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ABSTRACT 
 

A study of the effects of varying rates of zeolite and beringite on water soluble Pb and EDTA-
extractable Pb, pH and bioavailability of Pb in non-mined soil/tailings was undertaken. Water-
extractable Pb, EDTA-extractable Pb were monitored for 0–12 weeks after amendment and 
bioavailability of Pb was evaluated by growing lettuce (Lactuca sativa) on amended soil/tailings for 
4–12 weeks after incubation. Zeolite was more effective amendment in immobilizing Pb in 
soil/tailings. Application of zeolite led to decrease in the levels of water soluble Pb by 14–32%, 21– 
44% and 32–51% in the non-mined soil, capped and uncapped tailings respectively at week 12. 
Similarly, EDTA-extractable Pb decreased by 14–33%, 11–19% and 41–48%. In non-mined soil, 
the application of zeolite resulted in lower concentration of Pb in lettuce (0.2 mg kg-1) while the 
capped tailings recorded higher Pb (0.33 mg kg-1) value than the FAO/WHO limit. The uncapped 
tailing recorded 0.67 mg kg-1 Pb. 
 

 

Keywords: Alkalization; immobilization and stabilization of Pb; phyto accumulation of Pb in lettuce. 
 

1. INTRODUCTION 
 
Pollution of soils by heavy metals such as lead 
(Pb) is of great global concern due to its adverse 

effects on the health of man and the environment 
[1]. Heavy metals, unlike contaminants of organic 
origin, are generally non-degradable. They also 
interact with the soil matrix and persist in the soil 
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for long periods. Heavy metals can therefore be 
transferred by intake of plants and human health 
as well as other organisms through the ingestion 
of both water and food that have been 
contaminated by the soil [2].   
 
Soil contamination has been identified as one of 
the main threats to soil quality [3]. Governmental 
and regional institutions are increasingly giving 
attention to issues of soil pollution [4]. 
Subsequently, initiatives have commenced to 
limit and prevent further soil degradation and to 
examine applicable remediation measures [5]. 
There has been extensive reclamation of lands 
used for mining and the containment of heavy 
metals at tailings site in Ghana. However, the 
documentation of these activities is inadequate.  
 
The scientific approach in assessing the 
effectiveness of the different soil/tailings 
decontamination methods is lacking. 
Conventional soil remediation technologies, 
although suitable for relatively small and heavily 
contaminated areas, are financially and 
physically inefficient in extensive and moderately 
contaminated sites [6]. The new techniques of 
treating contaminated soils emphasize among 
others immobilization and stabilisation of 
potentially toxic elements (PTEs) [7]. The 
capping of contaminated tailings with lateritic    
soil does not remove the contaminants from the 

soil [8]. This is, however, the main method of 
remediating heavy metals contained in tailings 
sites at mining sites in Ghana. Many soil 
amendments that have been screened for their 
potential to immobilize heavy metals in soils are 
alkaline materials such as beringite and zeolite 
[9,6,10]. The objectives of this study were to 
assess:  
 
i. The extent of alkalization of non-mined 

soil, capped tailings and uncapped tailings 
through the use of   zeolite and beringite. 

ii. The effectiveness of zeolite and beringite 
on forms of Pb and the bioavailability of Pb 
after mediation of non-mined soil, capped 
and uncapped tailings. 

 
2. MATERIALS AND METHODS 
 

The soils/tailings were sampled from a mining 
site in Ghana. The site had non-mined soils, and 
reclaimed tailings (capped and uncapped). Top 
soils/tailings samples (0-15 cm) were collected. 
Forty soil cores were taken from non-mined, 
capped tailing and uncapped tailing sites, bulked 
into three composite samples and transported to 
the laboratory. The samples were prepared by air 
drying, crushing, discarding of foreign material, 
crushing and sieving through a 2-mm nylon 
mesh. Properties of soil/tailings are presented in 
Table 1. 

 
Table 1. Properties of soil/tailings at the 0 to 15-cm depth 

 
Soil property Site 

Non- mined soil Capped 
tailings I 

Capped  
tailings II 

Uncapped 
tailings 

Organic carbon (%) 2.13 0.63 0.55 1.02 
Total N              (%) 0.19 0.06 0.06 0.10 
C: N ratio 11.21 10.50 9.16 10.20 
pH (1: 2.5 - soil:water) 5.10  6.79 6.70  7.22 
Extractable P - Bray I (mg kg-1) 6.58 16.57 4.17  1.53 
Exchangeable cations (cmolc kg-1)    
Ca2+ 3.47 11.75 10.15 15.39 
Mg2+ 1.60 8.54 3.47 9.61 
K+ 0.21 0.42 0.41 1.40 
Na+ 0.13 0.42 0.38 1.67 
Total exchangeable bases     
(cmolc kg-1) 5.41 21.13 14.41 28.07 
Exchangeable acidity     
(cmolc kg-1) 0.35 0.10 0.10 0.05 
Effective cation exchange capacity 
(cmolc kg-1)   

5.76 21.23 14.51 28.12 

Bulk density (g cm-3) 1.26 1.33 1.32 1.39 
Total porosity (%) 52.45 49.81  50.19  47.54 
Sand              (%) 43.65 48.93  73.64  34.62 
Silt                  (%) 46.34 41.06  24.35  61.37 
Clay                (%) 10.01 10.01  2.01   4.01 
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2.1 Soil Amendment and Incubation 
Experiment  

 
Five hundred grams (500 g) air dry sample from 
each of the three sites was placed in 0.5 L plastic 
containers. The soils/tailings were amended with 
zeolite and beringite at the rates of 0, 30 and 60 
kg ha-1 (w/w). The soil/tailings samples were 
mixed thoroughly with the amendments and then 
moistened to field capacity. There were three 
replications of the imposed treatments. The 
completely randomised design was used. The 
samples were incubated at a room temperature 
of 25°C in the laboratory and moistened weekly 
to maintain the soil at field capacity. The 
soils/tailings were sampled at 0, 4, 8 and 12 
weekly intervals, mixing thoroughly before 
sampling. Five random sub-samples were taken 
with a spatula and bulked for analysis from each 
container at these time intervals.  
 
2.2 Extraction of EDTA-Pb 
 
Ten (10) grams of air-dried soil was weighed and 
then pulverized in a clean, nitric acid washed 
mortar and pestle, for the Ammonium 
tetrasodium-ethylene-diamine-tetraacetic acid 
(Na4-NH4-EDTA) extraction [11,12]. The soil was 
wrapped in a paper towel before being pulverized 
with the mortar and pestle to minimize the nitric 
acid washing necessary for the mortar and 
pestle. The soil was placed into a 100 ml conical 
flask and 50 ml of 0.05 M (Na4-NH4-EDTA) (pH 
7) was added. The flask with the soil: Na4-NH4-
EDTA mixture was shaken at room temperature 
on a mechanical shaker at 125 rpm for 1 hr 
[11,12]. The slurry was then passed through a 
filter paper into a sterile 100 ml conical flask. The 
filtrate was brought to exactly 100 ml with the 
extraction solution, and the filtrate was analyzed 
using the Atomic Absorption Spectrophotometer 
(AAS, Spectr AA 220). The concentrations of Pb 
were measured at a wavelength of 283.3 nm. 
 
2.3 Extraction of Water Soluble Pb 
 
Water soluble Pb was determined by weighing 5 
g of soil sample into centrifuge tube, and 50 ml of 
distilled water was added. The tube was capped 
and shaken in a mechanical shaker for 30 
minutes. After shaking the content of the tube 
was filtered with Whatman no.42 filter paper. Pb 
level in extract was determined by AAS at a 
wavelength of 283.3 nm. 
 

2.4 Bioavailability Experiment and Plant 
Analysis 

 
The bioavailability of Pb in the mediated 
soils/tailings was subsequently determined after 
the use of amendments zeolite and beringite. 
Lettuce (Lactuca sativa) was chosen as the plant 
indicator of the bioavailability of Pb due to its 
ability to accumulate high amount of heavy 
metals in the edible leafy aerial parts [13].  
 
The field practices for the cultivation of lettuce as 
described by [14] were followed. The lettuce 
seeds were planted in a seedbed that was 
shaded with oil palm fronds. The seedlings were 
pricked out three weeks after germination and 
planted at a spacing of 4 cm × 4 cm. The 
seedlings were natured for another three weeks 
and subsequently transplanted into the 
containers/pots containing the mediated non-
mined soil/tailings. The soil/tailings samples were 
then moistened to field capacity and then 
moistened weekly to maintain the soil/tailings at 
field capacity. Fertilizer was incorporated into the 
soil/tailings samples at the rates of 50 kg N ha-1, 
45 kg P ha-1 and 65 kg K ha-1at the time of 
transplanting.  At three-weeks after transplanting, 
50 kg N ha-1 was applied as recommended by 
[14]. The aerial parts of the lettuce plants were 
harvested and prepared for the analysis of the 
concentrations of Pb. 
 
A quantity of 1.0 g of the prepared plant material 
was digested in freshly prepared mixture of 
HNO3 – HCl (1:3 v/v) on a digestor at 110°C for 3 
h to determine the concentrations of Pb [2]. 
 

2.5 Data Analysis 
 

The Genstat statistical package [15] for the 
analysis of the data. The analysis of variance 
(ANOVA) was used to determine the effects of 
the amendments on pH, water-soluble and 
EDTA-extractable Pb in the non-mined soil, 
capped and uncapped tailings. The least 
significant difference (LSD) was used for the 
separation of means (95% confidence level). The 
percentage change in treatment effect on the 
value of the variable (Pb or pH) was estimated 
from the relationship: 
 

% ∆ �����	
 =  100 ��× ���� − �� 
�� 

� 

 
The percentage change in value of variable at 
given rate of application of amendment is  
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represented by % ∆ Variable, the value of        
the variable at a specific  rate of application is 
given by VX Rate and the value of the variable at   
0 kg ha-1 rate of application is represented by V0. 
 
3. RESULTS AND DISCUSSION 
 
3.1 Soil pH and Lead as Influenced by 

Rate of Application and Type of 
Amendment at Different Incubation 
Periods in Soil/Tailings 

 
Table 2 summarises selected properties of 
soil/tailings before and after amendment at the 
end of the incubation period. The details of 
changes in soil /tailings as influenced by 
incubation period are presented in Tables 3-11. 
 

The effects of different rates of  application of  
the amendments (zeolite and  beringite) on the  
pH of non- mined soil, capped and uncapped 
tailings are presented in Tables 3- 11.  
 

3.1.1  Effects of amendments on the ph of 
non-mined soil, capped and uncapped 
tailing  

 

At 4, 8 and12 weeks after incubation (WAI), there 
were significant differences (P = 0.05) in 
soil/tailings pH among the amendments at the 
different rates of application (Tables 3, 4 and 5). 
The application of beringite to non-mined soil, 
from 4 to 12 WAI, yielded the highest percentage 
change in soil pH of 20.7% at application rate of 
60 kg ha-1. The addition of 60 kg ha-1 beringite to 
uncapped tailings also resulted in a slight but 
significant increase in pH of 6.9% compared to 
the un-amended samples between 4 WAI and 
12WAI (P = 0.05). Generally, the soil/tailings pH 
of non-mined soil, capped and uncapped tailings 
after the application of beringite at the rate of 60 
kg ha-1 was significantly greater than the un-
amended samples (Tables 3, 4 and 5). 
 

At WAI 12 the application of 60 kg ha-1 of 
beringite to non-mined soil, capped and 
uncapped tailings resulted in significantly higher 

soil/tailings pH compared to zeolite and non-
amended soil (P = 0.05) (Tables 3, 4 and 5). 
 
[16,10] applied at 60 kg ha-1. The OH- ions of 
beringite (Ca6Al2(SO4)3(OH)12.26H2O, that is a 
constituent of beringite, could have neutralised 
the H+ ions on the exchange complex [17]. This 
possibly led to increased hydroxyl ions (OH-) in 
soil solution and subsequently, increased the pH 
of beringite-amended soil/tailings. Basic cations 
such as Mg2+ and Ca2+, derived from MgO and 
CaO, respectively, are constituents of beringite 
also contributed to increased alkalinity of 
beringite-amended soil/tailings. The significantly 
higher pH of beringite-amended soils could thus 
be attributed to the high contents of the basic 
cations, Ca2+ and Mg2+ ions in beringite [18] 
within the exchange complex after H+ ions have 
been neutralised and Al3+ and Fe3+ions 
precipitated. 
 
The addition of 60 kg ha-1 zeolite increased 
soil/tailings pH values that were significantly 
greater than those of the control (0 kg ha-1) at 4, 
8 and 12 WAI (P = 0.05) for non-mined soil 
capped and uncapped tailings (Tables 3, 4 and 
5). This could be accounted for  not only by the 
exchange of H+ ions in soil solution with Na+ ions 
of zeolite, which has the general formula 
Na2O.Al2O3.xSiO2.yH2O, but also the alkalisation 
of amended soils by zeolite that has a pH in the 
range of 7.0 to 9.2 [9,19,20]. 
 
Zeolites are alkaline alumino-silicates [21,6] and 
provide alkalinity to acid polluted soils [22]. This 
to some extent possibly accounted for the 
increase in pH of the non-mined soil and 
uncapped d tailings. Zeolites also have high 
cation exchange capacity due to the negative 
charges that are created by the substitution of 
Si4+ by Al3+ in the tetrahedral framework [23]. A 
substantial exchange of the Na+ ions of zeolite 
for H+ ions in soil solution [9,18,24] might have 
also contributed to the increase in pH of the 
different soil/tailings.  

 
Table 2. Selected soil/tailings properties before and after amendment at week 12 

 
Before amendment Non-mined Capped Uncapped 

pH EDTA      Water 
------mg kg-1------ 

pH EDTA      Water 
------mg kg-1------ 

pH EDTA      Water 
------mg kg-1------ 

Zeolite 5.3 2.69 0.023 6.8 9.16 0.045 7.2 8.05 0.014 
Beringite 5.3 2.69 0.023 6.8 9.16 0.048 7.2 8.05 0.135 
After amendment          
Zeolite 5.6 1.54 0.024 6.6 3.61 0.034 7.3 3.51 0.112 
Beringite 5.8 1.54 0.026 6.8 3.75 0.061 7.4 4.78 0.133 
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Table 3. Effects of rate of application and type 
of amendment on the pH of non-mined soil as 

affected by incubation period 
 

Amendment Rate of 
application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
Soil pH 

Zeolite 
 

0 5.3  5.3  5.3  
30 5.5  5.6  5.6  
60 5.8  5.9  5.9  

Beringite 
 

0 5.3  5.3  5.3  
30 5.7  5.8  5.8  
60 6.2  6.3  6.4  

LSD (0.05) = 0.05 
  
Table 4. Effects of rate of application and type 

of amendment on the pH of capped tailings 
as affected by incubation period 

 
Amendment Rate of 

application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
Soil pH 

Zeolite 0 6.5  6.4  6.4  
30 6.6  6.6  6.6  
60 6.7  6.8   6.9  

Beringite 0 6.5  6.5   6.5  
30 6.7  6.7   6.7  
60 6.8  6.8   7.1  

LSD (0.05) = 0.05    
 
Table 5. Effects of rate of application and type 
of amendment on the pH of uncapped tailings 

as affected by incubation period 
 

Amendment Rate of 
application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
Soil pH 

Zeolite 
 

0 7.2  7.2  7.2  
30 7.3  7.3  7.3  
60 7.4  7.5  7.5  

Beringite 
 

0 7.2  7.2  7.2  
30 7.4  7.4  7.4  
60 7.5  7.6  7.7  

LSD (0.05) = 0.05 
 
At the end of the 12 weeks incubation period, 
significant differences in pH (P = 0.05) were also 
observed among the amendments applied at the 
rates of 30 and 60 kg ha-1 for non-mined soil, 
capped and uncapped tailings. Subsequently, 
the magnitude of soil/tailings pH, in decreasing 
order, was beringite > zeolite for the application 
of amendments at the rate of 60 kg ha-1 in non-
mined soil, capped and uncapped tailings.   
 
These trends in pH values by the different 
amendments could have an influence on the 

remediation of heavy metals and the subsequent 
suitability of tailings capping for agricultural 
purposes. The highest pH value attained through 
the use of beringite could have significant effects 
on the immobilisation of heavy metal ions in 
contaminated soil because of the decreased 
protons and increased reactivity of existing 
exchange sites for effective metal binding [6]. 
 
3.1.2 Effects of amendments on EDTA-

extractable Pb in non-mined soil, 
capped and uncapped tailings 

 
The results of the effects of type and rate of 
application and type of amendment on the 
concentration of EDTA-extractable lead (Pb-
EDTA) in non-mined soil, capped and uncapped 
tailings at the different incubation periods are 
presented in Tables 6, 7 and 8. 
 
Table 6. Effects of rate of application and type 

of amendment on EDTA-extractable lead of 
non-mined soil as affected by incubation 

period 
 

 
 

Rate of 
application 
(kg ha-1) 

Weeks after incubation 
4 8 12 
EDTA-extractable Pb 

(mg kg-1)   
Zeolite 0 1.707 1.7    1.71   

30 1.557 1.503 1.477 
60 1.297 1.167 1.143 

Beringite 0 1.703 1.703  1.7  
30 1.577 1.523  1.5  
60 1.507 1.447 1.397 

LSD (0.05) = 0.01 
 
Table 7. Effects of rate of application and type 

of amendment on EDTA-extractable lead of 
capped tailings as affected by incubation 

period 
 

Amendment Rate of 
application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
EDTA-extractable 

Pb (mg kg-1) 
Zeolite 0 3.99  4.01  4.01 

30 3.76  3.63  3.57 
60 3.48  3.33 3.25 

Beringite 0 4.01  4.01 4.01 
30 3.87  3.75  3.65  
60 3.72  3.62  3.60  

LSD (0.05) = 0.01 
 
The general trend after the application of all the 
amendments in non-mined soil, capped and 
uncapped tailings was an initial high percentage 
change in Pb-EDTA from 0 to 4 WAI (Tables 6, 7 
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and 8). This was subsequently followed by 
successively lower decreases in the 
concentration of Pb-EDTA between 4 and 8 WAI 
and from 8 WAI to 12 WAI (Tables 6, 7 and 8). 
 
Table 8. Effects of rate of application and type 

of amendment on EDTA-extractable lead of 
uncapped tailings as affected by incubation 

period 
 

Amendment Rate of 
application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
EDTA-extractable 

Pb (mg kg-1) 
Zeolite 0 5.01  4.98 5.00 

30 3.77 3.68 2.93 
60 3.61 3.46 2.60 

Beringite 0 4.99 4.99 5.01 
30 4.84 4.80 4.77 
60 4.78 4.69  4.62 

LSD (0.05) = 0.01 
 
In the non-mined soil, the application of             
60 kg ha-1 of zeolite gave significantly lower 
concentrations of Pb-EDTA than those of un-
amended soil and soils amended with beringite 
at 4, 8 and 12 WAI (P = 0.05) (Table 6). 
However, the application of either 30 kg ha-1 or 
60 kg ha-1 of zeolite gave the lowest 
concentrations of Pb-EDTA in capped and 
uncapped tailings (P = 0.05) at from 4 to 12 WAI 
(Tables 6, 7 and 8). The significantly lower levels 
of Pb-EDTA of zeolite amended soil/tailings 
could be partly due to the resistance of zeolite to 
degradation, chemisorption of Pb in the cavities 
of the porous zeolite framework and the 
precipitation as insoluble lead oxides with 
increased pH [9]. Metal retention and 
immobilization by zeolite may also be attributed 
to an increased cation exchange and the 
formation of stable complexes of cationic metals 
with the negative charges of the high specific 
surface area exhibited by zeolite [22,25,19].   
 
At the 30 kg ha-1 rate of application of zeolite the 
level of EDTA-Pb was not different from similar 
rates of application of beringite in non-mined soil 
at 4, 8 and 12 WAI (P = 0.05) (Table 6).However, 
the same rate of application resulted in 
significantly lower levels of Pb-EDTA in zeolite- 
than beringite-amended contaminated capped 
and uncapped tailings (Tables 7 and 8). [24] 
Similarly reported of significantly higher 
concentrations of residual Pb fraction and lower 
Pb fractions extracted with EDTA in un-polluted 
acid soil than that recovered from acid 
contaminated soil amended with zeolite and lime. 

Non-mined soil, capped and uncapped tailings 
amended with either 30 kg ha-1or 60 kg ha-1 

beringite produced significantly lower 
concentrations of Pb-EDTA than un-amended 
soil/tailings at 4, 8 and 12 WAI (P = 0.05)(Tables 
6, 7 and 8). Lead minerals are highly insoluble 
and exhibit low mobility in natural environments 
[26,27]. The fixation of lead increases and 
solubility decreases with increasing pH [15,28]. 
An increase in the pH of beringite amended non-
mined, capped and uncapped tailings (Tables 3, 
4 and 5) could have resulted in an increased 
residual Pb fraction and decreased Pb-EDTA 
concentrations in beringite-amended non-mined 
soil, capped and uncapped tailings compared to 
un-amended samples (Tables 6, 7 and 8).  
 
At the 60 kg ha-1 rate of application of 
amendments, the concentration of Pb-EDTA in 
amended non-mined soil, capped and uncapped 
tailings at 4, 8 and 12 WAI, in increasing order of 
magnitude, was as follows: Zeolite < beringite. 
Zeolite is thus more effective amendment for 
significantly reducing the concentration of lead in 
soil/tailings. 
 
3.1.3 Effects of amendments on water-

soluble lead in non-mined soil, capped 
and uncapped tailings 

 
Tables 9, 10 and 11 show the data on the levels 
of water soluble lead (Pb-H2O) after the 
application of different rates of zeolite and 
beringite in non-mined soil, capped and 
uncapped tailings.  
 
Table 9. Effects of rate of application and type 
of amendment on water soluble lead of non-
mined soil as affected by incubation period 

 
Amendment Rate of 

application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
Water soluble Pb  

(mg L-1) 
Zeolite 0 0.027  0.027  0.028 

30 0.026  0.025 0.024  
60 0.023  0.022  0.019  

Beringite 0 0.028 0.027 0.028  
30 0.026 0.026 0.026  

 60 0.042 0.044  0.044  
LSD (0.05) = 0.002 

 
The trend in the concentration of Pb-water of 
amended soil/tailings showed higher percentage 
changes between amended and un-amended 
soil/tailings at 4 WAI. The percentage changes in 
the levels of Pb-water of amended samples were 
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lower from 4 WAI to 8 WAI to 12 WAI when 
compared to that of the control without 
amendment (Tables 9, 10 and 11). Soil/tailings 
amended with zeolite at the rate of 60 kg ha-1 

produced significantly lower levels of Pb-water 
compared to un-amended soil/tailings at 4, 8 and 
12 WAI (P = 0.05). The application of zeolite at 
60 kg ha-1 also yielded significantly lower 
concentrations of Pb-water than beringite in non-
mined soil, capped and uncapped tailings from  4 
WAI to 12 WAI (P = 0.05) (Tables 9, 10 and 11).  
 

Table 10. Effects of rate of application and 
type of amendment on water soluble lead of 

capped tailings as affected by incubation 
period 

 
Amendment Rate of 

application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
Water soluble Pb  

(mg L-1) 
Zeolite 0 0.043  0.043  0.043 

30 0.038  0.037 0.34 
60 0.029 0.026  0.024 

Beringite 0 0.042  0.043 0.04 
30 0.042  0.038  0.037  
60 0.036  0.035 0.033 

LSD (0.05) = 0.002 
 

Table 11. Effects of rate of application and 
type of amendment on water soluble lead of 
uncapped tailings as affected by incubation 

period 
 

Amendment Rate of 
application 
(kg ha-1) 

Weeks after 
incubation 

4 8 12 
Water soluble Pb 

 (mg L-1) 
Zeolite 0 0.155 1.555 0.155 

30 0.116 0.097 0.105  
60 0.108 0.083 0.076 

Beringite 0 0.154  0.154 0.155 
30 0.133 0.141 0.137 
60 0.128 0.115 0.108 

LSD (0.05) = 0.002 
 
Zeolite-amended soil/tailings resulted in 
increased pH values of 5.5 – 5.9, 6.6 – 6.9 and 
7.3-7.5 compared to pH values of 5.3, 6.4 and 
7.2 for un-amended non-mined soil, capped and 
uncapped tailings, respectively (Tables 3, 4 and 
5). Generally, an increase in pH results in the 
reduction of the water soluble fraction of lead 
[28-30]. The significantly higher pH values (P = 
0.05) (Tables 3, 4 and 5) and the lower 
concentrations of the available Pb-EDTA fraction 
(Tables 7, 8 and 9) of zeolite-amended 

soil/tailings (P = 0.05) might partly account for 
the significantly lower levels of water soluble Pb 
compared to un-amended samples (P = 0.05) 
(Tables 9, 10 and 11). 
 
Furthermore, ion exchange and the sorption of 
metal ions (chemisorption) occurs within the 
channels and cavities of the porous lattice 
structure of zeolite that results in a decrease in 
the concentration of water soluble and 
exchangeable fractions in soil solution as 
observed by [6,31,24].  At 4 WAI, there was no 
significant difference in Pb-water between the 30 
kg ha-1 and 60 kg ha-1 (P = 0.05) rate of 
application of beringite. There was also no 
significant difference between 30 kg ha-1beringite 
amended soils and un-amended soils at all the 
time-points of the incubation period from 0 WAI 
to 12 WAI (P = 0.05). Increased soil solution pH 
may have led to reduced mobility of Pb in 
beringite amended soil [16] and could have 
accounted for the significantly lower 
concentrations of water soluble Pb compared to 
un-amended soil. 
 
The significantly lower levels of Pb-water 
extracted from zeolite-amended non-mined soil, 
capped and uncapped tailings compared to un-
amended samples (P = 0.05) at 4, 8 and 12 WAI 
application could be also ascribed to the high 
cation exchange of zeolite [31]. This is supported 
by [32] who have stated that metal retention by 
zeolite due to cation exchange takes place 
irrespective of the value of pH. However, [9] 
report that the mechanism of action of zeolite in 
the immobilization and reduction in the water 
soluble fraction of metal contaminants is due to a 
combination of the ion exchange properties of 
zeolite and its ability to increase alkalinity. This 
explanation is buttressed by [20] and [6] who 
note that the specific surface area, binding 
capacity and alkalinity of zeolite results in the 
immobilisation, precipitation of insoluble phases 
and reduction in metal levels in soil solution. 
 
Similarly, the application of beringite at the rate 
of 60 kg ha-1 to non-mined soil, capped and 
uncapped tailings resulted in significantly lower 
concentrations Pb-H2O than un-amended 
samples, at all the time-points of the incubation 
period (P = 0.05) (Tables 9, 10 and 11), possibly 
due to a pH effect, increased fixation, 
precipitation or co-precipitation of Pb with Fe, Al 
and Mn oxides in presence of beringite [16,10]. 
Subsequently, reduced mobility of Pb could have 
led to the decreased water soluble fraction in 
beringite-amended samples. 
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3.2 Bioavailability of Pb in Lettuce Grown 
on Mediated Soil/Tailings 

 
Figs. 1–3  show the results  of the concentration 
of Pb in lettuce harvested from non-mined soil, 
capped  and uncapped tailings after mediation  
with beringite, and zeolite. 
 
Lead accumulated in the aerial part of the lettuce 
plant has been used as an index of bioavailability 
for the purpose of this study.  Generally, the 
concentrations of Pb in zeolite-amended and 
beringite-amended soil/tailings were significantly 
lower than those of un-amended samples (P = 
0.05) (Figs. 1–3). 
 

The permissible limits of lead in vegetables 
cultivated for human consumption, cited from 
different sources are 2.0–2.5 mg kg-1 [33], 2.0 

mg kg-1 [34] and 0.3 mg kg-1 [35]. Generally, the 
concentration of lead in lettuce was within the 
cited maximum limits. However, the 
concentration of lead in lettuce harvested from 
capped and uncapped tailings were 0.03 and 0.1 
mg kg-1, respectively above the maximum limits 
set by [36].The application of 60 kg ha-1 zeolite 
resulted in the lowest concentration of Pb in 
aerial parts of lettuce in non-mined soil, capped 
and capped tailings (Figs. 1 – 3). Lettuce grown 
on zeolite- and beringite-amended soil/tailings 
had significantly lower concentrations of Pb than 
un-amended samples. This could be partly 
attributed to the significantly lower concentrations 
of EDTA-extractable (Tables 6, 7 and 8) and 
water soluble (Tables 9, 10 and 12) fractions of 
Pb in zeolite-amended soil/tailings compared to 
un-amended soil/tailings.  

 

 
 

 
Fig. 1. Bioavailability of Pb in Lactuca sativa L. grown on amended non-mined soil 

 

 
 

Fig. 2. Bioavailability of Pb in Lactuca savita L. grown on amended capped tailings 
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Fig. 3. Bioavailability of Pb in Lactuca sativa L. grown on amended uncapped tailings 
 

The non-specific adsorption of Pb through cation 
exchange of Ca2+ and Mg2+ ions that occur within 
negatively charged zeolite framework, as 
observed by [36,25], could explain further the 
reduced mobility of Lead in zeolite-amended 
soil/tailings. Beringite, on the other hand, exerted 
its influence on the immobilization and reduced 
bioavailability of Lead in lettuce through cation 
exchange and replacement of the high calcium 
and magnesium constituents of beringite [37,10]. 
The  amendments applied at the rate of 60 kg ha-

1 to soil/tailings could  be  arranged, in  
descending order, according to the 
concentrations of Pb in lettuce as follows: 
beringite > zeolite. 
 
4. CONCLUSION 
 
The study revealed that beringite-amended non-
mined, capped and uncapped tailings resulted in 
the more significant degree of alkalization. 
Zeolite was more effective in immobilizing Pb in 
soil/tailings. An increase in pH with the 
application of zeolite to soil/tailings resulted in 
reduced concentrations of EDTA-extractable Pb 
and water soluble Pb. The least concentration of 
lead occurred in lettuce harvested from zeolite-
amended soil/tailings. Soil/tailings that yielded 
the least concentrations of Pb after amelioration 
with beringite and zeolite, respectively also 
produced the lowest contents of this trace 
element in lettuce harvested from these 
soil/tailings. 
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