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Abstract Soil and water characteristics and biogeo-

chemical processes can be improved by the applica-

tion of an integrated technology based on circular

economy: designed Technosol. The evaluation of the

effectiveness of the superficial application of a

designed Technosol, with andic and eutrophic prop-

erties, on the rehabilitation of sulfide tailings of a

uranium mine (Fé mining area, Spain) was the aim of

this study. After 20 months of the Technosol applica-

tion, the tailing rehabilitation status (Rehabilitated

tailing) was compared to a non-rehabilitated tailing

(Tailing). To assess the rehabilitation of these systems,

several properties were analyzed: chemical character-

istics of the materials and their leachates, soil enzy-

matic activities (dehydrogenase, b-glucosidase, acid
phosphatase and urease), basal respiration and several

plant endpoints from direct and indirect bioassays and

pot experiment using Lolium perennse L. and Tri-

folium pratense L.. Potentially toxic concentrations of

Co, Mn and Ni were identified in both available

fraction and leachates, pointing out the serious envi-

ronmental risk posed by the tailing. The improvement

of overall physicochemical properties in the rehabil-

itated tailing materials (e.g., decrease of the hazardous

element concentrations in leachates and available

fraction, and improvement of the fertility and struc-

ture) allowed a quick plant cover with pasture species

and provided a suitable habitat for active microbial

community (evaluated by increasing dehydrogenase

activity and basal respiration). This improvement in

the rehabilitated tailing contributed to a significant

decrease in the ecotoxicological risk and the spread of

hazardous elements. The field application of this

specific Technosol was a promising and lasting

solution for rehabilitation of this type of tailings.
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Introduction

Abandoned and active mines have several environ-

mental problems due to the physicochemical charac-

teristics of mine wastes and their leachates (Santos

et al., 2018;Wong, 2003). Mining areas of coal, metals

and radionuclides extraction have additional problems

because their mineralization can be associated with

reactive solid phases such as sulfides. These minerals

are easily weathered by oxidation processes generat-

ing acid mine drainage (AMD) rich in potentially

hazardous elements (PHEs; e.g., As, Cu, Pb, and Zn)

(Abreu et al., 2010; Johnson & Hallberg, 2005;

Sánchez-España et al., 2005).

A well-designed rehabilitation strategy is necessary

to decrease the environmental and human risks and

recover the ecological and geochemical functions of

mining soils and tailings. This would increase the

water quality and promote the pedogenesis in mine

wastes. Nowadays a recovery plan is already a key

component of any mining and processing operation. In

general, a rehabilitation strategy should include low-

cost technologies based on sustainability and circular

economy and, if possible, those which promote

environmental services. The negative effects of the

environmental problems associated with mining activ-

ity will remain, or even increase, when the selection of

the rehabilitation and management practices is poor

(Rivas-Pérez et al., 2016). Ecological rehabilitation of

sulfide-rich mining areas is achieved by minimizing

the oxidation processes through the improvement of

the chemical characteristics in the mine wastes

(Johnson & Hallberg, 2005). Consequently, the leach-

ing of PHEs to surface and groundwater will be

minimized.

Surface coverage of this type of mine wastes with

designed Technosols (IUSS Working Group WRB,

2015), a man-made soil with more than 20% artifacts

(e.g., wastes or materials from anthropic activities), is

considered a promising and eco-friendly rehabilitation

technology rather than amendments which need

successive applications. In fact, the use of some

designed Technosols reduces the generation of AMD

and improves the physicochemical and biological

quality of mine wastes and their leachates allowing the

vegetation establishment and sustainability of ecosys-

tem services (Arán et al., 2016; Asensio et al.,

2013a, 2013b; Monterroso et al., 1998; Santos et al.,

2014, 2016).

The assessment of the entire system at field scale

and long term is essential to verify the effectiveness of

the rehabilitation technologies applied. Although

monitoring and evaluation at short term are important,

the sustainability of the rehabilitation strategy in the

rehabilitated area is only confirmed at medium- to

long-term range, especially in sulfide-rich mining

areas. In general, the soil quality is evaluated by

analysis of different physicochemical, biological and

biochemical characteristics (Kumar et al., 2013;

Martinez-Salgado et al., 2010). However, the func-

tions and services of the soils are the result of

combined interactions among these characteristics.

Hence, the single use of chemical, biological or

ecotoxicological analysis is insufficient to evaluate the

potential environmental risk of contaminated

soils/tailings, leachates and rehabilitated materials

(Santos et al., 2017a).

The interaction among PHEs, matrix and organisms

and consequent effects cannot be assessed only with a

physicochemical study (ISO, 17402 2006; Leitgib

et al., 2007; van Gestel et al., 2001). Moreover,

ecotoxicity tests by itself cannot provide an integrated

evaluation of the availability and toxic effects of the

PHEs on organisms and ecosystem, since some

recommended species do not show sensitiveness to

hazardous elements (Abreu et al., 2014; Santos et al.,

2013). Thus, the main objective of the present study

was to evaluate, at physicochemical, biological and

ecotoxicological level and under field conditions, the

effectiveness of a designed Technosol with andic and

eutrophic properties on the rehabilitation of sulfide

tailings.

Materials and methods

Site characterization

Fé mining area is a uranium mine located at Saelicies

el Chico (29 T 702,113 4,501,299) (Salamanca–

Spain). It was the most important U deposit in Spain

with a reserve exceeding 16,000 Mg of U3O8 with a

hydrothermal system origin 34.8 ± 1.6 Ma (Both

et al., 1994). In this deposit, the U mineralization

contains sulfides, mainly pyrite. The surface extrac-

tion and concentration of U occurred between 1975

and 2000 having been carried out by ENUSA

company.
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The region is under a hot-summer Mediterranean

climate (CSA climate according to Köppen classifi-

cation) with annual temperatures ranging between 4

and 30 �C and average annual rainfall of &503 mm,

which frequently occurs only in winter months. Soil

moisture and temperature regimes are xeric and mesic,

respectively.

A dumping zone was built, and radioactive wastes

were encapsulated under a layer of arkose material.

The remaining mine wastes without radioactive risk,

mainly constituted by sulfide-rich materials and host

rocks, were used to recover the previous cover.

Although this management practice allowed the

isolation of radioactive mine wastes and minimized

the radioactive risk, the environmental problems

associated with the sulfide-rich materials were not

solved.

Pilot assay and sampling

A pilot assay (625 m2) was implemented within the

mine area at 2014 in order to rehabilitate a tailing,

composed of a mixture of sulfide-rich materials and

host rocks, and its leachates by a green technology

solution: designed Technosol application. For this, a

20-cm-layer of a designed Technosol, derived from

organic and inorganic wastes from agroforestry and

industrial sectors, and with andic and eutrophic

properties (confirmed by chemical analysis; data not

shown) was applied over the tailing. In general, these

soil properties were selected for immobilization of

cations and anions, and fertility supply (macro- and

micro-nutrients availability and stable organic matter)

to support, at long-term, plant and microbiota devel-

opment. As control was used a similar area without

Technosol application (Tailing without recuperation).

In both areas of the assay (with and without Technosol

application), a commercial mixture of several herba-

ceous species was sown.

After 20 months of this application, composite

samples were collected from Technosol (0–20 cm

depth), rehabilitated tailing below the Technosol

(20–40 cm depth) and tailing from control area

(0–20 cm depth). These samples were air-dried and

homogenized for physicochemical, biological and

ecotoxicological analysis and to obtain simulated

leachates. During the field assay, mean temperature

varied between 4.5 and 24.2 �C and precipitation 8.6

and 71.2 mm.

Physicochemical and biological characterization

The materials (fraction\ 2 mm of Technosol, Reha-

bilitated tailing and Tailing) were characterized for:

particle size by sieving and sedimentation; pH in H2O

and 1 mol/L KCl (1:2.5 m:V); extractable P (Olsen

method); total CNS (analyzed by combustion with a

LECO analyzer), organic C (Sauerlandt method), and

effective cation exchange capacity (CEC) (1 M

NH4Cl method; Peech et al., 1947). Major and trace

elements in pseudototal fraction were obtained by

microwave-assisted digestion with aqua regia, while

for the available fraction (water soluble ? exchange-

able complex) was used the rhizosphere-based method

(Feng et al., 2005).

The same materials (Technosol, Rehabilitated tail-

ing and Tailing) were also used to obtain simulated

leachates (DIN 38,414-S4, 1984). Following the

extraction of simulated leachates, pH and electrical

conductivity (EC) were measured. Simulated lea-

chates and extracts corresponding to the pseudototal

and available fractions were filtrated (0.45 lm) and

stored at - 18 �C until multielemental determination.

Chloride, nitrate and sulfate content was determined

by ion chromatography; fluoride concentration by ion

selective electrode; metals/metalloids by ICP-MS; and

ammonium by continuous flow analyzer. Nitrite and

phosphate were determined following Zambelli

method (Rodier, 1976) and molybdenum blue method

(Murphy & Riley, 1962), respectively.

Soil basal respiration and four enzymatic activities

(total fraction) were evaluated as biological indicators.

Dehydrogenase (Tabatabai, 1994) was used as an

indicator of overall microbial activity, while b-
glucosidase (EC 3.2.1.21; Eivazi & Tabatabai,

1988), acid phosphomonoesterase (acid phosphatase

EC 3.1.3.2; Eivazi & Tabatabai, 1977) and urease (EC

3.5.1.5; Kandeler & Gerber, 1988) are associated with

C, P and N cycling, respectively. Before the determi-

nation of enzymatic activities, the materials were

incubated in a growth chamber under controlled

conditions (25 ± 1 �C; 16 h light/8 h darkness) at

&70% water-holding soil capacity for 12 days.

Quality and metabolic capacity of the different

microbial communities were determined with a

respirometer with sensors of CO2 and CH4 under

controlled conditions for 450 h. For this analysis,

samples were moistened (&70% of the water-holding
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capacity) and pre-incubated under controlled condi-

tions (30 ± 1 �C and in the darkness) for 24 h.

Ecotoxicological characterization

Ecotoxicological evaluation of the materials and their

leachates was performed using two plant species,

Lolium perenne L. (monocot) and Trifolium pratense

L. (dicot). Pant species selection was based on ISO

recommendations (ISO, 11269–2, 1995). These spe-

cies present a rapid development under field condi-

tions being used, frequently, in the seeds mixtures

from revegetation projects.

Three bioassays were carried out under growth

chamber conditions to evaluate the ecotoxicological

effect of the whole materials (direct bioassay) and

their leachates (indirect bioassays): filter paper test

(Salvatore et al., 2008), hydroponic test (Santos et al.,

2013), and soil test (ISO, 15799, 1999; Martı́ et al.,

2007). Ecotoxicological effect of the materials for the

same plant species was also evaluated through a

microcosm assay (pot experiment) for a longer period

under greenhouse conditions.

For filter paper test, three layers of filter paper were

placed at the bottom of a petri-box, which was

moistened with 5 mL of simulated leachate from each

material. Twenty-five seeds of each plant species were

placed per replicate (n = 4). In soil test, 15 g of each

material (fraction\ 2 mm) at 70% of the water-

holding capacity was placed in glass beakers. Seven

seeds of L. perenne and 10 seeds of T. pratense were

used per replicate (n = 5). Deionized water and a

sandy soil were used as negative control. Both tests

were incubated in a growth chamber under controlled

and moisture conditions (25 ± 1 �C; 16 h light/8 h

darkness). Germinated seeds were periodically

counted during 10 and 12 days for L. perenne and T.

pratense, respectively. Germination criterion was the

emergence of a radicle through the seed coat.

For hydroponic test, both species seeds were

germinated in the dark at 25 ± 1 �C for seven days.

Seedlings were measured before their use in the test.

Four seedlings of each species were used per replicate

(n = 5) to grow in beakers filled with 50 mL of

simulated leachates. The seedlings were supported by

a thin and flexible plastic net placed on the top of each

beaker, so only the roots were immersed in the

leachate. After 16 days of growth in the same

conditions as before, plant endpoints were evaluated.

Ecotoxicity evaluation on plants was determined

through visual aspects, germination rate, root and

shoot elongation and dry biomass after exposure of the

seeds and seedlings to moistened soil or leachates

(OECD, 2006; Salvatore et al., 2008). Plants survival

was also evaluated in hydroponic test.

Microcosm assay was carried out in pots containing

500 g of each studied material. One gram of L.

perenne seeds (&410 seeds) or 1.0 g of T. pratense

seeds (&520 seeds) was sown in each pot. All

materials were incubated at 70% of water-holding

capacity under greenhouse-controlled conditions for

one month. At the end of the experiment, visual

aspects, plant cover and dry biomass of aerial part of

the plants were evaluated.

Data analysis

Statistical analysis was performed using SPSS v18.0.

All data were checked for homogeneity of variance

(Levene’s test) and normality (Shapiro–Wilk test). If

possible, one-way ANOVA and post hoc Duncan test

(p\ 0.05) were applied. When the data did not satisfy

assumptions for ANOVA, non-parametric Kruskal–

Wallis test was used. For statistical purposes, results

below detection limit were assumed as half of the

detection limit. Correlations between materials char-

acteristics were determined by Pearson’s correlation

(r[ 0.8). Principal component analysis (PCA) was

applied to the data set to identify possible relations

among chemical characteristics, biological and eco-

toxicological parameters of the materials and/or

leachates.

Quality control of the analysis was made by

replicate samples (n = 3–5 depending on assay), use

of certified standard solutions and reference material,

and laboratory standards.

Toxicity indexes [(% germinationsample-% germi-

nationcontrol)/ % germinationcontrol and (Root elonga-

tionsample - Root elongationcontrol)/ Root

elongationcontrol; Bagur-González et al., 2011] were

calculated for both plant species. These indexes were

also calculated for the controls (deionized water and

sandy soil). The indexes can vary from - 1 (maxi-

mum phytotoxicity) to[ 0 (no toxicity).
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Results and discussion

Physicochemical characterization of the materials

The chemical characteristics of the tailing materials

indicate a considerable environmental risk (Tables 1,

2). These materials are moderately acid, possibly due

to small proportion of sulfide-rich materials, with

unfavorable physical structure and very low fertility

(non-detectable organic C and small concentrations of

extractable P and exchangeable Ca, K and Mg).

Furthermore, these tailings present high pseudototal

concentrations of several PHEs (e.g., As, Mn and Ni)

compared to soil guidelines from Galician where

similar geological materials and formation exist

(DOGA, 2009). The pH values in KCl indicated a

slight tendency of the tailing materials to acidification,

while CEC indicated their weak capacity to retain the

elements. This low CEC is related to the small organic

C concentration and clay fraction.

The Technosol, after 20 months, still presented

adequate chemical characteristics to stabilize the pH

and provide nutrients and organic C (and other C

forms as carbonates, which represent between

10–23% of the total C content; Table 1) ensuring

biogeochemical processes involved in the rehabilita-

tion process (e.g., immobilization of PHEs, minimiza-

tion of acid leachates generation, development of

microbiota and plant cover). In fact, these results show

that the effect can be lasting. The Technosol showed

the highest values of pH, total and organic C, total N,

extractable P, CEC and concentration of exchangeable

cations, when compared to the Tailing and Rehabil-

itated tailing. This material also presented high total

concentrations of some nutrients (Ca, Cu and P) and

low concentrations of PHEs (e.g., As, Co, Cr, Ni).

In general, the application of the designed Tech-

nosol with andic and eutrophic properties over the

tailing materials contributed to a significant improve-

ment of their physicochemical characteristics (Reha-

bilitated tailing, Tables 1, 2, 3). Similar results were

obtained in other rehabilitation process with Tech-

nosols (Asensio et al., 2013b; Santos et al., 2016).

Values of pH, total and organic C, extractable P and

CEC increased significantly compared to those in the

tailings without rehabilitation, although no differences

were found for the total N content (Table 1) possibly

due to its use by the organisms during 20 months. The

CEC in the Rehabilitated tailing may be considered

high and is correlated to the increase in organic matter

Table 1 Characteristics of

the studied samples

(mean ± SD; n = 4, except

for particle size distribution

n = 2)

DL: detection limit of the

methodology; CEC: cation
exchange capacity. Values

in each parameter followed

by an asterisk indicate

significant differences

between Tailing and

Rehabilitated tailing

(p\ 0.05)

Tailing Rehabilitated tailing Technosol

pH (H2O) 4.3 ± 0.01* 4.5 ± 0.02* 7.7 ± 0.01

pH (KCl) 3.4 ± 0.02* 4.1 ± 0.02* 7.6 ± 0.01

Total C (g/kg) 0.8 ± 0.1* 4.3 ± 0.7* 48.2 ± 1.9

Organic C (g/kg) \DL* 3.3 ± 0.7* 40.4 ± 1.2

Total N (g/kg) 0.4 ± 0.2 0.4 ± 0.2 2.6 ± 1.0

Extractable P (mg/kg) 1.0 ± 0.1* 16.2 ± 0.1* 97.9 ± 1.2

Effective cation exchange capacity (cmol?/kg)

pH 3.5 ± 0.1* 3.7 ± 0.1* 7.3 ± 0.2

CEC* 14.2 ± 6.7* 26.1 ± 3.8* 41.0 ± 2.3

H? 0.3 ± 0.1* 0.1 ± 0.1* —

Al 1.0 ± 0.02 1.0 ± 0.1 \ 0.1

Ca 6.8 ± 1.4* 20.5 ± 3.8* 34.6 ± 2.3

K 0.1 ± 0.02* 0.5 ± 0.02* 1.4 ± 0.1

Mg 5.8 ± 8.1 3.3 ± 0.1 3.8 ± 0.4

Na 0.3 ± 0.1* 0.7 ± 0.2* 1.3 ± 0.4

Particle size distribution (g/kg)

Coarse sand 156.2 ± 10.8* 187.1 ± 5.4* 269.2 ± 5.0

Fine sand 357.4 ± 12.2* 396.1 ± 22.3* 384.4 ± 8.0

Silt 436.5 ± 21.7 372.1 ± 11.4 339.9 ± 14.8

Clay 50.0 ± 1.3 44.7 ± 5.8 6.4 ± 4.9
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(r = 0.87). High CEC values favor higher immobi-

lization of most PHEs and, consequently, decrease in

the contamination spreading. The texture and structure

were also improved (compared with the Tailing) due

to the increase in the sand fractions (coarse and fine)

and organic matter. According to the pseudototal

Table 2 Pseudototal

concentration of the

elements (mg/kg) in the

collected materials

(mean ± SD; n = 3)

Values in each parameter

followed by an asterisk

indicate significant

differences between Tailing

and Rehabilitated tailing

(p\ 0.05)

Elements Tailing Rehabilitated tailing Technosol

Al (46.2 ± 10.2) 9 103 (43.3 ± 0.5) 9 103 (46.1 ± 1.3) 9 103

As 23.2 ± 1.0 26.4 ± 3.0 11.6 ± 1.9

Ca (1.1 ± 0.2) 9 103* (3.8 ± 0.4) 9 103* (24.7 ± 0.5) 9 103

Cd \ 0.1 \ 0.1 \ 0.1

Co 29.8 ± 3.5* 19.5 ± 1.9* 10.6 ± 2.8

Cr 60.5 ± 9.9 50.2 ± 3.8 28.6 ± 1.4

Cu 47.3 ± 3.1* 66.9 ± 8.5* 116.1 ± 1.5

Fe (63.2 ± 2.0) 9 103 (61.4 ± 2.0) 9 103 (25.4 ± 1.0) 9 103

K (4.2 ± 2.9) 9 103 (4.6 ± 0.1) 9 103 (2.9 ± 0.2) 9 103

Mg (17.8 ± 0.3) 9 103* (13.0 ± 0.3) 9 103* (6.8 ± 1.2) 9 103

Mo \ 0.5 \ 0.5 2.1 ± 0.3

Mn 1349 ± 145* 620 ± 58.2* 663 ± 138

Na 499 ± 284 728 ± 125 893 ± 105

Ni 103 ± 10.5* 59.0 ± 4.3* 33.8 ± 3.6

P 392 ± 13.0* 1063 ± 7.6* 7230 ± 373

Pb 17.0 ± 2.1* 11.7 ± 0.6* 14.0 ± 1.6

S (3.0 ± 0.1) 9 103 (3.2 ± 0.3) 9 103 (3.0 ± 0.4) 9 103

Sb \ 1.0 \ 1.0 \ 1.0

Se \ 2.0 \ 2.0 \ 2.0

Zn 202 ± 9.2* 224 ± 5.3* 280 ± 77.3

Table 3 Concentration of

elements (mg/kg) in the

available fraction of the

collected materials

(mean ± SD; n = 4)

Values in each parameter

followed by an asterisk

indicate significant

differences between Tailing

and Rehabilitated tailing

(p\ 0.05)

Element Tailing Rehabilitated tailing Technosol

Al 138 ± 1.2* 523 ± 71.6* 62.1 ± 1.1

As \ 0.1 \ 0.1 0.1 ± 0.02

Ca 582 ± 27.3* 2642 ± 489* 2449 ± 89.1

Cd (17.3 ± 4.9) 9 10–2 (15.3 ± 1.0) 9 10–2 (0.6 ± 0.3) 9 10–2

Co 5.3 ± 0.9* 1.2 ± 0.2* (13.8 ± 0.5) 9 10–2

Cr (11.8 ± 1.0) 9 10–2* (15.5 ± 2.4) 9 10–2* (13.8 ± 0.5) 9 10–2

Cu 0.4 ± 0.1* 2.1 ± 0.6* 0.6 ± 0.02

Fe 24.7 ± 1.1* 71.4 ± 1.9* 23.5 ± 0.9

K 18.0 ± 0.5* 209 ± 3.1* 352 ± 20.5

Mg 1215 ± 148* 578 ± 84.5* 514 ± 24.2

Mo \ 5.0 9 10–2 (4.3 ± 1.5) 9 10–2 (28.3 ± 1.9) 9 10–2

Mn 227 ± 63.1* 53.8 ± 8.2* 1.0 ± 0.04

Na 67.3 ± 8.5* 194 ± 20.0* 197 ± 20.9

Ni 10.7 ± 2.4* 5.1 ± 0.6* \ 5.0 9 10–2

Pb \ 5.0 9 10–2 \ 5.0 9 10–2 \ 5.0 9 10–2

Sb \ 1.0 \ 1.0 \ 1.0

Se \ 20.0 9 10–2 \ 20.0 9 10–2 \ 20.0 9 10-2

Zn 5.1 ± 0.7* 11.1 ± 1.1* 0.1 ± 0.02
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concentrations of elements found in the Rehabilitated

tailing (Table 2), positive effects of the Technosol

application were also observed. Thus, eluviation of

particles from Technosol to the tailing (located under

the Technosol) contributed to the decrease of the

pseudototal concentrations of Co, Mg, Mn, Ni and Pb,

between 17 and 55% depending on element, while

macronutrients and micronutrients, as Ca, Cu and P

increased their concentration by 3.5-, 1.4- and 2.7-

fold, respectively. For the remaining elements, no

significant differences were observed between Tailing

and Rehabilitated tailing.

The availability of PHEs in the tailing materials

(Table 3) corresponds to\ 2.5% of the pseudototal

concentrations, except for Co, Mo, Mn and Ni. For

these elements, the available concentration corre-

sponded to 10–19% of their total concentrations. No

significant differences were found between Tailing

and Rehabilitated tailing for available concentration of

As and Cd. Besides, the concentration of Co, Mg, Mn

and Ni in the Rehabilitated tailing diminished com-

pared to the Tailing (Table 3).

Although the pseudototal concentration of these

elements in the Rehabilitated tailing also decreased,

the decrease in their availability is related to different

immobilization mechanisms (and not by a dilution

factor). In fact, the decrease in the availability of Co,

Mg and Mn is related to the increase in CEC

(r = &- 0.8), while in the case of Ni, it is related to

the pH and organic C content (r = - 0.83 and- 0.86,

respectively).

The available concentrations of Al and Fe were

higher for Rehabilitated tailing (Table 3), although the

content of exchangeable Al was similar for the Tailing

and Rehabilitated tailing (Table 1). This result reflects

mainly: i) the eluviation of Al and Fe forms from

Technosol to Rehabilitated tailing, and ii) the signif-

icant effect of plants exudates on the availability of

these elements. The andic properties of the soils are

mainly provided by the presence of nanosized Al and

Fe oxyhydroxides (IUSS Working Group WRB,

2015). Generally, these nanosized oxyhydroxides

present large specific surface area, variable surface

charge, high affinity for metals/metalloids and, con-

sequently, high adsorption capacity (Barrón & Tor-

rent, 2013). Thus, in a leaching environment, the

superficial application of a Technosol with andic

properties allowed the migration of these nanosized

particles to the tailing materials (under the Technosol),

leading to PHEs immobilization in the Rehabilitated

materials. The high concentrations of Al and Fe

extracted by low-molecular weight organic acids,

analogous to the root exudates in the rhizosphere, on

Rehabilitated tailing reflect not only the presence of

these Fe and Al oxyhydroxides but also the effect that

plant exudates may have on these particles. In fact, the

dissolution of Fe and Al oxyhydroxides can be greatly

increased with some organic acids (Jones et al., 1996;

Wang et al., 2015). The available concentrations of Al

and Fe in the Rehabilitated tailings corresponded to

1% of the pseudototal concentration, which does not

constitute any environmental risk.

A significant enhancement of the availability of

some nutrients, such as Ca, Cu, Fe, K, Mo and Zn,

occurred in the Rehabilitated tailings due to the

Technosol application (Table 3). In the case of K and

Mo, as well as extractable P (Table 1), the increase in

these elements availability is associated with the

increase in organic matter content (0.86\ r\ 0.99).

The increase in the available fraction of the nutrients

(Table 3), extractable P and organic matter content

(Table 2) is considered an advantage for the improve-

ment of biological properties in the system facilitating

the establishment and development of a plant cover.

Biological characteristics of the materials

The tailing rehabilitation was also evaluated by

biological indicators, which reflect soil functional

diversity, changes in microbial community composi-

tion and microbial status (Kumar et al., 2013;

Martinez-Salgado et al., 2010; Romero-Freire et al.,

2016). The higher enzymatic activities and basal

respiration found in the Technosol (Figs. 1, 2A)

indicated the good performance of the overall micro-

bial communities involved in the organic matter

degradation, mineralization process, and nutrient

cycling. Moreover, the accumulation curve of the

CO2 released from the Technosol presents two well-

defined stages of the growth of the active aerobic

microorganisms (beginning at hour 32th and 150th).

This high basal respiration (similarly to dehydroge-

nase activity) can be associated with the organic C

concentration. A large content of organic matter can

supply enough substrate and energy for microbial

growth and enzyme production (Romero-Freire et al.,

2016). Neutral pH values and high nutrient concen-

tration in available forms can also promote the activity
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of the microbial communities in the Technosol and,

consequently, a great CO2 release (Oertel et al., 2016).

Such conditions limited the proliferation of the

microbial CH4 generators (Fig. 2B).

The dehydrogenase activity and basal respiration in

Rehabilitated tailing were higher than in Tailing

(Figs. 1, 2A), indicating the stimulation of the overall

active microbial community. However, no significant

differences between Rehabilitated tailing and Tailing

were found for the enzymatic b-glucosidase, acid

phosphatase and urease activities. Similar results were

obtained by Asensio et al. (2013a) for urease and acid

phosphatase activities. According to these authors, the

activity of the enzymes involved in N and P cycling

increases significantly only during the first stage of the

ecological rehabilitation process, when the substrate

presents great availability. These enzymes have great

sensitivity to changes in the physicochemical charac-

teristics (Kumar et al., 2013; Santos et al., 2016),

although the microorganism activities tend to balance

if conditions in the materials are maintained.

PCA analysis (PC1 with 73.94% of the data

variation; Figure S1) showed that dehydrogenase

activity is positively related to the pH, organic C

content and some nutrients in available fraction (e.g.,

Ca, Cu, Fe, Na and Zn), while it is negatively

influenced by the available concentrations of Co,

Mg, Mn and Ni. However, the activities of other

enzymes were not justified by any studied chemical

characteristics of the materials.

It is possible to assess the functionality of different

microbial communities and to establish the gaseous

equilibria by analyzing the amounts of CO2 and CH4

released by the tailing materials (Fig. 2). In the

Tailing, the absence of organic matter as C source

(Table 1) may lead to a minimum presence of CO2

producers. This sample seems to have CH4 producers

(methanogenic community), which are able to use

rapidly the initial CO2 existent in box to produce CH4.

The increase in this compound stimulates the methan-

otrophic community (CH4 users), establishing the

equilibrium between bothmicrobial communities. The

activity of the methanogenic community requires acid

Fig. 1 Enzymatic activities (dehydrogenase, b-glucosidase,
acid phosphatase and urease) in the materials from the Tailing

(T), Rehabilitated tailing (RT) and Technosol (TEC) (Mean ±

SD; n = 3). Values followed by an asterisk indicate significant

differences between the Tailing and Recovered tailing

(p\ 0.05)
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and anaerobic conditions. The weak structure and

moisture of the tailing materials favors the later

conditions (Smith et al., 2003). However, these

anaerobic conditions were temporary, since methan-

otrophic community is a CH4 sink under aerobic

conditions (Fiedler et al., 2005).

In the Rehabilitated tailing, the methanogenic and

methanotrophic communities coexist until total con-

sume of CH4. The main microbial communities in this

Rehabilitated tailing were CO2 producers, which are

associated with organic matter decomposition and

mineralization processes.

Chemical characterization of the simulated

leachates

In general, the element concentrations in the leachates

were smaller than the corresponding concentrations in

available fraction in the solid samples. Leachates from

Technosol had neutral pH values, significant nutrient

concentrations and small PHEs concentrations.

Leachates from Tailings presented moderately acid

pH values, indicating a low sulfide reactivity of the

mine wastes. Moreover, high concentrations of

sulfates and several PHEs (e.g., Al, Cd, Co, Cr, Ni,

Zn) were determined, which agrees with the high EC

(Table 4). The chemical composition of these

leachates showed lower pH values and PHEs concen-

trations ([ 10 fold) than runoff waters from tailings

collected in field (Arán et al., 2016). In fact, under field

conditions, elements leaching from wastes and soils

can vary due to several factors (e.g., climatic condi-

tions, heap design) (Chezom et al., 2013). Moreover,

percolated leachates from mine wastes presented

higher concentrations than simulated leachates, even

for microcosm assays under greenhouse conditions

(Santos et al., 2017b). The large PHEs concentrations

found in leachates from the present study indicated a

potential spread of toxic elements from tailings to the

adjacent areas.

The leachates from Rehabilitated tailing showed

significant enhancement of the chemical quality

compared with the Tailing (Table 4), minimizing the

potential spread of contaminants. No significant

differences were observed between leachates of the

Rehabilitated and non-rehabilitated tailings for pH,

Cu, Mo, PO4, Sb and Se. However, the concentrations

of Ca, Fe, K and NO3 in Rehabilitated tailing leachates

increased between 2- and 41-fold depending on

element (Table 4). The concentrations of F, Cl and

Na were higher in Rehabilitated tailing leachates,

compared to Tailing leachates. However, these con-

centrations are still below the legislation limits

established for several water uses (BOE,

2003, 2015). Concentrations of K and NO3 in the

leachates are correlated with the organic matter

(r = 0.90 and 0.85), but for the other elements no

significant correlations were obtained.

The sulfate concentration in Rehabilitated tailing

leachates showed a decrease of 24%, while a larger

decrease, between 38 and 92%, was found for several

PHEs (Al, Cd, Co, Cr, Mn, Ni and Zn). The pH of the

system and the formation of organometallic com-

plexes justify the decrease of Mg in the leachates

(r &- 0.80), whereas the increase in CEC found in

the Rehabilitated tailing led to the decrease in Cd, Co,

Cr, Mg, Mn, Ni and Zn concentrations in the leachates

(- 0.81\ r\- 0.92). The presence of Al and Fe

oxyhydroxides also contributes to the immobilization

of most of these PHEs (Kumpiene et al., 2008). The

formation of sulfate solid phases explains the decrease

in this anion (Santos et al., 2014).

Fig. 2 Concentrations of a) CO2 (basal respiration) and b) CH4

released from the Tailing (T), Rehabilitated tailing (RT) and

Technosols (TEC), as a consequence of microbial activity

(mean ± SD; n = 3)
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In the Rehabilitated tailing, the significant decrease

in NH4 in its leachates, along with the increase in NO3,

can be related to the promotion of nitrifying microbial

community in the materials. The increase in the

activity for this microbial community results in higher

rates of net nitrification over ammonification.

Ecotoxicological characterization

Ecotoxicological risk of the Rehabilitated tailing and

Tailing combined different matrices: assays (OECD

bioassays and a microcosm test), plant species and

plant endpoints, to provide a more rigorous assessment

of the system and the rehabilitation process. Through

bioassays using leachates (filter and hydroponic

bioassays), the ecotoxicological risk of materials to

adjacent areas can be evaluated by acting as a source

of contamination (van Gestel et al., 2001).

The organisms can be affected not only by the

presence of PHEs in soluble forms but also by those

elements associated with exchangeable complex of

inorganic and organic colloids (available fraction).

Hence, the bioassays using the solid matrix are

essential (soil test). Ecotoxicological effects of the

solid matrix on the same plant species were also

evaluated through a microcosm assay for a slight

longer period, which can simulate more real condi-

tions (e.g., light intensity, relative air humidity and

temperature).

The different sensitiveness depended on assay

(between type, matrix, time period and growth con-

ditions) and/or plant species (L. perenne and T.

Table 4 Chemical

characteristics of the

simulated leachates from

collected samples

(mean ± SD; n = 4)

EC: Electrical conductivity.
Values in each parameter

followed by an asterisk

indicate significant

differences between Tailing

and Rehabilitated tailing

(p\ 0.05)

Tailing Rehabilitated tailing Technosol

pH 4.7 ± 0.4 5.0 ± 0.3 7.8 ± 0.3

EC (mS/cm) 1.5 ± 0.3 1.4 ± 0.2 1.0 ± 0.1

Elements concentration (mg/kg)

Al 4.8 ± 0.1* 0.8 ± 0.1* 1.5 ± 0.1

As \ 0.1 \ 0.1 0.1 ± 0.03

Ca 695 ± 46.8* 2987 ± 89.0* 1021 ± 48.0

Cd (12.7 ± 0.6) 9 10–2* (4.0 ± 1.0) 9 10–2* \ 1.0 9 10–3

Cl 49.4 ± 8.2* 106 ± 6.2* 104 ± 4.7

Co 3.9 ± 0.1* 0.3 ± 0.01* 0.02 ± 0.01

Cr (4.3 ± 0.6) 9 10–2* (2.7 ± 0.6) 9 10–2* (2.0 ± 0.1) 9 10–2

Cu (14.0 ± 4.6) 9 10–2 (14.3 ± 1.5) 9 10–2 (12.7 ± 1.2) 9 10–2

F 1.6 ± 0.5* 3.2 ± 0.4* 22.5 ± 4.1

Fe \ 1.0 9 10–2* (20.3 ± 16.2) 9 10–2* (4.0 ± 1.0) 9 10–2

K 35.9 ± 15.6* 191 ± 8.6* 302 ± 0.6

Mg 1105 ± 24.1* 613 ± 11.6* 331 ± 2.2

Mo \ 5.0 9 10–2 (3.7 ± 1.2) 9 10–2 (36.3 ± 1.2) 9 10–2

Mn 167 ± 5.2* 30.1 ± 0.7* 0.1 ± 0.01

Na 63.9 ± 0.6* 201 ± 4.5* 186 ± 2.4

Ni 7.3 ± 0.2* 1.8 ± 0.1* \ 0.05

NH4 16.3 ± 1.4* 5.6 ± 3.1* 7.7 ± 2.4

NO2 \ 0.4 \ 0.4 2.7 ± 0.1

NO3 17.2 ± 6.1* 446 ± 36.6* 879 ± 22.1

Pb \ 0.1 \ 0.1 \ 0.1

PO4 \ 0.5 0.5 ± 0.4 1.9 ± 2.5

SO4 (8.1 ± 0.7) 9 103* (6.1 ± 0.3) 9 103* (2.8 ± 0.2) 9 103

Sb (8.7 ± 1.5) 9 10–2 (11.7 ± 1.5) 9 10–2 (16.7 ± 1.5) 9 10–2

Se 0.2 ± 0.1 0.3 ± 0.1 0.2 ± 0.02

Zn 4.0 ± 0.2* 0.8 ± 0.03* 0.1 ± 0.1
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pratense). Similar results were reported in bioassays

conducted with other plant species (Lactuca sativa L.,

Avena sativa L. and Zea mays L.) to assess the

ecotoxicological effect of rehabilitated materials

(gossan mine wastes and contaminated soils) by

Technosols and amendments (Abreu et al., 2014;

Santos et al., 2013). According to the same authors, the

plant response to elements depends on biological

tolerance of the plant group (dicot Vs monocot) and

species.

No visual signs of nutritional deficiency and

phytotoxicity were observed in both species from

three bioassays. In general, Technosol did not show

any ecotoxicological risk since several endpoints of

both species in the three bioassays were similar

compared to negative control. Even plants growing

in its leachates and microcosm assay reached the

greatest survival and development (Figs. 3, 4 and

Table 5). The only exception was observed for the T.

pratense in the soil bioassay where the germination in

Technosol was slightly lower than those in the

negative control (Sand: 92 ± 13%). The slight reduc-

tion of the T. pratense germination can be related to its

sensitivity to the higher EC in the Technosol, as a

result of high nutrient concentration (Tables 2 and 3).

In fact, T. pratense presented the highest sensitivity,

compared to other Leguminosae species, in its germi-

nation by the increase in the application rate of

municipal waste compost, which always increases the

elements content and EC in soil solution (Marchiol

et al., 1999).

Similar results were obtained using the toxicity

indexes RE and SG (Bagur-González et al., 2011) for

both plant species growing in the Technosol leachates

(filter bioassay) and materials (soil bioassay). Thus,

the indexes calculated for the Technosol show low

ecotoxicity, between - 0.14 and - 0.24, depending

on index and species, while its leachates did not

represent any ecotoxicological effect since the germi-

nation and roots elongation were stimulated

(indexes[ 0).

For both species, the germination percentage, aerial

part elongation and dry biomass weight in filter paper

and soil bioassays did not show differences between

Tailing and Rehabilitated tailing, and even with

Technosol (Fig. 3). However, root elongation showed

more sensitivity to the potential toxic effect of the

materials and its leachates. Thus, the elongation of

roots in the Rehabilitated tailing materials and their

leachates (except for L. perenne in filter paper)

presented higher values than in the Tailing (Fig. 3).

Moreover, the root elongation was similar between

Rehabilitated tailing and Technosol.

The toxic effect, of the Tailing and Rehabilitated

tailing materials and their leachates, evaluated by

toxicity indexes, depended on plant species, plant

endpoint (germination and root elongation) and

bioassay (filter paper and soil). Leachates from Tailing

and Rehabilitated tailing indicated low or no toxicity

(0\ index values\ 0.42, depending on species and

endpoint). However, evaluating the solid materials,

the Tailing presents moderate (SG &- 0.3 for both

species) and very high toxicity (RE &- 0.8), while

the Rehabilitated tailing had low or no toxicity

(- 0.25\ index values\ 0.16 depending on species

and endpoint).

In the hydroponic bioassay, the plant survival

percentage in the Tailing and Rehabilitated tailing

leachates depended on plant species. Survival rate of

T. pratense reached 85% in both leachates, whereas

for L. perenne in the Rehabilitated tailing was higher

(100%; similar to Technosol) than in Tailing (90%).

Ecotoxicological effect of the Tailing leachates was

observed in the aerial part and dry biomass of T.

pratense but not in the root elongation (Fig. 3). The

Tailing leachates reduced the aerial part elongation

and consequently the dry biomass. The reduction of

the root–aerial part ratio (root elongation/shoot elon-

gation) from 1.7 in the Tailing to 1.2 in the Rehabil-

itated tailing suggests a positive response of T.

pratense and more favorable growing conditions.

Nevertheless, ecotoxicological effect of the Rehabil-

itated tailing leachates on same species, compared to

the Tailing leachates, was not clear. The aerial part and

root elongations were smaller compared to those

found with Tailing leachates, but no significant

differences were obtained for dry biomass. The lower

L. perenne survival in the Tailing leachates can

explain its higher development (biomass and aerial

part and roots elongations) due to small competition

among individuals. For the same reason, the root–

shoot ratios (&1.4) were similar between both Reha-

bilitated and non-rehabilitated tailings.

In the microcosm assay, the results were different to

those compared to the soil bioassay and varied with

plant species. In this assay, T. pratense showed strong

sensitivity (at germination and dry biomass weight) to

the Tailing conditions compared to L. perenne. As
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mentioned above, this was not clear in the soil

bioassay. Plant cover and dry biomass of both species

depend on the material, reaching the highest values in

the Technosol. Even after 20 months of application,

the Technosol still showed adequate physicochemical

characteristics, ensuring a significant germination,

plant cover and biomass production. Therefore, this

may lead in the future to the establishment of a pasture

Fig. 3 Plant endpoints obtained in the filter paper and soil

bioassays with Trifolium pratense (A) and Lolium perenne
(B) in Tailing (T), Rehabilitated tailing (RT) and Technosol

(TEC) (mean ± SD; n = 4 and 5 for each bioassay, respec-

tively). Values followed by an asterisk indicate significant

differences between Tailing and Recovered tailing (p\ 0.05)
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in the mining site (and surroundings) providing a

suitable habitat and economic land use.

In the Tailing materials, a total inhibition of T.

pratense germination and decrease in L. perenne

germination were found. This inevitably affects the

plant cover, with significant erosion risk and spreading

of contaminated particulate material in the Tailing

(Table 5). Moreover, the few plants growing in this

system showed visible symptoms of nutritional defi-

ciency or phytotoxicity in the aerial part (e.g.,

chlorosis and narrow leaves; Kabata-Pendias, 2011).

The combined effect of the poor structure, extreme

chemical characteristics (e.g., high total and available

concentrations of PHEs and low fertility; Tables 1, 2)

and emergence of significant amounts of salt efflores-

cence explains the total inhibition of seeds germina-

tion of T. pratense and low plant development of L.

perenne (evaluated by dry biomass weight) in the

Tailing materials.

Fig. 4 Plant endpoints obtained in the hydroponic bioassay

with Trifolium pratense and Lolium perenne in Tailing (T),

Rehabilitated tailing (RT) and Technosol (TEC) (mean ± SD;

n = 5). Values followed by an asterisk indicate significant

differences between Tailing and Recovered tailing (p\ 0.05)

Table 5 Plant cover and dry biomass of Lollium perenne and Trifolium pratense growing in the studied samples, after one month

from sowing (mean ± SD; n = 4)

Plant parameters Tailing Rehabilitated tailing Technosol

Lollium perenne

Plant cover (%) \ 1 65 ± 4.08 92 ± 4.01

Dry biomass (g/pot) 0.020 ± 0.008* 0.852 ± 0.084* 1.687 ± 0.091

Trifolium pratense

Plant cover (%) – 90 ± 9.01 100 ± 0.00

Dry biomass (g/pot) – 1.014 ± 0.542* 2.533 ± 0.754

Values in each parameter followed by an asterisk indicate significant differences between Tailing and Rehabilitated tailing (p\ 0.05)
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The germination and seedlings growth of both

species were stimulated in the Rehabilitated tailing

(Table 5). The improvement of the structure and water

holding capacity (data not shown) can explain the

higher germination of both species in this sample.

These characteristics are key factors for the stimula-

tion of the germination and guarantee the seedlings

growth during the first stage of the rehabilitation

process (Santos et al., 2016; Wang et al., 2008). The

Rehabilitated tailing allowed a quick plant cover. In

fact, after 30 days of the sowing, no significant

differences were obtained for the plant cover between

the Rehabilitated tailing and Technosol (Table 5).

Nonetheless, the biomass produced by both plant

species was smaller in the Rehabilitated tailing

(Table 5). In the beginning of the plant growth, no

visual signs of nutritional deficiency or phytotoxicity

were observed (as for bioassays), but at the end of the

experiment the leaves of both species showed a light

green color (possibly due to N deficiency).

In order to determine the ecotoxicological influence

of the chemical characteristics of the materials and

their leachates, a PCA analysis was conducted. For all

ecotoxicological assays (bioassays and microcosm

assay), PC1 explained more than 66.47% of data

variance and the separation of the materials was

clearly observed (Figures S2–S4). For both species,

the germinations from filter paper and soil bioassays,

as well as dry biomasses from three bioassays, were

not affected by the studied characteristics of the

materials, indicating low ecotoxicological sensitivity

of these plant endpoints. However, in microcosm

assay the plant endpoints showed a clear ecotoxico-

logical response related to the available concentrations

of Co, Mg, Mn and Ni. The same result was obtained

in the aerial part and roots elongations from soil

bioassay.

In leachates, the sensitiveness to PHEs depended on

plant species. According to PCA analysis, the ecotox-

icological effects of the leachates (filter and hydro-

ponic bioassays) on aerial part and roots elongations of

the T. pratense were associated with the concentra-

tions of Co, Mg, Mn and Ni (as observed for soil

bioassay and microcosm assay) as well as the

concentration of Al, Cd, SO4, NH4 and Zn. However,

these PHEs did not lead to ecotoxicological effects on

L. perenne. Only the concentrations of some nutrients,

such as Ca, NO3, K and Na, can limit the plant

elongations of this species.

In general, the ecotoxicological effect evaluated by

plant bioassays was not clear. However, the evaluation

using pot experiments under greenhouse conditions

showed an evident and strong ecotoxicological effect

of the Tailings materials and a significant reduction of

this effect in the Rehabilitated tailing. Differences

between OECD bioassays and microcosm assay are

related to time of contact and assay conditions.

Conclusions

The tailings present in the Fé mining area can lead to

significant environmental risk to adjacent areas, due to

PHE’s concentrations (especially by the high concen-

trations of Co, Mg, Mn and Ni) in the leachates and

available fraction, and the total mass of the mine

wastes. Therefore, it is essential the rehabilitation of

the tailings to minimize the contamination effects.

The application of a designed Technosol with andic

and eutrophic properties significantly improved the

physicochemical and biological characteristics of the

tailing materials and their leachates. Also, the use of

the Technosol decreased the ecotoxicological impact

of the mine tailings. Additional advantages in the

rehabilitation process were the increase in organic

matter content and nutrient concentrations in available

forms and leachates as well as stimulation of the

microbial activity (evaluated by dehydrogenase activ-

ity and basal respiration). After 20 months of appli-

cation over the tailing, the Technosol still presents

efficient characteristics to continue the tailing reha-

bilitation process and ensure the ecological functions

and a stable vegetation cover. Moreover, no ecotox-

icological effects were observed. Microcosm assay

results evidenced the effectiveness of the Technosol

and its potential for pasture revegetation. Thus, it is

essential to assess the PHEs concentration in these

plants in order to evaluate the potential risk to

domestic animals.
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samples; Carmen Pérez and David Romero for technical

support; Fundação para a Ciência e a Tecnologia for financial

support of Linking Landscape, Environment, Agriculture and

Food Research Centre (UID/AGR/04129/2020); and Xunta de

Galicia for financial support of Group of Excellence GI-1245,

AMBIOSOL (GRC2014/003). The authors from the USC

belong to the CRETUS Strategic Partnership (AGRUP2015/

02), co-funded by FEDER.

123

Environ Geochem Health



References

Abreu, M. M., Batista, M. J., Magalhães, M. C. F., & Matos, J.
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Rivas-Pérez, I. M., Fernández-Sanjurjo, M. J., Núñez-Delgado,
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Santos, E. S., Magalhães, M. C. F., Abreu, M. M., & Macı́as, F.

(2014). Effects of organic/inorganic amendments on trace

elements dispersion by leachates from sulfide containing

tailings of the São Domingos mine Portugal. Time Evalu-
ation Geoderma, 226–227, 188–203. https://doi.org/10.

1016/j.geoderma.2014.02.004

Santos, E. S., Abreu, M. M., Macı́as, F., & de Varennes, A.

(2016). Chemical quality of leachates and enzimatic

activities in Technosols with gossan and sulfide wastes

from the São Domingos mine. Journal of Soils and Sedi-
ments, 16, 1366–1382. https://doi.org/10.1007/s11368-

015-1068-8

Santos, E. S., Abreu, M. M., & Magalhães, M. C. F. (2017a).
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