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ABSTRACT 

The Ap horizon of a Typic Haploxerept was mixed 
with increasing amounts of CaCO3 (20, 40, 60, 80, and 
100 g kg-1). A pollutant solution coming from acidic mine 
drainage (AMD) was added both to the original soil as well 
as to the five soil-CaCO3 mixtures, and the leachates were 
collected and analyzed. The results indicate that the CaCO3 
in soil reduces the aluminium toxicity in the leachates, by 
raising the pH, lowering the Al concentration, and 
reducing the activity of the Al species. An equation is 
calculated to determine, from the pH of the AMD and 
the CaCO3 content in soil, the amount of pollutant 
solution that can be added to a soil without adversely 
affecting the Al toxicity of the leachate. 
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INTRODUCTION 

The sulphide oxidation in mine spoils is a complex bio-
geochemical process that releases sulphate ions, 
intensifies acidity, and solubilizes different elements 
associated with sulphides [1]. In the case of pyrite, the 
most abundant sulphide in these spoils, the oxidation can 
be represented by the reaction: 

 
4FeS2 + 15O2 +14H2O           4Fe (OH) 3 + 8SO4

2- + 16H+ (1) 
 
When the acidic solution generated by the oxidation 

of the pyrite infiltrates the soil, the protons may act as 
weathering agents, promoting the dissolution of other soil 
components and increasing the ionic concentration in the  

 

soil solution and drainage waters [2]. The release of large 
amounts of aluminium is of particular concern because of 
the risk of phytotoxicity [3-7]. The activity of total Al in 
solution is not a suitable indicator of Al toxicity, whereas 
the soil pH and the Al species present in the soil solution 
are more important [8]. Al3+ and monomeric hydroxylates 
of Al are generally considered to be the most toxic species, 
while the Al-SO4 complex is less toxic [9-11]. On the other 
hand, cations such as Ca and Mg have been shown to 
reduce Al toxicity [12-13]. 

When the acidic mine drainage (AMD) infiltrates soils 
with CaCO3, the acidity is neutralized, Ca2+ is released, and 
the dissolved aluminium reacts with the sulphate ions 
forming Al-SO4 complexes and precipitating as 
basaluminite [14]. The aim of the present work is to 
determine the liming rates necessary to mitigate the Al 
toxicity in leachates of soils affected by AMD. 

 
 
MATERIALS AND METHODS 

The experiment used the Ap horizon of a Typic 
Haploxerept [15] with intermediate buffering capacity 
(pH = 7.6, sandy-loam texture, cation-exchange capacity 
(CEC) of 16.3 cmol(+) kg-1, base saturation about 70%, and 
organic-carbon content lower than 3 g kg-1). The element 
concentration (%) was: 36.5 Si, 5.17 Al, 2.39 Fe, 0.85 Ca, 
0.37 Mg, 0.63 Na, and 1.21 K. The soil sample was air-
dried and sieved through 2 mm mesh size. Five samples 
were prepared by the addition of increasing amounts of 
CaCO3 to the original soil sample (20, 40, 60, 80, and 100 
g kg-1). Each sample was introduced in a glass column of 
inner diameter 3.5 cm and 10 cm length, narrowing 
towards the bottom to inner diameter 0.4 cm. The bottoms 
of the columns were refilled with fiberglass to retain the 
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soil within the columns. Each column was hand-packed 
with 50 g of the original soil sampled and with the five soil-
CaCO3 mixtures. In all cases, the height of the soil column 
was 5 cm. The pollutant solution from the acid mine 
drainage (AMD) used had a pH of 1.8 and the element 
concentration (mg dm-3) was:  SO4 15078, Fe 4360, Al 
290, Ca 9.6, Mg 222, Na 45, and K 1.8. The top of the 
soil column was covered with a 2 cm layer of fibreglass to 
facilitate a uniform flow. Afterwards, in darkness, to inhibit 
algal growth [16], 50 cm3 of AMD with a 10 cm3 h-1 flow 
were added to each column. This addition was repeated 
three times every 5 days. The pH of the leachates 
collected in each addition was measured, and the 
solutions were immediately filtered through cellulose 
filters (0.45 µm pore) by vacuum suction into PyrexTM 
flasks previously washed with acid, and stored at < 4ºC 
before analysis. The pH of the soil was measured in a 
1:2.5 soil:water suspension and the total element 
concentration determined by X-Ray fluorescence. Organic 
carbon was analyzed by dry combustion with a LECO 
instrument. Fe, Al, Ca, and Mg concentration in the AMD 
and leachates were measured by atomic absorption 
spectroscopy; Na and K by flame photometry; and SO4

2- 
by ion chromatography in a Dionex DX-120 instrument. 
The amount of each element precipitated was calculated 
by the difference between the concentrations in AMD and 
in leachates. The Al species present in leachates were 
processed using the computer program Solmineq [17]. 
The Al toxicity indexes of the leachates were estimated 
from Ca+Mg/Al molar ratio [18] and from the activity 
of Al species [19]. Values lower than 1 in the first index, 
and higher than 1 in the second, indicate Al toxicity. 

 
 
RESULTS AND DISCUSSION 

Precipitated aluminium in soil 

Precipitated aluminium in soil (PAl ) was found to be 
linearly and significantly (P<0.001) related to the Al added 
with the AMD (AMDAl) and with the CaCO3 content in soil 
(SCaCO3) by the multiple regression: 

PAl  (mg/kg) = -318.1 + 0.149 AMDAl   (mg/kg)  + 
11.21 SCaCO3 (g/kg)   r2 = 0.562       (2) 

This indicates that, in decarbonate soil, Al does not 
precipitate; even in soils with 20 g CaCO3 kg-1 Al 
precipitates only when the pollution is relatively low (≤ 2 
dm3 AMD kg-1 dry soil); on the contrary, in the soils 
with CaCO3 content ≥ 40 g kg-1 some of the Al present in 
the AMD invariably precipitates.  

On the other hand, PAl  was significantly (P<0.001) and 
directly related to precipitated sulphates (PSO4

2-) but in-
versely to precipitated iron (PFe), by the multiple 
regression: 

PAl  (mg/kg) = -131.6 + 0.088 PSO4
2- (mg/kg) - 

0.066PFe (mg/kg) r2 = 0.773  (3) 

Consequently, the sulphate ions dissolved in the AMD 
increased the precipitation of aluminium in soil, probably 
as basaluminite, while the dissolved iron reduced this 
precipitation. This reduction could be related to the 
significant (P<0.001) linear relationship between PSO4

2- 
and PFe, by the equation: 

PSO4
2- (mg/kg) = 2477.9 + 1.761 PFe (mg/kg) r2= 

0.879  (4) 

This indicates that iron and sulphate in the AMD tended 
to precipitate in soil, probably as Fe-hydroxysulphate [14], 
which would reduce the concentration of SO4

2- ions in the 
soil solution and, consequently, PAl (Eq. 3). 

 
Aluminium in the leachates 

Aluminium concentration (LAl ) was inversely and 
significantly (P<0.001) related to the pH of the leachate 
(LpH) by the equation: 

LAl (mmol dm-3) = -13.11 + 73.03 LpH-1 r2 = 0.959  (5) 

This indicates that the leachates had only Al when the 
pH was lower than 5.5. On the other hand, LpH was 
significantly (P<0.001) and directly related to the SCaCO3 
but inversely to H+ added from AMD (AMDH+) by the 
multiple regression: 

LpH = 3.99 + 3.45 SCaCO3 (mol kg-1) – 39.79 AMDH+ 

(mol kg-1) r2=0.878  (6) 

This equation allows an estimation, depending on the 
CaCO3 content, of the acidity that each soil can neutralize 
when the pH of the leachate remains below 5.5 and, 
consequently, can contain dissolved Al. Therefore, the pH 
of the leachate of soils with a CaCO3 content < 0.4 mol 
kg-1 was consistently below 5.5, regardless of the AMD 
added; whereas soils with 0.6 mol CaCO3 kg-1 needed the 
addition of 0.013 mol H+ kg-1 to reach LpH < 5.5, 0.031 
mol H+ kg-1 in soils with 0.8 mol CaCO3 kg-1, and 0.049 
mol H+ kg-1 in soils with 1.0 mol CaCO3 kg-1. 

In addition, with Eqs. 5 and 6 considered together, LAl  
was significantly (P<0.001) and directly related to AMDH+ 
but inversely to SCaCO3 by the multiple regression: 

LAl  (mg dm-3) = 208.5 + 6396.6 AMDH+ (mol kg-1) – 
530.3 SCaCO3 (mol kg-1) r2 = 0.789        (7) 

This indicates that in the soil without CaCO3 the Al 
concentration in leachate was higher than the Al 
concentration in AMD and, therefore, the added H+ in the 
AMD causes the weathering of the primary minerals in 
soils, promoting the dissolution of Al and increasing its 
concentration in the leachates. 

On the other hand, the activity of the Al species in the 
leachates (L[Al] ) was significantly (P<0.001) and directly 
related to LAl  but inversely to LpH by the multiple 
regression: 

L[Al] (µmol dm-3) = 1207.9 + 564.3 LAl  (mmol dm-3) – 
220.2 LpH  r2 = 0.999 (8) 
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This indicates that, for a certain Al concentration in the 
leachate, the activity of the species of Al decreases when 
pH increases. 

Consequently (Eqs. 6 to 8), L[Al]  was significantly 
(P<0.001) and directly related to AMDH+ but inversely to 
SCaCO3 by the multiple regression: 

L[Al] (µmol dm-3) = 4795.8 + 140.0 AMDH+ (mmol 
kg-1) – 11.86 SCaCO3 (mmol kg-1) r2 = 0.793  (9)  

 
Aluminium toxicity of the leachates 

The Al toxicity index (ATI) of the leachates was 
calculated according to [19]: 

ATI = [9{Al 3+} + 4{AlOH2+} + {Al(OH)2
+} + 

9{Al(OH)4
-} + {Al(SO4

+}] / [ 4{Ca2+} + 4{Mg2+} + 
0.02{K+} + 0.02{Na+}] 

In this expression, brackets denote molar activities and 
each element is weighted by a coefficient intended to 
reflect its relative effect. ATI values higher than 1 denotes 
Al toxicity. 

Because the ATI was significantly (P<0.001) and 
directly related to L[Al] (Fig. 1), ATI was significantly 

(P<0.001) and directly related to AMDH+ but inversely to 
SCaCO3 by the multiple regression: 

ATI = 0.296 + 1.102 10-2 AMDH+ (mmol kg-1) – 
8.804 10-4 SCaCO3 (mmol kg-1) r2=0.790 (10) 

This equation allowing to calculate, from the pH of 
the AMD and the CaCO3 content of the soil, the amount 
of AMD that can be added to the soil to obtain drainage 
water without the risk of Al toxicity.  

On the other hand, the toxicity index estimated from 
the molar ratio between the divalent basic cations and the 
aluminium (Ca+Mg/Al) in the leachates, was significantly 
related (P<0.001) to ATI by the potential regression: 

Ca+Mg/Al = 0.5535 ATI -1.0911 r2= 0.986 (11) 

This indicates that when ATI = 1 the value of 
Ca+Mg/Al is 0.55, in this case, the authors [18] estimate 
toxicity by the mean of a decrease in root growth and in 
the mycorrhiza development. When Ca+Mg/Al ≤ 0.15, 
the toxicity is extreme because the root growth stops, the 
thinner roots die, and the tree undergoes severe stress, this 
corresponding with ATI > 3.5.    

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIGURE 1 - ATI values versus L[Al] values. 

 
 
 

CONCLUSION 

The influence of the AMD in soil causes the 
weathering of the primary minerals and increases the 
aluminium concentration in the drainage waters. Both the 
Al concentration in the drainage waters, as well as the 
activity of the Al species and the toxicity indexes of Al 
were significantly and directly related to the added H+ 
coming from AMD, but inversely to the CaCO3 content 
in the soil. Consequently, measuring the pH of the AMD 
and the CaCO3 content of the soil, the amount of AMD that 
can be added to the soil without adverse effects of Al 
toxicity in the leachates can be estimated.  
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