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Abstract

The ABM deposit, Finlayson Lake district, Yukon, Canada, is a bimodal-felsic, replacement-style volcanogenic
massive sulfide (VMS) deposit (19.1 Mt @ 6.6 wt % Zn, 0.9 wt % Cu, 2.0 wt % Pb, 1.4 g/t Au, and 148 g/t
Ag) hosted by Late Devonian continental back-arc-related volcanosedimentary rocks of the Kudz Ze Kayah
formation. The VMS-related hydrothermal alteration associated with the deposit extends >1 km beyond the
mineralization. Zones of pervasive sericite and chlorite alteration occur proximal to the massive sulfide lenses
(<50 m) both in the hanging wall and the footwall, and zones of pervasive sericite and moderate sericite =
chlorite alteration extend laterally from the mineralization and into the hanging wall and footwall for hundreds
to thousands of meters. Geochemical data and petrographic observations indicate that feldspar destruction and
formation of white mica and chlorite were the main alteration processes. In both the hanging wall and footwall
to the mineralization, base (e.g., Zn, Cu, Pb) and trace metals (e.g., Sb, T, Mo) form halos with elevated values
up to 100 and 200 m, respectively.

The paragenesis and the formation conditions of the hydrothermal alteration were determined through
petrography of hydrothermal alteration assemblages and their crosscutting relationships, electron microprobe
analyses of the compositions of white mica, chlorite, and carbonate, and illite-chlorite geothermometry. These
data suggest that the sericite + chlorite assemblage was the earliest and most extensive phase of the hydrother-
mal alteration that formed at temperatures around 215° + 30°C. Overprinting the sericite-chlorite assemblage
is the pervasive sericite assemblage that formed at temperatures around 250° + 15°C. The pervasive chlorite
assemblage formed at temperatures around 320° = 10°C and overprints the preceding sericite-rich assem-
blages. Microprobe analyses of white mica and chlorite generally show that Mg-rich varieties are more common
proximal to mineralization and formed earlier in the deposit paragenesis than Fe-rich varieties. Mineralogy
derived from short-wave infrared data for mica and chlorite, however, shows no clear spatial trends across the
deposit due to complex overprinting relationships between alteration minerals.

Introduction Alteration processes cause geochemical and mineralogical
changes in the host rocks and result in zoned geochemical and
mineralogical alteration halos that surround VMS mineraliza-
tion. Further, new and/or improved analytical methods have
allowed for recent studies to test more subtle or previously un-
detectable hydrothermal alteration associated with VMS de-
posits (Yang et al., 2011; Genna and Gaboury, 2015; Buschette
and Piercey, 2016; Soltani Dehnavi et al., 2018, 2019; Pilote
etal., 2019; Brueckner et al., 2021). Despite an abundance of
studies focusing on ancient VMS and modern-day sea-floor
massive sulfide (SMS) deposits, understanding of the evolu-
tion of ancient hydrothermal systems and alteration footprints

Hydrothermal alteration in volcanogenic massive sulfide
(VMS) deposits reflects the interaction of upwelling fluids
with footwall (and hanging-wall) lithofacies (Franklin et al.,
1981). The nature of fluid-rock interactions is heavily influ-
enced by the temperature and composition of both fluids
and host rocks, the porosity and permeability of the deposit-
hosting sequence, and subsequent postalteration overprinting
from deformation and metamorphism (Franklin et al., 2005;
Lafrance et al., 2020). In coherent volcanic low-dominated
sequences where fluids were interpreted to have exhaled

on the sea floor, alteration commonly has distinct geometry, et :
composition, and in many cases restricted distribution due ;elated to replacement-style VMS deposits in variously de-
to low permeability and porosity of the coherent host rocks ormed a}nd metamorph.ose.d SequUences 1s incomplete.

(Riverin and Hodgson, 1980; Knuckey et al., 1983; Gemmell The Finlayson Lake dlStI‘l(?t in southe.asterr'l Yu.kon., Ca.nada,
and Large, 1992; Gemmell and Fulfon, 2001). In contrast, hosts >40 Mt of polymetallic VMS mlngrahmtlon in six dfe—
in sequences that are rich in volcaniclastic and sedimentary posits (Kona, ABM, GP4F, R15, Wolverine, and I.CG> within
rocks and associated with subseafloor replacement, the altera- 4" and back-arc rocks of the Yukon-Tanana and Slide Moun-

tion can be more complex due to the variability in permeable tain terran.es (Peter et al., 2007). The ABM deposit is a bi-
stratigraphy, which often results in more extensive interaction modal-felsm,. repl;.acement-style VMS deposit and contains a
between the ascending hydrothermal fluids and host rocks, total (geologic) mineral resource of 19.1 Mt @ 6.6 wt % Zn,
which in turn creates complex alteration geometries (Doyle 0.9wt % Cu, 2.0 wt % P bj 1.'4 g/t Au, and 148 g/t A_g (v’an Olden
and Allen, 2003; Franklin et al., 2005; Piercey, 2015). et al., 2020). In 2015, drilling at the ABM deposit discovered

a new mineralized zone (Krakatoa zone), which contributed
to the reinterpretation of the mineralization as replacement-
style (van Olden et al., 2020). Despite the new interpreta-
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2 DENISOVA AND PIERCEY

tions, there has been little documentation of the hydrother-
mal alteration and its relationship to replacement. Further,
the relatively low degree of metamorphism and deformation
(greenschist facies predominantly) at the ABM deposit makes
it ideal for studying the evolution of a hydrothermal system
associated with an ancient replacement-style VMS deposit in
a back-arc environment, as numerous workers have shown
that greenschist metamorphism does not significantly affect
the geochemical and mineral-chemical signatures produced
by hydrothermal alteration and that recrystallized alteration-
related phyllosilicates preserve their original premetamorphic
compositions (Riverin and Hodgson, 1980; Urabe et al., 1983;
Hannington et al., 2003; Genna and Gaboury, 2015).

Considering the above, this study utilizes detailed altera-
tion mineral assemblage observations, whole-rock geochem-
istry, alteration mineral chemistry, and short-wave infrared
spectroscopy (SWIR) methods to provide a descriptive and
genetic framework for hydrothermal alteration in the ABM
replacement-style VMS deposit. The relationships between
the different alteration assemblages are used to interpret the
temporal and spatial evolution of the hydrothermal system
and the geochemical and mineralogical footprint associated
with the formation of the ABM deposit. Our research will pro-
vide insight into processes active in subseafloor replacement
in VMS deposits and into geochemical and mineralogical vec-
tors toward mineralization and the hydrothermal footprint of
VMS deposits. This has implications not only for VMS explo-
ration in the Finlayson Lake district, but also for the study
and exploration of replacement-style VMS deposits in similar
environments around the world.

Regional Geology

The Finlayson Lake district is a dismembered block of the
Yukon-Tanana and Slide Mountain terranes that developed
along the western margin of Laurentia throughout the mid-
Paleozoic to the Permo-Triassic (Fig. 1; Colpron et al., 2006;
Nelson et al., 2006; Piercey et al., 2006). In the Eocene, it
was displaced from its original location approximately 430
km along the dextral strike-slip Tintina fault (Gabrielse et al.,
2006). The Yukon-Tanana terrane comprises a polydeformed
and metamorphosed pre-Late Devonian continental mar-
gin assemblage (Snowcap assemblage; Piercey and Colpron,
2009) that is overlain by three unconformity-bound Late De-
vonian to Middle to Late Permian continental arc, back-arc,
and ocean basin-related volcanosedimentary sequences (Big
Campbell, Money Creek, and Cleaver Lake thrust sheets;
Mortensen and Jilson, 1985; Mortensen, 1992; Colpron et al.,
2006; Murphy et al., 2006). The core of the Finlayson Lake
district reached amphibolite facies metamorphic grade, which
transitions to lower greenschist facies farther from the cen-
ter of the district (Murphy et al., 2006). The Big Campbell
thrust sheet is by volume the largest and structurally deepest
of structural blocks in the Finlayson Lake district (Fig. 1). It
consists of Upper Devonian metaclastic rocks of the North
River formation, the Upper Devonian Grass Lakes group, and
the Lower Mississippian Wolverine Lake group, and hosts five
VMS deposits (Fig. 1; Murphy et al., 2006; Peter et al., 2007).
The Grass Lakes group comprises three units: the Fire Lake,
Kudz Ze Kayah, and Wind Lake formations (Fig. 1). The Fire
Lake formation hosts the Kona Cu-Co-Au VMS deposit with-

in mafic metavolcanic and lesser amounts of mafic and ultra-
mafic metasubvolcanic rocks (Piercey et al., 2001a; Sebert et
al., 2004; Murphy et al., 2006; Peter et al., 2007). The Kudz
Ze Kayah formation formed in a continental back-arc setting
juxtaposed adjacent to the Fire Lake formation (Manor et al.,
2022a) and hosts the ABM, GP4F, and R15 deposits. It com-
prises dominantly felsic volcanic and sedimentary rocks with
back-arc geochemical affinities (Piercey et al., 2001b; Murphy
et al., 2006; Manor et al., 2022a, b). The Wind Lake forma-
tion is conformable atop the Kudz Ze Kayah formation and
consists of interlayered carbonaceous sedimentary rocks and
alkalic mafic volcanic rocks (Piercey et al.,, 2002). All rocks
in the Grass Lakes group are intruded by the Grass Lakes
plutonic suite at ca. 361 Ma (Piercey et al., 2001b; 2003; Ma-
nor et al., 2022b). The Wolverine Lake group unconformably
overlies the Grass Lakes group and contains basal conglom-
erates, sandstones, felsic volcanic rocks, carbonaceous phyl-
lites/shales, iron formations, and basaltic rocks, which host the
Wolverine felsic-siliciclastic—type VMS deposit (Murphy and
Piercey, 1998; Bradshaw et al., 2001, 2008).

The Kudz Ze Kayah formation hosts three known VMS de-
posits: the ABM deposit, the GP4F deposit, and the R15 de-
posit. They are located about 25 km south of Finlayson Lake
and the Robert Campbell Highway (Fig. 1). The GP4F de-
posit (Boulton, 2002) is situated roughly 5 km southeast from
the ABM deposit (Fig. 1) and sits ~500 to 600 m stratigraphi-
cally below the ABM deposit (Peter et al., 2007; Manor et
al., 2022b). The R15 deposit occurs immediately along strike
east of the GP4F deposit and occupies the same stratigraphic
position (MacRobbie and Holroyd, unpub. data). The ABM
deposit sits roughly 150 to 250 m below the contact between
the Kudz Ze Kayah and Wind Lake formations (Manor et al.,
2022b). Subseafloor replacement is interpreted to be the pri-
mary mineralization style in all deposits (Peter et al., 2007;
van Olden et al., 2020; Denisovd and Piercey, 2022; Manor et
al., 2022b). The formation of rocks hosting the GP4F deposit
was dated at ca. 363.254 + 0.098 Ma, whereas the ABM de-
posit is hosted by rocks dated at ca. 362.82 + 0.12 Ma (Manor
et al., 2022b). The volcanic activity responsible for the depo-
sition of the entire Kudz Ze Kayah formation is interpreted
to have lasted approximately 0.65 to 1.0 m.y., indicating that
rapid deposition and emplacement of volcanosedimentary
rocks played an important role in the formation of both VMS
deposits (Manor et al., 2022b).

Local Geology

The rocks of the Kudz Ze Kayah formation have been inter-
preted to have formed in a back-arc environment based on
their geochemical signatures and tectonostratigraphic setting
(Piercey et al., 2001b; 2002). The upper Kudz Ze Kayah for-
mation, which hosts the ABM deposit in the top ~350 m, is
interpreted to have been deposited in an actively extending
basin (Denisovd and Piercey, 2022; Manor et al., 2022b), and
the volcanosedimentary package consists of abundant felsic
volcaniclastic and coherent rocks and lesser mafic sills and ar-
gillite lenses. The stratigraphy dips between 20° and 30° to
the north-northeast, and field observations and stratigraphic
reconstructions do not indicate any fault repetition or major
folding (van Olden et al., 2020; Denisové and Piercey, 2022;
Manor et al., 2022b). The distribution of abundant coherent
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felsic facies (e.g., sills, flows, domes) and mafic sills, together
with abundant volcaniclastic rocks that are typically proximal
to active volcanic sites (crystal-rich tuffs, lapilli tuffs), sug-
gests that the ABM deposit formed at the site of an active
volcanic center (Denisovd and Piercey, 2022). Denisovd and
Piercey (2022) also note that the East fault (Fig. 2), previously
interpreted to be a reactivated transform fault (van Olden et
al., 2020), was originally a part of a set of interconnected syn-
volcanic normal faults. The synvolcanic faults accommodated
the subsidence in the back-arc basin, served as conduits for
ascending magmas, controlled the emplacement of coherent
volcanic units and locally the thickness of volcaniclastic and
sedimentary units, and were important in controlling the up-
welling VMS-related hydrothermal fluids (Fig. 2).

The upper Kudz Ze Kayah formation can be divided into
three distinct sequences with different geochemical character-
istics, Sequence 1 being the stratigraphically lowest and Se-
quence 3 being the stratigraphically highest. Sequence 1 con-
sists of felsic volcaniclastic rocks, sills, and rare argillite lenses.
Sequence 2 hosts the massive sulfide mineralization and com-
prises felsic volcaniclastic rocks, coherent flows, sills, domes,
and two mafic sills that extend through the deposit footprint.
Sequence 3 contains abundant felsic volcaniclastic rocks, fel-
sic flows and sills, and argillite lenses. The boundary between
Sequence 2 and Sequence 3 consists of an extensive argillite
lens that marks a protracted period of volcanic quiescence.
Other, lesser argillite lenses in its hanging wall mark later mi-
nor breaks in volcanism during the deposition of Sequence 3.

Mineralization at the ABM Deposit

The ABM deposit consists of two mineralized zones: the ABM
zone and the Krakatoa zone (Fig. 2), that were offset along the
East fault postmineralization. The mineralization in each zone
consists of a series of stacked, stratabound massive sulfide
lenses enveloped by pervasive alteration that dip subparallel
to the stratigraphy (20°-30°; Fig. 3). The ABM zone is 700 m
wide and extends from the bedrock surface downdip for 600
m. Mineralization in the ABM zone tapers off downdip to the
north-northeast, along strike to the west, and is cut off by the
East fault. The Krakatoa zone is 170 m wide and extends from
the bedrock surface downdip for 600 m and remains open
downdip, whereas along strike, the mineralized lenses are cut
off by postmineralization faults.

In both the ABM and Krakatoa zones, three main ore as-
semblages compose the massive sulfide lenses (Denisovd and
Piercey, 2022): (1) a pyrite-sphalerite-galena + chalcopyrite-
tetrahedrite group sulfosalts assemblage with common as-
sociated carbonate, barite, quartz, and white mica; (2) an
assemblage comprising pyrite-chalcopyrite-pyrrhotite-mag-
netite-sphalerite + galena-tetrahedrite group sulfosalts, with
minor associated carbonate and chlorite that occurs common-
ly in the core of the sulfide lenses; (3) chalcopyrite-pyrrhotite-
pyrite stringers associated with pervasive chlorite alteration,
with minor associated carbonate, and quartz. The massive
sulfide lenses are primarily composed of the first two assem-
blages. The third assemblage is not as common and typically
only present at the upper and lower contacts of the massive
sulfide lenses.

In the ABM zone, massive sulfide mineralization is associ-
ated with felsic volcanic and volcaniclastic rocks. In the Kraka-

toa zone, most of the massive sulfide mineralization is local-
ized on mafic sill contacts or within the mafic sills themselves.
In recent years, the ABM deposit has been reinterpreted as a
replacement-style VMS deposit (van Olden et al., 2020; Den-
isovd and Piercey, 2022; Manor et al., 2022b). Features such as
preserved lapilli and other clasts, remnant bedding, and mas-
sive sulfides replacing glassy groundmass within perlitic and
brecciated textures on unit contacts occur within the massive
sulfide lenses and on their contacts and suggest that the min-
eralization formed by replacement (Doyle and Allen, 2003).

Methods

This study builds on the work presented in Denisovd and
Piercey (2022); the same sample set is used to describe and
investigate the hydrothermal system at the ABM deposit; the
existing lithogeochemical data set was extended beyond im-
mobile elements to supplement them with mobile elements
acquired using different digestions and analytical methods.
Graphic logging was performed for ~10 km of drill core from
51 drill holes and recorded lithology, primary textures, grain
size, mineralogy, and alteration type and intensity based on
mineral occurrence (quartz, sericite, chlorite, biotite, car-
bonates, and sulfides). Out of 478 collected samples, 83 were
analyzed for lithogeochemistry to characterize the host rocks
and alteration, and 82 representative samples were studied
petrographically. In addition, alteration minerals and their
paragenesis were studied in 51 samples representing main
types of mineralization. Petrography was undertaken using
standard petrographic microscopy and a JEOL JSM 7100F
scanning electron microscope (SEM) at Memorial Univer-
sity using backscattered electron (BSE) imaging operating
at an accelerated voltage of 15 kV. Data sets provided by
BMC Minerals Ltd., including core photos, drill logs, and
geochemical data, were used as additional resources to docu-
ment the macroscale alteration in the deposit; the quality
assurance and quality control procedures for the company
analytical data sets are described in van Olden et al. (2020).
Presented cross sections displaying modeled alteration zones
are based primarily on detailed graphic drill logs; company
drill logs and drill core photos were used to populate gaps
between the acquired data and to refine the model. All mod-
els and interpretations carry a higher degree of uncertainty
in the footwall of the mineralization due to limited drilling
below the ore horizon. Digital models of alteration zones and
mineralized lenses were created using the Leapfrog Geo 6.0
software developed by Seequent. Isosurfaces of Ba distribu-
tion (Figs. 2, 4) were modeled using the Numeric Models
tool in Leapfrog 3D. The linear radial basis function (RBF)
interpolation was chosen to mitigate the irregular distribu-
tion of the almost 9,000 Ba data points from the assay data-
base of BMC Minerals Ltd. The linear RBF interpolant was
run with a sill value of 5,000, base range of 50, nugget of 0,
and accuracy of 20. The trend was set to the local stratigra-
phy (dip 30° with dip azimuth of 20° and pitch of 115°), and
the ellipsoid ratios were set to 3:3:1. The threshold value for
Ba at the deposit was chosen at 3,500 ppm using methods
outlined in Reimann et al. (2005). Throughout this study, we
will refer to micaceous material observed in drill core and
hand samples as sericite due to its relatively fine grain size
and ubiquity. The term white mica will be used for colorless
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EVOLUTION OF THE HYDROTHERMAL SYSTEM AT THE ABM DEPOSIT, CANADA 7
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Fig. 3. Cross sections through the ABM zone of the ABM deposit, cross sections are running N-S, looking west. Positions of sec-
tion lines shown in Figure 2. Abbreviations: DH = drill hole, FA = felsic A, FB = felsic B, MA = mafic A, VC =volcaniclastic rock.

micaceous material >5 pm observed petrographically, and

where its composition has been determined using electron
microprobe analysis (EMPA), the correct mineral name will

be used (muscovite, illite, illite/smectite).

Major and trace element lithogeochemistry methods

Three separate lithogeochemical analytical packages (ME-
MSS81d, IMC-100, IML-101) were used to analyze the data,
to cover all elements necessary to study hydrothermal al-
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Fig. 4. Long section through the ABM zone of the ABM deposit running W-E, looking north. Drill holes are not clipped to
section, entire extent of drill hole displayed. Section line position shown in Figure 2. A) Lithostratigraphy and Ba content
contours shown. B) Mineralization, modeled alteration zones, and 2,200-nm feature short-wave infrared (SWIR) values dis-
played. Abbreviations: DH = drill hole, FA = felsic A, FB = felsic B, MA = mafic A, mod ser alt = moderate sericite alteration,
musc = muscovite, per ser alt = pervasive sericite alteration, pheng = phengite, VC =volcaniclastic rock.

teration. The full data set is available in Appendix 1. Sample
preparation and analysis methods, together with the quality
assurance and quality control procedures for the major and
trace element data for the first two packages given below,
were presented in detail in Denisovd and Piercey (2022).
Sample preparation and measurement of major and trace ele-

ment data (including immobile elements, e.g., Zr, Th, REEs;
ME-MS81d) were performed at ALS Laboratories, North
Vancouver, British Columbia. Sample powders were fused
with a lithium metaborate flux; the fused beads were then
cooled and digested using 4% HNO;-2% HCI mixture. Analy-
ses of the sample solutions were conducted using inductively
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EVOLUTION OF THE HYDROTHERMAL SYSTEM AT THE ABM DEPOSIT, CANADA 9

coupled plasma-atomic emission spectrometry (ICP-AES) for
major elements and inductively coupled plasma-mass spec-
trometry (ICP-MS) for immobile trace elements (e.g., Zr, Hf,
Nb, Ta, Th, U, REEs). The sample suite was also analyzed at
Ontario Geoscience Laboratories in Sudbury, Ontario (OGL)
to obtain transition metals, base metals, and semimetals (e.g.,
Li, Be, Co, Cu, Zn, Mo, Cd, In, Sb, W, Bi, Pb, Sc, Ta) using a
closed-beaker HF-HCI-HClO; digest followed by an analyti-
cal finish using a Perkin-Elmer Elan 9000 inductively coupled
plasma-mass spectrometer (ICP-MS, method IMC-100). Ad-
ditionally, the same sample suite was further analyzed using
an aqua regia extraction method at the same lab, also with
an analytical finish using a Perkin-Elmer Elan 9000 ICP-MS,
to obtain minor and trace elements (e.g., Sb, As, Bi, Cd, Co,
Cu, Au, In, I, Pb, Hg, Mo, Ni, Pd, Pt, Se, Ag, Te, Tl, Sn, Zn;
method IML-101). The methodologies from OGL outlined
above are detailed in Burnham and Schweyer (2004) and
Burnham (2008).

Over the course of this study, eight in-house reference
material samples (SLV-MC basalt and WP-1 dacite) and sev-
eral lab duplicates were analyzed at OGL to monitor analyti-
cal accuracy and reproducibility (App, 2). For the IMC-100
method, trace element concentrations overall gave relative
standard deviation (RSD) values <10%, except for Tl (<19
%) in both WP-1 and SLV-MC. The results for both refer-
ence materials overlap with published values (WP-1; Piercey
et al., 2001b; Manor and Piercey, 2019) and unpublished in-
house data for both SLV-MC and WP-1 with reproducibility
better than 10% for most trace elements, with exception of
Cd and Cu in the WP-1 dacite that show the percent relative
differences <17%. The blind and lab-chosen duplicates show
relatively higher RSD values but are generally <15% for most
major and trace elements. For the IML-101 method, trace
element concentrations overall gave RSD values <10%, ex-
cept for Mo and In (<16%), and Tl (<30%) in WP-1 and Cd
(<11%) in SLV-MC. The results for both reference materials
overlap with unpublished in-house data for both SLV-MC and
WP-1 with reproducibility better than 10% for most trace ele-
ments, with exception of Tl (<51%) in the WP-1 dacite and
Cd (<17%) in the SLV-MC basalt. The blind and lab-chosen
duplicates show relatively higher RSD values but are gener-
ally <15% for most major and trace elements. The aqua regia
digestion is devised to leach only elements bound loosely in
less resistant mineral phases like sulfides, Fe and Mn oxides,
sulfates, carbonates, and some silicates, whereas the HF-HCI-
HCIO; digestion dissolves all but the most resistant minerals
like zircons and chromites. The two different digestion meth-
ods were chosen to better understand the relative distribution
of elements like Cd, Cu, In, Mo, Pb, Sb, Tl, and Zn and eluci-
date whether these elements are bound in the more resistant
silicates, or whether they occur in sulfides or adsorbed onto
clays and would therefore be released by the less aggressive
aqua regia digest.

Electron probe microanalysis

The composition of white mica, chlorite, and carbonate in nine
polished thin sections was analyzed at Memorial University
using the JEOL JXA-8230 SuperProbe electron probe micro-
analyzer (EPMA) equipped with five wavelength-dispersive
spectrometers (WDS), a Thermo energy-dispersive spec-

trometer (EDS), and a W electron gun. Natural and synthetic
standards were used for calibration of the instrument, where
standards and X-ray lines were used on five respective crystals
(spectrometers); average detection limits for each element
are in parentheses: (1) LDEL: apatite (FKa; 275 ppm); (2)
LIFL: almandine (FeKa; 70 ppm), vanadium (VKa; 39), rutile
(TiKa; 54 ppm), BaSOy4 (BaLa; 155 ppm); (3) PETL: tugtupite
(ClKa; 26 ppm), orthoclase (KKa; 30 ppm), diopside (CaKa;
39 ppm), celestite (SrLa; 106 ppm); (4) TAP: albite (NaKa;
68 ppm), albite (AlKa; 38 ppm), diopside (SiKa; 79 ppm),
diopside (MgKa; 72 ppm); (5) LIFH: chromium oxide (CrKa;
40 ppm), rhodonite (MnKa; 52 ppm), willemite (ZnKa;
92 ppm). Counting times for calibration are 10 s on peaks and
5 s on background. Analyses on unknowns were performed
using the same crystals as the calibration. White mica was ana-
lyzed for 14 elements (Si, Al, Sr, Ba, Zn, Fe, Mg, Mn, Ca, Na,
K, Ti, F, and Cl), chlorite grains were analysed for 16 elements
(Si, AL, Fe, Ba, Sr, Cr, V, Zn, Mg, Mn, Ca, Na, K, Ti, F, and Cl),
and carbonates were analyzed for 7 elements (Fe, Ba, Ca, Sr,
Mg, Mn, and Zn). Silicates were analyzed using an accelerat-
ing voltage of 15 kV, a 20-nA beam current, focused to 3 to 5
pm, with elemental counting times between 5 and 60 s. Car-
bonates were analyzed using an accelerating voltage of 20 kV,
a 5-nA beam current, defocused to 8 to 15 pm, with elemental
counting times between 5 and 30 s. Internal standards were
measured periodically and showed no irregularities. Samples
with totals falling outside of typical range of mineral composi-
tion minus HoO were rejected; in the case of micas this was
for totals <85%;, in the case of chlorites <82%, and in the case
of carbonates, where the back-calculated COs values were
>60%. Mineral formulas of white mica were calculated based
on 11 O; chlorite formulas were calculated based on 14 O.

Short-wave infrared spectroscopy

Hyperspectral measurements of the samples from the original
sample suite, together with additional samples, 576 analyses
in total, were collected at Memorial University using the Ter-
raspec™ Infrared Spectrometer with a Hi-Brite Muglight. To
monitor the accuracy and precision of the acquired data, an
internal reference sample (pyrophyllite) was measured after
each white reference optimization, which occurred every 20
samples or every 20 minutes during the run of the instrument.
The monitoring confirmed that the instrument yielded absorp-
tion hulls that were consistently within 3 nm of accepted val-
ues for the internal standard. Data was processed using The
Spectral Geologist 7.1 software. Hyperspectral scalars were
calculated for the 2,200-nm (2,185-2,225 nm) and 2,250-nm
(2,245-2,265 nm) absorption wavelengths features using a
fourth-order polynomial fitting curve, with hull correction and
background noise filters applied to the spectra. The diagnostic
absorption feature for white mica occurs between 2,180 and
2,225 nm and is caused by the variation in composition due to
the Tschermak substitution (AIV! + AV < (Fe, Mg, Mn)! +
SiV), and by the interlayer cation substitution between K and
Na (Velde, 1978; Herrmann et al., 2001; Yang et al., 2011). Val-
ues of the 2,200-nm feature between 2,180 and 2,195 nm are
attributed to Na-bearing muscovite, between 2,200 and 2,208
nm are considered to be muscovite; wavelengths of 2,216 to
2,228 nm have a phengite composition, and values in between
2,208 and 2,216 nm are considered to be mixtures of two or
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10 DENISOVA AND PIERCEY

more mica phases, or to have an intermediate composition
(Herrmann et al., 2001; Jones et al., 2005; Yang et al., 2011).
For chlorite, the 2,250-nm absorption feature between 2,235
and 2,255 nm is controlled by the Fe content, with higher ab-
sorption values indicating higher Fe content of the chlorite.
(Herrmann et al., 2001; Cloutier et al., 2021). Most of the
samples from the ABM deposit are mixed samples; therefore,
the depth of the above-described absorption features to deter-
mine relative mineral abundance is of limited use, but in gen-
eral, the deeper the absorption feature, the higher the relative
abundance of the mineral (Cloutier and Piercey, 2020).

Observations and Results

Hydrothermal alteration at the ABM deposit

The observations presented in this section are based on drill
core and petrographic observations. Alteration in the ABM
deposit occurs both in the hanging wall and footwall of the
massive sulfide lenses (Figs. 3, 4) and consists of five main as-
semblages: pervasive sericite, pervasive chlorite, moderate to
weak sericite + chlorite, chlorite-carbonate-actinolite, and Fe
carbonate. The alteration assemblages and their intensities do
not differ significantly between the hanging wall and footwall,
and no alteration assemblage is bound to a particular strati-
graphic unit or position, except for those restricted to a specif-
ic rock type (e.g., chlorite-carbonate-actinolite assemblage in
mafic sills in Sequence 2). Alteration zones are generally strat-
abound (Fig. 3, 4), but in rare cases, they cross lithological
boundaries, and there are mostly gradual transitions between
the different assemblages. Locally, sharp contacts occur be-
tween pervasive chlorite alteration and paragenetically earlier
alteration assemblages. The pervasive sericite and chlorite al-
teration assemblages occur in proximity to the mineralization,
commonly within 100 m of mineralization into the hanging
wall or footwall. Less pervasive alteration assemblages extend
up to 1,400 m west along strike and 500 m downdip, and typi-
cally these assemblages are weak sericite = chlorite assem-
blages; however, even in these weakly altered areas, there
are some localized zones of pervasive alteration implying that
there are other possible mineralized zones in the area (Fig. 2).
The following sections will describe the distribution, extent,
mineralogy, and textures present of each major alteration as-
semblage, and their relationship to the mineralization.
Pervasive sericite alteration assemblage: Zones of pervasive
sericite alteration occur in all felsic lithologies in the ABM
deposit in both the hanging wall and footwall to the miner-

alization (Figs. 3, 4). The alteration zones are stratabound,
up to ~25 m thick, and extend along strike and downdip. Con-
tacts with surrounding zones of moderate sericite + chlorite
alteration are gradual. Locally, individual lapilli, quartz, or
feldspar crystals are preserved (Fig. 5A). The assemblage is
dominated by white mica, which makes up between 15 and
45 modal %. Tabular white mica grains have roughly similar
size (100—200 pm) and replace the matrix, and their alignment
defines the fabric, which is oriented subparallel to the lapilli
or other preserved features within the felsic rocks (Fig. 5B-
C). White mica commonly overprints remnant primary min-
erals including K-feldspar or plagioclase, and locally minor
early alteration minerals like dolomite. Carbonate, chlorite,
and biotite are minor (commonly <5 modal %) and parage-
netically contemporaneous with or later than the white mica.
Minor (<1% volume) disseminated fine- to medium-grained
sulfide grains (pyrite and pyrrhotite) are present and, locally,
discontinuous sulfide stringers or rare diffuse bands of sul-
fides occur in this assemblage. In proximity to the massive sul-
fide mineralization, some pervasively sericite-altered intervals
are locally fissile and extensively fractured, likely due to the
abundance of white mica (Fig. 5D). Locally, these fractured
intervals also contain irregular, milky white quartz veins with
minor associated carbonate, sulfide, and/or rare tourmaline or
biotite. These veins are paragenetically late (postdeformation)
but formed before the extensive fracturing.

Pervasive chlorite alteration assemblage: Zones of pervasive
chlorite alteration are stratabound, on average ~2 m thick,
and affect both felsic and mafic lithofacies. This alteration as-
semblage occurs commonly on the hanging wall or footwall
contacts of massive sulfide lenses and/or within the lenses
themselves, and also on the contacts of the mafic subvolcanic
sills in Sequence 2. Contacts with mineralization are gradual,
whereas with pervasive sericite and moderate sericite + chlo-
rite alteration zones they are sharp (Fig. 5E). The rocks are
dark green due to pervasive replacement by very fine grained
to fine-grained green chlorite, and primary igneous textures
are rarely preserved. The assemblage contains two subtypes:
one that is barren of mineralization (Fig. 5F), and a second
spatially associated with sulfide and magnetite mineralization
(Fig. 5G). The two subtypes most commonly occur separately
but locally gradually transition into each other. The first, bar-
ren subtype of the assemblage contains between 15 and 60
modal % chlorite (Fig. 5F, H); bands of bladed chlorite define
the fabric and overprint the primary minerals and minor bio-
tite replacing chlorite (Fig. 5H). In the second mineralization-

Fig. 5. Alteration assemblages present at the ABM deposit. A) Pervasive sericite alteration in lapilli tuff; K15-290 m, 59 m
downhole. B) Fabric preserved in pervasively sericite altered tuff; K15-320, 200 m downhole. C) Pervasive sericite altera-
tion in thin section, white mica bands, later coarser carbonate alteration; B370151; K15-295, 188.3 m downhole. D) Fissile
pervasively sericite altered drill core; K15-287, 31 m downhole. E) Sharp contact of pervasive chlorite alteration over per-
vasive sericite alteration; K17-422, 165 m down hole. F) Barren pervasive chlorite alteration; K15-287, 118 m down hole.
G) Mineralized pervasive chlorite alteration; K15-235R, 140 m down hole. H) Barren pervasive chlorite alteration in thin
section; Q721071; K15-287, 118.45 m downhole. I) Mineralized pervasive chlorite alteration in thin section; Q930216; K15-
232; 142.1 m downhole. ]) Sulfide stringers in pervasive chlorite alteration; K14-281, 197 m downhole. K) Moderate sericite
+ chlorite alteration in crystal-lapilli tuff; K15-271, 40 m downhole. L) Sericite + chlorite alteration in matrix; K15-260, 204
m downhole. M) Bands of illite in thin section of sericite + chlorite alteration; B370159; K15-301, 91.3 m downhole. N)
K-feldspar in K-feldspar-quartz clot replaced by mica; Q930295; K15-315, 151.65 m downhole. O) Disseminated pyrite in
moderate sericite + chlorite altered tuff; K15-320, 261 m downhole. P) Green mica alteration with bands of sphalerite and
carbonate; K15-232, 175 m downhole. (Q) Fe carbonate alteration in sericite + chlorite tuff; K15-271, 60 m downhole. R)
Euhedral albite overprinted by chlorite and chalcopyrite-pyrrhotite-sphalerite; K7-422, 160.9 m downhole. Abbreviations:
Carb = carbonate, K-fsp = K-feldspar, Mica = white mica, Qtz = quartz.
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12 DENISOVA AND PIERCEY

associated subtype, chlorite is the dominant phase (locally
with black chlorite grains up to 5 cm in size) but composes
only up to 30 modal %; white mica, biotite, and carbonate oc-
cur at higher proportions than in the barren subtype (Fig. 51I).
Both white mica and chlorite define the fabric in the mineral-
ized subtype of this alteration assemblage. Sulfides are one of
the paragenetically latest phases in the mineralized subtype,
occurring as stringers, irregular patches, or disseminated
grains. Chalcopyrite-pyrrhotite-pyrite veinlets and stringers
are the most common sulfides (Fig. 5]) with lesser magnetite,
sphalerite, galena, and sulfosalts. The proportion of sulfides
increases with proximity to the massive sulfide lenses.

Moderate to weak sericite = chlorite alteration assemblage:
The moderate to weak sericite + chlorite alteration assem-
blage is the most widespread assemblage in the ABM deposit
and consists of white mica and lesser chlorite, with minor car-
bonate, sulfides, and biotite. This assemblage is ubiquitous
across the volcanosedimentary package and occurs up to the
conformable contact with the Wind Lake formation. It occurs
in felsic volcaniclastic and volcanic rocks and commonly varies
from moderate to weak in intensity, with gradual transitions
in between. The rocks are greenish in color due to the abun-
dance of yellow-green sericite. Primary textures are preserved
in the host rocks, and the alteration affects the groundmass/
matrix predominantly; the orientation of the alteration miner-
al grains roughly aligns with the fabric defined by the remnant
primary igneous features (Fig. 5K). Locally, the lapilli in vol-
caniclastic rocks are affected by a different alteration assem-
blage than the matrix and contain chlorite, biotite, carbonate,
and/or sulfides, typically pyrite or pyrrhotite (Fig. 5L). In thin
section, white mica comprises between 5 and 30 modal %, and
bladed white mica grains occur most commonly in bands that
define the fabric (Fig. 5M); relict feldspar grains are partly to
fully replaced by fine white mica (Fig. 5N). Chlorite is less
common than white mica in this assemblage, commonly <10
modal % where it occurs, and in most cases overprints the mi-
ca-defined fabric. Minor biotite locally overprints or replaces
chlorite. Fine-grained disseminated sulfides (dominantly py-
rite) and carbonate are commonly the paragenetically latest
phases (Fig. 50). Where the alteration assemblage affects
coherent felsic rocks, minor carbonate-sulfide veinlets with
random orientations occur. In the central part of the ABM
zone within Sequence 2 (Fig. 4), pale green intervals contain
green mica intergrown with sericite. The green mica-sericite
assemblage is limited to the contacts of the mafic sills with
other rocks and to the contacts of the felsic sill that is enclosed
in between the two mafic sills (Fig. 4). Green mica is very fine
grained and green mica-altered intervals gradually transition
into sericite-rich intervals. Carbonate bands up to 30 cm thick
occur in the green mica-rich intervals and are commonly asso-
ciated with lesser red sphalerite and minor galena and pyrite/
pyrrhotite (Fig. 5P). The green mica-altered intervals of fel-
sic volcanic rocks have elevated Cr content (~600 ppm Cr in
one available sample) compared to felsic rocks of the Kudz Ze
Kayah formation affected by different alteration assemblages
(<30 ppm Cr); mafic sills with MA signatures (see “Key im-
mobile elements” section) contain high Cr values (>290 ppm
Cr; Denisové and Piercey, 2022).

Fe-carbonate alteration: Carbonate with significant Fe
content, in addition to Ca and Mg, typically occurs as the

paragenetically latest mineral phase in drill core. It occurs as
dispersed euhedral grains or as coatings on grains, lapilli, or
other heterogeneities and has an orange color in older (>2
years) drill core (Fig. 5Q). It occurs across the stratigraphy
and affects all lithological units in the upper Kudz Ze Kayah
formation and the argillites and mafic tuffs in the lower Wind
Lake formation.

Chlorite-carbonate-actinolite assemblage: The chlorite-
carbonate-actinolite assemblage occurs only in the mafic sills
in Sequence 2; no unaltered or less altered mafic sills exist
in the ABM deposit footprint. Contacts of the mafic sills are
commonly finer grained and more intensely altered with car-
bonate and, locally, biotite compared to the inner portions of
the sills, which have a dark green, fine-grained groundmass
with aligned darker biotite-chlorite—rich patches, assumed to
be replaced primary mafic mineral phenocrysts (Fig. 6A-B).
The assemblage replaces most of the primary igneous miner-
als, yet primary igneous textures are partially preserved and
overprinted by the alteration minerals (Fig. 6A). The assem-
blage consists of abundant chlorite (10-35 modal %), carbon-
ate (5-20 modal %), biotite (5-20 modal %), actinolite (20-25
modal % if present), and paragenetically late epidote (5-15
modal %). Carbonate, chlorite, and minor white mica replace
the groundmass (Fig. 6C), and white mica and carbonate
commonly replace K-feldspar and plagioclase, respectively.
Corroded euhedral to subhedral equant actinolite grains are
commonly replaced by chlorite and/or biotite (Fig. 6D), al-
though late amphibole needles are observed locally. Barium-
rich K-feldspar is found along biotite cleavage planes (Fig.
6E). The paragenetically youngest mineral phase is commonly
euhedral, fine-grained epidote (Fig. 6F).

Paragenesis: Crosscutting relationships determined from
drill core and thin sections are used to establish the paragene-
sis of the different alteration assemblages in the ABM deposit
(Fig. 7). The moderate sericite + chlorite assemblage is inter-
preted to be the paragenetically oldest one preserved in the
ABM deposit. It has the widest extent within the upper Kudz
Ze Kayah formation (Fig. 2B) and is overprinted by both per-
vasive assemblages. The contacts between moderate sericite +
chlorite and pervasive sericite alteration zones are commonly
gradual. Pervasive chlorite alteration overprints the pervasive
sericite assemblage and commonly has sharp contacts (Fig.
5F). Sulfide mineralization crosscuts both pervasive assem-
blages. Contacts with mineralization are sharp (Fig. 8); rarely,
they are gradational over 10 to 20 cm. The paragenetically
youngest observed phase is fine-grained, diffuse Fe-rich car-
bonate or calcite, with minor euhedral Fe carbonate and cal-
cite grains overprinting all other assemblages (Fig. 5Q-R).

Key immobile elements characteristics of host rocks

Denisovd and Piercey (2022) described the immobile element
systematics of the volcanic rocks of the upper Kudz Ze Kayah
formation. Immobile behavior of HFSE (high field strength
elements)-REE (rare earth elements)-Al;O3-TiOz was as-
sessed and confirmed using methods defined by MacLean
(1988) and MacLean and Barrett (1993). Felsic rocks of the
upper Kudz Ze Kayah formation plot on a single linear array
in the Zr-TiOs space (Fig. 9A), therefore immobile element
ratios have been employed to further differentiate between
the rock types and chemostratigraphic units. In the Al,Oy/
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Fig. 6. Alteration assemblages in mafic sills with Mafic A (MA) signatures. A) Coarse-grained interior of mafic sill in Sequence
2 with amphibole-biotite clots; K15-265, 245 m downhole. B) Biotite overgrowing amphibole, core of mafic sill; AA00348399;
K15-290, 117.4 m downhole. C) Barren chlorite alteration in thin section, margin of mafic sill; AA00348398; K15- 290, 90.8
m downhole. D) Chlorite replacing amphibole, core of mafic sill; K15-290, 117.4 m downhole. E) Ba-rich K-feldspar along
fractures and grain boundaries in chlorite, late zoned epidote grains overgrowing; Q930290; K15-315, 121 m downhole. F)
Late zoned epidote grains overgrowing biotite and chlorite; Q930291, K15-315, 122 m downhole. Abbreviations: Ab = albite,
Act = actinolite, Ba-K-fsp = Ba-K-feldspar, Bt = biotite, Carb = carbonate, Chl = chlorite, Ep = epidote, Tit = titanite.

TiO-Zx/Al>O3 space, two distinct groupings of felsic volcanic
rocks exist (Fig. 9B). Group Felsic A (FA) has high Zr concen-
trations (722 + 118 ppm, n = 33) and generally higher con-
tents of HFSEs relative to the group Felsic B (FB). The FB
group is further divided into subgroups FB1 and FB2, based
on differences between immobile elements and their ratios,
with group FBI having a higher average Zr value (419 + 101
ppm, n = 16) than subgroup FB2 (267 + 91 ppm, n = 26).
Felsic rocks belonging to the FB group occur in Sequence
2 and host the massive sulfide mineralization. Sequences 1
and 3 comprise felsic volcanic rocks of group FA. Mafic rocks
of the upper Kudz Ze Kayah formation fall into two distinct
groups based on their immobile element compositions (Fig.
9A, B): group Mafic A (MA) comprises mafic sills in Sequence
2, whereas group Mafic B (MB) represents younger mafic sills
present in Sequence 3.

Major and mobile trace elements

Using major oxides to trace hydrothermal alteration is a sim-
ple but effective technique utilized in VMS environments to
track alteration processes such as feldspar destruction and
subsequent white mica (Na2O, CaO, K:0), chlorite, and py-
rite formation (MgO, FesOs; Spitz and Darling, 1978; Riverin
and Hodgson, 1980; Date et al., 1983; Large et al., 2001c; Ma-
thieu, 2018).

In the alteration box plot (Fig. 9C; Large et al., 2001b),
samples identified by other methods as least altered (Fig. 9D;
the NasO-NapO/Al:O3 diagram; Ruks et al., 2006) plot within
the least altered rhyolite and dacite fields. Most of the felsic
samples follow the sericite alteration path, with data plotting
on a trend from the least-altered fields toward the illite (ser-
icite) node (trend 2 in Figure 9C). Rocks with FB signatures

from Sequence 2 (proximal to the mineralization) show a
more significant shift toward sericite than the FA rocks that
are more distal from the massive sulfide mineralization. Sam-
ples that follow the chlorite-pyrite and sericite-chlorite-pyrite
trends are strongly to pervasively altered by white mica and/
or chlorite (trend 1 in Figure 9C). A minor subset of the fel-
sic samples follows a diagenetic trend toward the albite node,
indicating that they underwent diagenetic alteration that is
locally preserved (trend 3 in Figure 9C). Observed textures
show euhedral albite grains locally overprinted by chlorite
and mineralization (Fig. 5R) or minor white mica. Feldspar
destruction and common sericite alteration are also easily dis-
tinguishable in molar ratio plots of K»O and NayO (Davies and
Whitehead, 2006), where FB felsic rocks show strong feldspar
destruction and sericite alteration (Fig. 9E). Large ion litho-
phile elements (LILEs) such as Rb and Sr correlate with the
behavior of their geochemical twins, K and Ca, respectively
(Fig. 9F-G).

In different types of VMS deposits, mobile metallic and
metalloid trace elements (Sb, TI, Mn) form halos of varying
magnitude around the massive sulfide lenses (Large et al.,
2001a, c). At the ABM deposit, some of these elements in-
crease proximal to mineralization (Fig. 10). Thallium and Sb,
both volatile elements, correlate well and show elevated val-
ues in proximity to massive sulfide mineralization (Fig. 9H).
Anomalous values of Tl and Sb occur up to 300 m from the
massive sulfide lenses in all directions. Arsenic, Bi, Cd, Mo,
and Sn values are higher within Sequence 2 rocks compared
to other sequences but do not show consistent increases with
proximity to mineralization (Fig. 10). Base metals abundant
in the mineralization (Zn, Cu, Pb) and Au and Ag follow a
similar pattern; they are slightly increased within Sequence 2
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Fig. 7. Paragenesis at the ABM deposit. 'Manor et al. (2022b); 2Denisova and Piercey (2022); 3Gifkins and Allen (2001);
4Franklin et al. (2005). Colors correspond to previous figures. Abbreviations: bru = brunsvigite, FA = Felsic A, FB = Felsic B,
HT = hydrothermal, MS = massive sulfide, perv chl = pervasive chlorite, perv ser = pervasive sericite, rip = ripidolite, VMS

= volcanogenic massive sulfide

rocks compared to other sequences (App. 3). Manganese and
In display relatively higher values in Sequence 3 rocks com-
pared to Sequence 2 rocks (Fig. 10), although rare anomalous
values occur associated with massive sulfide mineralization
(Fig. 10).

Mass balance

Mass balance calculations for felsic volcanic rocks were per-
formed using the single precursor method outlined by in
MacLean and Barrett (1993) and Barrett et al. (2008). No
unaltered samples of mafic volcanic rocks were identified
from hand samples or from geochemical data, therefore mass
balance calculations were not performed for mafic rocks in
the ABM deposit footprint. Samples of the FA and FB felsic

geochemical groups plot on separate linear arrays in Al:O3/
TiOs-Zr/TiOs space (Fig. 9B), which indicates they belong to
two distinct homogenous volcanic units (Barrett et al., 2008).
Least-altered samples from the felsic geochemical groups
(FA, FB1, and FB2; App. 4a) were selected based on low
loss on ignition (LOI) values (<2.5%), low base metal values
(Zn + Pb + Cu < 500 ppm), relatively high Na;O content
(>2%), and low Spitz-Darling index (Al:Os/NasO <10; Spitz
and Darling, 1978; Ruks et al., 2006). The least-altered val-
ues were averaged to establish a precursor composition for
each geochemical group, with AlsOs3 used as the monitor of
mass change (Barrett et al., 2008). Least-altered samples
were chosen from both the project data set (this study and
Denisova and Piercey, 2022) and the BMC lithogeochemical
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Fig. 8. Examples of mineralization overprinting alteration assemblages. A)
Sharp contact between pyrite-sphalerite mineralization and moderate ser-
icite + chlorite altered tuff; K15-240, 54.5 m downhole. B) Sharp contact
between pyrite-sphalerite-pyrrhotite mineralization and pervasively sericite
altered tuff; K15-287, 47 m downhole. C) Chalcopyrite-pyrrhotite mineral-
ization overprinting pervasive chlorite alteration; K17-422, 149.5 m down-
hole. Abbreviations: Cpy = chalcopyrite, MS = massive sulfide mineralization,
Po = Pyrrhotite, Py = pyrite, Sph = sphalerite.

database. The company data set contains an incomplete and
inconsistent suite of elements compared to new results pre-
sented in this study, particularly for minor LILEs (Cs, Rb,
Sr) and other trace elements for nonmineralized samples (Sr,
Sc, Rb, T, Sb, Hg); therefore, mass balance calculations were
performed only for the major mobile elements, base metals,
and Ba, as these were universal across our new data and the
legacy data from the company data set. Calculated values of
mass change for felsic samples are presented in Appendix
4b. Most samples show depletions in NayO, typical for the
destruction of feldspar (Fig. 11A). Commonly, plagioclase de-
struction can be monitored using both NaO and CaO mass
changes (MacLean, 1990; Barrett et al., 1993; MacLean and
Barrett, 1993), but late carbonate overprints prevent this at
the ABM deposit. Samples with ANaxO < —1.5 wt % generally
have values of AI (Ishikawa alteration index) >60. Samples
with additions of Na;O (Fig. 11A) coincide with the diagenet-
ic trend in the alteration box plot (Fig. 9C). A minority of FB
group samples shows significant additions of K20 (>3%; Fig.
11B), indicative of pervasive sericite alteration; these samples
also show AI >60. Minor samples from groups FB2 and FA
show FezO3 + MgO gains between 7 and 20% and also display
mass losses of SiOz, which is indicative of pervasive chlorite
alteration (Fig. 11C). These samples generally have CCPI

(chlorite-carbonate-pyrite index) values >65. Samples closest
to the mineralization (i.e., FB rocks) show the highest degree
of feldspar destruction and locally significant mass gains of Ba
(Fig. 11D). Most samples with significant FesO3 + MgO gains
show mass changes of Ba lower than 1,000 ppm. Samples with
mass gains of base metals (Zn + Pb + Cu >500 ppm) display
losses of NagO and locally Fe;O3 + MgO gains (Fig. 11E-F).
Representative downhole profiles with mass change values
are available in Appendix 4c.

Mineral chemistry

Nine samples were selected for the study of the min-
eral composition of the major alteration minerals (white
mica, carbonate, and chlorite). The samples were chosen
to be representative of the major alteration types (perva-
sive sericite - D00005985; pervasive chlorite — D00005986,
Q721071, Q721080, Q930216; moderate sericite + chlorite
— D00005981, Q930221, Q931973, Q931984) and to deter-
mine the compositional variety of the minerals based on their
position in the stratigraphy, alteration intensity, and proximity
to massive sulfide mineralization. Full results of the EMPA
analyses are given in Appendix 5.

White mica: White mica composition has been calculated
based on 11 oxygens with all iron assumed to be Fe?+. The
composition of the 152 analyzed grains ranges between
(Ko0.187-0.904N20,003-0.120B20.003-0.047)50.21-0.93 (Alo.102-2.082F €0.035-1.938
Mgo.053-1.742)52.01-3.12 (Siz417-3563Al0.437-1582)24 O10 (OH)a.
The majority of analyzed white mica grains have compositions
typical for illite (Fig. 12B), with the sum of interlayer cations
(I) between 0.75 and 0.93 apfu and illite/smectite I between
0.21 and 0.75 apfu. The main interlayer cation is K (0.19-0.90
apfu), with only minor Na (~0.04 apfu) and negligible Ca and
Sr. Barium content in the interlayer deficient mica is locally
between 0.035 and 0.047 apfu, with an average value of 0.01
apfu. Based on their Fe, Mg, and K content, the interlayer-
deficient micas can be divided into three groups (Fig. 12A).
The first group (group 1) is illite with a high proportion of
Mg compared to Fe (Fe# between 15 and 30%). The second
group (group 2) is illite and illite/smectite with a higher pro-
portion of Fe compared to Mg (Fe# ~35-60%). The third
group (group 3) is illite/smectite due to its lower cation sum
(between 0.2 and 0.5 apfu), while having a similar range of
Fe# as group 2 micas. The group 1 illites with higher Mg are
present in pervasively sericite-altered felsic rocks proximal
to the massive sulfide mineralization, whereas group 2 illites
with higher Fe are much more widespread across different
alteration types in the sample suite. The group 3 illites/smec-
tites are associated with group 2 illites but appear to postdate
them. A subset of the group 2 illites shows slightly elevated
Ba values compared to the rest of the sample set, with Ba
between 0.031 and 0.029 apfu with rare values up to 0.047
apfu. The occurrence of the Ba-enriched illites is limited to
the samples from Sequence 2 in the immediate proximity of
mineralization.

Illite geothermometry: Temperatures were calculated for
152 of the analyzed illite and illite/smectite grains using the
equation proposed by Battaglia (2004). This method is based
on calibrated empirical data from several geothermal fields
and quantifies the relationship between illite composition
(K, Fe, Mg) and temperature (Cathelineau, 1988; Battaglia,
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2004). Results from analyzed illite and illite/smectite grains
at ABM adhere to the trends described by Battaglia (2004):
the calculated temperature rises with higher K content (App.
5). The highest temperatures 249.3° + 14.9°C are found in
the illites with low Fe# (group 1) that occur in the pervasively
sericite-altered zone (D00005985). Illite grains with higher
Fe# (group 2) from samples from moderate sericite + chlorite
alteration zones have lower temperatures: 219.5° + 10.2°C
(sample D0005981), 223.2° + 31.8°C (sample Q930221),
204.6° + 10.8°C (sample Q931973), and 217.8° +17.5°C (sam-
ple Q931984). In a sample from a pervasively chlorite altered
zone (sample D00005986), the illite with high Fe# (group 2)
has a temperature of 215.3° + 4.3°C.

Carbonate: Most of the analyzed carbonates have com-
positions between dolomite ((Ca,Mg)COs) and ankerite
((Ca,Fe)COs3) (Fig. 12C). The group classified as dolomite

has the following compositional range: (Cao.1s-060Mgo.15-
0.39F'€0.08-029)50.95-1.23 CO3. Another group is Ca-poor and is clas-
sified as Mg-rich siderite: (Cao-0.11Mg0.04-0.45F€0.23-0.73)x0.57-0.99
COs. Minor Mn (0.015-0.060 apfu) occurs in dolomite and
Mg-rich siderite and is found proximal to the mineralization
(in Sequence 2 rocks), although some carbonates in this set-
ting show Mn contents below the detection limit or near zero
concentrations. Pure calcite is the least common of the ob-
served carbonate phases.

Chlorite: Chlorite composition was calculated on the basis
of 14 oxygens and assuming all iron to be Fe?+. All analyzed
chlorite grains are from samples of the altered felsic lithofa-
cies. The compositional range of the 56 analyzed grains is
(Al11s-2.76Fe1.01-2.97Mg0.61-2.72)54.96-6.04 (Siz.60-3.80Al0.11-1.38)54.00
O10 (OH)s. The analyzed chlorites fall into two distinct groups
based on the Si, Fe, and Mg content (Hey, 1954). The more
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Fig. 12. Results of electron microprobe analysis (EMPA). A) Plot of Fe2+/(Fe2+ + Mg) vs. K* in atoms per formula unit (apfu)
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silicates (Deer et al., 2013). C) Chlorite discrimination diagram after Hey (1954). D) Discrimination diagram for carbonates.
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abundant group A occurs on the ripidolite-brunsvigite bound-
ary; group B has a brunsvigite composition (Fig. 12C). The
chlorites of group A are relatively homogeneous except for a
minor subset that has elevated Mn content (~0.03-0.04 apfu)
compared to group B. The Mn-rich samples occur within bar-
ren pervasive chlorite alteration that is not associated with
massive sulfide mineralization.

Chlorite geothermometry: Geothermometry calculations
were performed using the compositions of the 56 analyzed
chlorite grains. Four methods were tested (Kranidiotis and
MacLean, 1987; Cathelineau, 1988; Zang and Fyfe, 1995;
Jowett, unpub. data), all based on calibrated empirical data and
investigating the link between the contents of Al, Si, Fe, and
Mg in chlorite in relation to temperature. All methods show
that the calculated temperatures fall into two groups: the chlo-
rites with compositions on the ripidolite-brunsvigite bound-
ary formed at higher temperatures than the chlorites with
the brunsvigite compositions (App. 5). Three of the methods
(Kranidiotis and MacLean, 1987; Cathelineau, 1988; Jowett,
unpub. data) report similar ranges of temperatures, with the
lower-temperature group between 200° and 300°C and the
higher-temperature group ranging between 300° and 400°C

(App. 5). The last method (Zang and Fyfe, 1995) shows lower
temperatures for both groups that are shifted approximately
100°C lower, but the method has not accounted for possible
effects of pressure, whereas the other methods were devel-
oped using data from low-pressure environments, like the one
presumed at the ABM deposit during its formation. We chose
to report temperatures calculated according to Kranidiotis
and MacLean (1987) because the ranges of calculated tem-
peratures are closest to those expected based on the observed
mineralization assemblages (chalcopyrite-pyrrhotite-pyrite-
magnetite associated with chlorite ~350°C; Franklin et al.,
2005; Hannington et al., 2005). Higher temperatures 322.0°
+ 8.8°C (max 345°C; n = 49) characterize group A chlorites in
the pervasive chlorite assemblage, whereas the lower-temper-
ature chlorites occur in moderately sericite-altered felsic rocks
(samples Q931984, Q930221; 134.2°C, n = 4) or as late minor
chlorites occurring on sulfide grain boundaries in pervasively
chlorite-altered rocks (sample Q721080; 243.4°C, n = 3).

Hyperspectral data

Results of the hyperspectral analyses of the samples (App. 6)
show that the measured values of the 2200W wavelength span
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a wide range between 2,197 and 2,227 nm, largely indepen-
dent of lithology (Fig. 4B). Felsic rocks with varying degrees
of predominantly white mica alteration (pervasive to weak),
both coherent and volcaniclastic, show a wide spread of val-
ues without any gaps (Fig. 13A). The relative abundance of
values in the 2,208- to 2,216-nm range indicates the common
occurrence of mixtures of the two white mica compositions—
muscovite and phengite—within the alteration footprint.
Only felsic samples with AK2O >3% show 2200W feature val-
ues typical for phengite (2,215.5-2,224 nm). Mineralized or
pervasively chlorite-altered samples (n = 54) show a bimodal
distribution, with a gap in the 2,212- to 2217-nm range (Fig
13B). Proximal to the mineralization, values from the opposite
sides of the 2200W feature spectrum commonly occur adja-
cent to each other over a few meters (Figs. 4, 10) regardless
of lithology. The values of the depth of the 2200W feature are
generally higher for felsic samples than for the mafic samples,
indicative of more abundant white mica in the felsic rocks
(Yang et al., 2011).

Values for the 2250W feature vary between 2,240 and 2,260
nm and do not correlate to any specific lithology. Felsic sam-
ples with no to low chlorite content, as recognized from drill
core, commonly show values below 2,245 nm, which confirms
the absence of chlorite in the rock (Herrmann et al., 2001).
Mafic sill samples skew toward 2,250 nm feature values that

are indicative of chlorite compositions with a higher Fe# com-
pared to the other analyzed chlorites because most of the
samples show values above 2,250 nm (Fig. 13C). Mafic sills
with MA signatures show higher values for the depth of the
2250W feature, reflecting the abundant chlorite observed in
thin sections compared to the sills with MB signatures that
more commonly display lower abundances of chlorite and
higher contents of biotite in thin section. Felsic samples dis-
playing strong to pervasive chlorite alteration show a wide
spread of values (Fig. 13D).

Compared with geochemical data, hyperspectral data for
sericite-rich samples with longer 2200W feature wavelength
values correspond to rocks with a higher Al;03/NasO index
and a higher KsO content (Apps. 1, 6). The 2200W feature
values do not correlate with AI, CCPI, or the Ba/Sr ratio. The
2250W feature correlates negatively with SiOs values in ac-
cordance with more abundant chlorite proportions observed
in mafic and pervasively chlorite-altered rocks. Comparing
values of the 2200W feature with averaged compositions of
illite analyzed by the EMPA shows two groupings: samples
with longer 2200W wavelengths (>2,213 nm) that represent
the moderate sericite + chlorite assemblage and have low-
er I (<0.7 apfu), higher Si/Al, and higher Fe# (>40%); and
samples with shorter 2200W wavelengths (<2,208 nm) that
have higher I and lower Si/Al values. One of the samples with
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shorter 2200W wavelengths represents the pervasive sericite
assemblage (D00005985) and has a low Fe# (<25%); the oth-
er sample (Q930221) represents the moderate sericite = chlo-
rite assemblage and has similar Fe# values (>40%). A possible
reason for the shorter 2200W values in the latter sample is the
presence of minor biotite in the sample. Samples represent-
ing the pervasive chlorite assemblage containing >40 modal
% chlorite all have 2200W values >2,213 nm; illite from these
samples has Fe# values >40%.

Discussion

In replacement-style VMS deposits, the contrasts in porosity
and permeability within the subseafloor lithologies control hy-
drothermal fluid flow leading to irregular but mostly conform-
able alteration zones in the footwall and hanging wall of mas-
sive sulfide mineralization (Doyle and Huston, 1999; Doyle
and Allen, 2003; Anderson et al., 2019; Nozaki et al., 2021).
Despite past work in the Finlayson Lake district, there has
been no study of the hydrothermal alteration footprint that
has integrated field observations and mineralogical, spectral,
and lithogeochemical data, and that relates the hydrothermal
alteration to the emplacement mechanisms of the mineraliza-
tion. Following brief remarks on the effects of greenschist
facies metamorphism on hydrothermally altered rocks at the
ABM deposit, the discussion will address two major topics: (1)
how the hydrothermal system associated with the ABM de-
posit developed in time and space and its relation to the min-
eralization; and (2) what alteration vectors and at what scales
they are the most useful to target a replacement-style VMS
deposit in a dominantly felsic volcanosedimentary sequence.
Metamorphism in this part of the Finlayson Lake district
reached a maximum of greenschist facies (Murphy et al.,
2006). Generally, this metamorphic facies does not signifi-
cantly affect the geochemical and mineral-chemical signa-
tures produced by hydrothermal alteration, and recrystal-
lized alteration-related phyllosilicates preserve their original
premetamorphic compositions (Riverin and Hodgson, 1980;
Urabe et al., 1983; Hannington et al., 2003; Genna and
Gaboury, 2015). This appears to be the case at the ABM de-
posit; however, under contemporaneous deformation, the hy-
drothermally altered rocks at the ABM deposit recrystallized,
which partially obscured the primary paragenetic relation-
ships at the microscopic scale. The relationships between the
different alteration assemblages on the deposit scale remain
unaffected, as no major folding has been documented in the
deposit footprint, the major deformation fabric is subparallel
to primary bedding (van Olden et al., 2020), and the observed
crosscutting relationships between alteration assemblages
are not significantly affected by deformation. The effects of
greenschist facies metamorpism are most apparent in the
mafic sills in Sequence 2. The chlorite-carbonate-actinolite
assemblage that occurs throughout this lithofacies contains
locally abundant actinolite (Fig. 6A-B, D), which suggests it
is of regional metamorphic origin (Arghe et al., 2011). Other
overprinting minerals in the mafic sills are also linked to meta-
morphic processes (biotite, chlorite, zoned epidote; Fig. 6E-
F). The effects of metamorphism on the mafic sills were likely
isochemical, as samples of mafic sills affected by the chlorite-
carbonate-actinolite assemblage plot mostly in the least-
altered mafic rocks field in the alteration boxplot (Fig. 9C).

Despite greenschist facies metamorphism and associated de-
formation in the ABM deposit, it does not significantly affect
macro- and mesoscale relationships between hydrothermal
alteration assemblages and/or host rocks, and the different
mineral-chemical signatures of phyllosilicates and carbonates
in hydrothermal alteration assemblages are also preserved.
Thus, despite post-VMS metamorphism and deformation, the
original footprint of VMS-related alteration and mineraliza-
tion is still preserved and reflects the original evolution of the
ABM deposit hydrothermal system and not subsequent post-
VMS tectonothermal activity.

Hydrothermal system extent and evolution

Prior to VMS-related hydrothermal alteration (200°-350°C),
the felsic volcanic rocks hosting the ABM deposit were likely
affected by diagenetic alteration (<150°C) similar to the al-
teration processes described by Munhd et al. (1980) and
Gifkins and Allen (2001). Evidence of these low-temperature
(<200°C) prehydrothermal processes in the ABM deposit
footprint is scarce, and these assemblages were predominant-
ly overprinted by younger, higher-temperature hydrothermal
alteration and post-VMS metamorphic assemblages. The
paragenetically oldest observed alteration assemblage is re-
corded by the diagenetic trend in the felsic volcanic rocks on
the alteration boxplot (Fig. 9C). This assemblage has a limited
spatial distribution and comprises large (~0.5-cm) euhedral
feldspar, most commonly albite. Similar zones of Na enrich-
ment were described by Date et al. (1983) in the Kuroko dis-
trict and recently by Pilote et al. (2019) in the Ming deposit,
where this alteration assemblage was interpreted to form
from late fluids generated by plagioclase breakdown or due to
late influx of unmodified, cold, Na-rich seawater. Even though
these zones of Na enrichment are locally associated with mas-
sive sulfide lenses at the ABM deposit, the euhedral feldspar
crystals appear to be one of the earliest preserved phases, and
locally, the feldspar is overprinted by white mica, chlorite,
and/or carbonate along grain boundaries and fractures, imply-
ing its formation preceded pervasive VMS alteration. In the
deposit area, the Na-rich alteration would have taken place
during and after the deposition of Sequence 2 rocks and was
succeeded by the higher-temperature VMS hydrothermal al-
teration (T > 230°C; Fig. 7).

The moderate sericite + chlorite assemblage is the most
spatially extensive hydrothermal alteration assemblage at the
ABM deposit (Figs. 2-4), and it is the earliest of the higher-
temperature assemblages as it is crosscut by all other VMS-re-
lated hydrothermal assemblages. The extent of the moderate
sericite + chlorite alteration assemblage, together with only
rare later overprints further away from the core of the deposit
(Fig. 2B), suggests that it formed as the initial phase of the
hydrothermal fluid flow that infiltrated porous and permeable
units where the hydrothermal fluids interacted with the host
rocks saturated in cold seawater. The mapped moderate seric-
ite + chlorite alteration zones are stratabound and commonly
flanked by units with lower porosities and permeabilities, such
as coherent volcanic rocks or mudstones (Figs. 3-4). For such
a widespread alteration halo to form away from the core of
the hydrothermal system and the major synvolcanic faults, hy-
drothermal fluids must have circulated laterally through the
units with high porosity and permeability (Large et al., 2001a;
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Genna et al., 2014; Piercey et al., 2014), similar to what has
been described in some modern-day SMS deposits (Anderson
et al., 2019; Nozaki et al., 2021). Lateral flow of hydrothermal
fluids within volcaniclastic units is further supported by the
similarity of mica compositions along the extent of the mod-
erate sericite = chlorite alteration zones, which have 2200W
feature spectral values that generally fall within the same
range throughout the interpreted alteration lenses (Fig. 4).
Commonly, the moderate sericite + chlorite assemblage has
2200W values in the same range as the assemblage samples
analyzed by EMPA that contain predominantly group 2 illite
(2200W > 2,212 nm).

Mineral-chemical data from samples in moderate sericite +
chlorite alteration samples show there was voluminous early
illite in this assemblage. Temperatures calculated using il-
lite compositions from moderately sericite + chlorite-altered
zones average 214.5° = 33.0°C (n = 110 from four samples).
In hydrothermal systems, illite commonly forms in the early
stages at lower temperature and/or at lower pH (Iijima, 1974;
Schardt et al., 2001). Under such conditions, white mica forms
preferentially over chlorite (Schardt et al., 2001), which would
explain the relative scarcity of chlorite in the most widespread
alteration assemblage in the ABM deposit. Where chlorite is
more abundant in the moderate sericite + chlorite assemblage
(~10 modal % and above), it is likely due to more extensive
mixing of hydrothermal fluids with the seawater present in
the water-saturated porous and permeable units, which would
have raised the pH of the fluid, added Mg, and would have
allowed chlorite to precipitate (Schardt et al., 2001). Proximal
to zones of pervasive sericite alteration, disseminated sulfides
occur within the moderate sericite + chlorite assemblage. In
other VMS deposits, pyrite is a common component of ser-
icite alteration assemblages forming at temperatures below
250°C (Schardt et al., 2001), which correlates with the pro-
posed temperatures at which the alteration minerals compos-
ing this alteration assemblage formed.

In VMS deposits, zones of pervasive alteration are inter-
preted to be the pathways of the most intense fluid flow with
highest fluid/rock ratios and highest fluid temperatures (e.g.,
Holk et al., 2008). The center of the ABM deposit comprises
zones of pervasive alteration that surround the mineralized
bodies and overprint the moderate sericite + chlorite altera-
tion assemblage. The temperatures recorded by group 1 illite
in pervasive sericite altered zones here are 248.9° + 14.9°C,
similar to temperatures recorded in pervasive sericite zones
in other VMS deposits (Schardt et al., 2001). A lens of mod-
erately to pervasively green mica-sericite—altered felsic volca-
niclastic rocks occurs between the two mafic sills in Sequence
2 (Fig. 4). This alteration assemblage has elevated Cr content
(~600 ppm) compared to other felsic volcanic rocks (<30 ppm
Cr) and occurs at or in proximity to mafic sill contacts, which
are inferred to be the source of Cr for the green mica, as mafic
sills with MA signatures contain high Cr values (>290 ppm
Cr; Denisové and Piercey, 2022). Intense fuchsite-carbonate-
barite alteration has been described in basalts directly in the
hanging wall of the Hellyer deposit, Tasmania, and the source
of Cr in fuchsite was determined to be the breakdown of Cr-
rich pyroxenes in the basalt (Gemmell and Large, 1992; Large
et al., 2001c); mafic rocks were likely the source of Cr in the
ABM deposit as well. At the ABM deposit, the lens of green

mica-altered rocks is interpreted to mark a zone of maximum
fluid flow in the restricted space below the massive sulfide
lenses and between the mafic sills. Temperatures calculated
for mica in the pervasive sericite alteration zones at the ABM
deposit (248.9° + 14.9°C) are in a similar range as those re-
ported for the fuchsite alteration zone at Hellyer (~250°C;
Gemmell and Fulton, 2001). Proximal to the mineralization,
temperatures calculated from chlorite compositions in perva-
sively chlorite-altered zones, both mineralized and barren, are
~315° + 30°C, which are typical for chlorite alteration in VMS
deposits, globally (Kranidiotis and MacLean, 1987; Mercier-
Langevin et al., 2014). Textural relationships show that perva-
sive chlorite alteration overprints pervasive sericite alteration
(Fig. 5F), and that sulfide mineralization overprints all types
of pervasive alteration (Fig. 8), although locally massive sul-
fide mineralization is interpreted to be contemporaneous with
the pervasive chlorite alteration. Additionally, in the pervasive
chlorite alteration associated with the massive sulfide lenses,
one of the earliest occurring ore minerals is magnetite, which
commonly occurs spatially associated with chalcopyrite and
pyrrhotite, indicative of formation from >350°C high-temper-
ature fluids (Franklin et al., 2005; Hannington et al., 2005),
which is consistent with the formation temperature calculated
for chlorites above. These relationships between alteration
and ore mineral assemblages suggest a steady rise in tempera-
tures of the hydrothermal fluids culminating in the precipita-
tion of massive sulfide mineralization in Sequence 2.

The occurrence of pervasive sericite and moderate sericite
+ chlorite assemblages in Sequence 3 in the hanging wall of
the massive sulfide lenses (Fig. 3, 4) indicates that the hydro-
thermal system was active after the main mineralization phase
ended in Sequence 2. These hanging-wall alteration zones
likely formed during the shorter breaks in volcanic activity re-
corded by lesser argillite lenses present throughout Sequence
3 (Denisova and Piercey, 2022) and are not associated with
significant mineralization (Figs. 3, 4). The lack of overprint-
ing of the mineralization by further pervasive hydrothermal
alteration suggests that the hydrothermal fluids responsible
for the alteration assemblages in the hanging wall exploited a
different part of the synvolcanic fault/conduit network. These
pathways were still relatively proximal to the mineralized part
of the hydrothermal system due to the occurrence of the per-
vasive sericite assemblage in the hanging wall, but their more
limited extent downdip (Fig. 3) suggests that their source
could have occurred to the south of the current outcrop of the
massive sulfide mineralization at the bedrock surface. Fur-
ther, alteration intensity of the sericite + chlorite assemblage
in Sequence 3 varies from moderate to weak with distance
from the mineralization, suggesting a decrease in intensity of
hydrothermal fluid flow distal from the upflow zones.

The hanging wall in Sequence 3 also contains the great-
est abundance of K-deficient illite/smectite (group 3) in the
deposit. Within Sequence 3, the group 1 and group 2 illites
found in the pervasive and moderate assemblages are over-
grown by minor K-deficient illite/smectite (group 3). These
group 3 illite/smectite grains also overprint the Sequence 2
mineralized and pervasively chlorit- altered zones, implying
that they are very late in the evolution of the ABM hydrother-
mal system. The group 3 illite/smectite has average calculated
formation temperatures of 110.4° + 14.6°C (n = 4 from two
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samples), implying a further cooling of the hydrothermal sys-
tem as it evolved.

These assemblages are also crosscut by widespread Mg-rich
siderite (vs. diagenetic dolomite), which occurs as coatings
and overprints on other alteration phases throughout the up-
per Kudz Ze Kayah formation and up into the Wind Lake for-
mation. This late Fe carbonate overprint is interpreted to re-
flect a very late, low-temperature phase of the hydrothermal
system, likely formed through low-temperature diffuse vent-
ing at the sea floor, similar to the Wolverine deposit (Brad-
shaw et al., 2008).

The complexity of the observed overprinting of alteration
and mineralization assemblages in the ABM deposit demon-
strates that the deposit formed via an evolving hydrothermal
system that comprised multiple pulses of fluids at varying
temperatures. This is not unique to the ABM deposit, as simi-
lar style alteration assemblages and mineralization have been
discovered at the base of the Kudz Ze Kayah formation in the
GPA4F deposit (Boulton, 2002), the R15 deposit (MacRobbie
and Holroyd, unpub. data), and several anomalous showings
across the stratigraphy (van Olden et al., 2020). This suggests
that hydrothermal activity was ongoing throughout the depo-
sition of the Kudz Ze Kayah formation and that conditions fa-
vourable for the precipitation of mineralization were not lim-
ited to a single horizon within the Kudz Ze Kayah formation,
implying that there is potential for mineralization in other
portions of the stratigraphy.

VMS mineralization vectoring

The hydrothermal alteration footprint of VMS mineralization
is relatively small on the scale of a VMS district (100s to low
1,000s of meters; Sangster, 1980). Therefore, successful ex-
ploration for VMS deposits requires the use of complimen-
tary geologic, geochemical, and mineralogical vectors to track
the footprint of hydrothermal processes involved in formation
of massive sulfide mineralization (Hannington et al., 2003;
Gibson et al., 2007). Further, hydrothermal alteration in re-
placement-style VMS deposits is complex, in large part due
to the more widespread infiltration of the hydrothermal fluids
into host rocks in the subseafloor environment (Gibson et al.,
1999; Doyle and Allen, 2003). In the following section, we
will describe geochemical and mineralogical vectors within
the ABM deposit from distal to proximal to the mineralization
and link them to the VMS-related hydrothermal processes,
utilizing whole-rock mobile major and trace mobile elements,
and mineral chemistry, to determine alteration intensity varia-
tions with proximity to massive sulfide mineralization.

The most widespread hydrothermal alteration assemblages
at the ABM deposit are the weak- to moderate-intensity hy-
drothermal alteration zones in the upper Kudz Ze Kayah for-
mation that envelop the ABM and Krakatoa mineralized zones
and several prospective base metal anomalies. The combina-
tion of alteration and overprinting sulfide mineralization result
in distinctive chemical and mineral-chemical changes. As with
most VMS deposits, feldspar destruction and subsequent for-
mation of phyllosilicate minerals (white mica + chlorite) had
resulted in very low absolute concentrations and mass losses of
NagO (Fig. 11A) and high Spitz-Darling index values (Fig. 9D;
Spitz and Darling, 1978; MacLean and Barrett, 1993; Barrett
and MacLean, 1994a) across the ABM deposit footprint. The

lateral continuity of the zones affected by weak- to moderate-
intensity alteration can be tracked through the mineral chem-
istry of the phyllosilicate minerals. Similar conditions (pH,
redox, temperature) within these zones produced illites with
homogeneous compositions that can monitored using mineral
chemistry or the 2200W feature (Figs. 4, 12A, C).

Barium is also a district- to deposit-scale vector towards
massive sulfide mineralization. Denisovéd and Piercey (2022)
noted that Ba >3,500 ppm is indicative of pervasive sericite
alteration assemblages proximal to mineralization and ex-
tending into the hanging wall and was useful in mapping the
likely lateral flow in the deposit (Fig. 4). White mica in these
Ba-rich zones also exhibits minor but elevated Ba content in-
cluding in the hanging wall of the mineralization. Given that
these Ba-rich micas are contemporaneous with to slightly
after sulfide formation (Fig. 7), it is possible they received
Ba via dissolution of barite during the precipitation of early,
high-temperature sulfide mineralization (e.g., Magnall et al.,
2020). Equally viable, however, is that they could be related
to upwelling Ba-rich hydrothermal fluids that have been rec-
ognized in other VMS districts (e.g., Lentz et al., 1997). The
Ba-bearing micas are restricted to the ABM deposit and have
limited extent within the deposit footprint (e.g., 10s to 100s of
meters), unlike other VMS districts (Hannington et al., 2003),
but absolute Ba values can be used for district-scale vectoring.

Although Ba and NayO variations are useful for both re-
gional- and deposit-scale vectoring, other elements are more
spatially sensitive and richer closer to the mineralization. In
areas proximal to the massive sulfide mineralization (<200 m),
zones of pervasive sericite alteration assemblages with exten-
sive formation of sericite translate to mass gains of K»O (Fig.
11B) and elevated Ishikawa alteration index values (Fig. 9C).
Increasing absolute values and mass gains of K2O reflect pro-
gressively more pervasive sericite alteration and can be used
to vector toward zones of highest intensity alteration. In most
VMS environments, high Ba/Sr and Rb/Sr indices are also use-
ful vectors for sericite alteration and Ba enrichment (Large et
al., 2001a; McNulty et al., 2020) because they monitor both
feldspar destruction and phyllosilicate formation in a similar
way to K20-NaO-CaO systematics. Strontium substitutes
for Ca, and Ba or Rb substitute for K in various primary and
alteration phases (Large et al., 2001a). At the ABM deposit,
Ba increases with proximity to mineralization (Denisova and
Piercey, 2022), but it is not accompanied by coincident low
Sr values due to the presence of overprinting carbonate al-
teration, which leads to Sr enrichment and mixed Ba/Sr ratios
throughout the deposit. In contrast, the Ba/NayO ratio tracks
similar processes as the Ba/Sr ratio, correlates well with AL
AlyO3/NaO, and other monitors of hydrothermal alteration
discussed below, and can be used on a district scale (km-scale)
to delineate VMS-prospective rocks.

Proximal to the mineralization (<200 m), elevated values of
base and trace metals occur in the host rocks. Mass balance
calculations show mass gains of Zn, Pb, Cu, and Ba with prox-
imity to the mineralization (Fig. 11D-F). Additionally, ele-
ments commonly enriched in massive sulfides, such as TI, Sb,
As, Ag, Cd, Mo, Bi, and Se, have anomalous values in altered
felsic rocks and increase in concentration with proximity to
the mineralized lenses (Fig. 10), whereas Co and Ni decrease.
The altered rocks commonly contain disseminated sulfides,
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and it is likely they carry some of these trace metals proximal
to the massive sulfide mineralization. Soltani Dehnavi et al.
(2018) have also shown that semivolatile metals like T1, Sb,
Sn, Hg, and In can exhibit lithophile behavior and be hosted
in phyllosilicates like mica and chlorite. Whole-rock data for
felsic rocks shows correlation between Rb (substituting for
K) and TL Sn, In, and Sb (Fig. 14), suggesting that, at least
distal from the mineralization in Sequence 1 and 3 in moder-
ately altered felsic rocks, these semivolatile metals likely oc-
cur in micas, which extends the trace element halo further
away from the massive sulfide mineralization. This is further
supported by comparing the results from different digestion
methods (HF-HCI-HCIOy4 digest vs. aqua regia digest) used
for geochemical analysis of the felsic samples (Fig. 15). The
aqua regia digestion dissolves sulfides and other weakly resis-
tant minerals, whereas the HF-HCI-HCIO; solution digests
the majority of silicates present in the sample. In the case of
semivolatile metals (Tl and Sb), if values from the different
digests match, the metals likely occur in sulfides. If the results
are higher for the HF-HCI-HCIOy digest, it is likely that the

metals are occurring in silicates, most likely phyllosilicates like
white mica or chlorite. The results demonstrate that Tl is like-
ly hosted by silicate minerals, as the analyses of felsic samples
skew toward higher concentrations in the HF-HCI-HCIOy di-
gest (Fig. 15). Based on this, T, either as absolute values or
in a ratio with Co (Genna and Gaboury, 2019), can be used to
map sericite alteration and its intensity in felsic lithofacies of
the upper Kudz Ze Kayah formation (Figs. 9, 10, 15).

The most proximal alteration in the ABM deposit is the
pervasive chlorite alteration that is closely associated with
massive sulfide mineralization (<50 m) and is characterized
by high values of the chlorite-carbonate-pyrite and Ishikawa
alteration indices (Fig. 9C) and by mass gains of MgO and
FeO and mass losses of K20 and SiOs (Fig. 11B-C). Such fea-
tures are typical for chlorite forming at the expense of feld-
spar and white mica (Barrett and MacLean, 1994b; Schardt et
al., 2001). In contrast to zones of strong to pervasive sericite
alteration, zones of pervasive chlorite alteration at the ABM
deposit show Ba values below the 3,500-ppm threshold. This
likely indicates that the hydrothermal fluids associated with
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zones of pervasive chlorite alteration were reduced, acidic,
and high temperature (~320°C) and dissolved any barite
present and/or remobilized any Ba present into feldspars and
micas (+ carbonates; Fig. 16; Cooke et al., 2000). Chlorite in
mineralized or mineralization-proximal pervasive alteration
zones is more Mg rich than chlorite from distal, moderately
sericite + chlorite-altered zones (Fig. 12C). In these proximal
Mg-chlorite—rich zones, the illite composition behaves simi-
larly, and illite is enriched in Mg proximal to mineralization
(Fig. 12A), which has been observed in some VMS districts
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(e.g., Skellefte district; Hannington et al., 2003; Chmielowski
etal., 2016). This Mg enrichment was interpreted to be due to
abundant entrained Mg-rich seawater mixing with the hydro-
thermal fluids, whereas the sulfides precipitated later without
significant input of seawater and Mg enrichment (Hanning-
ton et al., 2003; Chmielowski et al., 2016). Another possible
explanation is that early in the evolution of the hydrothermal
system, Fe from the hydrothermal fluids was consumed by
precipitation of Fe-rich sulfides or magnetite, whereas the
consequently more Mg-rich fluid precipitated the more Mg-
rich phyllosilicates (Richards et al., 1989; Saccocia and Sey-
fried, 1994). Given the strong association of Mg-rich chlorite
with proximity to mineralization, the latter explanation is the
more plausible for Mg-rich chlorite formation.

At the ABM deposit, gradients in lithogeochemical and
mineral-chemical data are observed on a regional scale, in-
cluding those reflecting feldspar destruction (e.g., NagO,
mass changes of NaxO, K»0, Spitz-Darling index) and enrich-
ments in elements hosted by alteration minerals and sulfides
(e.g., Ba, base metals, gradients in Fe-Mg contents of phyl-
losilicates). To delineate and vector toward zones proximal to
mineralization, tracking of coincident geochemical indicators
(AI > 80, CCPI > 65, Ba/NagO > 1), changes in mass balance
of major elements (mass gains of K20, MgO, FeO, Ba, mass
losses of Na@O) and base metals (mass gains of Zn, Cu, Pb),
mineral chemistry of phyllosilicates (Mg-rich compositions,
enrichments in Ba and/or trace metals proximal to VMS), in-
crease in base (Zn, Cu, Pb) and trace metal (Sb, T1, Mn, In,
Sn, Mo) values, and SWIR features typical for certain phyl-
losilicate compositions (specific illite composition in sericite-
bearing alteration assemblages) should accompany detailed
field mapping of alteration and alteration intensity (Fig. 17).

Conclusion

At least two major alteration episodes are recorded in the
host rocks of the ABM deposit. Early diagenesis-related al-
teration is preserved locally in Sequence 2, whereas exten-
sive hydrothermal alteration affected most of the rocks in the
ABM deposit footprint, with the distribution of alteration
zones being controlled by the porosity and permeability con-
trasts between coherent and volcaniclastic/sedimentary units.
Within the core of the hydrothermal alteration at the ABM
deposit, there are zones of pervasive alteration that envelop
lenses of massive sulfide mineralization, with lower-temper-
ature assemblages (pervasive sericite or moderate sericite +
chlorite alteration) overprinted by higher-temperature as-
semblages (pervasive chlorite alteration). The hydrothermal
system that formed the ABM deposit was at its peak during
the volcanic hiatus between the deposition of Sequence 2
and Sequence 3; this hiatus was also when mineralization and
pervasive alteration in Sequence 2 were formed. The hydro-
thermal system continued post-VMS formation and involved
pervasive sericite and moderate to weak sericite + chlorite
alteration extending up to 300 m into the hanging wall of the
massive sulfide mineralization, implying that the hydrother-
mal system was active during the deposition of the volcanic
rocks of Sequence 3.

The most extensive zones of hydrothermal alteration at the
ABM deposit extend laterally up to 1,000 m along strike from
mineralization and are concentrated along originally porous
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Fig. 17. Simplified stratigraphy of the upper Kudz Ze Kayah formation showing schematic distribution of the hydrothermal
alteration assemblages at the ABM massive sulfide deposit. Approximate values of key alteration indices and minor and trace
elements characteristic for the main hydrothermal alteration assemblages are shown in the accompanying table. Abbrevia-
tions: AI = Ishikawa alteration index, CCPI = chlorite-carbonate-pyrite index, MS = massive sulfide mineralization.

and permeable units within the volcanosedimentary pack-
age. Quantifying feldspar destruction identifies these broad
zones of weak to moderate alteration. Precipitation of minor
disseminated sulfides within zones of moderate and pervasive
alteration also resulted in enrichment in base and trace met-
als (Zn, Cu, Pb, Ag, Au, Mo, Sb, T, As, Hg) in proximity to
massive sulfide mineralization (<200 m). The composition of
phyllosilicate minerals characteristic for the moderate and
pervasive alteration assemblages is dependant on the temper-
ature at which they formed, and they are more Mg-rich and
K-rich proximal to massive sulfide mineralization, where the
hydrothermal fluids had the highest temperatures. They can

also be enriched in minor and trace metals (Ba, Rb, Tl, Sb).
Mineral chemistry and SWIR spectroscopy can both be used
to identify compositional vectors from the distal parts of the
alteration footprint toward massive sulfide mineralization and
to track the lateral continuity of the zones affected by differ-
ent hydrothermal alteration assemblages. Notably, there are
complex overprinting alteration mineral relationships reflect-
ing the evolution of the dynamic hydrothermal system at the
ABM deposit, demonstrating that SWIR spectral signals are
challenging to interpret in such dynamic systems, and sound
interpretation of such data requires good control on alteration
mineral paragenesis and relationships to mineralization.
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