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tailings contamination in soil cover materials? A 7-year field study 
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A B S T R A C T   

The potential pollution risk associated with poor management of mine tailings includes metal pollution of the 
surrounding environment from dusting and runoff. Thus, the establishment of a vegetation cover (rehabilitation) 
is viewed as an effective management strategy. Mine tailings can be inhibitory to plant growth due to their 
physico-chemical characteristics such as extreme pH, high salinity and potential high metal(loid) content, and 
the provision of a cover soil (≥ 30 cm) is usually recommended. This requires significant volumes of topsoil, 
which are often in limited supply at mine sites. An alternative may be the use of engineered soil (using organic 
and/or inorganic additives to improve physico-chemical properties) and placement of a barrier layer to prevent 
migration of tailings water or fines into the soil cover medium. 

Metal(loid)s content in soil cover treatments and vegetation uptake were evaluated after 7 years of rehabil
itation in 1 m3 plots on a Pb/ Zn TSF. Final 30 cm covers included unamended tailings, subsoil material and 
subsoil amended with organic wastes (Spent Mushroom Compost (SMC) and Compost like output (CLO)). 
Treatments were divided into with/without geotextile inclusion. Soil samples were taken at 0–10 cm and 10–20 
cm and analysed for pH, salinity (EC), and metal(loid)s/elements (As, Pb, Zn, Ca, Mg, Mn and, K) content. 
Vegetation was sampled after 1 yrs. growth (2015) and again after 7 years (2021) and analysed for their metal 
(loid)s/element content. 

Unamended tailings showed high metal(loid)s content at both depths, but concentrations were much lower in 
soil treatments. Herbage samples analysed in 2015 showed a higher concentration of metals than for 2021, 
highlighting the effectiveness and sustainability of amendments over a long period. Vegetation grown in un
amended tailings showed the highest content of metal(loid)s, with significantly lower content in soil treatments. 
No significant difference was found for soil or vegetation metal(loid) content between geotextile inclusion/ 
exclusion. Results, highlight the relatively shallow soil covers without geotextile provide long term success with 
no evidence of metal(loid) contamination from underlying tailings.   

1. Introduction 

Mine tailings are the fine grained (< 2 mm diameter) by-products of 
ore processing, with global production estimated at 10 billion tonnes 
annually (Sikdar et al., 2020). Tailings stored in Tailings Storage Facil
ities (TSFs) risk generating fugitive emissions and pose contamination 
risk to the surrounding environment when incorrectly disposed or 
poorly managed. As TSFS along with waste rock dumps, occupy a global 
land use footprint of some 251,000 ha (Islam et al., 2022) this presents 
significant environmental burden, and suitable management strategies 
are therefore needed to mitigate pollution risk. 

The establishment of a vegetation cover on the tailings is viewed as 

an effective management strategy to minimise pollution risk (Hagner 
et al., 2021). However, tailings typically display physiochemical char
acteristics that are inhibitory to vegetation establishment and soil 
development. These include extreme pH, high salinity, potential high 
metal(loid) content, and lack of nutrients (Sikdar et al., 2020; Tordoff 
et al., 2000). Where tailings are non-acidic, have low salinity and low 
total metal(loid) concentrations, direct revegetation may be a suitable 
approach, but provision of a cover soil of at least 30 cm is usually rec
ommended to avoid phytotoxicity (Tordoff et al., 2000). The provision 
of a soil cover requires a high volume of topsoil, which, in mine sites, is 
often limited because of degradation, contamination or previous 
removal (Carrick and Krüger, 2007; Palmer and Davies, 2014). An 
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alternative may be the development of engineered soils (technosols) 
(Gilardelli et al., 2013; Smart et al., 2016) or using poorer subsoil ma
terials amended with organic matter (Xie and van Zyl, 2020; Proto and 
Courtney, 2023). 

Establishing vegetation on such soil covers does not necessarily 
equate with rehabilitation success. The major drawbacks of this 
approach include limitations on the capacity of the capping materials to 
provide sufficient plant nutrition over time, and the risk of contamina
tion from underlying tailings (Di Carlo et al., 2019; Wehr et al., 2006). 
While Proto and Courtney (2023) found that organically amended 
subsoil material can provide sustained nutrient supply and plant growth 
in capped tailings, potential for tailings contamination of surface soil 
requires assessment. Di Carlo et al. (2019) reported that a shallow soil 
layer (ca. 50 cm) cover on bauxite residue tailings, displayed high pH, 
high salinity, and elevated metal(loid) content in both soil and plant 
samples. The ineffectiveness of a shallow soil caping in long-term (55 
years) rehabilitation was also highlighted by vegetation dieback and the 
partial erosion of the soil cover (Di Carlo et al., 2019). Similarly, Menzies 
and Mulligan (2000) reported vegetation dieback and upward migration 
of acidity and Cu from underlying tailings into a 65 cm layer of a soil 
clay cover. 

Such findings highlight the need for potential inclusion of an barrier 
layer to inhibit capillary rise or prevent the upward migration of tailings 
fines into the soil cover material and limit vegetation interaction with 
tailings (Taki et al., 2023). 

Callery and Courtney (2015) monitored a soil cover system (30 cm 
layer of granular rock, geotextile, and 20 cm soil) rehabilitation strategy 
on pyritic Pb/Zn tailings over 4 years. While monitoring of the under
lying tailings showed evidence of oxidation and changes in porewater 
chemistry, no evidence of zinc and lead contamination was found in the 
soil cover material, and highlights the role of the capillary and geotextile 
break. While geotechnical assessment of cover materials with geotextiles 
have been reported for net-neutral tailings (Quille and O’Kelly, 2010), 
potential of tailings and metal contamination of overlying soil material 
and plant growth is unreported. 

A series of 1m3 intermediate bulk containers (IBC) containers were 
used to assess the potential need for geotextile inclusion in soil cover 
approaches for rehabilitation Pb/Zn tailings with low pyrite (<0.5%) 
and high carbonate (ca. 50%) content. The study assessed the metal 
(loid) fraction content in soil covers overlying Pb/Zn tailings at two 
depths (0–10 cm and 10–20 cm) after 7 yrs. of rehabilitation, and in 
established vegetation 1 year and 7 years post rehabilitation imple
mentation. The results can be useful for practical implications in Pb/Zn 
rehabilitation strategies, and can be translated in field-based experi
ments, to assess the effectiveness of the rehabilitation under “natural” 
conditions. 

2. Methodology 

To assess the effectiveness of different soil cover treatments (soil and 
vegetation) on pH neutral, high carbonate content (SI Table S1) Pb/ Zn 
mine tailings, a series of IBC containers (1 m3) rehabilitation strategies 
were implemented on a tailings storage facility (TSF) in 2014 (Ireland). 
A total of 9 treatments (x 3 replicates) were implemented: unamended 
tailings treatment (Ta1), a soil cover (30 cm) consisting of either subsoil 
(S), subsoil amended with Compost like output - CLO (T2), with Spent 
Mushroom Compost - SMC (T3) and with CLO + SMC (T4). The treat
ments were repeated with inclusion of a geotextile (TERRAM 2000) 
positioned on the tailings before placement of soil cover- subsoil, subsoil 
amended with CLO, with SMC and with CLO + SMC (SG, T2G, T3G, and 
T4G) (. 

Table 1). Tailings were deposited into the IBC containers to a depth 
of 60 cm and allowed to consolidate for 6 months, after which the soil 
cover treatment was installed (Fig. 1). The initial chemical character
ization (pH, Ca, Mg, K, As, Pb. Zn and Mn) of tailings, subsoil, SMC, and 
CLO, used for the treatments, is shown in Table S2. 

Soil covers were seeded (September 2014), with a grass species 
mixture: Festuca rubra litoralis (Slender Creeping Red Fescue, 20%), 
Lolium perenne (Perennial Ryegrass, 55%), Poa pratensis (Smooth Stalked 
Meadow Ryegrass, 5%) and Festuca rubra (20%), with an application 
rate of 7 g/m2. Treatments were left unmanaged for 7 years (from 2014 
to 2021). To maintain the integrity of the surface soil cover, soil samples 
were collected at the cessation of the study in September 2021; vege
tation was collected in spring of 2015 and 2021. 

2.1. Soil sampling 

Soil was sampled at two depths (0–10 cm and 10–20 cm) in 
September 2021. Samples were returned to the laboratory where they 
were oven dried (24 h, 70 ◦C) and sieved (< 2 mm) prior to analysis. 
Samples were analysed for pH and electrical conductivity (EC) in a 1:2.5 
aqueous extract. Element (As, Pb, Zn, Ca, Mg, Mn, and K) concentrations 
were determined as soluble, available, and total content. Soluble content 
was assessed by extraction using deionized H2O. Approximately 2 g of 
soil material and 20 ml of H2O, were shaken for 30 min, centrifuged at 
1500 RPM for 15 min, and filtered (0.45 μm) prior to determination 
using ICP-MS. Available element content was analysed following the 
standardised test DM005 using 0.43 M acetic acid (BM014) and deter
mined by ICP-OES. Total element content in the soils was determined 
following extraction with Aqua Regia assisted by Microwave System and 
analysed by ICP-OES. 

2.2. Vegetation sampling 

Vegetation sampling was conducted in Spring 2015 and 2021. Grass 
was harvested at 2 cm, labelled, and returned to the laboratory where it 
was rinsed with DI water, oven dried (70 ◦C for 24 h), homogenised and 
milled. Grass samples were digested using a Microwave System and 
analysed for elemental content (As, Pb, Zn, Ca, Mg, Mn, and K) by ICP- 
MS. 

Table 1 
Treatment ID and explanation of the different soil cover rehabilita
tion treatments.  

ID Treatments 

Ta1 Tailings 
S Subsoil 
SG Geotextile + Subsoil 
T2 Subsoil/CLO 2:1 
T2G Geotextile + Subsoil/CLO 2:1 
T3 Subsoil/SMC 2:1 
T3G Geotextile+ Subsoil/SMC 2:1 
T4 Subsoil/CLO + SMC 2:1 
T4G Geotextile + Subsoil/CLO + SMC 2:1  

Fig. 1. Schematic of the different rehabilitation strategies employed in IBC 
containers. Soil cover systems: 60 cm of Mine Tailings and vegetation; Mine 
tailings +30 cm of subsoil, Mine tailings +30 cm of subsoil with organic; Mine 
tailings+ geotextile +30 cm of subsoil; Mine tailings+ geotextile+30 cm of 
subsoil with organic. 
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2.3. Statistical analysis 

GraphPad Prism 9.1.0 was used to perform statistical analyses. The 
data were tested for normality using D’Agostino and Pearson test or 
Shapiro Wilk test. One-way ANOVA test was used for parametric/ 
normal data, in order to compare the mean of chemical parameters of 
each treatment, both in soil and in vegetation. Kruskal-Wallis test was 
used for non-parametric/non normal data. The p-value for accepting/ 
rejecting the null hypothesis of the multiple comparison test performed 
(Tukey) was p < 0.05. 

3. Results 

3.1. Soil 

Soil pH in the rehabilitation treatments ranged between 7.4 and 8.1 
(Table 2). Highest pH value (8.1) was recorded in the geotextile +
subsoil treatment (S2) at both depths; the lowest value (7.6), at 0–10 cm, 
was recorded in the subsoil/SMC treatments (T4) and geotextile +
subsoil/SMC (T8). Significant differences (p < 0.05) were observed be
tween treatments at both depths. 

The Electrical conductivity (EC) in soil treatments ranged between 
290 μS cm− 1 in subsoil (S1) at 10–20 cm and 1857 μS cm− 1 in tailings 
(Ta1) at 0–10 cm. Significant differences (p < 0.05) were found between 
the treatments at both depths. 

3.2. Metal(loid)s 

Highest concentrations of water soluble, available, and total As, Pb, 
and Zn were recorded in tailings (Ta1), at both depths, with significantly 
lower content in all the other treatments (Fig. 2). Total content in tail
ings (Ta1) also exceeded the upper value (mg kg− 1) for a non-polluted 
Irish soil (McGrath et al., 2007), denoted as red lines. Organic amend
ment of the subsoil material also increased the total Pb and Zn content to 
above non-polluted soil levels. 

Over both depths, soluble As ranged between 0.025 μg kg− 1 in sub
soil (S) and geotextile + subsoil (SG) to 0.26 μg kg− 1 in tailings (Ta1). 
Significant differences were found between Ta1 at 0–10 cm depth and all 
the other treatments. No significant differences were found in treat
ments at 10–20 cm. Available As content was significantly higher (p <
0.05) in tailings (Ta1) ca. 50 mg kg− 1 at 10–20 cm and 48.3 mg kg− 1 at 
0–10 cm. No significant difference (p < 0.05) was found for As content 
between the same soil cover treatment with and without geotextile 
inclusion. 

Similarly, soluble and available Pb and Zn showed highest concen
trations in tailings (Ta1) and the lowest in subsoil treatments. Organic 
amendment with either SMC or CLO increased available Zn content but 
results were not significant (p > 0.05). Soil treatments with and without 
geotextile did not show any significant difference between them for 
soluble, available or total content of Pb and Zn. 

Soluble and available metal(loid)s concentration followed the order: 
Zn > Pb > As, and total concentration fraction follows: Zn ≈ Pb > As. 

3.3. Nutrient elements 

Concentrations of soluble, available, and total Ca, Mg and Mn were 
highest in the tailings treatment (Ta1) (Fig. 3). Concentrations in the 
subsoil or amended subsoil treatments did not display any significant 
differences between them. For all treatments, total content was higher 
than the inferior limits for non-polluted Irish soil (McGrath et al., 2007). 
No significant difference (p < 0.05) was found between the same soil 
treatments with and without geotextile for Ca, Mg and Mn content. 

Conversely, soluble K was not detected in the treatments. Lowest 
available K content was found in the tailings (Ta1) and subsoil (S) 
treatments. Organic amendment significantly increased (p < 00.5) 
available content, with highest values in the subsoil/ CLO (T2) treat
ment. However, no significant difference (p > 0.05) was found between 
the amended subsoil treatments. Total K content was all treatments was 
higher than the inferior limits for non-polluted Irish soil (McGrath et al., 
2007), with no significant differences between them. No significant 
difference (p < 0.05) was found between the same soil treatments with 
and without geotextile. 

3.4. Vegetation 

Concentrations of metal(loids)s and nutrient elements for both 2015 
and 2021 harvests are shown in Fig. 4 and Fig. 5. 

3.5. Metal(loid)s 

Vegetation results for As, Pb and Zn showed a similar trend: the 
highest concentration was recorded in the tailings treatment (Ta1) in 
2015. While values declined significantly in the 2021 sampling, con
centrations for Pb and Zn in the tailings treatment were higher than 
those recorded for the soil treatments. Content of all metal(loid)s was 
lower in all the other treatments both in 2015 and in 2021. 

Vegetation samples from the tailings treatment (Ta1) in 2015 had 
concentrations higher than the toxicity threshold for As (8 mg kg− 1), Pb 
(4.6 mg kg− 1) and Zn (172 mg kg− 1) in 2015 (Fig. 4), and for Pb in 2015 
and 2021. All the other treatments showed metal(loid)s concentration 
inferior to the toxicity values. 

Arsenic concentration was highest in tailings (Ta1) in 2015 (19.8 mg 
kg− 1) and above the toxicity threshold (Kabata-Pendias and Szteke, 
2019). As content in all the other treatments were below the toxicity 
level with no differences (p < 0.05) were recorded between treatments 
in 2021. Concentrations in vegetation from soil treatments with and 
without geotextile inclusion, did not show any significant difference 
between them. 

Highest Pb concentration was recorded in tailings (Ta1), both in 
2015 (56 mg kg− 1) and in 2021 (8 mg kg− 1). In all the other treatments 
concentration ranged 4.7 mg kg− 1 subsoil (S) in 2015 and 0.70 mg kg− 1 

in treatment T3 (subsoil/SMC) in 2021. Concentration for tailings 
treatment (Ta1) in 2015 showed a significant difference (p < 0.05) with 
all other treatments from 2015 and 2021 and with Ta1 of 2021. More
over, while concentrations for vegetation grown on tailings (Ta1) was 
much lower in 2015 than in 2021, both exceeded the toxicity threshold 
(Kabata-Pendias and Szteke, 2019) but were below the threshold for all 
the other treatments. 

Zinc ranged between 231 mg kg− 1 in vegetation from tailings (Ta1) 
in 2021 and 23 mg kg− 1 in vegetation from treatment T2 (subsoil/CLO) 
in 2021. Zn showed the highest concentration in Ta1 both in 2015 (231 
mg kg− 1) and in 2021 (143 mg kg− 1). Values for Ta1, both in 2015 and 
in 2021, differed significantly (p < 0.05) between them and with all the 
others. The concentration was above the toxicity threshold for Ta1 
treatments (2015) but not for 2021. For all other treatments, in both 
years, Zn concentration was below toxicity levels. 

Table 2 
Soil pH and EC (μS cm− 1) over depths of 0–10 and 10–20 cm in the different soil 
covers treatments overlying tailings. Mean ± SE (n = 3). Columns designed by 
the same letters are not significantly different (p < 0.05).  

ID treatments pH EC (μS cm− 1) 

0–10 cm 10–20 cm 0–10 cm 10–20 cm 

Ta1 7.9a,b 7.7a 882a 1857a 

S 8.0a 8.0a 414b 290b 

SG 8.1a 8.1a 341d 265b 

T2 7.7a,b 7.7a 553 495bB 

T2G 7.9a,b 7.8a,b 505b 493b 

T3 7.6b 7.6a,b 568b 461b 

T3G 7.6b 7.4b 796a,c 1526c 

T4 7.7a,b 7.4b 851a 1225c 

T4G 7.7a,b 7.6b 712c 911c  
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As, Pb and Zn concentrations in vegetation from soil treatments with 
and without geotextile inclusion did not show significant difference (p 
< 0.05) between them. 

Metal(loid)s concentration followed the order: Zn > Pb > As. This 
result is consistent with the result obtained for soil covers treatments for 
soluble and available metal(loid)s concentration and similar to the total 
content where Zn ≥ Pb > As. 

3.6. Nutrient elements 

Except for Ca, where some treatments showed a higher concentration 
in 2021, element concentration was higher in 2015 than in 2021. The 
lower limits required for plant growth (Mahler, 2004) (Ca: 5 g kg− 1; Mg: 
1 g kg− 1; K: 5 g kg− 1; Mn: 20 mg kg− 1) are shown in Fig. 5. K concen
trations were above sufficiency levels for all treatments for both sam
pling campaigns. Conversely, T3, T3G, T4 and T4G from 2015, were 
slightly deficient for Ca. 

Ca ranged between 7.5 g kg− 1 in vegetation from tailings (Ta1) in 
2015, and 2.4 g kg− 1 in vegetation from geotextile + subsoil/SMC (T3G) 
in 2015. Ca showed the highest concentration in Ta1, both in 2015 and 
in 2021, ca. 7.5 g kg− 1. Almost all samples showed a sufficient con
centration of Ca, except samples of treatments T3, T4, T3G and T4G in 

2015 which showed Ca deficiency. No significant difference (p < 0.05) 
was found between the treatments in both years. Ca concentration in 
vegetation did not show any significant difference (p < 0.05) between 
samples grown in treatments with and without geotextile. 

Mg showed the highest concentration, 2.7 g kg− 1, in tailings (Ta1) in 
2015 and the lowest, 0.6 g kg− 1, in subsoil (S) in 2021. Values for tail
ings in 2015 showed a significant difference (p < 0.05) with all the other 
treatments for both years. Conversely, values for 2021 did not show any 
significant difference between them. Mg vegetation content was suffi
cient in the tailings for both 2015 and in 2021; whereas it was slightly 
sufficient in all other treatments for 2015 and decreased to below the 
inferior limit of sufficiency (Mahler, 2004) in 2021. 

For all treatments, highest Mn concentration was found in 2015, 
conversely, Mn for 2021 in treatments Ta1, T2, T2G, T3G, T4 and T4G 
were slightly deficient. Content was the highest in vegetation from 
subsoil/SMC (T3) in 2015 (77 mg kg− 1), and the lowest content was 
recorded in subsoil/CLO (T2) in 2021. While vegetation content for 
2015 were significantly higher (p < 0.05) compared to 2021, no sig
nificant difference was found in vegetation content between soil treat
ments with and without geotextile. All treatments, showed a sufficient 
Mn concentration in 2015; but in 2021 all treatments, except SG, were 
slightly below the limit value. 
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Fig. 2. Soluble, available, and total metal(loid)s concentration in soil cover treatments at two depths (0–10 cm and 10–20 cm), expressed in μg kg− 1 for soluble 
concentration and in mg kg− 1 for available and total content. Mean ± SE (n = 3). Bars designed by the same letters are not significantly different (p < 0.05). The red 
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colour in this figure legend, the reader is referred to the web version of this article.) 
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For all treatments, K concentration was higher in 2015 than in 2021. 
Concentrations ranged between 3.2 g kg− 1 in vegetation from tailings 
(Ta1) in 2015 and 1.4 g kg− 1 in vegetation from subsoil (S) in 2021. The 
treatments showed significant difference (p < 0.05) between samples of 
2015 and those of 2021, but no difference was found between samples 
collected in the same year. All the vegetation samples showed a suffi
cient K content. 

Elements concentration in vegetation samples followed K > Ca > Mg 
> Mn. 
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4. Discussion 

4.1. Soil 

For both sampling depths, all the soil treatments showed a neutral – 
slightly alkaline pH (7.4–8.1), were non-saline EC (<4000 μS cm− 1), and 

consequently achieved guideline values for successful rehabilitation 
suggested by (Gräfe and Klauber, 2011). Critically, it is stated that these 
values are sustained and, as treatments were 7 years in place at time of 
sampling, it indicates their suitability as long-term rehabilitation 
approaches. 

Lead/zinc tailings can show similar physico-chemical characteristics 
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and composition, but specific properties or metal(loid)s concentration 
will vary between sites and can be attributed to the mineralogy of ore 
processed. A wide variety in concentrations of specific metal(loid)s 
occur through different Pb/Zn tailings sources. For example, Milton 
et al. (2002) reported total Pb content from 1058 to 46,630 mg kg− 1 in 
different Pb/Zn tailings sites, and Proto et al. (2023) reported total As 
between 644 and 2037 mg kg− 1, Pb from 8072 to 1251 mg kg− 1 and Zn 
concentration from 875 to 10,000 mg kg-1. Courtney (2013) reported 
values for total Pb of 11,545 and 8341 mg kg− 1, and for Zn of 9455 and 
10,787 mg kg-1 respectively in surface and sub-surface tailings from 
different floristic zones within a TSF in Ireland. 

Total Pb and Zn content for tailings in the current study showed 
values (As: 700 mg kg − 1, Pb and Zn: 3000 mg kg− 1) at the lower end of 
the range reported in literature but may still pose plant uptake risk. 

Total amount of As, Pb and Zn detected in the tailings treatments in 
the current study were above background levels for Irish soils (McGrath 
et al., 2007) and polluted soil threshold values (As: 50 mg kg− 1, Pb: 600 
mg kg− 1, Zn: 3000 mg kg− 1) (Kabata-Pendias and Szteke, 2019), Un
amended tailings are therefore an unfavourable environment for reha
bilitation, and the provision of a soil cover is necessary for 
rehabilitation. Subsoil derived treatments showed As concentration 

within normal ranges (McGrath et al., 2007). Conversely Pb and Zn 
content was slightly elevated for subsoil and organically amended 
treatments. This is attributed to both geogenic loading (Perkins et al., 
2016) and source of organic used. 

Concentrations for total Pb and Zn in the organic amended subsoil 
treatments were higher than found in unamended subsoil. These results 
highlight the importance of screening materials for inclusion in reha
bilitation programs, in agreement with Zheljazkov and Warman (2003). 
Two distinct trends were observed for the different organic amend
ments, in SMC amended subsoil, Pb and Zn content was lower; and can 
be attributed to the metal content of SMC and CLO amendments (SI 
Table S2). Conversely, adding the CLO to the subsoil, increased Zn and 
Pb content, with values close to the upper value for a normal concen
tration of a non-polluted soil (McGrath et al., 2007). Moreover, soluble 
Zn was not detected in the subsoil treatment with geotextile, and it was 
the lowest in subsoil alone, reflecting the inherent low content of Zn in 
subsoil (SI Table S2) and indicating no mobility of soluble fraction from 
the underlying tailings. In the soil cover treatments, metal(loid)s content 
was significantly (p < 0.05) lower and below phytotoxicity threshold 
values. Perkins et al. (2016) determined the concentration of As, Cd and 
Pb, from two different remediation system on tailings: one capped with 
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a ~ 30 cm layer of rock fragments and vegetated, the other one aban
doned after the cessation of mining activity and supporting vegetation 
colonization and succession. Metal concentration in the rehabilitated 
site was lower than in the unmanaged site (Perkins et al., 2016). How
ever, levels of As, Cd, and Pb in both rehabilitated and non-rehabilitated 
sites exceeded the limit used to classify polluted soil (As: 50 mg kg− 1, 
Pb:600 mg kg− 1, and Cd: 20 mg kg− 1), highlighting the importance of an 
“appropriate” rehabilitation strategy. The importance of rehabilitation 
is highlighted in the current study, where unamended tailing showed 
higher metal content than treatments. 

The current study suggests that the subsoil material, alone or with 
organic amendment, is appropriate as a soil cover for rehabilitating the 
Pb/Zn tailings, as the concentration of metal(loid)s in their soluble, 
extractable, and total fraction is within the normal values (McGrath 
et al., 2007). Crucially, soluble, available, and total metal content in soil 
treatments with geotextiles were not different to those without it and 
indicated that its inclusion was not required. 

Holmstrom et al. (2001) reported that a till layer overlying oxidised 
tailings was partly affected by acid-generating tailings after 2 years of 
remediation. Similarly, Menzies and Mulligan (2000) found that a soil 
capping system (65 cm layer of clay, without a capillary break) was not 
sustainable as a long-term rehabilitation strategy. Upward capillary 
movement leads to increased salinity, metal content (Co, Cu, Ni) and 
acidic conditions in the plant root zone and ultimately plant dieback. 
Menzies and Mulligan (2000) and Zhang et al. (2016) suggested the use 
of a more robust capping system, incorporating an interlayer to limit the 
capillary rise from the waste, and reduce contamination of the plant 
growth medium. This finding was not observed in the current study, 
where the concentration of metal(loid) was similar in all treatments, 
with and without geotextile inclusion, indicating that no capillary 
movement from the tailings occurred. Results might be justified, 
assuming that an important role was played by the mineralogy of the 
tailings. The current study assessed net neutral Pb/Zn tailings, high in 
carbonate (CaCO3 and MgCO3) and low pyrite content in a temperate 
climate. Conversely, Menzies and Mulligan (2000), assessed pyritic 
tailings. Carbonate-rich tailings buffer the pH (around neutral) whereas 
pyritic tailings cause acid drainage and consequential acidification of 
soil (low pH) (Shu et al., 2001). 

Moreover, the current study was located in Ireland, whereas the 
studies by Menzies and Mulligan (2000) and Zhang et al. (2016) were 
conducted in semi-arid areas. Similarly, Di Carlo et al. (2019) observed 
elevated values of ESP (exchangeable sodium percentage) due to 
capillary movement during the summer season in rehabilitated bauxite 
residues (soil layer cover of ca.50 cm) in semi arid Mediterranean 
climate. Climate conditions may be important as in semi-arid areas 
upward capillary movement of solution is highly likely in summer 
months. Conversely, higher precipitation rates lead to more frequent 
leaching phenomena. The rainfall data indicate that the leaching phe
nomena have a higher probability in Irish soil than in Australia. More
over, acid generation and mobilisation of metal(loid)s in the tailings 
investigated is extremely unlikely due to the very low acid generating 
potential and pyrite content, together with high carbonates. Certainly, 
previous grassland failures on Irish Pb/Zn tailings are associated with 
pyrite tailings and low neutralisation capacity (Courtney, 2013). 

The level of macronutrients in tailings is typically low, and can be a 
limiting factor for vegetation establishment (Courtney et al., 2013), and 
can inhibit sustained plant growth in rehabilitated mine soil, showing 
decreases in nutrient content and reduction in vegetation biomass after 
the first-year growth (Courtney and Timpson, 2004). 

Highest concentrations of Ca and Mg for both available and total 
content were recorded in the tailings treatment (Ta1) at both depths and 
this can be related to the mineralogical composition of tailings that 
showed high content of CaCO3 (49.4%) and CaMg(CO)3 (11.5%). Re
sults of the current study showed similar total and available Ca content 
and that is in agreement with Dohrmann (2006), who found complete 
dissolution of calcite when using NH4Oac. Ca and Mg content in soil is an 

important parameter for plant growth (Mahler, 2004). Availability of Ca 
for vegetation is dependent on the subsoil material rather than the added 
organics. While levels of Mg of ca. 0.5% (5000 mg kg− 1) are typical of 
soils from Irish soil (Fay et al., 2007), the similar results obtained be
tween subsoil treatments indicate that organic additions (CLO and SMC) 
played a marginal role in Mg supply. 

Although Mn was not considered a pollutant in soil, the maximum 
concentration allowed is 3000 mg kg− 1 (Kabata-Pendias and Szteke, 
2019), and none of the treatments showed values in exceedance of this. 
Mn deficiency can be a limiting factor for plant growth, a value of 1 mg 
kg− 1 is considered low or deficient for vegetative growth and develop
ment (Courtney and Timpson, 2004), however, all the treatments in the 
current study, were considered sufficient. 

The higher content of available K recorded for SMC amended subsoil 
treatments, reflects the higher content in the SMC compared to the CLO, 
and the higher levels recorded after 7 years in SMC amended subsoil 
indicate its suitability as a K source for rehabilitation strategies. Simi
larly, increased available K has been recorded for SMC amended bauxite 
residue tailings (Courtney and Harrington, 2012) but the previous 
studies were conducted under a much shorter timeline (1 year compared 
to 7 years). Further, K concentrations in a sludge layer overlying Pb/Zn 
tailing decreased over a 10 yr period (Lu et al., 2013). However, the 
study of Lu et al. (2013) was an engineered cover rather than a soil/ 
plant system and indicates the important role of nutrient cycling 
establishing in a technosol cover. 

4.2. Vegetation 

Metal(loid)s concentration in plants is regulated by different pa
rameters, such as soil pH, salinity, and the interaction between elements 
(Wahsha et al., 2016). Accumulation of high levels of metal(loid)s in 
grass growing on mine wastes area can be problematic, and ultimately 
lead to mortality (Jordan et al., 2009; Courtney, 2013). 

As value recorded in vegetation from tailings in 2015 (20 mg kg− 1) 
exceeded the toxicity limit (Kabata-Pendias and Szteke, 2019) and was 
in agreement with Dradrach et al. (2020), which reported a range of 
1.5–66.5 mg kg− 1 for vegetation grown in mine affected soil. Arsenic 
concentrations in vegetation samples from the soil cover treatments, 
were within the normal range of 2–8 mg kg− 1 (Kabata-Pendias and 
Szteke, 2019) and below toxicity limit values. 

Kabata-Pendias and Szteke (2019) reported a normal range of 
0.4–4.6 mg kg− 1 Pb content for grasses (and 1.3–8 mg kg− 1 for clover) 
while concentrations observed for grassland growing on mine tailings 
ranged from 1.4 to 177 mg kg− 1 (Milton et al., 2002). Results of the 
current study reported a high content of Pb in vegetation grown on mine 
tailings with values significantly above the toxicity limit (Kabata-Pen
dias and Szteke, 2019) and in line with the values reported by Milton 
et al. (2002). All other treatments were within toxicity values. 

High concentrations of Zn in vegetation growing on tailings are 
commonly reported, with values over 500–1000 mg kg− 1 recorded in 
grassland growing directly on Pb/Zn tailings (Jordan et al., 2009; Shu 
et al., 2001; Courtney, 2013; Proto et al., 2023). Zn content for vege
tation growing on tailings was below the value reported from the pre
vious studies but was above the toxicity level (Kabata-Pendias and 
Szteke, 2019). All the other treatments showed Zn content below the 
toxicity value. 

In the current study, all vegetation samples showed a higher Pb and 
Zn concentration in 2015 than in 2021. This was most apparent in the 
tailings treatment and can be attributed to increased vegetation cover 
and root development leading to oxidation of the root zone over time. 
Soil structure in tailings can be improved by root growth which can 
introduce oxygen to deeper layers leading to more oxidised phases of 
metal(loids) (Cheng et al., 2023; Burke et al., 2023). 

Results did not show difference between the vegetation grown in 
treatments with geotextile or without; this agrees with the results ob
tained for soil treatments, highlighting that no additional benefit was 
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reached in treatments with geotextile. 
Perkins et al. (2016) reported plant content for As, Cd and Pb in 

vegetation growing in two different Pb/Zn tailings sites, the content of 
metals was significantly higher in the non-rehabilitated site compared to 
those growing in rehabilitated site (covered with a minimum of 30 cm 
layer of rock fragments and vegetated). This finding agrees with the 
results of the study that showed a higher concentration of metals in 
vegetation growing on bare tailings than the other growing on treat
ments. These results highlight the importance of employing a soil 
capping cover in Pb/Zn tailings rehabilitation strategy. 

Vegetation growth in rehabilitated tailings can be inhibited from low 
nutrient content (Courtney and Timpson, 2004), which is one of the 
most important limiting factors for sustainable rehabilitation. The study 
showed that all treatments in 2015 and in 2021, did not display any 
deficiency of Ca and K; and content was exceeded the inferior limit 
needed for plant growth (Ca: 5 g kg− 1; K: 5 g kg− 1) (Mahler, 2004), 
showing that the two elements are sufficient for plant establishing and 
sustained growth. 

While Mg and Mn showed sufficient concentration in all vegetation 
samples for 2015, their content can be considered marginally sufficient 
in some treatments (T2, T2G, T3, and T3G) in the 2021 sampling, and 
their concentration did not affect plants growth; scarce levels of Mg and 
Mn can affect the leaves colour (which appear yellow) (Mahler, 2004). 
Levels lower than 0.15% (1.5 g kg− 1) are considered deficient and 0.07% 
(0.7 g kg-1) as critical for L. perenne (Reuter and Robinson, 1997). 

Both Ca and Mg showed the highest concentration in vegetation 
growing in tailings, probably due to the high level of these elements in 
available form in the carbonate rich tailings (Table S2). The results 
obtained for Mg, which showed a deficiency for all treatments (except 
Ta1) in 2021, are also in agreement with Bradshaw and Chadwick 
(1980) which reported a satisfactory range for Mg between 1000 and 
10,000 mg kg− 1. Differences in elements (Ca and Mg) content between 
data of the study and data reported by Mahler, (2004), can be justified 
because of the different types of system, in fact, the content in semi- 
natural grassland, that is the system of the current study, might be 
inferior of those needed in an agricultural crop, analysed by Mahler. 

While Ca content in vegetation was mostly below the 5 g kg− 1 

considered as sufficient value for plant growth (Mahler, 2004), con
centrations can be considered sufficient for all treatments if compared 
with the typical concentration reported by Bradshaw and Chadwick 
(1980) for non-intensive grassland species (Ca: 1–10 g kg− 1). Ca con
centrations may be considered sufficient as plant establishment and 
sustained growth was achieved and that a semi-natural/non-intensive 
grassland land use endpoint was sought, rather than intensive agricul
tural endpoint. 

5. Conclusion 

The current study showed that the unamended tailings displayed 
high concentrations of soluble, available, and total metal(loid)s 
compared to the subsoil treatments. Total content of As, Pb and Zn in 
tailings was above the toxicity limit and is not suitable as a plant growth 
medium. Conversely, the use of cover soil (organically amended) has 
beneficial effect in lower metal content, and in minimizing metals up
take from soil to vegetation. Interestingly, inclusion of a geotextile is not 
viewed as necessary, as no upward movement of metal(loid)s from un
derlying tailings was detected in any of the treatments. The same trend 
was showed in vegetation grown in unamended tailings, where metal 
(loid)s content was significantly higher than for subsoil treatments. As 
with soil results, no evidence of metal(loid) uptake vegetation from 
underlying tailings was detected in treatment with or without geotextile 
inclusion. As the study was on rehabilitated cover treatment after 7 
years, the results are indicative of long-term success. 

Inclusion of geotextiles is not viewed as necessary for the rehabili
tation of net-neutral Pb/Zn tailings under the climatic conditions of the 
study site. 
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