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Abstract

Black shales of the late Neoproterozoic Gwna Group (570–580 Ma), UK, contain

enrichments of tellurium (Te), selenium (Se) and cobalt (Co) relative to average shale

compositions. The Te and Co enrichments bear comparison with those of ferroman-

ganese crusts in the modern deep ocean. Gwna Group deposition coincides with

the Second Great Oxidation Event, which had a significant effect on trace element

fixation globally. Selenium and Te concentrations within these black shales indicate

increased continental weathering rates, high biological productivity and correspond-

ing increases in atmospheric O2 concentrations. Cobalt, nickel (Ni) and arsenic (As)

enrichments in this succession are secondary mineralisation phases. Demand for

many of the trace elements found enriched in the Gwna Group black shales make

their mechanisms of accumulation, and variations through the geological record,

important to understand, and suggests that new resources may be sought based on

black shale protoliths from this period.

1 | INTRODUCTION

Increasing market demand for previously low-demand ‘critical metals’

necessitates improved understanding of their enrichment processes,

ensuring a reliable supply of raw material in the future. Demand for

the elements Te and Se has been driven by their potential use in

large-scale environmental technologies, particularly solar cells (Chel-

vanathan, Hossain, & Amin, 2010; Morales-Acevedo, 2006). Demand

for cobalt has also increased due to its use in high-capacity batteries

(Leite et al., 2017). A reliable supply of these elements is vital to

allow growth of new technology, although these elements have

restricted supplies from current sources (Nassar, Graedel, & Harper,

2015; Vesborg & Jaramillo, 2012).

Deep marine ferromanganese crusts are considered key targets for

seafloor mining due to their abundance in a range of trace elements,

specifically Te and Co (Hein, Conrad, & Staudigel, 2010; Hein,

Koschinsky, Bau, & Roberts, 2000; Hein, Koschinsky, & Halliday,

2003). Tellurium is fractionated from its common partner Se in oxidis-

ing conditions by adsorption on iron oxide, while Se is soluble in oxi-

dising conditions (Kashiwabara et al., 2014) and not enriched in

ferromanganese crusts. The expense and environmental impact of sea-

floor mining are key issues in the extraction of ferromanganese crusts,

which may become utilised as demand for Co and Te increases.

Carbon-rich sedimentary rocks, especially black shales, have ele-

vated concentrations of Co, Te, Se and many other trace elements,

due to their anoxic depositional conditions and commonly sulphide-

rich composition (Hu & Gao, 2008; Large et al., 2015; Parnell, Brolly,

Spinks, & Bowden, 2016). While concentrations of these critical ele-

ments are well below ore grade, the extensive nature of shales

makes them a potentially large sink of trace elements. We compare
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F IGURE 1 (a) Area map of NW Wales, showing distribution of Gwna Group stratigraphy (Adapted from Hor�ak & Evans, 2011). (b)
Generalised Stratigraphic Section of Ediacaran Age, N. Wales (Adapted from Howells, 2007; Kawai et al., 2007, 2008) (c) Generalised vertical
section of Gwna Group sampled section (Adapted from Sato et al., 2015) [Colour figure can be viewed at wileyonlinelibrary.com]
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the geochemistry of the late Neoproterozoic (Ediacaran), 570–

580 Ma (Sato et al., 2015) Gwna Group black shales, N. Wales (Fig-

ure 1a) to that of modern-day ferromanganese crusts and assess the

wider geological significance of these Precambrian deposits in rela-

tion to global atmospheric oxygenation.

2 | GEOLOGICAL SETTING

The Gwna Group (Figure 1) is a ‘melange’ of Neoproterozoic deep-sea

sedimentary lithologies deposited between 860 and 570 Ma (Hor�ak &

Evans, 2011). Accretion of the original oceanic sediments and underly-

ing pillowed basalts occurred at latest 550–560 Ma as part of a forearc

complex, during the subduction of the Iapetus Ocean on the Proto-

Gondwanan western margin (Figure 2) (Hor�ak & Evans, 2011; Mar-

uyama, Kawai, & Windley, 2010; Meert & Lieberman, 2008). The Gwna

Group consists of basalt, sandstones, dolomitic carbonates, laminated

mudstones and cherts (Figure 1c), representing a range of water depths

and redox conditions. Reducing conditions are represented by black

shales, while oxygenated conditions are implied by red mudstones and

hematitic red cherts (Figure 2). The carbonates are locally stromatolitic

and oolitic (Hor�ak & Evans, 2011; Wood & Nicholls, 1973), indicating

periodically shallow water levels. Abundant pyrite occurs in the black

shales, basalts and carbonates. Black shale deposition, 570–580 Ma

(Sato et al., 2015), closely followed the Second Great Oxidation Event

(GOE2) of the late Neoproterozoic, when atmospheric oxygen concen-

trations increased from ~10% PAL (present atmospheric level) to 60%–

100% PAL (Campbell & Squire, 2010; Canfield, 2005) (Figure 3). At this

time, Wales was situated on the Avalonian landmass, at approximately

30°S latitude (Kawai et al., 2008).

3 | METHODOLOGY

Samples of the Gwna Group succession (Figure 1c) were collected

from sites across Anglesey and the Lleyn Peninsula (Table 1). Whole-

rock samples were analysed for trace element contents using induc-

tively coupled plasma-atomic emission spectrometry (ICP-AES) and

inductively coupled plasma-mass spectrometry (ICP-MS), at ALS Lab-

oratories, Loughrea, Ireland. Each rock sample was milled and homo-

genised and 0.5 g was partially digested using aqua regia. Samples

were analysed for elemental abundances using ICP-MS and ICP-AES.

Inter-element spectral interferences were accounted for. 1r standard

variabilities for calibration standards are supplied in Data S1. This

method represents a partial leach of the rock, with digestion of all

phases except silicates. Aqua regia digestion is considered to best

represent the seawater depositional component of black shales (Xu,

Hannah, Bingen, Georgiev, & Stein, 2012).

Sulphides were extracted and analysed for their isotopic compo-

sition using standard techniques (Bullock et al., 2018). Data are

reported (Table 2) in d34S notation as per mille (&VCDT).

Scanning electron microscopy (SEM) was performed using a Zeiss

Gemini-300 FEG-SEM, to determine key sites of trace element min-

eralisation.

Laser ablation-inductively coupled mass spectrometry (LA-ICP-MS)

was utilised to locate and quantify concentrations of trace elements in

the black shales. LA-ICP-MS method can be found in Parnell et al. (2017).

4 | RESULTS

Tellurium, Se, Mo, As and Co concentrations in the Gwna Group

black shale are at least an order of magnitude greater than average
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F IGURE 3 Global atmospheric oxygen evolution of Earth through time after Lyons et al. (2014). Oxygen concentration given relative to present
atmospheric levels—PO2 (PAL). Present atmospheric levels stated as 100 = 1. Geological age data provided (Gradstein & Ogg, 2012) and timings of
major oxygenation events shown (Lyons et al., 2014). Gwna Group black shale depositional range (570–580 Ma) indicated (Sato et al., 2015) [Colour
figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Details of Gwna Group sampling sites, UK

Sample site Latitude/Longitude Lithologies collected

Porth Felen 52°46058.55″N/

4°4405.25″W
Black Shale

Cemaes Bay 53°24052.48″N/

4°27011.44″W
Grey Shale; Massive Sulphide

Porth Dinllaen 52°56032.89″N/

4°3408.03″W
Red Mudstone; Pyritic Basalt

Llanddwyn Island 53° 808.23″N/

4°24054.90″W
Pyritic Basalt

Mynydd Carreg 52°49055.49″N/

4°43050.82″W
Red Mudstone
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shale values (Hu & Gao, 2008; Rudnick & Gao, 2003; St€ueken, Foriel,

Buick, & Schoepfer, 2015a) (Table 2; Figure 4), while other metals

show less significant enrichments. Pyritic basalts in the Gwna Group

show enrichments of up to 150 ppm Co, but contain no other signif-

icant element abundances. TOC concentrations of the black shale

average 1% and sulphur average is 10.7%.

Sulphides within the black shales exhibit much lighter isotopic

compositions (mean �33.0&, n = 7) than those in other Gwna

Group facies, range +1.7 to +13.1&, (n = 6). The composition of

seawater sulphate at the end of the Neoproterozoic was about +20

to +30& (Ries, Fike, Pratt, Lyons, & Grotzinger, 2009).

SEM analysis of pyrite in the Gwna Group black shales shows

abundant inclusions of the lead selenide mineral clausthalite (PbSe)

and separate phases of nickel–cobalt–arsenic (Ni–Co–As) sulphide

mineralisation (Figure 5a). Pyrites occur in both framboidal and

euhedral morphologies, with growth zoning in euhedral phases.

Framboids are 5–10 lm in diameter and are disseminated through-

out the Gwna Group black shale, while euhedral pyrites are gener-

ally larger (0.05–2 mm) and present as discrete lenses within the

unit (Figure 5b). Clausthalite inclusions occur exclusively within the

framboids, while Ni–Co–As phases are limited to the euhedral mor-

phologies. Euhedral pyrites are observed to overgrow the framboids

(Figure 5c).

LA-ICP-MS confirms that Se within the black shale occurs as

evenly distributed, discrete PbSe phases, associated with micron-

scale pyrite, while Ni–Co–As mineralisation trends with larger pyrite

(Figure 6). Discrete telluride phases are rare, while Te and Se matrix

concentrations average 0.9 ppm and 29.4 ppm respectively outside

the pyrite phases.

5 | DISCUSSION

5.1 | Trace element sources

High trace element contents in Neoproterozoic black shales reflect

high trace element availability in the ambient seawater during

deposition. Sea floor magmatic activity is a feasible source of trace

elements during Gwna Group shale deposition, particularly given the

pillowed basalts underlying the sequence. The elevated concentra-

tion of Co in these basaltic units (Figure 4) also suggests a potential

magmatic trace element source. However, a magmatic origin is unli-

kely because (1) abundance of Te in the basalts is low, while high Te

is observed in the black shales, and (2) d34S obtained from pyrite in

Gwna Group basalts and massive sulphides is much heavier than in

the black shale.

The light d34S for pyrite in the Gwna Group shale, representing a

fractionation of over 50& from Ediacaran seawater (Ries et al.,

2009), indicates microbial sulphate reduction. Microbial sulphate

reduction is considered to be the first in a sequence of stages of

metal concentration from sedimentation to diagenesis, metamor-

phism and ultimately ore formation in orogenic gold deposits (Chang,

Large, & Maslennikov, 2008; Gaboury, 2013; Tomkins, 2013).

Analysis of pyrites from other black shales (Large et al., 2014,

2015) indicates that significant fluctuations in trace element chem-

istry of the oceans have occurred through time with high concentra-

tions of Co, Mo and Se recorded during the late Ediacaran. Black

shales would have been a key environment for the accumulation of

these elements during times of enrichment in the oceans.

5.2 | Sulphide mineralisation

The two distinct morphologies and trace element enrichments of the

pyrite in the Gwna Group black shale indicate at least two separate

phases of mineralisation (Figure 5; Figure 6). Pyrite framboids are

indicative of early stage microbial sulphate reduction in anoxic sea-

floor conditions (Schoonen, 2004), while cross-cutting relationships

indicate that euhedral pyrites formed after the framboidal morphol-

ogy. Euhedral pyrites likely formed during diagenesis, overgrowing

and recrystallising the original depositional pyrite. Selenide (Se2�)

inclusions are found exclusively in the framboidal pyrite and there-

fore the high Se concentration of these black shales can be consid-

ered an early depositional signature. Ni–Co–As inclusions are
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unrelated to the depositional enrichment in Se and may represent

re-mobilisation from the underlying pyritic mid-ocean ridge basalt.

LA-ICP-MS indicates that Te and Se are present in the sample

matrix above typical concentrations, likely occurring as organically

bound complexes indicative of increased Te and Se accumulation

during shale deposition.

5.3 | Accumulation rates

The enrichments in Te, Mo and Co in the black shale bear com-

parison with the enrichments found in the ferromanganese sea-

floor deposits, although the black shales have less extreme

enrichments. Ferromanganese crusts and black shales represent

oxidising and reducing depositional conditions respectively, with

alternate mechanisms enriching the same elements (Figure 7) (Hein

et al., 2003; Large et al., 2015). Ferromanganese crusts sequester

elements through the formation and precipitation of Fe and man-

ganese oxyhydroxide complexes on the sea floor. Black shales

accumulate similar elements through the formation of reduced sul-

phide phases and the preservation of organically bound metal

complexes (Brown & Calas, 2012; Hein, Mizell, Koschinsky, &

Conrad, 2013).

Ferromanganese crusts are products of extremely slow sedimen-

tation rates (1–10 mm/Ma; Hein et al., 2000), while black shales

accumulate about 1,000 times faster (1–10 m/Ma; Stow, Huc, &

Bertrand, 2001), though still slowly for sedimentary deposition. The

extreme enrichment of Te in ferromanganese crusts (average

31 ppm) reflects the extremely slow precipitation rate of these

deposits (Hein et al., 2003; Kashiwabara et al., 2014). Taking into

account a potential three orders of magnitude difference in sedimen-

tation rate, the sequestration rate of Te is greater in the black shale

of the Gwna Group. Assuming mean Te concentrations (Table 2),

sedimentation rates of 10 mm/Ma and 10 m/Ma (Hein et al., 2000;

Stow et al., 2001) respectively for the ferromanganese crusts and

shales (both high end of range), a crust density of 1.3 g/cm3 (Hein

et al., 2000) and a measured shale density of 3.14 g/cm3, the

sequestration rates are 3.2 and 245 nmols Te m�2 a�1 respectively.

This suggests that in ancient successions, where both oxic and

anoxic facies occur, Te accumulation will be favoured in anoxic,

carbonaceous deposits.

5.4 | Implications

Fluctuations in the trace element abundances of deep marine black

shales have been used to infer variations in atmospheric oxygenation

levels through time (Chen et al., 2015; Johnson et al., 2017; Large

et al., 2015; Pogge von Strandmann et al., 2015; Reinhard et al.,

2013; St€ueken et al., 2015a). A significant increase in selenium abun-

dance within sedimentary pyrite globally has been identified from

580 to 470 Ma (Large et al., 2017).
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F IGURE 5 SEM imagery of pyritic morphologies and associated
PbSe and Ni–Co–As mineral sulphide inclusions in Gwna Group black
shale: (a) Backscatter image of framboidal and euhedral pyrite (pyr)
morphologies; (b) Large Ni–Co–As bearing euhedral pyrites with
smaller disseminated pyrite framboids in surrounding matrix;
(c) Central framboidal pyrite, with euhedral pyrite overgrowths
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The age of deposition for Gwna Group (570–580 Ma) coincides

with the late Neoproterozoic GOE2 (Campbell & Squire, 2010; Can-

field, 2005; Lyons, Reinhard, & Planavsky, 2014) and the appearance

of complex Ediacaran organisms at 575 Ma (Canfield, Poulton, &

Narbonne, 2007). The increase in atmospheric oxygen levels at the

end of the Neoproterozoic has been proposed as a driver for the

evolution of complex life and the Cambrian explosion (Pogge von

Strandmann et al., 2015). Trace element increases in the Ediacaran

oceans have been correlated with the amalgamation of Gondwana

and subsequent erosion of material from the associated orogenic
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belts, indicated by a large increase in seawater 87Sr/86Sr (Campbell

& Squire, 2010).

Elevated sediment influx into ocean waters increased the availabil-

ity of bioessential elements, including Se, which increased photosyn-

thetic activity at the Gondwanan continental margins. This resulted in

higher organic carbon (and Se) deposition into Ediacaran ocean sedi-

ments (Campbell & Squire, 2010; Pogge von Strandmann et al., 2015).

The corresponding O2 release into the atmosphere produced a posi-

tive feedback loop (Figure 2), leading to further enhanced chemical

weathering of continents and trace element supply to the oceans.

The significant concentration of Se (up to 116 ppm) in the Gwna

Group black shales supports the model of increased trace element

drawdown into anoxic marine deposits during the Ediacaran, associ-

ated with increased photosynthetic activity and higher atmospheric

O2 concentrations.

Average TOC values of 1% in the Gwna Group black shale and

an average Mo abundance of 64 ppm are indicative of intermittently

euxinic depositional conditions (Scott & Lyons, 2012). The abundant

pyrite content of these black shales (average S = 10.7%) is an indica-

tor of anoxic to euxinic marine floor conditions (Berner & Raiswell,

1984) and an indicator of significant atmospheric oxygenation

through sulphide production (Canfield, 2005). The best model for the

depositional environment for the Gwna Group black shales is a

stratified anoxic sub-basin within a widely oxic oceanic environment

(Canfield et al., 2008; St€ueken et al., 2015b). The forearc trench

along the Proto-Gondwanan continental margin (Campbell & Squire,

2010) is proposed as the most likely depositional position for these

black shales (Figure 2), providing a deepened ocean setting and prox-

imity to photosynthetic activity (Maruyama et al., 2010).

The enrichments of Te, Co and Se within the Gwna Group shale

suggest that other black shales in the Proterozoic and lower Palaeo-

zoic deserve further study for their content of critical elements,

specifically those deposited during periods of significant atmospheric

fluctuations (Johnson et al., 2017; Large et al., 2014; Tomkins,

2013). This suggests the potential for other types of mineral-bearing

deposit based on black shale protoliths deposited during key time

periods (Coveney & Nansheng, 1989; Giordano, 1989; Large, Bull, &

Maslennikov, 2011; Pedersen, Nielsen, Boyce, & Fallick, 2003; Wag-

ner & Boyce, 2003), particularly where supergene processes may

have resulted in small-scale ore deposits near surface.

6 | CONCLUSIONS

Enrichments of critical elements in the black shales of the Gwna

Group show a similarity to those recorded in metalliferous seafloor
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crusts. Heterogeneous enrichments within the Gwna Group black

shales indicate that the high Se and Te concentrations are deposi-

tional in origin and can be utilised to provide evidence for increased

photosynthetic activity during the GOE2. Black shales of comparable

origin and timing relative to major atmospheric oxygenation events

may have acted as protoliths for ore deposits currently unrecog-

nised, emphasising the value of black shales in ore exploration.
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