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Abstract

Over the last millennia, mining and smelting activities have produced large amounts of mine
and metallurgical wastes that remain enriched in potentially toxic trace elements (PTE). A
spatial distribution of Pb content was coupled to mineralogical observations and single
extraction tests to characterise the Pb contamination legacy and Pb dispersion trajectories in an
ancient mining and smelting site that has been abandoned for approximatively 200 years. In the
Peisey-Nancroix Pb-Ag mine (Savoy, France), extreme anthropogenic Pb contamination is
located close to the slag heaps and along ore and slag transport paths. The contamination
gradient is restricted to a few hundred metres downbhill, down to background Pb values. The
Pb-bearing phases change along the contamination gradient. The most contaminated soils
contain significant amounts of galena and slags that are more or less weathered into
pyromorphite and cerussite. Pb-bearing Mn (hydr-)oxides are the most stable and ubiquitous
forms of Pb, which proportions increase downgradient. Despite the presence of some stable Pb-
bearing phases (pyromorphite, Pb-bearing Mn (hydr-)oxides), extraction tests indicate that a

small proportion of Pb may still be mobile over time.



1. Introduction

Since the beginning of metallurgy, the exploitation of geological resources has been one of the
most significant human activities releasing metals into the environment. Over the last millennia,
mining and smelting activities have produced large amounts of mine wastes (waste dumps and
tailings) and metallurgical wastes (slags and fumes) that remain enriched in potentially toxic
trace elements (PTE; e.g., Pb, Sb, As, Cd, Cu and Zn). These wastes are sources of
contamination, from which PTE are dispersed into the environment through different
mechanisms. Ore smelting activities produce atmospheric particles carrying PTE over several
tens of kilometres (Zdanowicz et al. 2006, Navel et al. 2015) to thousands of kilometres (Hong
et al. 1994, Doucet and Carignan 2001, Cloquet et al. 2006, Cloquet et al. 2015). Old mining
and metallurgical wastes are usually abandoned on soils without any protection and therefore
are subjected to weathering. Particles of wastes can be transported by wind, gravity, runoff
water or even by anthropogenic transport. Weathering of mining and metallurgical wastes may
induce the transfer of PTE within runoff water and soils as free ions or complexes. Overall,
these remobilisation processes lead to the release of PTE to the environment for centuries or
even millennia after mining and smelting have ceased (e.g., Galuszka et al. 2015, Hansson et
al. 2017, Camizuli et al. 2021), making the metal contamination legacy an environmental issue
that requires attention in many places in the world (van der Voet et al. 2013). Among PTE, lead
(Pb) is considered one of the most toxic elements in the environment (Alloway 2013). Its
toxicity depends on its mobility and reactivity between abiotic compartments and biota
(bioavailability). The soil is one of the environmental compartments most affected by mining
and metallurgical wastes as it is the closest sink to the wastes. Very high metal contents in soils
are often measured in the vicinity of former smelters and former mines (Ettler 2016, Cortada et
al. 2018, Kiibek et al. 2019). Soil quality guidelines only consider metal content as a

contamination criterion (e.g., Canadian Environmental Quality Guidelines (CEQGS) for soils:



Pb = 70 mg.kg™; United States Environmental Protection Agency (US EPA): Pb = 400 mg.kg"
1. However, metal speciation is the key parameter for assessing the mobility of metals and their
biological harmfulness (Lejon et al. 2008, Navel et al. 2014, Spadini et al. 2018). Lead
speciation is influenced by soil properties that tend to reduce its transfer (Alloway 2013),

therefore, Pb is generally considered immobile.

To better limit the environmental impacts of future mining activities, it appears necessary to
understand the long-term behaviour of PTE (dispersion and persistence) in the environment by

developing studies on mining sites that have been abandoned for several hundred years.

Thousands of ore deposits have been formed and are located in mountain ranges. In the French
Alps, hundreds of small ore deposits and occurrences have been reported by the French
Geological Survey (BRGM). Environmental contamination related to past mining activities has
already been identified in the French Alps based on records of direct atmospheric fallout
deposition from mining exploitation in lake sediments (Arnaud et al. 2006, Elbaz-Poulichet et
al. 2020) and remobilisation of abandoned mining and metallurgical wastes in river sediments
(Camizuli et al. 2021). While recent studies showed the persistence of PTE contamination in
former mining soils in the VVosges Mountains over hundreds of years (Monna et al. 2011, Mariet

et al. 2017), this contamination has never been studied in alpine soils.

PTE contamination studies have often relied only on geochemical data such as PTE contents,
which are insufficient to encompass their behaviours. Nevertheless, a combination of
geochemical, mineralogical and extraction tests has more widely been used in PTE
contamination studies (Swed et al. 2022, Chopin and Alloway 2007). However, the
spatialisation of these data has rarely been undertaken and could help to better characterise the
PTE dispersion from the sources of contamination to sinks. This paper aims to characterise the
environmental legacy of former mining and smelting activities in the soils of a mountain mining

site abandoned for more than 150 years: the Pb-Ag mine of Peisey-Nancroix, Savoy, France. A
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spatial approach, coupling soil properties, geochemistry, mineralogical observations, and single
extraction tests, allows us to discuss the mobility, transfer mechanisms and remobilisation of

lead in soils for more than 150 years.
2. The Pb-Ag mine of Peisey-Nancroix (Savoy, France)

The northern French Alps have been mined for millennia (Judet 2014, Peloux et al. 2015), with
the 18" and 19" century being the apex of industrial ore extraction in terms of production and
number of sites. Indeed, most of these mines closed between the 19" and 20" centuries (Judet
2014) leaving hundreds of uncontrolled contamination spots in the environment. Pb, as a by-
product of silver mining, was the most extracted nonferrous metal in France (Gargon 1995),
providing large amounts of mining and smelting wastes that were abandoned all over the
territory. The Peisey-Nancroix mining site has a former regional importance, and no
anthropization has been identified since mine closure. The mining site is located in the northern
French Alps at 1500 m a.s.l. on the Vanoise Massif, on the left bank of the Ponturin River
(Figure 1). The mean annual temperature at the site is 1.5 °C and snow covers the area from
November to May. The prevailing wind direction trends from northeast to southwest flowing
up the valley. The ore deposit is located along the Internal Briangonnais Fault (IBF), which
allows thrusting of the Internal Briangconnais on the External Briangonnais. The External
Briangonnais is essentially composed of Carboniferous schists that extend over a few
kilometres downstream from the mine site, overlying the Variscan basement. In the study area,
the Internal Brianconnais is composed of various Variscan crystalline rocks (metagabbros,
metabasites, micaschists and gneisses) and Permian micaschists. Some marbles of unknown

age are also present in the area.

The Pb-Ag deposit of Peisey-Nancroix is hosted in Permian schists and Triassic quartzites of
the External Briangonnais unit, which are trapped within the Internal Briangonnais Fault. The

IBF is evidenced by the presence of Triassic dolomites that were brecciated and partly dissolved
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during alpine thrusting, called cargneules. The ore consists mainly of galena (PbS) and pyrite
(FeS) that are disseminated or concentrated in veinlets. Silver is hosted in As-rich tetrahedrite
([Cu,Fe]12ShaS13) that occurs as small inclusions within galena. Bertauts et al. (2022) provide
a thorough description of the ore mineralogy. Galena and Ag-As-rich tetrahedrite were mined
industrially between 1734 and 1866 to produce 22000 t Pb and 52 t Ag (Meloux, 1975). The
ore was smelted on site for 90 years (1745-1824, Barbier 1875). The ore processing and
metallurgical facilities were built on the edge of an alluvial cone that contains Variscan
basement rocks and cargneules. A cargneule scree is intercalated in the alluvial cone on the

western side of the mine site (Figure 1-B).

At the beginning of the exploitation, the ore was crushed, ground, and washed near the
metallurgical and ore smelting site (O.S. site), immediately next to the mine entrance and the
Arc stream (Figure 1-C). Soon, ore processing was moved further north to the ore-processing
site (O.P. site) to take advantage of greater hydraulic power. A dewatering gallery allowed
groundwater evacuation, aeration and ore transport directly to the O.P. site (Barbier 1875). The
crushed ore was then transported from the ore-processing site to the ore-smelting site by a
pathway that is still visible on the site. Close to the O.S. site, thousands of tons of abandoned

waste rocks and smelting residues (slags) were stored and are still visible (Figure 1-C).

Figure 1 should be inserted here

3. Material and methods

3.1. Contamination source materials

Slags (n =3) and waste rocks (n =3) were sampled randomly on the heaps. Polished thin
sections were made to perform scanning electron microscopy (SEM) observations to identify
Pb-bearing phases. Each sample was analysed for major and trace elements by inductively

coupled plasma- optical-emission-spectrometry (ICP-OES) and inductively coupled plasma-



mass-spectrometry (ICP-MS), respectively, at the Service d’Analyse des Roches et des

Minéraux (France, Carignan et al. 2001).
3.2.  Soil sampling

With the help of a manual auger, 117 topsoils (0-20 cm) were sampled on a 40x40 metre grid
from the O.S site to the O.P site (Figure 2-B) to characterise the spatial distribution of the
contamination. These soil samples were air-dried for several days, gently crushed and sieved to
2 mm. The coarse fraction (> 2 mm) was observed under a binocular microscope to study the
translocation of ore (e.g., galena) and slag particles. The fine fraction (< 2 mm) was kept for
further analysis as Pb-bearing phases tend to concentrate in the fine fraction. In addition, a
distant topsoil from waste heaps was sampled 2 km upstream on the same alluvial cone (yellow

pentagon on Figure 1-B).
3.3.  Physical and chemical characterisation of soils

Soil properties play an important role in the mobility of Pb. Soil organic matter (SOM) and
carbonate contents were assessed by loss-on-ignition (LOI) using a furnace for the whole soil
dataset (n = 117). Weight loss after a 550 °C-first and 950 °C-second heating step corresponds
to the SOM and carbonate (%) fractions, respectively (Heiri et al. 2001). Detailed analyses were
performed on 27 soil samples at the French national reference soil laboratory (INRAE, France)
including particle size distribution (5 fractions), pH (ISO 10390), cation exchange capacity
(CEC), and exchangeable cation content (ISO 23470, cobaltihexamine method). The SOMssoec
and Carbonatesosoec fractions were compared to the measured equivalent CaCOs total content
(CaCOsr, 1ISO 10693, volumetric method), the C total content (Cr, ISO 10694, dry combustion),
and the N total content (N, ISO 13878). The total organic carbon (TOC) and organic matter

(OM) contents were calculated as follows :

(1) TOC = Cp- (CaCOs, *0.12)



(2) OM = TOC * 1.73

The calculation of an equivalent CaCOsr content by the volumetric method may be improper
when dolomite is predominant (Vuong et al. 2016). However, a comparison of the LOI and dry
combustion methods showed a good linear trend between Carbonateseso-.c and CaCOsr
(R?=0.83) and between SOMssoec and OM (R?= 0.95) assessments (Supplementary Material
Table S1). The Carbonatesgsocc and SOMsso-c content from the LOI measurements were then

used in the following results as a good estimator for the whole soil dataset.
3.4.  Quantitative analysis of soils by WDS-XRF

The total Pb content of the soils was assessed by measuring the chemical content with a Brucker
S8 Tiger wavelength dispersive X-ray fluorescence spectrometer (WDS-XRF) equipped with a
Rh anode X-ray tube (1 kW, 50 kV, and 170 mA). A mass of 7 g of the fine fraction of soil
(<2 mm) was crushed and pressed with 10 % Licowax C powder into 34-mm diameter pellets
with a manual press (at 15 kN.m). Aliquot duplicates of 12 soil samples were prepared and
added to the sample list (Table S2). A certified standard was introduced at regular interval in
the unknown samples list. The WDS-XRF calibration method included 12 standard samples,
with 8 certified standards and 4 internal standards for very high Pb content (Pb content > 1000
mg.kg?, Table S3). The soil samples were analysed under vacuum conditions. The acquisition
time of each spectrum was approximately 30 min for 23 elements. Hereafter, major elements
(Na20, MgO, Al20s, SiO2, P20s, K20, CaO, TiO2, MnO, and Fe20z3) are given in weighted
percentages (wt. %), and minor and trace elements (V, Cr, Co, Ni, Cu, Zn, As, Br, RDb, Zr, Ba,

Pb, and Sb) in mg.kg*. Details of the method are available in Table S4.

The Pb Enrichment factor (EFep) and Pb geoaccumulation index (lgeoes) helping to
discriminate anthropogenic from natural geogenic contamination were calculated (Chester and

Stoner 1973, Miller 1979 and Reimann and de Caritat 2005). The EFpp was calculated



considering Ti as an immobile element with a content range close to Pb in contaminated soil

(Thiombane 2019):

~—~
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(3) EF =

where Mx and Tix are the concentrations of the element and Ti in the soil sample, while Mokg
and Tiwkg are their concentrations in the reference soil sample chosen as the local pedo-
geochemical background. The enrichment factor was classified into 7 classes (Table S5). A
common approach to estimate metal enrichment above background is to calculate the
geoaccumulation index (lgeo) as proposed by Miuller (1979). This index is calculated as

follows:
(4) Igeo = log2(M_x/(1.5 * Mpy4))

where Mx is the concentration of the element in enriched samples, and Mokg is the background
or pristine concentration of the element considered. The Factor 1.5 is introduced to minimise
the effect of possible variations in the background values which may be attributed to lithological
variations (Stoffers et al. 1986). Miller (1979) proposed 7 descriptive classes to assess the

degree of metal pollution for increasing Igeo values (Table S5).
3.5.  Mineralogical characterisation

Quantitative analysis of minerals from 10 soil samples (< 2 mm) was performed in the X-ray
Diffractometry Laboratory of the Institut des Sciences de la Terre of Grenoble (ISTerre,
France). X-Ray Diffraction (XRD) patterns were collected with a Bruker D5000 X-ray
diffractometer equipped with a Sol-XE Si (Li) detector operated at 40 kV and 40 mA (Baltic
Scientific Instruments). The Rietveld refinements of diffractograms obtained from disoriented

powders of the bulk samples, were carried out with Profex software (Doebelin and Kleeberg



2015). The clay fraction analysis was used to refine the phyllosilicate description, and the

diffractograms obtained were fit with Sybilla software (Aplin et al. 2006).

The Pb-bearing phases were identified for 19 soils using scanning electron microscopy (SEM)
imaging and semiquantitative analyses at the ISTerre laboratory on an epoxy mounting pad and
with free coated powders, with a Vega3 Tescan equipped with a 30 mm? X-Ray SDD detector
(EDX). Detailed observations were carried out on a smaller scale (hundreds of nanometres to
micrometres) using a SEM-field emission gun (FEG), JEOL IT500HR equipped with an energy
dispersive X-ray spectrometer (EDX) at the Consortium des Moyens Technologiques

Communs (CMTC Grenoble, France).
3.6.  Single extraction tests

Single extraction tests are one of the few tools available to determine PTE mobilisation in soils
related to metal speciation (Rao et al. 2008). Despite their inherent limitation, they permit us to
generally evaluate the potential mobility (long-term) and the mobile fraction of Pb in soils
(Quevauviller 1998, Gupta et al. 1996). Such tests were carried out on 21 samples selected
according to their Pb content and soil properties. Three different extractants with increasing
extraction power were used: distilled water, humic acid solution and an ethylene-diamine-tetra-
acetic acid (EDTA) solution. Humic acids are used to mimic both degraded polymerized
organic matter in soils (to which humic acids belong) and dissolved soil organic matter of soil,
which are known to have a high density of reactivity sites similar to that of as humic acids

(Causse et al. 2003).

A 2 g mass of soil (< 2 mm) mixed with 20 ml of extractant solution (solid:liquid ratio of 10)
was agitated on a vibrating plate for 48 hours. Humic acid extraction was performed with a
0.1 g.L ! humic acid solution (Agros organic 50-60 %) and EDTA extraction was performed

with a 10 mmol.L"* EDTA, 1 M Na-acetate solution yielding a buffering pH of 7 (AFNOR X31-



120). Each extraction was duplicated. Extracts were filtered at 0.45 pm and stabilised with 2 %
HNOs before analysis by ICP-AES (Varian 720ES Atomic Emission Spectrometer, IGE,
France). ICP-AES emission at 220,353 nm was used for determination of Pb. The limit of
detection was 0.02 mg.L? (L.O.D. = mean of blanks + 3c) and the limit of quantification was
0.04 mg.L(L.O.Q. mean of blanks + 105). The mean of the Pb-extracted values for duplicates
was calculated for each sample and used in the results. If a duplicate was below the L.O.Q, half
of the L.O.D. was assigned to the sample. Samples were compared based on the percentage of

Pb extracted (per extractant) as a function of the total Pb content, calculated for each sample:
(5) Part of extracted Pb (%) = (extracted Pb)/(total Pb content) = 100
3.7.  Analytical data treatment

Data analysis was carried out in R (open-source software, http://cran.r-project.org). Despite the

constant sum problem of the compositional data of soil, basic statistics (minimum, percentiles,
maximum, etc.) were calculated for an easier comparison with guidelines. Clr-transformation
was then applied to the geochemical (major, traces and SOM content) dataset to perform
statistical analysis of compositional data. Hierarchical classification following a principal
component analysis (FactomineR) was performed to distinguish the different soil types in the

study area.

All data (geochemistry, mineralogy, extraction tests, etc.) were reported on a GIS (ArcGiS) to

develop a source-to-sink spatial analysis.

4. Results

4.1.  Slags and waste rocks compositions

Table 1 provides geochemical compositions of some waste rocks and slags. The analysed waste

rocks contain up to 7.1 wt. % for Pb, 125 mg.kg™ for Zn and 137 mg.kg™ for Sb. The PTE
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contents of slags were higher than those of the waste rocks: up to 10.8 wt. % Pb, 5276 mg.kg™

Zn and 1638 mg.kg™ Sb.

The Pb-bearing phases observed in the waste rocks are those found in the ore (Bertauts et al.,
2022): galena is largely dominant, and bournonite is locally observed. Because of weathering
of the wastes, galena may slightly be altered into cerussite. In slags, three different Pb-bearing
phases embedded in a Si-Fe-Ca-Ba-Al-rich silicate matrix were evidenced by SEM
observations: (i) Pb-oxides, with different advancement in weathering processes, which had an
ovoid shape of one to several hundred micrometres with a porous rim (Figure 2-B and Figure
2-C); (i) millimetric Fe-sulphide containing lead (Figure 2-C); and (iii) prills that were
micrometric to tens of micrometres (Figure 2-E). Trace amounts of Pb were also found in the

vitreous silicate-rich matrix (Figure 2-B).

Figure 2 should be inserted here

Table 1 should be inserted here

4.2.  Soil properties

4.2.1. Majors elements, carbonates, and soil organic matter content

Based on a principal component analysis (PCA), hierarchical clustering (Figure S1) on principle
components was performed on clr-transformed major element (Na20O, MgO, Al20s, SiO2, P20s,
K20, Ca0, TiO2, MnO, and Fe203) and soil organic matter (SOMsso-c) content datasets (Figure
3-A). Pb was added as an additional illustrative variable to explain the variability. The PCA
allowed the identification of 3 clusters: highly Pb-contaminated cambisols (Cluster 1),
carbonate-rich less-contaminated cambisols (Cluster 2) and carbonate-poor less-contaminated
cambisols (Cluster 3). Basic statistics (minimum, 10™", 25", 50" 75" 90" IQR, and maximum)
for the 3 groups of soils are presented in Table 2. This classification reflects the local geology

of the study site, leading to contrasting soil bedrocks (Figure 3-B). Carbonate-poor soils (CPS,
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cluster 3) were developed on the Nant-Fesson alluvial cone (dark grey in Figure 1-B) and
present a high SiOz content (min.-max.: 42-70 wt. %; median: 53 wt. %) and a low CaO content
(min.-max.: 0.3-12 wt. %; median: 2 wt. %). Carbonate-rich soils (CRS, cluster 2) were
developed on top of cargneule screes and led to a higher CaO content (min.-max.: 11-26 wt. %;
median: 17 wt. %). Highly contaminated soils (HCS, cluster 1) were located at the O.P. site
(Samples O1 and Q1), the O.S. site (e.g., Samples D1 and B1), along the former ore transport
paths (Sample F3), and a potential waste material storage area (Sample H7; Figure 3-B). Among
these samples, sample D1, which was collected on a poorly vegetated slag heap, can be
considered as a technosol essentially made of slags. Most of these HCS are chemically close to
CRS. Hence, the hayfields exploited downwards from the waste heaps are divided into two

chemically different soils: CRS to the west and CPS to the east of the site (Figure 3-B).
Figure 3 should be inserted here

Irrespective of the type of land-use (hayfields or forest cover), the soil organic matter
(SOMssoec) content in the CRS (min.-max.: 4-55 wt. %; median : 17 wt. %, Table 2 and Table
S1) was twice as high as that in the CPS (min.-max.: 1-19 wt. %; median: 9 wt. %). Detailed
analyses were performed on selected soil samples (n = 27, Table S6). A slightly higher pH was
observed for the CRS (pH = 7.7) compared to the CPS (pH = 7.0), due to a higher CaCOsr
content. The particle size distribution was similar for all soil samples. The clay fraction
represented a minor fraction for all types of soils, with a content ranging from 5 to 16 %. The
content of exchangeable cations was dominated by Ca and Mg (Ca = 11.3-32.7 cmol+.kg™,

Mg = 0.6-6.7 cmol+.kg™).
Table 2 should be inserted here

4.2.2. Mineralogy of soils

12



According to XRD measurements carried out on the fine fraction (n = 10), the CRS was
dominated by dolomite while the CPS was dominated by quartz, plagioclase, and clay minerals
such as K-micas and expanding phyllosilicates (Table S7 and Figure S2). The only oxide
identified was haematite, and its proportion contributed to less than 0.5 % to the total mineral
content. With the exception of Sample P2, which was located on the right bank of the Nant
Fesson stream, all samples were abundant in amorphous phases ranging from 2 % to 30 % in
the soils. This amorphous material most likely corresponds to slag fragments, organic matter,

or coal.

4.3. Pb contamination of soils

4.3.1. Definition of the local pedo-geochemical soil background

To define a reference of Pb in soil, several options were considered: i) an external reference
(continental crust content), ii) the average Pb content of the rocks in the watershed (excluding
mineralized rocks), iii) a deep-horizon soil (45-60 cm) sampled the farthest away from the O.S.
site, near the Ponturin River (sampled between Samples K5 and L6; Figure 3-B), and iv) a
distant soil (0-20 cm) located 2 km upwards on the same alluvial cone, which was sampled near
the active torrent in order to have the youngest possible soil to avoid the presence of airborne
Pb emitted during smelting. The two soils (deep-horizon soil and distant soil) had a Pb content
one order of magnitude larger than that of the middle continental crust and the local lithologies
(Table 3). The distant soil from the alluvial cone was selected as a reference, considering (i)
that the comparison of rocks and soils may not be relevant, and (ii) that a deep-horizon soil near

the mine site could be naturally contaminated by the presence of the ore deposit.

Table 3 should be inserted here.

4.3.2. Total Pb content of soils
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Geochemical maps based on PTE content allow the identification of “hot spots” of
contamination (Rao et al. 2008). Among the PTE analysed (Table 2), Pb had the highest values
above the guidelines and references (Table 3). The Pb content varied from < 10 mg.kg™ to
3.8 wt. % (median: 1173 mg.kg™). The high contents of Cu, Zn and Sb were very localised to
the O.S. and O.P. sites. Therefore, the following study focuses on the Pb distribution. The
highest Pb content was measured in the soils from the O.S. site and along the edge of the forest
and hayfield (Figure 4-A). Downwards from the hayfield slope, the Pb content decreased down
to the local pedo-geochemical background (blue points in Figure 4-A). The spatial distribution
of Pb content in soils indicated a clear gradient of anthropogenic contamination from the mine
site downwards. Major element and other trace element contents are available in Supplementary

Material Table S8.
Figure 4 should be inserted here.
4.3.3. Enrichment factor & geoaccumulation index

In comparison to the reference soil content, extreme enrichment (EFpp >> 50 and up to 250)
and extreme contamination were observed near the O.S. and O.P. sites, and between the two
sites along transport paths (Figure 4-B). There was a rapid decrease in EFeb and 1geors down to
a minor to moderate enrichment and contamination, respectively (EF <5 and Igeo < 2; Figure
4-B and 4-C). No enrichment and contamination were observed in the samples on the right bank

of the Nant Fesson and in the samples the closest to the Ponturin River.
4.3.4. Pb association with major elements

Overall, the Pb content of the soil had a medium correlation with MnO (r> = 0.58, p < 0.001;
Table 4) and P20s (r> =0.57, p < 0.001). In detail, carbonate-rich soils (CRS) had a significantly
higher correlation between Pb and MnO than highly contaminated and carbonate-poor soils

(HCS and CPS, respectively). Nevertheless, the HCS and the CRS had a higher average
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correlation between Pb and P2Os than CPS. These correlations suggest that Pb in the CRS was
mainly associated with Mn first and P then, whereas it was mostly associated with P in the HCS.
In CPS, no strong correlation between Pb and any major element was observed. The distribution
of Pb correlated well with the distribution of Sb (r? = 0.79, p < 0.001), especially for CRS and

CPS, and with SOM (r? = 0.43, p < 0.001).
Table 4 should be inserted here
4.4.  Pb-bearing phases in soils

The mineralogical nature of the Pb-bearing phases was investigated by (i) observation of the
coarse fraction using a binocular microscope (> 2 mm, n = 117) to qualify the presence of slag
or ore mineral particles (e.g., galena) and (ii) detailed observations on 19 fine fraction samples

(free powder or pressed pellets) using SEM.
Coarse fraction (> 2 mm)

Qualitative binocular observations on the coarse fraction (small circles in Figure 5-A) showed
the presence of slag particles in the soils in the vicinity of the O.S. site and along the ore
transport pathways. This observation was confirmed by the presence of slag particles in the fine
fraction (large circles in Figure 5-A). Fewer slag particles were observed downwards in the

coarse fraction, suggesting a lower proportion or the absence of them in the fine fraction.
Figure 5 should be inserted here
Fine fraction (< 2 mm)

SEM observations allowed the identification of many phases that were not identified by XRD
because they were not abundant enough (< 0.1 %). The Pb-bearing phases observed by SEM
and their spatial distribution in the fine fraction of soils are shown in Figure 2 and Figure 5,

respectively. Typical EDS spectra are presented in Figure S3 in the supplementary material.
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Galena particles were observed only in the soils sampled in the vicinity of the waste heaps or
along the former transport path between the O.S. and O.P. sites (Figure 5-A). They most likely
fell from the heaps by gravity or due to human transport from the O.P. site to the O.S. site for
smelting. SEM observations indicated a widespread distribution of Pb-rich slags and a restricted
dispersion of galena (Figure 5-A), in agreement with qualitative observations on the coarse
fraction. This result indicates that slag particles were the first primary contamination sources of
PTE in soils.

Most of the galena particles in the soils have been weathered to a secondary reprecipitated
mineral (Figure 2-D). The pseudomorphosis of galena to cerussite, called cerussite I, is
recognisable by its tens of micrometres size and its preserved shape of vuggy-faced galena
(Figure 2-D and Figure 2-F). Cerussite | was observed in the most Pb-contaminated soils. The
vuggy aspect of these large cerussite particles was evidenced by ongoing alteration and
dissolution of Pb, which may be partly transported in solution. Cerussite has also been observed
in less contaminated samples (Figure 5-B). This cerussite Il was not well crystallised and had
a smaller-size and a filamentous structure, suggesting a leaching-reprecipitation mechanism
(Figure 2-G). Cerussite was the only Pb-bearing mineral identified by XRD (< 0.1 %); it was
only identified in three samples located at the O.S. site or along the ore transport pathway
between the O.S. and O.P. sites (Table S7). Slag fragments were also often associated with
cerussite at their edges.

In addition to cerussite 11, Ca-rich pyromorphite (Pbs(PO4)3(Cl, OH, F)) was observed at the
O.S. site or along the former transport path (Figure 5-B), either as tens of micrometres-sized
fibrous shapes or as micrometric rounded grains (Figure 2-J and Figure 2-K).

The most ubiquitous Pb-bearing phases were the Pb-bearing Mn (hydr-)oxides (Figure 5-B). Pb
can either be adsorbed at the surface of the Mn (hydr-)oxides or included in the crystal lattice

to form Pb-Mn (hydr-)oxides through Pb% <Mn?" substitution. SEM spectra and
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semiquantitative analysis (Figure S3) indicated that the Pb stoichiometric part in the total phases
is commonly several tens of percents. Such high Pb content suggest the occurrence of
Pb?*¢>Mn?* substitution rather than Pb-adsorption. A significant consistent C peak was
associated with Pb-bearing Mn (hydr-)oxides in EDX analyses, suggesting an association of
these (hydr-)oxides with carbonates and/or organic matter. Downwards from the slope,
mineralogical observations tended to indicate a higher occurrence of rounded micrometric to
tens of micrometres-sized aggregates of Pb-bearing Mn (hydr-)oxides (Figure 2-H and Figure
2-1) at the expense of Pb-bearing slags and galena particles. A minor proportion of Pb-bearing
Fe-Mn (hydr-)oxides and Fe (hydr-)oxides with traces of Pb were also observed. Such Fe-rich
phases likely derived from the alteration of pyrite.

Due to SEM-EDX detection limits and the very small amount of Pb adsorbed, it was very
difficult to identify sorbed phases using SEM. However, Pb associated with clays and organic
matter could occasionally be identified (Figure 5-B), based on the presence of a fairly small Pb
peak observed in the SEM-EDX spectra (Figure S3). Because of its very low content, Pb is

likely adsorbed on these phases.
45. Pb single extraction tests

The amount of Pb extracted by distilled water, humic acid and EDTA versus the total Pb content
of the soil measured by WDS-XRF is shown in Figure 6. The total Pb content of soils and Pb-
extracted by water, humic acid and EDTA showed a good linear trend (respectively r?> = 0.93,
r> = 0.75, and r? = 0.91, respectively). The higher the total Pb content of the soil was, the higher
the amount of Pb extracted. Samples with a low Pb content extracted less Pb than highly
contaminated samples in proportion to the total Pb content. This was visually observable
because the three overall slopes established by the amount of Pb extracted from water, humic
acid, and EDTA were steeper than the slope established by the total Pb content (Figure 6).

Therefore, the percentage of extracted Pb relative to the total Pb content (see Equation 5) is
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presented in Figure 7 to spatially visualise the distribution of extracted Pb fraction. Water-
extracted Pb quantities from 5 samples and humic acid-extracted Pb quantities from 3 samples

were below the detection limit (Table S9).

Figure 6 should be inserted here

4.5.1. Water extraction

The measurable water-extracted Pb quantities varied from 0.1 to 42 mg Pb kg. The highly
contaminated soil E3 had the highest extracted Pb content, followed by the highly contaminated
soils B2A and D3 (downhill slag heap), which also presented very high water soluble Pb
contents of 40 and 35 mg Pb kg, respectively. The water-extracted Pb represented 0.02 to

0.25 % of the total Pb content of the soil samples (Figure 7)

Figure 7 should be inserted here.

4.5.2. Humic acid extraction

The measurable humic acid-extracted Pb quantities varied from 0.1 to 197 mg Pb kg. The
highly contaminated soil B2A had the highest Pb content of humic acid-extracted Pb. Humic
acid-extracted Pb quantities were 2 to 5 times higher than water-extracted Pb quantities (Figure
6). Pb extracted by humic acid represented 0.02 to 1 % of the total Pb content of the soil samples
(Figure 7).

4.5.3. EDTA extraction

EDTA-extracted Pb quantities were much higher, varying from 45 to 25 423 mg Pb kg™. They
were equivalent to the total Pb content of most of the highly contaminated samples (Figure 6),

with the exception of the most contaminated soil D3, which contains the most slag and coal
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particles and therefore less accessible Pb. Pb extracted by EDTA represented 49 to 120 % of
the total Pb content of the soil samples (Table S9). EDTA extractant is known to often leach a
higher Pb content than the total Pb content (Sterckeman et al. 1996 ). These samples were fixed

at 100 % in Figure 7 (Samples G3, G5, L2 and O1).

4.5.4. Data comparison

The soil samples were divided into 3 groups according to the total Pb content, the amount of
Pb extracted by water and EDTA and the distance to the slag heaps (Table 5). The Group 1
samples had no or low Pb contamination (blue circles in Figure 7). They were characterised by
a nonquantifiable water extraction of Pb and a low EDTA extraction of Pb (< 60 %). These
samples were disconnected from the waste heaps downslope (H11; K9; and G8) or upstream of
the ore transport pathway (K1). The Group 2 samples were moderately contaminated with Pb
and characterised by low water extraction of Pb and median EDTA extraction of Pb (yellow
circle in Figure 7). These samples were far away from mining and metallurgical wastes. The
Group 3 samples were highly contaminated and characterised by high Pb water extraction and
high Pb EDTA extraction (red circle in Figure 7). These samples were close to or in the

immediate vicinity of mining and metallurgical wastes.

Table 5 should be inserted here

5. Discussion

Geochemical analyses provide evidence of extreme Pb contamination in the soils that is
restricted to the ancient mining and smelting site of Peisey-Nancroix. The most contaminated

soils are localised along anthropogenic features, close to the slag heaps and along the transport
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pathway and dewatering gallery that connect the O.P. site to the O.S. site. Such a spatial

distribution provides evidence of the anthropogenic origin of the contamination there.

5.1. Remobilisation and long-term mobility of Pb

5.1.1. Mobility of Pb

Water is considered to be a weak acid extractant that allows the determination of the water-
soluble metal fraction, considered the most mobile fraction (Rao et al. 2008). No water-
extractable Pb fraction was measured in the samples of extraction Group 1 (Figure 7), which
corresponds to control samples due to their disconnection from the sources of contamination
(slag heaps and transport pathways). Such a low Pb mobility suggests the absence of water-
soluble phases, which corroborates the presence of only Pb-bearing Mn and Fe (hydr-)oxides
in these samples (Figure 5-B). In contrast, the most contaminated soils in Group 3 samples had
a high amount of water-extracted Pb, which still represents a small proportion of the total Pb
content (Figure 7). Pb water-extracted quantities tended to decrease in soils downgradient and
represented a smaller extracted fraction of the total Pb content (Group 2 samples).

The water-soluble fraction was generally defined as easily exchangeable Pb and bound to
carbonates and/or organic matter (Sahuquillo et al. 2003). Cerussite was the most abundant Pb-
bearing mineral in the highly contaminated samples, with slag particles (by relative proportion
and by preferential weathering phase of galena and PbO in slags, Figure 5). Cerussite is known
to be insoluble in pure water at neutral to alkaline pH (Keim and Markl 2015). However, one
can consider the soil organic matter as a competitive ligand to cerussite conducting to Pb partial
extraction in solution, under in-situ conditions. Water extraction tends also to leach the not
easily observable Pb adsorbed phases, which is suggested by the good correlation between TOC

and water Pb extracted (r = 0.63, p < 0.05, Table 6).

Table 6 should be inserted here.
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The decrease in Pb mobility is associated with a decrease in Pb contamination in the soils,
reflecting a redistribution of the Pb-bearing phases.

5.1.2. Potentially mobilisable Pb

EDTA is a strong complexing agent that acts as a metal extractant. It is often used to estimate
the potentially mobilisable pool of metals (Cappuyns 2012) bound to soil organic matter (SOM)
and carbonate complexes. EDTA-extraction tests of Group 1 samples showed the smallest
fraction of Pb extracted by EDTA of all samples tested. Group 1 samples were uncontaminated
or minimally contaminated, with less than 100 mg.kg™ Ph, which is insignificant in the long-
term. In contrast, the samples in Group 3 had an EDTA-extracted Pb content between 80 to
100 % of the total Pb content. This result suggests that the Pb content of the Pb-bearing phases
is mobilisable in the long-term and represents a potential source of Pb in soil solution. However,
the EDTA-extractable Pb fraction decreased rapidly downgradient indicating a greater
proportion of less mobilisable Pb-bearing minerals downgradient (Group 2 Samples M5 and
KS5; Figure 7). Ostergren et al. (1999) showed that EDTA successfully dissolved strongly bound
surface Pb complexes and EDTA-soluble phases as carbonates and poorly crystalline Fe (hydr-
)oxides.

There was an evolution of the chemical form of Pb from waste heaps to downgradient: Pb water
soluble forms (weakly bound) disappeared for the benefit of a higher proportion of more stable
phases (Pb-bearing Mn (hydr-)oxides), leading to a less mobile Pb down the slope. However,
EDTA extraction tests suggest that an important pool of Pb, stocked in the most stable phases,

could be mobilised in the long-term.
5.2. Pb dispersion processes in soils

Two Pb dispersion processes were identified by combining mineralogical observations,

geochemical contents and leaching tests: particulate translocation of the Pb-bearing primary
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contamination phases and Pb leaching of the primary contamination phases leading to

reprecipitated or adsorbed Pb.

5.2.1. Translocation of particles

The most contaminated soils provided evidence of the presence of significant amounts of galena
and slag particles, which are weathered in soils. A few dropped galena were identified in the
fine fraction of highly contaminated soils and in soils along former transport paths. No coarse
(> 2 mm) or fine (< 2 mm) galena particles were observed in soils down to the O.S. site. In
contrast, slag particles were more widespread in the coarse and fine fractions of soils.
Nevertheless, qualitative mineralogical observations indicated their scarcer proportion

downwards in both the fine fraction and coarse fractions.

The extensive dispersion of slags can be explained by the natural translocation of small slag
particles, by the reuse of slags for roasting the ore and the reuse of slags for construction (path,
roads, etc.). Particulate translocation of Pb-bearing slag fragments significantly contributed to

the Pb contamination in the soils due to their high Pb content (several wt. %).

5.2.2. Leaching processes

5.2.2.1. Leaching-reprecipitation processes

The dispersion and weathering of Pb-bearing galena particles or slag phases in soils represents
a source of Pb, which can be leached and reprecipitated. These primary Pb-bearing phases were
transformed into secondary Pb-bearing reprecipitated phases: cerussite, pyromorphite and Pb-
bearing Mn (hydr-)oxides.

Cerussite | was mainly observed in the most contaminated samples, located along the transport
path and the dewatering gallery, between the O.S and O.P. sites. Galena particles are directly
altered into cerussite (cerussite 1) in carbonate-rich alkaline environments (Bao 2021), which is
consistent with our observations. Cerussite | has a porous layer on its faces that accelerates
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galena dissolution and releases Pb?* into the pore waters (Lara et al. 2011). The released Pb?*

is likely to be reprecipitated further into cerussite I1.

The restricted presence of Ca-rich pyromorphite in highly contaminated soils supports the
significant correlation between Pb and P in these soils (Table 4). Pyromorphite is commonly
observed in Pb-contaminated soils (Cotter-Howells and Thornton, 1991). It is considered a
long-term host for Pb or a mature alteration product of Pb (Davies et al. 1993) and as the most
insoluble secondary form of Pb in soils under a wide range of environmental conditions (Morin
et al. 2001, Hettiarchchi et al. 2000, Nriagu et al. 1974). The substitution of Ca?* for Pb?*
accentuates the insoluble character of pyromorphite (solid solution, Cotter-Howells 1994).
Therefore, the Ca-rich pyromorphite observed at the site is considered to be highly insoluble
(Figure S2). The source of P must be very localised within the highly contaminated soils as no
pyromorphite was observed in the hayfields despite fertiliser application. The presence of
monazite, xenotime and apatite in the ore (Bertauts et al. 2022) may be the main source of
phosphorus as well as the P-enriched slags (Table 1). It can be assumed that pyromorphite
crystallises as long as Pb is leached out and P is available (Buatier et al. 2001).

Pb-bearing Mn (hydr-)oxides, based on mineralogical observations, were the most ubiquitous
Pb-bearing phases observed in soils and the dominant Pb-bearing phase observed
downgradient. Mineralogical observations tended to show a decrease in cerussite and
pyromorphite downgradient in favour of a greater proportion of Pb-bearing Mn (hydr-)oxides.
It is widely known that Mn-(hydr-)oxides and Fe-(hydr-)oxides have a high capacity to retain
PTE in the environment and are considered also as a mature alteration phase (Davis et al. 1993).
The characteristics of the Pb-bearing Mn (hydr-)oxides suggest leaching of the Pb-bearing slag

or galena particles, solute transport and reprecipitation.

23



5.2.2.2. Leaching-adsorption processes

Few Pb-adsorbed phases were observed knowing the limits of the SEM to identify such phases
with a low to a very low Pb content using backscattered electrons. The observed spatial
distribution of Pb-adsorbed on clays and organic matter (Figure 5-B) is likely not representative
of their real distribution because of the high difficulty to identify these phases using SEM.
Despite this difficulty, these phases play an important role in the mobility of Pb, as they can

represent up to 50 % of the Pb-bearing phases in mining and smelting areas (Brown et al. 2009).

5.3. The airborne portion of the Pb contamination

Pb-rich atmospheric fallout was most likely been deposited on site during smelting. However,
no Pb enrichment was evidenced among the farthest samples from the O.S. and O.P. sites
(Figure 4-A), suggesting that the part of airborne lead contamination was negligible.
Considering that smelter fumes can be transported over several kilometres to thousands of
kilometres (Hong et al. 1994, Doucet and Carignan 2001, Cloquet et al. 2006, Zdanowicz et al.
2006; Cloquet et al. 2015), it is necessary to obtain samples from a few kilometres downwind
to characterise airborne Pb contamination. Lake sediment cores were sampled in La Plagne
Lake (7 km upstream of the mining site) together with soils from its watershed in order to
quantify the contamination contribution of the atmospheric deposition to the total Pb

contamination observed at the site in soils (Guillevic et al. in prep.).

6. Conclusion

This study shows the persistence of a 200 years Pb contamination in the vicinity of the Peisey-
Nancroix Pb-Ag mine (Savoy, France). Severe anthropogenic Pb contamination is localised in
soils around the former mining and smelting sites: it is restricted to anthropogenic features (slag
heaps, former transport path and dewatering gallery) and decreases rapidly, in a few hundreds

of metres in soils downwards. Slag particles are most likely the main source of Pb
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contamination, especially particles dispersed by anthropogenic transport between the O.P and

O.S sites.

Coupling mineralogical observations and extraction tests suggests a rearrangement of Pb-
bearing phases from labile to more stable phases downgradient. The highest contaminated soils
account for a higher proportion of water-soluble and less stable Pb-bearing phases, as Pb-
carbonates and Pb-adsorbed phases tend to decrease downgradient for the benefit of a higher
proportion of Pb-bearing Mn (hydr-)oxides which are more stable. A form of Pb stabilisation
is set up by moving away from the sources of contamination. This study contributes to a better
understanding of the long-term dispersion of Pb due to mining activities. Evaluation of the
mining legacy in soils and its memory effects should involve mineralogical characterisation in
addition to leaching tests, in order to assess the Pb mobility/stability. Such knowledge is
necessary to establish mitigation strategies that limit PTE migration in the different

environmental compartments.
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10. Figure captions

Figure 1: A) Location map of Peisey-Nancroix in the northern French Alps; B) Geological map
of the Peisey-Nancroix Pb-Ag mine and its surroundings; C) Organisation of the old mine site,
and infrastructures still present today divided between the ore-processing site (O.P.) to the north
and the ore-smelting (O.S.) site to the southeast, where waste rock heaps and slag heaps are
located.

Figure 2: Reflected light (A) and SEM images (B-K) of primary and secondary Pb-bearing
phases identified in the ore (A), slags (B-C) and soils (D-K). In Pb-bearing primary
contamination phases: A) galena (Gn.)-, pyrite (Py.), and tetrahedrite (Ttr.) from the ore; B)
rounded-shaped PbO with empty holes in the centre observed in slags; C) Fe-sulfides mixed
with PbO phases in slags. In weathered Pb-bearing primary contamination phases in soils: D)
galena particles altered into cerussite (cerussite 1); E) weathered slag particles with micrometric
to tens of micrometres-sized Pb prills in a Pb-enriched silicate matrix. In secondary
reprecipitated Pb-bearing phases in soils: F) cerussite particles with relict galena (cerussite I);
G) reprecipitated cerussite (cerussite I1); H) rounded nanometric aggregate of Pb-bearing Mn
(hydr-)oxides; 1) aggregate of Pb-bearing Mn (hydr-)oxides; J) pyromorphite; K) rounded
aggregates of pyromorphite.

Figure 3: A) Principal component analysis of the 117 samples based on major elements and soil
organic matter (SOM) with Pb as an illustrative supplementary variable, allowing the
characterisation of three soil types: carbonate-rich cambisols, carbonate-poor cambisols and
highly contaminated soils; B) Distribution map of the three soil types.

Figure 4: A) Spatial distribution of the total Pb content in soils indicating that Pb content
decreases down to the local pedo-geochemical background (blue points); B) the Pb enrichment
factor and; C) the Pb geoaccumulation index. Represented in A: waste rock heap (light grey),
slag heap (dark grey), former mine and metallurgical buildings (black), underground
dewatering gallery (wide dotted line) and footpath (small dotted line).

Figure 5: Spatial distribution of the Pb-bearing phases based on mineralogical observations: A-
primary contamination phases (slags and ore particles) observed in soils based on binocular
(>2mm, n=117)) and SEM (<2 mm, n =19) observations. B- the Pb-bearing secondary
phases observed in soils, based on SEM (< 2 mm) observations only (n = 19).

Figure 6: Graph of the amount of extracted Pb (mg.kg™) using 3 extractants (distilled water,
humic acid, and EDTA) as a function of the total soil Pb content (mg.kg™) on a logarithmic
scale.

Figure 7: Spatial distribution of the fraction of extracted Pb (%) for each extractant: distilled
water (in black circles), humic acid (in white circles) and EDTA (in grey circles). The 3
extraction groups were distinguished according to the amount of extracted Pb with distilled
water and EDTA, the Pb contamination (EFpb) and the proximity of the slag heap (see text).
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11. Tables

Table 1 : Major and trace element contents of waste rocks and slags

Unit Waste Rock 1 Waste Rock 2 Waste Rock 3 Slag1l Slag2 Slag 3
SiO; 81.10 84.13 83.02 38.72 4255 40.46
AlO3 5.74 0.54 5.86 5.34 6.19 6.22
Fe 03 1.11 1.10 1.04 1890 20.60 21.13
MnO 0.08 0.07 0.08 115 129 0.60
MgO 0.97 0.55 0.98 2.22 237 257
Ca0 wt. % 1.42 1.53 1.39 8.43 8.93 8.63
Na,O 0.08 0.06 0.08 0.84 1.01 0.92
K20 1.94 0.17 1.97 1.71 189 191
TiO, 0.06 <L.D. 0.06 031 035 045
P2Os <L.D. 0.20 <L.D. 039 040 0.53
CO. 3.73 3.77 253 -0.64 -067 -1.17
As 31 18 37 31 22 22
Cd 3 3 6 0.2 0.1 0.9
Cu 71 2018 87 239 335 143
Ni  mgkg? 12 46 5 21 24 <L.D.
Pb 29846 71384 18621 108418 75516 22694
Sh 128 112 137 1638 931 452
Zn 125 111 114 3790 3730 5276

Waste rock 1 : PN17-R-07; Waste rock 2 : PN21-R-05; and Waste rock 3 : PN17-R-07

Slag 1 :PN21-SCO-01; Slag 2: PN21-SCO-03; and Slag 3 : PN17-R-14
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Table 2 : Basic statistics of the 3 groups of soil based on PCA and hierarchical clustering (highly Pb-contaminated soil: highly Pb-cont.; carbonate-rich soil: carb. rich; and carbonate-poor soil: carb. poor).

Component Unit Min. Q10 Q25 Q50 (mediane) Q75 Q90 Maximum IQR Skewness Kurtosis
All Highly  Carb. Carb. All Highly  Carb. Carb. All Highly  Carb. Carb. All Highly ~ Carb. Carh. All Highly ~ Carb. Carb. All Highly  Carb. Carb. All Highly  Carb. Carb. All Highly  Carb. Carb. All Highly ~ Carb. Carb. All Highly ~ Carb. Carb.
data Pb-cont! richt poort data Pb-cont. rich  poor data Pb-cont. rich  poor data Pb-cont. rich  poor data Pb-cont. rich  poor data  Pb-cont. rich  poor data  Pb-cont. rich  poor data Pb-cont. rich  poor data Pb-cont. rich  poor data Pb-cont. rich  poor
Na20 0.50 0.56 050  0.99 0.64 0.65 054 144 0.95 0.71 059 156 151 0.99 067 171 175 132 086 1.95 2.10 1.38 094 232 257 1.49 1.08 257 0.80 0.61 027 0.39 -0.02  -0.01 050 0.53 -0.88 -1.62 -1.12 -0.16
MgO 1.17 117 5.86 1.29 1.84 1.58 7.26 217 293 1.96 7.68 3.03 3.58 2.55 9.04 350 4.22 3.56 10.15 3.70 8.75 4.53 10.75  4.02 12.52 5.56 1252 497 1.29 1.60 247  0.66 1.56 0.74 0.07 -0.76 1.65 -0.33 -0.79 0.76
Al03 3.64 3.64 422 12.08 7.60 7.10 492 13.88 11.14 8.19 6.23 14.73 14.46 12.15 8.00 15.53 15.63 13.47 9.76  15.98 16.29 14.40 10.32 16.52 19.00 15.55 11.75 19.00 4.49 5.28 3.53 1.25 -0.99 -0.51 -0.05 -0.39 -0.15 -0.87 -1.36  1.09
SiO2 H#itt 24.43 16.89 41.77 28.15 28.95 19.05 48.65 36.91 32.05 21.14 5114 50.24 43.19 26.59 52091 53.48 46.72 31.34 55.72 56.87 47.75 32.63 57.85 70.40 52.43 36.08 70.40 16.57 14.67 10.20 458 -0.71 -0.36 -0.03 0.86 -0.40 -1.38 -1.39 218
P20s 0.06 0.12 0.06 0.10 0.13 0.15 013 012 0.15 0.16 0.16 0.14 0.19 0.22 021 018 0.24 0.28 027 022 0.28 0.35 0.31 0.24 0.56 0.56 036 029 0.09 0.12 0.10 0.07 1.52 1.41 -0.08 021 4.74 1.92 -0.87 -0.95
K20 (wt. %) 0.72 0.72 090 227 1.44 1.16 1.00 2.44 2.07 1.69 1.26 2.55 2.53 2.09 156 283 2.98 249 191 3.09 3.18 3.01 2.05 3.22 4.44 3.67 226 444 091 0.79 065 0.54 -0.25 0.06 -0.03 141 0.13 -0.36 -1.38 269
CaO 0.33 0.80 10.90 0.33 0.83 1.33 1210 0.79 1.29 2.06 12.94 0.89 242 3.24 17.26  1.68 7.29 576 19.46 248 15.73 10.12 2334 449 25.75 15.40 2575 11.56 6.00 3.70 6.52 1.59 152 141 041 230 1.27 114 -095 511
TiO2 0.17 0.23 0.17 041 0.35 0.28 0.26 0.62 0.50 0.39 0.31 0.70 0.68 0.56 039 0.76 0.78 0.62 0.50 0.80 0.81 0.70 0.51 0.86 0.99 0.75 0.61  0.99 0.28 0.23 0.18 0.10 -0.58 -0.32 -0.08 -0.61 -0.58 -1.22 -1.02 117
MnO 0.02 0.07 0.02 0.06 0.06 0.08 0.03 0.07 0.08 0.11 0.03 0.09 0.10 0.12 0.05 0.10 0.11 0.16 0.07 0.11 0.14 0.21 0.09 0.12 0.37 0.37 0.09 017 0.03 0.06 0.04 0.02 2.40 1.71 019 0.39 10.87 2.98 -142 152
Fe;03 2.29 3.29 229 322 4.29 3.93 420 494 5.54 4.63 469 6.19 6.25 5.55 5.87  6.40 6.78 6.22 6.88 6.82 7.32 7.08 713 730 8.15 7.95 767 815 124 159 218 0.63 -0.76 0.17 -0.50 -1.18 0.26 -0.74  -047 181
S.O.M. 1.10 9.50 4.20 1.10 5 14.06 1215 4.08 7.9 15.2 13.7 6.42 11.00 18.60 16.70 9.20 15.5 28.3 249 10.67 26.88 41.04 29.6 1342 55.3 49.5 55.3 19.1 7.6 13.1 1120 4.25 1.88 1.02 149 026 3.92 -0.31 229  0.09

0

Carb. Lor) 0.50 0.50 5.40 1.30 1.70 1.66 15.05 1.60 1.90 2.30 16.82 1.80 2.60 3.20 2230 220 7.10 6.85 2418 3.08 20.30 12.30 26.22 4.27 31.50 12.70 31.50 10.90 5.20 4.55 7.35 1.28 1.69 1.02 -0.64 2.46 1.62 -0.46 0.28 577
Cu 9 26 9 17 22 42 12 23 27 46 19 27 36 83 25 35 47 99 31 40 84 131 45 50 551 551 55 64 20 53 12 13 7.14 3.73 054 0.65 62.23 14.67 -049 020
Zn 35 91 35 71 82 102 56 90 98 178 68 99 116 256 95 114 160 307 127 125 262 411 163 148 1202 1202 184 236 63 130 59 26 5.37 2.95 045 156 3885 1012  -1.03 4.29
Pb (mgkg-1) 5 1560 141 5 41 3070 488 17 355 5942 752 130 1173 12249 1272 467 4236 18211 3463 1428 13157 34915 6041 2114 37609 37609 6449 5781 3882 12269 2710 1298 2.78 0.88 094  2.08 7.79 -0.41 -0.79  3.92
Sb 2 4 2 0 2 16 2 2 3 27 2 3 6 67 2 5 20 128 7 10 75 155 16 23 407 407 17 52 17 102 7 6 4.08 1.97 1.05 224 22.29 5.11 -0.68 485

L highly contaminated soil (n=27); carbonate-rich soil (n=20); and carbonate-poor soil (n=70)
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Table 3 : PTE content of site reference soils and rocks and guidelines.

. . "

PTE Site reference (in mg.kg™) Guidelines (in mg.kg™)
Dlstar_1t1 Deep—h_oilzon Average Wa'gershed Contlnegtal CCME‘ E.US
topsoil soil rocks crust

Pb 87 123 17 17 70/140 300

Sh 2 5 2 0.4 20 -

Cu 15 34 17 28 63 140

Zn 126 77 94 67 250 300

1n =2; one soil sampled 2 km upstream of the mining site and one deep horizon soil from the mining site

2n =34 rocks

3 Rudnick & Gao 2003

4 CCME (Canadian Council of Ministres of the Environment) 2007

5 EC Directive 86/278/EEC (Agricultural and after sewage sludge application)

Table 4: Spearman correlations between the Pb total content and major elements and
constituents of soil.

MnO PzOs Sb Carbonates%oc SOM550°
Groupof Al "¢ Al Per anPer Al Per Al Per
soil type samples soil samples soil samples soil soil samples soil
yp P type P type P type samples type P type
CPS 0.37 0.27 0.93 -0.03 0.33
Pb CRS 0.58 0.82 057 0.67 0.79 091 -0.08 -0.7 043 022
HCS 0.44 0.68 0.61 -0.13 -0.07

Statistically significant correlation at probability levels: p<0.05, p<0.01, and p<0.001
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Table 5 : Classification of samples in groups of Pb extraction variability.

Sope fem P Pb mobilit Potential Samples
P contamination y mobilisation P
sources
EFpy Distilled water Humic acid EDTA

Group _ 3 Non cgue:ntlflable Low G8, H1L, K1

1 Off slope Distal EF <4 Non quantifiable 0 low < 60 % EF.. = £}, Ko

(> 0.20 %) ( 0) ( Pb = )r
Non quantifiable .

G . Median (60 to -

rtz)up Downslope Distal 4 < EF < 40 to low Low (< 0.20 %) 0 96 B4 (E'I\:/.Iag MZS),FI’<24| KS5,

(< 0.10 %) 0 » Mo,

o High AAl, B2A, D3, E3,

roup - . . H5, 13, L2, N4

3 Downslope  Proximal EF > 40 High (> 0.10 %) High (> 0.20 %) > 80 %) G3, G5, H5, 13, L2,

(Epr = 10), o1

Table 6 : Spearman correlation coefficients between extracted Pb and soil properties (n = 20).

pH TOC CEC CaCO3T Mnex Ca.ex Pb[o[al

Pbiotal 012 079 07 049 012 062 1
Pbaistinwater -0.08 0.63 0.55 0.33 0.25 0.43 0.93
Pbhumacia -0.10 0.61 050 0.26 0.20 0.38 0.92
Pbepra 0.08 0.74 064 045 011 0.53 0.98

ex. exchangeable cation
Statistically significant correlation at probability levels: p<0.05, p<0.01, and p<0.001
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Figure 1: A) Location map of Peisey-Nancroix in the northern French Alps; B) Geological map of the
Peisey-Nancroix Pb-Ag mine and its surroundings; C) Organisation of the old mine site, and
infrastructures still present today divided between the ore-processing site (O.P.) to the north and the
ore-smelting (O.S.) site to the southeast, where waste rock heaps and slag heaps are located.
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Figure 2: Reflected light (A) and SEM images (B-K) of primary and secondary Pb-bearing phases
identified in the ore (A), slags (B-C) and soils (D-K). In Pb-bearing primary contamination phases: A)
galena (Gn.)-, pyrite (Py.), and tetrahedrite (Ttr.) from the ore; B) rounded-shaped PbO with empty
holes in the centre observed in slags; C) Fe-sulfides mixed with PbO phases in slags. In weathered Pb-
bearing primary contamination phases in soils: D) galena particles altered into cerussite (cerussite I);
E) weathered slag particles with micrometric to tens of micrometres-sized Pb prills in a Pb-enriched
silicate matrix. In secondary reprecipitated Pb-bearing phases in soils: F) cerussite particles with relict
galena (cerussite I); G) reprecipitated cerussite (cerussite 11); H) rounded nanometric aggregate of Pb-
bearing Mn (hydr-)oxides; 1) aggregate of Pb-bearing Mn (hydr-)oxides; J) pyromorphite; K) rounded
aggregates of pyromorphite.
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Figure 3: A) Principal component analysis of the 117 samples based on major elements and soil organic
matter (SOM) with Pb as an illustrative supplementary variable, allowing the characterisation of three
soil types: carbonate-rich cambisols, carbonate-poor cambisols and highly contaminated soils; B)
Distribution map of the three soil types.
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Figure 4: A) Spatial distribution of the total Pb content in soils indicating that Pb content decreases
down to the local pedo-geochemical background (blue points); B) the Pb enrichment factor and; C) the
Pb geoaccumulation index. Represented in A: waste rock heap (light grey), slag heap (dark grey),
former mine and metallurgical buildings (black), underground dewatering gallery (wide dotted line) and
footpath (small dotted line).

Figure 5: Spatial distribution of the Pb-bearing phases based on mineralogical observations: A-primary
contamination phases (slags and ore particles) observed in soils based on binocular (> 2 mm, n = 117))
and SEM (< 2 mm, n = 19) observations. B- the Pb-bearing secondary phases observed in soils, based
on SEM (< 2 mm) observations only (n = 19).
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Figure 6: Graph of the amount of extracted Pb (mg.kg™) using 3 extractants (distilled water, humic acid,
and EDTA) as a function of the total soil Pb content (mg.kg™) on a logarithmic scale.
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N.Q. (Non Quantifiable) Measured Pb content from the initial solution is under the limit of quantification.

Figure 7: Spatial distribution of the fraction of extracted Pb (%) for each extractant: distilled water (in
black circles), humic acid (in white circles) and EDTA (in grey circles). The 3 extraction groups were
distinguished according to the amount of extracted Pb with distilled water and EDTA, the Pb
contamination (EFpy) and the proximity of the slag heap (see text).



