Contents

Paleoredox and lithogeochemical indicators of the
environment of formation and genesis of the Monster
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Abstract: Northern Yukon hosts occurrences of Middle Devonian hyper-enriched black shale (HEBS)

Ni-Mo-Zn—platinum-group element-Au-Re mineralization, including the Monster River showing in the Ogilvie
Mountains. This mineralization has been documented predominantly in the Paleozoic Richardson trough; however,
the Monster River showing is atypical, occurring within the Blackstone trough, more than 200 km to the west on
the southern margin of the Yukon block. The ambient paleoredox conditions of the marine water column and sedi-
ments may be primary controlling factors in HEBS formation. We use major and trace element lithogeochemistry
to better understand ambient paleoenvironmental redox conditions through the application of robust redox proxies
to HEBS mineralization and host rocks. Uniformly negative Ce anomalies (0.6—0.9) indicate that the water col-
umn was predominantly suboxic throughout the deposition interval, even during HEBS mineralization. Although
there is a strong terrigenous influence on the rare earth element—yttrium (REE-Y) abundances of the sedimentary
rocks, superchondritic Y/Ho ratios (>27) indicate that seawater contributed REE-Y to the host rocks and HEBS.
High (>10) authigenic Mo/U ratios indicate that a Fe-Mn particulate shuttle operated in the water column; this is
corroborated by negative Ce anomalies and high Y/Ho ratios. The data indicate that metalliferous sedimentary
rocks formed by hydrogenous metal enrichment (e.g. Ni, Mo, Pt) caused by ferromanganese oxyhydroxide particu-
late shuttling as chemical sediments; moreover, the REE- and Mo-based paleoenvironmental indicators suggest a
complexly redox-stratified depositional environment with an abundant supply of metals, metalloids, and sulfur.

Résumé : Le nord du Yukon renferme des indices d’une minéralisation a Ni-Mo-Zn—éléments du groupe du
platine-Au-Re dans des shales noirs surenrichis du Dévonien moyen, dont I’indice de Monster River dans les
monts Ogilvie. Cette minéralisation a surtout ét¢ documentée dans la cuvette de Richardson du Paléozoique; cepen-
dant, I’indice de Monster River est atypique, puisqu’il se situe dans la cuvette de Blackstone, plus de 200 km a
I’ouest de la bordure sud du bloc du Yukon. Les paléoconditions ambiantes d’oxydoréduction dans la colonne d’eau
marine et les sédiments pourraient constituer les principaux facteurs déterminants de la formation des shales noirs
surenrichis. Nous avons utilisé la lithogéochimie des éléments majeurs et en traces pour mieux comprendre les
conditions paléoenvironnementales d’oxydoréduction ambiantes en ayant recours a de solides indicateurs indirects
des conditions d’oxydoréduction au sein de la minéralisation de shales noirs surenrichis et des roches hotes. Des
anomalies uniformément négatives en Ce (0,6-0,9) indiquent que les conditions dans la colonne d’eau étaient sur-
tout suboxiques tout au long de I’intervalle de dépdt, méme au cours de I’épisode de minéralisation de shales noirs
surenrichis. Bien qu’il y ait une forte influence terrigéne dans 1’abondance des éléments de terres rares-yttrium
(ETR-Y) dans les roches sédimentaires, des rapports Y/Ho superchondritiques (>27) montrent que 1’eau de mer
a fourni les ETR-Y aux roches hétes et aux shales noirs surenrichis. Des rapports Mo/U authigénes élevés (>10)
indiquent que des particules d’oxyhydroxyde de Fe-Mn se déplagaient dans la colonne d’eau, ce qui est corroboré
par les anomalies négatives en Ce et les rapports Y/Ho ¢levés. Les données montrent que des roches sédimentaires
métalliféres ont été formées par un enrichissement en métaux hydrogéniques (p. ex. Ni, Mo et Pt) provoqué par
le déplacement de particules de Fe-Mn en tant que sédiments chimiques. De plus, les indicateurs paléoenvironne-
mentaux fondés sur les ETR et Mo laissent entrevoir un milieu sédimentaire complexe présentant une stratification
des conditions d’oxydoréduction dans lequel existait une abondante source de métaux, de métalloides et de soufre.
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INTRODUCTION

Hyper-enriched black shales (HEBS; also referred
to as polymetallic shales) are regionally extensive in
northern Yukon and are documented at several localities
covering thousands of square kilometres (Fig. 1). At the Nick
Ni-Mo-Zn—platinum-group element (PGE)-Au-Re prospect,
the first documented site of this style of mineralization in
Yukon, the nickeliferous horizon is thin (3—10 ¢cm) and dis-
continuously crops out in several stream cuts (Carne, 1989).
Although this is the most studied HEBS property in Yukon
(Hulbert et al., 1992; Horan et al., 1994; Orberger et al.,
2003a, b, 2005; Pages et al., 2018; Pasava et al., 2018; Gadd
et al., 2020), there are other HEBS showings in northern
Yukon (Fig. 1). These other localities have been the focus of
recent investigations, including HEBS at Peel River (Gadd
et al., 2017, 2019b, 2020; Gadd and Peter, 2018; Crawford
etal., 2019) and Moss (Gadd et al., 2019a).

A lack of understanding of how these deposits formed
hinders exploration, and there currently is no consensus on
the HEBS genetic model. Seafloor hydrothermal venting
(Hulbert et al., 1992; Steiner et al., 2001) and hydrogenous
(seawater) scavenging (Lehmann et al., 2007, 2016; Xu
et al., 2011, 2013) are the two models that have received
the most attention. In either model, ambient paleoenviron-
mental reduction-oxidation (redox) conditions must have
played a significant role in the formation and preservation
of the HEBS because the enrichment of metals occurred
on the seafloor or within the shallow subsurface; however,
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determination of ancient depositional conditions is com-
monly impeded by incomplete sedimentary records and/or
post-depositional modifications to primary signatures.

To overcome this, we used bulk and trace-element geo-
chemical compositions and proxies of organic carbon-rich
shales. The proxies are based on the behaviour of redox-
sensitive elements in modern marine environments and are
able to resolve oxic (>2 mL O,/L H,0), suboxic (0.2-2 mL
O,/L H,0), anoxic (0 mL O/L H,0), and euxinic (>0 mL
H,S/L H,0) environments (Tribovillard et al., 2006).
Particularly robust paleoredox proxies include rare-earth
element (REE)-Y (e.g. Ce; Wallace et al., 2017) and Mo and
U (Algeo and Tribovillard, 2009) because they withstand
moderate to intense diagenesis and low-grade metamorphism.

We focus here on the lesser known Monster River HEBS
locality (lat. 64°50'5.14"N, long. 140°3223.50"W) in the
Ogilvie Mountains. At the Monster River showing, the 2 to
5 cm thick HEBS layer has the same characteristic elemental
enrichment as other HEBS localities across Yukon. Previous
exploration efforts at Monster River did not identify the
HEBS horizon (Dumala, 2007); however, our fieldwork in
2018 located the HEBS layer at the same stratigraphic level
as in other localities. In this paper, we present a detailed
lithogeochemical and paleoredox evaluation of the HEBS
mineralization and immediate host rocks at Monster River.
This research provides insight into some of the physical
and chemical factors that control HEBS formation, includ-
ing basinal redox stratification, availability of metals, very
low sedimentation rate, and high biological productivity.
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Figure 1. Map of Middle Devonian paleogeo-
graphic elements (light blue, carbonate platforms;
dark blue, basins) on the Laurentian continental
margin with hyper-enriched black shale (HEBS)
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Carbonate platform

# HEBS (this study)

at Monster River (red star) and other HEBS
localities (red circles; modified from Fraser and
Hutchison (2017) after Morrow and Geldsetzer
(1988) and Morrow (1999)). Note that the location
of Blackstone trough is approximate.

114



Contents

The conclusions of this study provide broader regional
insight into the setting and genetic process(es) of HEBS
mineralization in the northern Canadian Cordillera.

LOCATION, REGIONAL
STRATIGRAPHY, AND
AGE OF HEBS

Paleozoic sediments in northern Yukon were deposited as
a series of platforms and basins on the margin of Laurentia
(ancestral North America). Most documented HEBS occur-
rences in northern Yukon occur within the Richardson
trough, an intracratonic basin that separated the Mackenzie
platform and the Yukon block carbonate platform during
the early Paleozoic (Fig. 1; Lenz, 1972; Pugh, 1983; Cecile
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et al.,, 1997; Norris, 1997; Morrow, 1999). The Monster
River showing, however, is located farther west (pres-
ent day) of Richardson trough, on the southern margin of
the Yukon block within Paleozoic strata of the Blackstone
trough (Fig. 1). In both basins, late Cambrian to Middle
Devonian strata consist of fine-grained, variably calcare-
ous siliciclastic rocks of the Road River Group (Fig. 2a; e.g.
Jackson and Lenz, 1962; Norris, 1985, 1997; Morrow, 1999).
Overlying the Road River Group sedimentary rocks is sili-
ceous-cherty shale of the Late Devonian Canol Formation
(Richardson trough, Yukon block; e.g. Norris, 1985, 1997;
Morrow, 1999; Fraser and Hutchison, 2017) and the lower
part of the Earn Group (Selwyn basin; e.g. Portrait Lake
Formation of Gordey and Anderson (1993)). The nature of
the contact between the Road River Group and the overlying
Canol Formation has been variably interpreted as conform-
able, disconformable, and unconformable (e.g. Pugh, 1983;

anol
Formation

Figure 2. Stratigraphy at the Monster River showing: a) stratigraphic section of Devonian basinal sediments in
the study areausing the timescale of Becker et al. (2012) with stratigraphic age of units modified from Fraser
and Hutchison (2017) to include updated hyper-enriched black shale (HEBS) dates after S.A. Gouwy, unpub.
rept. (2019); b) graphical log of lithostratigraphy at the Monster River HEBS showing; ¢) photograph of the upper
portion of the stratigraphic succession at Monster River showing the HEBS layer outlined in red and the fault line
in white. The orange tape marks sample locations at 10 cm spacing. Photograph by J.M. Peter. NRCan Photo
2020-123; d) close-up photograph of the HEBS unit. Note the sharp contact with the overlying shale and chert
of the Canol Formation. Photograph courtesy of T.A. Fraser, Yukon Geological Survey
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Morrow, 1999; Fraser and Hutchison, 2017). At this contact,
a discontinuous, thin (1-10 cm thick) Ni-Mo-Zn-PGE—-rich
HEBS layer (previously called the ‘NiMo’ or ‘Nick’ horizon)
has been identified at several localities throughout northern
Yukon. At all localities in Yukon, HEBS mineralization is
enriched in a broad suite of elements relative to the enclos-
ing sedimentary rocks, including Ni, Mo, Zn, PGE, Au, and
Re (Hulbert et al., 1992; Gadd and Peter, 2018; Gadd, Peter,
and Layton-Matthews, this volume).

Conodonts recovered from HEBS samples at the
Monster River locality indicate a Middle Devonian age
of deposition (S.A. Gouwy, unpub. rept., 2019). The age
range of conodonts is identical to the HEBS at Peel River
(Gadd et al., 2020) and is slightly younger than conodonts
recovered from 1.5 m below the HEBS at the Nick prospect
(Gadd et al., 2020). Horan et al. (1994) conducted Re-Os
isotope analyses of the HEBS layer and host black shales
at the Nick prospect. They concluded that metal enrich-
ment occurred during or shortly after deposition of the
host rocks, and that the age of mineralization is between
380 and 367 Ma. New, refined isochron ages (Gadd et
al., 2020) from Peel River and Nick reveal HEBS ages of
387.5+4.4and 390.7+5.1 Ma, respectively, indicating coeval
formation of HEBS across the region.

METHODS

Sampling and lithogeochemistry

Shale and semi-massive sulfide samples were collected
from outcrop at the Monster River showing. The samples
were collected at 10 cm intervals from the Canol Formation
through to 2.5 m below the HEBS layer, and at 50 cm strati-
graphic intervals below that. Despite our best efforts to
collect fresh (i.e. non-weathered) samples, surficial exposure
has resulted in weak to intense chemical weathering. This is
most pronounced within the HEBS, where primary minerals
are preserved but secondary minerals are also present. The
most conspicuous secondary mineral is nickelhexahydrite
(identified by X-ray diffraction), a hydrated NiS mineral
that is a product of oxidation of nickel sulfide minerals (i.e.
millerite; Jambor et al., 2000).

Bulk samples were homogenized over a sampled strati-
graphic interval (e.g. 0.1 to 0.5 m) of stratigraphy for
lithogeochemical analyses and submitted to ALS Global in
North Vancouver, British Columbia for analysis. Samples
were crushed and splits were ground to <63 pum in a ceramic
mill. Quartz sand was milled between each sample to
clean the mill and prevent cross-contamination. Major and
refractory trace elements were measured in 5 g splits using
a lithium metaborate/tetraborate fusion followed by induc-
tively coupled plasma—mass spectrometry (ICP-MS). Trace
elements were measured in 0.5 g splits using a four-acid
(HCI-HNO,-HCIO-HF) digestion followed by ICP-MS
analysis. To measure Ru, Rh, Pd, Os, Ir, Pt, and Au content,
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10 to 25 g splits were preconcentrated in NiS beads produced
by fire assay prior to ICP-MS analysis. The abundance of C
(i.e. Corg and CO,) and S was determined using infrared mass
spectrometry.

Data treatment

Measured REE-Y abundances were normalized against
post-Archean Australian shale (PAAS; McLennan, 1989).
The PAAS-normalized values are marked with subscript ‘N”.
Anomalies, denoted by ‘*’ are quantified ratios determined
using the geometric means of the neighbouring elements
following the convention of McLennan (1989): Ce/Ce* =
Ce /(Lay x Pr)*, Ew/Eu* = Eu/(Sm x Gd,)"*. Elemental
enrichment factors (EF) are expressed as X, where X is
an element of interest (Algeo and Tribovillard, 2009),
and are calculated using the expression (X/ALO,) -/

sample
(X/AL0,)

PAAS®

RESULTS
Lithostratigraphy

The measured section at the Monster River HEBS
showing is composed of seven lithological units (Fig. 2b),
described here in stratigraphic order from bottom to top.
Unit 1 (3.6 m thick) is dark grey to black, siliceous, finely
laminated shale that is variably silty. The rocks occur as
stacked sets of upward-fining laminated sequences (30—
50 cm thick) with scoured basal contacts. The unit contains
up to 5% oblong pyrite concretions (generally <8 cm long x
1 cm high, although may be up to 30 cm long x 5 cm high)
along discrete bedding planes, graptolites, and accessory
gypsum crystals on bedding surfaces. Unit 2 (3.7 m thick)
is black, siliceous shale with up to 15 volume % barite con-
cretions (mainly 3 cm long x 2 cm high) with minor larger
carbonate concretions (<75 cm long x 40 cm high). The shale
is laminated and is locally silty, graptolitic, and contains
gypsum. The lower contact of this unit is gradational, and
the upper contact is sharp with unit 3. Unit 3 (0.20 m thick)
is a distinctive, resistant layer of large, semi-continuous,
elongated carbonate concretions, which pinch and swell, are
internally laminated, and form sharp contacts with overlying
and underlying units. Unit 4 (1.0 m thick) is characterized by
black, siliceous, well-indurated, finely laminated shale with
<5% small ovoid (<4 cm wide x 2 cm high) pyrite and barite
concretions. Unit 5 is similar to unit 4 but has fewer con-
cretions and is distinctly well laminated (Fig. 2c, d). Unit 6
(2-5 cm thick) is the HEBS layer, comprising stratabound,
stratiform, semi-massive Ni-Mo-Zn-Fe—sulfide mineraliza-
tion and interstratified shale (Fig. 2c, d). This unit is black
on fresh surfaces, and weathers dark grey, mint green, and
orange. Laminae in the unit are wavy parallel, and upper
and lower contacts are sharp with surrounding sedimentary
rocks. Unit 7 is composed of siliceous to cherty, laminated
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to thinly bedded black shale in sharp contact with the under-
lying HEBS mineralization. The top of the stratigraphic
section is truncated by a (?)thrust fault about 20 cm above
the HEBS contact with the Canol Formation.

Lithogeochemistry

Elemental abundance ranges and geochemical proxies
are presented in Table 1 for: a) unmineralized host black
shales of the Road River Group (footwall), b) HEBS min-
eralization, and c¢) Canol Formation carbonaceous siliceous
shales and carbonaceous cherty shales (hanging wall).

Road River Group sedimentary rocks, when compared
to PAAS (McLennan, 1989), can be characterized by major-
clement composition: shale-like SiO, contents (Fig. 3a), low
to high carbonate contents (Fig. 3b), low Fe O, contents
(Fig. 3c), moderate to shale-like terrigenous input, (con-
tents TIP = ALO, + TiO, + K,O + Na,O; Fig. 3d; Fraser and
Hutchison, 2017), high total S (Fig. 3e), moderate to high
total organic carbon (TOC) contents (Fig. 3f), and high to
very high (4-85 x PAAS) Mo contents (Fig. 3g). The Road
River Group rocks also possess weakly to moderately nega-
tive Ce/Ce* anomalies (<1; Fig. 3h), crustal (also chondritic;
ca. 27; Taylor and McLennan, 1995) to superchondritic
(>27) Y/Ho ratios (Fig. 3i), and low to moderate (<10) Mo,/
U, ratios (Fig. 3j).

The HEBS layer, when compared to PAAS (McLennan,
1989), is characterized by low SiO, contents (Fig. 3a), high
carbonate contents (Fig. 3b), extremely high Fe,O,(tot) con-
tents (Fig. 3¢), low TIP (Fig. 3d) contents, extremely high
total S (Fig. 3e), high TOC contents (Fig. 3f), and extremely
high (650-764 x PAAS) Mo contents (Fig. 3g). The HEBS
layer also possesses weak to moderate negative Ce/Ce*
anomalies (Fig. 3h), superchondritic Y/Ho ratios (Fig. 31),
and extremely high (>>10) Mo, /U, ratios (Fig. 3j).

The Canol Formation, when compared to PAAS
(McLennan, 1989), is characterized by very high SiO, con-
tents (Fig. 3a), very low carbonate contents (Fig. 3b), low
Fe,O,(tot) contents (Fig. 3c), low TIP (Fig. 3d) contents,
high total S (Fig. 3e), high TOC contents (Fig. 3f), and
very high (30 x PAAS) Mo contents (Fig. 3g). The Canol
Formation also possesses moderate negative Ce/Ce* anom-
alies (Fig. 3h), superchondritic Y/Ho ratios (Fig. 3i), and
high (>10) Mo_ /U, ratios (Fig. 3j).

DISCUSSION

Rare-earth element—yttrium geochemistry

The REE-Y abundances provide important information
about the conditions under which sedimentary rocks were
deposited (e.g. Wright et al., 1987; McLennan, 1989; Peter
et al., 2003; Lode et al., 2015). At Monster River, REE-Y
abundances correlate with phosphate abundance (Fig. 4a),
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which is itself probably related to apatite abundance. Apatite
is a common accessory mineral in HEBS (Gadd and Peter,
2018) and if formed authigenically, may sequester REE-Y
from the ambient paleoenvironment (e.g. Gadd et al., 2016).
The TIP fraction likely contributes some REE-Y, based on
its prevalence at the Moss HEBS showing (Gadd et al.,
2019a), but this is minor compared to apatite. Regardless
of the host phase, PAAS-normalized REE-Y profiles reveal
important information about the conditions under which
sediments were deposited and the evolution of the sedimen-
tary porewaters. Representative lithostratigraphic samples
show that the REE-Y profiles are mostly flat with minor
deviations (Fig. 4b). Flat topology of the PAAS-normalized
REE-Y profiles indicates a normal, shale-like pattern (i.e.
no fractionation from average shale), whereas devia-
tions from flat profiles (e.g. convex upward) may indicate
depositional or post-depositional modifications to REE-Y
(Reynard et al., 1999).

Systematic changes to REE behaviour in sediment pore-
waters are commonly attributed to anoxic diagenesis (e.g.
Himmler et al., 2010). This occurs because middle REE
(MREE; Sm, Eu, Gd) are mobilized from metastable phases
within the sediment pile (e.g. ferromanganese particles and
labile organic matter; Hu et al., 2014) into authigenic pre-
cipitates (e.g. carbonate minerals; Himmler et al., 2010).
Representative REE-Y profiles of the different lithostrati-
graphic units show minor convex upward ‘humps’ (Fig. 4b),
suggesting remobilization occurred at a localized scale within
the shallow subsurface. This is interpreted to reflect the
complex diagenesis of the rocks that host HEBS. Although
this remobilization may have affected Eu anomalies, it is
unlikely to have significantly affected Ce anomalies and
Y/Ho ratios (see below).

Among the lanthanide series elements, only Ce and
Eu deviate from the trivalent state. At Monster River, and
within other HEBS in Yukon, Eu anomalies are weakly
positive to nil (Table 1; Crawford et al., 2019; Gadd et
al.,, 2019a; Gadd, Peter, and Layton-Matthews, this vol-
ume; Pages et al., 2018). Cerium has two valences, Ce*”
and Ce*, and the relative abundances are principally con-
trolled by redox; Ce fractionates relative to adjacent La
and Pr based primarily on the ambient oxidation state
(De Baar et al., 1988). Cerium (III) is the dominant ion in
oxygenated marine environments; it is transformed to Ce*
during oxidative scavenging by particle-reactive Fe-Mn—
oxyhydroxides (Elderfield and Greaves, 1982). The magni-
tude of Ce depletion is controlled by water depth; surface
waters in modern oxygenated marine environments typically
do not to have Ce anomalies. Progressive scavenging of Ce at
depth by Fe-Mn particles results in significant Ce depletion
in marine waters (Nozaki, 1997; Alibo and Nozaki, 1999).
Phases that precipitate or adsorb REE from Ce-depleted
marine waters have negative Ce anomalies (defined by Ce/
Ce* <1). Cerium in anoxic marine conditions is like other
trivalent REEs with no anomalous fractionation (Ce/Ce* 1),
due to ferromanganese particulate dissolution (German and
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Table 1. Summary of lithogeochemical data for the Monster River locality.

Contents

Cs';er:]“;gf' Unit | LLOD Analytical Road River Group | HYPer-enrichedblack | cono Formation
Range of abundances (w:’gg) atianrligaigg s xiir; Range o{ria:bzu)ndances
Sio, wt % 0.01 Fusion-ICP-ES | 34.9-67.5 | 54.49 33.8-39.3 37.93 83.6-85
ALO, wt % 0.01 Fusion—-ICP-ES 8-16.85 13.04 4.64-5.9 5.46 3.66—4.86
CaO wt % 0.01 Fusion-ICP-ES | 0.64—11.4 3 3.72-5.49 4.46 0.1-0.17
Fe,0, | wt% 0.01 Fusion-ICP-ES | 2.73-7.57 4.85 14.1-15.9 14.78 0.88-1.42
MgO wt % 0.01 Fusion-ICP-ES | 0.83-7.27 2.15 0.3-0.36 0.34 0.26-0.36
Na,O wt % 0.01 Fusion—ICP-ES | 0.47-0.71 0.6 0.16-0.2 0.18 0.13-0.16
K,O wt % 0.01 Fusion—ICP-ES | 1.99-4.76 3.71 1.27-1.63 15 0.88-1.18
Cr,0, | wt% | 0.001 | Fusion-ICP-ES | 0.012-0.022 | 0.02 0.013-0.016 0.02 0.01-0.015
TiO, wt% | 0.01 Fusion-ICP-ES | 0.49-1.77 1.16 0.24-0.5 0.33 0.18-0.25
MnO wt % 0.01 Fusion—-ICP-ES | 0.01-0.07 0.03 0.01-0.01 0.01 LLOD
P,O, wt % 0.01 Fusion—-ICP-ES | 0.16—1.51 0.48 2.61-3.98 3.16 0.07-0.08
SrO wt % 0.01 Fusion—ICP-ES | 0.01-0.1 0.02 0.02-0.03 0.03 0.01-0.01
BaO wt % 0.01 Fusion—-ICP-ES | 0.23-21.9 2.21 0.34-0.42 0.38 0.31-0.82
H,O wt % 0.01 Leco 1.41-5.94 4.15 LLOD LLOD 1.82-3.16
LOI wt % 0.01 Leco 10.1-20.7 13.2 22-26.2 23.2 8.59-9.81
TotalC | wt% 0.01 Leco 2.35-7.41 3.56 4.08-5.66 4.94 4.66-6.06
Total S | wt% 0.01 Leco 1.97-7.21 3.72 15.25-17.35 15.98 0.58-0.82
CoO, wt % 0.2 Coulometer 0.2-15.5 2.8 LLOD LLOD LLOD
Corg wt % 0.01 Leco 1.77-4.39 2.78 3.98-5.57 4.88 4.62-5.93
Ssulfide | wt % 0.01 Leco 1.6-5.28 2.73 11.7-14.55 13.41 0.24-0.26
Li ppm 0.2 Four-acid 14-120.5 37.6 10.2-13.7 12.1 15.9-16.8
Sc ppm 0.1 Four-acid 8.3-20.2 14.1 6.5-9.3 7.7 3.3-4.9
\Y; ppm 5 Fusion—ICP-MS | 496-2310 1230 539-763 660 924-1410
Co ppm 0.1 Four-acid 7.8-27.3 17.1 331-536 459.8 2.1-2.3
Ni ppm 0.2 Four-acid 109.5-847 | 317.7 | 30300-53900 | 44000 297-391
Cu ppm 0.2 Four-acid 40.8-151 63.1 359-449 418 38.3-52.7
Zn ppm 2 Four-acid 243-3410 | 1460.3 1580-4780 2650 242-242
Ga ppm 0.1 Fusion-ICP-MS 11.9-27.4 20 10.3-11.6 1" 6.9-8.5
As ppm 0.1 Aqua regia 15.6-109.5 39.1 2180-2730 2532.5 14-19.2
Se ppm 0.2 Aqua regia 10.8-74.8 24.3 1900—3200 2700 36.4-40.8
Rb ppm 0.2 Fusion—-ICP-MS | 66.5-147 112.7 35.3-44.3 415 36.2-49.6
Zr ppm 2 Fusion-ICP-MS | 100-337 233 63-81 75 58-70
Nb ppm 0.2 Fusion—ICP-MS 11-61.7 38.4 7.9-20.7 11.8 4.6-6
Mo ppm 0.05 Four-acid 7.99-85.1 21.66 650-764 704.75 29.8-29.9
Ag ppm 0.01 Four-acid 0.81-3.75 1.98 5.25-6.29 5.845 1.24-1.98
Cd ppm 0.02 Four-acid 2.13-57.9 | 2455 20.6-34.1 25.95 3.69-4.52
In ppm | 0.005 Aqua regia 0.02-0.12 0.06 0.05-0.08 0.065 0.01-0.02
Sn ppm 1 Fusion-ICP-MS 1-3 2 1-1 1 0-0
Sb ppm 0.05 Aqua regia 10.9-23.8 16.52 146-202 186.13 7.43-9.41
Te ppm 0.01 Aqua regia 0.08-0.18 0.11 19.05-46.2 36.36 0.13-0.21
Cs ppm 0.01 Fusion—ICP-MS | 3.28-8.72 5.94 1.8-2.17 2.02 2.49-3.21
La ppm 0.5 Fusion—ICP-MS | 22.2-101 50.3 89.9-107.5 103 12.6-16.1
Ce ppm 0.5 Fusion—ICP-MS | 39.8-172.5 82.2 120.5-135.5 124.9 17.3-22.2
Pr ppm 0.03 | Fusion—ICP-MS | 4.98-25.7 11.83 23.1-25.9 23.88 2.59-3.72
Nd ppm 0.1 Fusion-ICP-MS | 18.2-109.5 46.5 92.7-102 95.3 10-14.4
Sm ppm 0.03 | Fusion—ICP-MS | 2.95-22.2 9.12 16.45-18.75 | 17.525 1.55-1.79
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Table 1. (cont.) Summary of lithogeochemical data for the Monster River locality.
Chemical . Analytical . Hyper-enriched black .
symbol Unit LLOD method Road River Group shale Canol Formation
Mean Range of Mean | Range of abundances
Range of abundances (n=38) | abundances | (n=4) (n=2)
Eu ppm 0.03 Fusion-ICP-MS | 0.58-5.46 2.1 4.19-4.71 4.4675 0.27-0.27
Gd ppm 0.05 Fusion—ICP-MS 2.38-22 8.94 19.45-20.9 20.1875 1.23-1.46
Tb ppm 0.01 Fusion—-ICP-MS | 0.39-3.15 1.29 2.72-2.89 2.79 0.19-0.24
Dy ppm 0.05 Fusion-ICP-MS | 2.54-17.9 7.43 15.85-16.35 16.13 1.22-1.73
Y ppm 0.5 Fusion—ICP-MS 18.2-119 47.3 138.5-154.5 147.3 9.7-14.8
Ho ppm 0.01 Fusion-ICP-MS | 0.51-3.22 1.43 3.19-3.31 3.26 0.3-0.41
Er ppm 0.03 Fusion—ICP-MS 1.87-9.3 4.18 9.06-9.19 9.13 0.93-1.42
Tm ppm 0.01 Fusion—-ICP-MS | 0.27-1.11 0.57 1.01-1.16 1.07 0.15-0.2
Yb ppm 0.03 Fusion—ICP-MS | 1.94-6.64 3.64 5.74-6.55 6.2 0.97-1.34
Lu ppm 0.01 Fusion-ICP-MS | 0.27-0.86 0.53 0.76-0.94 0.85 0.15-0.25
Hf ppm 0.2 Fusion—ICP-MS 2.5-8.3 5.7 1.3-1.8 1.6 1.3-1.4
Ta ppm 0.1 Fusion—ICP-MS 0.8-3.7 2.3 0.4-0.6 0.6 0.3-0.4
w ppm 1 Fusion-ICP-MS 1-3 2 1-1 1 1-3
Re ppm 0.001 Aqua regia 0.007-0.149 | 0.039 20.3-32.7 27.575 0.075-0.084
Hg ppm 0.005 Aqua regia 0.113-0.379 | 0.212 3.35-4.95 4.298 0.129-0.18
T ppm 0.02 Aqua regia 0.12-3.3 0.73 41.6-84.9 53.55 0.11-0.67
Pb ppm 0.01 Aqua regia 11.7-22.3 18.34 62.6-76.7 66.98 3.7-5.5
Bi ppm 0.5 Four-acid 0.1-0.37 0.2 1-1.66 1.4 0.08-0.09
Th ppm 0.05 Fusion-ICP-MS | 5.34-11.55 9.35 2.83-3.4 3.15 2.53-2.67
u ppm 0.05 Fusion-ICP-MS | 6.14-41.2 17.5 83.4-92 89.13 6.93-7.97
NiS bead;
Pt ppb 1 ICP-MS <1-18 4 264-342 307 9-14
NiS bead;
Pd ppb 1 ICP-MS <1-14 6 124-183 160 9-17
NiS bead;
Au ppb 2 ICP-MS <2-149 23 42-54 50 LLOD
NiS bead;
Rh ppb 1 ICP-MS LLOD 2 2-6 3.3 LLOD
NiS bead;
Ir ppb 2 ICP-MS <1-1 1 2-4 3 <1-1
NiS bead;
Os ppb 5 ICP-MS <2-4 2 44-96 7.5 3-7
NiS bead;
Ru ppb 2 ICP-MS <2-12 6 <2-17 13 LLOD
Ce/Ce* n/a n/a n/a 0.66-0.84 0.78 0.55-0.62 0.58 0.66-0.7
Pr/Pr* n/a n/a n/a 1.04-1.18 1.09 1.23-1.25 1.25 1.12-1.18
Eu/Eu* n/a n/a n/a 0.72-1.23 1.05 1.08-1.14 1.1 0.78-0.91
Y/Ho n/a n/a n/a 27.16-42.6 32.5 43.42-46.96 45.15 32.33-36.1
(La/Sm), n/a n/a n/a 0.56-1.25 0.83 0.72-0.95 0.86 1.18-1.31
(La/Yb), n/a n/a n/a 0.77-1.26 1.02 1.1-1.38 1.23 0.89-0.96
(Sm/Yb), n/a n/a n/a 0.77-1.93 1.26 1.28-1.66 1.45 0.68-0.81
Mo, n/a n/a n/a 10-117 32.81 2174-2940 2465.85 116-153
U, n/a n/a n/a 3-18 8.69 95-110 100.06 9-13
Mo_./U_. n/a n/a n/a 2-9 3.78 22-27 24.57 12-13

EF: enrichmentfactor; Four-acid: four-acid digestion using HCI, HNO,, HCIO,,, and HF; Fusion: lithium metaborate/tetraborate fusion; ICP-
ES: inductively coupled plasma—emission spectrometry; ICP-MS: inductively coupled plasma—mass spectrometry; Leco: Combustion
analysis; LLOD: lower limit of detection; LOI: loss-on-ignition; subscript N: post-Archaean Australian shale (PAAS)-normalized;
*denotes quantified ratios determined using the geometric means of the neighbouring elements following the convention of McLennan

(1989)
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Figure 3. Lithostratigraphic profiles of selected elements, oxides, and element ratios for the Monster River
hyper-enriched black shale (HEBS) at an outcrop in Ogilvie Mountains based on bulk rock analyses. The ‘0 m’
stratigraphic marker defines the bottom of the HEBS mineralized zone, with strata above assigned to the Canol
Formation and below to the Road River Group: a) SiO,; b) CaO; c) total Fe,O,; d) terrigenous input (ALO, + TiO,
+ K,0 + Na,O); e) total S; f) total organic carbon; g) Mo; h) Ce/Ce* (post-Archaean Australian shale (PAAS)-
normalized); i) Y/Ho; j) Mo_./U_.. Note: the shaded colours correspond to lithostratigraphic units in Figure 2;
dashed vertical lines correspond to PAAS values and solid vertical purple lines correspond to proxy threshold
values described in the text.
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Elderfield, 1990). In ancient sedimentary rocks, Ce anom-
alies generally remain robust and are minimally affected by
diagenesis, burial, metamorphism, and weathering (Slack
et al., 2009, Lode et al., 2015).

The Monster River mineralization and host rock samples
possess exclusively negative Ce/Ce* values, regardless of
stratigraphic position (Fig. 3h, 4b—). These anomalies are
real and not imparted by anomalous La behaviour, based
on comparisons with Pr/Pr* (not shown; Bau and Dulski,
1996). Cerium anomalies with values between 0.4 and 0.9
indicate deposition under suboxic bottomwater conditions
(Tribovillard et al., 2006). The Ce/Ce* values show minor
fluctuation within the lower 5 m of the Road River Group that
stabilize at approximately 0.8 from 4.0 to 0.5 m below the
HEBS (Fig. 3h). Above this point and through to the HEBS,
Ce/Ce* values systematically decrease (Fig. 3h). This trend
of decreasing Ce/Ce* values is also observed at the Moss
showing (Gadd et al., 2019a). This suggests that the water
column became more oxygenated, resulting in enhanced
Fe oxyhydroxide scavenging (Bau, 1999) immediately
preceding, and during, the HEBS formation. The presence
of negative Ce anomalies in the sulfide mineralization is
somewhat counterintuitive. Formation and preservation of
semi-massive sulfide layer in the HEBS require that the
immediate sedimentary environment is highly reducing (cf.
Goodfellow and Jonasson 1986); however, the domain of
reducing conditions may have been restricted to the sedi-
ment porewaters (within the subsurface) or to a chemocline
within the water column near the sediment-water interface.

In a redox-stratified ambient paleoenvironment, detrital
minerals and/or biogenic debris sinking through the water
column and settling on the seafloor may have acquired nega-
tive Ce anomalies from the suboxic seawater they travelled
through, prior to settling on/in the reducing environment.
Such a scenario is shown to have been active at the Moss
HEBS locality (Gadd et al., 2019a), where the terrigenous
contribution to the HEBS bulk composition is extremely
low. At the Monster River locality, the contribution of ter-
rigenous clastic material to the bulk sediment is also low
(Fig. 3d), supporting the hypothesis that an overall paucity
of clastic sedimentation is a salient control on HEBS forma-
tion in Yukon (Gadd and Peter, 2018). The Ce/Ce* values
in the siliceous and cherty shale of the Canol Formation
sharply increase after HEBS formation (Fig. 3h), suggesting
that there was a fundamental shift in physical and/or chemi-
cal basinal conditions. The extremely high SiO, level (>80
weight %; Fig. 3a) in the basal Canol Formation is consistent
with its regional composition (Fraser and Hutchison, 2017;
Gadd et al., 2019a; Kabanov, 2019) and signifies a major
environmental change. Enhanced SiO, deposition is thought
to be due to biogenic production from radiolarian blooms
fueled by a high degree of paleoproductivity (Fraser and
Hutchison, 2017).

The extent to which the clastic sedimentary rocks have
been influenced by authigenic or hydrogenous input of
REE-Y can be evaluated using Y/Ho ratios. This ratio is
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tightly coupled in marine environments because Y and Ho
are geochemical ‘twins’, but Ho is much more reactive to
scavenging by particulate ferromanganese oxyhydroxides
(Bau and Dulski, 1996; Bau, 1999). Scavenging of Ho
relative to Y from seawater produces seawater Y/Ho ratios
(44-74; Bau, 1996) that are higher than bulk continental
crust and clastic sedimentary rocks, both of which have a
consistent Y/Ho of 27.7 (McLennan, 2001). Most of the
rocks at Monster River have a Y/Ho greater than 27.7 and
less than 44, indicating that seawater variably influenced the
REE-Y budget of the bulk rock composition.

The Y/Ho ratios of the HEBS samples are higher than the
host sedimentary rocks. This suggests that a moderate to sig-
nificant contribution of these elements (and other REE) was
from ambient seawater. Hyper-enriched black shale at the
Peel River, Moss, and Nick prospects are characterized by
high Y/Ho ratios (Pages et al., 2018; Crawford et al., 2019;
Gadd et al., 2019a), and have geochemically comparable
polymetallic HEBS mineralization to the early Cambrian
Niutitang Formation in China (Xu et al., 2013; Pageés
etal.,2018). The Y/Ho ratios (for all rocks, including HEBS)
are strongly negatively correlated with Ce/Ce* anomalies
(Fig. 4c). We interpret this to be the result of hydroge-
nous scavenging by a particulate shuttle that increases the
seawater Y/Ho and concomitantly decreases the Ce/Ce*
values.

Molybdenum and uranium geochemistry

The bulk Mo abundance in fine-grained marine sedi-
mentary rocks is a robust indicator of the presence and
extent of euxinia in ancient depositional environments
(Scott and Lyons, 2012), assuming that Mo is hydrogenous
and that dilution by clastic (or carbonate) detritus, fluctua-
tions in pH, or low aqueous Mo concentrations did not affect
the bulk Mo abundance. Scott and Lyons (2012) define
three abundance ranges for Mo in shale that can be used to
determine the extent of euxinia: 1) >2 to 25 ppm (indica-
tive of sulfidic porewaters, but not a euxinic water column),
2) 25 to 100 ppm (indicative of an intermittently euxinic to
persistent euxinic water column), and 3) >100 ppm (indica-
tive of sustained euxinia). Thermal maturity of organic-rich
sediments has been shown to potentially complicate the
use of Mo abundance data as a redox proxy (Ardakani
et al., 2016). Although organic matter in the shales that host
HEBS is beyond the gas window (Peter et al., 2020), this is
unlikely to have significantly affected the validity of Mo as
a redox proxy because there is a wide range of Mo abun-
dances in the shale samples from the Monster River showing
(Fig. 3g; Slack et al., 2017), as well as a positive correlation
between Mo and TOC (not shown). Within HEBS mineral-
ization, however, Mo abundance is a less robust redox proxy
(Ardakani et al., 2016) because much of the Mo inventory
resides within sulfide minerals rather than associated with
organic matter (Gadd and Peter, 2018; Gadd et al., 2019b).
Similar to the HEBS showings at Moss (Gadd et al., 2019a)
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and Peel River (Crawford et al., 2019), the Mo content of
the Road River Group rocks at Monster River systemati-
cally increases stratigraphically upward to the contact with
the HEBS layer (Fig. 3g). This indicates that sulfidic pore-
waters transitioned to euxinic bottom-waters as a basin-scale
phenomenon within the ambient paleoenvironment in which
HEBS formed at Monster River.

Molybdenum is trapped in sediments during sulfidic
diagenesis, but its delivery to the sediments is enhanced by
ferromanganese particulate shuttling (i.e. ferromanganese
oxyhydroxide chemical sediments that form in oxygen-
ated seawater; Koschinsky and Hein, 2017). Authigenic
Mo (Mo,,) and authigenic U (U_,) relationships are com-
monly used to assess the role of particulate shuttling and
discriminate different depositional environments in shale
basins (Fig. 5; Algeo and Tribovillard, 2009). The relation-
ship between Mo, and U_, may elucidate basinal processes
because the marine cycling of these redox-sensitive trace
elements responds to sedimentation and basin water restric-
tion (Algeo and Tribovillard, 2009; Tribovillard et al., 2012;
Cheng et al., 2016). Both elements are particle-reactive,
but only Mo is retained during diagenesis in sulfidic sedi-
ments (Algeo and Tribovillard, 2009). Within the sediments
molybdates are thiolated (i.e. HS™ replaces O, in MoO,*)
and may be sequestered by Fe sulfide minerals and not
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released back into the water column (Helz et al., 2011).
Uranium retention within sulfidic sediments is much less
efficient than the retention of molybdenum, and it is released
back into the water column (Algeo and Tribovillard, 2009).
The low authigenic Mo/U ratios (Mo, /U = 3) suggest that
particulate shuttling was weak; however, this ratio increases
markedly within the top 50 cm (Fig. 3j) of the Road River
Group and into the HEBS, and remains high in the basal
Canol Formation. This suggests that sedimentation of fer-
romanganese oxyhydroxide particulates intensified and
peaked during and after HEBS formation. Intensification
of the particulate shuttle may also explain the concomi-
tantly decreasing and increasing values of Ce/Ce* and
Y/Ho, respectively (Fig. 4b). In this particulate shuttle
scenario, the ferromanganese particles (originally with
positive Ce/Ce* and low Y/Ho) dissolved in the sediments,
whereas the sinking detritus retained the Ce-depleted and
Y-enriched signatures.

Based on these geochemical indicators, it is likely that a
particulate shuttle was widespread during the Middle to early
Upper Devonian along the Laurentian continental margin.
Gadd et al. (2019a) provide strong evidence for particulate
shuttling at the Moss showing. Fraser and Hutchison (2017)
present authigenic Mo and U data for time-stratigraphically
equivalent rocks at Trail River in the eastern Richardson
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Figure 5. Scatterplot of authigenic
Mo (Mo,,) versus authigenic U (U.)
from Canol Formation and Road
River Group (RRG) samples of the
Monster River showing using fields
from Algeo and Tribovillard (2009).
The green line (arrow) and green-
shaded field represent the trajectory
of an active particulate shuttle (after
Tribovillard et al., 2012). The red
line (arrows) and grey-shaded field
represent reduction-oxidation zona-
tion in unrestricted (i.e. open) marine
environments  (after  Tribovillard
etal., 2012).
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Mountains that document strong evidence of a particulate
shuttle in the water column. The particulate shuttle at Trail
River was initiated during the deposition of the Road River
Group—Canol Formation transition zone (a weakly mineral-
ized HEBS equivalent) and the Canol Formation. Kabanov
(2019) similarly presents authigenic Mo and U data for
age-equivalent, correlative rocks on the Mackenzie platform
that indicate the presence of an active particulate shuttle.
The extensive Mo- and TOC-enriched sediments spanning
basinal to platformal sequences is most likely related to
major sea level transgressions (Fraser and Hutchison, 2017,
Gadd and Peter, 2018; Gadd et al., 2019a), which are well
documented throughout the Middle Devonian (Haq and
Schutter, 2008).

Metal sources

Metal sources and transport pathways for HEBS are
commonly debated because there are no obvious indicators
that record the processes responsible for mineralization;
moreover, the concentration of metals of potential economic
interest is commonly confined to a narrow stratigraphic
interval that is geographically widespread (e.g. a regional
stratigraphic contact). Hyper-enriched black shales typically
contain metals that are common in ultramafic and mafic
intrusive complexes, but no such rocks are present in the
vicinity or region of HEBS deposits in Yukon. Even though
few clues are preserved to offer insight into the origin of
HEBS, the regionally consistent characteristics (age, geo-
chemistry, mineralogy) of HEBS deposits that are hundreds
of kilometres apart suggests that there is a common ori-
gin at the regional scale. Mineralization of HEBS deposits
at several localities in Yukon has been interpreted to be
the product of highly efficient scavenging of metals from
seawater (Gadd and Peter, 2018; Pages et al., 2018; Gadd
etal.,2019a, b). Similarly, HEBS in China are also thought to
have formed in this manner (Lehmann et al., 2007, 2016; Xu
etal., 2011, 2013; Paggs et al., 2018).

Seawater contains myriad dissolved elements, including
those present in HEBS. Although total abundances are low
in seawater, biological and chemical sedimentological pro-
cesses can concentrate and accumulate significant quantities.
Nickel, for example, is a bioessential trace element that is
incorporated in marine phytoplankton (Piper and Calvert,
2009), methanogenic archaea, and sulfate-assimilating meth-
anotrophs (Konhauser et al., 2009). Assuming high degrees
of primary productivity and with highly efficient remineral-
ization of pelagic organic matter, it is possible to accumulate
significant (i.e. weight %) abundances of Ni (Lehmann et al.,
2016). Nickel is not only concentrated in biomass, but also
in chemical sedimentary Fe-Mn particulates (Koschinsky
and Hein, 2017). These chemical sediments scavenge hun-
dreds to thousands of parts per million Ni from seawater,
where Ni** is sequestered by weakly negatively charged
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MnO(OH) (Koschinsky and Hein, 2003). As demonstrated
above, there is ample evidence for particulate shuttling (at
Monster River, and regionally). We posit that reductive
dissolution of Mn particles below the chemocline releases
Ni that may in turn be sequestered by the sinking Fe or
organic flux (see Gadd, Peter, and Layton-Matthews, this
volume). We extend this interpretation to the Monster River
showing, too, as it possesses all of the hallmark features
present in HEBS elsewhere in Yukon (Gadd, Peter, and
Layton-Matthews, this volume).

CONCLUSIONS

The presence of HEBS mineralization at Monster River
shows that such deposits in northern Yukon extend beyond
the confines of the Richardson trough. This indicates that
a wide swath of the (?)shelf to slope environment was
favourable for the development and preservation of HEBS
mineralization and the combination of periodic restriction
and ventilation in a continent-marginal setting (trough)
is requisite for the formation and preservation of HEBS.
Similar to other HEBS localities, the sedimentary environ-
ment shifted dramatically across the transition between the
Road River Group and Canol Formation at approximately
the Eifelian—Givetian stage boundary of the Middle
Devonian. Terrigenous detritus predominates within the
strata underlying, and up to, the HEBS, after which the ter-
rigenous clastic supply diminished significantly. The hiatus
of terrigenous sedimentation marked the onset of condensed
sedimentation that is perhaps a fundamental, requisite con-
trol on the genesis of HEBS. The HEBS is terminated by
the onset of biogenic, silica-dominant sedimentation of the
Canol Formation.

Lithogeochemical data for the host rocks and HEBS
show that the paleoenvironmental redox conditions likely
fluctuated between suboxic, anoxic, and euxinic. The REE-Y
systematics of the immediate host rocks and HEBS suggest
a predominantly suboxic marine environment, whereas the
Mo abundances provide evidence that suggests transiently
anoxic to euxinic conditions. The contradictory redox prox-
ies are interpreted to reflect redox stratification where the
chemocline is situated near the sediment-water interface.
Authigenic enrichments of Mo and U, uniformly negative
Ce anomalies, and superchondritic Y/Ho ratios collectively
indicate that particulate shuttling transferred metals to the
seafloor, and that the HEBS was deposited at the peak of
hydrogenous ferromanganese particulate sedimentation.
These data signify a basinal environment that experienced
varying degrees of restriction and stratification, during which
pulses of fresh (i.e. unfractionated) marine waters delivered
metals, metalloids, and sulfur. This type of geological setting
is considered critical to the formation and preservation of
HEBS mineralization.
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