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Abstract: Polymetallic (Ni-Mo-Zn-Pt-Pd-Au-Re) hyper-enriched black shales in the northern Canadian 
Cordillera consist of thin, semi-massive sulfides interbedded with black shale. We studied HEBS deposits 
at Nick, Peel River, Monster River, and Moss in northern Yukon, and at a single locality underlying the 
Cardiac Creek Pb-Zn-Ag deposit in northeastern British Columbia. High-grade mineralization contains 
up to 7.4 weight per cent Ni, 2.7 weight per cent Zn, 0.38 weight per cent Mo, 400 ppb Pt, 250 ppb 
Pd, 160 ppb Au, and 58.5 ppm Re. Sulfide mineralization formed during syngenesis to later diagenesis.  
Analyses by LA-ICP-MS indicate that pyrite is the principal host of platinum-group elements, Au, and 
Re. Mineralization and sedimentation were coeval based on the overlap between Re-Os geochronology 
of HEBS at Nick and Peel River (390.7 ± 5.1 and 387.3 ± 4.4 Ma, respectively) and conodont biostrati- 
graphic ages of sedimentary host rocks. Bulk S isotope composition of HEBS is uniformly negative,  
indicating that bacterial reduction of seawater sulfate generated sulfur to precipitate sulfide minerals. 
The initial Os ratios at Peel River (0.25 ± 0.07) and Nick (0.32 ± 0.20) overlap with Middle Devonian  
seawater, suggesting that elemental enrichment was derived from seawater.

Résumé : Dans le nord de la Cordillère canadienne, des shales noirs surenrichis renferment une  
minéralisation polymétallique (Ni-Mo-Zn-Pt-Pd-Au-Re) constituée de fines couches de sulfures  
semi-massifs interstratifiées dans les shales. Nous avons étudié cette minéralisation de shales noirs suren-
richis aux gîtes de Nick, de Peel River, de Monster River et de Moss, dans le nord du Yukon, ainsi qu’à 
un endroit isolé où une telle minéralisation est présente sous le gisement de Pb-Zn-Ag de Cardiac Creek, 
dans le nord-est de la Colombie-Britannique. La minéralisation à forte teneur contient jusqu’à 7,4 % en 
poids de Ni, 2,7 % en poids de Zn, 0,38 % en poids de Mo, 400 ppb de Pt, 250 ppb de Pd, 160 ppb de 
Au et 58,5 ppm de Re. La minéralisation sulfurée est de formation syngénétique à tardigénétique. Les 
analyses par LA-ICP-MS (spectrométrie de masse avec plasma à couplage inductif jumelée à l'ablation 
par laser) révèlent que la pyrite est la principale phase hôte des éléments du groupe du platine, de Au et de 
Re. La minéralisation est contemporaine de la sédimentation d’après le chevauchement de la géochrono- 
logie Re-Os des shales noirs surenrichis des gîtes de Nick et de  Peel River (390,7 ± 5,1 et 387,3 ± 4,4 Ma, 
respectivement) et des âges biostratigraphiques révélés par des conodontes présents dans les roches hôtes 
sédimentaires. La composition isotopique du soufre dans des échantillons en vrac de shales noirs suren-
richis est uniformément négative, ce qui indique qu’une réduction bactérienne des sulfates de l’eau de mer 
a produit le soufre qui a précipité sous forme de minéraux sulfurés. Les rapports initiaux de Os aux gîtes de 
Peel River (0,25 ± 0,07) et de Nick (0,32 ± 0,20) chevauchent ceux de l’eau de mer du Dévonien moyen, 
ce qui suggère que l’enrichissement en Os tire sa source de l’eau de mer.
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INTRODUCTION AND 
BACKGROUND INFORMATION

Hyper-enriched black shale (HEBS), also referred to as 
highly metalliferous black shale (Johnson et al., 2017), is an 
important global repository for Zn, Ni, Cu, Mo, Se, U, V, Cr, 
Co, Ag, Au, Re, platinum-group elements (PGE), and rare-
earth elements (REE; Jowitt and Keays, 2011). Johnson et al. 
(2017) defined HEBS as having Mo+Ni+Zn+Se+V greater 
than 1500 ppm, which is more than three times higher than 
the United States Geological Survey black shale standard 
SDO-1 (Kane, 1993). The best known example of HEBS 
in Canada is the Nick Ni-Zn-Mo-PGE-Re-Au prospect, 
Yukon (Hulbert et al., 1992), which was discovered in 1981 
by Cominco while following up on a Geological Survey of 
Canada stream-sediment survey (Garrett et al., 1977; Parry 
and Carne, 1989). The nickel sulfide layer at the Nick pros-
pect is thin (3–10 cm) and discontinuously crops out over a 
strike length of 100 km (Parry and Carne, 1989). This style of 
mineralization has been recognized in many locations across 
northern Yukon, including at Peel River (Dumala, 2007b, c; 
Crawford et al., 2019), Moss (Dumala, 2007d; Gadd et al., 
2019a) and Rein (Caulfield, 1997; Fig. 1). Hyper-enriched 
black shale mineralization was thought to be absent at 
Monster River (Dumala, 2007b); however, HEBS with a 
composition typical of other Yukon examples was identified 
there during summer 2018 (Gadd, Peter, Fraser et al., this 
volume). At least four other localities with a HEBS metal 
enrichment signature (Ni, Mo, Zn anomalies) in surficial 
media have been identified, but bedrock mineralization has 
not yet been located (Gregory, 2008a, b, c, d). Polymetallic 
HEBS have also been recently discovered in the Kechika 
trough, which is the southern extension of the Selwyn Basin 
in northeastern British Columbia (Fig. 1; Peter et al., 2018a). 
The HEBS mineralization that underlies the Cardiac Creek 
sedimentary exhalative (SEDEX) Ag-Pb-Zn-Ba deposit in 
British Columbia (Peter et al., 2018a) is mineralogically 
and geochemically similar to that in Yukon. This HEBS 
is interpreted to be the same age as those in Yukon (Gadd  
et al., 2020) but is more than 1000  km away from the  
nearest exposure in Yukon.

Hyper-enriched black shale deposits in Yukon and 
British Columbia (Fig. 1) are well endowed with metals and 
contain up to 7.4 weight per cent Ni, 2.7 weight per cent Zn, 
0.38 weight per cent Mo, 400 ppb Pt, 250 ppb Pd, 160 ppb 
Au, and 58.5 ppm Re (Table 1). Despite exceptional metal 
grades and intensive exploration, the HEBS in northwestern 
Canada has not been studied in detail and their genesis is 
poorly understood. There is significant potential for further 
discoveries, but the lack of understanding of HEBS genesis 
 hampers exploration. To address this, we conducted a five-
year research program that applied multiple investigative 
methods to determine the origin and nature of these metal- 
rich shale deposits across the Canadian Cordillera in Yukon 
and British Columbia. Several concurrent research avenues 

were pursued. This work involved lithogeochemical studies 
(Gadd and Peter, 2018; Crawford et al., 2019; Gadd et al. 
2019a; Gadd, Peter, Fraser et al., this volume), stable (i.e. 
S, Mo, and Tl) and radiogenic (i.e. Re-Os) isotopic studies 
(Crawford et al., 2019; Gadd et al., 2019a, 2020; Gadd et al., 
work in progress, 2021), and mineralogical studies (Gadd 
and Peter, 2018; Peter et al., 2018a; Gadd et al., 2019b). In 
this paper, we summarize the salient findings on the forma-
tion of HEBS using the examples we studied in northern 
Yukon and British Columbia. We also present exploration 
guidelines and implications resulting from these findings.

REGIONAL GEOLOGY

Richardson and Blackstone troughs
Hyper-enriched black shale mineralization in north-

ern Yukon is located within Paleozoic basinal strata of the 
Richardson and Blackstone troughs (Fig. 1). The Richardson 
trough is bounded to the east by the Mackenzie platform 
and to the west by the Yukon block (Fig.  1), which were 
stable shelf features during the early Paleozoic (Morrow, 
1999). The Blackstone trough is on the south margin of the 
Yukon block and is stratigraphically continuous with the 
Richardson trough (Norris, 1997). Sedimentary strata within 
the Richardson and Blackstone troughs are characterized 
by less than 1000  m of fine-grained, carbonaceous silici-
clastic rocks of the upper Cambrian to Middle Devonian 
Road River Group (Fig. 1, 2a; Norris, 1997; Morrow, 1999; 
Strauss et al., 2020). The Canol Formation overlies the Road 
River Group and consists of up to approximately 220  m 
of Middle Devonian to early Upper Devonian cherty, car-
bonaceous shale (Fraser and Hutchison, 2017). The Late 
Devonian Imperial Formation, a deep-water shale interbed-
ded with turbiditic sandstone, overlies the Canol Formation 
(Lane, 2007).

Hyper-enriched black shale mineralization is at the 
stratigraphic contact between the Road River Group and 
Canol Formation (Fig.  2b–e, 3a, b). The HEBS layer is 
thin (1–10 cm) and consists of approximately 40 to 60 vol-
ume per cent sulfides interbedded with black, siliceous shale 
(Fig.  3c, d; Hulbert et al., 1992; Gadd et al., 2019b). The 
upper and lower contacts with the enclosing host rocks are 
typically sharp, but minor slumping into the underlying sili-
ceous shales may be locally present (Fig. 3d). There is minor 
to abundant biogenic debris present that includes conodont 
elements and pyrite permineralized plant matter (Fig.  3c; 
Gadd and Peter, 2018) and a relatively low abundance of 
terrigenous clastic detritus (Table  1; Gadd et al., 2019a). 
Igneous rocks are not present within the vicinity of any of 
the HEBS localities, but Upper Devonian plutonic rocks 
occur northeast of the Richardson trough (>100  km from 
nearest HEBS; Lane, 2007). 
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The nature of the contact between the Road River Group 
and the overlying Canol Formation has been variably inter-
preted as conformable, disconformable, and unconformable 
(e.g. Pugh, 1983; Morrow, 1999; Fraser and Hutchison, 
2017). Recent research indicates that the contact is likely 
conformable and the uppermost portion of the Road River 
Group is a condensed section (Fraser and Hutchison, 2017; 
Gadd and Peter, 2018; Gadd et al., 2020). Condensed sections 
form in response to shoreline transgressions and are gener-
ally considered to represent maximum flooding surfaces 

(Loutit et al., 1988) that are starved of clastic sediments, so 
that thin (centimetre-scale) beds represent relatively long 
durations of sedimentation (Schutter, 1996). Several crite-
ria are used to identify condensed sections (Schutter, 1996); 
criteria relevant to the HEBS in Yukon are high abundances 
of authigenic minerals (e.g. carbonate concretions outlined 
in Fig. 3a, b), abundant biogenic debris (e.g. petrified wood 
in Fig. 3c), and high abundances of metals and widespread 
geographic distribution (Fig. 4a–d).

Figure 1. Map of the ancestral North American passive continental margin displaying locations of key 
hyper-enriched black shale (HEBS) localities and sedimentary exhalative (SEDEX) Zn-Pb districts  
(modified from Goodfellow, 2007) in British Columbia, Yukon, and Northwest Territories.
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Figure 2. a) Devonian stratigraphy of Richardson trough in northern Yukon with schematic stratigraphic sec-
tions that highlight the lithostratigraphy at the b) Eagle Plains, c) Peel River (note break in scale below –3.2 m),  
d) Monster River, and e) Nick hyper-enriched black shale (HEBS) localities. The 0 m mark is positioned at the 
base of the HEBS layer, which occurs at the stratigraphic contact between the Road River Group and the Canol 
Formation. The ages are based on the Devonian time scale of Becker et al. (2012).
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Kechika trough
The Kechika trough is the southern extension of the 

Selwyn Basin and is bounded by shallow-water autochtho-
nous sedimentary rocks to the east (MacDonald Platform).  
To the west, the Kechika trough is bounded by the Tintina 
fault (Fig. 1). The Kechika trough is situated along the ances-
tral margin of the North American continent and contains 
late Cambrian to late Triassic clastic and carbonate rocks. 
Palinspastic restoration of the Kechika trough in the Middle 
to Late Devonian (time of HEBS formation; see Timing and 

Age of Mineralization, below) suggests it was an asymmet-
rical half-graben system measuring 30 to 40 km wide by at 
least 90  km (and probably 150–180  km) long (McClay et 
al., 1989).

The oldest rocks are Proterozoic to early Cambrian 
coarse grits of the Windemere Supergroup, and these are 
overlain by the Cambrian to Ordovician Kechika Group. The 
latter is an approximately 1.5 km thick succession of mud-
stone and limestone, with a few tuffs and felsic dykes. The 
Kechika Group is unconformably overlain by Ordovician to 

Figure 3. a), b) Photographs taken at the (a) Peel River and (b) Nick showings, Yukon, highlighting the 
relationship between concretion-bearing (outlined in white) Road River Group shales in contact with hyper- 
enriched black shale (HEBS; red line) and overlying Canol Formation rocks. NRCan photos 2020-131, 2020-132  
c), d) Close-up photographs of HEBS show (c) an exposed surface of HEBS containing pyrite-permineralized 
terrestrial flora at Peel River and (d) stratiform HEBS (outlined in red) interbedded with carbonaceous shales at 
Nick. NRCan photos 2020-133, 2020-134 (All photographs by J.M. Peter)
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Early Devonian clastic, carbonate, and volcanic rocks of the 
Road River Group, which represent the transition between 
platform and basin rocks.

The Road River Group occurs throughout the Kechika 
trough and has been informally subdivided into three units 
(MacIntyre, 1998): 1) Lower Road River group — interbed-
ded siltstone, shale, limestone turbidites, and debris flows; 2) 
Ospika volcanics — mafic flows and sills interbedded with 
the lower Road River group; and 3) Upper Road River group 
— Silurian siltstone, underlying the Paul River Formation 
(deep-water marine turbidites: black chert, black shale, 

limestone debris flows, silty shale, and siltstone), which 
onlaps the Early to Middle Devonian Akie and Kwadacha 
reefs that consist of limestone and shale.

The Middle Devonian to Mississippian Earn Group 
overlies the reefs, and comprises carbonaceous and siliceous 
shale; argillite; phyllitic shale; and coarse, quartzose turbid-
ites. The Earn Group is subdivided into three formations 
(Warneford, Akie, and Gunsteel) and collectively represents 
a major marine transgression that terminated reef growth 
and deposited sediments onto the MacDonald Platform. The 
Gunsteel Formation is the lowermost part of the Earn Group 
and consists of carbonaceous and siliceous shale, argillite, 

Figure 4. Bulk-rock trace-element geochemistry results of stratigraphic sections at the a) Peel River locality, b) 
Nick property, c) Monster River locality, and d) Moss locality, Yukon. The horizontal red line denotes the posi-
tion of hyper-enriched black shale (HEBS) at the stratigraphic contact between the Road River Group and the  
Canol Formation.
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and cherty argillite, with laminated pyrite and nodular bar-
ite in places. This formation hosts the Cardiac Creek (Akie) 
and other SEDEX deposits. The Akie Formation, compris-
ing phyllic shale to silty shale and siltstone, overlies the 
Gunsteel Formation and forms the uppermost part of the 
Earn Group. The youngest rocks of the Earn Group are the 
Warneford Formation, which is intercalated with the Akie 
Formation and consists of chert pebble conglomerate, quartz 
wacke, and siltstone.

Immediately below the Gunsteel Formation is the Paul 
River formation, which comprises cherty shale, turbid-
ite sequences, debris flows, and fossiliferous limestone. 
Underlying the Paul River formation are calcareous silt-
stones of the Road River Group (J.M. Peter et al., unpub. 
lithogeochemistry data, 2020).

LITHOSTRATIGRAPHY

Richards and Blackstone troughs
The lithostratigraphic sections at the Nick, Peel River, 

Moss, and Monster River HEBS localities are nearly identi-
cal, with only minor local lithological variations (Fig. 2b–e). 
A typical section comprises, from bottom to top: 

1.	 a 2 to 20  m thick black shale with 1 to 1.5  m diame-
ter calcareous concretions colloquially referred to as the 
‘limestone ball member’ (Fig. 3a, b). Shale beds drape 
around concretions, and bedding is preserved within 
some concretions; 

2.	 an up to 120 cm thick layer of siliceous, black shale with 
centimetre-scale barite and calcite nodules; 

3.	 a 1 to 10 cm thick stratabound, stratiform semi-massive 
Ni-Zn-Fe-sulfide HEBS layer (Fig. 3c, d). Samples typ-
ically contain a number of sedimentary textures that 
include laminar bedding disrupted by soft-sediment 
deformation (Fig. 3d); 

4.	 and black, siliceous shale to black cherty shale that is in 
sharp contact with the underlying HEBS mineralization. 

The HEBS layers across northern Yukon possess strik-
ing enrichments in a broad suite of elements relative to 
the enclosing sedimentary rocks (Table 1; Fig. 4a–d). The 
enrichment occurs conspicuously at the regional strati-
graphic contact between the Road River Group and Canol 
Formation, where HEBS mineralization is documented at 
each of the studied localities. Peel River is the only local-
ity that is significantly different from the others in that three 
distinct HEBS layers have been documented there (Fig. 2c; 
Gadd et al., 2019b). These additional HEBS layers underlie 
the regional stratigraphic contact and are interbedded with 
carbonaceous shales of the Road River Group.

Akie property, Kechika trough
Hyper-enriched black shale mineralization on the Akie 

property has only recently been recognized; the account 
within this section is after Peter et al. (2018a; unpub. litho-
geochemistry data, 2020). The HEBS on the Akie property 
is generally approximately 3 to 20 m stratigraphically below 
the base of the SEDEX mineralization (which occurs within 
the Gunsteel Formation of the Earn Group). The HEBS is 
broadly situated at the stratigraphic contact between the 
underlying Road River Group and the overlying Paul River 
formation, or within the latter, near its base. The HEBS 
has been intersected in exploration drill cores over a strike 
distance of approximately 5.5 km. There are differences in 
stratigraphic detail, depending on location on the Akie prop-
erty. In the northwesternmost intersections (strata strike 
northwest-southeast), the HEBS forms a 10 to 20 cm true 
thickness (folded and deformed) layer within a deep-water 
cherty shale member. In the central intersections, the HEBS 
occurs within reef-marginal debris flows, and in the south-
easternmost intersections, the HEBS occurs at the contact 
between underlying calcareous siltstone of the Road River 
Group and overlying fossiliferous Devonian Kwadacha lime-
stone. In general, mineralization is ‘weak’ (disseminated), 
and not semi-massive to massive. The apparent differences 
in stratigraphic and textural detail can likely be explained by 
resedimentation of the HEBS in places; in most drill cores 
examined, the primary, non-resedimented HEBS occurs 
at the contact between the underlying calcareous siltstone 
and the immediate hanging wall is fossiliferous limestone 
of the Paul River formation (J.M. Peter et al., unpub.  
lithogeochemistry data, 2020).

LITHOGEOCHEMISTRY
Hyper-enriched black shale mineralization contains sig-

nificant abundances of myriad elements, and the ranges and 
mean abundances of major, minor, and trace elements are 
presented in Table 1. The bulk compositions of the HEBS 
in Yukon are similar among localities. The most notable 
major elements are Ni, Fe, and S because these consti-
tute the majority (by weight) of the HEBS. Notable minor 
(0.1–1 weight  per cent) elements include Zn, As, Se, Mo, 
and Ba; their concentrations are moderately to significantly 
enriched compared to average upper continental crust (e.g. 
Rudnick and Gao, 2014). The concentrations of trace ele-
ments Sb, Re, Tl, Au, and PGE (particularly Pt and Pd) are 
also significantly enriched in HEBS. At Peel River, all of 
the HEBS layers are compositionally similar (Gadd et al., 
2019b).

The lithogeochemistry of HEBS on the Akie property is 
somewhat different compared to HEBS from northern Yukon 
(Table 1). Although the metal enrichment suite in the HEBS 
on the Akie property (Ni, Zn, Se, As, Cu, Mo, Co, Re, Te, 
Pt, Pd, and Au) is strongly similar to that in the Yukon, the 
HEBS on the Akie property is generally more phosphatic and 
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calcareous with lower metal (Mo, Pt, Pd, Re, and Au) abun-
dances than HEBS in Yukon. The compositional differences 
can be attributed to dilution by carbonate (eroded) from the 
ancient carbonate platform margin on the Akie property. The 
HEBS on the Akie property is also more enriched in Zn and 
Pb compared with Yukon HEBS, perhaps due to the close 
spatial relationship of the Cardiac Creek Pb-Zn deposit, 
and fluids responsible for the Cardiac Creek deposit may 
have overprinted or modified the composition and mineral-
ogy of the Akie property HEBS (J.M. Peter et al., unpub.  
lithgeochemistry data, 2020).

MINERALOGY

Yukon
Hyper-enriched black shale mineralization is approx-

imately 40 to 60  volume  per cent sulfide minerals; the 
remainder comprises silicate minerals, phosphate minerals, 
and amorphous organic carbon (Hulbert et al., 1992; Gadd 
and Peter, 2018; Gadd et al., 2019b). The sulfide minerals 
within the HEBS are very fine grained mixtures of pyrite, 
Ni-sulfide minerals (millerite or vaesite), and sphalerite; dis-
crete (pure) phases free of sulfide mineral inclusions are rare 
(Fig. 5a–f). This is especially true for millerite and vaesite, 
which nearly ubiquitously have pyrite and/or sphalerite 
inclusions. The predominant Ni-sulfide mineral in the HEBS 
at the Nick prospect is vaesite, whereas millerite is the pre-
dominant Ni-sulfide mineral at the other localities (Gadd and 
Peter, 2018). The nonsulfide mineralogy is fairly consistent 
among the studied localities, consisting of quartz, barite, 
apatite, and pyrobitumen with trace to minor hyalophane 
and K-feldspar (Gadd and Peter, 2018). 

Pyrite in the HEBS layers has varied and complex tex-
tures, consisting of framboids (<0.003–0.1 mm in diameter) 
and minute crystallites (0.01–0.1 mm) within the mudstone 
matrix (i.e. matrix pyrite; Fig. 5a–c). Other pyritic features 
include replacements of organic remains (e.g. terrestrial plant 
matter; Fig. 5c) and nodules replete with silicate inclusions 
(Fig. 5d). Siliceous pyrite consists of very fine networks of 
anhedral pyrite interstitial to silicate minerals within the 
mudstone matrix (Fig. 5e); this pyrite variety occurs most 
commonly in close spatial proximity to millerite (Fig. 5e). 
A rare feature of the upper HEBS layer at Peel River is late-
stage pyrite-marcasite veins (Fig. 5g). The veins comprise 
predominantly pyrite and marcasite, together with minor 
Ni- and As-enriched pyrite at the vein margins. The veins 
crosscut all bedded features within the mineralization, indi-
cating that vein formation is the latest paragenetic event with 
respect to sulfide mineralization.

Vaesite and millerite also occur in several forms (Gadd 
and Peter, 2018; Gadd et al., 2019b). Most commonly, the 
Ni-sulfide minerals consist of anhedral, blebby masses that 

contain minute inclusions of matrix pyrite (Fig. 5a, b). The 
blebs occur in the mudstone matrix (Fig.  5a,  b) and also 
encrust pyritic features (Fig.  5c,  e). Euhedral millerite is 
associated with late quartz cement and is less common than 
anhedral forms (Fig. 5e).

Laser-ablation ICP-MS data reveal complex element 
distributions among sulfides (Fig.  6a–c). Pyrite is a sig-
nificant sink for many trace elements, and its texture is an 
important control on trace-element composition (Gadd and 
Peter, 2018; Gadd et al., 2019b). The PGE host mineral is 
predominantly pyrite. Millerite is devoid of PGE (Fig. 6a, 
c), whereas vaesite is host to variable amounts (Fig. 6b). The 
incorporation of PGE into pyrite, from a paragenetic stand-
point, is relatively early. This is established because (rare) 
late pyrite-marcasite veins free of PGE crosscut-bedded, 
PGE-bearing sulfides (Fig. 6c; Gadd et al., 2019b). Nickel 
(and Co-Zn-As-Cd-Sb; not shown) is enriched in the sulfide 
veins relative to the pyrite matrix (Fig. 6c), suggesting base 
metals were remobilized during late diagenetic fluid flow. 
The trace-element composition of pyrobitumen from Peel 
River and Nick has also been investigated and indicates that, 
although V, Zn, and Ni are moderately enriched and Re and 
Au occur in trace abundances, PGE are largely absent (Gadd 
et al., 2017; Henderson et al., 2019).

British Columbia
The mineralogy within the HEBS on the Akie property 

is similar, but not identical, to that in Yukon (Peter et al. 
2018a; Gadd et al., work in progress, 2021; K. Haimbodi et 
al., unpub. mineral chemistry data, 2020). Sphalerite is more 
abundant than Ni-sulfide minerals, which include millerite 
(major), pentlandite (minor to trace), gersdorffite (trace), and 
violarite (trace). There are several textural varieties of pyrite 
present, including framboids, nodules, and replacements of 
organic remains (Peter et al., 2018a). Trace sulfide minerals 
include chalcopyrite, tennantite–tetrahedrite, galena, Se-rich 
galena, and clausthalite (PbSe). Gangue minerals consist 
of quartz, apatite, carbonate minerals, pyrobitumen, and  
aluminosilicates (and barite or other Ba-rich minerals). Much 
like HEBS in Yukon, the mineral textures reveal a complex 
paragenesis that suggests protracted sulfide mineralization 
that initiated early in the paragenetic history and extended 
into diagenesis (Gadd et al., work in progress, 2021). There 
are at least two textural varieties of both pyrite and sphaler-
ite that indicate early diagenetic growth, and encrustations 
of millerite on these minerals suggests it formed paragene- 
tically later. Additionally, the close proximity of the HEBS and 
overlying SEDEX mineralization suggests that the (later) 
Pb-Zn mineralizing fluids may have flowed diffusively 
through the HEBS in the footwall (Peter et al., 2018a).
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TIMING AND AGE OF 
MINERALIZATION

An early application of Re-Os geochronology in black 
shales determined a Devonian age (380–367 Ma) for Nick 
prospect HEBS mineralization (Horan et al., 1994). The 
broad age range agreed with established stratigraphic rela-
tionships but since Horan et al. (1994) was completed, Re-Os 
geochronology methods have allowed for much greater 

analytical precision (Stein, 2014). New Re-Os geochrono-
logical analyses using more refined methods than Horan et al. 
(1994) give isochron ages of 387.5 ± 4.4 and 390.7 ± 5.1 Ma 
for the Peel River and Nick HEBS, respectively (Gadd  
et al., 2020). Geochronology of HEBS from the Moss 
locality (389.4 ± 5.7 Ma; Gadd et al., unpub. data, 2021) is 
consistent with the other localities, indicating that mineral- 
ization ages are identical, within error, and that the Moss 
locality is coeval with Peel River and Nick.

Figure 5. Backscattered-electron images of a) vaesite-pyrite mineralization from the Nick property consisting of relatively coarse- and 
fine-grained intergrowths of vaesite and pyrite with disseminated pyrite in the mudstone matrix (sample Nick89-11); b) fine-grained, vari-
able-diameter framboidal pyrite within mudstone matrix and anhedral millerite blebs (sample 17-POA-072, Peel River); c) sooty pyrite 
replacing carbonaceous material from terrestrial flora with a millerite rim at the outer margin; a small, indeterminate conodont fragment 
within the mudstone matrix is also visible (sample 17-POA-049b, Peel River); d) sooty pyrite mantled by subhedral to euhedral miller-
ite (sample WDG94-ss, Monster River); e) euhedral, acicular millerite and anhedral millerite blebs adjacent to cryptocrystalline pyrite 
within siliceous matrix and sooty pyrite (sample WDG08-02-01c, Peel River); f) a very fine grained mixture of pyrite and millerite that is 
crosscut by a bedding-parallel millerite-sphalerite vein (sample 17-POA-072, Peel River); and g) bedding-parallel sooty pyrite crosscut 
by a vein of pyrite, marcasite, and euhedral barite (sample 17-POA-055a, Peel River). Dashed red lines have been added to highlight 
separate mineralogical features (modified after Gadd and Peter, 2018; Gadd et al., 2019b). Abbreviations: Con.: conodont fragment; 
Mat. py: matrix pyrite; Mlr: millerite; Mrc: marcasite; Py: pyrite; Qtz: quartz; Sil. py: siliceous pyrite; Sp: sphalerite; Va: vaesite.
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Conodonts from the immediate host rocks at Peel River 
give an overall age range of 388.6 to 385.4  Ma, indicat-
ing a maximum timeframe of approximately 3 Ma for the 
accumulation of the 2  m of sediment that includes HEBS 
(Gadd et al., 2020). Conodonts collected 1.2 to 1.9 m below 
the HEBS at the Nick prospect yield a narrower age range 
(389.2–387.7 Ma; a 1.5 Ma time interval) that is well within 
the isochron range; however, the HEBS must be younger than 
the underlying sediments from which the conodont elements 
were extracted. At Monster River, the westernmost HEBS 
locality studied in Yukon (Fig. 1), conodonts recovered from 
the mineralization are within the Polygnathus ensensis zone 
(388.2 Ma) up to the P. ansatus zone (386.3 Ma; S. Gouwy, 
unpub. conodont data, 2019), indicating an identical age 
range to the HEBS from the Peel River prospect. There are 

no age constraints for the Moss showing; however, given 
the consistency of age relationships at the stratigraphic con-
tact between the Road River Group and Canol Formation, 
and because the Moss prospect HEBS is located at this con-
tact, it is highly probable that the HEBS mineralization was 
a contemporaneous, basin-scale event within the Middle 
Devonian. On the Akie property, conodonts collected from 
carbonate strata 6 m above the HEBS span the P. australis 
(389.2  Ma) to P.  ansatus zones, indicating that the HEBS 
pre-dates P.  ansatus. Gadd et al. (2020) interpreted the 
closeness in age of strata on the Akie property and HEBS in 
Yukon to reflect basin-scale mineralization; moreover, the 
close agreement between isochron ages for the semi-massive 
sulfides and the conodont ages signifies that mineralization 
was synchronous with sedimentation.

Figure 6. Backscattered-electron (BSE) images and corresponding laser-ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) raster maps with mineralization in parts per million, from the Nick property 
and Peel River locality, Yukon: a) millerite-pyrite-sphalerite mineralization from the Peel River locality (sample 
WDG08-02-01c) and corresponding LA-ICP-MS maps of Mo, Re, and Pt. Cryptocrystalline pyrite is outlined in 
white to highlight where these elements are concentrated; b) vaesite-pyrite mineralization from the Nick prop-
erty (sample Nick89-11) and corresponding LA-ICP-MS maps of Mo, Re, and Pt. Vaesite is outlined in white to 
emphasize relative distributions of elements between pyrite and vaesite; c) a late pyrite-marcasite vein cross-
cutting younger diagenetic pyrite from Peel River (sample 17-POA-055a) and corresponding LA-ICP-MS maps 
of Ni, Mo, and Pt (modified after Gadd and Peter, 2018; Gadd et al., 2019b). The vein contacts are outlined in 
white. Abbreviations: Mrc: marcasite; Mlr: millerite; Py: pyrite; Sil. Py: siliceous pyrite; Sp: sphalerite; Va: vaesite.
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DEPOSITIONAL ENVIRONMENT
Understanding the ambient paleoenvironmental condi-

tions is critical to elucidating the genesis of these deposits 
because HEBS formation was synchronous with sedimen-
tation. The research on HEBS has taken a multifaceted 
approach to this by applying traditional (e.g. lithogeochem-
ical; Crawford et al., 2019; Gadd et al., 2019a; Gadd, Peter, 
Fraser et al., this volume) and non-traditional (e.g. metal 
stable isotopes; Crawford et al., 2019) analytical geochem-
ical methods. To define the paleoredox of the environment 
within which the HEBS was deposited, it is important to 
compare both mineralized and barren (unmineralized) 
samples throughout the stratigraphic succession because 
reduction-oxidation (redox) fluctuations may have played an 
important role in ‘priming’ the environment that ultimately 
promoted the accumulation and preservation of semi-massive 
sulfides.

Several paleoredox proxies based on bulk geochem-
ical composition have been developed that can be applied 
to ancient sedimentary successions. Many of these are 
equivocal and provide contradictory results (see Peter et 
al., 2018b). This is certainly the case for HEBS in Yukon. 
Cerium anomalies (Ce-Ce*) are consistently less than 1, 
but fluctuate in the Road River Group (Table  1). These 
values progressively decrease within the vicinity of HEBS 
(approximately 1 m) to reach minima within the HEBS of 
the studied localities (Crawford et al., 2019; Gadd et al., 
2019a; Gadd, Peter, Fraser et al., this volume). This sug-
gests that the ambient environment became progressively 
oxygenated up to and during HEBS formation. Concomitant 
increasing Mo abundances, with maxima in the HEBS, sug-
gest the opposite because Mo is sequestered in anoxic to 
euxinic environments much more readily than in oxygen-
ated ones (Tribovillard et al., 2006; Scott and Lyons, 2012). 
The ambient conditions during HEBS formation are, there-
fore, somewhat counterintuitive because the HEBS consist 
of semi-massive sulfides that could only have formed under 
reducing conditions; however, uniformly negative Ce-Ce* 
(Table 1) suggest that suboxic conditions were prevalent. We 
interpret the contradictory Ce-Ce* and Mo abundances to 
reflect a high degree of redox stratification in the immediate 
environment in which the HEBS formed (i.e. in the water 
column, and on/within the immediate seafloor muds).

The terrigenous input (TIP; Na2O + Al2O3 + K2O + TiO2) 
to the HEBS bulk compositional makeup is extremely low 
(Table 1), indicating that there was little clastic detrital sed-
imentation. This characteristic is in keeping with one of 
the primary controls on HEBS formation in Yukon: clas-
tic sediment starvation (Lehmann et al., 2016; Gadd and 
Peter, 2018; Pagès et al., 2018; Gadd et al., 2019a, 2020; 
Gadd, Peter, Fraser et al., this volume). Nevertheless, 
detrital minerals and/or biogenic debris sinking through a 
redox-stratified water column and settling on the seafloor 
may have acquired a negative Ce-Ce* from the suboxic 
seawater they travelled through, prior to settling on/in the 

reducing environment of the muds at the seafloor. The 
consistently high Si abundances in the Canol Formation 
likely represent high degrees of paleoproductivity (radio-
larian blooms), and the stratigraphically upward decreasing 
Ce-Ce* probably reflect basin ventilation associated 
with the incursion of nutrient-rich (oxygenated) waters. 
Alternatively, as previously suggested, the negative Ce-Ce* 
may reflect a high degree of open marine deposition (Murray  
et al., 1990; Murray, 1994).

METAL SOURCES AND BASINAL 
PROCESSES

The critical drivers of mineralization and sources of 
metals for HEBS are unknown and the theories remain con-
troversial. This is because there are few clues preserved as 
to the absolute causes of mineralization, many of the metals 
that constitute HEBS are uncommon (or do not commonly 
occur together), and mineralization is geographically wide-
spread. Two prevailing hypotheses have been developed 
to explain the salient features of HEBS mineralization:  
1) precipitation from hydrothermal fluids vented at the 
seafloor and 2) direct precipitation of metals from ambi-
ent seawater. The first hypothesis proposes that metals are 
sourced through the flow of hydrothermal (and possibly 
hydrocarbon or basinal) fluids along synsedimentary growth 
faults (Coveney et al., 1992; Emsbo et al., 2005; Henderson 
et al., 2019). The second hypothesis proposes that combined 
organic matter remineralization, low clastic sedimentation 
rates, and effective chemical trapping promoted the accu-
mulation and preservation of sulfide minerals (Lehmann et 
al., 2007). Metal deposition may have been further enhanced 
by high primary productivity (Lehmann et al., 2016; Yin  
et al., 2017) and/or Fe-Mn–oxyhydroxide particulate shuttling 
(Gadd et al., 2019; Gadd, Peter, Fraser et al., this volume).

In the hydrothermal model, metalliferous fluids escape 
from conduits and are trapped, either physically (saline 
brines in depressions) or chemically (sulfidic, carbonaceous 
sediments). At the Nick prospect, discordant 3 m wide pyro-
bitumen veins have been interpreted to be the conduits for 
fluid transmission (Hulbert et al., 1992). The pyrobitumen 
vein near the Nick prospect is metalliferous and contains 
minor abundances (hundreds to thousands of parts per  
million) of Ni, Zn, and V (Hulbert et al., 1992; Henderson 
et al., 2019), and pyrobitumen in HEBS from the Peel 
River prospect possess similar abundances of Ni, Zn, and 
V (Gadd et al., 2017; Henderson et al., 2019); however, the 
role of pyrobitumen (or a liquid hydrocarbon precursor) as 
the metal-bearing transport medium is uncertain. Although 
the pyrobitumen is metalliferous, the scale at which hydro-
carbon transport of metals operated is unknown. It also 
is unclear how a single, basin-scale hydrothermal event 
could account for mineralization at all of the localities. 
Coeval HEBS localities at the regional Road River Group– 
Canol Formation stratigraphic contact are scattered across 
northern Yukon, but only at Nick has a feature been found 
that resembles a feeder system.
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The role of high-temperature fluids (relative to 
ambient seawater) is difficult to assess directly because fluid- 
inclusion trapping temperatures cannot be measured in the 
fine-grained sulfide minerals. Indirect, qualitative tempera-
ture assessments are possible using geochemical proxies 
(e.g. Eu anomalies; Eu-Eu*). Positive Eu anomalies (i.e. 
Eu-Eu* >1) in marine environments typically form by pre-
cipitation from hot (100–250˚C), reducing, acidic seafloor 
hydrothermal vent fluids (Sverjensky, 1984; Douville et al., 
1999). To a lesser extent, positive Eu anomalies may form 
in low-temperature environments that are highly alkaline 
and reducing (e.g. anoxic porewaters) and may be pre-
served in authigenic carbonate minerals (Sverjensky, 1984; 
Schuster et al., 2018). Hyper-enriched black shale mineral-
ization lacks positive Eu anomalies (average = 0.99 ± 0.13; 
Table 1). This suggests metalliferous fluids responsible for 
HEBS mineralization were not high-temperature seafloor 
vent fluids. Unmineralized host black shales have weakly 
negative to weakly positive Eu-Eu* (Table 1) that we inter-
pret to reflect clastic detrital input (Gadd et al., 2019a), 
whereas more positive values are attributed to contributions 
from authigenic phases (e.g. carbonate minerals; Shuster  
et al., 2018). Indeed, the highly reducing, alkaline environ-
ment within which the carbonate concretions precipitated 
would have promoted the development of positive Eu-Eu* 
(Gadd et al., 2019a).

In the absence of high-temperature hydrothermal flu-
ids, elemental enrichment may originate from ambient 
seawater within a favourable sedimentary environment. 
Determining the significance of these processes can be 
achieved by using different geochemical criteria. For exam-
ple, a major component of the HEBS is the abundance of S 
(Table  1; principally in sulfide minerals). The bulk S iso-
tope compositions in HEBS samples from Peel River, Moss, 
and Nick are exclusively negative (–30 to –10‰; Hulbert  
et al., 1992; Gadd et al., 2019a; M.G. Gadd unpub. S isotope 
data, 2018). Negative bulk sulfur isotope compositions sig-
nify that reduced sulfur was generated by bacterial sulfate 
reduction in an open system (i.e. no Rayleigh fractionation; 
Goldhaber and Kaplan, 1980; Goodfellow, 1987). Bacterial 
sulfate reduction is the process by which microbes consume 
labile organic matter through dissolved sulfate respiration. 
The byproducts of this anaerobic reaction are CO2 and H2S, 
and this process is restricted to anoxic environments such 
as below the chemocline in an oxygenated water column 
(Goldhaber and Kaplan, 1980). In the presence of dissolved 
metals or reactive particles, the reduced sulfur may be fixed 
as metal sulfide minerals; within HEBS, these are most com-
monly pyrite, vaesite or millerite, and sphalerite (Fig. 6a–c). 
Sulfate-reducing microbes operate most effectively at low 
temperatures (Sokolova, 2010) and cease to metabolize at 
temperatures above approximately 100˚C (Jørgensen et al., 
1992; Machel, 2001); this constraint provides further evi-
dence that reduced sulfur generation for HEBS occurred in a 
low-temperature environment.

Initial Os (Osi) ratios are a powerful tool that can be 
used to delineate different sources of Os in seawater, and 
the principal fluxes to seawater are unradiogenic mantle and 
meteorites (Osi = 0.127) and radiogenic continental crust 
(Osi > 0.127–1.9; Cohen, 2004). Gadd et al. (2020) report 
Osi ratios at Peel River (Osi = 0.25 ± 0.07) and Nick (Osi 
= 0.32  ±  0.20), and the initial Os ratios of unmineralized 
black shales from both Peel River and Nick together with 
the HEBS define an isochron. Gadd et al. (2020) interpreted 
this to reflect a shared source of Re and Os between HEBS 
and unmineralized shale. These values are comparable to 
Middle Devonian seawater (0.262  ±  0.034; Miller, 2004), 
as determined by Re-Os geochronology on Givetian organic 
matter from the Western Canadian Sedimentary Basin. The 
overlapping Osi ratios of HEBS, unmineralized shale, and 
Givetian organic matter suggest a seawater source for these 
metals. Congruency between the topologies of continen-
tal-crust–normalized PGE profiles for seawater and HEBS 
is additional evidence to support a seawater metal source 
(Lehmann et al., 2016). Indeed, there is broad congruency 
among the patterns from different localities (Fig. 7). Hyper-
enriched black shale from China also possesses similar PGE 
profiles compared with seawater, which suggests a common 
seawater origin (Fig.  7; Xu et al., 2011, 2013; Lehmann  
et al., 2016).

Lehmann et al. (2016) advocate that bio-essential nutri-
ent trace elements bound to organic matter were primarily 
responsible for hydrogenous export to the seafloor in the 
case of HEBS deposits in China. Modelling metal accu-
mulation related to primary productivity from the modern 
Cariaco Basin, Venezuela (a restricted, euxinic basin) 
underpins the hydrogenous metal hypothesis for the HEBS 
in China, wherein extremely efficient organic carbon rem-
ineralization combined with minimal clastic sedimentation 
facilitated vast metal accumulations (Lehmann et al., 2016; 
Johnson et al., 2017). The configuration of the Richardson 
trough (Fig.  1) is favourable for restriction or periodic 
restriction depending on eustatic sea-level changes (Fig. 8a, 
b; Fraser and Hutchison, 2017). The high abundances of total 
organic carbon (TOC) in host rocks and HEBS, combined 
with evidence for suboxic marine conditions, suggest that 
the basinal environment was highly biologically productive 
(Piper and Calvert, 2009); however, exceptional preserva-
tion cannot be ruled out because the marine environment of 
the Richardson trough has also been interpreted to be redox 
stratified (Fig.  8a, b; Fraser and Hutchison, 2017; Gadd  
et al., 2019a; Gadd, Peter, Fraser et al., this volume).

Henderson et al. (2019) argued that the high degree 
of metal enrichment (many orders of magnitude higher 
than metal concentrations in seawater) cannot solely be 
derived from organic matter remineralization, but must also  
come from another source. It is possible that metal export 
to the seafloor was fueled by hydrogenous Fe-Mn– 
oxyhydroxide particulate shuttle activity, in addition to a 
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high flux of organic carbon (Fig. 8c). Ferromanganese oxy-
hydroxides commonly coprecipitate in oxygenated marine 
environments and sequester a diverse range of hydrogenous 
elements (Koschinsky and Hein, 2017). Shuttling occurs when 
these Fe-Mn–oxyhydroxide particulates form in an oxygen-
ated environment and scavenge metals as they settle through 
the water column and are deposited at the seafloor (Dellwig  
et al., 2010). Particulate shuttling can effectively deliver 
myriad hydrogenous trace metals (in addition to Fe and Mn) 
to the seafloor together with the particulates (Koschinsky 
and Hein, 2017). Gadd et al. (2019a; Gadd, Peter, Fraser et 
al., this volume) show that particulate shuttling was active 
prior to, during, and after HEBS formation, and suggest that 
Fe-Mn–oxyhydroxide particulate shuttling contributed ele-
ments to the HEBS, which is supported by the extremely 
high Fe abundances; however, a lingering question con-
cerns the role of Mn oxyhydroxides and their ultimate 
fate. Manganese is only present in trace amounts within 
the HEBS and its host rocks. Our model assumes that Mn 
oxyhydroxides reductively dissolve within an environment 
capable of preserving Fe oxyhydroxides. The model also 
assumes that Fe-oxyhydroxide particles are shuttled to the 
seafloor, where they reductively dissolve in the presence of 
sulfide to form pyrite (Fig. 8d). It may be that Mn did not 
(or could not) reprecipitate into stable phase(s) within the 
ambient paleoenvironment.

Crawford et al. (2019) presented Mo and Tl isotopic data 
from the Peel River HEBS and host rocks (Fig. 1) that pro-
vide evidence for a seawater source for these metals. The 
strongly negative Tl isotope compositions of the HEBS do 
not match any known hydrothermal Tl reservoirs and are 
more similar to values for sedimentary pyrites that have 
reductively sequestered metals (Nielsen et al., 2011). The 
negative Mo isotope compositions of the HEBS similarly 
do not reflect marine hydrothermal processes, but rather 
suggest sequestration of Mo by an intense Fe-oxyhydroxide 
particulate shuttle (cf. Scholz et al., 2017). 

In ancient sedimentary rocks, the role of particulate 
shuttling may be assessed by comparing enrichments 
of authigenic Mo and authigenic U. The enrichment of 
redox-sensitive authigenic trace elements originates during 
sedimentation by precipitation or recrystallization; to cal-
culate this, the abundance is normalized to the abundance 
of a solely detrital element, such as aluminum, present in 
the same sample, and normalized to the element of interest 
in post-Archean Australian shale (Algeo and Tribovillard, 
2009). Authigenic enrichments of these elements provide 
insights into the marine cycling of these redox-sensitive 
trace elements (Tribovillard et al., 2012; Cheng et al., 2016).

Figure 7. Upper-continental-crust–normalized platinum-group elements, Au, Mo, and Re 
contents (Rudnick and Gao, 2014) of modern seawater (Nozaki, 1997) and hyper-enriched 
black shale (HEBS) layers from Peel River, Nick, Moss, and Monster River, Yukon; Akie 
property, British Columbia; and China (Mao et al., 2002).
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Fraser and Hutchison (2017) present authigenic Mo and 
U data for time-stratigraphically equivalent rocks at Trail 
River in the eastern Richardson Mountains, where there 
is strong evidence that a particulate shuttle operated in the 
water column during deposition of the Canol Formation. 
Kabanov (2019) presents authigenic Mo and U data for 
age-equivalent, correlative rocks on the Mackenzie platform 
that also indicate the presence of an active particulate shut-
tle. The sedimentary rocks at both of these regional localities 
do not possess the magnitude of metal enrichment evident 
within HEBS; however, the data indicate that particulate 
shuttling was a basinwide phenomenon that extended from 
the drowned carbonate platform into the sediment-starved 
basin. This basin-scale particulate shuttle was perhaps the 
most active during the time of HEBS formation, during 
which extremely high abundances of elements were con-
centrated in a thin layer. Particulate shuttling persisted well 
into the deposition of the Canol Formation (Fraser and 
Hutchison, 2017; Kabanov, 2019).

REGIONAL AND GLOBAL 
CONSIDERATIONS

Metal enrichment in Middle Devonian black shales 
is a prominent feature not only in the northern Canadian 
Cordillera, but also globally. In the eastern Richardson 
Mountains, the shales that compose the stratigraphic contact 
of the Road River Group and Canol Formation are enriched 
in a similar suite of elements to those in the HEBS (e.g. Ni, 
Mo, Se; Fraser and Hutchison, 2017). The absolute abun-
dances are not as high as in the HEBS, but the enrichment 
is noteworthy given its correlation with the HEBS 40 km to 
the west. The HEBS at the Cardiac Creek Zn-Pb-Ag deposit 
in Kechika trough (Fig. 1) are approximately the same age 
as those in Yukon (Gadd et al., 2020), indicating that HEBS 
formation during the Middle Devonian may have occurred 
along the extent of the Laurentian continental margin. 
Elsewhere, the Eifelian–Givetian stage boundary at Jebel 
Mech Irdane, Morocco, contains pyritic beds (Walliser et 
al., 1995) with enrichments (albeit abundances lower than 
HEBS) of redox-sensitive trace elements (e.g. Ni, V, Mo, 
As; Ellwood et al., 2003) and PGE (Schmitz et al., 2006);  
these enrichments may be temporally linked to HEBS  
precipitation in the northern Canadian Cordillera.

An auspicious basin configuration likely promoted the 
formation and preservation of HEBS in the studied area. The 
Richardson trough, where these shales were deposited, has 
been interpreted as an aulacogen (Cecile et al., 1997), and 
plate reconstructions indicate that it was bound to the east by 
the Mackenzie platform and to the west by the Yukon block 
(Lane, 2007). Carbonate buildups apparently also occurred 
on the southern margin, but the northern margin in the 
Middle Devonian is not well defined (Cecile et al., 1997). 
Thus, the Richardson trough likely underwent periodic 
restriction (Fig.  8a), especially during sea-level lowstands 

such as during the late Lower Devonian (Haq and Schutter, 
2008; Fraser and Hutchison, 2017). Global-scale sea-level 
rise during the Middle Devonian flooded the carbonate plat-
forms and resulted in widespread black shale deposition (e.g. 
the Canol Formation; Lane, 2007). This probably facilitated 
the connection of previously restricted basinal environments 
with oxygenated seawater, which provided critical nutrient 
input (Fig. 8b) and resultant biomass export to the seafloor 
(Lehmann et al., 2016). Although the Blackstone trough is 
less studied than the Richardson trough, it is contiguous with 
it (Fig. 1; Norris, 1997). Thus, it stands to reason that the 
same events affected both troughs similarly. Because HEBS 
are positioned in troughs along the continental margin, it is 
likely that nutrient-rich upwelling fueled primary productiv-
ity of radiolarians and massive carbon export to the seafloor; 
favourable basin architecture led to the accumulation of the 
organic matter, which sustained bacterial sulfate reduction 
within the seafloor environment.

Linked periodic restriction and ventilation in continent- 
marginal troughs is a key aspect in the formation and pres-
ervation of HEBS. Sea-level instability during the Middle 
Devonian is well documented, and this may have contrib-
uted to the prominent biotic crises during this period (Brett 
et al., 2018). The Re-Os and biostratigraphic age con-
straints for the HEBS overlap with the Kačák, P. pumilio, 
and Taghanic biotic events (Becker et al., 2012; McGhee  
et al., 2013; Narkiewicz et al., 2016; Brett et al., 2018). 
These events had a global extent and may have initiated a 
prolonged period of decline in biodiversity (Fan et al., 2020). 
Key aspects include abrupt faunal changes, eustatic sea-level 
rise, continental shelf flooding, and black shale deposition 
(House, 1996, 2002; Haq and Schutter, 2008; Becker et al., 
2012; Brett et al., 2018). We hypothesize that metal enrich-
ment may be a hallmark feature of Middle Devonian eustatic/
biotic events. Our age constraints are insufficiently precise 
 to implicate a particular event; however, the conspicuous 
overlap in time between HEBS formation and global-scale 
biotic crises suggests that eustatic sea-level rise may have 
been an important aspect of basin-scale HEBS mineraliza-
tion. Eustatic sea-level rise would have reconnected the 
restricted marginal troughs with open-marine waters and 
provided steady-state input of nutrient and other trace ele-
ments in seawater. It is possible that this occurred over long 
durations in a setting with little clastic input within favour-
able basinal positions (e.g. semi-restricted sub-basins) on 
the western Laurentian continental margin.

IMPLICATIONS FOR EXPLORATION
The ages of HEBS mineralization in north Yukon and 

northeastern British Columbia (located more than 1000 km 
apart) are the same or closely similar. The mineralization 
is hosted by a continuous belt of Middle Paleozoic passive 
margin sedimentary rocks, suggesting that there is significant 
potential for additional discoveries. Although HEBS occur-
rences are typically thin, the high abundances of elements 
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Figure 8. Cartoon schematic (not to scale) showing the relationship of hyper-enriched black shale (HEBS) formation in the Richardson 
trough to a) regressive and b) transgressive eustatic sea-level changes (modified from Fraser and Hutchison, 2017). The Richardson 
trough is restricted during sea-level lowstands (pre-Eifelian) and flooded during highstands (upper Eifelian to Givetian). Platform drown-
ing and shelf flooding results in deposition of widespread condensed sedimentary horizons (black line), including polymetallic HEBS (red 
line). Above c) the chemocline between partially oxygenated (suboxic) and anoxic/euxinic basinal redox conditions, Mn-oxyhydroxide 
particulates are stable, but they dissolve in the absence of oxygen, releasing metals bound to these particles. Iron oxyhydroxide par-
ticulates are stable over a much wider range of oxygen-poor conditions and do not dissolve until reaching the sediment-water interface 
(SWI), where d) particulate Corg and Fe deposition and dissolution occurs at or near the sediment-water interface. Reductive dissolution 
of Fe particulates and bacterial sulfate reduction via organic matter respiration fuel sulfide precipitation within sediment porewaters. This 
figure presents the HEBS layer as a blanket that covers the seafloor of the Richardson trough; however, it is unclear whether HEBS 
actually blankets the seafloor or only forms a ‘bathtub ring’ at the margins.
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(some of high economic value such as PGE, Au, and Re) 
within them make them attractive exploration targets. Many 
of the elements present are considered critical because 
they have limited supply chains, as well as applications in  
modern society and green technologies.

There may be paleoceanographic controls on HEBS 
mineralization. The Moss, Peel River, and Nick localities 
are within the confines of the Richardson trough; Monster 
River is within the Blackstone trough; and the Akie property 
is within the Kechika trough. Thus, there is circumstantial 
evidence to indicate that the trough settings (within the 
overall Selwyn Basin) imparted an additional salient con-
trol on HEBS. The stable blocks flanking these troughs may 
have served as effective high-standing weirs that (partly to 
completely) prevented the unrestricted flow and incursion 
of fresh seawater into the trough. Only during discrete sea-
level rise (and for a restricted period of time) could fresh 
batches of seawater have entered the troughs; this seawater 
likely provided the metals for HEBS. The restricted set-
ting of the troughs may also have promoted the requisite 
redox conditions in the water column and subsurface muds  
necessary for HEBS formation (Fig. 8).

The HEBS in the northern Canadian Cordillera display 
no regular or systematic spatial-temporal relationship to 
magmatism or magmatic products (e.g. plutons, volcanic 
flows, or large igneous provinces). Despite the geographi-
cally widespread distribution of HEBS, the deposits have no 
associated hydrothermal alteration and, therefore, will not 
have an enlarged footprint (i.e. beyond the limits of the min-
eralization). In the field, HEBS can be difficult to identify 
due to its occurrence in thin layers and its dark colour simi-
lar to the surrounding host rocks; however, its occurrence is 
probably most readily signalled by a close proximity (<2 m 
stratigraphically below) to black shale with large carbonate 
concretions (up to 1.5 m in diameter; Fig. 3a, b). The thin 
HEBS layers weather recessively, and weathered samples 
commonly have whitish-green to light green secondary min-
eralization (e.g. nickelhexahydrite; Gadd, Peter, Fraser et al., 
this volume). A handheld X-ray fluorescence (XRF) instru-
ment can be used to readily and rapidly differentiate between 
HEBS mineralization and unmineralized, bedded pyrite in 
the field. Although some metal (e.g. PGE and Au) contents 
are too low to be detected by this instrument, others in the 
diagnostic enrichment suite (e.g. Ni, Zn, Cu, Mo, Se, U, and 
V) are present in abundances that are amenable to detection. 
Limited airborne geophysical surveys (i.e. versatile time- 
domain electromagnetic and magnetic surveys) suggest that 
it is possible to broadly delineate the favourable stratigraphic 
contact but they have insufficient spatial resolution to rec-
ognize subtle variations within the HEBS mineralization 
(Dumala, 2007d). Focused soil, float, and stream-sediment 
geochemistry have proven to be the most reliable explora-
tion tools in searching for HEBS (Parry and Carne, 1989; 
Caulfield, 1997; Dumala, 2007a, b, c, d; Gregory, 2008a, b, 
c, d).

Hyper-enriched black shale mineralization may occur in 
several discrete layers (e.g. at the Peel River showing; Gadd 
and Peter, 2018; Gadd et al., 2019b) that are stratigraphically 
close enough to each other that they would constitute a single 
mining interval, or it may occur in a single, thicker-than- 
normal layer (up to approximately 2  m, Moss showing; 
Dumala, 2007d); such features may further enhance their 
economic potential. Another strategy to identify poten-
tially economic targets might be to explore for structurally 
thickened mineralization (e.g. fold hinges, isoclinal and 
recumbent folds, and/or thrust stacking). Finally, it may 
be possible (and profitable) to mine lower grade material 
and process it using biohydrometallurgy to recover metals, 
rather than conventional methods (e.g. crushing, milling, 
and producing one or more concentrates). Such an approach 
is being applied at the Terrafame (formerly Talvivaara) 
Ni-Zn-Cu-Co open-pit mine, Finland (Riekkola-Vanhanen, 
2007, 2010), in a climate similar to that of the northern  
Canadian Cordillera.

KNOWLEDGE GAPS AND FUTURE 
RESEARCH

Future studies should aim to gain a better understand-
ing of shale sedimentology, particularly because the Selwyn 
Basin and the Richardson trough are geographically exten-
sive with long shale depositional histories. Along the same 
lines, more stratigraphic sections of upper Silurian to Upper 
Devonian basinal strata should be measured because the 
most prospective strata — Middle Devonian black shale at 
the stratigraphic contact between the Road River Group and 
Canol Formation — may be readily identified in such field 
excursions. Prospective strata may strike for greater than 
1000 km, providing ample opportunity to identify the HEBS 
in broader settings.

Tighter age constraints, either through refined radiomet-
ric geochronology or more detailed biostratigraphy, may 
significantly aid in the understanding of HEBS-forming 
mechanisms. Currently, a broad Middle Devonian age deter-
mination precludes a better understanding of which (if any) 
biotic crisis controlled HEBS formation. Existing samples 
may yield new results if conodont extraction techniques are 
developed for indurated shale-hosted semi-massive sulfides.

Future studies may also investigate secular changes in 
other nontraditional isotopic systems. Stable Se, Hg, Pt, 
or U isotopes seem like strong candidates because these 
systems are used to assess metallic sources and redox pro-
cesses in earth surface environments. Such data would 
ideally complement existing isotopic studies but may also 
expand to geographic areas that have not been studied with  
these techniques.
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CONCLUSIONS
Hyper-enriched black shale mineralization is geograph-

ically widespread in Middle Devonian strata in northern 
Yukon and northeastern British Columbia. Elements likely 
sourced from ambient seawater were Ni, Fe, Mo, Zn, Pt, Pd, 
Re, Au, and S. They were likely sequestered and deposited 
by Fe-Mn–oxyhydroxide particulate shuttling and during 
sulfidic diagenesis. The sulfur was derived from seawater 
sulfate, which was reduced by the interaction of microbes 
and organic matter via the process of bacterial sulfate reduc-
tion. The resultant sulfide mineralogy is dominated by pyrite, 
millerite or vaesite, and sphalerite and the sulfide min-
eral textures strongly support mineralization that initiated 
during earliest diagenesis and persisted into later diagene-
sis. The rare occurrence of late sulfide veins indicates that 
sulfide precipitation likely ceased during diagenesis; this 
is supported by tightly constrained radiometric ages at the 
Nick (390.7 ± 5.1 Ma), Peel River (387.3 ± 4.4 Ma), and 
Moss (389.4 ± 5.7 Ma) localities. There is close agreement 
between conodont biostratigraphic and radiometric ages, 
providing strong support that HEBS mineralization was a 
coeval, synsedimentary, basin-scale phenomenon.

The confluence of several environmental factors was 
essential to HEBS formation and preservation. Partially 
oxygenated marine redox conditions allowed for Fe-Mn oxy-
hydroxides to precipitate and accumulate metals and shuttle 
the metals to the seafloor. Exceptional primary productiv-
ity generated large amounts of organic carbon that was also 
exported to the seafloor. Both types of chemical sediments 
likely accumulated and concentrated hydrogenous metals. 
Favourable physical conditions include a trough setting that 
was amenable to periodically restricted connectivity with 
open marine conditions. Formation of HEBS coincides with 
periods of eustatic sea-level rise; therefore, it is likely that 
high sea levels starved the basin of clastic sediments, which 
ultimately allowed the HEBS to precipitate without dilution 
and preserved the metal tenors that are currently present.

Given the occurrence of HEBS at the regional exposure 
of the stratigraphic contact between the Road River Group 
and the Canol Formation, together with the recessive weath-
ering of the host strata, exploration for HEBS mineralization 
should be focused on bedrock exposures in high-relief areas 
such as stream and river cuts, and cliff faces. That HEBS 
are coeval at localities separated by hundreds to thousands 
of kilometres indicates a strong potential for further dis- 
coveries elsewhere along the known stratigraphic contact 
between the Road River Group and the Canol Formation.
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