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areas on close restored areas after heavy rains due to 
a lower elevation of the restored areas compared to 
the unrestored ones. Therefore, to achieve the most 
favorable and sustainable long-term results of aided 
phytostabilization, along with plant species and 
amendments, micro-topography should be also taken 
into consideration, which causes different soil charac-
teristics and thus different plant growth and survival.
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Introduction

Mining activities spread many inorganic and organic 
contaminants in ecosystems (Karbowska, 2016). Sev-
eral contaminants from adjacent mining districts can 
be leached into soils, surface and groundwater and 
subsequently transferred to the food web. In addition, 
mine tailings characterized by null vegetation, poor 
fertility, low pH, high instability and high contents of 
potentially toxic elements (Conesa et al., 2006) may 
result in massive environmental degradation, erosion, 
air pollution, biodiversity and functionality loss and 
health risks to human populations in the surround-
ing regions (Confalonieri et  al., 2014). Considering 
all those facts, providing an effective remediation 
method to rehabilitate the tailing ponds has been a 
great challenge in recent decades.

Abstract  Mining activities accumulate large quanti-
ties of waste in tailing ponds, which results in several 
environmental impacts. In Cartagena–La Unión min-
ing district (SE Spain), a field experiment was carried 
out in a tailing pond to evaluate the effect of aided 
phytostabilization on reducing the bioavailability of 
zinc (Zn), lead (Pb), copper (Cu) and cadmium (Cd) 
and enhancing soil quality. Nine native plant spe-
cies were planted, and pig manure and slurry along 
with marble waste were used as amendments. After 
3  years, the vegetation developed heterogeneously 
on the pond surface. In order to evaluate the factors 
affecting this inequality, four areas with different VC 
and an area without treatment (control area) were 
sampled. Soil physicochemical properties, total, bio-
available and soluble metals, and metal sequential 
extraction were determined. Results revealed that pH, 
organic carbon, calcium carbonate equivalent and 
total nitrogen increased after the aided phytostabili-
zation, while electrical conductivity, total sulfur and 
bioavailable metals significantly decreased. In addi-
tion, results indicated that differences in VC among 
sampled areas were mainly owing to differences in 
pH, EC and concentration of soluble metals, which 
in turn were modified by the effect of non-restored 
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Different physical, chemical and biological 
approaches have been applied to remediate soil and 
mining wastes rich in potentially toxic elements and 
inorganic compounds (Wuana & Okieimen, 2011). 
Among the different approaches with their own 
advantages and disadvantages, special attention is 
drawn to the phytoremediation technologies.

Aided phytostabilization as an eco-friendly, effi-
cient, cost-effective, simple, and applicable in long 
term deals with the reduction in mobility and bio-
availability of potentially toxic elements in soils. This 
technique requires the incorporation of the vegetation 
with appropriate plant species and, in some cases, 
the adequate application of amendments (Yang et al., 
2016).

The selected plant species for phytostabilization 
are preferred to be native as they are adapted to the 
local climatic and environmental conditions. The 
selected plants are also characterized by the fast 
growth, extensive root system development, large 
amount of biomass and tolerance to metal contamina-
tion and nutrient deficiency (Costa et al., 2016; A. L. 
Fernando et al., 2018a, 2018b). Among the hyperac-
cumulator plants, those accumulate potentially toxic 
elements in their below ground parts are the most 
effective species for phytostabilization, owing to the 
accumulation of metals in root tissues, metal sorption 
onto root surfaces and thus inhibition of metal release 
into the food web (Mahar et al., 2015).

Different inorganic and organic amendments can 
be used in abandoned soils and mine sites to achieve 
the optimum conditions for plant growth by improv-
ing the biological, physical and chemical properties 
of soil and also to stabilize metal(loid) in soil (Acosta 
et al., 2011; Park et al., 2011; Zornoza et al., 2013). 
Inorganic materials rich in carbonate are successfully 
applied to reduce the acidic conditions of several 
acid-forming mine wastes (Barker, 1997). Moreover, 
organic residues can significantly improve the organic 
matter content and fertility level; increase microbial 
populations or activities and possibly adsorb the 
metals on solid surfaces through complexation with 
humic substances (Ye et al., 2002).

It is well known that improvement of soil health 
and plant growth can be two major indicators of the 
effectiveness of reclamation methods and reduction 
of environmental risks (Epelde et  al., 2009). In this 
regard, we applied organic and inorganic amend-
ments in a tailing pond to improve soil conditions 

for establishment of native species. However, after 
3  years of the amendments application and plant-
ing, the vegetation developed heterogeneously on 
the surface of the tailing pond. In addition, topogra-
phy as one of the soil evolution factors can creates 
sites of variable hydrological processes, soil water 
availability, soil characteristics and vegetation (Bis-
was, 2019). Furthermore, considering the influence 
of microtopography on landscape properties such as 
soil biogeochemistry and soil surface roughness and 
relief (Cross et  al., 2021) raises this question that 
whether this factor could affect the efficacy of phyto-
stabilization of tailings ponds. Therefore, the objec-
tives of this study were: (i) to evaluate changes in the 
soil characteristics after application of amendments 
and planting and (ii) to elucidate the factors including 
microtopography affecting the effectiveness of aided 
phytostabilization technique in a tailing pond with 
high concentration of Cd, Cu, Zn and Pb.

Materials and methods

Study area

Mine tailings are located in Cartagena-La Unión 
Mining District (Murcia Province, SE Spain), where 
great mining activities had been carried out for more 
than 2500 years in search for silver lead, zinc or iron 
(Alcolea-Rubio, 2015), stopping its activity in 1991. 
The mining districts are located on the eastern side of 
the Cordillera Bética and are part of a wide volcano-
tectonic and metallogenetic belt that extends from 
Cabo de Gata to the Sierra de Cartagena. Mineral 
paragenesis has greenalite, chlorite, magnetite, pyrite, 
sphalerite, galena, siderite and quartz (Manteca & 
Ovejero, 1992). As a consequence of the long period 
of mining activity, large volumes of wastes were gen-
erated during the mineral concentration and smelting 
processes. Historically, these wastes were dumped 
into the streams, contaminating their surroundings. 
In order to remediate this situation, the Government 
of Spain in 1955 prohibited mining companies from 
dumping wastes on the ground to form tailing ponds 
(Vilar et al., 1991). Currently 85 tailing ponds remain 
in the area, which are often composed of very high 
concentration of metals (Martinez-Martinez et  al., 
2013). In addition, when high-intensity storm events 
occur in the area, acidic mine drainage (AMD) is 
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generated that can contaminate the areas near the 
mining ponds, such as agricultural or urban areas.

The study was conducted in a tailings pond of the 
Santa Antonieta mine in the district of Cartagena–La 
Union Mining, Murcia, SE Spain, with an area of 
1.4  ha (Fig.  1). The climate is Mediterranean semi-
arid with a mean annual rainfall of 275  mm and an 
average yearly temperature of 18 °C (Martínez-Mar-
tínez et al., 2019).

Tailings are classified as Espodic Technosol 
(IUSS, 2014) and characterized by absence of veg-
etation, sandy loam texture, extreme acidity, low 
content of nutrients and organic matter and high 
metal(loid)s concentrations. Major metals associ-
ated with this area include Zn (829–5899 mg  kg−1), 
Pb (1246–2048 mg kg−1), Cu (41–124 mg kg−1) and 
Cd(0.73–6.65  mg  kg−1) (Martínez-Martínez et  al., 
2019).

Experimental design and soil sampling

The tailings pond surface was tilled, levelled and 
a drainage system was established to prevent the 
formation of runoff and flooded zones. In order to 
enhance soil nutrients and soil organic matter, neu-
tralize acidity, reduce the availability of potentially 
toxic elements, facilitate vegetation establishment and 
improve soil structure, marble waste (CaCO3), pig 
slurry and pig manure were applied as amendments 
(July 2011). Amendments were mechanically added 
and then mixed to a depth of 0.5  m of surface soil. 

Table 1 shows the characteristics of the soil amend-
ments. In accordance with the guidelines in Council 
Directive 91/676/EEC and RD 261/1996 to avoid 
the salinity and contamination by nitrates, pig slurry 
was applied at a rate of 1.7, 2.6 Lm−1, respectively, 
followed by 7 kgm−1 of pig manure. In addition, 6.7 
kgm−2 of marble waste, as calculated by Sobek et al. 
(1978) method, was applied to neutralize the poten-
tial acidity generated from the oxidation of mineral 
sulfides present in the soil when rainfall event take 
place in the area, which generate acid mine drainage 
(AMD).

Eight months after amendment application (March 
2012), the following native species was planted: Atri-
plex halimus L., Cynodon dactylon (L.) Pers., Diplo-
taxis erucoides (L.) DC., Lobularia maritima (L.) 
Desv., Oxalis pes-caprae L., Phagnalon saxatile (L.) 
Cass., Piptatherum miliaceum (L.) Coss., Senna occi-
dentalis (L.) Link. and Stipa tenacissima L.

After 3  years of the amendments application and 
planting (March 2015), a different vegetation devel-
opment was observed on the surface of the tailing 
pond; therefore, in order to identify what factors could 
cause this difference, four plots (10  m × 10  m) with 
different vegetation coverage (VC) were selected: plot 
1 with VC of 85%, plot 2 with VC of 45%, plot 3 with 
VC of 20% and plot 4 with VC of 0%. In addition, 
a fifth plot of mining pond with no vegetation nor 
amendment application was chosen to be used as con-
trol plot (Fig.  1), which represents the characteristic 
of the tailing pond before rehabilitation. In each plot, 

Fig. 1   Location of the study area and view of tailing pond
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random soil sampling (0–50 cm) was carried out with 
five replications.

In order to evaluate the biodiversity and het-
erogeneity of plant communities, all plant spe-
cies were identified and then species richness and 
Shannon–Wiener index (H) estimated (Shannon & 
Weaver, 1963).

Laboratory analysis

Soil electrical conductivity (EC) and pH were deter-
mined in ratios of 1:5 and 1:2.5 sample to deionized 
water suspension, respectively. Particle size distri-
bution was done by Robinson pipette methodology. 
Available phosphorus (P) was determined using the 
Olsen method (Watanabe & Olsen, 1965). Total nitro-
gen (TN), total sulfur (S) and total organic carbon 
(TOC) were examined by an elemental CHNS ana-
lyzer (EA-1108, Carlo Erba). Aggregate stability and 
calcium carbonate equivalent (CCE) were measured 
using (USDA-NRCS, 2004) methods. Total porosity 
(P) was calculated using real and bulk densities.

Bioavailable metal concentrations were deter-
mined with 0.01 M CaCl2 (1:10 soil–extractant ratio) 
(Pueyo et al., 2004). Water-soluble metals were exam-
ined using a 1:5 soil-deionized water ratio (Ernst, 
1996). Pseudo-total metals (Pb, Cu, Zn and Cd) were 
evaluated using HNO3/HClO4 digestion at 210° C for 
90  min (Risser & Baker, 2018). Sequential extrac-
tion procedure developed by Tessier et al. (1979) and 

modified by Li et al. (1995) was used for determining 
the chemical speciation of metals in soil. The follow-
ing fractions were obtained: (1) exchangeable (using 
0.5  M MgCl2), (2) bound to carbonate and specifi-
cally adsorbed (using 1 M NaOAc), (3) reducible and 
bound to Fe/Mn-oxides (using 0.04 M NH2OHHCl), 
(4) oxidizable and bound to sulfides and organic 
matter (using 0.02 M HNO3, H2O2 (30%) and 3.2 M 
NH4OAc in 20% (v/v) HNO3) and (5) residual phase 
(using HNO3 (65% w/w) and HF (40% w/w)). Meas-
urements of the concentrations of metals were meas-
ured using an atomic absorption spectrophotometer 
(AAnalyst 800, Perkin–Elmer). Certified reference 
materials BAM-U110 (Federal Institute for Materials 
Research and Testing) and reagent blanks were used 
to verify the quality of analyses.

Data analysis

Kolmogorov–Smirnov test was applied to ensure 
the data fit a normal distribution. Some data did not 
follow the normal distribution and log transforma-
tion was done. All data obtained were subjected to 
analysis of variance (ANOVA) using SAS statistical 
program (ver.9.1) and differences among traits were 
compared by the least significant difference (LSD) 
test (p ≤ 0.05).

The relationship among soil bioavailable met-
als and physicochemical characteristics, and group-
ing them into a few components were studied by 

Table 1   Main 
characteristics of the marble 
waste, pig manure and pig 
slurry used (Martinez-
Martinez et al., 2019)

Properties Marble waste Pig manure Pig slurry

pH 8.0 9.1 7.8
Electrical conductivity (dS m−1) 2.2 10.2 39.1
Moisture (%) 1.0 10.0 96.0
Total nitrogen (g L−1) – 13.6 4.8
NH4

+ − N (g L−1) – – 4.5
Total organic carbon (g L−1) – 171 17.8
C/N – 12.5 4.3
Calcium carbonate (%) 99 – –

Potassium (mg L−1) 59 15.7 1059
Sodium (mg L−1) 69 4280 459
Magnesium (mg L−1) 347 802 14.4
Calcium (mg L−1) 2190 855 249
Cu (mg kg−1/mg L−1) 0.36 157 19.3
Zn (mg kg−1/mg L−1) 0.26 732 28.0
Available phosphorus (mg kg−1/mg L−1) 0.01 9.6 623
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principal component analysis (PCA). In this case, 
varimax rotation was applied to make the patterns of 
loadings more pronounced while also facilitating the 
interpretation of the results (Field, 2009). To group 
existing soil samples based on their physicochemical 
properties and to have a suitable visual representa-
tion of the achieved results, k-means algorithm was 
adapted for soil data clustering. K-means algorithm 
form clusters with similar data samples based on the 
square Euclidean distance method (Hartigan & Wong, 
1979; Hot & Popović-Bugarin, 2016). These analyses 
were performed using R 3.2.5 (R Development Core 
Team, 2015) and RStudio (version 0.99.903) (RStu-
dio, 2021).

Results and discussion

Plant growth

As shown in Table  2, different plant species were 
established unevenly in the studied plots. A total 
of 152 individuals of 9 plant species were recorded 
growing in three plots (plots 1, 2 and 3) in the tailing 
pond. The most common species was P. miliaceum 
with the abundance that varied between 10 and 34 
individuals among the revegetated plots.

Vegetation cover plays a key role in enhanc-
ing nutrient inputs to the ecosystem, increasing soil 
organic matter (SOM), protecting soil surface from 

raindrop splashing, increasing water holding capac-
ity and promoting soil aggregate stability. Although 
organic amendments and marble waste were applied 
homogeneously in the whole tailing pond, plants 
grew differently on the surface of the tailing ponds, 
as showed in the different values of vegetation cover 
observed in each plot (Table  2). Due to the similar 
parent material, remediation practices and climate 
condition of the studied tailings ponds, it would be 
likely that apart from these factors, other driving 
parameters such as topographic position of the region 
might also contribute to the vegetation development 
diversity.

Biodiversity evolution is an important parameter to 
be monitored in the aided phytostabilization program. 
Increasing biodiversity such as plant species is a good 
indicator of the durability and quality of the immobi-
lization of trace elements (Vangronsveld et al., 2009). 
The Shannon–Weaver biodiversity indexes calcu-
lated for the plots 1, 2 and 3 were 1.5, 1.76 and 0.28, 
respectively, whereas their associated richness was in 
the order of 7, 7 and 2 (Table 2). P. miliaceum, domi-
nated in plots 2 and 3, showed a good adaptation to 
the soil conditions of the plots, except for the plot 4. 
This grass and A. halimus L., major species in plot 
1, were the dominant species of the vegetation com-
munity in the tailing pond (Table 2). This finding was 
in agreement with the results reported by Martínez-
Martínez et  al. (2019) in tailings ponds of the same 
mining area. Conversely, only a single individual of 
S. occidentalis was observed throughout the mining 
district, colonization by this weed was only limited to 
the plot 1.

Effect of amendments and phytostabilization on soil 
properties

The main physicochemical properties of the soils are 
reported in Table  3. Prior to the amendment appli-
cation, pH of the tailing pond was acidic (pH = 2.9) 
which tended to increase toward neutral by aided 
phytostabilization. Low pH in these waste materi-
als was due to the oxidation of pyritic minerals. The 
generation of hydronium (H3O+) in the oxidation pro-
cess along with the presence of Zn and Cu sulfates 
and sulfuric acid keeps the pH of the soil very low 
(Martinez-Martinez et  al., 2013). The presence of 
marble waste that generated carbonates resulted in pH 
increment, except for plot 4. Replacement of Al+3 of 

Table 2   Richness, Shannon–Weaver index, vegetation cover 
and plant species found in each plot

Plant/plot Plot 1 Plot 2 Plot 3 Plot 4

Atriplex halimus L 34 5 0 0
Cynodon dactylon (L.) Pers 0 6 3 0
Diplotaxis erucoides (L.) DC 0 4 0 0
Lobularia maritima (L.) Desv 8 0 0 0
Oxalis pes-caprae L 2 1 0 0
Phagnalon saxatile (L.) Cass 6 2 0 0
Piptatherum miliaceum (L.) 

Coss
24 10 34 0

Senna occidentalis (L.) Link 1 0 0 0
Stipa tenacissima L 8 4 0 0
Richness 7 7 2 0
Shannon–Weaver index 1.5 1.76 0.28 0
Vegetation cover (%) 85 45 20 0
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the exchangeable complexes by Mg+2 and Ca+2 along 
with a larger surface area for H+ adsorption created 
by small particles of marble waste promoted the neu-
tralization of the acidity (Tozsin et  al., 2015). EC 
values were significantly lower (p ≤ 0.05) in treated 
plots than in bare soils (plot 4 and control), without 
significant differences among vegetated parts. Marble 
waste application resulted in a significant reduction 
in soil EC. The reaction of sulfates from sulfides oxi-
dation with Ca2+ from CaCO3 led to forming stable 
precipitates and reducing the sulfates concentration in 
soil solution. In addition, pH increments might also 
favor the precipitation of some soil solution ions, thus 
reducing soil EC (Brallier et al., 1996).

After application of marble waste, CCE content 
in soil enhanced significantly by up to 2.9% in plot 
1. Aided phytostabilization had a significant effect 
on OC values in plots 1 and 2 compared to the other 
plots (Table  3). Such increment could not be only 
related to the effect of organic amendments but also 
attributed to the development of vegetation cover. 

Some authors concluded that the application of pig 
slurry and pig manure in tailing ponds improve soil 
structure and promote microbial activity and popula-
tion (Kabas et al., 2012; Zornoza et al., 2013).

The amount of TN showed a significant increase 
in treated plots compared to the control, except for 
plot 2, whereas for the rest of samples the differences 
were not significant. After amendment application, 
the highest available p value was measured in the soil 
of plot 1 compared to the control (Table 3). Pig slurry 
and manure as a source of slow-release nutrients are 
rich in nutrients essential for vegetation such as N 
and P. The low mineralization rate of these organic 
amendments favored the increase of P and N in soil 
(Peu et al., 2007).

Treated soils exhibited a significant reduction in 
TS when compared to the control samples, owing to 
the sulfur utilization by plants, particularly in sul-
fate forms (Kabas et al., 2012) and also oxidation of 
total sulfur in surface after ploughing. Exposure of 
sulfides to oxidizing conditions results in the release 

Table 3   Physicochemical 
properties and metal 
concentrations (mg kg−1) 
of soil samples from the 
studied tailing pond, mean 
(standard deviation)

Rows with different 
letters indicate significant 
differences at p < 0.05
EC electrical conductivity, 
CCE calcium carbonate 
equivalent, OC organic 
carbon, TN total nitrogen, 
TS total sulfur, P available 
phosphorus
Untreated tailing

Soil properties Plot 1 Plot 2 Plot 3 Plot 4 Control*

pH 7.1(0.6)a 5.8(1.4)ab 4.7(1.5)b 3.3(0.3)c 2.4(0.3)c
EC (dS m−1) 3.0(0.1)b 4.0(0.4)b 4.4(0.7)b 7.4(0.8)a 6.9(2.2)a
CCE (%) 2.9(2.3)a 1.5(0.6)ab 1.3(0.6)b 0.5(0.0)c 0.5(0.1)c
OC (g kg−1) 1.0(0.5)a 0.4(0.1)b 0.3(0.1)bc 0.3(0.2)bc 0.2(0.1)c
TN (g kg−1) 0.1(0.0)a 0.0(0.0)b 0.1(0.0)a 0.1(0.1)a 0.0(0.0)b
TS 0.4(0.2)d 0.5(0.2)cd 0.8(0.3)c 1.5(0.2)b 2.8(0.3)a
P 31.1(9.2)a 10.0(1.2)b 8.6(1.1)b 7.7(1.1)b 8.8(1.7)b
Clay (%) 9.2(1.1)b 7.8(0.4)c 7.8(0.9)c 10.8(1.4)a 9.4(1.1)b
Silt (%) 17.3(2.4)a 13.2(1.3)b 11.1(0.8)cd 9.6(0.9)d 12.7(1.3)bc
Sand (%) 73.5(1.6)c 79.1(1.4)ab 81.1(1.1)a 79.6(2.1)ab 77.8(1.7)b
Aggregate stability 15.5(1.7)b 17.8(2.4)b 18.4(3.7)b 17.3(2.0)b 21.5(2.7)a
Porosity 57.8(2.1)c 67.4(3.9)a 63.1(1.3)b 64.7(1.6)b 64.7(0.5)b
Total Pb 1298(72)b 1567(181)a 1753(174)a 1286(115)b 1176(208)b
Total Cu 57(3.9)c 59(2.3)c 76(20)b 74(3.3)b 94(10)a
Total Zn 4120(940)a 2738(236)b 2268(276)b 3524(513)a 2364(234)b
Total Cd 7.8(2.0)a 4.7(0.6)b 4.3(0.5)b 6.4(1.4)a 4.5(0.4)b
Bioavailable Pb 49(20)a 12.6(3.2)b 0.7(0.1)c 8.8(1.5)b 0.6(0.2)c
Bioavailable Cu 1.3(0.3)b 0.9(0.24)b 1.0(0.1)b 3.3(0.7)a 3.2(0.2)a
Bioavailable Zn 83(21)c 39.8(20)c 60.9(8)c 823(79)a 290.6(20)b
Bioavailable Cd 0.5(0.0)c 0.3(0.1)c 0.4(0.1)c 2.7(0.6)a 1.0(0.1)b
Soluble Pb 0.7(0.1)a 0.1(0.0)b 0.0(0.0)c 0.1(0.0)b 0.0(0.0)c
Soluble Cu 0.1(0.0)c 0.1(0.0)c 0.1(0.0)c 1.7(0.3)b 2.2(0.2)
Soluble Zn 1.1(0.2)d 0.7(0.1)d 50.8(9)c 565(47)a 214.7(28)b
Soluble Cd 0.1(0.0)d 0.1(0.0)d 0.3(0.1)d 2.1(0.1)a 0.8(0.1)b
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of sulfate anions and metal cations. The reaction of 
sulfates with calcium generates stable precipitates 
and thus decreases the concentration of sulfates in 
soil. pH increment might also cause in the precipi-
tation of ions in the soil solution (Fernando et  al., 
2018a, 2018b).

The amounts of clay, silt and sand were found to 
vary from 7.8 to 10.8, 9.6 to 17.3, and 73.5 to 81.1%, 
respectively, that exhibited no significant difference 
after the application of amendments. All the soils had 
a sandy loam texture. Aggregate stability in treated 
plots reduced significantly in comparison with the 
control. However, Kabas et  al. (2014) reported an 
increase in aggregate stability in the tailings ponds 
treated with MW, PS and MW + PS after 6 and 
12  months of sampling. They attributed the aggre-
gate stability increment to the cohesive forces derived 
from the interactions between root zone organisms of 
pioneer species and plants. The porosity variation in 
the soil of the studied plots compared to the control 
samples followed no clear pattern, with no significant 
differences (Table 3).

Our findings also indicated a significant posi-
tive correlation between the percentage of vegeta-
tion cover and the values of pH, CCE, OC, P and silt, 
while the contents of EC, TS and sand decreased with 
increasing the vegetation cover percentage (Table 3). 
Such positive correlation between pH, total organic 
carbon, available p and vegetation development 
was also observed by previous investigators (Kabas 
et  al., 2012). The application of soil amendments 
contributed to the soil quality and fertility improve-
ment facilitating a higher colonization of vegetation 
(Acosta et al., 2018).

As the general conditions of the studied plots, 
including parent material and the management of 
phytoremediation process, have been similar, the dif-
ference in the percentage of vegetation cover among 
plots could be attributed to different soil character-
istics. For instance, plot 4 remained practically bare 
and exhibited differences for the soil properties, 
including pH, EC, TS and clay compared to the other 
vegetated plots. Many environmental processes (e.g., 
evapotranspiration, rainfall and runoff) and physical 
factors (e.g., topography) operating at various intensi-
ties over different scales give rise to a complex spatial 
variability of hydrological processes and thus differ-
ent patterns of soil water content, soil properties and 
vegetation on and within a landscape (Biswas, 2019). 

Therefore, the different soil and vegetation character-
istics of plot 4 might be attributed to the position of 
this plot in the tailing pond, which location is closest 
to non-rehabilitated areas and a slightly lower eleva-
tion than these areas, therefore on some occasions, it 
can receive runoff water from these non-rehabilitated 
areas. Inherent acidic conditions of this plot as well as 
accumulation of higher amounts of soluble and avail-
able metals, and salts from adjacent areas have made 
it toxic and undesirable to plant growth and prevented 
the vegetation establishment in such soil. Therefore, 
both the topographic position and amendment appli-
cation could affect the soil properties and thus the 
vegetation cover of the studied plots and to somewhat 
created different variation patterns among the remedi-
ated groups.

Effect of aided phytostabilization on the availability 
of metals

The total metal concentrations in this tailing pond 
(Pb: 1176–1753, Cu: 57–94, Zn: 2268–4120 and 
Cd: 4.3–7.8 mg kg−1) were lower than those in other 
contaminated mining districts under similar climatic 
conditions (De la Fuente et al., 2014). After the appli-
cation of amendments and promotion of vegetation 
development, the values of total metals indicated a 
different trend in each plot as compared to the control, 
except for Cu that reduced in treated areas (Table 3). 
The purpose of aided phytostabilization technique 
is not to decontaminate the area, but to immobilize 
soil metals, reduce their availability to living organ-
isms and thus minimize the risk to the environment 
and human health (Radziemska et  al., 2018). In 
this regard, no significant correlations were found 
between total concentrations of metals and vegeta-
tion cover percentage in treated plots, except for Cu, 
which confirmed this fact. Total Cu value indicated 
a negative correlation with vegetation cover percent-
age in the study area, probably because of copper is 
a micronutrient for plants and it is absorbed by them.

Regardless of the plot 4, available and soluble 
fractions of Cu, Zn and Cd were higher than the rest 
of studied plots (Table 3). This increase is probably 
attributed to the direct effect of soil pH. Contrarily, 
in plots 1, 2 and 3 the presence of carbonates and 
organic matter from the amendments promoted the 
formation of metal carbonates and complexation 
by organic matter (Alvarenga et  al., 2008; Zornoza 
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et al., 2013)and therefore a decrease of available and 
soluble metals. This result is in agreement with that 
reported by previous researchers studied the contami-
nated mining areas (Liu et al., 2009; Shahrokh et al., 
2022). The use of pig slurry and manure containing 
a high quantity of nutrients have positive impacts on 
soil properties, seed germination and reclamation 
strategies (Pardo et  al., 2011). Acosta et  al. (2018) 
also concluded that immobilization by carbonates 
provided by marble waste was required to decrease 
the availability of Zn.

As mentioned earlier, P. miliaceum and A. hali-
mus are the most dominant species developed in the 
studied soils. Martínez-Martínez et  al. (2019) dem-
onstrated that P. miliaceum was successful in accu-
mulation of large amounts of Zn and Cu in its roots 
and have a translocation factor (TF) < 1 and a bio-
accumulation coefficient (BCF) > 1. In addition, A. 
halimus and P. saxatile were the species with high 
concentrations of Zn and Cd in their leaves (Acosta 
et  al., 2018). As these species were the few species 
were able to survive and grow under the acidic condi-
tions of the tailing pond (Shahrokh et al., 2022), it is 
suggested monitoring the long-term growth and effec-
tiveness of them as some candidates for phytostabili-
zation of mining districts.

Available and soluble Pb in treated waste increased 
as compared to the control and the highest values of 
this metal were measured in plot 1. Krol et al. (2020) 
found a strong dependence of potentially toxic ele-
ments (Ni, Cd, Cu, Pb, Zn and Cr) leaching on the 
pH from metallurgical slag. They claimed that heavy 
metals concentrations decreased with an increase in 
the pH of the solution, except for Pb. Pb represented 
an upward release trend under alkaline conditions. 
In addition, Gustafsson et al. (2011) and Wang et al. 
(2018) also reported that Pb adsorption on organic 
matter is more prevalent at soil pH < 6. As soil pH in 
plot 1 is 7.1, it could be expected that Pb bioavailabil-
ity in this plot is higher than that in other plots.

Plot 4 showed the highest concentrations of avail-
able and soluble Cu, Zn and Cd, this is likely due to 
the position of this area in the tailing pond (Kabas 
et  al., 2012). During the intense precipitations, this 
lower elevation respect to not treated waste (control 
area) became waterlogged receiving runoff from this 
part of the tailing pond (Acosta et  al., 2018). Due 
to the acidic nature of these waters, metal transpor-
tation from other contaminated adjacent areas as 

well as dried plants and plants residues enriched in 
potentially toxic elements, in fact, the soil of plot 4 
obtained the highest concentrations of bioavailable 
metals among the studied plots.

The results also revealed that the concentration of 
bioavailable Cu, Zn and Cd showed a negative sig-
nificant correlation with the percentage of vegetation 
cover, whereas the correlation between bioavailable 
Pb and vegetation cover percentage was significantly 
positive. This finding is consistent with our previ-
ous achievements. Shahrokh et al. (2022) and Kabas 
et  al., 2014 also reported the high accumulation of 
metals in established plants tissues in mining wastes 
(BF > 1). It is concluded that high soil salinity and 
soluble concentrations of Mg, K and Na and the soil 
total concentrations of metals contribute to the met-
als accumulation in A. halimus leaves (Shahrokh 
et  al., 2022). Halophytic plants accumulate cations 
in their tissues to regulate the internal osmotic pres-
sure. In this line, halophytes have been proposed as 
desirable alternatives for metals removal and desalini-
zation of saline and non-saline soils (Manousaki & 
Kalogerakis, 2009). Several investigators found that 
a soil salinity increment increases the metals solu-
ble concentration by the formation of soluble inor-
ganic complexes (Abbaspour et al., 2008; Ghallab & 
Usman, 2007). The metals retained in the five solid 
phases for studied plots can be seen in Fig.  2. For 
Cu, Zn and Cd, exchangeable fraction of the soils in 
plots 1, 2 and 3 showed the lowest value, while that in 
the soils of plot 4 and control was the most dominant 
fraction. This result confirms the approach of phyto-
stabilization regarding declining the bioavailability 
of metals in contaminated regions over time. Acosta 
et  al. (2018) also evaluated the suitability of aided 
phytostabilization on this tailing pond and reported 
that this technique decreased the mobility of metals 
mainly Pb, Zn and Cd. Furthermore, exchangeable 
fraction of metals in plot 3 showed a similar behavior 
to that in the control samples, probably owing to the 
lack of vegetation cover in this area.

The exchangeable fraction of Zn, Cu and Cd sig-
nificantly decreased with increasing the percentage of 
vegetation cover in treated soils. The highest and the 
lowest values of exchangeable phase were obtained 
in the plots 4 and 1, respectively. For Pb in control 
soil, the fraction with the highest concentrations and 
percentages was the oxidizable phase followed by 
exchangeable form. A significant high content of Pb 
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bound to the oxidizable phase in this plot is likely 
attributed to the high content of sulfides in the sur-
face layer. Similar result has been also reported on the 
tailing pond contaminated with Pb by Martínez-Mar-
tínez et  al. (2013). After the application of amend-
ments and vegetation establishment, the amount of 
exchangeable Pb in the soil decreased in the order: 
plot 3 > plot 1 > plot 2 = plot 4. Clearly, sequential 
extraction data of Pb did not follow a similar pattern 
to those of other metals.

Relations among soil properties and available metals 
under aided phytostabilization

The PCA provided a model in which the first two 
PCs accounted for 93% of the total variance among 
the studied soils (Fig. 3). PC1 exhibited high to mod-
erate positive loadings on bioavailable Cu, Zn and 
Cd, clay and EC, whereas pH and CCE were nega-
tively associated in PC1. This finding suggests that 
an increase in CCE resulted in pH increment and pro-
moted a decrease in availability of soil metals. Mar-
tínez-Martínez et  al. (2019) found a negative corre-
lation between pH and available metals in the tailing 
pond. They reported that pH increment could increase 
the activity of some enzymes in soil, which in turn 
decreased the bioavailability of Cu, Zn and Pb. Khan-
mirzaie et  al. (2013) investigated the relationship 

between different forms of Cd in soil and uptake by 
wheat and reported that there was a significant rela-
tionship between bioavailable Cd and EC.

PC2 explained 27% of total variance showed 
high positive loading on Pb and OC, whereas it was 

Fig. 2   Distribution of Pb, Zn, Cu and Cd in the solid phases of studied plots

Fig. 3   Biplot drawn based on the first (PC1) and second (PC2) 
components obtained from principal component analysis. OC 
organic carbon, EC electrical conductivity, TS total sulfur, 
CCE; calcium carbonate equivalent, P phosphorus
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negatively related to total sulfur (Fig. 3). Sulfide oxi-
dation in soil results in the formation of iron oxides 
and hydroxides, which could precipitate As and 
reduce its availability (Sun et al., 2012). The decrease 
in metal availability could happen in soil owing to the 
formation of stable complexes with organic matter 
(Yolcubal & Akyol, 2008) and the precipitation with 
carbonates during aided phytostabilization process.

The cluster analysis of the samples shows the 
existence of three main groups (Fig.  4). The first 
group consists of the samples from plot 1, second 
group includes samples from the plots 2 and 3, and 
the third one comprises the samples of the plots 4 and 
control. This is in good agreement with the previ-
ous findings regarding the major effect of vegetation 
cover on soil properties particularly on bioavailable 
metals. Plot 1 with the highest percentage of vegeta-
tion cover presented the most significant impact on 
the characteristics of soils. Plots 2 and 3 with almost 
similar vegetation cover percentages showed a similar 
behavior of influencing the soil. In addition, our find-
ings indicated that plot 4 due to the lack of vegetation 
cover followed the trend of control plot in altering the 
heavy metals fractions.

Conclusions

Aided phytostabilization including the application 
of amendments along with vegetation of native spe-
cies could significantly improve the chemical condi-
tions of an acidic tailing pond, which resulted in the 

increment of vegetation cover percentage, richness 
and biodiversity index. Marble waste, pig slurry and 
manure were efficient in decreasing soil EC, TS and 
bioavailability of metals including Zn, Pb, Cu and 
Cd, while pH, CaCO3, OC and TN were increased 
after application of these amendments. Besides the 
amendments, plots location was another factor that 
affected the soil properties and phytostabilization 
efficiency in the studied plots. Plot 4 due to its lower 
topography situation in the tailing pond receiving 
runoff water from the non-rehabilitated areas con-
tained higher concentrations of potentially toxic 
elements and remained bare. Therefore, this plot 
exhibited a trend similar to the control regarding 
the variation of soil characteristics after the recla-
mation strategy, which was confirmed by the results 
of sequential extraction analysis. Furthermore, pH, 
CCE, OC, TN and P were positively correlated with 
the percentage of vegetation cover, while a negative 
correlation was found between EC and TS and veg-
etation cover percentage. A. halimus, P. miliaceum 
and P. saxatile were the most dominant species 
stablished in the treated plots.

This study showed that in relation to the estab-
lishment and growth of plants and consequently 
the efficiency of phytostabilization, even a slight 
change in slope can be a very critical factor that 
must be considered. Many researchers and manag-
ers ignore the examination of micro-topographic 
features as effective factors in phytoremediation 
process, and must be taking in to account in reme-
diation projects.

Fig. 4   K-means clusters of 
studied plots



4675Environ Geochem Health (2023) 45:4665–4677	

1 3
Vol.: (0123456789)

Acknowledgements  This work was funded by the European 
Union LIFE+ project MIPOLARE (LIFE09 ENV/ES/000439).

Author contributions  VS contributed to the conceptualiza-
tion, visualization, and writing—original draft. SMM contrib-
uted to the methodology, investigation, and writing—review 
and editing. ÁF was involved in the project administration and 
funding acquisition. RZ assisted in the methodology, investiga-
tion, and writing—review and editing. JAA contributed to the 
methodology, investigation, and writing—review and editing.

Funding  Open Access funding provided thanks to the 
CRUE-CSIC agreement with Springer Nature. This work was 
funded by the European Union LIFE + project MIPOLARE 
(LIFE09 ENV/ES/000439).

Data availability  The authors confirm that the data support-
ing the findings of this study are available within the article.

Declarations 

Conflict of interest  The authors declare that they have no 
conflict of interest.

Animal research  No application.

Consent to participate  No application.

Consent to publish before reference in the manuscript.  No 
application.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Abbaspour, A., Kalbasi, M., Hajrasuliha, S., & Fotovat, A. 
(2008). Effect of organic matter and salinity on ethylen-
ediaminetetraacetic acid-extractable and solution species 
of cadmium and lead in three agricultural soils. Communi-
cations in Soil Science and Plant Analysis, 39, 983–1005.

Acosta, J. A., Abbaspour, A., Martínez, G. R., Martínez-Mar-
tínez, S., Zornoza, R., Gabarrón, M., & Faz, A. (2018). 
Phytoremediation of mine tailings with Atriplex halimus 

and organic/inorganic amendments: A five-year field case 
study. Chemosphere, 204, 71–78.

Acosta, J. A., Faz, A., Martínez-Martínez, S., Zornoza, R., 
Carmona, D. M., & Kabas, S. (2011). Multivariate sta-
tistical and GIS-based approach to evaluate heavy metals 
behavior in mine sites for future reclamation. Journal of 
Geochemical Exploration, 109(1–3), 8–17.

Alcolea-Rubio, L. A. (2015). Geoavailability of Ni, Cu, Zn, 
As, Cd and Pb n the Sierra de Cartagena-La Unión (SE 
Spain). Universidad Politéchnica de Cartagena.

Alvarenga, P., Palma, P., Gonçalves, A. P., Baião, N., Fer-
nandes, R. M., De Varennes, A., et al. (2008). Assessment 
of chemical, biochemical and ecotoxicological aspects in 
a mine soil amended with sludge of either urban or indus-
trial origin. Chemosphere, 72(11), 1774–1781.

Barker, A. V. (1997). Composition and uses of compost. In 
J. E. Rechcigl & H. C. Mackinnon (Eds.), Agricultural 
uses of by-products and wastes (pp. 140–162). ACS 
Symposium Series vol. 668. American Chemical Soci-
ety. Washington, DC, USA.

Biswas, A. (2019). Joint multifractal analysis for three vari-
ables: Characterizing the effect of topography and soil 
texture on soil water storage. Geoderma, 334, 15–23.

Brallier, S., Harrison, R. B., Henry, C. L., & Dongsen, X. 
(1996). Liming effects on availability of Cd, Cu, Ni and 
Zn in a soil amended with sewage sludge 16 years pre-
viously. Water, Air, and Soil Pollution, 86(1), 195–206.

Conesa, H. M., Faz, Á., & Arnaldos, R. (2006). Heavy metal 
accumulation and tolerance in plants from mine tailings 
of the semiarid Cartagena-La Unión mining district (SE 
Spain). Science of the Total Environment, 366(1), 1–11.

Confalonieri, R., Jones, B., Van Diepen, K., & Van 
Orshoven, J. (2014). Scientific contribution on combin-
ing biophysical criteria underpinning the delineation 
of agricultural areas affected by specific constraints. (J. 
Terres, A. Hagyo, & A. Wania, Eds.)European Comis-
sion- EUR 26940 EN- Joint Research Centre- Institute 
for Environment and Sustainability.

Costa, J., Barbosa, B., & Fernando, A. L. (2016). Wastewa-
ters reuse for energy crops cultivation. In Doctoral Con-
ference on Computing, Electrical and Industrial Systems 
(pp. 507–514). Springer.

Cross, A. T., Zhong, H., & Lambers, H. (2021). Incorporat-
ing rock in surface covers improves the establishment of 
native pioneer vegetation on alkaline mine tailings. Sci-
ence of the Total Environment, 768, 145373.

De la Fuente, C., Pardo, T., Alburquerque, J. A., Martínez-
Alcalá, I., Bernal, M. P., & Clemente, R. (2014). 
Assessment of native shrubs for stabilisation of a trace 
elements-polluted soil as the final phase of a restoration 
process. Agriculture, Ecosystems and Environment, 196, 
103–111.

Epelde, L., Becerril, J. M., Mijangos, I., & Garbisu, C. (2009). 
Evaluation of the efficiency of a phytostabilization process 
with biological indicators of soil health. Journal of Envi-
ronmental Quality, 38(5), 2041–2049.

Ernst, W. H. O. (1996). Bioavailability of heavy metals and 
decontamination of soils by plants. Applied Geochemistry, 
11(1–2), 163–167.

Fernando, A. L., Costa, J., Barbosa, B., Monti, A., & Retten-
maier, N. (2018a). Environmental impact assessment of 

http://creativecommons.org/licenses/by/4.0/


4676	 Environ Geochem Health (2023) 45:4665–4677

1 3
Vol:. (1234567890)

perennial crops cultivation on marginal soils in the Medi-
terranean Region. Biomass and Bioenergy, 111, 174–186.

Fernando, W. A. M., Ilankoon, I. M. S. K., Syed, T. H., & Yell-
ishetty, M. (2018b). Challenges and opportunities in the 
removal of sulphate ions in contaminated mine water: A 
review. Minerals Engineering, 117, 74–90.

Field, A. (2009). Discovering statistics using SPSS. Sage 
publications.

Ghallab, A., & Usman, A. R. A. (2007). Effect of sodium chlo-
ride-induced salinity on phyto-availability and speciation 
of Cd in soil solution. Water, Air, and Soil Pollution, 185, 
43–51.

Gustafsson, J. P., Tiberg, C., Edkymish, A., & Kleja, D. B. 
(2011). Modelling lead (II) sorption to ferrihydrite and 
soil organic matter. Environmental Chemistry, 8(5), 
485–492.

Hartigan, J. A., & Wong, M. A. (1979). A K‐means cluster-
ing algorithm. In Journal of the Royal Statistical Soci-
ety: Series C (Applied Statistics) (Vol. 28, pp. 100–108). 
Wiley Online Library.

Hot, E., & Popović-Bugarin, V. (2016). Soil data clustering 
by using K-means and fuzzy K-means algorithm. Telfor 
Journal, 8, 56–61.

IUSS. (2014). World Reference Base for Soil Resources 
2006. World Soil Resources Reports No 103.

Kabas, S., Faz, A., Acosta, J. A., Arocena, J. M., Zornoza, 
R., Martínez-Martínez, S., & Carmona, D. M. (2014). 
Marble wastes and pig slurry improve the environmental 
and plant-relevant properties of mine tailings. Environ-
mental Geochemistry and Health, 36, 41–54.

Kabas, S., Faz, A., Acosta, J. A., Zornoza, R., Martínez-Mar-
tínez, S., Carmona, D. M., & Bech, J. (2012). Effect of 
marble waste and pig slurry on the growth of native veg-
etation and heavy metal mobility in a mine tailing pond. 
Journal of Geochemical Exploration, 123, 69–76.

Karbowska, B. (2016). Presence of thallium in the environ-
ment: Sources of contaminations, distribution and moni-
toring methods. Environmental Monitoring and Assess-
ment, 188(11), 1–19.

Khanmirzaie, A., Bazargan, K., Moezzi, A., & Shahbazi, K. 
(2013). Chemical forms of soil cadmium and its con-
centration in wheat grain in some calcareous soils of 
Khuzestan Province. Iranian Journal of Soil Research, 
4, 347–357.

Krol, A., Mizerna, K., & Bozym, M. (2020). An assessment 
of pH-dependent release and mobility of heavy metals 
from metallurgical slag. Journal of Hazardous Materi-
als, 384 (July 2019).

Li, X., Coles, B. J., Ramsey, M. H., & Thornton, I. (1995). 
Sequential extraction of soils for multielement analysis 
by ICP-AES. Chemical Geology, 124, 109–123.

Liu, L., Chen, H., Cai, P., Liang, W., & Huang, Q. (2009). 
Immobilization and phytotoxicity of Cd in contaminated 
soil amended with chicken manure compost. Journal of 
Hazardous Materials, 163(2–3), 563–567.

Mahar, A., Ping, W., Ronghua, L. I., & Zhang, Z. (2015). 
Immobilization of lead and cadmium in contaminated 
soil using amendments: A review. Pedosphere, 25(4), 
555–568.

Manousaki, E., & Kalogerakis, N. (2009). Phytoextraction 
of Pb and Cd by the Mediterranean saltbush (AtripLex 

halimus L.): Metal uptake in relation to salinity. Envi-
ronmental Science and Pollution Research, 16, 844–854.

Manteca, J. I., & Ovejero, G. (1992). Los yacimientos Zn, 
Pb. Ag-Fe del distrito minero de La Unión-Carta-
gena. Bética Oriental. Col. Textos Universitarios, 15, 
1085–1110.

Martinez-Martinez, S., Acosta, J. A., Cano, A. F., Carmona, D. 
M., Zornoza, R., & Cerda, C. (2013). Assessment of the 
lead and zinc contents in natural soils and tailing ponds 
from the Cartagena-La Union mining district, SE Spain. 
Journal of Geochemical Exploration, 124, 166–175.

Martínez-Martínez, S., Zornoza, R., Gabarrón, M., Gómez-
Garrido, M., Rosales, R. M., & Muñoz, M. A. (2019). Is 
aided phytostabilization a suitable technique for the reme-
diation of tailings? European Journal of Soil Science, 70, 
862–875.

Pardo, T., Clemente, R., & Bernal, M. P. (2011). Effects of 
compost, pig slurry and lime on trace element solubility 
and toxicity in two soils differently affected by mining 
activities. Chemosphere, 84(5), 642–650.

Park, J. H., Lamb, D., Paneerselvam, P., Choppala, G., Bolan, 
N., & Chung, J.-W. (2011). Role of organic amendments 
on enhanced bioremediation of heavy metal (loid) con-
taminated soils. Journal of Hazardous Materials, 185(2–
3), 549–574.

Peu, P., Birgand, F., & Martinez, J. (2007). Long term fate 
of slurry derived nitrogen in soil: A case study with a 
macro-lysimeter experiment having received high loads 
of pig slurry (Solepur). Bioresource Technology, 98(17), 
3228–3234.

Pueyo, M., Lopez-Sanchez, J. F., & Rauret, G. (2004). Assess-
ment of CaCl2, NaNO3 and NH4NO3 extraction proce-
dures for the study of Cd, Cu, Pb and Zn extractability 
in contaminated soils. Analytica Chimica Acta, 504(2), 
217–226.

R Development Core Team. (2015). R: A Language and Envi-
ronment for Statistical Computing. R Foundation for Sta-
tistical Computing, Vienna Austria. http://​www.​Rproj​ect.​
org/.

Radziemska, M., Koda, E., Bilgin, A., & Vaverková, M. D. 
(2018). Concept of aided phytostabilization of contami-
nated soils in postindustrial areas. International Journal 
of Environmental Research and Public Health, 15, 24–38.

Risser, J. A., & Baker, D. E. (2018). Testing soils for toxic met-
als. In R. . Westerman (Ed.), Soil Testing and Plant Analy-
sis (3rd ed., Vol. 3, pp. 275–298). Soil Science Society of 
America Special Publication, 3. Madison, Wisconsin.

RStudio. (2021). RStudio: Integrated Development Environ-
ment for R, Boston, MA. http://​www.r-​studio.​com.

Shahrokh, V., Perez, V., Zornoza, R., Acosta, J. A., Faz, A., & 
Martinez-Martinez, S. (2022). Soil sodium, magnesium 
and potassium contents contribute to metals uptake and 
accumulation in leaves of Atriplex halimus in tailings 
ponds. Journal of Environmental Chemical Engineering, 
10(3), 107948.

Shannon, C., & Weaver, W. (1963). The Mathematical Theory 
of Communication. University of Illinois Press.

Sobek, A. A., Schuller, W. A., Freeman, J. R., & Smith, R. M. 
(1978). Field and laboratory methods applicable to over-
burdens and mine soils. EPA-600/2–78–054.

http://www.Rproject.org/.
http://www.Rproject.org/.
http://www.r-studio.com


4677Environ Geochem Health (2023) 45:4665–4677	

1 3
Vol.: (0123456789)

Sun, F., Dempsey, B. A., & Osseo-Asare, K. A. (2012). As (V) 
and As (III) reactions on pristine pyrite and on surface-
oxidized pyrite. Journal of Colloid and Interface Science, 
388(1), 170–175.

Tessier, A., Campbell, P. G. C., & Bisson, M. (1979). Sequen-
tial Extraction Procedure for the Speciation of Particulate 
Trace Metals. Analytical Chemistry, 51, 844–851.

Tozsin, G., Oztas, T., Arol, A. I., & Kalkan, E. (2015). Changes 
in the chemical composition of an acidic soil treated with 
marble quarry and marble cutting wastes. Chemosphere, 
138, 664–667.

USDA-NRCS. (2004). Soil Survey Laboratory Methods Man-
ual (Vol. 42). Soil Survey Investigations Report, No. 42, 
Version 4. Nebraska.

Vangronsveld, J., Herzig, R., Weyens, N., Boulet, J., Adri-
aensen, K., Ruttens, A., et  al. (2009). Phytoremediation 
of contaminated soils and groundwater: Lessons from 
the field. Environmental Science and Pollution Research, 
16(7), 765–794.

Vilar, J. B., Egea Bruno, P.-M., & Fernández-Gutiérrez, J. C. 
(1991). La minería murciana contemporánea (1930–
1985). Instituto Tecnológico Geominero de España.

Wang, Q., Wang, B., Lee, X., Lehmann, J., & Gao, B. (2018). 
Sorption and desorption of Pb(II) to biochar as affected by 
oxidation and pH. Science of the Total Environment, 634, 
188–194.

Watanabe, F. S., & Olsen, S. R. (1965). Test of an ascorbic 
acid method for determining phosphorus in water and 
NaHCO3 extracts from soil. Soil Science Society of Amer-
ica Journal, 29(6), 677–678.

Wuana, R. A., & Okieimen, F. E. (2011). Heavy metals in con-
taminated soils: a review of sources, chemistry, risks and 
best available strategies for remediation. International 
Scholarly Research Notices, 2011 (Article ID 402647), 
1–20.

Yang, S. X., Liao, B., Yang, Z. H., Chai, L. Y., & Li, J. T. 
(2016). Revegetation of extremely acid mine soils based 
on aided phytostabilization: A case study from southern 
China. Science of the Total Environment, 562, 427–434.

Ye, Z. H., Shu, W. S., Zhang, Z. Q., Lan, C. Y., & Wong, M. H. 
(2002). Evaluation of major constraints to revegetation of 
lead/zinc mine tailings using bioassay techniques. Chem-
osphere, 47(10), 1103–1111.

Yolcubal, I., & Akyol, N. H. (2008). Adsorption and transport 
of arsenate in carbonate-rich soils: Coupled effects of 
nonlinear and rate-limited sorption. Chemosphere, 73(8), 
1300–1307.

Zornoza, R., Faz, Á., Carmona, D. M., Acosta, J. A., Martínez-
Martínez, S., & De Vreng, A. (2013). Carbon minerali-
zation, microbial activity and metal dynamics in tailing 
ponds amended with pig slurry and marble waste. Chem-
osphere, 90(10), 2606–2613.

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Efficiency of large-scale aided phytostabilization in a mining pond
	Abstract 
	Introduction
	Materials and methods
	Study area
	Experimental design and soil sampling
	Laboratory analysis
	Data analysis

	Results and discussion
	Plant growth
	Effect of amendments and phytostabilization on soil properties
	Effect of aided phytostabilization on the availability of metals
	Relations among soil properties and available metals under aided phytostabilization

	Conclusions
	Acknowledgements 
	References




