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Abstract:

The exploitation of mine waste materials as secondary resources requires in-depth mineralogical analyses,
with metal deportment being of particular relevance for metal recovery. Using a combination of the
Scanning Electron Microscope (SEM)-based Mineral Liberation Analyser (MLA) and Electron Probe Micro-
Analyser (EPMA) methods, the deportment of lead and zinc in the historic Plombiéres mine site (East
Belgium) was investigated. The mine site comprises four different materials: soil, metallurgical waste,
brown and yellow tailings. The integration of the MLA and EPMA data allowed the identification and
guantification of Pb- and Zn-bearing phases, including minerals present in low abundances as well as slag
phases. Different slag types and Pb oxides phases are the main sources of lead in Plombieres mine waste
samples. These phases host 65 to 99 % of the Pb, the rest is distributed between cerussite (0 to 37 %),
and/or anglesite (0 to 17 %). Approximately 95 % of Zn is hosted by different types of slags or by
fraipontite, with minor amounts contributed by sphalerite (0.1 to 3 %), gahnite (1.0 to 2.4 %), willemite
(0.1 to 2.9 %), and bannisterite (0 to 3 %). The MLA/EPMA measurements were validated by comparing
calculated Pb and Zn grades with bulk grades measured by X-ray fluorescence spectroscopy. The
coefficients of correlation between the measured and calculated values were found to be 0.89 for lead
and 0.80 for zinc. Uncertainties on the metal deportments were estimated by bootstrap resampling and
are typically low. The highest uncertainties are observed when the metal-bearing phases are present in
low abundances, which is particularly noticeable in the yellow tailings. Considering the promising results,
the integrated approach applied in this study should be applicable to other metals and waste deposits
across the globe.

Keywords: Elemental deportment, mine waste, automated mineralogy, nugget effect
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1. Introduction

The extraction and processing of ore result in large amounts of mine waste materials, including tailings,
metallurgical wastes and waste rock (Lottermoser., 2011; Tayebi-Khorami et al., 2019). Mine waste
materials can potentially present economic prospects for re-use and re-mining, but can also cause severe
damage and contamination to the environment if stored improperly (Jamieson et al., 2015; Ettler, 2015;
Falagan et al., 2017; Karaca et al., 2017; Ceniceros-Gomez et al., 2018; Helser and Cappuyns, 2021; Amar
et al., 2021). Sulphidic mine waste materials have the potential to produce Acid Rock Drainage (ARD) and
leach toxic elements into the environment when exposed to oxidising conditions, with negative effects on
the environment and human health (Environment Agency, 2009). Therefore, the re-use of mine waste
materials can also be beneficial for the mitigation of environmental risks.

Sulphide ores are important sources for metals of economical interest, metals such as zinc, lead, copper,
and nickel (Lottermoser, 2011; Lindsay et al., 2015;), which are hosted by the ore minerals sphalerite (ZnS),
galena (PbS), chalcopyrite (CuFeS;) and pentlandite [(Fe, Ni)sSs], respectively. Mining waste typically
comprises gangue minerals and low contents of the ore minerals which were not recovered during
processing. Historic mine wastes tend to contain higher amounts of ore minerals than modern mine
wastes, in direct relation to the lower processing efficiency, as well as exploitation of higher grade ores,
in the past (Martinez et al.,, 2016; Hudson-Edwards et al., 2011). Moreover, many elements whose
extraction was previously not economically feasible to mine are now desirable and vital for high-tech
applications, e.g. cobalt, indium, germanium, and gallium (Dold, 2020). Therefore, it may also be
economically viable to re-process mining wastes to recover the remaining quantities of such metals.

Low-grade deposits such as mining waste require efficient extraction processes for metal recovery to be
economically feasible (Hesse et al., 2017). Recent studies have shown that in-depth mineralogical and
geochemical analyses, together with textural information, are required to optimise processing parameters
and improve metal recovery (Guanira et al., 2020). The application of these methods to both ores and
mine wastes enables the economic potential of ore deposits to be maximised, which would in turn
decrease the risks of the corresponding financial investments. Furthermore, knowledge of the chemistry
and mineralogy of the materials is also beneficial for environmental assessments (Parbhakar-Fox et al.,
2011; Gomez-Arias et al., 2021). For example, in-depth analysis of tailings can help with the prediction of
ARD (acid rock drainage) potential. These kinds of analyses could be incorporated during the early stages
of a mining operation and may lead to the easier obtainment of environmental licences (Parbhakar-Fox
et al., 2018).

Elemental deportment is one of the most important factors to consider during the characterisation of an
ore for processing (Frenzel et al., 2019). Deportment studies have been accomplished for platinum group
elements (PGEs), rare earth elements (REEs), gold, silver, copper, iron, chromium, indium and germanium
in different ore types (Gregory et al., 2013; Elghali et al., 2018; Frenzel et al., 201; Polko et al., 2019; Schulz
et al., 2019; Tripathy et al., 2019). The most precise results are achieved by combining several different
analytical methods. Appropriate methods may include X-ray diffraction (XRD), X-ray fluorescence (XRF),
inductively coupled plasma atomic emission spectroscopy (ICP-OES), and electron probe micro-analyser
(EPMA). Scanning electron microscope (SEM)-based automated mineralogical methods (e.g. MLA,
QEMSCAN, TIMA) have been proven to be an efficient way to characterise textural and mineralogical ore
properties which are relevant for the extraction of the metals (Kern et al., 2018; Guanira et al., 2020;
Schulz et al., 2020; Pereira et al., 2021a; Pereira et al., 2021b ). Chemical methods such as XRF and ICP-
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OES are equally important for deportment calculations since they are used to assess the quality and
reliability of the Mineral liberation analyser (MLA) measurements and deportment calculations (Kern et
al., 2018; Frenzel et al., 2019; Blannin et al., 2021; Swinkels et al., 2021).

”n, u

Based on a search at “Web of science” using the words “deportment”; “mine waste” or “tailings” more
than 20 publications appeared, however by adding terms “slags and/ or non-minerals” only one
publication of by Tuhy et al. (2020) matched these criteria (last checked 11/01/2022). Tuhy et al. (2020)
focused on quantitatively determining the contaminant partitioning in the topsoil by integrating
automated mineralogy (autoSEM) with standard mineralogical techniques (XRD, SEM/EDS, EPMA). Up to
date, this is the only other study that used automated techniques to establish mineral deportment from
mine waste that consists of minerals and slags. Most of the studies found using terms “deportment” and
“mine waste or tailings” rely on bulk mineralogical and geochemical analyses to assess the economic
potential and environmental issues (e.g. Titshall et al., 2013; Cabala et al., 2019; Kuhn and Meima, 2019).
Some studies have investigated lead and/or zinc deposits, but the focus is most often on precious or
penalty elements (e.g. Ag, Ga, Ge, In, Sb, Cd ) (Minz et al., 2015; Mondillo et al., 2018; Mikulski et al.,
2020). This is the first study to deal with the detailed characterisation of the lead and zinc deportment of
materials from the Plombieres tailings pond. The specific complexity of these materials lies in their mixed
nature, comprising residues from both the physical and pyrometallurgical processing of the ores.

The Plombiéres tailings pond in East Belgium covers a minimum surface area of 8000 m? and is composed
of 4 types of material: soil, metallurgical waste, brown and yellow tailings (Bevandi¢ et al., 2021). The mine
waste material represents residues of the pyrometallurgical processing of Mississippi Valley-type (MVT)
ores (Dejonghe et al., 1993; Kucha et al., 1996). The primary mineralogy of the Plombiéres ore consisted
mostly of the sulfide minerals galena (PbS), sphalerite (ZnS) and pyrite/marcasite (FeS,), with gangue
minerals including quartz and carbonates (Dejonghe et al., 1998; Baele et al., 2021). Bulk geochemical
analysis (XRF) showed that the different types of mine waste material dominantly consist of SiO,, Al,O;
and Fe;0s3, while the lead and zinc contents vary from 51 ppm to 24 wt % and from 10 ppm to 10.1 wt %,
respectively (Bevandi¢ et al., 2021). Bulk mineralogical analyses (XRD) corroborated these findings,
demonstrating that the major minerals present are quartz, amorphous phases (most likely
pyrometallurgical slags) and phyllosilicates, with minor amounts of Fe-, Pb- and Zn-bearing minerals
(Bevandi¢ et al., 2021). The metallurgical waste layer of the mine wastes was found to have a similar
composition to nearby metallurgical dumps that were characterised by Kucha et al., (1996).

Although bulk mineralogical analytical methods can provide information on the presence of minor to
major minerals, difficulties may occur with trace minerals (Warlo et al., 2019). Therefore, these methods
may not be ideal for low-grade materials such as mine wastes. For example, when using XRD to
characterise the bulk mineralogy of the different material types of the Plombieres tailings pond, Bevandic¢
et al. (2021) encountered problems due to the nature of the mine waste materials. Quantification of XRD
results was complicated by the presence of amorphous phases, with broad and low-intensity peaks
covering the peaks of mineral phases present in low-quantities (Bevandié et al., 2021). In particular, Pb-
and Zn-bearing minerals, which occur in low abundances, could not be identified (Bevandic et al., 2021).
Additionally, lead and zinc are likely to occur in the amorphous phases (Kucha et al., 1996). The
contribution of these materials to the overall lead and zinc deportment could not be assessed with XRD,
meaning that the deportments calculated from solely the XRD results would be incorrect.
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This study aimed to determine the elemental distribution of lead and zinc within the different mine waste
materials present in the Plombieres mine waste (East Belgium) by analysing selected samples with a
combination of MLA and EPMA. Several studies have shown that the integration of these methods can
efficiently resolve relevant mineral and slag phases, and provide accurate estimates of their contributions
to the metal deportment (Rao and Das et al., 2014; Wang et al., 2015; Horckmans et al., 2019; Morrison
et al., 2019; Gomez-Arias et al., 2022). The benefits of metal deportment studies for mine waste materials
were assessed, with a particular focus on the characterisation of non-crystalline slag phases, which was
not achieved in previous studies. The procedures used in this study can be applied to other mine wasted
deposits around the globe, to lead to the optimisation of suitable processing routes.

2. Material and methodology

2.1. Sampling and sample preparation

More than 120 samples were collected from 20 drill holes extracted during a sampling campaign of the
Plombieres tailings pond (Bevandi¢ et al., 2021). Twenty-three of these samples were selected for this
study to cover the variability in mineralogy, lead and zinc contents, as determined in the previous study
(Bevandic et al., 2021). The brown and yellow tailings have lower contents of the metals of interest, and
no lead and/or zinc phases were detected with XRD in these materials (Bevandi¢ et al. 2021). Therefore,
to ensure that a sufficient number of lead and zinc grains would be detected in all of the four types of
mine wastes, additional samples of brown and yellow tailings were selected for MLA and EPMA analyses.
Before further analysis, samples were dried, deagglomerated and split using a riffle splitter. Subsamples
were prepared using the incremental sampling methodology (ISM). One increment was used for the
preparation of grain mounts for MLA and EPMA. After enough material was taken for the grain mount
preparation, the remainder of the increment was used for X-ray fluorescence (XRF) analysis at an external
laboratory. An overview of the analytical methods used on different types of mine waste samples for in-
depth analysis is provided in Electronic Supplementary Material 1 (Table Al in ESM1). The bulk
geochemical analyses using the XRF method were conducted at the ACME laboratory in Canada. Details
are provided in ESM2. The steps of sample preparation undertaken for this study are outlined in the
following subsections.

2.2. Mineral liberation analyser (MLA)

Quantitative mineralogical analysis using MLA was carried out on 23 samples (4 of soil, 5 of metallurgical
waste, 6 of brown tailings and 8 of yellow tailings) (Table Al). Polished grain mounts (30 mm diameter)
were prepared at the Helmholtz Institute Freiberg (HIF) for Resource Technology, by mixing the samples
with graphite powder and epoxy resin. In order to mitigate the effects of gravity settling, each epoxy block
was sliced into 5 strips, which were then rotated by 90°, re-embedded in epoxy resin and polished (Heinig
et al., 2015). After carbon-coating of the samples, measurements were performed at the HIF on an FEI
Quanta 650F field emission scanning electron microscope equipped with two Bruker Quantax X-flash 5030
energy-dispersive X-rays (EDX) detectors and the MLA software (version 3.15). The GXMAP mode was
applied with an acceleration voltage of 15 kV, image resolution of 1 um/pixel, step size of 6 pixels, and
BSE brightness calibrated to Au (Fandrich et al., 2007; Bachmann et al., 2017). The machine settings and
other measurements parameters used are given in Table A2 in ESM1

Measurement conditions and sample preparations for the MLA were determined by the type of material.
Both types of tailings were measured and prepared under the same conditions, while the sample
preparation used for the soil and metallurgical waste samples were different. The main reasons for this
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were the fine-grained nature of tailings in comparison to the metallurgical waste and soil, and the
presence of coal in the metallurgical waste and soil. The presence of carbon phases requires measurement
conditions suitable for distinguishing these phases from the graphite powder introduced during sample
preparation since they have similar Back Scatter Electron (BSE) values. Detailed information about
methods suitable for measuring and processing samples with organic matter such as coal can be found in
the work done by Rahfeld and Gutzmer (2017). Recently, the efficiency of this study was confirmed with
research on lithium-ion batteries that consist both of mineral, non-mineral and carbon particles
(Vanderbruggen et al., 2021).

Minerals were classified based on their EDX spectra. Slag particles could be clearly distinguished from
other particles with the SEM by their morphology and texture. Since the MLA software does not classify
particles based on these visual criteria, this was done manually. Therefore, EDX spectra of these phases
were collected and used to quantify their chemical compositions. Based on the collected spectra, different
types of slags were defined. The characterisation of the slags was difficult due to their compositional
heterogeneity, and therefore, several EDX spectra were collected for each type to aid classification. The
threshold for spectral matching was set at 95 % for GXMAP measurements. Processing of the MLA data
was performed until the content of unknown phases was less than 0.5 wt. %.

2.3. Electron probe micro-analyser (EPMA)

EPMA analyses were carried out on 11 samples to more accurately quantify the chemical composition of
the various Pb- and Zn-bearing phases. Samples for EPMA were selected based on the mineralogy
obtained by MLA analysis. Three samples of each material type were selected, except for the yellow
tailings, for which two samples were selected. Prior to analysis, the diameter of the grain mounts was
reduced from 30 mm to 25 mm, and the surface was re-polished. Reflective light microscopy was
performed on a Leica microscope, equipped with a halogen lamp, to identify minerals and areas of interest
for EPMA measurements.

Microprobe analysis was performed at the Instituto Dom Luiz, Faculdade de Ciéncias, University of Lisbon,
Lisbon, Portugal. The analysis was performed with a JEOL JXA 8200 electron microprobe equipped with
four tunable wavelength dispersive spectrometers (WDS) and one energy dispersive X-Ray spectrometer
(EDX). The machine settings and other measurements parameters used are described in Table A3 in ESM1.
Approximately 800 point analyses and 20 compositional maps were made. Slag grains in particular were
targeted for point analyses to better capture the strong compositional heterogeneity of these phases.
Since they represent a significant proportion of the mine waste material, it was vital to precisely establish
their chemical composition for the deportment calculations. In total, 400 points from different slag grains
were measured. Around 160 point analyses of Pb-bearing minerals and 25 of Zn-bearing minerals were
measured. Additionally, EPMA analysis was used to identify Pb oxide grains to avoid the overlapping of
Pb-S peaks in EDX. The lower number of measured points for the Zn-bearing minerals is due to the majority
of the Zn-bearing mineral grains being too fine to obtain accurate measurements with EPMA (Figure Al
in ESM 1). In addition, grains of pyrite and calcite were measured with EPMA, since they may sometimes
contain elevated Zn contents (Liu et al., 2018; Zhang et al., 2020). The collected data were combined with
the MLA results to improve the quality of the overall results and develop a quantitative deportment
model, as described in the following section. Point analyses collected for this study can be found in the
ESM3.
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2.4. Deportment calculation

In order to obtain quantitative metal deportments, the MLA and EPMA data need to be integrated. Firstly,
the bulk concentration (Ck) of the metal of interest (k) in the sample was calculated with Eq. 1 (Frenzel et
al., 2019). Since the bulk concentration calculations are the basis of the deportment study, it is of the
highest importance to have reliable phase abundances (xi) and elemental chemistry (ci) of the phases of
interest. Quantitative results of modal abundance (xi) are obtained from MLA measurements and
guantitative results of element chemistry (ci) are obtained from EPMA point analysis.

N
C, = Zci*xi
e~

L
Eq. 1. After Frenzel et al. (2019), with N the number of phases in the sample.
Mineralogical deportments (Mdk) were subsequently calculated with Eq. 2 (cf. Frenzel et al., 2019) for
each individual phase that contributes to the bulk concentration of a specific metal of interest.
* X;

Ci
Md. = { Cr

* 100 %}

i=1,..,N
Eq. 2 After Frenzel et al. (2019)

Up to date, some studies dealing with the characterisation of mine waste material (e.g. tailings) are using
mineralogical reconciliation methods to validate bulk geochemical data (e.g. Elghali et al., 2018; Elghali
et al., 2021). The latter method consists of changing quantified mineralogy data collected by automated
mineralogical methods (e.g. QEMSCAN) to fit measured geochemical data. However, given the complex
nature of the Plombiéres mine waste materials, including different types of slag material with varying
composition (Bevandic et al., 2021), there is no way of unambiguously adjusting the mineralogical data
using the chemical assays. Making assumptions, e.g. considering the elemental chemistry of the slagas
constant would result in not considering the uncertainties present and would introduce bias into the
deportment calculations. Based on recent studies (e.g. Kern et al., 2018; Frenzel et al., 2019; Blannin et
al., 2021; Swinkels et al., 2021) the methodology of deportment model validation with bulk chemistry, as
carried out in the present study is considered as a more suitable option for Plombieres mine waste.
Therefore, taking into account the quality and reliability of MLA/EPMA measurements, calculated lead
and zinc grades (including a calculated 95 % confidence interval) were compared to the contents
measured by bulk analysis with XRF. Moreover, by doing calculation and validation of the data as
suggested, the authors are showing how mineralogical (xi) and mineral/slag elemental chemistry (ci)
uncertainties translate into deportment and chemical assay uncertainties, which has not been done until
now.

2.5. Bootstrap resampling

Bootstrap resampling is a technique that has proven to be effective for the estimation of analytical
uncertainties on automated SEM-based image analysis data (Napier-Munn, 2013; Mariano and Evans,
2015; Frenzel et al., 2019; Blannin et al., 2021). This technique is applicable to modal mineralogy, grain
size distribution, mineral association, deportment calculations, and other results that can be obtained
from automated SEM-based image analysis (Evans and Napier-Munn, 2013; Mariano and Evans, 2015;
Blannin et al. 2021).
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In order to perform bootstrap resampling, the original sample is divided into representative subsamples.
To assess the extent of analytical uncertainties, individual sub-samples are randomly selected and
combined with others to create potential realisations of the original sample (Evans and Napier-Munn,
2013; Mariano and Evans, 2015; Blannin et al., 2021). The spread in the reconstructed properties of these
realisations provides a reasonable estimate of the measurement uncertainties. Before calculation of the
deportment, it was important to establish the uncertainty on all previously acquired data, to understand
how these uncertainties are translated to the deportment calculation (Frenzel et al., 2019).

In this study, the original grain mount was cut into 5 strips, as previously mentioned. Each strip was taken
as a representative sub-sample. Bootstrap resampling was performed on the classified and processed MLA
data, with 1000 simulations for each sample. For this study, the uncertainties of the modal mineralogy,
abundance and composition of Pb- and Zn-bearing phases were estimated, as well as the bulk
concentrations calculated from the integration of the MLA and EPMA data.

3. Results

The following subsections present the analytical results by combining MLA and EPMA. The modal
mineralogy, slag characterisation and the lead and zinc deportment are presented. Additionally, the
uncertainties related to the MLA measurements are assessed, together with calculations of deportment
and bulk concentration.

3.1. Modal mineralogy

In total, 47 mineral phases and 4 types of pyrometallurgical slags were identified in the samples using MLA
and EPMA. For simplification, 10 groupings were applied to these 51 phases, as summarized in Table A4
in ESM1. The groups of interest for this study are slags, and Pb- and Zn- bearing minerals, which will be
discussed in detail in the following sections.

The MLA results show that all 4 material types predominantly consist of quartz (SiO,), phyllosilicate and
slag phases. These three phases alone comprise more than 80 wt. % of the material in each mine waste
type (Figure 1 and Table A5 in ESM1). Quartz varies in content from 3 - 57 wt. %, phyllosilicates 2 - 35 wt.
% and slags 6 - 59 wt. %. As the quartz content increases, the content of slags tends to decrease. Other
minerals (e.g. apatite, barite, zircon) are usually minor or trace constituents (Figure 1). The modal
mineralogies of the different mine waste materials are plotted in Figure 1. It is apparent that the soil and
metallurgical waste samples have similar compositions, in particular, a high ratio of slags to minerals when
compared to the tailing samples. These two types of material are distinguished by the higher content of
Zn-bearing minerals in the metallurgical waste and the presence of coal in the soils. In both types of
tailings, slags are present as a minor constituent. Quartz is most abundant in tailings, while in the soil and
metallurgical waste it is present as a minor constituent. Pb-bearing minerals are most abundant in the
brown tailing samples, while Zn-bearing minerals are most abundant in the metallurgical waste samples
The median modal mineralogy of all studied samples can be found in Table A5 in ESM1.

To assess the uncertainties of the modal mineralogy measurements, the median modal abundances for
different phases were plotted with error bars representing the 2.5" and 97.5" percentiles. Uncertainties
for all samples are shown in Figure A2 in ESM 1. Quartz, phyllosilicates, feldspars and slags typically have
relative standard deviations (RSD) of less than 10 %, but mostly less than 5 %, in all 4 types of material.
Iron, titanium, lead and zinc minerals, coal and carbonates tend to have higher and more variable RSDs (2
to 30 %), depending on their content in the sample. As could be expected, phases with low modal
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abundances have higher RSD (e.g., Blannin et al., 2021). The RSD of the contents of the Pb- and Zn-bearing
phases will be presented in the following sections.
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Figure 1. Median modal mineralogy values of studied mine waste samples, from bootstrap resampling of
the MLA results. S — soil; MW — metallurgical waste; BT — brown tailings; YT — yellow tailings.; Ti — Ti
minerals; Fe — Fe minerals; OM — other minerals; Pb — Pb minerals; Zn — Zn minerals.

3.2. Slag characterisation

The different slag phases were characterised by MLA and EPMA. Slags are aggregates of synthetically
produced phases, formed during pyrometallurgical processing of the ore, that often show a high degree
of compositional heterogeneity (e.g., Piatak et al., 2015). In the Plombiéres mine waste, four different
types of slag were identified. SiO,-rich (SiS), SiO»-Al;0s-rich (SAS), Fe20s-rich (FS) and PbO-ZnO-rich (PZS)
slags. In Figure 2, all four types of slags are present in one particle. Many studies dealing with slags report
slags phases as mineral phases and assign them a mineral name based on their chemical composition
(Piatak et al., 2015). For the purposes of this study, and to avoid further complications of the already
complex material, the authors decided not to assign mineral names to the different slags phases.

Depending on the type of material, the abundances of the different slag types vary. In all soil samples, FS
(4 to 13 wt. %) and PZS (7 to 15 wt. %) phases are most abundant. For 3 out of the 5 metallurgical waste
samples, SiS (8 to 20 wt. %) and SAS (12 to 18 wt. %) types are most abundant, while the other 2 samples
of metallurgical waste are dominated by FS (~30 wt. %) and PZS (13 to 16 wt. %) slags. Brown tailings, on
average, contain similar amounts of SiS and PZS types of slag (~3-7 wt. %). In two samples (BT 5 and 6)
SAS (~ 4.7 wt. %) and SiS (~1.4 wt. %) are more abundant than FS and PZS slags. SiO-rich (SiS) (0.6 to 3.4
wt. %) and SAS (4.2 to 6.2 wt. %) slags are the most abundant slag types in the yellow tailings, while the



296  contents of the other types are < 0.1 wt. %. A full list of the slag types present in the measured samples
297  can be found in Table A6 in ESM 1.
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299 Figure 2. Backscattered electron (BSE) (a) and false coloured MLA (b) image of a slag particle. From the
300 SEM-MLA image (b), it can be seen that the grains consist of quartz, 4 types of slag, phyllosilicates, Pb-
301 oxide, anglesite, gahnite and other minerals. In the lower-left corner (c) the elemental maps of silicon,
302 aluminium, lead and zinc show small-scale dendritic inclusions containing zinc and aluminium. These
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inclusions were too small to be analysed with EMPA. On the right (d), the elemental maps show droplets
that mainly consist of Pb oxides. Additionally, larger grains of Zn-Al inclusions (gahnite) occur. SiS — SiO,-
rich; SAS — Si0,-Al,0s-rich; FS — Fe;0s-rich; PZS — PbO-ZnO-rich slags.

The composition of the SiO»-rich slag is dominated by SiO, (average- 96.1 wt. %), with trace amounts of
Al,03, Fe;03, CaO, PbO and ZnO (Figure 3). The content of PbO and ZnO is minor (~ 0.1 wt. %). SAS slags
predominantly consist of SiO; (43.4 wt. %) and Al,0; (17.3 wt. %), with minor amounts of Al,Os, Fe;0s3,
Ca0, PbO and ZnO (Figure 3). The major component of FS types of slags is iron (Fe,0s3- 89.6 wt. %), with
minor amounts of lead (PbO- 3.1 wt. %), zinc (ZnO- 4.3 wt. %), aluminium (Al,Os- 3.1 wt. %) and silicon
(SiO,- 7.7 wt. %) (Figure 3). Lead-zinc-rich slags consist of lead (PbO - 15. 8 wt. %) and zinc (ZnO- 37.0 wt.
%) (Figure 3). Other elements present in significant contents are silicon (SiO,- 18.1 wt. %), aluminium
(Al,0s3- 6.4 wt. %) and iron (Fe;0s- 8.7 wt. %) (Figure 3).
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Figure 3. Chemical composition of major elements of 4 different types of slags.

3.3. Lead deportment
Several Pb-bearing minerals were identified with MLA and EPMA: Pb oxides (PbO/Pb0O;), anglesite
(PbS0Q4), cerussite (PbCOs), plumbogummite (PbAls(PO.),(OH)s-5H,0) and Ca-bearing pyromorphite
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((Pb,Ca)s(P0O4)sCl). In total, 161 point analyses were obtained for these minerals (Pb oxides n = 46,
anglesite, n = 72, cerussite n = 33, plumbogummite n =5, and Ca-bearing pyromorphite n=5). The mineral
chemistry of the Pb-bearing minerals, as determined by EPMA, can be found in Table A7 in ESM 1.

EPMA revealed that the Pb oxide grains have a minor sulphur content (<0.2 wt. %). These grains contain
a core consisting of litharge (PbO), while the rim is more oxidised and closer to the chemical composition
of plattnerite (PbO,) (cf. Figure 4). Furthermore, compositional mapping showed that grains identified as
plumbogummite by MLA partially consist of pyromorphite (Figure A3 in ESM 1).
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Figure 4. EPMA maps of Pb oxide grains, showing the distribution of lead (a), S (b) and Ag (c) and BSE
image (d)

The Pb-bearing minerals are most abundant in the brown tailings (4.4-10.0 wt. %), followed by soil (1.1-
4.6 wt. %), metallurgical waste (1.0-3.4 wt. %) and yellow tailings (<0.01 wt. %) (Figure 1 and Table A6 in
ESM 1). The most common Pb-bearing mineral in the metallurgical waste (1.1 - 2.9 wt. %), brown (3.5- 7.9
wt. %) and yellow (<0.01 wt. %) tailings is Pb oxide (Figure 5). In the metallurgical waste samples, cerussite
is the second-most abundant phase (0.1 - 0.5 wt. %), while in the brown tailings it is anglesite (0.8-1.8 wt.
%), followed by plumbogummite (0.1-0.5 wt. %) (Figure 5). In soil, anglesite (0.9-3.5 wt. %) is the most
common Pb-bearing mineral (Figure 5), followed by cerussite (0.1-0.8 wt. %), Pb oxides (0.1-0.3 wt. %)
and plumbogummite (<0.2 wt. %). However, the different types of slags still represent the highest content
of Pb-bearing phases in all 4 types of materials (Figure 5 and Table A6 in ESM 1).
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Figure 5. Median abundances of the Pb-bearing minerals and slags, given by bootstrap resampling of the
MLA data, normalised to a sum of 100 %. SiS- SiO,-rich slags; SAS- SiO,-Al,Os-rich slags; FS- Fe,Os-rich
slags; PZS- PbO-ZnO-rich slags.

All the Pb-bearing phases with contents higher than 1 wt. % showed RSD lower than 15 %, often even
lower than 10 %. However, all the phases with contents lower than 1 wt. % showed high RSD (53-95 %).
In general, the lower the content of the Pb-bearing phase, the higher the uncertainty regarding its
abundance (A4 in ESM 1).

Median lead deportments (Figure 6) indicate that lead is hosted in rather variable proportions by different
types of slags, Pb oxides, anglesite, cerussite and plumbogummite. Slags are the most relevant Pb-bearing
phase for soils (45-60 %) and yellow tailings (88-100 %). For soil, lead is hosted dominantly by PZS, while
SAS are the most important source of lead for yellow tailings. In soils, the remaining lead is predominantly
hosted by anglesite (23-37 %), cerussite (5-13 %) and Pb oxides (1- 6 %). Pb oxide (70-80 %) is the most
important host of lead for brown tailings (Figure 6). The remaining lead is hosted by anglesite (15-17 %)
and different types of slags (3-15 %). In two samples of brown tailings, PZS and Pb oxides contribute
equally to the total lead content. As mentioned above, in yellow tailings, slags are the major or only host
of lead, with the remaining lead hosted by Pb oxide (0-11 %) (Figure 6). The median calculated lead
deportment for metallurgical waste samples (Figure 6) indicates that lead is distributed rather variably,
hosted by PZS (23-47 %) and Pb oxides (40-60 %). The rest of the lead is hosted by cerussite (~8 %),
anglesite (~0.7 %), SiS (~0.3 %), SAS (0.5-11 %) and FS (0-16 %) slags (Figure 6).
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Figure 6. Median lead deportments in the different mine waste samples. SiS- SiOz-rich slags; SAS- SiO,-
Al;Os-rich slags; FS- Fe,0s-rich slags; PZS- PbO-ZnO-rich slags.

As could be anticipated, the RSD for lead deportment are closely related to the RSD of the modal and ore
mineralogy (Figures A2, A4 in ESM 1). Low RSD (< 10 %) correspond to Pb-bearing phases which are
present in higher abundances. The highest RSD in deportment estimations are observed for Pb-bearing
minerals in the yellow tailings samples, two samples of brown tailings (BT 5 and BT 6) and for any Pb-
bearing phases with a content lower than 1 wt. % regardless of the material (A5 in ESM 1).

3.4. Zinc deportment

The following Zn-bearing minerals were detected with MLA and EPMA: sphalerite (ZnS), smithsonite
(ZnCOs), gahnite (ZnAl,04), willemite (Zn,SiO4), bannisterite ((Ca, K)(Mn?*, Zn, Fe?*)10(Si, Al)16033(OH)s -
nH,0), and fraipontite ((Zn, Al)s(Si, Al)20s(OH)4) (Figure 7). In total, 25 point analyses were collected on
these minerals (sphalerite (n = 7), gahnite (n =9) and willemite (n=9)). EPMA analyses of Zn-bearing phases
can be found in Table A8. Point analyses on calcite revealed Zn contents of up to 400 ppm. However, in
most cases, zinc concentrations were below the detection limit (d.l. <210 ppm). In some pyrite grains, the
zinc content is elevated along the rims of the grains (Figure A6). In most of the pyrite grains, however, zinc
was not detected. The contributions of calcite and pyrite to zinc deportment are negligible in all samples,
and they were left out of the deportment calculations.

In the soil and metallurgical waste samples, the most abundant zinc phases are fraipontite (1-23 wt. %),
SiS (2-14 wt. %), SAS (1-32 wt. %), FS (1-32 wt. %) and PZS (5-16 wt. %) (Figure 9 and Table A6.). Other
minerals present within these two materials are willemite (0.1 to 2.9 wt. %) and gahnite (1 to 2.4 wt. %).
In both types of tailings, SiS and SAS slags represent more than 90 % of the Zn-bearing phases, the other
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two types of slags are present in minor contents (< 2 %). Bannisterite and sphalerite are the only Zn-
bearing minerals found within the tailings material, which host only ~ 3 % of zinc.
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Figure 7. Modal abundances of the Zn-bearing phases, given by bootstrap resampling of the MLA data,
normalised to a sum of 100 %. SiS- SiO,-rich slags; SAS- SiO,-Al,Os-rich slags; FS- Fe;0s-rich slags; PZS- PbO-
ZnO-rich slags.

Before the zinc deportment was calculated, the RSDs of the contents of the Zn-bearing phases were
established (Figure A7 in ESM 1). The highest RSDs occur for the phases with contents of <1 wt. %, for
both modal mineralogy and zinc deportment (Figure A7 and A8 in ESM 1). The RSD range from 25 % up 82
%, depending on the material. The highest RSD are seen for sphalerite and bannisterite in the tailings
samples. For the phases with contents higher than 1 wt. %, RSD are lower than 15 % (Figure A7 in ESM 1).

Median zinc deportments (Figure 8) indicate that different types of slags are the main hosts of the zinc in
soil and the two types of tailings. For soil and brown tailings, the lead-zinc slags (44-91 %) are the major
source of zinc. In soils, the rest of the zinc content is distributed between willemite (1-27 %), gahnite (3-5
%) and fraipontite (9-37 %). In both types of tailings, the remaining zinc is distributed between bannisterite
and sphalerite (0-3 %). In yellow tailings, iron (82-91 %) slags are the major host of zinc. The median
calculated zinc department for metallurgical waste samples (Figure 8) indicates that zinc is hosted rather
variably by fraipontite (35-76 %) and PZS (20-35 %). The rest of zinc is distributed between willemite (1-
15 %), gahnite (3-7 %), SiS (~0.5 %), SAS (0.5-4.3 %) and FS (0.3-2 %) (Figure 8).
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Figure 8. Distribution of zinc across different Zn-bearing phases in the different mine waste samples. SiS-
SiOs-rich slags; SAS- SiO,-Al;Os-rich slags; FS- Fe;0s-rich slags; PZS- PbO-ZnO-rich slags.

Comparable to the lead deportment uncertainties, the highest uncertainties for zinc deportment are
closely related to the high uncertainties of the low content of Zn-bearing phases (Figure A8 ESM 1). The
RSDs are lower than 15 % for all Zn-bearing phases that have a content higher than 1 wt. % (most often
lower than 10 %) (Figure A8 ESM 1). For phases with a content lower than 1 wt. %, RSDs vary from 60 up
to 127 % (Figure A8 ESM 1).

3.5. Data quality

To assess the quality and reliability of MLA measurements combined with EPMA, calculated Pb and Zn
grades for each sample were compared with the chemical assays measured at an external laboratory.
Despite the variable mineralogy and the complex chemistry of the slags, the general agreement between
the measured and calculated assays for lead and zinc are very good (Figure 9). The calculated lead and/or
zinc contents showed systematically high RSD for samples with overall low contents of lead and/or zinc
and for the samples where slags are the major source of the metal.
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Figure 9. Correspondence between calculated lead (left) and zinc (right) content from MLA and EPMA
(vertical axis) and measured bulk lead (left) and zinc (right) concentration measured by XRF (horizontal
axis).

Even though the materials under study are complex and heterogeneous, the coefficients of correlation
are relatively high, 0.89 and 0.80 for lead and zinc, respectively. For lead, all calculated grades plot on the
1:1 line within the error (Figure 9). In contrast, for zinc, not all samples fall on the 1:1 line (Figure 9), with
one sample of yellow tailings being significantly under-estimated and one sample of metallurgical waste
being over-estimated. However, there is no systematic deviation of the data from the 1:1 line.

As mentioned above, the highest RSD occur for samples with low lead and zinc content. For example, the
median value of the calculated Pb content in sample BT1 is 3.9 wt. %, with the 95% confidence interval
ranging from 3.8 to 4.1 wt. %. This corresponds to an RSD of less than 10 %. For BT 5, on the other hand,
the median calculated Pb content is 0.07 wt. %, with a 95% confidence interval of 0.02 to 0.12 wt. %. This
corresponds to an RSD of approximately 70 %.

In addition to the samples with low lead and zinc contents, samples where slags are the major lead and
zinc sources also have high RSDs. For instance, in all soil samples, PZS and cerussite in particular, as well
as Pb oxides and other types of slags, have RSD ranging from 45 to 55 %. The highest RSDs of all occur in
samples where low lead and zinc contents coincide with slags being the major host of these metals, e.g.
yellow tailings, where RSDs range from 67 up to 90 % for lead and from 40 up to 167 % for zinc (Figure 9).
The chemical heterogeneity of slags clearly exacerbates the nugget effect when the contents of the slags
are low.

4. Discussion

The following section discusses the need for an integrated approach for characterising mine waste
materials, particularly metal deportment. Following this, the implications of the findings will be assessed
with regard to suitable processing routes.
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4.1. The need for an integrated approach

Mineralogical deportments of a metals are well known to be some of the key pieces of information
required to improve and maximise metal recoveries from ores (Frenzel et al., 2019). Accurately estimating
deportment can be a challenging task, even with simple mineral phases. With the addition of non-mineral
phases (e.g., slags), the calculations become even increasingly complex and challenging. This is directly
related to the compositional heterogeneity of slags.

Traces of lead-bearing minerals (cerussite and anglesite) were previously identified in soil, metallurgical
waste and brown tailing samples by XRD, but were not detected in yellow tailings (Bevandi¢ et al., 2021).
Regarding the zinc-bearing minerals, XRD analysis identified franklinite and willemite in metallurgical
waste, but not in the tailings or soils (Bevandi¢ et al., 2021). However, in these samples franklinite was
not observed when using the MLA/EPMA approach. Instead, gahnite (ZnAl,04) was identified, and this
occurred due to the similarity in XRD patterns making them hard to distinguish. The crystal structure and
lattice parameters of these minerals are similar, however gahnite has a significantly higher zinc content.
Therefore, it was important to establish whether gahnite and/or franklinite were present, and in which
abundance(s), to more accurately estimate mineral deportment (Levy et al., 2001; Reichmann et al.,
2008). This clearly shows the benefit of using MLA combined with EPMA. The integrated approach used
in this study detected other lead- and zinc-bearing phases that were not identified by XRD. With MLA,
more lead- and zinc-bearing phases were detected than with XRD, including those present in trace
contents and in material types where no Pb- and Zn-phases were previously identified (e.g. Pb oxides in
yellow tailings and sphalerite in brown tailings). Even abundant zinc minerals, such as fraipontite in
metallurgical waste, were not detected with the XRD. This is connected to the limitation of analysis with
XRD. For example, both willemite and Zn spinels (e.g. gahnite, franklinite) are easy to detect with XRD,
contrary to some other phases such as fraipontite and bannisterite (Manceau et al., 2000; Roberts et al.,
2002; Baker et al., 2012).

Although MLA provides valuable and quantitative data that could not have been obtained with only XRD,
the measurements are more time consuming, costly and require significant user input and decision
making which may lead to bias in the results. For instance, the extraction of relevant X-ray spectra to build
the mineral/phase list used to classify the minerals present is not required for XRD when analysing
common minerals. A similar procedure would in fact be required if the aim of the XRD was to quantify slag
phases, but this would be greatly complicated by the complex and inter-grown nature of the slag phases
(zhao et al., 2018). Therefore, this study has clearly demonstrated that the extra time and cost is justifiable
when considering that the main Zn- and Pb-bearing phases could not be accurately identified or quantified
with XRD.

Both of these factors are highly important for assessing metal deportment, particularly the distribution of
lead and zinc between mineral and slag phases in this case. This information has highlighted the
differences between the four mine waste material types at the Plombieres tailing pond and has an
important bearing on the potential for processing and metal recovery, or environmental implications, of
the materials.

Importantly, the approach used here is applicable for different types of mine waste, including tailings,
topsoil, waste rock and slags. This has been confirmed during this study, by applying the same procedure
to four types of mine waste with different mineralogical and geochemical characteristics. However, the
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discrepancy in the calculated and measured lead and zinc contents for samples with low abundances of
these metals is noticeable. This is related to a low number of Pb- and Zn-bearing mineral grains, which
results in a nugget effect and thus high variability occurs in the calculated assay (Blannin et al., 2021)
(Figure 9).

4.2. Potential for re-processing of the material

Numerous studies have proved how the application of automated mineralogical methods was beneficial
for tailoring suitable processing routes for primary, but also secondary sources of metals such as mine and
technological waste like lithium-ion batteries (e.g. Santoro et al., 2014; Holley et al., 2018; Barton et al.,
2018; Xu et al., 2019; Schulz et al., 2020; Mulenshi et al., 2021; Vanderbruggen et al., 2021). The benefits
of applying automated mineralogy methods on mine and urban wastes are related to the possibility to
characterize complex materials that consist of mineral and non-mineral phases, which are problematic for
characterization with standard mineralogical methods (Lapakko, 2002; Matinde et al., 2018; Schulz et al.,
2020; Vanderbruggen et al., 2021;).

Selecting an optimum route for the extraction of both lead and zinc from the Plombieres mine waste is a
challenging task due to the complex mineralogical nature of the materials, a feature common for many
mine wastes (Lapakko, 2002; Matinde et al., 2018). Furthermore, reprocessing of the mine waste for
secondary metal recovery should focus on multiple elements rather than a single element (Escobar et al.,
2021; Taha et al.,, 2021). Recent studies on different mine waste materials have established that
hydrometallurgical approaches are more suitable than pyrometallurgical processes for the extraction of
lead and zinc (Xanthopoulos et al., 2017; Mohanty et al., 2018; Makua et al., 2019; Rodriguez et al., 2020).
Since the Plombiéres material consists of both mineral and non-mineral phases, which are equally
important sources of lead and zinc, only hydrometallurgical methods are applicable and will be further
discussed.

As suggested by Bevandi¢ et al. (2021b), extraction of metals should be from the metallurgical waste layer
and brown tailings, which have the highest lead and zinc contents. Having several sources of lead and zinc,
the material studied may require different extraction methods to maximise metal recovery. The presence
of the Zn-bearing clay mineral fraiponite as the major source of zinc in the metallurgical waste layer will
require a step of de-sliming prior to leaching, to maximise recovery of zinc and optimise liberation
(Choulet et al., 2016). Leaching with sulphuric acid was shown to be highly suitable for samples that consist
of different types of Zn-bearing phases (e.g. sulphides, oxides, silicates) found within the Plombieres mine
waste material (Moradi and Monhemius, 2011). However, sulphuric acid is unsuitable for the extraction
of lead, which would be precipitated as anglesite (Zhang et al., 2019; Bevandic et al., 2021b) and extraction
of lead and zinc from slags is not efficient due to its amorphous structure of it (Banza et al., 2002; Bevandic
et al., 2021b). This would increase the price of lead extraction by requiring an additional step to recover
lead from the leaching residues. Additionally, iron is highly leachable with acid-based lixiviants with a pH
lower than 4. Iron is an undesirable metal in the pregnant leaching solution (PLS), and would therefore
necessitate iron removal from the solution (Bevandic et al., 2021b), thus increasing costs. Another lixiviant
that can be excluded for extraction of metals from Plombiéres mine waste is ammonia/ammonium
carbonate, which showed to be unsuitable for the extraction of zinc from silicates such as willemite
(Aletan, 1968; Moradi and Monhemius, 2011).

Alternatively, alkaline lixiviants (e.g. sodium hydroxide) were shown to be more suitable than acid-based
(e.g. sulphuric acid) for metal extraction of both lead and zinc from mine waste samples (Bevandic et al.,
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2021), especially if the samples are roasted beforehand (Atia and Spooren, 2020). Sodium hydroxide was
demonstrated to be one of the most efficient lixiviants for the extraction of lead and zinc from mine waste
material (Ghasemi and Azizi, 2018). It would be suitable for the extraction of both lead and zinc from most
minerals found in the Plombiéres mine waste materials, as well as the slag phases (Shibayama et al., 2010;
Ghasemi and Azizi, 2018). Additionally, the use of sodium hydroxide as a lixiviant does not result in the
leaching of iron, and therefore no additional iron removal step would be required. However, at present,
there is no information about the efficiency of sodium hydroxide for the extraction of zinc from clay
minerals (e.g. fraiponite). Both, sulfuric acid and sodium hydroxide are relatively cheap lixiviants when
compared to other lixiviants (e.g. methanesulfonic acid) used for extraction of lead and zinc.

Bevandi¢ et al. (2021b) showed that H,SO, and methanesufonic acid (MSA) are not suitable lixiviants for
extraction of metals from Plombieres mine waste, due to high leaching of iron and formation of new lead-
and zinc-bearing phases. Sulfuric acid showed to be unsuitable for the extraction of lead, which re-
precipitated as anglesite (Zhang et al., 2019; Bevandic et al., 2021b), while MSA showed to be unsuitable
for the extraction of Zn, which re-precipitated as simonkolleite (Zns(OH)sCl,-H,0). Sodium hydroxide was
demonstrated to be one of the most efficient lixiviants for the extraction of lead and zinc from Plombiéres
mine waste material (Ghasemi and Azizi, 2018; Atia and Spooren, 2020). Additionally, the use of sodium
hydroxide as a lixiviant does not result in the leaching of iron, and therefore no additional iron removal
step would be required (Bevandic¢ et al., 2021b). The same study concluded that extraction of lead and
zinc from slags is not efficient without pre-treatment of the samples (Bevandié¢ et al., 2021b).

It is worth mentioning that textural information (e.g. liberation of grains, grain size) are an important
controlling factor for re-processing of the material. Textural data can be obtained from MLA but the
integration of MLA and EPMA data to accurately characterise the metal deportment was deemed more
important at this stage and was, therefore the focus of this study. With the complete overview of the
mineralogy and deportment in this study, a systematic approach can be applied to assess the applicability
of specific methods and to work towards a flow sheet that maximises the recovery of metals. Future work
should focus on using automated mineralogical methods to optimise conditions for extraction of the
metals of interest from both mineral and slag phases. This would be achieved by applying methods such
as MLA on the residue after the leaching tests are performed and observe how the mineralogical and
textural properties are influenced by leaching.

5. Conclusion

The work conducted in this study, which is the first of its kind applied to Plombiéeres mine wastes, provides
a detailed quantitative chemical characterisation of different mine waste materials found within the
Plombieres tailing pond. The integrated approach used in this study demonstrated that significant
amounts of lead and zinc are hosted in slag phases (23-100 %). The rest is hosted in minerals (0-76 %) that
are present in low abundances such as Pb oxides, anglesite, cerussite for lead and fraipontite, willemite
and gahnite for zinc. It is important that these minerals and phases are identified and quantified to provide
an accurate understanding of the metal deportment which can be used to assess the potential
reprocessing routes for the recovery of lead and zinc from the mine wastes.

Despite the heterogeneity of the mine wastes at the studied site, deportment estimations had acceptable
uncertainties for the soil, metallurgical waste and most of the brown tailings samples. However, samples
with low lead and zinc contents showed higher uncertainties, assumed to be in relation to the nugget
effect. As demonstrated, acceptable results can be obtained from low-grade, but also heterogeneous
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mine waste material. These promising findings are expected for other mine waste deposits around the
globe.

As we turn towards re-mining and the recovery of metals from mine wastes, metal deportment studies
should become the norm to determine the most appropriate processing techniques to be applied and
whether there is sufficient economic potential for re-mining.
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