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Abstract. Mining and mineral-processing wastes have been giving a lot of concern in recent times. This 

paper has evaluated an integrated multidisciplinary strategy for mining wastes characterization, their 

possible recycling and reuse, and critical raw materials recovery. After the in situ sampling campaigns, 

mining wastes have been characterized and the acquired mineralogical, chemical and spectral 

information have been used to create a map of mining waste deposits by means of the new multispectral 

satellite Sentinel-2A classification. The use of Fe-Mn rich wastes in arsenic removal and phosphorus 

recovery from water was discussed. Furthermore, mycorrhizal-assisted phytoextraction of metals from 

contaminated soils classified as Class 1 to 4 by remote sensing showed a good potential for their 

possible recovery from biomass, and results indicated that the system was suitable for the uptake of 

several elements. Results are encouraging and the application of such approach can be important to 

develop a circular model for sustainable exploitation of mining wastes. 
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Introduction 

Resource constraints and environmental 

pressures are going to accelerate the 

transformation from a linear extraction-use-throw 

away model of production and consumption to a 

circular one. Moving towards a near-zero waste 

society not only has an environmental rationale, it 

increasingly becomes a factor of competitiveness. 

In fact, the technological progress and quality of 

life are reliant on access to a growing number of 

raw materials [1]. In this context mining waste not 

of interest for steel industry because of the low 

iron content and need of prior ore dressing, can 

find a valuable use in applications other than 

mining industry. 

Our research has been addressed to mining 

wastes of one of the largest iron and manganese 

ore deposits in the State of Odisha (India). In 

particular, the materials considered not suitable 

for steel production are dumped in overburden 

dumps as waste and at the same time, the 

materials having higher percentage of iron are 

stored for future use purposes as subgrade. The 

wastes are particularly rich in iron, manganese 

and aluminium oxy-hydroxides and represent an 

important resource because they could be reused 

as adsorption filters for metals and metalloids, 

arsenic, as well as in phosphorus removal and 

recovery from treated wastewater. Iron, 

aluminium and manganese oxy-hydroxides are 
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well known adsorbents for the removal of arsenic 

from waters [2,3]. The possible influence of 

chemical, spectral and mineralogical properties 

for a more successful selection of suitable wastes 

in terms of arsenic removal efficiency has been 

widely discussed [4]. The potential for recovery 

and recycling of phosphorus is widely explored in 

the last decades [5]. On one side, to prevent the 

load of phosphate present in wastewaters onto 

surface water bodies with consequent impact on 

their ecological status [6,7]. On the other side, 

phosphorus availability as raw materials is  

critical and different technological solutions to its 

recovery are now pursued [8-10]. 

A secondary approach to transform  

mining wastes into valuable resources  

is phytoremediation, specifically phyto-

mycoremediation, at greatly reduced costs and 

minimum side effects [11]. Roots of 

hyperaccumulator plant species establish 

mutualistic arbuscular mycorrhizal symbiosis with 

fungi of the phylum Glomeromycota [12]. The 

arbuscular mycorrhizal symbiosis is frequently 

included in the bioremediation strategies of 

different metal polluted soils [12-14]. Many 

studies have demonstrated that the arbuscular 

mycorrhizal association established between 

sunflowers (Helianthus annuus L.) and the fungus 

Rhizophagus intraradices is effective for the 

uptake and accumulation of heavy metals [12,13]. 

Thus, this property could be also used to recover 

elements from biomass by hydrometallurgical 

methods.  

In the last years, remote sensing 

technologies have been used to investigate the 

mining areas finalized to map the spatial 

distribution of minerals in tailings [15]. However, 

it is very difficult to have, at the same time, 

satellite images and mineralogical and 

geochemical data concerning surface-outcropping 

materials. It would be important to create 

synergies between remote sensing and laboratory 

analysis in order to optimize resources and reduce 

waste. As a continuation of our research,  

herein we explore the possibility of classification 

and reuse of iron and manganese mining  

wastes to promote the transition to a more circular 

model of mining wastes sustainable exploration 

towards near-zero waste, as presented in Figure 1. 

The aim of this paper is the identification 

and classification of mining wastes, the sample 

collection, analysis and characterization as well as 

phyto-mycroremediation. Thus, firstly, the 

capacity of satellite Sentinel-2A is used to classify 

mining wastes and to identify deposit areas with 

different percentage of iron and manganese; 

secondly, the field sampling campaign is 

conducted to collect mining wastes samples for 

the laboratory analyses and characterization for 

the potential reuse for the arsenic removal and 

phosphorus recovery from water; and lastly, the 

phyto-mycoremediation of classified mining 

wastes for raw materials uptake is explored. 

Experimental  

Samples preparation 

During in situ sampling campaign, 37 

different kinds of samples (rock as well as soil) 

were collected in the Joda West Iron and 

Manganese mine, located in village of Joda 

(Keonjhar district, State of Odisha, India)  

(Figure 2). 

 

 

Figure 1. A scheme of the proposed multidisciplinary strategy for classification  

and reuse of iron and manganese mining wastes. 
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Figure 2. Location of the study area and  

in situ sampling campaign. 
 

From 1933 onward, the mining lease was 

granted in favour of the TATA Steel, which 

offered general support during field work 

performed for this study. For each sample, GPS 

coordinates, pictures, brief description of the 

sampling area have been stored. Furthermore, 

small quantities of samples (for each sample 

about 200 g) have been selected to further 

mineralogical and physical analysis at the 

National Research Council in Italy.  

The collected samples were micronized 

under 70 µ in size by a vibrating rotary cup mill 

(Willy Bleuler) at 900 rpm motor speed and a 

standard 100 mL steel crews, and used further in 

our studies. 

Instrumentation 

Physical and mineralogical characterization 

of the soil samples was done by X-ray powder 

diffraction (XRD) using a Bruker AXS D8 

advance diffractometer and X-ray fluorescence 

(XRF) analysis using the X-ray EDS fluorescence 

spectrometer (XEPOS HE model).  

Arsenic content in solution was determined 

by atomic absorption spectrometry (AAS, Perkin 

Elmer AAnalyst 800). 

Phosphate content was determined using 

Hach DR2800 spectrophotometer.  

Solution pH was measured using a Hach 

PHC101 pH-meter connected to a Hach HQ30D 

digital multiparametric probes reader. 

Preliminary evaluation tests of Fe-Mn mining 

wastes reuse 

Arsenic removal and phosphate ions recovery 

Five samples, (JW0504, JW1201, 

JW1301bis a, JW1301bis b, and JW1302) rich in 

iron, aluminium and manganese, were selected for 

evaluation of arsenic removal from the solution. 

Batch tests were performed using 50 mg of 

fine grained (under 70 µ) mining waste materials 

dispersed in 100 mL MilliQ solution spiked to a 

level of 1 mg/L As(V) by stock solution of 1 g/L 

prepared by weighing Na2HAsO4·7H2O (Fluka). 

Samples were collected at time intervals of 0 min, 

5 min, 30 min, 60 min, 120 min, 20 hours and  

6 days. Samples were mildly shaken at  

240 osc/min on a rotatory table throughout the test 

and filtered onto 0.45 µm cellulose acetate filters, 

afterwards the content of arsenic in solution was 

analysed. At the end of the experiment (after  

6 days), collected samples were also analysed by 

inductively coupled plasma mass spectrometry 

(ICP-MS Agilent 7500c), prior to 0.45 µm 

filtration and acidification with 2% HNO3 

Suprapur (Merck) to verify possible leaching into 

water of other potentially toxic metals present in 

selected materials as evidenced by XRF 

measurements. 

The sample with highest arsenic adsorption 

capacity was then evaluated for phosphate 

recovery. A sample portion of 1 g was placed in  

50 mL flask containing 40 mL of wastewater 

solution of 5 mg/L of PO4
3-

. The kinetic of 

phosphate adsorption was evaluated in duplicate 

at different time intervals 0, 0.5, 1, 2, 4 and  

24 hours. Phosphate content was determined by 

the spectrophotometric method at 882 nm after 

the formation of a blue molybdenum complex. 

Batch pH during the adsorption test was 

maintained constant at 7.0±0.5. 

Mycorrhizal assisted phytoremediation 

The phyto-mycoremediation system 

consisted of sunflowers (Helianthus annuus L., 

hybrid cultivar DK4045, Syngenta seeds) 

colonized by an arbuscular mycorrhizal fungal 

strain GA5 Rhizophagus intraradices (provided  

in vitro by Bank of Glomeromycota, Faculty of 

Exact and Natural Sciences, Buenos Aires 

University) grown in a substrate consisting of  

a homogeneous mixture of soil and volcanic  

ash (50:50, v/v) supplemented with ZnSO4  

(as catalyst). 

The soil samples were collected in the Joda 

West Iron and Manganese mine (Keonjhar 

district, State of Odisha, India). Volcanic ash was 

provided by Pumex S.P.A. (Lipari Island, Italy). 

Granular pumice stone (diameter, 3-6 mm) was 

provided by Europomice S.R.L. (Italy). Fertile 

commercial topsoil was provided by 

Euroterriflora S.R.L. (Italy). 

A substrate sample (10 g) was used to 

detect arbuscular mycorrhizal fungal structures;  
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it was wet sieved, decanted and checked for 

arbuscular mycorrhizal fungal spores. Non-

indigenous arbuscular mycorrhizal fungal 

propagules were detected in soil samples. The 

GA5 strain was propagated as described in 

Silvani, V.A. et al. [16]. The arbuscular 

mycorrhizal fungus R. intraradices strain GA5 

has been reported to promote tolerance to 

different abiotic stresses in several plant species 

and is a potential bioremediator [17,18]. 

The experimental design of the TRL 2 

system consisted of 16 pots (height, 12 cm; 

diameter, 13.5 cm), as named and detailed below: 

 CS1-4
+
: 4 pots filled with mixed 

contaminated soil (CS) from different areas of the 

Indian mine and Lipari’s volcanic ash (VA) in a 

1:1 (v/v) ratio, completing to 500 mL and 125 mL 

granular pumice stone (PS; mean diameter,  

3-6 mm). Considering the CS only, 300-500 ppm 

ZnSO4 (as catalyst) was added. At least three 

Helianthus annuus seeds were planted and 

inoculated with a piece of GA5 in vitro culture 

with at least 300 spores in each pot; 

 CS1-4
-
: 4 pots filled with mixed CS and 

VA in a 1:1 (v/v) ratio, and 125 mL PS. 

Considering the CS only, 300-500 ppm ZnSO4 

was added. At least three Helianthus annuus seeds 

were planted in each pot; 

 BLS1-4
+
: 4 pots filled with 500 mL fertile 

commercial topsoil (FCT) and 125 mL PS by 

spot. At least three Helianthus annuus seeds were 

planted and inoculated with a piece of GA5 in 

vitro culture with at least 300 spores in each pot; 

 BLS1-4
-
: 4 pots filled with 500 mL FCT 

and 125 mL PS by spot. At least three Helianthus 

annuus seeds were planted in each pot. 

As to CS1-4
+
 and CS1-4

-
, composition of 

mixed CS from different areas of the Indian mine 

is reported in Figure 3. Representative soil 

samples were taken from each pot on days 0 and 

133 (i.e. the end of the experimental campaign). 

Samples were dried to constant weight for metals 

content quantification by the XRF technique. 

On day 133, Helianthus annuus was 

removed from each pot, shoots and roots were 

separated and carefully rinsed with distilled water, 

dried in an oven (45°C) and analysed by XRF 

(Wavelength dispersive X-ray fluorescence 

spectrometer, Panalytical Venus 200), as well  

as CS1-4
+
, CS1-4

-
, BLS1-4

+
 and BLS1-4

-
.  

A subsample of roots was stained with trypan blue 

[19] and intraradical colonization by the 

arbuscular mycorrhizal fungus GA5 strain was 

checked. The frequency of mycorrhizal 

colonization was calculated as the percentage of 

root segments containing arbuscular mycorrhizal 

fungal structures. All measurements were 

performed under a Nikon light binocular 

microscope at 100x magnification. 

The bioconcentration factors (calculated as 

the ratio between the concentration of metals in 

the plant tissue and in the soil) in aerial and 

radicular parts (BCS and BCR, respectively), and 

translocation factors (TF, calculated as the ratio 

between the concentration of metals in the aerial 

part and in the roots) were determined for the 

following metals: As, Ca, Cr, Cu, Fe, Ga, K, Mn, 

Ni, P, Rb, S, Sr, Ti, Zn. 

 

  

 

 

Figure 3. Composition of mixed contaminated soil used to carry out the phyto-mycoremediation experiments. 
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Results and discussion 

Waste mining map by Sentinel-2A satellite 

Evaluation of the capability of remote data 

in characterizing the reflectance of a specific 

surface is based on their ability in distinguishing 

one spectrum of specific surface from another,  

in other words, on their ability in measuring  

the spectral similarity between one spectrum  

and another. 

In this research, one Sentinel-2A satellite 

data acquisition was carried out on the iron and 

manganese mining area on November 29
th
, 2017 

and the sampling sites were recognized on the 

georeferenced image. For each site, the 

corresponding spectral signature was extracted by 

the image and the different spectral classes  

have been individuated by means of the 

interpretation of chemical and mineralogical 

analysis. Afterwards, the map of iron and 

manganese wastes was obtained through the 

spectral similarity measurements achieved by the 

principal supervised classifiers: the classifier  

used in this methodology was Spectral Angle 

Mapper (SAM) [20]. 

The results of SAM classification were 

represented in an iron and manganese waste 

mining map that highlights waste deposit areas 

with different mean percentage of iron and 

manganese (Figure 4). 

In particular, the presence of vegetation in 

Class 1 indicates that the wastes have been 

accumulated over an extended period compared  

to Class 2, characterized by a steady accumulation 

of extractive wastes. Class 3 is very rich in  

iron and manganese but these deposits of residues 

are not of interest for steel industry and need  

prior ore dressing. Finally, in Class 4 there  

are wastes with lower iron and manganese 

content. 

Image accuracy was computed matching 

the ground truth classes with the classification 

result classes. The accuracy of the classification, 

derived from the confusion matrix, resulted as 

follows:  
 

- user’s accuracy = 94.81%;  

- producer’s accuracy = 95.23%;  

- overall accuracy = 95.88%; k= 0.806.  
 

These results point out the capacity of 

Sentinel-2A to classify mining wastes but also to 

identify deposits with valuable materials in order 

to reuse for secondary applications. In particular, 

the deposit areas of residues rich in iron  

and manganese represent the potential site  

for further analysis (i.e. arsenic removal and 

phyto-mycoremediation application). 

 

 

 
 

 

 
 

 
Figure 4. Iron and manganese mining wastes 

deposits map. The four classes have been overlaid 

on Sentinel-2A image of the location map. 
 

 

Arsenic removal efficiency 

A selection of five samples was carried out 

among all characterized samples, based on iron, 

manganese and aluminium content and major 

mineralogical phases (Tables 1 and 2). 
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Among all iron oxides minerals (magnetite, 

lepidocrocite, maghemite, goethite, ferrihydrite, 

and hematite), according to XRD results  

(Table 1) the mostly present were iron hydroxides 

phases including hematite and goethite, while 

sample JW0504 was selected due to its high 

percentage of aluminium (52.5% kaolinite). 

Manganese content was up to 46.9% in sample 

JW1301bis b. It should be observed that in these 

samples the presence of potentially toxic metals, 

including arsenic, was not always negligible. 

Chromium content was almost 400 mg/kg and 

lead about 300 mg/kg in sample JW0504. 

Preliminary kinetic batch adsorption tests were 

conducted to evaluate the efficiency in As(V) 

removal by selected waste materials (Figure 5). 

At selected solid/water ratio (0.5 g/L), 

arsenic adsorption was below 30% for all samples 

during the first 30 min, increasing up to 41% and 

53% for sample JW0504 and JW1301bis a, 

respectively, after 6 days of contact time. Among 

iron hydroxides, the presence of goethite seems to 

promote the adsorption. If compared to 

commercially available materials the adsorption 

kinetic of these waste materials is not fast, since 

usually iron oxy-hydroxide used in As removal 

filters, such as granular ferric hydroxide (GFH) 

that was used in this study, are able to remove up 

to 90% As within first 5 min (contact time usually 

used in water filtration unit). Banerjee, D. et al. 

[21] found that at lower As(V) concentration  

(0.1 mg/L) a solution with 0.25 adsorbent to 

liquid ratio was able to completely remove As(V) 

within 2 hours. In this study, the ability of some 

selected materials to adsorb 30-50% of arsenic is 

interesting since these wastes are low cost 

materials largely available at Joda mining site and 

the efficiency in removal could be easily 

increased by increasing filter volume and 

adsorbent amount. The adsorption capacity of the 

studied samples ranged from 0.41 to 1.0 mg/g 

(As/adsorbent), while GFH had a capacity of  

1.94 mg/g (As/adsorbent). Naturally occurring  

iron-rich materials usually show lower adsorption 

capacity than synthetic oxides and iron rich ore 

materials tested by Zhang, W. et al. [22],  

which had a maximum adsorption capacity of 

0.17-0.48 mg/g (As/adsorbent).  

A possible release of potentially toxic 

elements in solution was investigated after 6 days 

and results are reported in Table 3. The mobility 

of other toxic metals in these samples resulted to 

be limited and concentrations values are far below 

drinking water limits (EU Directive 98/83:  

Cr 50 µg/L, Cu 1 mg/L and Zn are not regulated). 

 

Table 1 

Selected samples for adsorption tests, their major metals content and  

the dominant mineralogical components (in %). 

Sample Code Fe Al Mn Hematite Goethite Muscovite Kaolinite Pyrolusite 

JW1201 39.1 3.6 15.6 36.9 2.4 n.d. 22.2 n.d. 
JW1301bis b 16.9 1.3 46.9 19.8 6 19.8 18.1 10.8 

JW1302 28.5 2 29.1 10.8 6.7 26.1 16.8 6.3 
JW0504 9.8 13.8 1.8 4.4 4.2 20.3 52.5 n.d. 

JW1301bis a 49.5 3.2 1.8 23.4 25.4 20.1 15.3 n.d. 
n.d. = not detectable phases 

 
Table 2 

Selected samples for adsorption tests and their trace metals content (in mg/kg). 

Sample Code As  Cr  Cu  Ni  Pb  Zn  
JW1201 n.d. 17.6 35.2 41.5 44 53.5 

JW1301bis b n.d. 53.1 95.6 48.2 130 48.9 
JW1302 n.d. 60.7 128.6 107.6 37 92.6 
JW0504 20.5 387.3 49.4 79.4 309.5 28.9 

JW1301bis a 64.7 193.4 42.3 40.8 2.8 53.7 
n.d. = not detectable phases 

 
Table 3 

Release into water of potentially toxic metals after 6 days contact. (Concentration is expressed as µg/L) 

Sample Code V Cr Cu Zn Cd Pb U 
JW1201 < 0.05 0.11 0.07 16.3 < 0.05 < 0.05 < 0.05 

JW1301bis b < 0.05 0.29 0.08 5.6 < 0.05 < 0.05 < 0.05 
JW1302 0.07 0.14 0.06 2.0 < 0.05 < 0.05 < 0.05 
JW0504 0.71 0.65 0.06 1.8 < 0.05 < 0.05 < 0.05 

JW1301bis a < 0.05 0.55 0.12 11.3 < 0.05 < 0.05 < 0.05 
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Figure 5. Batch kinetic study of As(V) removal (%) 

for 5 different samples (0.5 g/L) and the commercial 

granular ferric oxide (GFH).  

Initial As(V) concentration was 1 mg/L. 
 

 
 

Phosphate removal/recovery capacity 

Sample JW1301bis a has shown the highest 

arsenic removal capacity and was further used  

to test also the ability to recover phosphate from  

a wastewater solution containing 5 mg/L of 

phosphate. Initial phosphate content was reduced 

by 95% within 30 min (Figure 6).  

 

 

 
Figure 6. Phosphate removal (mean and standard 

deviation reported) using the sample JW1301bis a. 
 

Final adsorption capacity was about  

0.065 mg/g of phosphorus (the mass ratio of 

phosphate ions to phosphorus was 94.97/30.97 or 

3.066 to 1) under neutral condition (pH= 7±0.5). 

Huang, W.W. et al. [23] tested the ability of red 

mud for phosphorus recovery in 1 mg/L effluent. 

They reported a plateau for removal after 5 hours 

with increasing adsorbing capacity up to 0.4 mg/g 

of phosphorus under acidic condition. 

Phyto-mycoremediation of contaminated soil by 

Helianthus annuus and Rhizophagus 

intraradices 

The concentration of elements in pots 

containing blank (BLS) and contaminated soils 

(CS), in volcanic ash (VA) and in granular pumice 

stone (PS) is reported in Table 1S (Supplementary 

material).  

CS values correspond to areas classified as 

Class 4 by remote sensing (Figure 4) by their 

content (%) of Mn and Fe, 5.07±0.21 and 

14.7±0.4, respectively. Although the sample 

extraction points correspond to areas classified  

by remote sensing as Class 1 and 2, the mixed 

proportion of the amounts of soil in each  

region (shown in Figure 3) and the addition  

of volcanic ash caused a dilution effect. CS values 

shown in Table 1S (from Supplementary material) 

present relevant amounts of CRMs as  

Ga (12.4±0.6 ppm), as well as of raw  

materials like Zn (1315.2±53.2 ppm), which 

encourage their possible recovery. Moreover, high 

concentrations of contaminants such as  

Cr (131.0±2.7 ppm) and As (11.9±0.2 ppm) are 

reported. 

No significant difference in plant growth 

(i.e., leaves development and length of the aerial 

parts) was observed among pots filled with the 

contaminated and the blank soils. Therefore, the 

presence of high contamination levels (especially 

of Mn and Fe) did not influence the development 

of Helianthus annuus plants. Moreover, no 

differences were found between mycorrhized and 

non-mycorrhized plants, indicating that the 

presence of Rhizophagus intraradices in roots did 

not influence plant growth development. 

The arbuscular mycorrhizal fungus 

Rhizophagus intraradices strain GA5 colonized 

sunflower roots at 5±4.4% and 42±5.4% in the 

CS
+
 and BLS

+
 treatments, respectively. Typical 

arbuscular mycorrhizal fungal structures were 

observed in sunflower roots with abundant 

vesicles and hyphae (Figure 7(a)). As expected, 

no arbuscular mycorrhizal root colonization was 

observed in the BLS
-
 and CS

-
 treatments  

(Figure 7(b)).  

Table 2S (Supplementary material) reports 

the average concentration of elements in CS1-4
+
 

and CS1-4
-
, as well as in related biomass (shoots 

and roots) after the phyto-mycoremediation 

treatment. Preliminary results indicated that the 

system was suitable for the uptake of some 

elements: Mn, Fe, Zn, P, Cr, Cu, Ga and As.  

A similar result was also found by Rivelli, A.R. et 

al. [24] for uptake of Zn, Cd and Cu, and for Mn 

by Hajiboland, R. et al. [25].  
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(a) (b) 

Figure 7. Root colonization of sunflower plant by the arbuscular mycorrhizal fungus Rhizophagus 

intraradices GA5 strain after 133 days.  

(a) Detail of sunflower roots with intraradical hyphae, arbuscules and vesicles developed by the arbuscular 

mycorrhizal fungus are indicated by the arrow.  

(b) Uncolonized root of sunflower plant in control treatment. 

 

Table 4 

Bioconcentration and translocation factors measured in CS1-4
+
 and CS1-4

-
. 

 As Ca Cr Cu Fe Ga K Mn P Ni Rb S Sr Ti Zn 

BCS
+
 0.17 2.14 0.02 0.26 0.00 1.57 3.50 0.01 5.35 0.02 1.44 5.28 3.65 0.01 0.90 

BCS
-
 0.12 1.84 0.01 0.23 0.00 1.06 3.09 0.01 3.94 0.01 1.30 5.18 2.31 0.01 0.94 

BCR
+
 0.28 0.94 0.26 0.27 0.10 1.27 2.11 0.08 1.73 0.53 0.16 15.01 0.70 0.17 0.79 

BCR
-
 0.52 2.19 0.09 0.60 0.19 1.71 2.28 0.15 1.20 0.21 1.39 11.53 1.26 0.37 1.14 

TF
+
 0.62 2.28 0.09 0.94 0.02 1.23 1.66 0.11 3.10 0.05 9.28 0.35 5.19 0.02 1.14 

TF
-
 0.23 0.84 0.07 0.39 0.01 0.62 1.35 0.07 3.27 0.07 0.94 0.45 1.84 0.02 0.82 

 

 

The mycorrhizal colonization enhanced the 

uptake of Cr, P and Ni in sunflower shoots and 

roots, of As, Ga and Sr in shoots, while S uptake 

was enhanced only in sunflower roots. 

Conversely, the uptake of Ca, Cu, Mn, Rb, Sr, Ti 

and Zn was reduced in mycorrhized sunflower 

roots, indicating that mycorrhizal fungus 

Rhizophagus intraradices GA5 strain did not have 

an univocal effect on elements accumulation in 

biomass.  

Table 4 reports the accumulation 

coefficients measured at the end of the 

experimental period. As to mycorrhized systems 

CS1-4
+
, bioconcentration factors in shoots (BCS

+
) 

followed the order: P(5.35)>S>Sr>K>Ca>Ga>Rb 

>Zn(0.9)>Cu>As>Ni>Cr>Mn(0.01)>Ti=Fe(0.00); 

bioconcentration factors in roots (BCR
+
) followed 

the order: S(15.01)>K>P>Ga>Ca(0.94)>Zn>Sr> 

Ni>As>Cu>Cr>Ti>Rb>Fe(0.10)>Mn(0.08); the 

translocation factor followed the order: 

Rb(9.28)>Sr>P>Ca>K>Ga>Zn>Cu(0.94)>As>S>

Mn>Cr>Ni (0.05)>Fe=Ti(0.02). 

As to biomass in CS1-4
-
, bioconcentration 

factors in shoots (BCS
-
) followed the order: 

S(5.2)>P>K>Sr>Ca>Rb>Ga(1.06)>Zn(0.94)>Cu

>As>Ni>Mn>Ti>Cr>Fe(0.003); bioconcentration 

factors in roots (BCR
-
) followed the order: 

S(11.53)>K>Ca>Ga>Rb>Sr>P>Zn(1.14)>Cu>As

>Ti>Ni>Fe>Mn>Cr(0.09); the translocation 

factor followed the order: 

P(3.3)>Sr>K>Rb(0.94)>Ca>Zn>Ga>S>Cu>As>

Mn>Ni>Cr>Ti>Fe (0.01). 

It should be considered that the observed 

values of BCS and BCR for Mn and Fe are low  

due to the very high concentration of such 

elements in soil, rather than to a poor 

bioconcentration potential: in fact, low BC  

values coexisted with high concentrations of  
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Mn and Fe in biomass (Table 2S from 

Supplementary material).  

Despite such promising results, it must be 

noticed that the overall biomass growth was not 

sufficient to sustain a significant recovery of 

elements at this stage (for instance by 

hydrometallurgical methods), therefore process 

conditions must be optimized in order to 

maximise biomass growth. 

 
Conclusions 

This methodology explores the advantage 

to employ an integrated approach to characterize 

and map as well as reuse mining wastes. The 

preliminary encouraging results highlight that the 

application of this approach is very useful and 

important to develop a circular model for 

sustainable exploitation of mining wastes towards 

near-zero waste. 

The multispectral sensor such as MSI 

(MultiSpectral Imager) on Sentinel-2A provides 

the cheapest images that can be used for mineral 

land characterization. The resulting remotely 

mining waste mapping constitutes a valuable tool 

for optimizing in situ sampling strategies aimed at 

selecting more suitable mining waste to be reused. 

Preliminary tests encourage further studies 

on the possible application of mining waste 

materials in water treatment, both for arsenic 

removal and phosphate removal/recovery. Arsenic 

removal was in the range of 40-60% and the 

efficiency could be enhanced by increasing the 

amount of solid material used to realize a filter. 

Phosphate adsorption was above 90%, therefore 

waste materials could also be successfully used to 

reduce phosphate load into surface water. 

Furthermore, in order to increase adsorption 

properties, mineralogical enrichment processes of 

higher adsorptive selected Fe minerals phases can 

be adopted. The possible release of toxic metals 

from these materials has been found negligible 

according to EU drinking water regulations. 

As to phyto-mycoremediation tests, 

preliminary results show that it is possible to 

obtain the growth of the phyto-mycoremediation 

system in areas classified by remote sensing as 

Class 1, 2, 3 and 4. The observed 

bioconcentration factors and translocation factors 

values (>0.9-1.0), or the high concentration of 

certain elements in biomass, proved that such 

system was effective for the phytostabilization or 

phytoextraction of Fe, Mn, P, Rb, Ga, Cu, S, Sr, 

and Zn, although the experimental conditions 

should be optimized in order to obtain sufficient 

biomass quantities for metals recovery through 

hydrometallurgical methods. 
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