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Mine wastes can pose environmental and human health risks, especially when
they contain high concentrations of potentially toxic metal(loid)s. In this study,
the geochemistry (bulk and sequential extraction analysis, paste pH) and
mineralogy (X-ray diffraction, scanning electron microscopy, electron
microprobe analysis) of Co in mine wastes from Cobalt (Canada) and
Cornwall (UK) were characterised to assess potential Co and other metal(loid)
mobility in the aquatic environment. Cobalt concentrations in Nipissing high- and
low-grade tailings at Cobalt were high (up to 5,630 mg kg™ and 1,230 mg kg™,
respectively), and were several orders of magnitude higher than those at Poldice,
Wheal Unity, and Dolcoath in Cornwall (average 40 mg kg™, 76 mg kg™, and
59 mg kg™, respectively). Community Bureau of Reference (BCR)-sequential
extraction analysis suggested that Co was equally mobile within the samples from
Cobalt and Cornwall, with averages of 46% extracted in the exchangeable
fraction. Erythrite was the most important secondary Co-bearing mineral that
occurred widely in the Nipissing tailings. Other Co-bearing secondary minerals
included arseniosiderite, scorodite, and Fe oxyhydroxides. Primary Co-bearing
minerals identified included cobaltite and safflorite-skutterudite, and Co was also
taken up in primary arsenopyrite, loellingite, pyrite and chalcopyrite. At the sites in
Cornwall, however, Co-bearing primary and secondary minerals were not
identified. Instead, Co was observed as a trace component in primary
arsenopyrite, pyrite, and chalcopyrite and in secondary scorodite and Fe-Mn
oxyhydroxides. Despite these mineralogical and other geological and processing
differences, Co showed consistently high potential for mobilization from the
wastes. In addition, risk assessment codes for Co fell in the medium to very high
risk category in the aquatic and non-aquatic environments. This classification
suggests that the mine waste-hosted Co is likely to affect humans via the food
chain. Further research is required to determine if Co shows similar behaviour in
mine wastes globally.
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1 Introduction

Waste generated by mining and mineral processing activities is
expected to continue to grow into the future, owing to increasing
global demand for mineral resources, as increasingly lower-grade
and larger-scale deposits are being mined (Hudson-Edwards and
Dold, 2015; Vriens et al., 2020). The consumption of technology
metals such as Co has expanded considerably due to their growing
demand, and use in digital technologies and batteries for electric
vehicles (Gifford, 2020). Cobalt has been recognised by the
European Commission and many governments as a “Critical Raw
Material” (European Commission, 2020; Natural Resources Canada,
20225 Us Department Of the Interior, 2022). Despite this impending
upscaling in Co mining in our near future that will result in increases
in the production of Co-bearing mine wastes, key knowledge gaps
remain regarding the potential environmental impact of
such activity.

To bridge these gaps detailed geochemical and mineralogical
characterisation of mine wastes, including changes in their
composition as a function of varying environmental conditions,
is required, (Dold, 2010; Jamieson, 2011; Hudson-Edwards et al.,
1999; Beane et al., 2016; Jamieson et al., 2015). The characterisation
involves determination of the total concentration, chemical
speciation, solubility and mineralogy of ecotoxic metal(loid)s
(Jamieson et al., 2015). Total metal(loid) concentrations are the
first

contamination levels with legislative limits and guidelines

reference  indicator for comparing environmental
(Tavazzo et al, 2012; Mees et al, 2013). Sequential extractions,
involving exposing the waste to a series of leaching reagents with
different abilities to dissolve solid phases, give information on the
chemical speciation of the metal(loid)s (Collins and Kinsela, 20105
Tessier et al., 1979; Rauret et al., 1999). These geochemical data can
be combined with information on the mineralogical types,
compositions, interrelationships and solubilities to develop an
understanding of the nature of mineral-water interactions within
mine waste. The latter is important because potential leaching of
metal(loid)s into the aqueous phase is a key contributor to the
environmental impact of mine waste (Jamieson et al, 2015).
Geochemical-mineralogical datasets can also to be used to
develop risk assessments, guide appropriate mine planning, and
optimise the design of remediation measures at legacy mine sites
(Dold, 2003; Hudson-Edwards et al., 2011; Filippi et al., 2015;
Jamieson et al., 2015).

Detailed characterisation of Co-bearing mine wastes has been
relatively limited. To fill this knowledge gap, the aim of this study
was to characterise the geochemistry and mineralogy of Co at
representative legacy mining sites in Cobalt, Canada, and
Cornwall, UK. The results will provide data and insights into the
concentrations, storage and potential mobility of Co in mine wastes
in other affected sites globally.

2 Materials and methods
2.1 Site descriptions

In Cobalt, Canada, mining activities commenced 1903 and
ended in 1989. Economic mineralization at this site has been
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FIGURE 1
Mine and Mill sites of the Cobalt Mining Camp, Canada [after

Dumaresq (1993)], showing the study area which is enlarged in the
Google Earth satellite image showing low-grade and high-grade
sampling points (base map from Google Earth).

classified by Kissin (1992) as a five-element (Ag-Ni-Co-Cu-Bi)
vein deposit. In this mineralisation type, Ag is the principal
commodity of interest whereas Co and Ni are by-products.
Mineralization was hosted within silica-carbonate and quartz
veins associated with tholeiitic intrusions in Archean rocks
(Petruk, 1971). According to Dumaresq (2009), most of the by-
product Co (with grades ranging from 0.5% Co for high grade and
0.02% Co for low grade) mined before 1950 ended up in the tailings
owing to its little or no known uses.

At the Cobalt site, sampling was conducted on the Nipissing Hill
Tailings (47.39111, -79.68028) (Figure 1). Mine tailings were
deposited on this site from 1913 to 1932 and are divided into
1993). They were
deposited in depressions covering areas of approximately

high- and low-grade tailings (Anderson,

2,500 m* and 60,000 m’ respectively, and formed layers that
were locally up to about 3.6 m thick.

The tailings were fine grained, with laminations and stratification
resulting from changes in the material deposited and variations in
processing methods and deposition periods. They were typically light
grey to brown, and host localized iron oxide staining within the upper
50 cm of tailings with localised erythrite blooms. According to
Dumaresq (1993), the dam structures containing the high-grade
and low-grade tailings both ruptured (dates are not documented),
forcing several tonnes of the tailings to be washed into nearby water
bodies such as Cobalt Lake and Mill Creek.
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Poldice

Cornwall

Dolcoath, Wheal Unity and Poldice sampling sites in Cornwall. Dolcoath mine site showing the tailings sampling sites. Poldice and Wheal Unity sites
showing the mine-affected soils sampling sites. Base maps for the sampling sites were taken from Google Earth.

In Cornwall, a ca. 1,000 years Sn-Cu mining period (12th
century to 1998) has been recorded (LeBoutillier, 1996). In this
region, granites, dykes, and their Devonian-Carboniferous host
rocks are cut by extensional fault systems containing mineralised
with W-Sn-Cu-As-Pb-Zn
hydrothermal mineralization (Pirrie and Shail, 2018).

veins polymetallic magmatic-

In Cornwall, samples were collected in June 2019 from three
mine waste stockpiles at three legacy mine sites (Figure 2): Poldice
Mine (50.24231, —5.16582), Wheal Unity (50.24278, —5.17556) and
Dolcoath Mine (50.21750, —5.28056). According to Dines (1956),
these mines historically produced Co as a by-product, yet the
quantities were not well documented. The material at the Poldice
mine site typically comprised fine grained (<100 pum) tailings that
were observed to be stratified into layers, representing different
episodes of historic processing. The material at Wheal Unity and
Dolcoath mine typically comprised heterogeneous mine-affected
soils distributions than

with particle size typically less

2 mm diameter.

2.2 Sample collection and preparation

At Cobalt, 12 near surface tailings samples (8 low-grade and four
high-grade) were collected and in Cornwall, 17 tailings and mine-
affected soils were collected. At each sampling point, several sub-
samples of c. 100 g were collected with a steel trowel composited, and
400 g of this material was placed in a labelled sealable plastic sample
bag. Prior to sampling, the top 10 cm layer of the material was
removed to avoid collecting from the A-O horizons which are
influenced by plant and biological activity (Fawcett et al., 2015).
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During sampling, latex gloves were worn and all sampling
equipment was cleaned with ethanol (Reagent Grade) to avoid
any cross contamination. All samples were dried in an oven at
50°C for 12 h and then split using a “Jones Type” riffle splitter to
obtain two 25-40 g representative samples, one of which was then
ground using a TEMA disc mill (TEMA SIEBTECHNIK Ltd) to
produce a fine powder of grain size <50 pum (for analyses which
require a milled sample) and the other retained (for analyses which
require an “as-received” sample).

<50 um sub-samples (from the TEMA mill) were taken for
geochemical analysis. The samples were digested using four acids
[hydrofluoric (HF), hydrochloric (HCI), nitric (HNO;) and
perchloric (HCIO,)], and total metal(loid) concentrations were
determined with ICP-MS (Agilent 7,700).

Four high-grade and two low-grade tailings samples from
Cobalt, Canada, and six waste samples from Cornwall, UK
(uncrushed and unmilled) were analysed by X-ray Diffraction
and Scanning Electron Microscopy (SEM).

2.3 Geochemical analysis

2.3.1 Total acid digestion followed by inductively-
coupled plasma mass spectrometry (ICP-MS)

Bulk metal concentrations were determined by total acid
digestion via the four acid digestion method (hydrofluoric (HF),
hydrochloric (HCI), nitric (HNOj;) and perchloric (HCIO,)
following the methods of Garbe-Schonberg (1993) and Okeme
et al. (2021), using <50 um 100 mg mass sub-samples (generated
from milling) followed by inductively-coupled plasma mass
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spectrometry (ICP-MS) (Agilent 7,700). Reagent blanks, sample
duplicates, and certified reference materials (CRM 73305 ‘rock;
blended” and CRM RTS-3a) were analysed. Concentrations of
blanks were very low, and precisions (based on analyses of the
duplicates; Supplementary Table 1) were mostly <10%, except for
samples with very low concentrations. Recoveries, based on
comparison of the certified values of the CRMs and the analytical
values obtained, were between 88% and 112% (Supplementary
Table 2). The reagents used for sample preparation and
extraction were analytical grade (AR) or trace analytical grade
(TAG) supplied by Fisher Scientific, UK and Sigma-Aldrich.

2.3.2 Paste pH

Paste pH is a simple static test for assessing the presence of
soluble acid salts and reactive minerals (Lapakko, 2002, European
Commission (EC), 2020), or the presence of stored acidity that is
readily available in mine waste samples (Weber et al., 2006). Paste
pH of the mine waste samples was determined following the ASTM
D4972-13 procedure in 0.01 M calcium chloride (American Society
For Testing And Materials, 2013). Briefly, approximately 20 g of the
mine waste sample was weighed into a labelled 50 mL centrifuge
tube and added to it approximately 20 mL of 0.01 M CaCl,. The
mixture was shaken vigorously and left to stand for 24 h before
reading the pH on a potentiometer that had been calibrated with
pH four and pH seven buffer solutions.

2.3.3 Sequential extraction

Sequential extractions can be used to give indications of the
amounts of metal(loid)s in various chemical forms which could be
released (mobilised) in solution under various environmental
conditions (Tessier et al., 1979), notably pH and Eh (Anju and
2010). (1979) first
comprehensive sequential extraction scheme that subsequent

Banerjee, Tessier et al. introduced the
procedures used as a basis. To standardise the methodology
throughout Europe, the Community Bureau of Reference (BCR)
developed a three-stage, sequential extraction protocol (Ure et al.,
1993). Although there are limitations to the method (Martin et al.,
1987) it has proved reproducible and has produced good recoveries
with respect to acid dissolution for soils (Davidson et al., 1998;
Rauret et al, 1999) and Co- and As-bearing mine wastes (Kiibek
et al., 2011).

The BCR sequential extraction procedure was applied to 0.5 g of
selected dried mine waste samples (<50 um) to determine the
chemical speciation of Co and related metal(loid)s. The full
procedure is described elsewhere (Sipos et al., 2016). Briefly, four
steps were followed: 1) the exchangeable fraction was extracted by
0.11 M acetic acid (CH;COOH) at pH 5; 2) the reducible fraction
was extracted using 0.5 M hydroxylamine hydrochloride
(H;NO-HCI) at pH 2 (adjusted by nitric acid); 3) the oxidisable
fraction was extracted in two steps: In step one, the sample was
oxidised with 5 mL of 8.8 M hydrogen peroxide (H,O,) and was
then placed in a water bath and allowed to evaporate until near
dryness. This whole step was repeated. In step two, the moist residue
was extracted with 1 M ammonium acetate (CH;CO,NH,) at pH 2
(adjusted with HNO;). All extractions were carried out at solid:
solution ratio of 1:40 with continuous shaking for 16 h at 22°C. The
residue from step 3 was digested using the four-acid digestion
method specified in Section 2.3.1.
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The extracts were diluted with clean HNO; and analysed with
the Agilent 7700 ICP-MS. Total metal(loid) concentrations were
calculated as the sum of the concentrations in the BCR extraction
steps and in the residual digestion. To evaluate the precision of the
analysis, samples were all prepared in triplicate. As with the bulk
geochemical analysis, the reagents used for the sequential
extraction procedures were analytical grade (AR) or trace
analytical grade (TAG) supplied by Fisher Scientific, UK and
Sigma-Aldrich.

2.3.4 Risk assessment code (RAC)

To evaluate the potential toxicity of Co and related metal(loid)s
in the mine waste samples, the risk assessment code (RAC) method
was used. The RAC was first introduced by Perin et al. (1985) for
evaluating the mobility and bioavailability of metal(loid)s in
sediments based on the exchangeable fraction (F1) content of the
sequential extraction results. According to RAC guidelines,
metal(loid)s with values less than or equal to 1% extracted have
no risk to the environment. Percentages ranging from 1% to 10% are
considered to be low risk, 11%-30% as medium risk and 31%-50%
as high risk. Percentages greater than 50% are considered as very
high risk because the dissolved metal(loid)s are thought to easily
enter the food chain (Perin et al., 1985).

2.4 Mineralogical analysis

2.4.1 X-ray diffraction (XRD)

X-ray Diffraction (XRD) analysis was used to determine the
bulk mineralogy of the mine waste samples. The samples were
prepared by pressing the sample powder into an XRD sample
holder using a glass plate. Analyses were conducted using a
Siemens D5000 X-ray diffractometer set up in Bragg-Brentano
configuration using monochromatic Ka radiation. A 1.5 kW Cu
anode filament was operated at 40 kV and 30 mA. Data were
collected using a scintillation point detector with a scan range
between 2° and 70° 26, a step size of 0.02° 26 and a scan time of 1 s
per step and the XRD spectra were interpreted using EVA
v.18.0.0.0. software.

2.4.2 Scanning electron microscopy (SEM) and
electron microprobe analysis (EPMA)

For mineral identification, about 1 g of selected samples was
embedded in a mixture of carbon powder, epoxy resin and
hardener to obtain 30 mm polished sample mounts. These were
then carbon coated to about a 25 nm thickness. Scanning electron
microscope (SEM-EDS; TESCAN VEGA3) equipped with a
secondary- and backscattered electron (BSE) detector and an
X-ray energy dispersive detector (EDS) was used to examine the
mineralogy of Co and other metal(loid)s. The instrument used an
accelerating voltage of 20 keV, a beam current of 17 nA and a
working distance of 15-20 mm. For imaging, software: VegaTC x
64 (v. 4.2.26.0) was used while chemical analysis was aided by the
Oxford EDS system (XMax 80 mm EDS), Aztec software
(version 3.3 SP1).

To determine the elemental composition of various mineral
grains on a micro scale, quantitative analysis was carried out using a
JOEL JXA-8200 equipped with one energy (EDS) and four
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TABLE 1 Paste pH values and metal(loid) concentrations of high- and low-grade tailings from Cobalt, Canada.

Sample ID Mn (mg kg™®) Fe(mgkg™? Co(mgkg™® Nilmgkg? Culmgkg™? As(mgkg?) Sn(mgkg? Sb(mgkg™? Pb(mgkg?
High-grade tailings

COB-NHG 001 7.67 2,670 131000 3,650 797 2,180 8,170 18.0 115 81.0
COB-NHG 002 7.58 1920 110000 4,780 1,500 1960 10200 3.00 181 133
COB-NHG 003 7.56 1950 102000 4,490 1,130 1950 10500 2.00 88.0 92,0
COB-NHG 004 7.50 698 77900 5,630 2,300 1,280 12800 3.00 156 95.0
Low-grade tailings

COB-NLG 001 7.84 711 49300 873 750 544 2,850 3.00 129 209
COB-NLG 002 1,100 1,100 55500 528 388 194 1,530 2.00 141 99.0
COB-NLG 003 902 902 57200 759 576 310 2,220 2.00 228 160
COB-NLG 004 7.60 800 56700 559 415 452 2,260 2.00 208 201
COB-NLG 005 745 745 54200 675 481 419 2,980 2.00 22,0 167
COB-NLG 006 7.80 989 63800 962 676 513 2,820 41.0 214 266
COB-NLG 007 899 899 55300 286 273 457 803 3.00 57.0 164
COB-NLG 008 7.69 991 70700 1,230 1,200 513 4,080 5.00 298 490

1819 emiz
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TABLE 2 Paste pH values and metal(loid) concentrations of mine wastes from Cornwall,

United Kingdom.

Sample ID pH Mn(mgkg? Fe(mgkg? Co(mgkg™? Nimgkg?® Cu(mgkg? As(mgkg?) Sn(mgkg?) Sb(mgkg? Pb(mgkg?)
Poldice Mine

Pol-F 1 311 412 19300 21 7.0 1,490 1,120 109 2.0 13
Pol-F 2 575 311 23700 40 3.0 436 4,970 113 7.0 8.0
Pol-F 3 577 402 28700 31 7.0 623 1,300 198 10 16
Pol-F 4 430 430 22700 16 40 402 1,030 140 6.0 10
Pol-F 5 280 280 16800 14 6.0 1,520 1,300 109 8.0 9.0
Wheal Unity Mine

UN-F 1 330 330 40400 36 27 1,440 4,940 130 3 387
UN-F 2 490 292 43500 76 36 2,470 10500 79.0 49 132
UN-F 3 109 109 18800 37 23 894 4,920 313 31 308
UN-F 4 3.94 755 65300 50 40 4,370 17600 274 114 139
UN-F 5 683 683 44700 49 40 642 6,990 139 69 120
UN-F 6 178 178 39700 450 30 396 11100 134 22 43
Dolcoath Mine

DOL-F 1 940 940 74800 52.0 83 4,420 1860 61 10 66
DOL-F 2 1,240 1,240 82100 53.0 26 2,740 4,600 62 12 62
DOL-F 3 1,340 1,340 29100 51.0 25 2,580 1,570 16 7.0 23
DOL-F 4 563 1,150 57300 54,0 30 2,130 1800 76 2.0 135
DOL-F 5 571 1,410 62900 59.0 34 3,230 1,440 47 7.0 194
DOL-F 6 1,240 1,240 56700 49.0 30 3,330 1,250 58 6.0 95.0

1819 emiz
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BCR sequential extraction results for Co, Ni, Cu, Fe and As for Cobalt and Cornwall, normalised to total concentrations of these metal(loid)s.

TABLE 3 Risk Assessment Code and toxicity index (Tl) values for the mine
waste samples taken from Cobalt (Canada) and Cornwall (United Kingdom).

F1 (%) Tl Element
Cobalt Cornwall
No risk <1 1 Fe, Sn, Pb Sn, Sb
Low risk 1-10 1 As, Sb, Pb Fe, Ni, As, Pb
Medium risk 11-30 1.2 Mn, Cu Mn, Cu, Zn
High risk 31-50 14 Co, Ni, Zn Co
Very high risk >50 1.6

wavelength (WDS) dispersive spectrometers. Wavelength dispersive
X-ray spectrometry (WDS) analyses were performed at an
accelerating voltage of 15 kV, a beam current of 20 nA and a
probe diameter of 5 pum; the same conditions have been used by
Hiller et al. (2016) and Sracek et al. (2010a). BSE images of the
sample surface were used to select suitable crystal grains and point
analysis was performed avoiding grain boundaries, and inclusions.
Prior to the analysis, the equipment was calibrated. To account for
the matrix effects on the samples, the ZAF correction routine was
used (Carpenter and Vicenzi, 2017).

3 Results
3.1 Geochemistry

3.1.1 Paste pH

Paste pH values for Cobalt and Cornwall are given in Tables 1, 2,
respectively. The Nipissing (Cobalt) tailings had paste pH values
ranging between 7.50 and 7.84, suggesting that they have relatively
low acid-generating capacity (Dumaresq, 1993). At the Cornwall
sites, the paste pH values were lower and ranged between 3.72 and
5.77. These low values may be due to the presence of sulfide phases
such as pyrite (detected by XRD and SEM) that have high acid-
generating potential.
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Risk Assessment Code (RAC) summary for Cobalt, Canada and
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3.1.2 Metal(loid) concentrations

Total concentrations of metal(loid)s in the tailings and mine-
affected soils for Cobalt and Cornwall, respectively, are given in
Tables 1, 2, respectively. To further understand the geochemistry of
Co and associated metal(loid)s in the mine waste, a correlation
analysis was conducted with these data using Pearson’s correlation
coefficients  (Cobalt: 1;  Cornwall;
Supplementary Table 2).

Supplementary  Table

The Nipissing tailings contain relatively high concentrations of
Co, between two and three orders of magnitude higher in the high-
grade (3,650-5,630 mg kg') than in the low-grade tailings
(286-1,230 mg kg'; Table 1). The concentrations of Ni
(793-2,300 and 273-1,200 mg kg, respectively) followed a
similar trend. Concentrations of As were also higher in the high-
grade tailings (8,170-12800 mg kg™') compared to those in the low
grade tailings (803-4,080 mg kg™') by four and three orders of
magnitude, respectively. These results were expected because at
Cobalt, Ag and Co were the primary commodities that were
extracted (Sprague and Vermaire, 2018). Moreover, As was
mineralogically associated with several Ag and Co ores from
Cobalt and was principally present as Co-Ni arsenides, arsenates,
and sulfarsenides (Boyle, 1968). As such, As was not only naturally
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TABLE 4 Mineralogy of Cobalt and Cornwall Co-bearing mine waste samples.

Bulk mineralogy — XRD

Cobalt, Canada

Mineral phase

Chemical formula

Cornwall, United Kingdom

Quartz X X Si0,

Chlorite X X (Mg, Al)s(S1,A1)4010(0H)s
Microcline X X KAISi;Og

Birnessite x x K 46Mn 54Mn 4604(H,0) 4
Xanthiosite X X Niz(AsOy),

Albite X X NaAlSi;Og

Muscovite x (K,Na) (ALMg,Fe),(Si31Aly.9)O010(OH),
Orthoclase X KAISi;Og

Alloclasite X (Co,Fe)AsS

Cornwallite X Cus(AsO,4),(OH),
Chalcopyrite X CuFeS,

Cuprite X Cu,0O

Dolomite X CaMg(COs),
Arsenopyrite X FeAsS

Mineralogy - SEM and EPMA analysis

Mineral phase Cobalt, Canada Cornwall, United Kingdom

Cobaltite X CoAsS

Safflorite X (Co,Fe,Ni)As,
Skutterudite X (Co,Ni,Fe)Ass.
Loellingite X FeAs,

Pyrite X X FeS,

Chalcopyrite X X CuFeS,

Arsenopyrite X X FeAsS

Erythrite X Co3(As0,),.8H,0
Annabergite X Niz(AsO,),.8H,0O
Arseniosiderite X (Ca,Fe3(As0O,);0,-3H,0)
Scorodite X X FeAsO,-2H,0

Fe-Mn Oxyhydroxides X X Fe-Mn-O

x = detected by the technique.

elevated in the host rock but was also enriched from milling
processes and subsequent oxidation of the mine waste
(Dumaresq, 1993; Kwong et al., 2007). Percival et al. (2007) also
recorded high concentrations of Co (5,400 mg kg™') and Ni (up to
2,400 mg kg™") in the Nipissing tailings.

Correlation analysis of Co in the high-grade and low-grade
tailings revealed significant positive linear correlations with Fe (0.64,
low-grade tailings only), As (0.98, 0.92) and Ni (0.97, 0.95)
(Supplementary Table 1). These relationships suggest a common
source of the metal(loid)s with a strong mineralogical association
(Percival et al., 2007). These relationships were expected because in
the Cobalt mining district, Co grades were associated with Co-Fe-Ni,

Frontiers in Geochemistry

Ni-Co-As and Co-As
Potter, 2009).
For the samples taken from Cornwall, the concentrations of Co

mineral assemblages (Petruk, 1971;

did not vary significantly across the three sites. The mine waste at
Dolcoath mine had the highest concentration of Co (average 53 mg
kg™"), whereas tailings at Poldice mine had the lowest Co (average
25 mg kg ™). Cobalt had a positive linear correlation with As (0.81)
and Fe (0.64) at Poldice mine (Supplementary Table 2). This
correlation can be attributed to Co incorporation in minerals
such as arsenopyrite (FeAsS) (Meyer et al, 2019). Cobalt also
had a positive and weak correlation with Ni (0.58) at the Wheal
Unity mine site (Supplementary Table 2), which may reflect Ni
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Ab = albite, Ann = annabergite, Asd = arseniosiderite, Chl = chlorite, Cob = cobaltite, Ery = erythrite,
Loe = loellingite, Qtz = quartz, Saf = safflorite, Sku = skutterudite

FIGURE 5

SEM-BSE image composite illustrating the mineralogy of the Cobalt tailings. (A) euhedral-anhedral cobaltite overgrowths on chlorite and albite, (B)
fine grained safflorite-skutterudite, (C) euhedral-subhedral loellingite, (D) secondary minerals erythrite and arseniosiderite.

incorporation in pyrite and iron oxyhydroxides (Lottermoser et al.,
2011). These potential associations are explored in Section 3.3. No
significant correlations were calculated between Co and the other
metals for the Dolcoath mine wastes.

3.1.3 Sequential extractions

In the BCR-sequential extraction scheme used in this study, the
mobility and hence possible bioavailability of metal(loid)s decreased
in the order of extracted fractions from exchangeable to residual.
The concentrations and extracted percentages of Co and other
metal(loid)s are summarized in Supplementary Tables 3, 4 for
Cobalt and Cornwall, respectively, and the sequential extraction
concentrations normalized to total concentrations are shown
in Figure 3.

The exchangeable fraction contains metal(loid)s which are
carbonate bound, found in their ionic form, or are exchangeable
(Anju and Banerjee, 2010). Metal(loid)s extracted in this stage are
more susceptible to changes in pH (Tessier et al, 1979), and
therefore considered to be more mobile as they are soluble and
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likely to be bioavailable. Metal(loid)s that fall in this category are
potentially  ecotoxic, especially
concentrations (Matong et al, 2016). The average exchangeable
fractions of Co, Ni, Fe, Cu and As accounted for 46%, 35%, 1%, 15%,

and 6% of the total metal(loid)s content in the samples at Cobalt,

if present in significant

respectively. Analysis of the samples from Cornwall determined that
Co, Ni, Fe, Cu and As accounted for 46%, 10%, 2%, 24%, and 2% of
the total metal(loid)s content in the samples, respectively.

The reducible fraction is typically ascribed to those bound to
iron and manganese oxyhydroxides. According to Pickering (1986),
iron and manganese oxyhydroxides exist as nodules, concretions,
cement between particles, and in certain cases as coatings on
particles. They are also efficient scavengers for metal(loid)s and
are thermodynamically unstable under anoxic conditions (Tessier
et al., 1979; Anju and Banerjee, 2010). As such, the metal(loid)s
extracted here are considered to be less mobile than those extracted
in the exchangeable fraction. At Cobalt, As accounted for the highest
extracted fraction (34%) of the reducible fraction, followed by Ni
(32%), Co (26%), Cu (20%) and Fe (10%). At the Cornwall sites, the
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Ab = albite, Apy = arsenopyrite, Chl = chlorite, Cpy = chalcopyrite, Py = pyrite, Qtz = quartz, Sco = scorodite

FIGURE 6

SEM-BSE images illustrating the mineralogy of the Cornwall mine wastes. (A) medium-coarse grained euhedral pyrite, (B) medium grained subhedral
chalcopyrite, (C) arsenopyrite altering to scorodite, (D) anhedral Fe oxide phases showing visible alteration.

average extracted fraction proportions were As (37%), Cu (25%), Ni
(24%), Co (22%), and Fe (18%) (Figure 3).

Oxidisable metal(loid)s are typically those which are bound to
sulfides and organic material. They can be released into the
environment under oxidising conditions (Tessier et al, 1979;
Anju and Banerjee, 2010). Metal(loid)s bound to this fraction are
generally less mobile than those bound in the reducible fraction. In
the Cobalt tailings Co, Ni, Fe, Cu and As were present in the
following average respective proportions: 22%, 21%, 3%, 54%, and
21%. At the Cornwall sites, the average proportions of metal(loid)s
were Co (13%), Ni (19%), Fe (6%), Cu (27%), and As (12%).

The metal(loid)s found in the residual fraction are strongly
bound to and within the crystalline structure of the minerals present,
and are therefore not typically labile (Anju and Banerjee, 2010;
Rauret et al., 1999) and are unlikely to be released over a reasonable
time span under known natural conditions (Tessier et al., 1979). As
such they are unlikely to present a risk to humans or the
environment. At Cobalt the most prominent deportment within
this category included: Fe (86%), As (39%), Ni (13%), Cu (11%), and
Co (6%). A similar fractionation trend was observed in the samples
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from Cornwall where the proportions were Fe (74%), As (49%), Ni
(47%), Cu (23%), and Co (19%).

3.2 Risk assessment code (RAC)

The proportion of Co in the exchangeable fraction of the
Nipissing tailings to 58%
Supplementary Table 3). These proportions indicate medium,

varied from 28% (Figure 3;
high, and very high risk in various samples (Table 3). The RAC
site average for Ni was 35%. Although this places Ni in the high-risk
category, some samples indicated medium risk. Thus, Co and Ni are
in the medium to high-risk category in the aquatic and non-aquatic
environments and likely to affect humans via the food chain. The
RAC values for Cu ranged between 9.10% and 17.8% which classifies
it as a medium risk metal(loid) in the Nipissing tailings. The average
RAC values of As (5.9%) and Fe (0.58%) classified these metal(loid)s
as low risk and no risk to the environment (Figure 4).

In the Cornwall samples Co had RAC values ranging from 30%
to 62% (Figure 4) which indicates high risk and very high risk in
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TABLE 5 Average Co, Ni, Ni, As, and Fe mine waste concentrations reported in this study compared to those in other areas, and to soil guideline values. na:
not analysed.

Region and site Average concentrations (mg kg™) References
Co Ni Cu As Fe

Cornwall, United Kingdom | Poldice 24 5 894 1940 22200 This study

Wheal Unity 49 33 1,170 9,340 42100

Dolcoath 53 30 3,070 2090 60500
Cobalt, Canada Nipissing High Grade 4,640 1,430 1840 10400 105000

Nipissing Low Grade 687 561 435 2,270 58200
Idaho, USA 480 na 980 324 58500 Gray and Eppinger (2012)
Katanga, Congo 990 27 10300 29 45000 Pourret et al. (2016)
Kabwe, Zambia 430 36 7,650 74 73500 Sracek et al. (2010b)
Algares, Portugal 120 <5 638 946 No data Bobos et al. (2006)

Soil Guideline Values

Residential 21 82 92 18 No data ONTARIO MINISTRY OF THE ENVIRONMENT. (2011)
Residential 50 45 63 12 No data CCME (2010)

various samples across the sites, and by average (46%) as a high risk
metal(loid) (Table 3). Although on average Cu (28%) was placed in
the medium risk category, some samples were classified as low risk.
The average RAC values for Ni were 9.9% which placed it in the low
risk category. However, Ni was classified as medium risk in some
samples. The site averages for Fe (1.7%) and As (2.2%) classified the
metal(loid)s as low risk, and no risk to the environment in
some samples.

3.3 Mineralogy

3.3.1 Bulk mineralogy

Typical X-ray diffraction patterns for Cobalt and Cornwall are
displayed in Supplementary Figure 1. The mineralogy of the high-
and low-grade tailings at Cobalt comprised predominantly quartz,
chlorite and albite, with lesser amounts of orthoclase, microcline,
and dolomite (Table 4). Ore minerals identified in the high-grade
tailings include xanthiosite and alloclasite, while birnessite and
chalcopyrite occurred in the low-grade tailings.

Quartz and muscovite were abundant in the Cornwall samples,
with minor birnessite, fluorite and microcline across all sample sites.
These results are similar to those obtained by Tang et al. (2021).
Generally, the bulk mineralogy of samples across the three sites in
Cornwall was consistent, likely due to the similarities in
mineralisation in the region (Dines, 1956).

3.3.2 SEM and EPMA

3.3.2.1 Mineralogy of the samples from Cobalt, Canada
identified as both primary
(sulfarsenides, arsenides) and secondary (arsenate) minerals

Co-bearing minerals were

within the samples taken from Cobalt. The sulfarsenides

cobaltite-gersdorffite, containing up to about 32 wt% Co, and
arsenides safflorite-skutterudite, containing up to about 13.7 wt%
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Co), were observed mainly in the high-grade samples. Cobaltite
occurred as euhedral to anhedral overgrowths on chlorite and other
silicates such as albite (Figure 5), whereas safflorite-skutterudite
occurred as fine grained (typically ~20 um), subhedral-anhedral
phases inter-grown with sulfarsenides, with little to no secondary
alteration.

Arsenopyrite (~4.4 wt% Co), and loellingite (~9.9 wt% Co) were
observed in all samples from the Nipissing tailings. The former was
observed as a subhedral to anhedral phase associated with chlorite
phases whereas the latter occurred as a euhedral-subhedral arsenide
associated with various phases of arsenopyrite, arseniosiderite,
chalcopyrite and silicate minerals.

Erythrite-annabergite minerals containing about 20.8 wt% Co
were the most widespread Co-bearing phases across the Nipissing
site. In several samples, erythrite-annabergite occurred as elongated,
euhedral, prismatic, needle-like phases of secondary rims growing
on common rock forming minerals including silicates and
carbonates. Across the sites, erythrite was also observed as a
replacement of the primary arsenides and sulfarsenides.

Other Co-bearing minerals detected within the samples from
Cobalt included scorodite (8.3 wt% Co), observed as associated with
pyrite on a chlorite-albite matrix dotted with the needle-like
erythrite, arseniosiderite (5.2 wt% Co), observed as massive, leaf-
like aggregates with radial growth textures, and as replacement
products of arsenopyrite and scorodite, and iron oxides (1.6 wt%
Co), typically observed as subhedral, fine grained stains on
silicate cement.

3.3.2.2 Mineralogy of the samples from Cornwall, UK
Pyrite, chalcopyrite and arsenopyrite were the most important
Co-bearing primary minerals observed in the samples from the
Cornwall sites (Figure 6). Pyrite (1 wt% Co) was observed typically
in samples from the Wheal Unity mine as euhedral, medium to
coarse grained phases with scorodite overgrowths (Figure 6A).
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FIGURE 7

Eh-pH diagram for the Co-As-H,O system at 25°C (aYAs = 1073,

aY Co = 107 highlighting the stability field (purple) for erythrite.
Modified from Charykova and Krivovichev (2020), with permission of
Springer Nature. Vertical blue and green strips: measured paste

pH range for the Cobalt and Cornwall sites, respectively.

Chalcopyrite (~0.5 wt% Co) was observed in several samples as both
euhedral and subhedral (Figure 6B), medium grained phases
associated with silicate minerals and arsenopyrite. Arsenopyrite
(0.01-1.05 wt% Co), was observed as euhedral and anhedral
phases, and in a few samples with visible alteration to
scorodite (Figure 6C).

Scorodite and Fe-Mn oxides were observed in all Cornwall
samples. Scorodite (up to ~1.7 wt% Co) was observed as an
overgrowth texture overgrowing on pyrite and chalcopyrite
phases. Iron oxides (0.7-3.1 wt% Co) were observed as euhedral
and anhedral phases showing visible alteration (Figure 6D), and in
certain cases, pitted and overgrown on silicates. The other phase had
concentric rings/outer bands around an inner core with a
homogenous fabric. In some samples, Mn-oxides (0.9 wt% Co)
were observed as precipitates/coatings on the silicates.

4 Discussion
4.1 Bulk Co mineralogy

Mineralogical characterization of the tailings from Cobalt,
Canada showed that Co was present in primary minerals such as
cobaltite, safflorite, skutterudite, loellingite, pyrite, chalcopyrite and
arsenopyrite, and secondary minerals such as erythrite, annabergite,
scorodite and arseniosiderite. In the mine waste samples collected in
Cornwall, Co was mainly present as a trace element incorporated in
both primary (pyrite, chalcopyrite, and arsenopyrite) and secondary
minerals (scorodite and the iron oxyhydroxides). Trace amounts of
Co (in concentrations below the c. 0.01 wt% detection limit of the
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SEM/EDS) could also have occurred in other minerals. The
distinction in the Co mineralogy of the two sites can be
attributed to differences in ore deposit geology and processing
techniques. In Cobalt, Canada, the ore was derived from the five-
element (Ag-Bi-Co-Ni-As) vein deposits where Ag was typically the
principal commodity of interest. Throughout its history the ore was
processed by a number of processing techniques including gravity
concentration, flotation, cyanidation and Hg-amalgamation (Reid
et al, 1922). In Cornwall, the ore was mainly derived from bulk
mineable stockworks or sheeted vein systems rich in Sn, Cu, W and
As (Dines, 1956; Moon, 2010). The metals were recovered by
calcination which involved roasting the ore, followed by
sublimation and condensation in long flues containing collection
chambers (Turner, 1986; Camm et al., 2003).

4.2 Bulk geochemistry

When comparing the three sites from Cornwall, Dolcoath
mine site had the highest concentration of Co, followed by
Wheal then  Poldice The Dolcoath
concentration (53 mg kg™') exceeds the soil quality guideline set

Unity and mine.
by the Ontario Ministry of the Environment (Ontario Ministry of
the Environment, 2011), the Canadian Council of Ministers of the
Environment (CCME, 2010) and the United States Environmental
Protection Agency (USEPA, 2011) for residential purposes. At the
Poldice mine site, the concentration of Co is lower than the CCME
(2010) soil quality guideline. When comparing the Cobalt sites to
those in Cornwall, the concentration of Co at the former is 900-
fold and 13-fold higher than the latter in the high-grade and low-
grade Nipissing tailings, respectively. This concentration also
exceeds the soil quality guidelines shown in Table 5, suggesting
that Co is likely to pose greater environmental concerns at Cobalt
than at the Cornwall sites. Looking from a global point of view, Co
concentrations from the three Cornwall sites are 2-3 orders of
magnitude lower than the other global sites shown in Table 5.
However, the Co content in the tailings from Cobalt (especially the
high-grade) is many orders of magnitude higher than at the
other sites.

4.3 Geochemical controls on Co mineralogy

Primary Co (Ni-Fe-As) minerals can undergo oxidation and
dissolution to liberate Co, and associated metal(loid)s, into the near-
surface environment (Ziwa 2020). Conversely, the
precipitation of secondary Co-bearing phases removes Co and

et al,
the associated metal(loid)s from solution. Understanding these
dissolution-precipitation reactions, the Co phases present, and
the geochemical conditions under which they remain stable is
key to sustainable mine waste management.

Primary Co-bearing phases were either absent or only detected
in low concentrations in all mine waste samples analysed. This
absence suggests that the Co present as secondary minerals, with
some evidence for this in the form of Co-Ni arsenate phases,
including erythrite-annabergite (often forming precipitation rims
on silicates and carbonates), particularly in the Cobalt samples. The
dominance of secondary minerals provides clear evidence of the
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dissolution, mobilization, precipitation and retardation of Co, Ni
and As within the mine waste.

In low pH conditions, such as those recorded at Cornwall (pH <
5), Co-bearing sulfarsenides and arsenides such as cobaltite and
safflorite will likely undergo oxidative dissolution, and release Co**
and As oxyanions (AsO,4") into aquatic environments. The presence
of carbonates can cause an increase in the pH of environmental
waters to near neutral (such as pH ~ 7.6 at Cobalt), which could
result in dissolved Co interacting with the soluble As oxyanions to
form secondary arsenate phases, including erythrite (Boyle and
Dass, 1971). Following this, cobaltite is likely to be susceptible to
oxidation, either by oxygen (Equation 1), Fe(III) (Equation 2) and
nitrate (Equation 3) (Nordstrom and Southam, 1997; Ehrlich et al.,
2015). The generation of Fe(III) is associated with microbial activity,
and Fe(III) can oxidise sulfide minerals such as cobaltite much faster
than oxygen (Nordstrom and Southam, 1997).

13
2 CoAsS + 5 0, +3H,0 & 2Co* +280% +2AsO) +6H"

(1)
CoAsS +5Fe* + 8 H,0 « Co® +5Fe™ +SOY + AsO) + 8 H*
)

The Co®" and AsO,’" generated by the cobaltite oxidation can
react with water and proton to produce erythrite (Equation 3) (Boyle
and Dass, 1971).

3Co* +380F +6H' +2 AsO) +8 H,0O « Co;(AsO,),.8 H,O
+ 3 H,S0,
(3)

Under prolonged oxidation, the arsenate-bearing erythrite and
annabergite are suggested to be unstable (Boyle and Dass, 1971), and
if such oxidative dissolution occurs then Co and related metal(loid)s
would be further remobilised. SEM data show that the erythrite-
annabergite phase was predominantly euhedral, and with no
obvious dissolution textures. This euhedral, prismatic, needle-like
crystallinity suggests that this phase was stable within the near
surface oxidizing environment, particularly within the high-grade
tailings damp at the time of sampling.

Other Co-hosting phases, including arsenopyrite, scorodite and
arseniosiderite, have been identified. Scorodite is the most common
arsenate formed from the weathering of As-bearing sulfide ores such
as arsenopyrite (Palache et al., 1951) whereas arseniosiderite occurs
as secondary alteration products related to the oxidation of
arsenopyrite in mine wastes (Paktunc et al, 2015). These
arsenate minerals are stable in the pH ranges exhibited by the
Cobalt samples (Supplementary Table 1), suggesting that the Co
they contain may also be relatively immobile unless redox
conditions change.

4.4 Co speciation and environmental
implications

Sequential extraction data show that Co is associated with the
most labile “exchangeable” phase in samples taken from both Cobalt
and Cornwall. This “exchangeable” association is likely due to its
enrichment in the secondary mineral erythrite, as well as its
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incorporation into arseniosiderite, scorodite, and possibly
carbonate phases. This similarity provides some evidence, despite
the differences in origins (both geological and mineral processing
techniques to produce the mine waste materials), that Co may have a
relatively predictable behaviour in mine waste. Further study is
required to explore this subject in more detail.

From an aquatic environmental standpoint, slight change in
the pH could trigger the release of Co and other such bound
metal(loid)s into solution thereby rendering them mobile and
bioavailable. For example, if the pH conditions of the mine
wastes became acidic (Figure 7), the Co bound with erythrite
would likely solubilise and become mobile in the environment. At
the Cobalt site, the paste pH (7.5-7.84) of the Nipissing tailings
falls within the stability field of erythrite which would limit Co
mobility as it is locked in the mineral crystal lattice. However, at
the three sites in Cornwall, the pH range of 3.72-5.77 suggests that
erythrite will undergo dissolution and release Co, As (and Ni) into
the environment.

Co was also measured as strongly associated with the ‘reducible’
fraction within both the samples taken from Cobalt and Cornwall,
which

phases—possibly by adsorption onto the mineral surfaces. XRD

indicates an association with Fe-Mn oxyhydroxide
and SEM analyses of this study have confirmed the presence of
birnessite and possibly goethite in samples from both sites. These
phases are also excellent scavengers for metal(loid)s and are
thermodynamically unstable and may release the metal(loid)s
under reducing conditions (Tessier et al., 1979; Pickering, 1986;
Anju and Banerjee, 2010). A smaller proportion of Co was also
recorded as associated with the ‘oxidizable’ phase, which suggest
some binding with sulfide phases such as pyrite and chalcopyrite.
Under oxidising conditions, the Co within such phases may be
liberated into the environment. There was also some association of
Co with the ‘residual’” phase, which is considered largely immobile in
the environment. Therefore, it is likely that only a low concentration
of Co is locked in the crystal structure of primary rock forming
silicate minerals such as chlorite.

5 Conclusion

There is currently a lack of robust geochemical and
mineralogical data for Co in mining-affected environments.
These data are useful to support both environmental protection
from existing mine wastes but also to inform the development of
future responsible mining approaches and regulations. This study
has therefore been established to characterise the geochemistry and
mineralogy of Co at two representative locations of contrasting
geology and mineral processing history: Cobalt, Canada, and
Cornwall, United Kingdom.

The BCR sequential extraction procedure used in this study has
proven a useful technique for indirectly assessing the potential
mobility and bioavailability of Co and associated metal(loid)s in
the mine wastes studied. Results from the mine wastes taken from
Cobalt show that up to 58% of Co was extracted in the exchangeable
fraction, corresponding to the ‘mobile’ fraction. The order of
deportment was exchangeable > reducible > oxidisable >
residual. Similarly, up to approximately 46% of Co was recorded
as associated with the exchangeable fraction for the samples
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The
exchangeable > reducible > residual > oxidisable.

taken from Cornwall. order of deportment was

Mineralogical analysis indicates that erythrite is the most
important secondary Co-bearing mineral, which was recorded as
widespread in the Nipissing tailings. Other secondary minerals in
which Co was found included arseniosiderite, scorodite, and Fe
oxyhydroxides. Primary Co-bearing minerals identified included
cobaltite and safflorite-skutterudite. Cobalt was also incorporated in
other primary minerals including arsenopyrite, loellingite, pyrite
and chalcopyrite. No Co-bearing primary and secondary minerals
were recorded in any of the Cornwall samples. Cobalt was instead
pyrite,
chalcopyrite) and secondary minerals (scorodite, and Fe-Mn

incorporated in other primary (arsenopyrite, and
oxyhydroxides). Overall the results demonstrate, that despite,
their contrasting geology, mineral processing history and
potential differences in Co mineralogical deportment between the
two sampling locations, Co exhibited a relatively consistently high
potential to leach into the aquatic environment. As a result, Co may
have a relatively predictable behaviour across different locations
worldwide. Further study is required to further investigate this
phenomenon using different Co-bearing geological materials and

processing wastes.
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