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Abstract 1 

 2 

This paper investigates the long-term dispersal of trace metals and their impact on the 3 

environment long after mine closure in the French Alps. Three statistical methods derived 4 

from modern mining (Exploratory Data Analysis, fractals and Sediment Quality Index) were 5 

applied to geochemical analyses of streambed sediments to produce mineral prospectivity 6 

maps. About 5% of the samples have a poor or marginal quality and may have an effect on 7 

biota. Positive anomalies are either related to the geological background (lithology, major 8 

tectonic contacts) or to ancient mining sites. The local impact of former mining was 9 

investigated on a medieval Pb-Ag district (Brandes; Pbmax ~ 8000 mg.kg-1), a small district 10 

mined during the 17th-19th c. (Peisey-Nancroix; Pbmax = 583 mg.kg-1), and a major modern 11 

Pb-Ag mine (Macôt-La Plagne; Pbmax ~ 3200 mg.kg-1).The mining heritage is still traceable in 12 

the northern French Alps. The anomalies observed at local scale are related to the volume of 13 

extracted ore rather than to the timing and duration of mining, suggesting that old mining 14 

sites still release trace metals over centuries and up to a thousand years. The statistical 15 

methods used provide a strong tool for archaeological prospection and environmental 16 

studies. 17 

 18 

 19 

Keywords: Streambed sediments, Trace metal anomalies, Ancient mines, northern French 20 

Alps, Geostatistical methods. 21 

 22 

1. Introduction 23 

High trace metal (TM) concentrations in the environment may result from anthropogenic 24 

activity, and/or from natural weathering of metal-rich rocks and ore bodies. In the case of 25 

mining, both natural and anthropogenic factors are involved as mineral deposits correspond 26 

to natural positive TM anomaly, while their exploitation may considerably extend metal 27 

dispersal (MacKenzie and Pulford, 2002; Camizuli et al., 2014a; Courtin-Nomade et al., 28 

2016; McConnell et al., 2018). Trace metals contamination around abandoned mines has 29 

been intensively investigated in soils (Ettler, 2016; Egli et al., 2017), in streambed or stream 30 

sediments (Byrne et al., 2012; Ciszewski et al., 2012; Resongles et al., 2014; Gbolo and 31 

Lopez, 2015; El Azhari et al., 2016; Potra et al., 2017; and references therein) and in 32 

vegetation (Antoniadis et al., 2017; Debén et al., 2017; Madejón et al., 2018; Schreck et al., 33 

2020). Streambed sediments record the composite erosion products of geological formations 34 

in a catchment area, including ore and mine waste deposits located upstream (Hudson-35 

Edwards, 2003). Therefore, they are a relevant tool to study the spatial dispersion of TMs in 36 

the environment, which can be useful for mining exploration, environmental studies and 37 

archeological investigations (Lapworth et al., 2012; Camizuli et al., 2014b; Monna et al., 38 

2014; Kirkwood et al., 2016; Darwish, 2017; Gonçalves et al., 2017; Parsa et al., 2017; 39 

Yousefi and Nykänen, 2017; Zuluaga et al., 2017).  40 

Most literature based on streambed sediment analyses focuses on modern mining 41 

and mines that were closed since the 1970s or during the 20th century (Casiot et al., 2009; 42 

Ferreira da Silva et al., 2009; Ciszewski et al., 2012; El Azhari et al., 2016). There are less 43 

studies focusing on mines that closed during the 19th century or earlier (Lecce and 44 

Pavlowsky, 2014; Horak and Hejcman, 2016; Kossoff et al., 2016; Mariet et al., 2017). 45 

Assessment of TMs dispersal in mining areas that were mined during Middle Ages or 46 

Antiquity are generally based on sediment cores that record primary mobilization of TMs 47 

(Elbaz-Poulichet et al., 2011), or on TMs dispersal in soils (Baron et al., 2006; Mariet et al., 48 



2016; Camizuli et al., 2018), when not based on atmospheric fluxes and TM deposition in ice 49 

or lake sediments (Rosman et al., 1997; West et al., 1997; Arnaud et al., 2005; Giguet-50 

Covex et al., 2011). Rather scarce studies investigate long-term (i.e., from a hundred years 51 

to the Middle Ages or Antiquity) TMs dispersal from streambed sediment data (Garcia-52 

Ordiales et al., 2014; Monna et al., 2014). Persistence of trace metals in streambed 53 

sediments may reach potentially toxic levels for biota over time (Camizuli et al., 2014b; 54 

Garcia-Ordiales et al., 2014; Lecce and Pavlowsky, 2014; Beane et al., 2016; Gutiérrez et 55 

al., 2016; Elbaz-Poulichet et al., 2017; Camizuli et al., 2018).  56 

This paper investigates trace metals dispersal in the northern French Alps, where 57 

hundreds of small Fe, Cu, Pb-Zn and other metal deposits (Meloux, 1975; Durand, 2005) 58 

have been mined from the Bronze Age to the 20th century (Schibler et al., 2011; Moulin et 59 

al., 2012; Py et al., 2014). Anthropogenic lead records in high-altitude lake sediments 60 

(Arnaud et al., 2005; Giguet-Covex et al., 2011) and archeological and historical 61 

investigations (Meloux, 1975; Bailly-Maître, 2019) indicate peak activity during the Middle 62 

Ages and the 19th century. Apart from Macôt-La Plagne and St-Georges d’Hurtières mines, 63 

which closed in the 1970s and the 1930s respectively, mining activity essentially stopped in 64 

mid-19th century or during the Middle Ages. Therefore, the northern French Alps is a good 65 

area to investigate the long-term dispersal of trace metals into the environment resulting 66 

from mining-activity, over several centuries. Several statistical methods derived from modern 67 

mining prospecting and ecological management plan (Garcia-Ordiales et al., 2014; Monna et 68 

al., 2014; Afzal et al., 2016; Agharezaei and Hezarkhani, 2016; Hoang and Nguyen, 2016; 69 

Mortazavi and Saberinasab, 2017) were applied to the streambed sediment database 70 

provided by the Bureau de Recherches Géologiques et Minières (BRGM; French Geological 71 

Survey). Regional prospectivity maps were produced using Exploratory Data Analysis (EDA) 72 

and a fractal-based model to highlight As, Cu, Ni, Pb, and Zn anomalies. Sediment Quality 73 

Index (SQI, Marvin et al., 2004) was also computed from seven TM concentrations (As, Cd, 74 

Cr, Cu, Ni, Pb, and Zn) to assess the overall quality of streambed sediments based on eco-75 

toxicological thresholds. In order to investigate the local impact of ancient mining activity, this 76 

paper focuses on three major Pb-Ag mining districts that were mined at different historical 77 

periods from the Middle Ages to Modern Times: (i) Brandes, which was an important 78 

medieval Pb-Ag exploitation, (ii) Peisey-Nancroix, which was mined during the 17th-19th c. 79 

AD, and (iii) Macôt-La Plagne, which was a huge modern Pb-Ag mining area before 80 

becoming a major ski resort in the 1970s (Durand, 2005, 2010). In the French Alps, silver 81 

was mined since at least the Middle Ages as it was used for mint (Bailly-Maître, 1989, 2019). 82 

Pb-Ag mines are thus good candidates to study the local impact of past mining activity from 83 

streambed sediments analyses considering Pb is a stable element that remains for a long 84 

time in the environment, and is associated with other TMs such as arsenic, antimony or 85 

copper. 86 

 87 

2. Geological and historical contexts 88 

 89 

2.1. Geological setting 90 

 91 

This study focuses on the northern French Alps, in an area of c. 4700 km² (Fig. 1a), with the 92 

altitude ranging from 300 m a.s.l. up to more than 3000 m a.s.l., resulting in a complex 93 

hydrographical network. 94 

The current structure of the Alpine belt reflects its complex history. The external Alps 95 

represent the old European margin whereas the internal Alps correspond to the old Apulian 96 



margin. The internal and external Alps, separated each other by the major Penninic Front, 97 

consist of magmatic and metamorphic rocks formed during the Variscan orogeny that were 98 

exhumed during the Alpine collision, and extruded into their Mesozoic sedimentary cover 99 

during the Alpine orogeny (Coward et al., 1989; Agard and Lemoine, 2003; Marthaler, 2005). 100 

The metamorphic Variscan basement is mainly composed of various gneisses, micaschists, 101 

migmatites and mafic rocks (amphibolites and metagabbros) intruded by Variscan and late-102 

Variscan granitoids. These rocks essentially crop out in the external crystalline massifs 103 

(Ecrins-Pelvoux, Belledonne and Lauzière) of the external Alps. In the internal Alps, 104 

Variscan micaschists, Carboniferous schists and Cretaceous schists are abundant. The 105 

Mesozoic sedimentary cover is mainly composed of Triassic dolomites (internal Alps) and 106 

Jurassic and Cretaceous limestones and marls (external Alps). These lithologies correspond 107 

to the carbonates in Figure 1. Eocene flysches are the most abundant detrital rocks. 108 

Superficial deposits (Quaternary tills and alluviums) are found in the main valleys. 109 

The complex Variscan and Alpine orogeneses were characterized by major fluid 110 

flows that were locally responsible for metal concentrations that have been mined since 111 

Antiquity (Py et al., 2014). However, the distribution and size of ore deposits is very 112 

heterogeneous depending on the geological setting. The Eastern Alps hosted some world 113 

class Fe-Cu-Sn deposits that have been mined since the Bronze Age (Schibler et al., 2011); 114 

some being still operated as open pits. On the opposite, the French Alps are characterized 115 

by numerous and disseminated small size ore deposits; about 350 ore deposits have been 116 

reported by the BRGM, but this number has been reassessed by Durand (2005, 2010). 117 

Base-metal deposits (Fe, Cu, Pb-Zn-Ag) are the most common in the French Alps. 118 

With the exception of some sedimentary iron ores, most deposits occur as vein-type and 119 

stratiform mineralization that were operated underground. The distribution and size of ore 120 

deposits are clearly depending on the geological setting. Most ore deposits are located in the 121 

external Alps, in the External Crystalline Massifs and in the Permo-Triassic sedimentary 122 

formations. Some ore deposits are also located in the internal zone and are mainly hosted in 123 

the carboniferous schists (Fig. 1a; Meloux, 1975; Rossi and Gasquet, 2014; Gasquet and 124 

Rossi, 2015).  125 

 126 

2.2. Mining activity in the northern French Alps 127 

 128 

The mining industry was quite important in the French Alps. Since the Bronze Age, mining 129 

activity contributed to human settlement and economic development (Py et al., 2014). If 130 

many alpine mines were operated since Antiquity, mining activity reached its maximum 131 

during the Middle Ages and the 19th century, as evidenced by Pb records in lake sediments 132 

and peat bogs (Arnaud et al., 2005; Giguet-Covex et al., 2011; Py et al., 2014). The activity 133 

started to decline at the end of the 19th century (Gasquet and Rossi, 2015) due to the 134 

discovery of giant ore deposits worldwide. Metallurgical industries developed since the 19th 135 

century, due to the mining and processing industry and to the development of hydro-136 

electricity. These industries are still in activity in the alpine valleys.  137 

In the study area, 137 mining sites have been reported by the BRGM (Fig. 1b). Data 138 

and complementary information were freely available online at http://sigminesfrance.brgm.fr 139 

(last accessed 19 July 2019; now moved to http://infoterre.brgm.fr, Gisements, gîtes et 140 

indices and Mines-Substances principales databases). Most mines were small-scale 141 

underground exploitations, sometimes located above 1500 m, a.s.l. A few districts were 142 

more important, such as the St-Georges-d'Hurtières district which provided 1.5 Mt of siderite 143 

and more than 10 000 t of chalcopyrite between the Middle Ages and the 20th century.  144 



This paper focuses on trace metals dispersal around the three main Pb-Zn-Ag 145 

districts of the northern French Alps that were mined at different time periods from the 146 

Middle Ages to Modern Times. The Macôt-La Plagne mine, located at 1800 m a.s.l., has 147 

been one of the most important Pb-Ag mine in France: 126 600 t Pb and 350 t Ag were 148 

extracted from 1810 to 1973 (Meloux, 1975). Mining activity was stopped due to the 149 

discovery of huge deposits worldwide making extraction no more profitable, and to the 150 

development of a major ski resort at La Plagne. Historical and archaeological records 151 

indicate that Pb-Ag may have been episodically extracted in Macôt-La Plagne since Roman 152 

Period (Gimard, 1987). The Pb-Ag mine of Peisey-Nancroix, located ~10 km east of Macôt-153 

La Plagne at 1500 m a.s.l., was mined from 1644 to 1865, with a peak activity in the 18th 154 

century (Nicolas, 1978): 22 000 t of Pb and 53 t of Ag were extracted during this period 155 

(Meloux, 1975). Episodic mining activity occurred during the Middle Ages (Durand, 2010). 156 

Opposite to Macôt-La Plagne, the site has been unmodified since mine closure in 1865 and 157 

waste deposits (tailings, slags and washing residues) have been preserved on site. The 158 

Brandes (Huez, Oisans) district, located at high altitude (between 1800 and 2700 m a.s.l) 159 

was the most important medieval Pb-Ag exploitation in the French Alps. Archeological 160 

surveys show rational mining activity (metallurgical wastes, workshops, hydraulic 161 

equipments) from the 11th to the 17th centuries (Bailly-Maître, 1989, 2019). There is no 162 

estimation of the extracted ore volume since the 11th century, but 900 000 tons of dumps 163 

(mainly barite) are bordering the Brandes plateau (pers. com. M.Ch. Bailly-Maître). 164 

 165 

3. Materials and Methods 166 

 167 

3.1. Geochemical data 168 

 169 

In the study area, the BRGM collected 6892 samples of streambed sediments (Fig. 1c). The 170 

analyses were undertaken during the 1980s through an inventory of mineral substances at 171 

the national scale (Lambert, 2005). Sediments were sieved at 125 µm, dried, and analyzed 172 

after a near-total dissolution for As, Cd, Cr, Cu, Ni, Pb, and Zn by Direct-Current Plasma 173 

spectroscopy. Data and complementary information were freely available online at 174 

http://sigminesfrance.brgm.fr (now moved to http://infoterre.brgm.fr, Géochimie-Inventaire 175 

Minier). Less than 15 % of the dataset display values below the limit of detection (LOD) for 176 

all elements except Cd, which display 93% data below LOD (Table 1). These data contain 177 

useful information and were thus substituted by a value of 75 % of the limit of detection as 178 

recommended in environmental sciences (Baxter et al., 2000; Helsel, 2012). 179 

A focus on the three Pb-Ag mining districts was realized at the same spatial scale 180 

(1:40 000, ~36 km²) from the BRGM dataset: 64 samples are available in Brandes, 50 181 

samples in Peisey-Nancroix, and 74 samples in Macôt-La Plagne. At this scale, more 182 

samples would be required in order to provide better statistical results. 183 

 184 

3.2. Data processing and statistical treatment 185 

 186 

The Quantum GIS free software was used for mapping (QGIS Development Team, 2017), 187 

and the rgr, akima, segmented, and StatDA packages of the R free software (version 3.3.2--188 

Sincere Pumpkin Patch) were used for statistical treatment (R Core Team, 2017). 189 

 190 

3.3. Single-element approaches 191 

 192 



3.3.1. Exploratory data analysis 193 

 194 

Exploratory Data Analysis (EDA) is a robust method for the study of patterns and the 195 

identification of outliers (Reimann et al., 2008; Carranza, 2011), using descriptive statistics 196 

and graphical tools (Tukey, 1977). EDA-based mapping allows subdivision of the dataset 197 

into seven categories: (i) far low outliers, (ii) near low outliers, (iii) low background, (iv) 198 

background, (v) high background, (vi) near high outliers, and (vii) and far high outliers (see 199 

detailed methodology in Camizuli and Carranza, 2018). 200 

As geochemical analyses may vary according to the lithological units, a 201 

transformation procedure was applied to the dataset before computing threshold by EDA 202 

(see Pb in Fig. 2a), using the following equation (Bonham-Carter and Goodfellow, 1986; 203 

Carranza and Hale, 1997; Yusta et al., 1998): 204 

 205 

Zi,j = (Xi,j-medi,j)/MADi,j  (1) 206 

 207 

where Zi,j represents the standardized data value for the element i of the lithology j. The 208 

MAD - Median Absolute Deviation - is equivalent to the standard deviation (Tukey, 1977), 209 

and is defined as MADi,j = med[|Xi,j-medi,j|], where med represents the median. In the study 210 

region, the complex geological units have been simplified into eight lithological categories: (i) 211 

granitoids (n=635), (ii) superficial deposits (n=160), (iii) detrital rocks (n=239), (iv) 212 

carbonates (n=2700), (v) gneisses (n=286), (vi) schists (n=2267), (vii) mafic rocks (n=351), 213 

and (viii) migmatites (n=254). 214 

 215 

With such a transformation, however, half the values are negative and cannot be log-216 

transformed, as recommended by Reimann et al. (2008) for strongly skewed data. 217 

Therefore, the following transformation was performed to make all values greater or equal to 218 

1 (see Pb in Fig. 2b): 219 

 220 

zi,j = 1 + Zi,j - min(Zi,j)   (2) 221 

 222 

Once the data became comparable, six Tukey thresholds were computed, for each 223 

considered element, defining the seven anomalies categories mentioned above for EDA 224 

mapping. The thresholds were calculated using the map.eda7 function of the rgr package 225 

(Garrett, 2013, 2016), supplementing the R software (R Core Team, 2017). 226 

 227 

3.3.2. Fractal-based model 228 

 229 

The fractal approach consists in an improvement with respect to the empirically-driven EDA-230 

method, as it integrates the spatial correlation of geochemical data and the scale-231 

independent features of geochemical landscapes (i.e., objects presenting a fractal 232 

dimension; Carranza, 2009). Fractal models are based on the geochemical distribution 233 

patterns resulting from numerous geological processes that took place at different rates and 234 

different temporal and geographical scales (Zuo and Wang, 2016).  235 

The concentration-area plot, developed by Cheng et al. (1994), assesses whether 236 

the data are spatially multi-fractal, which is useful to determine the occurrence of multiple 237 

populations that are spatially dependent in the dataset. It can be used to determine the 238 

practical limits, upper or lower bounds, of the influence of the biogeochemical processes 239 

behind the spatial distribution of the data.  240 



The caplot function of the rgr package (Garrett, 2013, 2016), supplementing the R 241 

software (R Core Team, 2017) was used to compute the concentration-area plot (see 242 

detailed methodology in Monna et al., 2014). The breakpoints (thresholds) of the straight 243 

lines, fitted by ordinary least square regression, were estimated through the segmented 244 

function of the segmented package. This function allows to express regression model with 245 

segmented relationships. The slope, intercept and adjusted-R-squared have been computed 246 

for each subset. 247 

 248 

3.4. Multi-element approach: sediment quality index 249 

 250 

The Sediment Quality Index (SQI) developed by the Canadian Council of Ministers of the 251 

Environment (CCME, 2002) and modified later by Marvin et al. (2004), was chosen to 252 

describe the overall quality of the streambed sediments. Originally, the guideline values, 253 

used by the Canadian government, were the Probable Effect Levels (PELs, Marvin et al., 254 

2004). However, MacDonald et al. (2000) have developed consensus-based Sediment 255 

Quality Guidelines (SQGs) for several contaminants, including a Threshold Effect 256 

Concentration (TEC) and a Probable Effect Concentration (PEC). For this study, as there is 257 

a lack of clear directives in France, and even in the European Union (Besten et al., 2003), 258 

the PEC values of As, Cd, Cr, Cu, Ni, Pb, and Zn (Table 1) were selected as reference 259 

values to calculate the SQIs. These values correspond to the levels above which harmful 260 

effects on sediment-dwelling organisms are expected to occur frequently (MacDonald et al., 261 

2000). An index score was computed for each sample, taking into account the number of 262 

variables exceeding the guideline values, as well as the magnitude of their respective 263 

excess. Calculation of SQIs is detailed in Camizuli et al. (2014b). Final SQIs are expressed 264 

as a percentage, thus permitting inter-sample comparisons. To facilitate data representation, 265 

the five SQI categories of sediment quality defined by Marvin et al. (2004) have been used: 266 

poor quality (0-45), marginal quality (45-60), fair quality (60-80), good quality (80-95), and 267 

excellent quality (95-100). 268 

 269 

4. Results 270 

 271 

4.1. Geochemical data 272 

 273 

Maximum chemical element concentrations in streambed sediments vary widely and can 274 

reach extremely high values: 1076 mg.kg-1 for As, 45 mg.kg-1 for Cd, 1700 mg.kg-1 for Cr, 275 

1530 mg.kg-1 for Cu, 1571 mg.kg-1 for Ni, 8900 mg.kg-1 for Pb, and 8190 mg.kg-1 for Zn. 276 

Except for Cd, which displays 93% data below LOD, the other elements exhibit asymmetric 277 

distributions, which tend to be more compatible with normal law once log10-transformed, as 278 

shown by changes in skewness (Table 1). 279 

 280 

4.2. Single-element approaches 281 

 282 

4.2.1. Exploratory Data Analysis 283 

 284 

The percentage of data per EDA category is comparable for each element, with 49-50 % of 285 

the sample (n ~ 3400 samples) in the background category (Table 2). The distribution in the 286 

high outlier categories (near and far) vary according to the elements. Most geochemical 287 



anomalies are related to arsenic, then to lead and zinc, and finally to copper, which presents 288 

the smallest anomaly number. 289 

Anomalies can be very localized; their spatial distribution is different for each element 290 

(Fig. 3a, Fig. S1a). 5.2% of streambed sediments present a high As anomaly. Most As 291 

anomalies are geologically controlled, as evidenced (i) from a cluster of more than 200 292 

samples in the high outliers categories localized in the Série Satinée micaschists around 293 

Albertville, and (ii) from the alignment of anomalies along the major tectonic structures on 294 

the SE side of the External Crystalline Massifs (contact of the Variscan basement and the 295 

Mesozoic sedimentary cover). Some other anomalies, which are less spread, are associated 296 

with former mining activities (e.g. Chalanches mine) or to the occurrence of unmined 297 

hydrothermal veins. 298 

Lead and zinc anomalies display a similar spatial pattern, which is more 299 

heterogeneous than for arsenic, and well distributed all over the study area, suggesting no 300 

lithological control. 5.1% of streambed sediments present a high Pb anomaly. Opposite to 301 

As, Pb anomalies are mainly related to former mining activity (e.g., Macôt-La Plagne and 302 

Peisey-Nancroix district; Brandes district; Rocheray district near St-Jean de Maurienne; 303 

Chalanches district, etc.). However, a good correlation is observed between Pb anomalies 304 

and major tectonic structures or unmined hydrothermal veins. Nickel anomalies are less 305 

numerous (3%) and correspond to several limited clusters that are directly related to 306 

ultramafic or mafic rocks in the Belledonne, Grandes Rousses and Vanoise massifs.  307 

Copper anomalies (2.3%) are mostly dispersed within the External Crystalline 308 

Massifs (Grandes-Rousses, Belledonne, Beaufortain). Even though copper mines and 309 

deposits are located in this domain (e.g., St-Georges d’Hurtières), there is no clear 310 

relationship between Cu anomalies and mining.  311 

 312 

4.2.2. Fractal-based model 313 

 314 

With the fractal approach, the number of samples presenting a high or very high anomaly 315 

ranges between 0.5 % (n=33) for Ni and 2 % (n=143) for As (Table 3). This method 316 

discriminates few clusters, but the spatial distribution and the intensity of the anomalies are 317 

different for each element (Fig. 3b, Fig. S1b).  318 

The distribution of As anomalies is similar to that of EDA ones: the lithological control 319 

of the Série Satinée micaschists remains evident (Albertville area; ~ 100 samples out of 320 

143), but clusters are highlighted along the internal contact of the ECM, which are related to 321 

the occurrence of Au veins in the Glandon and Madeleine passes.  322 

Lead and zinc anomalies display similar pattern; they are mainly localized in the 323 

vicinity of former Pb-Zn-Ag mines. Nickel anomalies are very rare (0.5% of samples) and 324 

localized downstream mafic rocks, providing evidence of a strong lithological control. Copper 325 

anomalies are scattered in the ECM displaying a pattern similar to EDA one, controlled 326 

essentially by geology but not by former mining activity. 327 

 328 

4.3. Multi-element approach 329 

 330 

More than 60 % of the 6892 samples belong to the good or excellent SQI categories (Table 331 

4). This percentage reaches ~95 % if the fair SQI category is included. Several clusters with 332 

low SQIs (5 % of the samples) can be distinguished in Fig. 4. The largest cluster is located in 333 

around Albertville, in the Série Satinée micaschists of Beaufortain and Lauzière. Another 334 

striking cluster follows the Arc river on approximately 7 km near Bonneval-sur-Arc, in the 335 



extreme east of the study area, were mafic and ultramafic rocks outcrop. The other 336 

anomalies are mainly located in the Belledonne, Grandes Rousses, and Vanoise massifs. 337 

The SQI pattern doesn’t provide clear evidence of a control by former mines. 338 

 339 

4.4. Local anomalies 340 

 341 

Figure 5 shows Pb anomalies obtained from EDA and fractals methods and SQI maps for 342 

Brandes, Peisey-Nancroix and Macôt-La Plagne Pb-Ag districts that were mined at different 343 

historical periods. Different numbers of anomalies are obtained from each method. The EDA 344 

method is the most sensitive to Pb anomalies, despite normalization to the geological 345 

background, with 22 anomalies in Brandes (Pb contents ranging from 147 mg.kg-1 to 8900 346 

mg.kg-1), 5 anomalies in Peisey-Nancroix (from 139 mg.kg-1 to 583 mg.kg-1) and 14 347 

anomalies in Macôt-La Plagne (from 103 mg.kg-1 to 3200 mg.kg-1). With the fractal approach, 348 

9 anomalies are highlighted in Brandes, only 1 in Peisey-Nancroix and 8 in Macôt-La 349 

Plagne.  350 

In Peisey-Nancroix, streambed sediments still have a locally high Pb content 351 

resulting in localized Pb anomalies with the EDA method, despite mine closure more than 352 

120 years ago. However, these anomalies are not evidenced using the fractal method, and 353 

the SQIs indicate at least a fair quality of the sediments. Therefore, the spatial impact of 354 

mining activity seems very limited nowadays. In Macôt-La Plagne, higher extracted volumes 355 

and more recent mine closure are responsible for higher anomalies evidenced from the three 356 

methods: 5 samples present a poor or a marginal quality. Even though Brandes is the oldest 357 

mining district, it presents the largest Pb anomalies and the most samples with poor or 358 

marginal quality (n=9). 359 

 360 

5. Discussion 361 

 362 

5.1. Comparison of the statistical methods 363 

 364 

The anomaly maps are slightly different according to the method used, as each method has 365 

its own definition of the geochemical background (Reimann and Garrett, 2005). The two 366 

single-element methods investigated provide similar results concerning the clusters with the 367 

highest anomalies, but the fractal-based model discriminates more the dataset than the EDA 368 

approach. The multi-element method (SQI) combines all single-element clusters into a single 369 

map. However, if an element is too dominant, the SQI value is driven by this element, as for 370 

arsenic in the Série Satinée micaschists, near Albertville (Fig. 3). Areas displaying positive 371 

anomalies with single-element approaches are not always characterized by poor SQI, thus 372 

suggesting limited dispersal of trace metals for these areas. In Peisey-Nancroix, this can be 373 

related to the rather small size of the exploitation compared to the two other sites. 374 

At local scale, similar results are observed: (i) the fractal method is more discriminant 375 

than the EDA approach, and (ii) SQIs are generally driven by a single element (Fig. 5). In 376 

Brandes, poor and marginal sediments are clearly related to the Pb anomalies evidenced 377 

from the EDA and fractal methods. In Macôt-La Plagne, the poor and marginal samples are 378 

either related to Pb or to Ni anomalies. In Peisey-Nancroix, all sediments have a fair to good 379 

quality, despite high contents in some trace metals. 380 

To study the spatial distribution of TMs in sediments, the choice of the statistical 381 

method must be based on the purpose of the study (Yousefi and Nykänen, 2017). Some 382 

elements better represent the rock types, such as Fe, whereas others are better 383 



appropriated to study the occurrence of mineral deposits (e.g., Pb, Zn; Monna et al., 2014; 384 

Kirkwood et al., 2016). The EDA method is well suited to track archaeological sites and plan 385 

field prospection (Camizuli and Carranza, 2018), as it focuses on a single element and as 386 

more anomalies are evidenced. This makes it easier to highlight contamination gradients 387 

downstream a hot spot, which could be related to an ancient mining site. The fractal method 388 

can be used for screening the main clusters, as only the highest anomalies are highlighted. 389 

The concentration-area model was used for this paper, but other fractal models can be 390 

successfully used to delineate geochemical anomalies (Afzal et al., 2016; Parsa et al., 391 

2017). The SQI introduces the probable effect on the aquatic biota and therefore can be 392 

used complementary to other environmental analyses to help determining the impact of 393 

mining activity on the ecosystem (Camizuli et al., 2014b) or more generally for river plan 394 

management (Gerber et al., 2015; Ahn et al., 2019). 395 

 396 

5.2. Influencing parameters for geochemical anomalies at regional scale 397 

 398 

Geochemical anomalies are either driven by natural or by anthropogenic parameters. Some 399 

specific lithologies have high background contents in one or several chemical elements, thus 400 

highlighting natural anomalies. For example, the largest As cluster is clearly related to the 401 

As-rich Série Satinée micaschists in this region of Albertville, and the Ni clusters are related 402 

to outcropping mafic rocks. As major tectonic contacts localize intense fluid flow, they are 403 

favorable zones for ore deposition (e.g., the contact between the Variscan crystalline 404 

basement and the Mesozoic sedimentary cover). If some of these mineralizations have been 405 

mined, many veins that were too small to be mined are contributing to local anomalies and 406 

trace metals dispersal through erosion. Mining activities enhance spreading of TMs in the 407 

environment by modifying the landscape and the hydrological network (Stöllner, 2003; 408 

Bertrand and Liébault, 2018). Downstream the largest mines and mining districts, Pb 409 

anomalies are systematics (Fig. 3). Comparison with a more precise mining database 410 

(unpublished data, R. Durand) indicates that most Pb anomalies are related to mining 411 

activity. In areas where the anomalies are disconnected with any known ore deposits or 412 

specific lithology, field prospection is required in order to determine their origin.  413 

At regional scale, this study showed that TMs spatial distribution is either due to 414 

metal-rich lithologies, to the occurrence of mineralized veins or to former mining activity. The 415 

size and the shape of the clusters can be linked to the origin of the anomalies: mining activity 416 

and the occurrence of mineralized veins result in localized clusters, whereas metal-rich 417 

lithologies result in large clusters. 418 

The sampling mesh size must also be taken into consideration together with the 419 

hydrographic network, the topography (Shahrestani and Mokhtari, 2017) and the climate 420 

(Montes-Avila et al., 2019) to study the spatial distribution of geochemical data. Moreover, 421 

the sediment grain size fraction is also an important parameter as metal content increases 422 

with decreasing grain size (MacKenzie and Pulford, 2002). In this study, the sampling 423 

density is ~1 sample per km², whereas in the Morvan massif, the same database shows a 424 

sampling density of 2-3 samples per km² (Lambert, 2005; Monna et al., 2014), providing a 425 

better resolution to investigate geochemical anomalies at the district scale than in the Alps. 426 

This difference in the sampling mesh is due to the larger scale and the topography of the 427 

current study area. Nonetheless, in other studies, the sampling densities are closer to 1 428 

sample per 10 or 20 km² (Lapworth et al., 2012; Zuluaga et al., 2017), which is not dense 429 

enough to allow focusing on a district scale. Such low sampling densities help to the 430 

recognition of mineral systems during the early stages of exploration (Reimann et al., 2016). 431 



A sampling mesh of 1 sample per km2 is thus a minimum for detailed studies at the district 432 

scale. 433 

 434 

5.3. 1000 years of trace metals dispersal from mining activity 435 

 436 

Focusing on a single mining district provides information concerning the ore type, the extent 437 

of the exploitation and the extracted volume. This study focused on three Pb-Ag districts that 438 

were mined at different historical periods: the Middle Ages for Brandes, the 17th-19th c. in 439 

Peisey-Nancroix, and Modern Times in Macôt-La Plagne. At this local scale, with the EDA 440 

approach it is easier to follow the TMs path in the streambed sediments using the EDA 441 

approach. Indeed, as shown in this study, lead concentration decreases with increasing 442 

distance downstream mining areas (MacKenzie and Pulford, 2002; Camizuli et al., 2014b). 443 

As the three mining districts are situated at 1500-2000 m a.s.l. in a mountainous region, 444 

torrential streaming contributes to trace metal dispersal. The largest anomaly clusters are 445 

observed in Brandes and in Macôt-La Plagne, which were the most important mining sites 446 

during the Middle Ages and Modern Times respectively, resulting in the extraction of several 447 

hundred thousand tons of ore for each site (Meloux, 1975; pers. com. M.Ch. Bailly-Maître). 448 

Peisey-Nancroix, which was a smaller exploitation, shows much more localized number of 449 

anomalies in figure 5. Multi-element approach for this site does not allow highlighting the 450 

impacts on the aquatic ecosystem with the current dataset. Comparison of these three 451 

mining sites suggest that, at local scale, the anomalies are related to the volume of extracted 452 

ore rather than to the timing and duration of mining. This supports the idea that old mining 453 

sites still release trace metals over centuries and up to a thousand years (Camizuli et al., 454 

2018). 455 

As shown from SQIs, 95 % sediments analyzed in the northern French Alps have a 456 

fair to good quality, suggesting only 5% sediments could present a threat to biota. This 457 

percentage increases with more recent mining activities (Lecce and Pavlowsky, 2014). In 458 

areas showing marginal to poor sediment quality, further investigations on the bioavailable 459 

fraction are needed to evaluate this possible effect on biota (Casiot et al., 2009; Camizuli et 460 

al., 2014b; Garcia-Ordiales et al., 2014; Gutiérrez et al., 2016) and on human health (Varrica 461 

et al., 2018). 462 

 463 

6. Concluding remarks 464 

 465 

Three statistical methods (EDA, fractals and SQI) derived from modern mining exploration 466 

and ecological management plan were applied on geochemical data from streambed 467 

sediments of a former mining territory (the northern French Alps). These methods were used 468 

in order to highlight geochemical anomalies and to investigate the long-term dispersal of 469 

trace metals and their possible impacts on the environment up to a thousand years after 470 

mine closure. This study investigated two different scales: the regional scale (the northern 471 

French Alps) and the district scale (focusing on the three most important Pb-Ag mining sites 472 

- Brandes, Peisey-Nancroix and Macôt-La Plagne). Geochemical anomalies appear to be 473 

driven either by natural parameters, such as a metal-rich lithologies or the occurrence of 474 

hydrothermal veins related to major tectonic contacts, or by anthropogenic concentration 475 

related to former mining activity (extraction and ore processing). Some geochemical 476 

anomalies may be related to unknown ore deposits that may have a future economic 477 

potential or may have an archeological interest if complementary field surveys provide 478 

evidence of ancient mining activity. 479 



In former mining districts, despite mine closure happened tens to a thousand years ago, 480 

local geochemical anomalies are clearly related to the remobilization of trace metals from the 481 

extraction and ore processing sites, providing evidence of very long-term remanence and 482 

dispersal of trace metals. However, the SQIs provide evidence of a very limited residual 483 

environmental impact. 484 

Studying trace metal dispersal in ancient mining territories is thus a good tool to 485 

understand and predict long-term environmental impacts of future mining activity. Multiplying 486 

such studies in various geological and climatic contexts would contribute to improving 487 

knowledge on the parameters that control long-term trace metal dispersal. This is necessary 488 

to develop strategies to prevent them, and thus to minimize the long-term environmental 489 

impacts of mining activity.  490 
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Figure captions  822 

 823 

Figure 1. Overview of the study area, showing the location of the three targeted sites (Br for 824 

Brandes, MP for Macôt-La Plagne, PN for Peisey-Nancroix) and other mines cited in the text 825 

(Ch for Chalanches, Ro for Rocheray, SGH for St-Georges d’Hurtières). (a) Simplified 826 

lithological map of the northern French Alps modified from the 1:1 000 000 BRGM geological 827 

map and OneGeology data, (b) mining sites and ore deposits from the BRGM database 828 

(topography from BD ALTI® 25 m; hydrographic network from BD Carthage®), and (c) 829 

BRGM sampling location of streambed sediments. The contoured area in (a) and (b) delimits 830 

the BRGM streambed sediment database.  831 

 832 

Figure 2. Example of data standardization according to the lithological units for Pb. (a) Data 833 

without standardization, (b) data after standardization, UIF: upper inner fence, UOF: upper 834 

outer fence. Sup. deposits stands for superficial deposits. 835 

 836 

Figure 3. Anomaly maps for As, Cu, and Pb resulting from EDA (a) and fractal (b) 837 

approaches. Only the highest anomaly categories were reported to facilitate reading. See 838 

legend of the lithological map in Fig. 1. 839 

 840 

Figure 4. Sediment Quality Index maps highlighting the poor and marginal anomalies, and 841 

showing location of the mines. See legend of the lithological map in Fig. 1. 842 

 843 

Figure 5. Comparison of Pb anomaly distributions from the EDA and fractal methods, and 844 

SQI maps for the three studied mining districts: (a) the medieval site of Brandes, (b) the 845 

historical Peisey-Nancroix mine, and (c) the modern Macôt-La Plagne mine. 846 

 847 

 848 

 849 

 850 

Supplementary data 851 

 852 

Figure S1. Anomaly maps for Ni and Zn resulting from EDA (a) and fractal (b) approaches. 853 

Only the high anomaly categories were reported to facilitate reading. See legend of the 854 

lithological map in Fig. 1. 855 
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Tables and table captions 862 

 863 

Table 1.  

  Fe2O3 MnO As Cd Cr Cu Ni Pb Zn 

  % % mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 

Limit of 

detection  
0.1 0.01 20 2 10 10 10 10 10 

Min.   <0.1 <0.01 <20 <2 <10 <10 <10 <10 <10 

Q1  4.4 0.09 29 <2 45 22 28 32 86 

Median 

(Q2)  
5.7 0.13 42 <2 60 32 40 43 112 

Mean  5.8 0.16 59 <2 71 39 49 66 138 

Q3  7 0.18 62 <2 80 45 55 60 149 

Max.  25 2.7 1076 45 1700 1530 1571 8900 8190 

Skewness  

0.71  

(-1.87)  

5.07  

(-0.11)  

5.66  

(0.72)  
nc  

8.98  

(0.07)  

14.33 

(0.05)  

11.92 

(0.07)  

23.93 

(1.58)  

23.99  

(-0.64) 

nb. cen 

(\%)  

3 

(0.04)  

21 

(0.3)  

942 

(13.7)  

6411 

(93)  

56 

(0.8)  

397 

(5.8)  

215 

(3)  

45 

(0.7)  

93 

(1.3) 

European 

topsoils 

(mean)1 

    11.6 0.28 94.8 17.3 37 32 68.1 

TEC 2     9.79 0.99 43.4 31.6 22.7 35.8 121 

PEC 3     33 4.98 111 149 48.6 128 459 

1 Kabata-Pendias (2011) 

2 MacDonald et al. (2000) 

3 MacDonald et al. (2000) 

 864 

Table 1. Descriptive statistics for Fe2O3, MnO, As, Cd, Cr, Cu, Ni, Pb and Zn concentrations 865 

on the BRGM Alps dataset. Skewness after log10-transformation is indicated between 866 

parentheses, nb. cen are the number of data below the limit of detection and between 867 

parenthesis their corresponding percentages. nc stands for not calculated, TEC for 868 

Threshold Effect Concentration and PEC for Probable Effect Concentration. Data from 869 

http://sigminesfrance.brgm.fr. Concentrations found in the literature are also indicated 870 

(Kabata-Pendias, 2011; MacDonald et al., 2000). 871 
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 875 

Table 2. 

Categories zAs zCu zNi zPb zZn 

  Cut level  n % Cut level  n %  Cut level  n %  Cut level  n %  Cut level  n % 

Far low outliers < 0.51  0 0.0 < 0.48  0 0 < 0.64  0 0 < 0.75  0 0 < 0.93  0 0 

Near low outliers 0.51 - 1.06  29 0.4 0.48 - 1  2 0.03 0.64 - 1.25  59 0.9 0.75 - 1.41  50 0.7 0.93 - 1.66  170 2.5 

Low background 1.06 - 2.21  1711 24.8 1 - 2.11  1764 25.6 1.25 - 2.43  1724 25.0 1.41 - 2.65  1674 24.3 1.66 - 2.98  1570 22.8 

Background (Q1-Q3) 2.21 - 3.6  3439 49.9 2.11 - 3.46  3448 50.0 2.43 - 3.79  3394 49.2 2.65 - 4.03  3459 50.2 2.98 - 4.39  3442 49.9 

High background 3.6 - 7.49  1354 19.6 3.46 - 7.26  1516 22.0 3.79 - 7.39  1507 21.9 4.03 - 7.56  1361 19.7 4.39 - 7.84  1407 20.4 

Near high outliers 
7.49 - 

15.59  
298 4.3 

7.26 - 

15.25  
139 2.0 

7.39 - 

14.41  
164 2.4 

7.56 - 

14.17 
231 3.4 

7.84 - 

14.03 
236 3.4 

Far high outliers > 15.59  61 0.9 > 15.25  23 0.3 > 14.41  44 0.6 > 14.17  117 1.7 > 14.03  67 1.0 

 876 

Table 2. Cut levels obtained from the computation of the log-transformed standardized data 877 

(EDA approach). The number of samples in each category is specified. The seven 878 

categories are based on the Tukey boxplot (Camizuli and Carranza, 2018; Tukey, 1977). 879 
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 882 
Table 3. 

            nb. of samples 

As range slope intercept r-squared interpretation Akima BRGM dataset % 

1  $<$ 25  -1.163 116.79 0.998  Very low background  602 1400 20.3 % 

2  25-32  -1.733 131.62 0.998  Low background  590 776 
28.0 % 

3  32-41  -2.327 150.53 1  Low background  1022 1151 

4  41-60  -1.61 119.58 0.993  Background  1494 1738 
37.6 % 

5  60-82  -0.824 73.43 0.985  Background  839 852 

6  82-103  -0.136 19.23 0.995  High background  132 309 

12.1 % 
7  103-122  -0.063 11.79 0.961  High background  57 151 

8  122-213  -0.033 7.81 0.925  High background  138 284 

9  213-273  -0.009 3.28 0.879  High background  31 88 

10  273-463  -0.004 1.76 0.859  High anomaly  34 108 1.6 % 

11  $>$ 463  -0.002 1.07 0.968  Very high anomaly  5 35 0.5 % 

            nb. of samples 

Cu range slope intercept r-squared interpretation Akima BRGM dataset % 

1  $<$ 13  -0.774 105.71 0.996  Very low background  212 661 9.6 % 

2  13-19  -1.227 111.83 0.998  Low background  371 684 

39.4 % 3  19-24  -2.328 132.44 0.999  Low background  590 791 

4  24-31  -3.109 151.41 0.999  Low background  1062 1240 

5  31-43  -2.799 138.99 0.978  Background  1616 1635 

46.6 % 6  43-66  -0.765 52.84 0.941  Background  820 1230 

7  66-90  -0.165 15.94 0.955  Background  194 348 

8  90-126  -0.044 5.35 0.902  High background  65 197 2.9 % 

9  $>$ 126  -0.001 0.33 0.649  High anomaly  14 106 1.5 % 

            nb. of samples 

Ni range slope intercept r-squared interpretation Akima BRGM dataset % 

1  $<$ 15  -0.615 104.91 0.986  Very low background  227 540 7.8 % 

2  15-24  -1.337 115.68 0.995  Low background  604 801 
28.4 % 

3  24-33  -2.027 132.05 0.999  Low background  890 1156 

4  33-45  -2.235 138.18 0.999  Background  1326 1672 
51.8 % 

5  45-72  -1.083 84.08 0.958  Background  1363 1901 

6  72-125  -0.146 20.32 0.946  High background  372 613 

11.4 % 7  125-256  -0.016 4.97 0.947  High background  100 165 

8  256-325  -0.003 2.12 0.955  High background  13 11 

9  325-372  -0.004 2.17 0.957  High anomaly  8 0 
0.4 % 

10  372-694  -0.002 1.41 0.93  High anomaly  28 26 

11  $>$ 694  -3.99E-04 0.5 0.854  Very high anomaly  13 7 0.1 % 

            nb. of samples 

Pb range slope intercept r-squared interpretation Akima BRGM dataset % 

1  $<$ 20  -0.21 102.46 0.826  Very low background  107 356 5.2 % 

2  20-28  -1.161 122.02 0.974  Low background  458 852 
32.3 % 

3  28-37  -2.58 161.26 0.999  Low background  1147 1372 

4  37-55  -2.153 142.9 0.989  Background  1876 2272 
48.7 % 

5  55-77  -0.944 77.79 0.969  Background  925 1085 

6  77-162  -0.092 14.39 0.888  High background  363 719 
12.8 % 

7  162-369  -0.006 2.11 0.914  High background  56 160 

8  369-890  -2.98E-04 0.35 0.955  High anomaly  7 42 0.6 % 

9  $>$ 890  -8.94E-05 0.17 0.822  Very high anomaly  5 34 0.5 % 

            nb. of samples 

Zn range slope intercept r-squared interpretation Akima BRGM dataset % 

1  $<$ 21  -0.043 100.2 0.947  Very low background  33 132 
3.9 % 

2  21-43  -0.059 100.76 0.89  Very low background  67 137 

3  43-64  -0.257 110.21 0.928  Low background  238 422 
22.2 % 

4  64-87  -0.755 142.67 0.988  Low background  855 1108 

5  87-111  -1.204 181.67 0.998  Background  1383 1584 
64.6 % 

6  111-218  -0.463 91.6 0.882  Background  2130 2867 



7  218-294  -0.032 11.56 0.966  High background  125 293 
7.4 % 

8  294-465  -0.011 5.25 0.893  High background  89 217 

9  465-597  -0.003 1.61 0.968  High anomaly  18 53 0.8 % 

10  $>$ 597  -1.81E-04 0.22 0.975  Very high anomaly  6 79 1.1 % 

 883 

Table 3. Summary of the parameters for the concentration-area plot of each study element 884 

(fractal approach). 885 
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 889 

Table 4. 

Category Range Percentage  Nb of samples 

Poor ]-1,45] 1.38 95 

Marginal ]45,60] 3.93 271 

Fair ]60,80] 31.36 2161 

Good ]80,95] 39.61 2730 

Excellent ]95,100] 23.72 1635 

 890 

Table 4. Percentage and number of samples in each SQI category 891 
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EDA

Fractal

SQI

(a) Brandes
11th-17th

> 900 000 t. of dumps

 (b) Peisey-Nancroix
1644-1865

22 000 t. Pb + 53 t. Ag

(c) Macôt-La Plagne
1810-1973

126 600 t. Pb + 350 t. Ag

EDA (zPb)
Other samples (< 4.03)
High background (4.03 - 7.56)
Near high outliers (7.56 - 14.17)
Far high outliers (> 14.17)

Fractal
Other samples
High anomaly
Very high anomaly

Quality/SQI
Poor (0-45)
Marginal (45-60)
Fair (60-80
Good (80-95)
Excellent (95-100)



Table 1. 

Fe2O3 MnO As Cd Cr Cu Ni Pb Zn

% % mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1 mg.kg-1

    Limit of detection 0.1 0.01 20 2 10 10 10 10 10

    Min.   <0.1 <0.01 <20 <2 <10 <10 <10 <10 <10

    Q1 4.4 0.09 29 <2 45 22 28 32 86

    Median (Q2) 5.7 0.13 42 <2 60 32 40 43 112

    Mean 5.8 0.16 59 <2 71 39 49 66 138

    Q3 7 0.18 62 <2 80 45 55 60 149

    Max.  25 2.7 1076 45 1700 1530 1571 8900 8190

    Skewness  0.71 (-1.87)  5.07 (-0.11)     5.66 (0.72)  nc  8.98 (0.07)  14.33 (0.05)  11.92 (0.07)  23.93 (1.58)  23.99 (-0.64)

    nb. cen (\%)  3 (0.04)     21 (0.3)     942 (13.7)       6411 (93)   56 (0.8)  397 (5.8)      215 (3)      45 (0.7)      93 (1.3)

    European topsoils (mean)1           11.6 0.28 94.8 17.3 37 32 68.1

    TEC 2           9.79 0.99 43.4 31.6 22.7 35.8 121

    PEC 3           33 4.98 111 149 48.6 128 459

   1 Kabata-Pendias (2011)

   2 MacDonald et al. (2000) 

   3 MacDonald et al. (2000) 



Table 2.

Categories

     Cut level n %  Cut level n %  Cut level n %  Cut level n %  Cut level n %

Far low outliers < 0.51 0 0.0 < 0.48 0 0 < 0.64 0 0 < 0.75 0 0 < 0.93 0 0

Near low outliers  0.51 - 1.06 29 0.4  0.48 - 1 2 0.03  0.64 - 1.25 59 0.9  0.75 - 1.41 50 0.7  0.93 - 1.66 170 2.5

Low background  1.06 - 2.21 1711 24.8  1 - 2.11 1764 25.6  1.25 - 2.43 1724 25.0  1.41 - 2.65 1674 24.3  1.66 - 2.98 1570 22.8

Background (Q1-Q3)  2.21 - 3.6 3439 49.9  2.11 - 3.46 3448 50.0  2.43 - 3.79 3394 49.2  2.65 - 4.03 3459 50.2  2.98 - 4.39 3442 49.9

High background  3.6 - 7.49 1354 19.6  3.46 - 7.26 1516 22.0  3.79 - 7.39 1507 21.9  4.03 - 7.56 1361 19.7  4.39 - 7.84 1407 20.4

Near high outliers  7.49 - 15.59 298 4.3  7.26 - 15.25 139 2.0  7.39 - 14.41 164 2.4  7.56 - 14.17 231 3.4  7.84 - 14.03 236 3.4

Far high outliers > 15.59 61 0.9 > 15.25 23 0.3 > 14.41 44 0.6 > 14.17 117 1.7 > 14.03 67 1.0

zZnzAs zCu zNi zPb



Table 3.

As range slope intercept r-squared interpretation Akima BRGM dataset %

1  $<$ 25  -1.163 116.79 0.998  Very low background 602 1400 20.3

2  25-32 -1.733 131.62 0.998  Low background 590 776

3  32-41 -2.327 150.53 1  Low background 1022 1151

4  41-60 -1.61 119.58 0.993  Background 1494 1738

5  60-82 -0.824 73.43 0.985  Background 839 852

6  82-103 -0.136 19.23 0.995  High background 132 309

7  103-122 -0.063 11.79 0.961  High background 57 151

8  122-213 -0.033 7.81 0.925  High background 138 284

9  213-273 -0.009 3.28 0.879  High background 31 88

10  273-463 -0.004 1.76 0.859  High anomaly 34 108 1.6

11  $>$ 463 -0.002 1.07 0.968  Very high anomaly 5 35 0.5

Cu range slope intercept r-squared interpretation Akima BRGM dataset %

1  $<$ 13  -0.774 105.71 0.996  Very low background 212 661 9.6

2  13-19 -1.227 111.83 0.998  Low background 371 684

3  19-24 -2.328 132.44 0.999  Low background 590 791

4  24-31 -3.109 151.41 0.999  Low background 1062 1240

5  31-43 -2.799 138.99 0.978  Background 1616 1635

6  43-66 -0.765 52.84 0.941  Background 820 1230

7  66-90 -0.165 15.94 0.955  Background 194 348

8  90-126 -0.044 5.35 0.902  High background 65 197 2.9

9  $>$ 126 -0.001 0.33 0.649  High anomaly 14 106 1.5

Ni range slope intercept r-squared interpretation Akima BRGM dataset %

1  $<$ 15  -0.615 104.91 0.986  Very low background 227 540 7.8

2  15-24 -1.337 115.68 0.995  Low background 604 801

3  24-33 -2.027 132.05 0.999  Low background 890 1156

4  33-45 -2.235 138.18 0.999  Background 1326 1672

5  45-72 -1.083 84.08 0.958  Background 1363 1901

6  72-125 -0.146 20.32 0.946  High background 372 613

7  125-256 -0.016 4.97 0.947  High background 100 165

8  256-325 -0.003 2.12 0.955  High background 13 11

9  325-372 -0.004 2.17 0.957  High anomaly 8 0

10  372-694 -0.002 1.41 0.93  High anomaly 28 26

11  $>$ 694 -3.99E-04 0.5 0.854  Very high anomaly 13 7 0.1

Pb range slope intercept r-squared interpretation Akima BRGM dataset %

1  $<$ 20  -0.21 102.46 0.826  Very low background 107 356 5.2

2  20-28 -1.161 122.02 0.974  Low background 458 852

3  28-37 -2.58 161.26 0.999  Low background 1147 1372

4  37-55 -2.153 142.9 0.989  Background 1876 2272

5  55-77 -0.944 77.79 0.969  Background 925 1085

6  77-162 -0.092 14.39 0.888  High background 363 719

7  162-369 -0.006 2.11 0.914  High background 56 160

8  369-890 -2.98E-04 0.35 0.955  High anomaly 7 42 0.6

9  $>$ 890 -8.94E-05 0.17 0.822  Very high anomaly 5 34 0.5

Zn range slope intercept r-squared interpretation Akima BRGM dataset %

1  $<$ 21  -0.043 100.2 0.947  Very low background 33 132

2  21-43 -0.059 100.76 0.89  Very low background 67 137

3  43-64 -0.257 110.21 0.928  Low background 238 422

4  64-87 -0.755 142.67 0.988  Low background 855 1108

5  87-111 -1.204 181.67 0.998  Background 1383 1584

6  111-218 -0.463 91.6 0.882  Background 2130 2867

7  218-294 -0.032 11.56 0.966  High background 125 293

8  294-465 -0.011 5.25 0.893  High background 89 217

9  465-597 -0.003 1.61 0.968  High anomaly 18 53 0.8

10  $>$ 597 -1.81E-04 0.22 0.975  Very high anomaly 6 79 1.1

12.8

3.9

22.2

64.6

7.4

nb. of samples

48.7

nb. of samples

nb. of samples

nb. of samples

nb. of samples

28.0

37.6

12.1

39.4

46.6

28.4

51.8

11.4

0.4

32.3



Table 4.

Category   Range      Percentage  Nb of samples

Poor       ]-1,45]   1.38 95

Marginal   ]45,60]   3.93 271

Fair       ]60,80]   31.36 2161

Good       ]80,95]   39.61 2730

Excellent  ]95,100]  23.72 1635




