
Thickness of Corrected Average linear Peak linear volume of  Volcanic/argillite ~ volumetric rate

Location! section (m)? thickness (m)3 rate (m/m.y.)* rate (m/m.y.) unit (km3)6 volumes (km3) (km3/m.y. )6
Kudz Ze Kayah formation
A-A 560 380 360-580 1,000-2,900 148 117/ 31 112-179
B-B’ 1,380 870 830-1,330
Cc-C 1,370 1,240 1,190-1,900
D-D’ 950 950 910-1,460
E-E 1,730 1,290 1,240-1,980
Wolverine Lake group
F-F 1,710 1,240 800-1,010 2.300-7,800 438 280/ 156 283-356
G-G’ 1,680 1,500 970-1,220
H-H’ 2,120 1,770 1,150-1,440

"Location of sections correspond to lines in Figs. 4-7, and columns in Fig. 8

2Thicknesses measured from cross sections in Figs. 6 and 7; Grass Lakes plutonic suite is omitted; Wolverine Lake group footwall only
3Corrected thicknesses do not include basal sedimentary units SLT and MDS (Kudz Ze Kayah formation), footwall unit Wel and hanging wall units RCF,

FRB, and MFV (Wolverine Lake group)
4Calculated using total At (+20) for the corrected thickness of each section

5Peak rates for Kudz Ze Kayah formation between GP4F and Kudz Ze Kayah deposits (~600 m), and Wolverine Lake group between lower footwall and

Sable zone (~1,000 m)

6Volumes for Kudz Ze Kayah formation use the total thickness of the section, whereas Wolverine Lake group calculations use the corrected thickness; see
text for discussion of volume parameters; average volumetric rate = average volume*At (+20)

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/117/5/1173/5614007/4910_manor_et_al.pdf
bv Memorial LIniv of Newfoundland Stenhen .] Piercev



GEOCHRONOLOGY OF FELSIC ROCKS IN THE FINLAYSON LAKE DISTRICT, YUKON

below, or below and cross cutting the VMS deposit) are at
much higher resolution than dates that have been obtained
from direct dating of the mineralization event using U-Pb or
other isotopic methods (e.g., Mathur et al., 1999; Nesbitt et
al., 1999; Nozaki et al., 2014).

Zircon from nine U-Pb samples from the Kudz Ze Kayah
formation and Wolverine Lake group were used to define the
lower and upper temporal bounds of each rock succession
and precise ages of VMS deposits in each unit (Figs. 13-15).
Zircon grains dated from four samples of volcaniclastic rocks
from the Kudz Ze Kayah formation yield tightly constrained
weighted mean 206Pb/238U dates (ca. 363.3-362.4 Ma) that dis-
tinguish the ages of VMS mineralization in the GP4F, ABM,
and Krakatoa zones, and the absolute duration of volcanic ac-
tivity (At = 0.65-1.0 m.y;; Fig. 14). At lower stratigraphic lev-
els, the earliest-known volcanic phase in the Kudz Ze Kayah
formation is 363.254 + 0.098 Ma (17MM-074), interpreted to
be the age of the GP4F deposit. Approximately 600 m strati-
graphically above GP4F, both the Krakatoa and ABM zones
of the Kudz Ze Kayah deposit yield nearly identical dates
of 362.847 + 0.099 Ma (18MM-133) and 362.82 + 0.12 Ma
(17TMM-031), respectively. The last phase of felsic volcanism
in the Kudz Ze Kayah formation occurred at 362.404 + 0.098
Ma (17MM-002), which was determined from zircon in a fel-
sic crystal tuff that is ~250 m stratigraphically above the Kudz
Ze Kayah deposit. Similarly, the new U-Pb zircon results for
five rocks in the Wolverine Lake group (ca. 357.5-354.9 Ma)
constrain the timing of mineralization for the Wolverine/Lynx,
Sable, and Fisher zones, and define the duration of volcano-
sedimentary activity for the footwall facies (At = 1.2 to 1.5
m.y; Fig. 13). Following a period of sedimentation at ca.
357.5 Ma (Fig. 15; Murphy et al., 2006), felsic volcanism in
the lower footwall unit began at 356.371 + 0.091 Ma (18MM-
114). Approximately 1,000 m of crystal tuffs and argillites
separate the lower footwall from the Sable zone, which was
cut by a quartz-feldspar porphyritic intrusion at 356.094 =+
0.059 Ma (P00-WV-12). The Wolverine/Lynx zone is ~2 km
northwest along strike from the Sable zone, where overlap-
ping dates for a crystal tuff (355.236 + 0.058 Ma; P99-WV-
4K) and a feldspar-porphyritic rhyolite (355.262 + 0.066 Ma;
P00-WV-1C) define the age of the Wolverine deposit footwall
and the maximum age of the VMS mineralization (Piercey et
al., 2008). Stratigraphy in the Fisher zone, approximately 9
km along strike to the northwest of the Wolverine/Lynx zone,
was intruded by a large feldspar-porphyritic stock at 354.982
+ 0.068 Ma and defines the latest phase of volcanism in the
Wolverine Lake group footwall unit, interpreted to be the
minimum estimate for VMS mineralization.

The strong lateral continuity of lithofacies in the Kudz Ze
Kayah formation and Wolverine Lake group, combined with
new high-precision U-Pb dates for VMS-bearing stratigraphy,
is interpreted to suggest that volcanism and associated VMS
mineralization occurred at distinct periods during the life of
the back-arc basin (Table 1; Fig. 14). For example, CA-ID-
TIMS dates for the GP4F (sample 17MM-074) and Kudz Ze
Kayah deposits (17TMM-031 and 1SMM-133) show that the
maximum extent of 20 errors for weighted mean 206Pb/23%U
dates are ~200 and ~250 k.y., respectively, indicating that de-
position of mineralization occurred over 200 to 250 k.y. (Fig.
14). In the Wolverine Lake group, porphyritic rocks have
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been shown to be either pre-mineralization (quartz-feldspar
porphyritic rocks) or syn- to post-mineralization (feldspar por-
phyritic rocks; Piercey et al., 2008), thus providing maximum
and minimum ages for mineralization. The quartz-feldspar
porphyritic rocks intruded at ca. 356.1 Ma, whereas the feld-
spar-porphyritic rocks intruded between ca. 355.2 and 355.0
Ma; each sample accounts for a maximum of ~120 to 140 k.y.
of 20 uncertainty on the weighted mean date. These results
further indicate that deposition of VMS mineralization for the
Wolverine/Lynx (P00-WV-1C and P99-WV-4K) and Fisher
zones (18SMM-102) occurred over ~150 and 140 k.y., respec-
tively (Fig. 14).

Accumulation rates for massive sulfide horizons in ancient
VMS deposits in the literature are exceptionally rare (e.g.,
Bleeker and Parrish, 1996) but critical to facilitate compari-
sons to modern SMS deposits (e.g., Jamieson et al., 2014) and
to provide a broader understanding of the rates of SMS/VMS
formation in modern and ancient settings. The calculated
rates were determined as follows: 1) the maximum and mini-
mum age ranges for a given deposit based on stratigraphic and
cross cutting relationships were determined; and 2) the mas-
sive sulfide tonnage was then divided by these age ranges to
determine the minimum and maximum accumulation rates.
Estimates for the Kudz Ze Kayah deposit (~19 Mt; van Olden
et al., 2019) suggest mass accumulation rates of ~75 to 800 t/
yr, and much lower rates of ~8 t/yr for GP4F (~1.5 Mt; Peter
et al., 2007). Estimated depositional rates for the Wolverine
deposit (~5.2 Mt; Regan, 2007) are between ~40 and 200 t/yr.
These rates are comparable to estimates for the Kidd Creek
deposit, where average rates were suggested to be between
10 and 100 t/yr and peak rates reached as high as 1,000 v/
yr (Bleeker and Parrish, 1996), and for modern hydrothermal
deposits where mass accumulation rates lie between 1 and 794
t/yr (e.g., Jamieson et al., 2014). Our data further indicate the
following: 1) it is possible to compare ancient VMS accumula-
tion rates with modern SMS accumulation rates using high-
resolution U-Pb geochronology; 2) rates are similar in ancient
deposits when compared to modern deposits; however, the
ancient deposits are limited to the Finlayson Lake district
(this study) and Kidd Creek (Bleeker and Parrish, 1996); and
3) rate resolution between modern SMS and ancient VMS
can only be determined using high-precision geochronology
methods, like the CA-ID-TIMS data presented herein.

Relationship between Kudz Ze Kayah and
Wolverine Lake basins

The Kudz Ze Kayah formation and Wolverine Lake group
contain volcano-sedimentary facies that are similar in tex-
ture and geochemical affinity; however, the units represent
two distinct periods of magmatism and deposition along the
western Laurentian continental margin (Piercey et al., 2001;
Murphy et al., 2006). Our U-Pb results show that the Kudz
Ze Kayah formation and Wolverine Lake group formed be-
tween ca. 363.3 and 362.4 and ca. 357.5 and 354.9 Ma, respec-
tively (Figs. 13, 14). Further, Proterozoic zircon xenocrysts, as
shown by LA-ICP-MS results, are present in both Kudz Ze
Kayah formation and Wolverine Lake group footwall samples
and are interpreted to reflect melting of a crustal substrate
with Laurentian affinity (e.g., Snowcap assemblage; Piercey
and Colpron, 2009; Fig. 15; App. Fig. A6, Table A2); these
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Deposition of the Kudz Ze Kayah formation (ca. 363.3 to 362.4 Ma
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362.4 — ca. 360 Ma: waning of rift stage /
Panthalassa continental
Ocean slope
Snowcap/
Laurentian crust .
Upwelling basalt
Deformation (D), uplift, and erosion (ca. 358 Ma
[D] ca. 360 — 357.5 Ma: establishment of new basin
. future WLg
eros,on of G ift axi
Panthalassa ——.°L9 3 ;aXIS continental
Ocean 1 slope
Snowcap/
Laurentian crust
Deposition of the Wolverine Lake group (ca. 357.5 to 354.9 Ma
_ . pifti i 356.1 — 354.9 Ma: Rifting, tectonic subsidence, and
[E] 357.5 - 356.1 Ma: rifting and thermal subsidence [F] upwelling basalt ’ ’
Panthalassa continental < Panthalassa continental

Ocean

Grass Lakes group

slope
‘\{9 Ocean FLT

XLT

\

~~ Snowcap/ .
Upwelling basalt Laurentian crust Grass Lakes group /Upwe”mg -

Fig. 15. Schematic diagrams illustrating the evolution of Upper Devonian and Early Mississippian submarine back-arc basins
in the Finlayson Lake volcanogenic massive sulfide (VMS) district, Yukon-Tanana terrane. A) Early-stage rifting resulting
in the deposition of the Kudz Ze Kayah formation (KZKf), where felsic volcaniclastic rocks were deposited in association
with hydrothermal upwelling to form the GP4F deposit. B) Upwelling basalt and accelerated extension resulting in tec-
tonic subsidence provide favorable conditions for rapid volcaniclastic accumulation, hydrothermal activity, and subseafloor
replacement-style mineralization in the Kudz Ze Kayah deposit (ABM and KKT zones) at ca. 362.8 Ma. C) Waning of the
rifting leads to eruption and deposition of alkalic basalts and mudstones in the Wind Lake formation (WLf) above the Kudz
Ze Kayah formation, which are then cut by plutons and dikes of the Grass Lakes plutonic suite (GLPS). D) A period of D;
deformation causes penetrative Si.rg fabrics in the Grass Lakes group (GLg). The rocks are uplifted, tilted, and eroded
into a new, incipient back-arc basin (Wolverine Lake group; WLg), transporting zircon with ages ca. 363.5 to 358 Ma into
the new basin contained in unit Wel (Murphy and Piercey, 1999; Murphy et al., 2006). E) Rifting resumes and volcaniclastic
rocks (unit XLT) are deposited in thick accumulations, partly on top of the older rift stratigraphy. Thick argillite packages are
deposited from mass transport complexes and/or turbidity currents from the continental slope as a result of rapid extension
and steep basin topography. These strata are intruded by quartz-feldspar porphyritic sills and dikes at ca. 356.1 Ma. F) Felsic
volcaniclastic rocks (unit FLT) are deposited and intercalated with argillite. Rapid deposition of footwall tuffs and feldspar
porphyritic intrusive rocks between ca. 355.2 and 355.0 Ma, coupled with hydrothermal upwelling, facilitated subseafloor and
intermittent seafloor mineralization in the Wolverine deposit and Fisher zone. Yellow symbols and numbers correspond to
U-Pb samples and stratigraphic locations as in Figures 4 through 8 and 14. For simplicity in panels (E) and (F), units in the
Grass Lakes group are shaded to a single gray color.
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results also concur with previous geochronology work in the
Finlayson Lake district (Grant, 1997; Murphy et al., 2006;
Piercey et al., 2008). From CA-ID-TIMS results, xenocrystic
zircon in three of five rocks from the Wolverine Lake group
indicate that Early Mississippian magmatic rocks in the group
record assimilation or mixing with sources that contain zircon
with dates coeval with the stratigraphically lowest parts of the
Kudz Ze Kayah formation (ca. 363.5-363.3 Ma; n = 3; Table 1;
Figs. 13, 14). Similarly, one xenocrystic zircon (ca. 361.9 Ma)
was dated in sample 18MM-114 from the lower Wolverine
Lake group footwall (unit XLT; Fig. 5) and has an age similar
to those for the Grass Lakes plutonic suite that intrudes the
Grass Lakes group (Murphy et al., 2006).

These observations are important for three reasons. First,
the stratigraphic position of the crystal tuff unit (XLT) in the
lower Wolverine Lake group, which contains the ca. 361.9 Ma
xenocryst, suggests that erosion or mixing of the underlying
Grass Lakes group units was more widespread and was not
just recorded in the basal sedimentary rocks (i.e., Wcl unit) of
the group (e.g., Murphy and Piercey, 1999); however, it is also
possible that this grain was inherited by the magmas that were
responsible for generating the crystal tuffs (Fig. 3). Second,
older ca. 363.5-363.3 Ma xenocrysts in feldspar porphyritic,
quartz-feldspar porphyritic, and tuffaceous units at the high-
est levels of Wolverine Lake group stratigraphy indicate that
zircon was either entrained by magmas through crustal assim-
ilation or, in the case of the felsic crystal tuff (P99-WV-4K),
mixed by sedimentary processes either by passing through
zones of the lower Kudz Ze Kayah formation or zones of the
basal sedimentary rock unit (Wel) that contained older zircon
grains from the Kudz Ze Kayah formation (Fig. 15). Third, the
oldest xenocrysts from CA-ID-TIMS results are among the
oldest Late Devonian dates presented in this study and could
indicate that there are older Late Devonian rocks (>363.5
Ma) beneath the GP4F deposit (ca. 363.3 Ma) that have yet to
be recognized. These results illustrate that there may be more
important basement connections and crustal inheritance be-
tween the two basins at depth that, until now, have not been
recognized.

Basin-scale accumulation rates and comparisons to
modern environments

Our U-Pb results are the first to constrain the rates of mag-
matism and volcano-sedimentary deposition in an ancient
Paleozoic seafloor VMS environment, with accumulation
rates of ~350 to >2,000 m/m.y. in the Finlayson Lake district.
These estimates are greater than those observed on the mod-
ern seafloor, such as in continental margin basins and early
intra-arc rift settings (300-1,000 m/m.y.; Karig and Moore,
1975; Clift, 1995; Marsaglia et al., 1995; Carey, 1999). Volca-
no-sedimentary accumulation rates in deep marine back-arc
basins, the interpreted setting of the Finlayson Lake district,
are dependent on the volcanic style (e.g., deep- vs. shallow-
level eruptions, degree of explosivity; Gibson et al., 1999;
Allen and Stewart, 2003; Cas and Simmons, 2018) and the
stage of back-arc development (e.g., Carey and Sigurdsson,
1984). Furthermore, the source and eruptive style of volca-
noes can greatly influence the quantity of particles available
for deposition, especially in submarine environments where
hydrostatic pressure and the presence of water affect the
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separation and distribution of facies generated by pyroclas-
tic eruptions (Cas and Simmons, 2018). Subaerial systems are
known to facilitate large-volume silicic eruptions (>103 km?3)
that are observed to deliver volcanic ash to the water column
by ash plumes (e.g., Mt. Pinatubo; Bryan et al., 2010, and ref-
erences therein) or by pyroclastic eruptions that breach the
seawater interface (e.g., Soufriere Hills volcano, Montserrat;
le Friant et al., 2009). We do not envision subaerial arc erup-
tions to have had a significant impact on volcanic facies in the
units studied here for three primary reasons. First, there is
little evidence for shallow water textural features in the vol-
canic facies (e.g., tractional current-related bedforms, weld-
ing) as would be expected of ash columns entering a back-arc
basin, suggesting that rocks herein were formed below the
storm wave base (Gibson et al., 1999). Second, the rocks do
not preserve features consistent with eruption in a subaerial
environment, such as accretionary lapilli (Piercey et al., 2001;
2016). Lastly, the district contains local- to map-scale features
in volcanic and sedimentary facies that indicate facies depo-
sition from turbidity currents and/or debris flows. Examples
include normal grading of sand- to mud-rich facies (i.e., Kudz
Ze Kayah-Wind Lake formation; Fig. 4), tuff or mudstone
bedforms in the Wolverine Lake group footwall (Fig. 5), and
alternating tuff-argillite sequences attributed to turbidity cur-
rents in the Wolverine Lake group hanging wall (Piercey et
al., 2016). These geologic features are much more consistent
with having formed during the early-rift stages of back-arc
development where steep topography was created on the sea-
floor, leading to the development of a basin architecture that
facilitated abundant submarine eruptions and mass transport
complexes or turbidity current-related deposits (Fig. 15; Car-
ey and Sigurdsson, 1984; Clift, 1995). Our new U-Pb dates
and associated accumulation rates, together with chemical
and regional facies associations, also suggest that the Kudz Ze
Kayah formation and Wolverine Lake group were formed in
incipient back-arc basins with an early-rift architecture, which
then facilitated rapid, submarine volcanism and debris flows
and/or turbidity currents, likely coupled with rapid subsid-
ence (Fig. 15). Together, these characteristics suggest that the
facies that directly host abundant VMS mineralization were
deposited rapidly in an evolving back-arc basin.

Rapid emplacement of volcanic facies on the seafloor fa-
cilitates the formation of a water-saturated interface where
unconsolidated sediments and rock fragments dominate (Cas
and Wright, 1987; Doyle and Allen, 2003). This water-satu-
rated interface facilitates a chaotic volcanic environment if
subsequent lavas and/or subvolcanic intrusions are emplaced,
which would then be subjected to quench fragmentation and
creation of autoclastic and fractured coherent facies (e.g., Mc-
Phie and Allen, 1992; Cas and Simmons, 2018). This layer of
unconsolidated sediment should continue to be present with
further rapid volcanic and volcano-sedimentary emplace-
ment, especially if large volumes of sediment are supplied to
the basin in rapid succession, which appears to have been the
case in both the Kudz Ze Kayah and Wolverine basins based
on our depositional rate calculations. Contemporaneous hy-
drothermal upwelling within a seafloor-subseafloor environ-
ment like the above leads to conditions that are optimal for
deposition of sulfides in both the seafloor and subseafloor
setting as the metal-rich hydrothermal fluids mix with seawa-
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ter in the bottom waters of the ocean, as well as with fluids
trapped in pore spaces and/or fractures in clastic and coherent
facies, respectively (Doyle and Allen, 2003; Piercey, 2015).
We have demonstrated that rapid volcanic emplacement pro-
cesses have occurred in the Finlayson Lake district and are
associated with VMS deposits; however, it is uncertain what
their role is in creating replacement-style mineralization as
predicted above. Below, we evaluate the role of emplacement
rate and sulfide emplacement style using deposits in the Fin-
layson Lake district.

Subseafloor replacement-style mineralization and potential
relationships to accumulation rates

Subseafloor replacement is recognized as an important pro-
cess in the formation of many VMS deposits globally (Doyle
and Allen, 2003); however, in the ancient record, the geo-
logic information required to document these processes can
often be obscured due to post-depositional tectonic events,
such as metamorphism and deformation (Allen et al., 2002;
Piercey, 2015; Tornos et al., 2015). Replacement textures in
VMS systems are typically observed as sulfide infiltration into
either porous volcano-sedimentary facies or coherent and/or
autoclastic lavas or subvolcanic intrusions (Doyle and Allen,
2003). The relatively intact stratigraphy in the Finlayson Lake
district hosts at least three Zn-enriched VMS deposits that
exhibit various primary textural and facies characteristics of
subseafloor replacement-style mineralization processes (e.g.,
Fig. 16; Peter et al., 2007; Bradshaw et al., 2008). Previous
workers have suggested subseafloor replacement was an im-
portant process in the genesis of some of the Finlayson Lake
deposits (Peter et al., 2007; Bradshaw et al., 2008), and we
provide additional evidence herein. For example, at Wolver-
ine, the Zn-Pb-Fe-rich sulfides have textures that resemble
partial or complete replacement of carbonaceous argillite and
minor felsic tuff beds (Fig. 16A, B), filling fractures in coher-
ent porphyritic intrusions (Fig. 16C), and microscale bud-by-
bud replacement of framboidal sulfides with metal-rich sul-
fides (Peter et al., 2007; Bradshaw et al., 2008; Piercey, 2015).
Replacement textures in the GP4F deposit include sulfide
deposition subparallel to bedding in volcaniclastic rocks and
relict lapilli and/or crystal fragments in the sulfide mineral-
ization (Fig. 16D-F; Peter et al., 2007). The Kudz Ze Kayah
deposit exhibits many of the same replacement characteris-
tics, including relicts of rhyolite fragments or lapilli in sulfide
interpreted to reflect partial to complete replacement of pri-
mary volcaniclastic facies by sulfide minerals (Fig. 16G, I-K),
fracture infill of sphalerite in coherent rhyolite (Fig. 16H),
and the presence of sulfides that have contacts discordant to
bedding surfaces (Fig. 16L). Additionally, similar alteration
assemblages occur in both hanging-wall and footwall facies
of all three deposits (e.g., Peter et al., 2007; Bradshaw et al.,
2008; Denisové, unpub. data).

The Finlayson Lake district has deposits with Zn tonnages
up to 18.1 Mt (e.g., Kudz Ze Kayah) and Zn grades up t0 9.66%
(e.g., Wolverine) that are similar to many world-class VMS
districts (Piercey et al., 2015), including districts with similar
tectonostratigraphy and with deposits that commonly display
features of replacement-style mineralization (e.g., Mount
Read Volcanics, Skellefte district, and Iberian Pyrite Belt;
Allen et al., 1996b, 2002; Large et al., 2001; Tornos, 2006).

MANOR ET AL.

Subseafloor replacement is a key process in the formation of
large and high-grade VMS deposits (e.g., Rosebery, Tasmania
and Kidd Creek, Ontario; Hannington et al., 1999; Martin,
2004), and recently SMS deposits (e.g., Hakurei Site, middle
Okinawa Trough; Nozaki et al., 2021), because it enhances
the amount of sulfide precipitated to increase the deposit ton-
nage, promotes higher degrees of preservation with increased
burial in the ancient record, and facilitates zone refining pro-
cesses during long-lived hydrothermal systems (Doyle and Al-
len, 2003; Piercey, 2015; Nozaki et al., 2021). All felsic-hosted
VMS deposits in the Finlayson Lake district show abundant
evidence for subseafloor replacement in both unconsolidated
and coherent volcanic facies (e.g., Fig. 16), and our new U-Pb
results, along with textural observations, indicate that they
were hosted in facies sequences that were emplaced rapidly
at both local and basin scales (>1,000 m/m.y.; e.g., Table 2).
Rapid deposition of host lithofacies has been proposed as a
diagnostic factor for facilitating replacement-style mineral-
ization (Doyle and Allen, 2003); however, this attribute has
been identified primarily by textural facies analysis and not
with quantitative rates. There is significant variability in tim-
ing relative to volcano-sedimentary deposition for replace-
ment-style deposits, where hydrothermal activity can be pre-,
syn-, and post-deposition relative to the volcano-sedimentary
sequence (e.g., Goodfellow and Franklin, 1993; Allen et al.,
1996a, b; Hannington et al., 1999; Thurston et al., 2008; Bel-
ford et al., 2015). Subseafloor replacement is recognized at
Middle Valley on Juan de Fuca Ridge, where sediment thick-
nesses and sedimentation rates are well-defined and indicate
that hydrothermal sediment is absent below ~80 cm depth;
this is interpreted to represent high sedimentation rates and
subsidence prior to hydrothermal activity in the active vent
sites (Goodfellow and Franklin, 1993). Further, Goodfellow
and Franklin (1993) identified slower sediment accumulation
rates at bathymetric highs compared to lows, which they sug-
gest is due to shedding of sulfide mounds and clastic sedi-
ments into depressions because of tectonic and/or paleoslope
instability related to movement on active rift-related normal
faults. This relationship of sediment thickness, rate, and min-
eralization is also evident at a larger scale within the Kudz Ze
Kayah formation despite a much larger volcanic component,
where the Kudz Ze Kayah and GP4F deposits are spatially
associated with the thickest and highest accumulation rates
of volcaniclastic facies in the basin (Figs. 4, 8). Therefore, this
comparison shows that localization of replacement-style de-
posits is related to both the thickest and most rapid rates of
volcano-sedimentary accumulation.

We argue that rapid volcano-sedimentary accumulation
rates are required to deposit volcano-sedimentary lithofacies
with the infrastructure (i.e., porosity and permeability) for
seawater (+hydrothermal fluid) infiltration that can then sus-
tain the formation of large-tonnage and/or high-grade VMS
deposits through zone refining processes and enhanced pres-
ervation. Continued rapid emplacement of lithofacies, par-
ticularly poorly sorted volcaniclastic mass-flows, as observed
in the Kudz Ze Kayah and Wolverine deposits and their host
stratigraphy, will both bury and preserve existing subseafloor
mineralization and provide new substrate that has the poten-
tial to be mineralized. Rapid facies emplacement in these ba-
sins was likely an important factor for consistently developing
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Fig. 16. Textural evidence for replacement-style mineralization in the Wolverine (A-C), GP4F (D-F), and Kudz Ze Kayah
VMS deposits (G-L) in the Finlayson Lake VMS district. A) Primary shale fragments and beds that are replaced partially and
fully to Zn-Pb sulfides, grading into massive sphalerite-pyrite-galena-sulfosalt assemblages. B) Massive Cu-Fe-rich sulfides
that have replaced shale beds and tuff beds and fragments. C) Quartz-feldspar porphyritic rhyolite that has been fractured
and replaced by sulfide veins. D) Chlorite-garnet-rich rock that is replaced by pyrite-pyrrhotite-sphalerite-galena assem-
blages, leaving rhyolite and lapilli clasts behind. E) Crystal tuff that has been variably replaced by sphalerite-pyrite + pyr-
rthotite. F) Lapilli tuff with pyrite-pyrrhotite beds subparallel to tuff beds, where lapilli are preserved as fragments in the
sulfides. G) Massive pyrite-pyrrhotite that replaces a coherent rhyolite flow. H) Sphalerite in fractures in a rhyolite flow. I)
Remnant lapilli and feldspar crystals in massive pyrite-pyrrhotite-sphalerite beds. J) Massive pyrite + sphalerite that contains
remnant rhyolite clasts and tuff beds. K) Remnant lapilli fragments in pyrite-pyrrhotite-sphalerite-galena assemblage, grading
down into chalcopyrite-rich section that replaces tuffs. L) Discordant replacement of coherent rhyolite with sphalerite-pyrite-
pyrrhotite. Abbreviations: cpy = chalcopyrite, fsp = feldspar, gal = galena, grt = garnet, po = pyrrhotite, py = pyrite, qtz =
quartz, rhy = rhyolite, sph = sphalerite, ss = sulfosalt.
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thick accumulations of fertile lithofacies at the seafloor inter-
face that are porous, permeable, and water saturated. There-
fore, accumulation rates influenced the scale of hydrothermal
mixing with seawater and resulted in the increased tonnages
and high Zn grades found in all three felsic-hosted VMS de-
posits in the Finlayson Lake district.

Rapidly emplaced volcanic and volcano-sedimentary facies
were previously argued to be important for facilitating subsea-
floor replacement-style VMS mineralization (Doyle and Allen,
2003); however, documentation of the actual emplacement
rates of associated volcanic sequences has heretofore been
inadequate and unquantified. Our approach underscores the
significance of modern high-precision U-Pb geochronology to
resolve rates and timescales of emplacement for VMS-related
lithofacies in the ancient record. It is only with this enhanced
high-resolution geochronology, coupled with detailed strati-
graphic reconstructions and facies analysis, that we can more
precisely unravel the governing factors between facies deposi-
tion, rates of emplacement, and mineralization styles that de-
fine high-value VMS deposits (i.e., high grade and/or tonnage)
and most prospective basins in convergent margins globally.

Conclusions

New high-precision U-Pb geochronological constraints on
felsic volcanic rocks in the Finlayson VMS district provide
well-constrained limits on the age of volcanism and associated
VMS mineralization. The Kudz Ze Kayah formation is domi-
nated by volcaniclastic and lesser subvolcanic and sedimen-
tary facies that were erupted or deposited between 363.3 and
362.4 Ma (At = 0.6-1.0 m.y.). In contrast, the Wolverine Lake
group began sedimentary deposition at ca. 357.5 Ma, which
then transitioned into a period of voluminous interbedded
volcanic and argillite facies between 356.4 and 354.9 Ma (At
= 1.2-1.5 m.y.). These results indicate that the facies compris-
ing the Kudz Ze Kayah formation and Wolverine Lake group
were formed at rapid, time-averaged accumulation rates of
~300 to 1,900 m/m.y. (up to 2,900 m/m.y.) and ~800 to 1,400
m/m.y. (up to 7,800 m/m.y.), respectively, where the highest
rates are interpreted to result from mass transport complex-
or turbidity current-related deposition. Numerous subsea-
floor replacement-style VMS deposits are observed and doc-
umented in each of the geologic units and occur at distinct
time intervals (GP4F = 363.3 Ma; Kudz Ze Kayah = 362.8
Ma; Wolverine = 355.2 Ma). We suggest that the thick, rapidly
emplaced volcano-sedimentary facies in the Finlayson Lake
district created a fertile, water-saturated environment that fa-
cilitated subseafloor replacement-style mineralization, rapidly
covered the deposits, and thus enhanced their preservation
and enabled zone refining in these subseafloor systems, all of
which led to the development of VMS deposits with elevated
Zn grades and tonnages. Together, high-precision geochronol-
ogy, stratigraphic reconstructions, and detailed facies analysis
can greatly improve our understanding of the rates, times-
cales, and characteristics of volcanism and associated VMS
mineralization that produced the world-class VMS deposits in
ancient convergent margins worldwide.
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