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Abstract
The Upper Devonian ABM deposit is a bimodal-felsic, replacement-style volcanogenic massive sulfide (VMS) 
deposit within the Finlayson Lake district in Yukon, Canada. The deposit is hosted by predominantly felsic 
volcanic rocks of the upper Kudz Ze Kayah formation that were deposited in an active back-arc basin in three 
sequences consisting of interbedded felsic volcaniclastic rocks and argillites, and felsic lava flows and domes, 
and felsic and mafic sills. The felsic rocks fall into two groups, Felsic A and Felsic B (FA and FB), based on 
immobile elements and their ratios. Relative to the FB group, the FA group has high Zr concentrations (>550 
ppm) and generally higher contents of high field strength elements. The FA/FB chemostratigraphy roughly 
coincides with the lithostratigraphic sequences. Sequence 2 hosting the mineralization consists of FB felsic 
rocks; the hanging-wall Sequence 3 and footwall Sequence 1 felsic rocks have FA signatures. An argillite lens, 
recording a period of volcanic quiescence, occurs at the upper contact of Sequence 2.

From reconstruction of the basin architecture, two sets of synvolcanic faults are inferred. The synvolcanic 
faults were interpreted based on thickness changes of volcanosedimentary units and the distribution of coher-
ent rocks. During breaks in volcanism, synvolcanic faults acted as conduits for upwelling hydrothermal fluids, 
which were diverted laterally into unconsolidated volcaniclastic rocks and formed the replacement-style VMS 
mineralization. Although the mineralized lenses are hosted by FB felsic rocks, their replacement-style nature 
implies that the mineralizing processes occurred during the break in volcanism and were genetically associated 
with the overlying FA felsic volcanic rocks. 

Introduction

Volcanogenic massive sulfide (VMS) deposits form in exten-
sional environments at or near the sea floor by the mixing of 
cold seawater with hot hydrothermal fluids (Franklin et al., 
1981, 2005; Tornos et al., 2015). The efficiency of the min-
eralizing processes is highest where the mixing of metal-rich 
hydrothermal fluids with seawater occurs in the subsurface, 
which results in relatively larger tonnages and higher grades of 
replacement-style VMS deposits when compared to mound-
style (exhalative) deposits that formed on the sea floor (Allen 
et al., 2002; Doyle and Allen, 2003; Piercey, 2015). Despite 
the challenge of replacement texture identification in de-
formed and metamorphosed rocks, many deposits have lower 
strain zones where these features can be recognized (Doyle 
and Allen, 2003; Piercey, 2015; Lafrance et al., 2020), and 
when integrated with the stratigraphic reconstruction, archi-
tecture, and tectonic framework of basins (Allen et al., 1996a, 
b; Winter et al., 2004; Thurston et al., 2008; Belford et al., 
2015; DeWolfe et al., 2018; Friesen et al., 2020) and lithogeo-
chemistry of the host rocks (Barrett and MacLean, 1994; Bar-
rett et al., 2001), an enhanced understanding of both ancient 
and recent VMS deposits and their emplacement mechanisms 
can be achieved. Variations to this approach utilizing detailed 
stratigraphic facies analysis and lithostratigraphic reconstruc-
tion have been applied on numerous replacement-style VMS 
deposits of various ages globally, including the Abitibi district 
(Ansil deposit; Galley et al., 1995), the Mount Read Volcanics 
in Tasmania (South Hercules deposit; Zaw and Large, 1992), 

the Mount Windsor subprovince in Australia (Highway Re-
ward deposit; Doyle and Huston, 1999), the Appalachians in 
Canada (Boundary deposit; Piercey et al., 2014), the Skellefte 
district in Sweden (Allen et al., 1996b), and the Iberian Py-
rite Belt in Spain and Portugal (Tornos, 2006). Further re-
search focusing on reconstructing the basin architecture of 
the deposit-hosting extensional basins will help to illuminate 
the more cryptic aspects of replacement-style mineralization, 
such as the character of hydrothermal up-flow zones, the role 
of synvolcanic faults, and the timing of VMS mineralization 
in relation to volcanism and processes in underlying magma 
chambers.

The Finlayson Lake district, Yukon, Canada, consists of arc 
and back-arc rocks of the Yukon-Tanana and Slide Mountain 
terranes and hosts various styles of VMS deposits with >40 
Mt of reported polymetallic VMS mineralization. The ABM 
deposit is a bimodal-felsic, replacement-style VMS deposit 
that contains a mineral resource of 19.1 Mt @ 6.6 wt % Zn, 
0.9 wt % Cu, 2.0 wt % Pb, 1.4 g/t Au, and 156 g/t Ag (van 
Olden et al., 2020). The ABM deposit is one of five polymetal-
lic VMS deposits discovered in the district in the 1990s that 
initiated a number of regional-scale (Murphy, 1998; Piercey, 
2001; Piercey et al., 2001, 2003; Murphy et al., 2006; Manor 
and Piercey, 2019) and deposit-scale studies (Boulton, 2002; 
Sebert et al., 2004; Peter et al., 2007; Layton-Matthews et al., 
2013; McDonald et al., 2018), with particular attention paid 
to the Zn-enriched Wolverine deposit (Bradshaw et al., 2008; 
Piercey et al., 2008, 2016; Piercey and Kamber, 2019). In 2015, 
an extensive drilling campaign (BMC Minerals Ltd.) further 
delineated the ABM deposit and led to the discovery of the 
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Krakatoa mineralized zone in the immediate vicinity of the 
ABM deposit (van Olden et al., 2020). This discovery renewed 
interest in the mineralization potential of the host rocks in the 
Finlayson Lake district, as much of the area remains underex-
plored. The new discovery and the recently reinterpreted re-
placement-style nature of the massive sulfide mineralization 
(van Olden et al., 2020; Manor et al., in press) call for further 
study and reevaluation of the lithostratigraphic and tectonic 
framework of the ABM deposit. The relatively low degree 
of metamorphism and deformation together with abundant 
available drill core from the deposit and its vicinity make the 
ABM deposit an ideal site to study an Upper Devonian back-
arc basin environment that hosts replacement-style VMS min-
eralization. This study uses detailed core logging, lithofacies 
analysis, and lithogeochemistry to 1) create a reconstruction 
of the ABM deposit with respect to its lithostratigraphy and 
tectonic framework, 2) determine what specific characteris-
tics of the reconstructed environment are linked to the re-
placement-style VMS mineralization at the ABM deposit, and 
3) compare our results with previous larger-scale petrogenetic 
and metallogenic studies in the Finlayson Lake district to test 
and evaluate them. The collected data and derived interpreta-
tions are presented in this paper in the form of long sections 
and cross sections through the deposit. Our results highlight 
the Late Devonian back-arc basin architecture during which 
the bimodal, but mostly felsic, volcanism and associated VMS 
mineralization occurred. The diagnostic features of VMS 
mineralization in the ABM deposit, including the lithostratig-
raphy, lithogeochemistry, and structure, are defined in this 
study and have potential to be utilized in further exploration 
in the Finlayson Lake district, the northern Cordillera, and 
analogous ancient environments worldwide

Regional Geology
The Finlayson Lake district in southeastern Yukon is a dis-
membered 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). 
The Yukon-Tanana terrane is an allochthonous peri-Lauren-
tian package that consists of distinct arc‒back-arc assemblag-
es that underlie parts of Yukon, Alaska, and northern British 
Columbia (Nelson et al., 2006). It 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 volcano-sedimentary sequences that 
underwent variable degrees of metamorphism and deforma-
tion (Mortensen and Jilson, 1985; Mortensen, 1992; Colpron 
et al., 2006; Murphy et al., 2006). The pre-Late Devonian 
basement of the Yukon-Tanana terrane is not exposed in the 
Finlayson Lake district, but is characterized as Laurentian-
derived, pericontinental crustal material (Piercey et al., 2001, 
2003, 2017; Piercey and Colpron, 2009). In the Eocene, the 

Finlayson Lake district was displaced from its original loca-
tion approximately 430 km along the dextral strike-slip Tintina 
fault (Gabrielse et al., 2006). 

The Finlayson Lake district is composed of Late Devoni-
an to Permian metasedimentary, metavolcanic, and plutonic 
rocks that have undergone variable degrees of deformation 
(Murphy et al., 2006). The core of the Finlayson Lake district 
reached amphibolite facies metamorphic grade, which transi-
tions to lower greenschist facies further from the center of the 
district (Murphy et al., 2006). The rocks of the Yukon-Tanana 
terrane in the Finlayson Lake district occur in three struc-
turally bounded stratigraphic sequences: the Big Campbell, 
Money Creek, and Cleaver Lake thrust sheets (Fig. 2). The 
largest of these blocks by volume is the structurally deepest 
Big Campbell thrust sheet, which consists of Upper Devonian 
metaclastic rocks of the North River formation, the Upper 
Devonian Grass Lakes group, and the Lower Mississippian 
Wolverine Lake group (Fig. 2; Murphy et al., 2006). The Grass 
Lakes group comprises three rock units: the Fire Lake, Kudz 
Ze Kayah, and Wind Lake formations (Fig. 2). The Fire Lake 
formation comprises mafic metavolcanic and lesser amounts 
of mafic and ultramafic meta-subvolcanic rocks (Piercey et al., 
2002a; Murphy et al., 2006), and hosts the Kona Cu-Co VMS 
deposit (Sebert et al., 2004; Peter et al., 2007) containing a 
geologic resource of 10.5 Mt @ 1.6 wt % Cu, 0.63 g/t Au, and 
4 g/t Ag (BMC Minerals). The Kudz Ze Kayah formation is 
interpreted to be stratigraphically above the Fire Lake for-
mation and is characterized by dominantly felsic volcanic and 
sedimentary rocks with back-arc geochemical affinities (Pierc-
ey et al., 2001; Murphy et al., 2006). The Wind Lake forma-
tion sits conformably on top of the Kudz Ze Kayah formation 
and consists of interlayered carbonaceous sedimentary rocks 
and alkalic mafic volcanic rocks with minor quartzite (Piercey 
et al., 2002b). All rocks in the Grass Lakes group are intruded 
by the Grass Lakes plutonic suite at ca. 361 Ma (Piercey et al., 
2001, 2003; Manor et al., 2022). The Wolverine Lake group 
unconformably overlies the Grass Lakes group and contains 
basal conglomerates, sandstones, felsic volcanic rocks, carbo-
naceous phyllite/shale, ironstones, and basaltic rocks (Murphy 
and Piercey, 1999; Bradshaw et al., 2001). The Wolverine fel-
sic-siliciclastic type VMS deposit lies on the contact between 
carbonaceous phyllite and felsic volcanic rocks and contains a 
geologic resource of 6.2 Mt @ 12.9 wt % Zn, 1.5 wt % Pb, 1.4 
wt % Cu, 1.81 g/t Au, and 359 g/t Ag (Bradshaw et al., 2008). 
Structurally above the Big Campbell thrust sheet sits the 
Money Creek thrust sheet, which is made up of rocks of the 
same age but formed primarily in an arc environment (Mur-
phy et al., 2006). The Cleaver Lake thrust sheet comprises 
Late Devonian through Early Mississippian and Early Perm-
ian rocks formed in an arc environment and is the uppermost 
structural panel (Murphy et al., 2006). 

VMS mineralization in the Kudz Ze Kayah formation

The ABM deposit and the GP4F VMS deposit are located 
about 25 km south of Finlayson Lake and the Robert Camp-

Fig. 1. Regional geologic setting of the Finlayson Lake district, Yukon-Tanana, and Slide Mountain terranes (modified after 
Murphy et al., 2006). Numbers mark the positions of known VMS deposits in the region. Abbreviations: BCT = Big Campbell 
thrust; CLT = Cleaver Lake thrust; JCF = Jules Creek fault; MCT = Money Creek thrust; NRF = North River thrust.
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Fig. 2. Composite chronostratigraphic column for the Finlayson Lake district showing stratigraphic and structural relation-
ships. Locations of volcanogenic massive sulfide (VMS) deposits, petrogenetic affinities of volcanic rocks and U-Pb and fossil 
ages displayed on diagram (modified after Murphy et al., 2006; Piercey et al., 2016; Manor and Piercey, 2018). VSHMS = 
volcanic sediment-hosted massive sulfide.
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bell Highway (Fig. 1). The deposits were discovered in the 
early 1990s by Cominco, following surficial geochemical sur-
veys, and subsequently drilled between 1994 and 1998 (Peter 
et al., 2007). The GP4F deposit is located roughly 5 km south-
east of the ABM deposit (Fig. 1) and sits 500 to 600 m strati-
graphically below the ABM deposit (Peter et al., 2007; Manor 
et al., in press), which itself sits roughly 150 to 250 m below 
the contact between the Kudz Ze Kayah and Wind Lake for-
mations. Subseafloor replacement is interpreted to be the pri-
mary mineralization style in both deposits (Peter et al., 2007; 
van Olden et al., 2020; Manor et al., in press), with the most 
common ore minerals being pyrite, pyrrhotite, sphalerite, 
chalcopyrite, and galena, and the most common gangue min-
erals being barite, carbonate, chlorite, quartz, white mica, and 
Fe carbonate. The GP4F deposit has a geologic resource of 
1.5 Mt at 6.4% Zn, 3.1% Pb, 0.1% Cu, 2.0 g/t Au, and 81.7 g/t 
Ag (MacRobbie and Holroyd, unpub. data) and was described 
by Boulton (2002). Previous studies of the ABM deposit de-
fined the deposit as an isoclinally folded massive sulfide lens 
(Peter et al., 2007; Layton-Matthews et al., 2008, 2013); how-
ever, more recent (2015‒2018) extensive drilling in the depos-
it area shows replacement-style textures within the orebod-
ies and does not show any evidence of significant folding. A 
chronostratigraphic study by Manor et al. (in press) dated the 
rocks hosting the GP4F deposit formed at ca. 363.254 ± 0.098 
Ma, and that the ABM deposit is hosted by rocks formed at 
ca. 362.82 ± 0.12 Ma. Manor et al. (in press) have also sug-
gested that the volcanic activity responsible for the deposition 
of the Kudz Ze Kayah formation lasted approximately 0.65 to 
1.0 m.y., which indicates rapid deposition and emplacement 
of volcano-sedimentary rocks played an important role in the 
formation of both VMS deposits. 

Geology, Lithofacies, Mineralization, and  
Alteration of the ABM Deposit

Observations and sampling methodology

A total of 51 drill holes and ~10 km of core were logged at 
1:400 scale. Graphic logging for each unit recorded lithol-
ogy, primary textures, grain size, mineralogy, and alteration 
type and intensity based on mineral occurrence (quartz, 
white mica, chlorite, biotite, carbonates, and sulfides). Hy-
drothermal alteration associated with VMS mineralization 
and greenschist facies metamorphism affected the Kudz Ze 
Kayah formation in the area of the deposit, but distinguish-
able primary textures and relationships between units are 
preserved in significant sections of the stratigraphy (Piercey 
et al., 2001; this study). All rock names are presented without 
metamorphic prefixes, and primary volcanic and sedimentary 
terminology is used to highlight the remnant primary features 
observed in the rocks. Volcaniclastic rocks are classified using 
the nomenclatures outlined in White and Houghton (2006) 
and Fisher (1966). These classification schemes are based on 
clast size and abundance and are used with no genetic im-
plications. Sampling aimed to acquire a comprehensive col-
lection of the most common lithofacies and alteration styles 
distributed in the ABM deposit. Overall, 478 samples were 
collected. Petrographic studies of 82 samples representing 
the major lithostratigraphic facies are incorporated in the 
descriptions below. Presented stratigraphic sections and 3-D 

digital models of lithostratigraphic units, lenses of mineraliza-
tion, and faults are based primarily on the detailed drill logs of 
this study. To further constrain the modeled units, core photo-
graphs, logs and assays provided by BMC Minerals Ltd. were 
utilized. Company data sets were only used as supportive, not 
principal, sources of data, apart from the Ba values. All mod-
els and interpretations carry a higher degree of uncertainty 
due to the limited extent of the drilling below the mineralized 
horizon. Digital models were created using Leapfrog Geo 5.0 
software developed by Seequent.

Geology of the upper Kudz Ze Kayah formation

Rocks that host the ABM deposit occupy the top ~350 m of 
the >500-m-thick Kudz Ze Kayah formation. The stratigra-
phy dips between 20° and 30° to the north-northeast and is 
relatively intact, as field observations and stratigraphic re-
constructions do not indicate any fault repetition or major 
folding. The East fault is a regional-scale fault and divides 
the deposit area into two zones: the ABM zone and the 
Krakatoa zone (Fig. 3). The ABM deposit occurs 200 ± 50 m 
below the transitional contact between the Kudz Ze Kayah 
and Wind Lake formations. The Wind Lake formation con-
sists of interbedded mafic tuff and argillite near and at the 
contact with the Kudz Ze Kayah formation. Primary bed-
ding (S0) is recognized in argillite and mafic tuff of the Wind 
Lake formation, with S1 subparallel to S0; this is observed in 
argillite and strongly altered units with abundant mica and 
chlorite (van Olden et al., 2020). Minor S2 folds and crenula-
tion occur within argillites and rocks with a higher degree 
of alteration in both formations, but these are not indicative 
of any large-scale patterns on a deposit scale (van Olden et 
al., 2020). Lithostratigraphic units are commonly continu-
ous over hundreds of meters, but several of them, such as 
the mafic sills, argillite lenses and some felsic sills can be 
traced up to 500 to 1,000 m throughout the ABM or Kraka-
toa zones. The upper portion of the Kudz Ze Kayah forma-
tion can be informally divided into three sequences based on 
the graphic drill logs (Fig. 4), from stratigraphically oldest 
to youngest: Sequence 1, Sequence 2, and Sequence 3. The 
Krakatoa zone generally corresponds in stratigraphy to the 
ABM zone but contains more voluminous volcanic and sub-
volcanic rocks.

Each sequence consists of interbedded felsic volcaniclas-
tic rocks and minor sedimentary rocks, and domes and flows, 
that were intruded by felsic sills and mafic sills and dikes. The 
lithofacies are described in detail below. Sequence 1 is the 
lowermost stratigraphic sequence and consists of interbedded 
felsic tuff, lapilli tuff, felsic subvolcanic rocks, and rare argil-
lite lenses. Its lower contact is unknown due to minimal drill-
ing below the mineralized horizon but extends at least a mini-
mum of 100 m below the contact between Sequence 1 and 
Sequence 2. Sequence 2 hosts the mineralization and consists 
of interbedded felsic tuff and lapilli tuff and minor argillite 
lenses and contains felsic lava flows, two mafic sills, and abun-
dant felsic sills. In the ABM zone, Sequence 2 varies in thick-
ness between 45 and 120 m (average ~100 m), and generally 
thins down-dip towards the north-northeast. Its lower bound-
ary is defined by the lower contact of the deepest mafic sill; 
the upper boundary is located at the laterally most extensive 
argillite lens. Sequence 2 in the Krakatoa zone consists pre-
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dominantly of felsic volcanic and subvolcanic rocks and mafic 
sills. At the upper contact, there is a single lens of argillite, 
defining the boundary with Sequence 3. Sequence 3 sits on 
top of Sequence 2 and is composed of interbedded lapilli tuff, 

crystal-rich tuff, tuff, argillite lenses, and felsic lava flows and 
sills. In the Krakatoa zone within Sequence 3, flows and sills 
are more common than in the ABM zone. Thin, fine-grained 
mafic sills commonly intrude Sequence 3. 

Fig. 3. Local geology of the ABM deposit. Map units constructed using drilling data and 3-D models of lithostratigraphic 
units, massive sulfide lenses, and interpreted faults. Displayed lines refer to long section in Figure 4 and cross sections in 
Figures 11 and 12. Note that lithofacies are displayed using patterns and geochemical groups using colors. Note: KKT zone 
= Krakatoa zone.
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Fig. 4. Long section through the ABM zone of the ABM deposit with representative graphic logs. Section line position shown 
in Figure 3. (A) Drill hole collars are arranged according to elevation; drill hole depth adjusted for dip. (B) Long section run-
ning west to east, looking north. Drill holes are not clipped to section; entire extent of drill holes are displayed, and pierce 
points through section plane are marked. Abbreviations: FA = Felsic A, FB = Felsic B, and MA = Mafic A, S1 = Sequence 1, 
S2 = Sequence 2, S3 = Sequence 3.
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Felsic volcaniclastic facies

Rocks of rhyolitic/dacitic composition occur within the volca-
no-sedimentary pile hosting the ABM deposit. Fabric in felsic 
volcaniclastic rocks is commonly defined by thin micaceous 
layers that are composed of thin white mica blades. These mi-
caceous layers are up to 1 to 3 mm thick. Petrographic obser-
vations from less altered parts of the deposit suggest that the 
micaceous bands were at least partially formed by pervasive 
replacement of feldspar phenocrysts and subsequent recrys-
tallization and deformation (Fig. 5A). Volcaniclastic rocks are 
commonly interbedded with each other and have transitional 
contacts between the different facies; graded bedding within 
tuffaceous layers is rare (Fig. 6A). Individual lapilli tuff lens-
es can be up to 70 m thick. Volumetrically minor sections of 
volcaniclastic rock show undulating foliation with minor scale 
folding (<0.5 m wavelength), commonly in association with 
argillite lenses or where the rocks are strongly altered. In the 
text below, the felsic volcaniclastic lithofacies are divided into 
further subfacies.

Tuff: Felsic tuffs are fine-grained to very fine grained with 
abundant thin white mica-rich layers that define the major fab-
ric of the rock. Tuffs are typically moderately to poorly sorted 
and locally thinly to very thinly bedded (Fig. 6B) with only mi-
nor lapilli or feldspar crystals (Fig. 6C) occurring locally with-
in the tuffs. The facies predominantly contains quartz, white 
mica, minor K-feldspar and plagioclase, minor carbonate, and 
trace disseminated pyrite. In thin section, quartz grains occur 
in lenses of similar grain size (Fig. 5B), with only minor mica 
and carbonate within these lenses/patches; white mica occurs 
between these lenses in bands that define the rock fabric. 

Crystal-rich tuff: Felsic crystal-rich tuffs contain quartz 
and/or K-feldspar crystals within a tuffaceous matrix (Fig. 5C) 
that is fine-grained to very fine grained and contains quartz, 
white mica, minor K-feldspar and/or plagioclase, and minor 
carbonate. Quartz crystals are commonly rounded or sub-
rounded, bluish in color, locally gray, up to 7 mm in diameter, 
and can compose up to 10 modal % of the rock (Fig. 6D). 
K-feldspar crystals are subhedral to euhedral, up to 30 mm 
in size, and can compose up to 40 modal % of the rock (Fig. 
6E). Crystal-rich tuffs are commonly poorly sorted and transi-
tion gradually to non-crystal–rich tuffs, and lapilli tuffs locally 
transition to crystal-rich tuffs.

Lapilli tuff: Felsic lapilli tuffs consist of up to 60 to 80 mod-
al % lapilli that are contained within a fine-grained to very 
fine grained tuffaceous matrix. White mica, quartz, minor 
K-feldspar and/or plagioclase, and local, trace disseminated 
sulfides compose the matrix. Lapilli fragments and the matrix 
are commonly flattened, exhibiting a well-defined structural 
fabric with the matrix consisting of very fine grained, white 
mica-rich layers (Fig. 6F). The rock fabric is locally gently 
to strongly folded. Lapilli fragments that are not flattened 
are commonly subangular. The lapilli are typically felsic and 
have a similar composition to the matrix (quartz-white mica). 
Locally, the lapilli are more altered than the matrix and are 
inferred to have originally been more porous, possibly even 
pumice clasts. The lapilli are locally altered to Fe carbonate, 
quartz, or pyrite and white mica. In some units, the lapilli tuffs 
contain lithic fragments/clasts with abundant chlorite-biotite, 
quartz patches, and minor Fe carbonate (Fig. 6G). Lapilli tuff 

units are commonly poorly sorted and massive but can grade 
into tuffs or crystal-rich tuffs. 

Coherent felsic lithofacies

These lithofacies consist of aphyric rhyolite/dacite with only 
minor phenocrysts and are very fine grained. The lithofa-
cies consist predominantly of quartz, minor white mica, K-
feldspar, plagioclase, chlorite, and trace sulfides. Rarely, 
K-feldspar porphyritic textures are present, with euhedral K-
feldspar phenocrysts up to 30 mm in size comprising up to 5 
modal % of rock. The rocks are gray-white to beige-buff in 
color, but are locally orange, and rarely pink (Fig. 6H). Lo-
cally, aphyric rhyolite/dacite displays flow banding (Fig. 6I) or 
contains quartz-filled amygdales. Contacts with surrounding 
rocks can be sharp, but commonly the margins consist of flat-
tened hyaloclastite (Fig. 6K). Locally, perlitic fracturing (Fig. 
6J) occurs on contacts. Units with hyaloclastite or brecciation 
on contacts, and/or with flow banding and amygdales, indicate 
deposition on the sea floor or at very shallow depths below 
the sea floor as individual flows (McPhie et al., 1993). We in-
terpret these units as flows; they have aspect ratios between 
1:2.5 and 1:4 and occur within all three sequences. The units 
with mostly sharp contacts and coherent interiors are inter-
preted to have been emplaced as subvolcanic sills (Gibson et 
al., 1999) and have aspect ratios ~1:1.5. The coherent interior 
of the sills is typically fractured with quartz veinlets with as-
sociated carbonate, biotite, and/or sulfides.

Mafic sills

Sills in Sequence 2: In the ABM zone, mafic subvolcanic rocks 
are present as two main sills with a relatively uniform thick-
ness (~10 m) that increases towards the east of the ABM zone 
(max. thickness 40 m). The Krakatoa zone contains one main 
sill with varying thickness (20–100 m) and three minor sills 
protruding from the main body. In both zones, the mafic sills 
occur in Sequence 2, where they intrude the volcano-sedi-
mentary pile and are emplaced along contacts of a preexist-
ing felsic sill. In the eastern part of the ABM zone, the lower 
mafic sill crosscuts the pre-existing felsic sill. The mafic sills 
have chilled margins that are fine- to medium-grained (Fig. 
6L) and gradually transition to coarser grain sizes in the inte-
rior of the sills, where clumps of amphibole occur within the 
fine-grained groundmass (Fig. 6M). The sills consist of minor 
primary pyroxene and plagioclase and contain alteration min-
erals including amphibole, biotite, chlorite, carbonate, epi-
dote, K-feldspar, white mica, and minor quartz that replace 
90 to 95% of the primary minerals. The finer-grained contacts 
of the sills are more strongly altered relative to the interiors 
of the sills where chlorite-carbonate alteration occurs with 
disseminated biotite. Euhedral-subhedral pyrrhotite-pyrite 
composite grains up to 2.5 cm in size occur within the coarse-
grained parts of the sills. 

Sills in Sequence 3: Thin mafic sills occur predominantly in 
the hanging wall of the massive sulfide lenses, commonly in 
Sequence 3 below the lower Wind Lake formation contact. 
The sills have sharp contacts and are commonly emplaced 
bedding-parallel to the felsic volcaniclastic rocks (Fig. 6N). 
Locally, the sills crosscut the bedding at a low angle. They are 
dark green or buff in color and are commonly fine- to very fine 
grained and massive. Their thickness is commonly between 10 
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cm and 1 m, but can be up to 2.5 m and locally, in rare cases, 
can be up to 8.5 m. Chlorite and biotite alteration is common, 
as are overprinting carbonate, quartz, and quartz-carbonate 
veins. 

Sedimentary facies

Argillite: Carbonaceous argillite lenses are very fine-grained 
and thinly bedded (Fig. 6O). Dark gray to black argillite beds 
are intercalated with minor tuffaceous or carbonate-rich beds. 
Locally, minor pyrite and/or pyrrhotite occur. Argillite lenses 
up to 1 m thick are interbedded with tuff, lapilli tuff, or crystal-
rich tuff. The argillite units are commonly strongly foliated, 
locally crenulated, and/or pervasively quartz altered. Strong 
foliation and crenulation are likely due to different rheologi-
cal behavior of the argillite compared to the volcaniclastic and 
volcanic rocks. Folded quartz and/or quartz-carbonate veins 
that overprint the argillite fabric are common. 

Faults

A set of NE-SW–striking (azimuth 050°–060°) subvertical 
to vertical regional faults cuts the stratigraphy in the deposit 
area. The two major faults crosscutting the ABM deposit are 
the East fault and the Fault Creek fault (Fig. 3); these two 
faults define the Krakatoa block. Movement on the East fault 
was dextral-oblique with roughly 200 m of apparent offset; van 
Olden et al. (2020) interpret the Krakatoa block as dropped 
to the northwest and rotated. Fault rock within both the ma-
jor fault zones contains angular sulfide clasts along with clay-
sized fault gouge, indicating the movement and offset on the 
faults occurred postmineralization. A lesser order fault, run-
ning east-northeast–west-southwest (~080°) and terminating 
on the East and Fault Creek faults, bisects the Krakatoa block 
(“Central” fault; Fig. 3). The fault is subvertical and dextral 
and accommodated a lateral offset of ~100 m after the forma-

Fig. 5. Microscopic textures preserved in host rocks from the ABM volcanogenic massive sulfide (VMS) deposit. (A) Ground-
mass of crystal-rich tuff; plagioclase grains are weakly to moderately sericitized and overprinted by later white mica fabric; 
K15-233, 108.1 m downhole. (B) Matrix of lapilli tuff; lenses composed of quartz grains of varying grain size; fine-grained 
mica fabric in between lenses; K16-370, 277 m down hole. (C) Large K-feldspar crystals, partially sericitized in fine-grained 
quartz–K-feldspar matrix; later white mica bands overprinting matrix; K15-260, 57.1 m downhole. (D) Felsic lava flow with 
preserved very fine grained groundmass consisting of quartz–K-feldspar with preserved K-feldspar phenocrysts that are mod-
erately sericitized and overprinted by calcite; minor later white mica replacing coarser quartz and K-feldspar grains; K15-315, 
151.65 m downhole. Abbreviations: Cc = calcite, K-fsp = K-feldspar, Mica = white mica, Plg = plagioclase, Qtz = quartz.
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Fig. 6. Lithofacies present at the ABM deposit. (A). Graded bedding in felsic tuff, arrow showing direction of fining uphole; 
K18-484, 37 m down hole. (B) Felsic tuff; K15-291, 41 m down hole. Bedding marked by dashed line. (C) Felsic tuff with 
minor feldspar crystals, arrows pointing to feldspar grains; K15-216, 72 m downhole. (D) Crystal-rich tuff with blue quartz 
eyes, arrows point to examples of the quartz eyes; K15-206, 62 m down hole. (E) Crystal-rich tuff with feldspar crystals, 
arrows point to examples of feldspar crystals; K15-233, 81 m downhole. (F) Lapilli tuff, examples of lapilli highlighted by 
dashed line K15-260, 58 m downhole. (G) Lapilli tuff, fragments with blue quartz eyes, minor feldspar crystals, and biotite-
Fe carbonate alteration; K15-260, 204 m downhole. (H) Aphyric rhyolite; K15-251, 63 m downhole. (I) Flow banding in 
aphyric rhyolite; K15-231, 42 m downhole. (J) Perlitic fracturing in rhyolite; K15-236, 94 m downhole. (K) Jigsaw breccia on 
top of rhyolite flow; K16-358, 85 m downhole. (L) Fine-grained and strongly altered lower contact of a Mafic A (MA) mafic 
sill from Sequence 2; K15-265, 267 m downhole. (M) Coarse-grained interior of MA mafic sill from Sequence 2; K15-265, 
254 m downhole. (N) Thin Mafic B (MB) mafic sill from Sequence 3; K15-232, 61 m downhole. (O) Argillite; K15-301, 70 m 
downhole. Abbreviations: Fsp = feldspar, Qtz = quartz.
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tion of the mineralization, since it does not contain any sign 
of replacement or vein mineralization within the fault fabric. 
The thickening of subvolcanic units in the Krakatoa zone and 
their relative abundance compared to the ABM deposit sug-
gests that the East fault or its predecessor was likely present 
and acted as a feeder/conduit for the ascending magmas. The 
mafic sills present at Krakatoa unify into a single body and 
considerably thicken (up to 150 m) north of the “Central” 
fault. The single body takes on a more dike-like morphology 
and it parallels the East fault (van Olden et al., 2020). The 
East fault was later reactivated and facilitated the offset of 
the Krakatoa zone. The Fault Creek fault and the lower order 
fault with lateral offset (“Central” fault) do not appear to have 
controlled coherent rock emplacement or unit thickness.  

Mineralization

The ABM VMS deposit consists of two mineralized zones: 
the ABM zone and the Krakatoa zone (Fig. 3). The miner-
alization is stratabound in both zones, subcrops at the bed-
rock surface below the till cover, and dips subparallel to the 
stratigraphy (20°–30°). The ABM zone extends 700 m along 
strike and goes from the bedrock surface downdip for 600 m. 
The Krakatoa zone measures 170 m along strike and extends 
from the bedrock surface downdip for 600 m and remains 
open downdip. In both zones, the mineralization occurs as a 
series of stacked lenses within Sequence 2 rocks and ranges 
in thickness from 5 to 55 m in the ABM zone and from 15 to 
100 m in the Krakatoa zone. Mineralization in the ABM zone 
tapers off downdip to the north-northeast, laterally to the 
west, and is cut off by the East fault to the east. In the Kraka-
toa zone, mineralization thins out downdip to the northeast 

and is cut off by postmineralization faults in other directions 
(Fig. 11,12). 

In both the ABM and Krakatoa zones, massive sulfide min-
eralization is composed of pyrite, sphalerite, and pyrrhotite, 
with lesser chalcopyrite, magnetite, and galena and minor 
tennantite-tetrahedrite and freibergite. The most common 
gangue minerals are barite, carbonate, quartz, chlorite, and 
white mica. Three main mineralization assemblages compose 
the massive sulfide lenses: (1) pyrite-sphalerite-galena with 
lesser chalcopyrite, tennantite-tetrahedrite, and freibergite, 
with carbonate, barite, quartz, and white mica (Fig. 7A-D); 
(2) magnetite-chalcopyrite-pyrrhotite-pyrite-sphalerite, mi-
nor tennantite-tetrahedrite and freibergite, and minor car-
bonate and chlorite (Fig. 7E); (3) chalcopyrite-pyrrhotite-
pyrite stringers associated with pervasive chlorite alteration, 
minor carbonate, and quartz (Fig. 7F). The massive sulfide 
lenses are primarily composed of the first two assemblages. 
The third assemblage is not as common and typically only 
present at the upper and lower contacts of the massive sulfide 
lenses. The latter two assemblages are richer in chalcopyrite, 
magnetite, and chlorite, are indicative of higher temperatures 
of emplacement (>300°C; e.g., Lydon, 1988), and are inter-
preted to have formed earlier than the pyrite-sphalerite-gale-
na assemblage.  

Mineralization at the ABM deposit has generally sharp con-
tacts, but locally grades into unmineralized but altered rocks 
over the distance of 1 to 2 m. In the ABM zone, massive sul-
fide mineralization is associated primarily with felsic volcanic 
and volcaniclastic rocks. In the Krakatoa zone, the majority of 
massive sulfide mineralization is localized on contacts between 
the mafic sills and volcaniclastic rocks or, locally, within the 

Figure 7. Mineralization textures present at the ABM deposit. (A) Massive py ± sph with remnant clasts, clast highlighted 
with dashed line; K15-265, 185 m downhole. (B) Massive py-sph with remnant lapilli clasts with quartz crystals; clasts are 
white mica-chlorite altered and highlighted with dashed line; K15-274, 92 m downhole. (C) Massive py ± sph ± cpy replac-
ing felsic flow along perlitic fractures; K15-200, 143 m downhole. (D) Massive py-bar with remnant bedding visible; bedding 
highlighted with dashed line; K15-286, 139 m downhole. (E) Massive py-po-mgt-cpy mineralization; K12-200, 149 m down-
hole. (F) Pervasive chlorite alteration with cpy-po stringers; K17-422, 153 m downhole. Abbreviations: bar = barite, cpy = 
chalcopyrite, mgt = magnetite, po = pyrrhotite, Py = pyrite, sph = sphalerite. 
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mafic sills themselves. Throughout the ABM deposit, features 
such as preserved lapilli and other clasts (Fig. 7A-B), rem-
nant bedding (Fig. 7D), and massive sulfides replacing likely 
glassy groundmass within perlitic and brecciated textures on 
unit contacts (Fig. 7C) are observed within the massive sulfide 
lenses and on their contacts and suggest that the mineraliza-
tion formed by replacement (Doyle and Allen, 2003).

Thin, discontinuous stratiform bands (<30 cm thick) of mas-
sive sulfide occur in the footwall of the major massive sulfide 
lenses within the volcaniclastic rocks of Sequence 2 and at the 
top of Sequence 1. In the hanging wall of the massive sulfide 
lenses, rare subrounded to subangular clasts (up to 30 cm in 
size) composed of pyrite-pyrrhotite-carbonate occur within 
the felsic volcaniclastic rocks of Sequence 2 and Sequence 3. 

Alteration

Hydrothermal alteration is widespread both in the hanging 
wall and footwall of the massive sulfide mineralization in the 
ABM and Krakatoa zones. The extent and zonation of altera-
tion assemblages is irregular, although the intensity of altera-
tion increases with proximity to the mineralized lenses. Al-
teration assemblages can vary within a single unit; however, 
white mica ± quartz ± chlorite alteration is the most wide-
spread assemblage in felsic rocks. Felsic volcaniclastic rocks 
and lavas commonly display pervasive white mica alteration 
at the contacts of massive sulfide lenses, but locally, pervasive 
chlorite ± carbonate alteration occurs. Carbonate (i.e., calcite, 
dolomite, and ankerite) is a common constituent of alteration 
assemblages at both the ABM and Krakatoa zones, and oc-
curs within the massive sulfides, in proximity to mineraliza-
tion, or in more distal parts of the deposit. Calcite, dolomite, 
and Fe carbonate alteration is widespread in Sequences 2 
and 3, and commonly presents as patches or veins with an 
orange tint. They commonly overprint the primary fabric and/
or the mineralization. Amphibole-chlorite-carbonate-biotite-
epidote-quartz are common alteration minerals in the altered 
mafic subvolcanic sills in Sequence 2, where amphibole and 
chlorite replace the primary pyroxene and biotite overprints 
the chlorite locally. Postmineralization carbonate, carbonate-
quartz, quartz, quartz-tourmaline, and tourmaline veins occur 
throughout the deposit and crosscut the rock fabric defined 
by the primary features in the volcaniclastic rocks and the 
mineralization. 

Lithogeochemistry

Whole-rock major and trace element lithogeochemistry 
methods

Eighty-three of the collected samples were analyzed for ma-
jor and trace elements; the full results are available in Ap-
pendix Table A1. Sample preparation and measurement of 
major and trace element data was performed at ALS Labo-
ratories, North Vancouver, British Columbia. Rock samples 
were crushed and pulverized using steel plates and agate 
mills, respectively. Sample powders (~0.2 g) were fused with 
a lithium metaborate flux (0.9 g) at 1,000°C. The fused beads 
were cooled and digested using 100 mL of a 4% HNO3-2% 
HCl mixture. Analyses of the sample solutions were carried 
out using inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) for major elements and inductively cou-

pled plasma-mass spectrometry (ICP-MS) for trace elements. 
Additional trace element measurements were completed on 
the same sample suites at Ontario Geoscience Laboratories 
in Sudbury, Ontario, to obtain transition metals, base metals, 
and semimetals (e.g., Li, Be, Co, Cu, Zn, Mo, Cd, In, Sb, W, 
Bi, Pb, Sc, Ta). Samples were digested on hot plates using 
a mixture of HF-HCl-HClO4 in closed screwcap Savillex® 

Teflon™ bombs for seven days. The resultant solution was 
dried down and fluxed with a dilute HCl-HClO4 mixture and 
reheated. Samples were again dried down and fluxed with a 
final mixture of concentrated HNO3-HCl, heated, and finally 
diluted with HNO3. Solutions were analyzed for metals on a 
Perkin-Elmer Elan 9000 ICP-MS following the methodology 
of Burnham and Schweyer (2004) and Burnham (2008).

Over the course of this study, eight in-house reference 
materials (SLV-MC basalt and WP-1) and five lab-chosen 
duplicates were analyzed at ALS and Ontario Geoscience 
Laboratories during the run to monitor analytical accuracy 
and reproducibility (App. Table A2). The SLV-MC basalt and 
WP-1 dacite (Watts Point, Coast Plutonic Complex) samples 
were reproducible to <5% for major elements, except for 
<10% MnO in the WP-1 dacite. Trace element concentra-
tions overall gave relative standard deviation (RSD) values 
<10%, with many elements below 5%, except for Hf and Lu 
(<12%) in both reference materials, and Cs and V in SLV-
MC (App. Table A2). The results for both reference materi-
als overlap with published values (WP-1; Piercey et al., 2001; 
Manor and Piercey, 2019) and unpublished in-house data for 
both SLV-MC (n = 44) and WP-1 (n = 19) with reproducibility 
better than 15% for most trace elements and major element 
oxides, with the exceptions of Cs and Tl in SLV-MC basalt, 
which show percent relative differences <61%, and Be, Co, 
Cs, Mo, Ni, Sb, Sc, Sn, and Tl in the WP-1 dacite, which show 
percent relative differences >100%. The high percent relative 
difference values for the trace elements in the WP-1 dacite 
standard are likely due to a low number of analyses available 
for the analytes in question in the internal standard for the 
analytical method used in this paper (n = 4). The lab-chosen 
duplicates show relatively higher RSD values but are gener-
ally <15% for most major and trace elements. 

Lithogeochemical results

The 83 analyzed samples cover the stratigraphic interval host-
ing the ABM deposit and encompass rocks from Sequence 1 
approximately 60 m below the massive sulfide mineralization 
to rocks from Sequence 3 below the contact with the Wind 
Lake formation (Fig. 4). Samples commonly contain altera-
tion minerals such as white mica, chlorite, carbonate, quartz, 
and Fe sulfides (pyrite and pyrrhotite). Examination of the 
major element data shows that the majority of the sampled 
rocks were affected by hydrothermal alteration (Fig. 8B; Spitz 
and Darling, 1977; Barrett and MacLean, 1994; Large et al., 
2001b; Ruks et al., 2006). Most felsic samples have elevated 
loss on ignition (LOI) values (>2 wt %; Le Maitre et al., 1989) 
and Al2O3/Na2O values (2.2–401, n = 64) indicative of feldspar 
destruction or replacement by white mica (Spitz and Darling, 
1977; Ruks et al., 2006). Iron carbonate and carbonate altera-
tion can lead to the distortion of expected CaO behavior. Com-
monly, the majority of primary CaO is lost due to destruction 
of plagioclase and its replacement by white mica and chlorite, 
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but strongly carbonate-altered samples show significant ad-
ditions of CaO. The high degree of hydrothermal alteration 
(Fig. 8B) precludes the use of the mobile major elements 
for characterization of lithological units. Rare earth elements 
(REEs), high field strength elements (HFSEs), Al2O3, and 
TiO2 are immobile under most VMS conditions (Kranidiotis 
and MacLean, 1987; MacLean, 1988; MacLean and Barrett, 
1993). The immobile behavior of REE-HFSE-Al2O3-TiO2 
was assessed and confirmed using methods outlined in Ma-
cLean (1988) and MacLean and Barrett (1993). Immobile el-
ements (Zr, TiO2, Al2O3, REEs, Cr, Hf, Nb, Sc, Ta, Th, V, and 
Y) and their ratios are thus used to determine and character-
ize distinct lithogeochemical groups within the ABM deposit 
stratigraphy. Values for representative samples and median 
values for each group in both the ABM and Krakatoa zones 
are presented in Table 1. Lithogeochemical results confirm 
the bimodal nature of the volcanic rocks; these are visible on 
the Zr/Ti vs. Nb/Y plot, where all samples plot either as basalt 
or dacite/trachyte (Fig. 8A).

Felsic rocks: Immobile element ratios illustrate there are 
two distinct groups of felsic rocks, FA, and FB, in the ABM 
deposit stratigraphy (Fig. 8D). Both groups occur both as co-
herent and volcaniclastic lithofacies, which indicates the signa-
tures are not controlled by lithology alone. Groups FA and FB 
plot on the same linear array in the Zr-TiO2 space (Fig. 8C), 
but plot on distinctly different linear arrays that pass through 
the origin in the Al2O3/TiO2-Zr/Al2O3 space (Fig. 8D). 

Group FA: In Nb/Y-Zr/Ti space (Fig. 8A), group FA rocks 
plot in the trachyte field with a minor portion overlapping into 
the dacite-rhyolite field. Group FA rocks have relatively high 
absolute values of Zr (Zr > 548 ppm, n = 20) compared to 
the other felsic rocks in the Kudz Ze Kayah formation and 
overall higher values of HFSEs like Hf, Nb, Sc, V, and Y com-
pared to other felsic rocks (Table 1). The Zr/TiO2 ratio var-
ies between 1,046 and 1,367, and Zr/Al2O3 is between 40.6 
and 52.9. The Zr/Y ratio for all samples of group FA are >10 
(10.8–16.4; Fig. 8E), indicative of subalkaline to alkaline affin-
ity (Ross and Bédard, 2009). In the Nb-Y plot, the group FA 
rocks fall into the within-plate affinity field (Fig. 8F; Pearce et 
al., 1984). The primitive mantle (PM) normalized La/Yb ratio 
of ((La/Yb)PM) is between 9.4 and 15.9, indicating steep REE 
pattern slopes where light rare earth elements (LREEs) are 
enriched relative to the heavy rare earth elements (HREEs) 
and the HREEs display a relatively flat pattern (Fig. 9B). The 
mean Eu anomaly (Eu/Eu*) for group FA rocks is around 0.53 
(n = 20). In extended PM-normalized plots, Nb and Ti show 
negative anomalies compared to Th and La and Eu and Gd, 
respectively (Fig. 9A); the mean Nb/Ta value is 17.56 (n = 13). 
In felsic volcanic fertility diagrams (Fig. 9D), group FA rocks 
plot mostly outside of the designated fields near the border 
between the FI and FII rhyolite fields.

Group FB: In the Nb/Y-Zr/Ti discrimination diagram, group 
FB rocks plot in the rhyolite-dacite field, and a small portion 
overlaps into the trachyte field (Fig. 8A). Group FB rocks have 
absolute Zr concentrations between 157 and 507 ppm (n = 38), 
relatively lower values of HFSEs compared to the FA group 
(Table 1), and the Zr/TiO2 and Zr/Al2O3 values range from 907 
to 1,340 and 12.7 to 31.4, respectively. The Zr/Y values for all 
samples of group FB are slightly lower than group FA rocks 
and vary between 2.6 and 16.1 (mean = 7.3; Fig. 8E), indica-

tive of a calc-alkaline affinity (Ross and Bédard, 2009). In the 
Nb vs. Y diagram, the rocks of group FB fall into the within-
plate affinity field (Fig. 8F), but some samples plot close to 
the syncollisional and volcanic arc fields. The FB group can 
be further divided into subgroups FB1 and FB2 based on im-
mobile elements and their ratios. The FB1 subgroup has the 
higher average Zr (400 ppm, n = 15) and TiO2 (0.32 wt %, n 
= 15) values of the FB group. The FB group typically con-
tains tuffaceous or sill lithofacies; lapilli or crystal-rich tuffs are 
rare. Subgroup FB1 typically occurs associated with group MA 
mafic subvolcanic sills. The FB2 subgroup is the most com-
mon lithogeochemical signature in the ABM sample suite and 
encompasses all observed lithofacies. The (La/Yb)PM of the 
FB group falls between 4.4 and 14.1, indicating a similar to 
slightly flatter REE slope than group FA, and samples from 
both subgroups have similar chondrite-normalized REE pat-
terns (Fig 9B). The LREEs are rich relative to the HREEs, 
and the HREEs have relatively flat patterns, similar to group 
FA but with relatively lower abundances (Fig. 9B). The mean 
Eu anomaly (Eu/Eu*) for subgroup FB1 rocks is 0.25 (n = 
15) and 0.19 (n = 23) for subgroup FB2. The FB group rocks 
show negative Nb and Ti anomalies (Fig. 9A) similar to the FA 
group but have a lower mean Nb/Ta value for the group that 
is 12.40 (N = 27). In the felsic volcanic fertility diagram (Fig. 
9D), group FB rocks plot within the FII rhyolite field. 

Mafic rocks: Mafic rocks in the uppermost 350 m of the 
Kudz Ze Kayah formation occur in two distinct geochemical 
groups: (1) group Mafic A (MA), which comprises the mafic 
sills in Sequence 2; and (2) group Mafic B (MB), which con-
sists of the sills in Sequence 3. The two groups differ not only 
in their stratigraphic position, but also in their immobile and 
trace element signatures. 

Group MA: Group MA rocks plot in the basalt field in Nb/Y-
Zr/Ti space (Fig. 8A). Values of Zr are between 78 and 111 
ppm (n = 16), TiO2 falls between 1.06 and 1.51 wt % (n = 16), 
and P2O5 values are between 0.11 and 0.17 wt % (n = 16). The 
Zr/TiO2 values fall between 63.0 and 80.5 (n = 16), and the 
Zr/Y values are between 4.0 and 5.6 (Fig. 8E), straddling the 
line between transitional and calc-alkaline affinity (Ross and 
Bédard, 2009). The mean Nb/Ta value is 16.49 (N = 5). In sev-
eral discrimination diagrams (Pearce and Cann, 1973; Pearce, 
1996, 2008), group MA plots in the fields designated for en-
riched mid-ocean ridge basalts (E-MORBs) and within-plate 
tholeiites (WPT; Fig. 10B-D), for MORB (Fig. 10A), or near 
the within-plate basalt (WPB)/calc-alkali basalt (CAB) field 
(Fig. 10B). In a PM-normalized plot, group MA has a rela-
tively smooth downward sloping curve with a slight negative 
Nb anomaly in comparison to Th and La (Fig. 9C; Nb/Nb* 
average 0.81, n = 16). The (La/Yb)PM ratio is between 2.83 and 
3.72 and indicates a relatively flat REE slope (Fig. 9C).

Group MB: In Nb/Y-Zr/Ti space, the group MB samples 
plot in the basalt field (Fig. 8A). Values of Zr are between 
195 and 349 ppm (n = 6), TiO2 is between 2.00 and 2.93 wt 
% (n = 6), and P2O5 values are between 0.28 and 0.39 wt % 
(n = 6). The Zr/TiO2 value falls between 94.0 and 119.1 (n 
= 6); the Zr/Y value is between 5.6 and 14.0 and plots in the 
calc-alkaline affinity field (Ross and Bédard, 2009; Fig. 8E). 
The mean Nb/Ta value is 15.90 (N = 2). In several discrimina-
tion diagrams (Pearce and Cann, 1973; Pearce, 1996, 2008), 
group MB plots in the fields designated for WPBs and volca-

Downloaded from http://pubs.geoscienceworld.org/segweb/economicgeology/article-pdf/117/6/1299/5644859/4930_denisovau_and_piercey.pdf
by Memorial Univ of Newfoundland, Stephen J. Piercey 
on 05 July 2022



1312 DENISOVÁ AND PIERCEY

Fig. 8. Trace and major element discrimination plots for felsic and mafic rocks in the ABM deposit. (A) Volcanic rocks dis-
crimination diagram, Nb/Y vs. Zr/Ti (Pearce, 1996). (B) Na2O vs. Al2O3/Na2O showing least altered rocks (Ruks et al., 2006). 
(C) Zr vs. TiO2. (D) Al2O3/TiO2 vs. Zr/Al2O3 (Barrett et al., 2001). (E) Y vs. Zr (Ross and Bédard, 2009). (F) Y vs. Nb (Pearce 
et al., 1984). Gray shaded areas represent felsic samples from the Kudz Ze Kayah formation presented in Piercey et al. (2001). 
Abbreviations: FA = Felsic A, FB = Felsic B, MA = Mafic A, MB = Mafic B.
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nic arc basalts (VABs) and CABs (Fig. 10B-D) or straddles the 
line between MORB and ocean island basalt (OIB) (Ti/V = 
41.3–57.4, n = 6; Fig. 10A). In a PM-normalized plot, group 
MB curves are downward sloping with a significant negative 
Nb (Nb/Nb* avg 0.48, n = 6; Fig. 9C) and a slight Ti anomaly, 
while the (La/Yb)PM ratio falls between 3.78 and 10.74. Group 
MB has similar geochemical characteristics to group 4b in 
Piercey et al. (2002b) and to the Wind Lake formation mafic 
rocks presented in Manor and Piercey (2019; Fig. 10).

Chemostratigraphy

Distribution of the various lithogeochemical groups in the up-
per Kudz Ze Kayah formation is described below from strati-
graphically lowest to highest based on representative sections 
of the ABM and Krakatoa zones. In the 6815550 mN long sec-
tion (Fig. 4), the 414650 mE, 414850 mE, and the 414050 mE 
cross sections through the ABM zone (Fig. 11), and the pre-
sented Krakatoa cross section (Fig. 12), the chemostratigra-
phy is similar between the two zones. However, the Krakatoa 
zone shows minor differences compared to the ABM zone, 

which are described below. Where geochemical sampling is 
lacking, units are inferred based on spatial extent of defined 
lithogeochemical groups. The lithogeochemical database of 
BMC Minerals Ltd. was also utilized, but only as a secondary 
source of major and trace element data.  

Sequence 1: At the top of Sequence 1, a felsic volcanic unit 
with thickness varying between 3 and 25 m sits below the 
lower mafic sill and comprises felsic tuffs and volcanic rocks 
with FB1 signatures (Fig. 4). The felsic volcanic and volcani-
clastic rocks sitting below the FB1 unit make up the majority 
of the stratigraphy in Sequence 1 and belong to the FA litho-
geochemical group. 

Sequence 2: Close to the lower contact of Sequence 2, the 
felsic subvolcanic sills, domes, and minor associated tuffs 
have group FB1 signatures. The two mafic sills occurring at 
the lower contact of Sequence 2 belong to the MA lithogeo-
chemical group. Felsic rocks occurring in Sequence 2 be-
low the Sequence 3-Sequence 2 boundary belong to the FB 
group. The boundary between Sequence 3 and Sequence 2 
is sharp and coincides with the transition between FA rocks 

Fig. 9. Normalized plots of immobile and rare earth elements of the rocks from the ABM deposit. (A) Immobile elements 
of felsic samples normalized by primitive mantle (McDonough and Sun, 1995). (B) Rare earth elements of felsic samples 
normalized by C1 chondrite (McDonough and Sun, 1995). (C) Immobile elements of mafic samples normalized by primitive 
mantle (McDonough and Sun, 1995). (D) Chondrite-normalized felsic samples in plot distinguishing FI-FIV geochemical 
groups (Lesher et al., 1986; Hart et al., 2004). Symbols same as in Figure 8. Abbreviations: FA = Felsic A, FB = Felsic B, MA 
= Mafic A, MB = Mafic B.
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Table 1. Summary of Geochemical Characteristics of the Rock Groups of the Upper Kudz Ze Kayah Formation

FA FB1 FB2 MA MB
N Mean 2σ N Mean 2σ N Mean 2σ N Mean 2σ N Mean 2σ

SiO2 20 65.22 2.27 15 72.09 3.53 23 68.84 13.07 16 44.73 1.99 6 47.12 4.78
Al2O3 20 14.89 1.16 15 13.58 1.97 23 13.45 2.86 16 14.93 0.65 6 13.29 1.38
Fe2O3 20 4.50 1.45 15 2.18 1.12 23 3.67 5.33 16 9.53 0.59 6 10.87 0.84
CaO 20 2.41 0.96 15 1.37 0.95 23 1.76 2.50 16 9.52 1.32 6 7.40 2.34
MgO 20 1.57 0.45 15 0.50 0.36 23 2.69 3.32 16 7.76 0.84 6 3.09 0.37
Na2O 20 0.88 0.93 15 0.90 1.05 23 0.52 1.10 16 1.90 1.23 6 1.05 1.31
K2O 20 4.42 0.86 15 6.36 2.64 23 4.19 1.80 16 2.04 1.65 6 4.02 1.93
TiO2 20 0.58 0.07 15 0.32 0.05 23 0.24 0.06 16 1.23 0.10 6 2.36 0.28
MnO 20 0.09 0.04 15 0.03 0.02 23 0.05 0.05 16 0.14 0.01 6 0.17 0.02
P2O5 20 0.18 0.02 15 0.04 0.01 23 0.04 0.02 16 0.13 0.02 6 0.35 0.03
LOI 20 4.66 1.00 15 2.62 0.98 23 4.62 4.06 16 7.24 3.02 6 8.67 2.50
Total 20 99.41 1.02 15 99.98 1.02 23 100.1 1.1 16 99.22 0.88 6 98.38 0.85
Cr (ppm) 20 12.5 4.3 15 10.7 2.5 23 9.6 1.4 16 339.4 27.7 6 45.0 38.2
Ni 13 4.7 2.3 11 3.3 1.3 16 1.3 1.3 5 91.3 10.7 2 15.1 11.5
Co 13 4.6 1.8 11 2.7 0.9 16 4.9 8.2 5 42.1 2.4 2 28.3 4.0
Sc 13 11.4 1.4 11 5.3 1.5 16 4.2 0.8 5 29.7 1.3 2 31.6 1.7
V 20 29.1 4.8 15 17.9 4.5 23 12.3 5.2 16 219.8 14.4 6 307.7 19.2
Cu 13 19.6 25.7 11 7.4 4.0 16 51.5 82.1 5 42.0 27.5 2 10.1 10.1
Pb 13 25.8 45.8 11 47.1 29.8 16 145.5 226.2 5 120.9 209.9 2 10.2 3.9
Zn 13 175.9 200.6 11 196.1 277.2 16 420.3 443.1 5 190.9 137.6 2 185.8 68.7
Bi 13 0.3 0.3 11 0.4 0.4 16 1.6 3.4 5 0.2 0.4 2 0.1 0.0
In 13 0.1 0.0 11 0.0 0.0 16 0.0 0.0 5 0.1 0.0 2 0.1 0.0
Sn 20 4.8 2.1 15 8.2 2.9 23 7.7 3.1 16 0.9 0.2 6 2.2 0.4
Ag 13 0.6 1.5 11 0.7 1.3 16 0.8 0.9 5 0.2 0.2 2 0.1 0.0
Rb 20 136.1 33.7 15 168.4 73.9 23 141.5 46.6 16 70.8 60.4 6 139.2 73.9
Cs 20 2.9 0.9 15 1.9 0.9 23 2.6 1.1 16 4.3 5.1 6 6.1 3.7
Ba 20 1516 623 15 3557 2594 23 1632 1889 16 1725 1717 6 1582 800
Sr 20 59.7 22.3 15 70.6 39.1 23 43.2 38.7 16 201.8 77.7 6 146.1 24.3
Ga 20 25.7 2.4 15 20.9 4.0 23 22.8 5.6 16 16.0 1.4 6 22.7 2.8
Ta 13 2.5 0.2 11 2.1 0.8 16 1.9 0.3 5 0.5 0.0 2 1.2 0.1
Nb 20 43.6 4.2 15 25.3 4.5 23 23.7 4.4 16 9.2 0.7 6 20.6 3.3
Hf 20 16.7 1.7 15 10.6 1.7 23 7.6 2.0 16 2.5 0.3 6 6.2 1.2
Zr 20 714.1 80.3 15 399.7 67.7 23 259.4 79.5 16 91.1 7.5 6 246.3 48.5
Y 20 53.9 6.1 15 40.4 6.5 23 41.5 12.3 16 20.3 2.0 6 32.5 3.7
Th 20 30.6 3.6 15 27.9 4.5 23 28.8 6.3 16 1.5 0.2 6 8.0 2.7
U 20 4.2 0.4 15 7.4 1.8 23 7.2 2.9 16 0.4 0.1 6 2.1 0.8
La 20 92.9 10.1 15 50.6 6.8 23 52.7 15.3 16 10.0 1.3 6 33.9 9.7
Ce 20 189.1 20.3 15 103.4 15.9 23 107.9 29.7 16 21.9 2.8 6 72.7 19.9
Pr 20 21.8 2.3 15 11.5 1.8 23 12.1 3.3 16 2.9 0.4 6 9.1 2.4
Nd 20 82.1 8.4 15 41.6 6.9 23 43.5 12.6 16 13.1 1.5 6 36.7 8.6
Sm 20 15.5 1.5 15 8.0 1.4 23 8.8 2.8 16 3.5 0.4 6 8.0 1.4
Eu 20 2.4 0.3 15 0.6 0.1 23 0.5 0.1 16 1.1 0.2 6 1.9 0.3
Gd 20 12.3 1.2 15 6.6 1.1 23 7.1 2.1 16 3.7 0.4 6 7.2 0.9
Tb 20 1.8 0.2 15 1.1 0.1 23 1.2 0.4 16 0.6 0.1 6 1.1 0.1
Dy 20 10.2 1.1 15 6.8 1.0 23 7.5 2.2 16 3.9 0.4 6 6.2 0.4
Ho 20 2.0 0.2 15 1.4 0.2 23 1.5 0.4 16 0.8 0.1 6 1.2 0.1
Er 20 5.6 0.6 15 4.2 0.6 23 4.3 1.2 16 2.3 0.3 6 3.5 0.3
Tm 20 0.8 0.1 15 0.6 0.1 23 0.6 0.2 16 0.3 0.0 6 0.5 0.0
Yb 20 5.1 0.5 15 4.1 0.6 23 4.0 0.9 16 2.1 0.2 6 3.2 0.1
Lu 20 0.8 0.1 15 0.6 0.1 23 0.6 0.1 16 0.3 0.0 6 0.5 0.0
Al2O3/Na2O 20 69.3 66.1 15 49.4 43.6 23 98.0 89.8 16 41.0 68.3 6 82.6 64.9
Zr/TiO2 20 0.1 0.0 15 0.1 0.0 23 0.1 0.0 16 0.0 0.0 6 0.0 0.0
Zr/Al2O3 20 48.0 3.7 15 29.3 1.1 23 19.1 2.9 16 6.1 0.5 6 18.4 1.6
Al2O3/TiO2 20 25.7 2.2 15 42.1 1.4 23 57.5 9.2 16 12.2 0.9 6 5.6 0.2
Zr/Y 20 13.3 1.5 15 9.9 1.0 23 6.6 2.1 16 4.5 0.4 6 7.9 2.8
Zr/Nb 20 16.4 1.1 15 15.9 0.7 23 10.9 2.1 16 9.9 0.3 6 11.9 1.0
Zr/Ti 20 0.2 0.0 15 0.2 0.0 23 0.2 0.0 16 0.0 0.0 6 0.0 0.0
Nb/Y 20 0.8 0.1 15 0.6 0.1 23 0.6 0.1 16 0.5 0.0 6 0.7 0.2
La/Yb (cn) 20 12.4 1.6 15 8.3 0.8 23 8.9 2.5 16 3.2 0.2 6 7.0 2.0
Eu/Eu* 20 0.5 0.1 15 0.3 0.0 23 0.2 0.0 16 0.9 0.1 6 0.8 0.0
Nb/Nb* 20 0.3 0.0 15 0.2 0.0 23 0.2 0.1 16 0.8 0.1 6 0.5 0.2
Nb/Ta 13 17.6 0.8 11 12.7 2.1 16 12.0 0.9 5 16.3 0.6 2 15.9 0.6
Ti/Sc 13 308.0 19.7 11 394.5 72.3 16 371.6 57.4 5 231.6 2.6 2 403.9 2.9

Notes: Mean and 2σ Error Values for the 5 main identified groups of volcanic rocks at the ABM deposit; La/Yb ratio chondrite normalized (McDonough and 
Sun, 1995); Eu anomaly calculated Eu/Eu* = EuPM/(Gdpm x SmPM)0.5, Nb anomaly calculated Nb/Nb* = NbPM/(ThPM + LaPM); PM = primitive mantle-
normalized (McDonough and Sun, 1995)

Abbreviations: FA = Felsic A, FB = Felsic B, MA = Mafic A, MB = Mafic B
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and underlying FB rocks. The laterally most extensive argil-
lite lens separates the two lithofacies domains, where volca-
niclastic rocks are more abundant in Sequence 3, in contrast 
with voluminous subvolcanic and volcanic rocks in Sequence 
2. No crosscutting volcanic or subvolcanic units with the FA 
signature are present in Sequence 2. 

Sequence 3: The felsic volcanic and volcaniclastic rocks 
that are a part of Sequence 3 consistently have group FA 
signatures. The volcanic and volcaniclastic rocks likely have 
a common magma source. Thin mafic sills of the MB group 
intrude FA felsic volcanic and volcaniclastic rocks. The MB 
group of mafic rocks has similar signatures to the mafic rocks 
of the Wind Lake formation (Piercey et al., 2002b; Manor and 
Piercey, 2019) that occur in the immediate hanging wall of 
Sequence 3. Thus, the MB sills in Sequence 3 are likely coeval 
with the mafic rocks of the Wind Lake formation and likely 
acted as feeders.

Krakatoa zone: The Krakatoa zone exhibits the same dis-
tribution of geochemical groups as the ABM zone (Fig. 12). 
In Sequence 2, the FB1 group felsic sills are surrounded by 

group MA mafic sills; felsic rocks in the hanging wall and 
footwall of the thickest mafic sill have group FB2 signatures. 
Within Sequence 3, most of the felsic rocks are group FA, 
except for minor felsic lava flows approximately 50 m below 
the Kudz Ze Kayah-Wind Lake formation contact that have 
FB signatures. 

Barium distribution

The majority of presented Ba values (N = 8989) are sourced 
from the assay database of BMC Minerals Ltd. The quality 
assurance and quality control procedures for assays are pre-
sented in van Olden et al. (2020). The Numeric Models tool 
in Leapfrog 3D was used to construct isosurfaces of Ba distri-
bution (Figs. 4, 11, and 12). The linear radial basis function 
(RBF) interpolation was chosen to mitigate the irregular dis-
tribution of the almost 9,000 Ba datapoints. The linear RBF 
interpolant was run with a sill value of 5000, base range of 50, 
nugget of 0, and accuracy of 20. The trend was set to the local 
stratigraphy (dip 30° with dip azimuth of 20° and pitch of 115°) 
and the ellipsoid ratios were set to 3:3:1. The threshold value 

Figure 10. Trace element discrimination plots for mafic rocks in the ABM deposit. (A) Ti*1000 vs. V (Shervais, 1982). (B) Zr 
- Y*3 - Ti/100 (Pearce, 1996). (C) Nb/Yb vs. TiO2/Yb (Pearce, 2008). (D) Nb/Yb vs. TiO2/Yb (Pearce, 2008). Symbols same as 
in Figure 8. Gray shaded areas represent group 4b of the Wind Lake formation described by Piercey et al. (2002b). Abbrevia-
tions: CAB = calc-alkaline basalts, E-MORB = enriched mid-ocean ridge basalt, IAB = island arc basalts, IAT = island arc 
tholeiites, MA = Mafic A, MB = Mafic B, OIB = ocean island basalts, WPB = within plate basalts.
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Fig. 11. Cross sections through the ABM zone of the ABM deposit; cross sections are looking west. Positions of section lines 
shown in Figure 3. Abbreviations: FA = Felsic A, FB = Felsic B, and MA = Mafic A, S1 = Sequence 1, S2 = Sequence 2, S3 
= Sequence 3. 
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for Ba at the deposit was chosen at 3,500 ppm using methods 
outlined in Reimann et al. (2005). Values above the threshold 
are considered anomalous and reflect Ba enrichment, as felsic 
volcanic rocks not associated with VMS deposits commonly 
show Ba values around 1229 ± 781 ppm (highest average val-
ue for felsic volcanic rocks reported for the Kudz Ze Kayah 
formation; Piercey et al., 2001). Anomalous Ba values occur in 
the vicinity of the massive sulfide mineralization at the ABM 
deposit and are associated with strongly altered rocks. Barite 
is a common gangue mineral at the ABM deposit; it is associ-
ated with the pyrite-sphalerite-galena assemblage (Fig. 7D), 
and minor Ba-rich feldspar and Ba-rich mica occur within the 
massive sulfide mineralization and the enveloping alteration 
zones (van Olden et al., 2020). 

Discussion
Ancient VMS and modern sea-floor massive sulfide (SMS) 

deposits occur in numerous tectonic settings but are all as-
sociated with extensional tectonic environments (Lentz, 1998; 
Franklin et al., 2005; Piercey, 2011). Extensional back-arc ba-
sins that host VMS deposits have distinguishing features in the 
rock record, including distinctive lithofacies associations (Cas 
and Wright, 1987; McPhie et al., 1993), specific geochemi-
cal signatures (Lesher et al., 1986; Hart et al., 2004; Piercey, 
2011), structures accommodating extension (Gibson et al., 
1999; Mumin et al., 2007), and alteration haloes and zones 
around deposits (Gemmell and Large, 1992; Large et al., 

2001a). Recognizing these features is important for regional 
and local exploration targeting in known (and unknown) VMS 
districts, and for decoding the conditions and circumstances 
that governed the formation of VMS mineralization. In newly 
identified prospective districts, identifying key features of 
prospective horizons enables more efficient assessment of 
the stratigraphy and helps focus more targeted exploration ef-
forts. These themes will be further examined below.

Basin reconstruction

In subduction environments, back-arc basins are generated 
due to extension of the upper plate, where crustal thinning 
is accommodated by synvolcanic and/or synsedimentary nor-
mal faulting (Uyeda and Kanamori, 1979; Sdrolias and Müller, 
2006). In modern rift settings, extension can be accommo-
dated by pull-apart basins, a series of half-graben subbasins 
with horsetail mesh structures or similar structural arrange-
ments (Parson and Wright, 1996; Sibson, 2000, and refer-
ences therein), and similar configurations can be expected in 
ancient back-arc basins. In such ancient environments, VMS 
deposits are commonly associated with volcanic centers in low 
order basins (Allen et al., 2002). Synvolcanic faults in these 
basins typically control the rates of subsidence and the sea-
floor topography and can also act as conduits for magmas and 
hydrothermal fluids (Gibson et al., 1999). Movement on nor-
mal synvolcanic faults can be reversed during basin inversion, 
which allows for some of these deeply penetrating structures 

Fig. 12. Cross section through the Krakatoa zone of the ABM deposit; cross section is looking northwest. Position of section 
line shown in Figure 3. Abbreviations: FA = Felsic A, FB = Felsic B, and MA = Mafic A, S1 = Sequence 1, S2 = Sequence 
2, S3 = Sequence 3.
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to be preserved, albeit as thrust or transform faults (e.g., East 
fault; Fig. 3; Nelson, 1997; Lafrance et al., 2020). Lithofacies 
associations can identify important features of the basin, such 
as proximity to a volcanic center, rapid burial rates, periods 
of volcanic quiescence, or structural features. The host rocks 
of the ABM deposit display features typical for an active and 
proximal volcanic center in a lower-order subsidence basin; 
several features also point to the presence of active synvolca-
nic faults. Chemostratigraphy and lithofacies analysis further 
constrain the relative timing of the different processes that 
contributed to the formation of the ABM deposit.

Features within the Kudz Ze Kayah formation indicate that 
the rocks were deposited in a submarine basin at depths be-
tween 500 and 2,000 m below sea level, like modern VMS 
analogues in back-arc settings (Monecke et al., 2014). These 
features include lack of diagnostic sedimentary textures, such 
as evidence for storm beds with hummocky cross-stratifica-
tion suggesting deposition at depths below the storm base 
(>500 m; Gibson et al., 1999). Further, there is no evidence 
of hydrothermal fluid boiling or phase separation within the 
mineralization, which suggests a water depth of at least 500 
to 1,000 m (Monecke et al., 2014). The presence of primary 
Cu-rich mineralization indicates water depths of at least 1,500 
m, as fluids that carried Cu would require temperatures of at 
least 300°C (Franklin et al., 2005; Hannington et al., 2005) 
and these fluids are only stable at water depths >1,500 m 
(Bischoff and Rosenbauer, 1987; Hannington et al., 2005). So, 
while the water depth is often difficult to interpret in ancient 
basins, a rough estimate is beneficial for understanding of the 
volcanic and sedimentary processes active in the basin, and 
our arguments suggest formation at least 1,500 m below sea 
level (or deeper).  

A common feature of VMS deposits, regardless of water 
depth, is the temporal and spatial association of VMS mineral-
ization with active volcanic centers, commonly marked by the 
occurrence of felsic lava flows and/or domes reflecting prox-
imity to volcanic vents and synvolcanic structures that facili-
tated hydrothermal venting during periods of volcanic quies-
cence (McPhie et al., 1993; Gibson et al., 1999; Franklin et al., 
2005). The occurrence of abundant primary crystal-rich tuff 
units in the stratigraphy at the ABM deposit, and their chemi-
cal similarities and interlayering with coeval coherent rocks 
(Figs. 4, 11, and 12), is consistent with emplacement proximal 
to a volcanic center (e.g., Cas and Wright, 1987). The coeval 
emplacement of flows and sills with the volcaniclastic rocks is 
also indicative of a relatively dynamic volcanic environment 
of magma/volcaniclastic emplacement (e.g., Head and Wil-
son, 2003). Further, the abundance of coherent volcanic rocks 
interlayered with crystal-rich volcaniclastic rocks proximal to 
the ABM deposit suggests that the association of these facies 
with mineralization at ABM is not coincidental and that the 
deposit area was proximal to a volcanic center during the de-
position of all three sequences of the upper Kudz Ze Kayah 
formation. The relative abundance of coherent volcanic rocks, 
and relatively minor volcaniclastic rocks, in the Krakatoa zone 
compared to the ABM zone suggests that the Krakatoa zone 
was even closer to a potential volcanic center than the ABM 
zone.

Another feature of back-arc basins that is also essential for 
the existence of volcanic centers is the presence of synvolca-

nic faults, as normal movement on the faults accommodates 
crustal extension, deepens the basins, and can cause signifi-
cant changes in topography within lower-order basins (Hal-
bach et al., 1993; Kerr and Gibson, 1993). Synvolcanic faults 
are commonly responsible for abrupt changes in thickness or 
terminations of units in their footwall, whereas units in their 
hanging wall are commonly not affected (Gibson et al., 1999), 
and in some cases, synvolcanic faulting segments the basin to-
pography, which results in features such as drape folds (Mu-
min et al., 2007). Stratigraphic reconstruction of the upper 
Kudz Ze Kayah formation has identified numerous units of 
volcanic, volcaniclastic, and sedimentary rocks that can be 
traced up to 1.4 km along strike through the footprint of the 
ABM zone. The thickness of the identified volcaniclastic and 
sedimentary units varies significantly in as little as 50 m strike 
distance (Figs. 4, 11). We interpret that the changes in thick-
ness were caused by deposition in a fault-bound basin, where 
synvolcanic faults created abrupt changes in the topography 
of the sea floor that resulted in thinning of the units in the 
footwall of the fault and thickening and accumulation of vol-
caniclastic and sedimentary material in the hanging wall of the 
fault. The changes in thickness are most easily observed in ar-
gillite lenses, which are locally strongly reminiscent of drape-
folds (Figs. 4, 11; Mumin et al., 2007), typical of a basin with 
active synvolcanic faults. Minor later modification of the units 
by the active synvolcanic faults was also likely. The interpreted 
fault planes of the synvolcanic faults are irregular, which is 
typical for a heterogenous environment such as a back-arc ex-
tensional basin (Rissmann et al., 2011). It is notable that the 
effects of normal movement along the synvolcanic faults can 
be observed up to the Kudz Ze Kayah-Wind Lake formation 
contact, which suggests that the synvolcanic faults were ac-
tive throughout the deposition of the entire Kudz Ze Kayah 
formation.

Synvolcanic faults are also known to act as magma conduits 
and to control emplacement of sills, dikes, felsic flows, domes, 
or cryptodomes (Sibuet et al., 1998; Gibson et al., 1999; Win-
ter et al., 2004; Franklin et al., 2005), and the alignment of 
such rocks can also be used for reconstructing synvolcanic 
faults. In the ABM zone, felsic sills and flows thicken in prox-
imity to certain faults, but thin out laterally or terminate in 
proximity to other faults (Figs. 4, 11), which suggests that the 
interpreted synvolcanic faults acted intermittently as conduits 
for the ascending felsic magmas. The mafic subvolcanic sills 
also show systematic changes in unit thickness and alteration, 
indicating their emplacement was also controlled by synvolca-
nic faulting (Figs. 4, 11). Further, the occurrence of volcanic 
units with varying signatures (FA, FB, MA) proximal to one 
another near the same interpreted synvolcanic faults also im-
plies that these faults acted as conduits for magmas through-
out the duration of volcanic activity in the basin.

Synvolcanic faults in the ABM zone occur in two dip direc-
tions (Fig. 3): 1) 075° to 105° with dips between 60° and 85°, 
and 2) 150° to 180°, with dips 75° to subvertical. The faults 
are interpreted to be splays of and subordinate to the regional 
East fault, which was likely one of the major faults controlling 
subsidence in the basin. The fault arrangement in the ABM 
zone (Fig. 4) is reminiscent of either a set of listric faults sub-
ordinate to the East fault, a pull-apart basin, or a series of 
half-graben subbasins with horsetail mesh structures; any of 
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these configurations can occur in a modern subsiding basin 
(Parson and Wright, 1996; Wright et al., 1996). The orien-
tation of the above-described drape folds, the thickening of 
the volcaniclastic and sedimentary units toward the southeast 
and the East fault, and the general thickening of Sequence 2 
toward the East fault implies the that the basin hosting the 
ABM deposit was deepening in that direction (i.e., deepening 
toward the southeast). 

Precipitation mechanisms for mineralization

Ore and gangue minerals in VMS systems precipitate due to 
fluid mixing between hot, acidic, metal-rich hydrothermal 
fluids (T = 200°–350°C, pH ~2–5; Hannington et al., 2005 
and references therein) and cold seawater (~ 2°C; Haymon, 
1983). Up to 90% of the metals within the hydrothermal fluids 
vent into the ocean and are lost if the mixing occurs at the sea 
floor (Converse et al., 1984). However, if the hydrothermal 
fluids are introduced to water-saturated facies beneath the 
sea floor, fluid mixing, sulfide precipitation, and zone refin-
ing can be more efficient at forming massive sulfide deposits 
(Doyle and Allen, 2003; Piercey, 2015). Replacement-style 
VMS deposits can form anywhere between 0 and 10 m depth 
down to 200 mbsf, where volcaniclastic facies remain porous 
and permeable (Doyle and Allen, 2003) and lateral fluid flow 
is possible (Piercey, 2015); they also require the presence of 
nonpermeable to semipermeable units (sills, lava flows, argil-
lites) within the stratigraphy that act as barriers for fluid flow, 
and rapid burial rates for most effective sulfide precipitation 
and preservation (Doyle and Allen, 2003). At the ABM de-
posit, felsic volcaniclastic rocks comprise a significant portion 
of the deposit-hosting stratigraphy. Felsic lapilli tuffs in the 
upper Kudz Ze Kayah formation display features typical for 
subaqueous mass flows or eruption-fed density currents (Cas 
and Wright, 1987; McPhie et al., 1993; White, 2000). The 
lapilli tuffs are generally massive, unsorted to poorly sorted 
(Fig. 6F-G) with singular units that can be spatially extensive 
(>0.5 km2) compared to the felsic coherent units (maximum 
of 0.12 km2 in ABM), and over 50 m thick, which implies rapid 
accumulation and burial (McPhie et al., 1993; White, 2000). 
The thickest units occur in Sequence 3, but lapilli tuffs oc-
cur throughout the upper Kudz Ze Kayah formation, indicat-
ing that the style of volcanism remained relatively unchanged 
throughout the deposition of the upper Kudz Ze Kayah for-
mation. Interpreted porous and permeable lithofacies (e.g., 
lapilli tuffs, crystal-rich tuffs, and brecciated contacts of sills 
and flows) that were likely saturated with seawater in the shal-
low subsurface were interbedded with relatively impermeable 
lithofacies (e.g., coherent volcanic facies and possibly lithified 
mudstones/argillites) that likely acted as barriers to fluid flow. 
Moreover, it is possible that coherent portions of volcanic units 
and possibly semipermeable argillite lenses acted as aquitards 
that prevented upward flow of fluids along the synvolcanic 
faults (e.g., Mumin et al., 2007), diverting hydrothermal fluids 
laterally into the water-saturated, unconsolidated volcaniclas-
tic or brecciated rocks. This diversion would have resulted in 
fluid mixing between hot hydrothermal fluids and infiltrated 
seawater in the volcaniclastic rocks and formation of replace-
ment fronts comprising sulfide mineralization and irregular 
alteration zones; these features are observed in drill core ema-
nating outwards from inferred synvolcanic faults (Figs. 4, 11). 

The lateral flow of the hydrothermal fluids within porous and 
water-saturated units also resulted in the formation of later-
ally continuous massive sulfide lenses that parallel stratigra-
phy. Thus, this juxtaposition of lithofacies with varying poros-
ity and permeability proximal to synvolcanic faults controlled 
the hydrothermal fluid flow, mineralization, and distribution 
of the alteration within the upper Kudz Ze Kayah formation.

Subseafloor replacement also creates distinctive hydro-
thermal alteration patterns. In the ABM deposit, replace-
ment-style mineralization is closely associated with pervasive 
white mica alteration; however, unlike in exhalative miner-
alization, pervasive white mica alteration occurs in both the 
hanging wall and footwall to mineralization. This can be ex-
plained in two different ways, both of which are consistent 
with subseafloor replacement. One possible explanation of 
this is that the hanging wall to the mineralization was pres-
ent during hydrothermal activity and sulfide formation, and 
that the mineralized interval was within 200 m of the sea floor 
and not diagenetically sealed, since hydrothermal alteration 
is documented all the way to the contact with the Wind Lake 
formation (Doyle and Allen, 2003). The alternative explana-
tion is that the extended hanging wall to the mineralization 
(Sequence 3) was absent during the main mineralizing event, 
but lower-temperature hydrothermal activity continued inter-
mittently during its later deposition. The absence of signifi-
cant mineralization in Sequence 3 rocks is consistent with the 
second possibility and indicates that the hydrothermal activity 
continued throughout the basin evolution, albeit at tempera-
tures lower than those necessary to precipitate mineralization. 

The alteration and replacement fronts outlined above are 
also reflected in the distribution of Ba in the ABM deposit. 
Barium is a common component of hydrothermal fluids and 
precipitates as Ba minerals due to mixing of the hydrothermal 
fluids with seawater (Von Damm, 1990; Averyt and Paytan, 
2003). Barium-rich minerals such as barite, Ba-rich white 
mica (Large et al., 2001a; Soltani Dehnavi et al., 2019), and 
Ba-rich feldspar are commonly associated with massive sul-
fide mineralization (Lydon, 1984; Franklin et al., 2005). At 
the ABM deposit, the highest Ba values occur nearest to the 
075°-105° set of synvolcanic faults, suggesting that the hy-
drothermal fluids upwelled along these faults. The decrease 
of Ba values along and within sills and flows indicates these 
units had low permeability and acted as local fluid barriers 
(Fig. 4). In addition, Ba distribution (Figs. 4, 11) suggests that 
the immediate hanging wall of the massive sulfide mineral-
ization, comprising the proximal overlying argillite lenses and 
the volcaniclastic rocks in between, acted as a semipermeable 
barrier/aquitard for upwelling hydrothermal fluids and were 
consequently altered by Ba-rich hydrothermal fluids during 
the mineralization stage. Moreover, the lateral distribution of 
Ba into units away from synvolcanic faults is also supportive of 
the Ba- and metal-rich fluids having infiltrated laterally away 
from synvolcanic structures into the unconsolidated volcani-
clastic rocks. In the Krakatoa zone, it appears that the mafic 
sills acted as a partial aquitard for the hydrothermal fluids, as 
anomalous Ba values occur predominantly in the footwall of 
the mafic sills or are associated with the mineralized lenses 
(Fig. 12).

We suggest that the distribution of anomalous Ba values is 
not caused by a later hydrothermal or metamorphic overprint 
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but represents the original fluid pathways and extent of the 
hydrothermal system that formed the massive sulfide miner-
alization and associated alteration zones. We base this on the 
close association of Ba-rich minerals and anomalous Ba values 
with massive sulfide mineralization (Figs. 4, 11, and 12) and 
the presence of hanging-wall alteration that exhibits minor Ba 
enrichment. The presence of argillite in the hanging wall, to-
gether with the Ba distribution, suggest that mineralization 
coincides with a break in volcanism, which is also reflected 
by the change in chemistry from FB rocks in Sequence 2 to 
FA rocks in Sequence 3, indicating that mineralization formed 
during the waning stages of the FB cycle or during the com-
mencement of the second FA cycle. 

The period of volcanic inactivity between Sequence 2 and 
Sequence 3 was likely at minimum 75 k.y., based on estimates 
of settling rates of argillites from the Middle Devonian (e.g., 
Goodfellow and Turner, 1989). Estimates calculated from 
the maximum thickness (adjusted for the drill hole dip) of 
the thickest argillite lens (9.85 m, not corrected for thickness 
changes due to diagenesis) and average shale deposition rates 
(13 cm/1,000 y) from a similar sediment-hosted deposit type 
(e.g., Goodfellow and Turner, 1989) yield a minimum age of 
75,000 years. These rates are similar to the timeframes of 
modern SMS deposits (Jamieson et al., 2014) and those re-
cently calculated for deposits in the Finlayson Lake district 
(e.g., Manor et al., in press). 

The ABM deposit has highly anomalous Zn grades (6.6 wt 
%), and above average tonnage for VMS deposits globally 
(19.1 Mt; Piercey et al., 2015). We suggest that the grade and 
tonnage in the ABM deposit was partly controlled by the basin 
architecture and magmatic activity. In particular, the perme-
ability contrasts between various lithofacies coupled with fluid 
flow controlled by synvolcanic faults allowed for replacement-
style mineralization, which we suggest enhanced both the 
amount of metal precipitated from the hydrothermal fluids 
and increased the efficiency of zone refining, which led to in-
creases of the Zn grade (e.g., Piercey, 2015). These results 
demonstrate the critical importance of understanding basin 
architecture and sulfide emplacement processes and its po-
tential influence on grade and tonnage in ancient VMS depos-
its. By understanding such features and developing criteria 
for recognizing them, it may be possible to determine similar 
geologic environments globally that have similar potential for 
high value deposits

Relationship between ABM and Krakatoa zones

While the distribution of lithogeochemical groups and lithofa-
cies is similar in both zones, the transition between the ABM 
and Krakatoa zones is unclear due to the dextral-oblique off-
set on the East fault (Fig. 3). For example, the mineralization 
in the eastern part of the ABM zone occurs as a single massive 
sulfide lens with argillite and tuff in its hanging wall that ter-
minates on the East fault. The corresponding mineralization 
in the Krakatoa zone, however, comprises several massive sul-
fide lenses located on the upper and lower contacts and within 
the MA mafic sill. This suggests that the hydrothermal system 
in the two zones was likely active during a similar time period, 
that is, after the emplacement of MA sills and the emplace-
ment and deposition of Sequence 1 and 2 felsic rocks, but 
it is unclear whether the alteration and mineralization in the 

two zones are part of the same hydrothermal system, with the 
transition between the ABM and Krakatoa portions eroded 
from the Krakatoa block due to the offset and rotation of the 
block, or the two hydrothermal systems formed in separate 
lower-order basins on each side of the East fault and tapped 
the same source of hydrothermal fluids, likely along the East 
fault itself. Further studies of the hydrothermal alteration and 
ore assemblages in both zones are necessary to determine 
whether the two zones are part of one hydrothermal system 
or if they represent two distinct deposits in separate lower-
order basins.

Petrogenesis of felsic and mafic rocks

Results of this study echo previous regional-scale research 
(Piercey et al., 2001, 2002b, 2003; Murphy et al., 2006; Manor 
and Piercey, 2019) but provide further details on the petro-
genesis of the felsic and mafic volcanic rocks that host the 
ABM deposit. Piercey et al. (2001, 2003) noted anomalously 
high contents of high field strength elements (HFSEs) and 
rare earth elements (REEs) in the felsic rocks of the Kudz Ze 
Kayah formation. Our study further refines the lithostratigra-
phy and has identified two distinct lithogeochemical groups 
of felsic rocks within the upper Kudz Ze Kayah formation: 
1) the FA group, which has relatively high Zr values com-
pared to felsic rocks hosting similar felsic-hosted VMS de-
posits in the geologic record (e.g., Lentz, 1998), and 2) the 
FB group, which has lower HFSE-REE contents compared 
to the FA group. Both groups have calc-alkaline affinities and 
plot as within-plate and A-type felsic rocks (Fig. 8; Pearce et 
al., 1984; Whalen et al., 1987; Ross and Bédard, 2009), and 
their PM-normalized patterns are alike (Fig. 9). Even though 
chondrite-normalized plots show distinct differences in the 
intensity of the negative Eu anomaly, the similarities between 
the two lithogeochemical groups and their close spatial as-
sociation suggest that the two groups have likely melted a 
common source, most likely continental crust (Piercey et al., 
2001, 2003) that was partially melted at relatively low pres-
sures and high temperatures (e.g., Hart et al., 2004 and refer-
ences therein). However, the differences in absolute Zr and 
REE contents, Eu-anomalies, and some immobile element 
ratios (i.e., Zr/Al2O3, Al2O3/TiO2, Zr/Y, Ti/Sc) indicate that the 
two groups formed at differing conditions, likely forming from 
melts that were generated at varying temperatures (Piercey et 
al., 2003). The magmas that formed the FA group felsic rocks 
likely formed at higher temperatures than the rocks of the 
FB group, as melting temperatures can control the HFSE-
REE budget of continental crust-derived melts (Harrison and 
Watson, 1983; Watson and Harrison, 1983; Bea, 1996; Lentz, 
1998; Piercey et al., 2003, 2008; Hart et al., 2004). Both felsic 
groups have LREE enrichment and display negative Nb and 
Ti anomalies in PM-normalized plots, features similar to fel-
sic magmas generated from the remelting of continental arc 
crust and/or continental crust in general (Morris et al., 2000), 
which fits with the general continental back-arc setting for 
these rocks (Piercey et al., 2001). Past studies also suggested 
mantle-crustal mixing due to juvenile basaltic underplating 
(Piercey et al., 2001, 2008), which would impart some man-
tle-like trace element signatures onto the felsic rocks. One of 
these proxies that identifies such inputs is the Nb/Ta ratio that 
is commonly used to distinguish between mantle (Nb/Ta ~17) 
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and upper continental crustal sources (Nb/Ta ~12; Green, 
1995; Barth et al., 2000; McLennan et al., 2003). Group FA 
rocks show higher average values of the Nb/Ta than rocks of 
group FB (FA ~17.8 vs. FB ~12.0), indicative of a higher juve-
nile mantle input into the FA group magmas, a consequence 
of upwelling of basaltic magmas and crustal underplating in 
an extending back-arc basin (Piercey et al., 2008; Piercey, 
2011). Another possible explanation for the higher Nb/Ta val-
ues could be the fractionation of a Ti phase during the ascent 
of the magma, such as titanite and rutile, that favors Ta over 
Nb (Green and Pearson, 1987; Green, 1995). This is unlikely, 
however, as the FA group has higher Ti values than the FB 
group, and Ti minerals such as rutile were observed in thin 
section in both felsic rock groups. Comparing the Ti/Sc values 
for the two groups, the FB group has higher average values 
(FA ~308 vs. FB ~380), which are still lower than typical up-
per crust values (~445; Wedepohl, 1995) and indicative of a 
lesser input from juvenile sources to the FB group than to the 
FA group (Wedepohl, 1995; McLennan et al., 2003; Piercey 
et al., 2008). The presented trace element signatures (Nb/Ta, 
Ti/Sc) indicate that both groups display evidence of mixing 
with juvenile basaltic material, but the FA group rocks have a 
greater juvenile component compared to the FB group rocks.  

The spatial association of the FB1 felsic rocks with the MA 
mafic sills confirms bimodal magmatism in the upper Kudz Ze 
Kayah formation. The FB1 felsic sills and tuffs were emplaced 
and deposited early in the evolution of the ABM basin, given 
that the MA mafic sills intruded along the contacts of the FB1 
felsic sills, and both are hydrothermally altered (Fig. 13A, 
B). The felsic rocks of the upper Kudz Ze Kayah formation 
(FA and FB groups) are interpreted to be products of crustal 
melting due to basaltic underplating, and it is likely that the 
associated mafic rocks formed by modification of leaked and 
upwelling basaltic magmas along synvolcanic conduits. These 
MA group mafic rocks have transitional to calc-alkaline signa-
tures (Fig. 8) and plot in to the MORB, E-MORB and WPB 
fields (Fig. 10). These signatures are common for mafic rocks 
within evolved continental to back-arc environments (Piercey, 
2011) and point to an enriched mantle source and/or a source/
magmas that were contaminated by continental crust (Pearce, 
1996). Relative to the overlying Wind Lake formation maf-
ic rocks, the MA mafic rocks have lower degrees of crustal 
contamination, as demonstrated by the Th/Yb-Nb/Yb and 
Th/Nb-Zr diagrams (Fig. 10C), possibly due to shorter resi-
dence times in the crust and/or due to faster rates of magma 
ascent (Gamble et al., 1995; Piercey et al., 2002a), while hav-
ing a similar mantle source as the Wind Lake formation mafic 
rocks. This argument is supported by the similar Nb/Ta for 
both groups, ~16, indicating a mantle of either lithospheric or 
asthenospheric origin (Piercey et al., 2001, 2008). Although 
the mafic sills with MA signatures occur throughout Sequence 
2 in the deposit area, their volume is relatively minor com-
pared to the Wind Lake formation mafic rocks regionally. The 
MB mafic rocks, occurring as relatively thin mafic sills intrud-
ing mostly Sequence 3 rocks, have geochemical signatures 
similar to those of the mafic tuffs in the Wind Lake formation, 
specifically to the “4b” groups of Piercey et al. (2002b; Fig. 
10). The occurrence of mafic sills with MB signatures at the 
top of Sequence 3 (Fig. 4) suggests that the mafic tuffs at the 
base of the Wind Lake and the MB mafic sills have a common 

source and formed roughly at a similar time, after the deposi-
tion of Sequence 3 (Fig. 13E). 

Most known VMS deposits are interpreted to be associated 
with hot, shallow synvolcanic intrusions that are comagmat-
ic with rhyolitic volcanism and they are interpreted to have 
acted as heat sources for the developing VMS hydrothermal 
systems (Galley, 2003; Franklin et al., 2005). In some cases, 
spatially associated subvolcanic intrusions postdate the VMS 
mineralization (Galley, 2003; Barrote et al., 2020) and are 
viewed as indicators of elevated heat gradients in the rift envi-
ronment, due to their crystallization ages being younger than 
the VMS deposits, rather than the immediate drivers of VMS 
hydrothermal circulation (Hart et al., 2004; Piercey, 2011). 
Volcanic rocks in the Kudz Ze Kayah formation have simi-
lar compositions to the Grass Lakes Plutonic Suite intrusive 
rocks (Piercey et al., 2003; Murphy et al., 2006; Manor and 
Piercey, 2019), and the latter have been hypothesized as the 
heat source for the ABM hydrothermal system (Piercey et al., 
2003). However, recent U-Pb geochronology in the district 
has shown that the plutonic suite postdates the deposition of 
the upper Kudz Ze Kayah formation by ~900 k.y. (Manor et 
al., in press); thus, these granitoids did not directly contribute 
to the heat flow regime that generated the ABM deposit, but 
they are likely the upper crustal manifestations of elevated 
geothermal gradients within a rift environment at a regional 
scale (e.g., Piercey et al., 2008; Piercey, 2011). The occurrence 
of multiple magmatic and volcanic events of varying compo-
sition ranging from mafic to felsic within the back-arc basin 
implies an enduring elevated heat gradient and, by extension, 
the likely presence of a heat corridor underlying the back-arc 
basin (e.g, Galley, 2003; Piercey, 2011). 

This heat corridor also underwent heat gradient fluctuations 
as recorded by the litho- and chemo-stratigraphy of the up-
per Kudz Ze Kayah formation, which suggests potential heat-
ing and cooling cycles during its evolution. For example, the 
FA group REE-HFSE signatures show that they were likely 
generated at relatively higher temperatures relative to the 
FB group rocks, reflecting a high- to low-temperature cool-
ing cycle (Piercey et al., 2001, 2003). It would be expected 
that the FA rocks should be associated with the VMS miner-
alization, given their high-temperature origin (Piercey et al., 
2008; Piercey, 2011), yet the FA rocks are not directly associ-
ated with the massive sulfide mineralization, which is instead 
hosted by Sequence 2 rocks with FB signatures (Figs. 4, 11, 
and 12). Rather, the mineralization occurs in FB rocks in in the 
upper portions of Sequence 2 associated with argillite lenses at 
the transition from Sequence 2 to Sequence 3, indicating that 
the massive sulfide mineralization occurred during the waning 
stages of lower-temperature FB volcanic activity or during a 
period of volcanic quiescence before the restart of a second cy-
cle of higher-temperature FA felsic volcanism (Fig. 13). Dur-
ing such a period of quiescence, the influx of FA magma into 
the chamber at depth could have acted as a heat source that 
sustained the mineralizing hydrothermal system (e.g., Cathles 
et al., 1997; Cathles, 2011). The duration of the period of vol-
canic inactivity at the transition from Sequence 2 to Sequence 
3 was at minimum 75 k.y., as evidenced by the thickness of the 
argillite lenses, which fits within the timeframe of ~400 k.y. for 
the deposition of 250 m of stratigraphy in the upper part of the 
Kudz Ze Kayah formation (Manor et al., in press) and is typical 
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Fig. 13. Series of schematic diagrams of idealized stratigraphy of 6815400 mN long section though time showing the deposi-
tion of the upper Kudz Ze Kayah formation and the massive sulfide mineralization. (A) Deposition of Sequence 2 rocks with 
Felsic B (FB) signatures on top of Sequence 1 rocks with Felsic A (FA) signatures. In Sequence 2, rocks with FB2 signatures 
deposited first, followed by deposition of FB1 tuffs, emplacement of FB1 sills, and continued deposition of FB2 volcaniclastic 
rocks, flows, and sills. (B) Emplacement of Mafic A (MA) mafic sills along the contacts of pre-existing FB1 felsic sills. (C) 
Break in volcanism, argillite lenses deposited on top of Sequence 2, massive sulfide mineralization formed in the subsurface. 
(D) Deposition of Sequence 3 volcaniclastic and volcanic rocks with FA signatures. (E) Switch to mafic alkaline volcanism, 
deposition of Wind Lake formation rocks. (F) Current erosion level pictured without overlying till.
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for the lifespan of VMS districts in the ancient record (<2 m.y.; 
Cathles et al., 1997; Franklin et al., 2005). The evidence for 
multiple heating cycles within the ABM stratigraphy implies 
that the mineralizing processes were associated with high-
temperature magmatic pulses and input of juvenile material in 
the magma chamber, possibly during a high-temperature part 
of a magmatic cycle, similar to what is observed in continental 
arcs (De Silva et al., 2015). This suggests that the source for the 
heat that induced the hydrothermal system was prolonged and 
associated with a deep-seated magma chamber that elevated 
the crustal-level geothermal gradient, creating a thermal cor-
ridor that could sustain robust hydrothermal activity that led 
to VMS mineralization. Thus, in the Finlayson Lake district, 
shallow subvolcanic intrusions (and spatially associated min-
eralization) were a product of elevated geothermal gradient 
of the environment, but the subvolcanic intrusions themselves 
were not responsible for driving VMS hydrothermal circula-
tion and deposit formation.

Conclusions
Reconstruction of the basin architecture of the Upper Devo-
nian Kudz Ze Kayah formation shows that the rocks hosting 
the ABM VMS deposit were deposited in a back-arc basin at 
least 1,500 m deep with an active volcanic center and associat-
ed with synvolcanic faults. The identification of significant and 
systematic changes of the thickness of the sedimentary and 
volcaniclastic units, together with the distribution of coherent 
volcanic and subvolcanic rocks, allowed for the reconstruction 
of two sets of synvolcanic faults that were active during the 
deposition and emplacement of the lithostratigraphic units. 
Argillite lenses acted as semipermeable barriers at the top of 
the volcanosedimentary pile, trapping the hydrothermal flu-
ids that ascended along synvolcanic faults and forcing them to 
permeate laterally into the subsurface, which likely resulted 
in more efficient sulfide precipitation and greater abundance 
of metals preserved and enhanced zone refining, and gener-
ated the elevated Zn tonnages and grades in the ABM deposit. 
The distribution of Ba can be used to map out areas with the 
most intense fluid flow, and in the ABM deposit, these coin-
cide with synvolcanic faults, zones of pervasive alteration, and 
lenses of massive sulfide mineralization. The main argillite 
lens marks a period of volcanic quiescence that coincides with 
a change in the geochemistry of the footwall and hanging-wall 
felsic volcanic rocks and during which period the massive sul-
fide mineralization formed. 

The reconstructed litho- and chemo-stratigraphy demon-
strates that the ABM and Krakatoa zones were likely part of 
the same basin, but possibly in separate subbasins, with the 
Krakatoa zone likely closer to the volcanic center due to the 
higher relative abundance of coherent rocks. Mineralized 
lenses in both zones occur at roughly the same stratigraphic 
position and were either connected and part of the same hy-
drothermal system or they represent two separate systems but 
tap the same fluid source at depth. 

Although they are not directly associated with the mineral-
ization, FA group volcanic rocks at the ABM deposit serve as 
an important indicator of the elevated geothermal gradient 
in the basin, which is a key factor in the formation of VMS 
mineralization. High Zr values (>550 ppm), together with ele-
vated HFSEs, REEs, and higher Nb/Ta ratios associated with 

the FA felsic volcanic rocks, reflect much higher temperatures 
and a higher degree of mixing of crustal melts with juvenile 
material compared to the FB felsic rocks. The cyclicity of the 
magma output represented by the systematic changes in geo-
chemical signatures and the bimodal character of volcanism in 
the upper Kudz Ze Kayah formation suggest an elevated geo-
thermal gradient within the back-arc basin due to the pres-
ence of a magmatically-driven thermal corridor underlying 
the basin. This elevated geothermal gradient was critical for 
driving hydrothermal circulation that formed the VMS miner-
alization at the ABM deposit.

The lithostratigraphic and geochemical features of the host 
rocks of the ABM deposit outlined in this study can be used as 
guidance for identifying prospective horizons and sequences 
in similar environments globally that formed within continen-
tal back-arc basins with associated bimodal volcanism.
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