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Abstract— Excessive concentration of manganese (Mn) in contaminated soils poses a serious threat to the environment. 
Phytoextraction is a biological method for removal of metallic trace elements from contaminated soils. However, dissolution 
of metal-carbonate minerals and other metal-bearing soil fractions is crucial for a successful phytoremediation. The 
phytoavailability of Mn in contaminated soils can increase under acidic conditions. The objective of this study was to evaluate 
the effect of acidification of a metal-polluted soil containing carbonates on the distribution of Mn in four soil fractions as well 
as on Mn accumulation in biomass of four plant species. Several portions (600 g of soil were treated with 100 ml of H2SO4 
solution (0.01N and 0.1N) and 2.95 g of elemental sulfur (S). After harvesting, the Mn in soils was fractionated into 
"exchangeable", "carbonate" and "oxides" forms. Organically bound Mn was extracted by using pyrophosphate method. The 
majority of Mn in the soil samples was present in the oxides and residual fractions. The amount of exchangeable Mn was very 
low (< 0.8 % of total Mn). Exchangeable and carbonate fractions represented less than 3.5% of total Mn. Oxalate-extractable 
Mn ranged from 26 to 37% and pyrophosphate-extractable Mn ranged from 13 to 23% of total Mn. Tissue Mn concentrations 
ranged from 75 to 238 mg/kg in shoots, well within the sufficiency range (20-300 mg/kg) for most agricultural crops. Mn 
uptakes by plants grown in soils treated with S-amendments were higher than those grown on soils without amendments. 
Application of elemental S resulted in increased uptake of Mn by plant shoots. S-amendments added before planting may 
accelerate the phytoextraction of Mn from contaminated carbonate-rich soil. 
 
Index Terms— Heavy metal, Phytoremediation, Trace element, Pollution, Decontamination. 
 
I. INTRODUCTION 
 
Manganese (Mn) is a natural constituent of the 
lithosphere and it is found as oxides, carbonates and in 
other chemical forms in the soil and bedrock [1]. 
Although Mn is an essential trace element for plants, 
microorganisms, animals and humans [1], concerns 
are rising about the Mn exposure of humans [2]. 
 
Manganese can be dispersed throughout the 
environment primarily as the result of anthropogenic 
activities. Atmospheric deposition is the largest source 
of Mn found in soils from rural, urban and industrial 
sites. Anthropogenic Mn compounds may be 
transformed in the soil system to other Mn 
compounds. Anthropogenic sources of Mn include the 
mining and smelting of ore, secondary non-ferrous 
metal production, manufacture of Mn-containing 
products, combustion of coal and oil, waste 
incineration, emissions generated during alloy, steel 
and iron production, municipal wastewater discharge, 
sewage sludge, Mn additives (e.g. 
methylcyclopentadienyl manganese tricarbonyl) in 
gasoline , and deposition of old beacon batteries or 
smelting residues in the soil [1], [3]-[5]. Soils 
contaminated by industrial by-products such as 
cement kiln dust or soils around cement factories 
generally show high concentrations of heavy metals 
(including Mn) [6].  
 
The solubility of Mn compounds in soils is a function 
of pH, redox potential, humidity or water content, and 

the presence of carbonates and humic materials [1], 
[4].  Solubility is highest in acid soils and acidic soil 
solution, and under waterlogging [1], [4], [7]. 
Labile Mn may be removed from polluted soils by 
plants. This approach is called phytoaccumulation and 
offers a low-cost method for alkaline calcareous soil 
remediation. Phytoaccumulation involves the uptake 
of heavy metals by plant roots and the 
translocation/accumulation (phytoextraction) of 
metals into plant shoots followed by shoot biomass 
harvest [3], [8]. After harvest, the metal-plant material 
can be subsequently reduced by composting, 
incineration, or sent to landfill or, if economically 
viable, used for the metal recovery [9].  
 
The success of phytoextraction depends on several 
factors including the fertility of contaminated soil and 
the phytoavailability of heavy metals. In general, 
polluted alkaline soils containing free carbonate are 
low in plant-available nutrients. 
To improve the fertility status of alkaline soils 
containing free carbonate or calcareous soils, chemical 
fertilizers and/or chemical amendments such as 
elemental sulfur or sulfuric acid can be applied. 
Addition of acidifying amendment can promote plant 
growth and increase heavy metal solubility and 
availability [10]. 
 
The aim of this study was to evaluate, under 
greenhouse conditions, the effect of S-amendment 
addition to a metal-contaminated soil containing 
carbonates (slightly alkaline) on Mn accumulation in 
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shoot biomass of four plant species (Indian mustard, 
perennial ryegrass, red fescue, alfalfa). Another aim 
was to study the distribution of Mn in soil fractions. 
 
II. MATERIAL AND METHOD 
 
A metal-contaminated soil containing carbonates from 
an industrial zone at Ste-Croix-de-Lotbinière, 
(Quebec, Canada) was used in this study. 
Concentrations of Mn as high as 4800 mg/kg have 
been found in certain zones at this site. Soil samples 
were collected at 0.5 m and 1.2 m within the selected 
site. Each replicate sample was homogenized and 
air-dried in greenhouse and then passed through a 2 
mm sieve. 
 
Several portions (600 g) of soil were mixed with 100 
ml of H2SO4 solution (0.01N and 0.1N) and 2.95 g of 
elemental sulfur (S) as follows: soil without 
amendment (T0); 0.01N H2SO4 (T1), 0.1N H2SO4 
(T2) and elemental S (T3). All substrates received 
NPK fertilizers. Ammonium nitrate (27.5% N), 
superphoshate (20% P2O5) and potassium muriate 
(60% K) were the sources of N, P and K, respectively. 
Two month after the S-amendment and fertilizer 
applications, seeds of Indian mustard (Brassica juncea 
L. Czern.), perennial ryegrass (Loliumperenne L.), red 
fescue (Festucarubra L.) and alfalfa (Medicago sativa 
L.) were sown per pot by spreading them on the 
surface of soil. The pots were arranged in a 
randomized block, in two replicates. The soils were 
moistened by daily watering. Temperature in the 
greenhouse averaged 24°C during the day and 18°C 
during the night. After 56 days, plants were harvested 
and approximately 200 g of soil were collected for 
analysis. The plants were dried at 60°C for 2 days. The 
dry weight of plants (DMY) was obtained for 
individual plants. Plant tissues were ground to pass a 
250 um (60-mesh) sieve, digested in HNO3 conc. + 
HClO4 (72%), and then analyzed for Mn, Ca and Mg 
by atomic absorption spectrophotometry AAnalyst 
200, Perkin Elmer, Shelton, CT) (AAS). The 
cultivated soil samples were thoroughly mixed, 
air-dried, ground to 2 mm and a 50-g was analyzed for 
pH in a 1:2 (w/v) soil/deionized water, 
oxalate-extractable Mn and pyrophosphate (Na4P2O7)- 
extractable Mn by standard methods [11].   
 
After harvest, the Mn in soils was fractionated into 
four arbitrary fractions [12]-[14]: "exchangeable" (0.5 
M KNO3), "specifically adsorbed on carbonates or 
carbonate-bound " (1 M CH3COONa, pH 5.0), 
"sesqui-oxide-bound or easily reducible fraction" 
(0.04 M NH2OH.HCl in 25% (v/v) CH3COOH) and 
"specifically bound to organic matter, metal-organic 
complex-bound, or organic-bound" (0.1 M Na4P2O7 , 
pH 10). After each successive extraction, separation 
was done by centrifuging for 15 min. The supernatants 
were filtered through Whatman filter paper no 42 and 
analyzed for Mn by AAS. Hereinafter, soil fractions 

"exchangeable", "carbonate", "sesqui-oxides", 
"organic matter" are referred as MnEXC, MnCAR, 
MnOXY, and MnORG, respectively. The amount of 
residual Mn was not measured directly but calculated 
by difference: Total Mn- (MnEXC + MnCAR + MnOXY + 
MnORG).  
 
Although often criticized due to lack of specificity of 
extractants and possible readsorption of metals during 
extraction [15]-[16], sequential fractionation can 
provide useful information to predict the behaviour of 
heavy metals in the environment [17]. 
 
All extractions were conducted in acid-washed (5% 
HCl) polyethylene centrifuge tubes. Total Mn was 
determined by nitric and perchloric acid digestion 
following the method described in [11]. All chemicals 
in this study were of analytical grade or better. 
Deionized water was used. 
 
Linear correlation analysis was used to determine 
correlation between all parameters. 
 
III. RESULTS AND DISCUSION 
 
The pH of cultivated soil samples and other relevant 
soil and plant parameters are summarized in Table 1.  
 
The values of pH of soil samples varied between: 7.10 
and 7.62 for T0; 7.00 and 7.40 for T1; 6.90 and 7.20 
for T2; 6.70 and 6.95 for T3. In general, the mean 
values of pH increased in the following order: T0 
(without amendment) ˂ T1 ˂ T2 ˂ T3.  
 
The pH values of soils amended with H2SO4 were 
higher than 6.90. This result indicated that the amount 
of H2SO4 added was not sufficient to lower the soil pH 
to 6.5-6.7 over long term. It is known that when the 
soil with high base saturation contains free carbonate, 
the soil becomes more resistant to pH changes.  As a 
result, it will require a large amount of acid or repeated 
adding acid to effectively neutralize the potential 
alkalinity. The contaminated soil has high base 
saturation and contains high amount of exchangeable 
Ca and Mg, which explain its high buffering capacity 
against the small amount of acid added. Moreover, 
when the acidifying substance is exhausted and 
acidification ceases, a gradual return of alkalinisation 
conditions sets in and the original condition of the 
alkaline soil solution is restored. This process is quite 
probable, since [18] have already shown that 2 days 
after the addition of 0.025 mmol of H2SO4 to 10 g of a 
sulfide mine tailing treated with 2% of dolomitic 
limestone-CaMg(CO3)2 (pH 7.54) or 2% of calcitic 
limestone-CaCO3 (pH 7.40) the pH values of aqueous 
tailing suspensions decreased by several orders of 
magnitude (5.49 and 3.94, respectively) but increased 
gradually with the reaction time and approached the 
initial pH values after 56 days. In another study, de 
Coninck and Karam [19] evaluated the pH buffering 
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capacity ofa Cu-mine tailing containing calcite or free 
carbonate (pH 7.70) treated with 3 rates (0, 5 and 20%) 
of acidic organic amendment (peat-moss and shrimp 
wastes compost). They concluded that the carbonate 
buffer system was the major factor controlling the 
ability of Cu-mine tailing system to withstand a large 
change in pH when acid was added. Calcareous 
substrates appeared to be well buffered against 
changes in pH, so that acid conditions can hardly 
occur. This implies that the amount of mineral acid 
(H2SO4) added should overcome the buffering 
capacity of the soil in order to increase the solubility 
and availability of Mn to plant. 

 
 
Unlike sulfuric acid, elemental S is slow to react 
because oxidation of elemental S to sulfuric acid by 
sulfur-oxidizing bacteria is a slow process that 
depends on several soil-related factors: temperature, 
aeration, texture and organic matter content [20]. The 
results (Table 1) indicates that the use of elemental S 
as acidifying agent would be interesting to decrease 
pH over time or help hold pH down on contaminated 
soil naturally containing carbonates with a high 
percent base saturation.  
 
The average concentrations (mg/kg, dry wt.) of Mn in 
the shoot material varied from: (i) 75 to 143 mg/kg 
(mean 104.0) for T0, (ii) 88 to 154 mg/kg (mean 
115.1) for T1, (iii) 105 to 195 mg/kg (mean 136.6), 
and (iv) 136 to 238 mg/kg (mean 180.1) for T3. The 
concentrations of Mn in plant tissues are well within 
the sufficiency range (20-300 mg/kg) and well below 
the critical toxicity limit of 400-500 mg/kg dry weight 
for most agricultural crops, whatever soil pH and the 
level of exchangeable Mn [21]. Rivera-Becerrilet al. 
[5] found that plant tissues from three sites (soil under 
maize, soil under native vegetation, and mine wastes 
with some vegetation) did not accumulate Mn at toxic 
levels. Our results indicated that grass and leguminous 
plants can absorb heavy metals from contaminated 
soils containing free carbonate through their roots and 
translocate them to aerial parts at non-toxic level.  
 
In general, the addition of S-amendments increased 
Mn concentration in shoot plants. The shoot 

accumulation or uptake of Mn (concentration x shoot 
DMY) was highest on the elemental S treated soils. 
The Mn accumulation in the shoot dry matter of plants 
was lower in T0 and T1 than in T2 and T3. When 
compared to the control treatment, the elemental S 
amendment application (T3) produced 1.9-fold 
increase in Mn uptake. The bioaccumulation ratio for 
Mn in plant shoots ([Mn]shoots/[Mn]soil) ranged 
between 0.07 to 0.17 as follows: 0.07-0.13 for T0, 
0.08-0.12 for T1; 0.08-0.15 for T2, and 0.12-0.17 for 
T3. These results indicated that the addition of acidic 
or acidifying amendment to the soil can increase the 
availability and uptake of Mn by the plant. Mn 
availability to plant can be related to the solubility of 
Mn in soil [7]. de Coninck and Karam [10] tested a 
commercial compost as acidifying amendment of 
alkaline mine tailing containing calcite. They found 
that compost increased available Cu in tailing and 
improved the shoot Cu uptake by ryegrass.  
 
Soil pHwater was negatively correlated with 
concentration of Mn in plant shoots (r = -0.756, 
P<0.01), suggesting that soil pH is one of the main 
factors influencing the absorption of Mn by plant roots 
in contaminated soils containing free carbonate. This 
result is in accord with that of Öbornet al. [22] who 
found significant negative correlations between 
surface soil pH (0–25 cm) and concentrations of Zn, 
Mn, Ni (grain) and Cd (straw) in spring wheat; Cd, Ni, 
Zn, Mn, Cu and Al in potatoes; and Cd, Ni and Zn in 
carrots. The negative correlation between 
concentrations of Mn and Ca in shoot tissues (r = - 
0.618, P<0.01) provided further evidence that basic 
divalent cations could exert an important influence on 
Mn uptake by plants. High levels of available Ca and 
Mg in soil samples would contribute to the Mn uptake 
reduction as a result of root absorption competition 
between Mn and both Ca and Mg [23]. Availability of 
Mn and other micronutrients is expected to be reduced 
with increase in pH and CaCO3 content of soils [24].  
 
Overall treatments, pyrophosphate-extractable Mn 
ranged from 13 to 23% of total Mn as follows: 13 to 
23% for T0; 18 to 22% for T1; 17 to 23% for T2; and 
16 to 20 mg/kg for T3. Oxalate-extractable Mn ranged 
from 26 to 37% as follows: 31 to 37% for T0; 28 to 
34% for T1; 27 to 31% for T2; 26 to 34% mg/kg for 
T3.  
 
The distribution of the different fractions in order of 
increasing abundance was: Mn exchangeable fraction 
(mean: 5.4 mg/kg) < carbonate fraction (mean 32.1 
mg/kg) < organic fraction (mean 48.1 mg/kg) < oxide 
fraction (mean 213.6 mg/kg) < residual fraction (mean 
879.1 mg/kg). This result indicated that most Mn was 
present in the oxides and residual fractions.  
 
The sequential selective chemical extraction fractions 
of Mn in cultivated soils can be classified into four 
categories: easily phytoavailable (MnEXC), moderately 

Table 1. Plant and soil parameters.

Treatments Vegetation DMY Mn-plant Soil pH MnEXC MnCAR MnOXY MnOM MnT 

     (g)     (mg/kg)  (%) (%) (%)  (%) (mg/kg)

T0 Indian mustard 25.9 75 7.6 0.4 1.8 20.4 4.3 1050
Alfalfa 13.1 97 7.4 0.3 1.7 17.9 4.6 1224
Ryegrass 20.8 101 7.1 0.4 2.5 20.1 4.0 1058
Red fescue   8.7 143 7.1 0.4 2.5 19.2 4.4 1117

T1 Indian mustard 21.6 97 7.2 0.3 1.9 19.0 4.3 1120
Alfalfa   6.8 88 7.4 0.3 1.8 19.7 4.4 1087
Ryegrass 11.7 123 7,0 0.3 2.2 18.9 3.7 1120
Red fescue 10.4 154 7.2 0.4 2.3 17.5 4.1 1238

T2 Indian mustard 18.0 110 7.2 0.4 2.1 18.4 4.1 1140
Alfalfa 11.5 105 7.2 0.4 1.8 16.6 4.2 1279
Ryegrass 17.8 137 6.9 0.5 2.7 21.3 4.2 1020
Red fescue 10.7 195 7.1 0.8 2.5 17.2 3.7 1260

T3 Indian mustard 30.8 136 6.9 0.4 2.6 17.8 3.9 1169
Alfalfa 19.6 147 6.9 0.6 2.4 19.0 5.2 1122
Ryegrass 16.6 199 6.7 0.6 2.3 15.4 3.2 1422
Red fescue   8.1 238 6.7 0.7 2.5 14.5 3.3 1428
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phytoavailable (MnCAR), potentially phytoavailable 
(MnORG, MnOXY), and not phytoavailable (e.g. residual 
fraction, MnRES).  
 
The cultivated soil samples contained very low 
amounts of easily phytoavailableMn (range: 3.64–10.5 
mg/kg), the percentage of which varied from 0.32 to 
0.74% (mean 0.5%) of the total soil Mn contents.  
 
The amounts of moderately phytoavailableMn were as 
follows: 25 to 34 mg/kg for T0; 26 to 36 mg/kg for T1; 
29 to 37 mg/kg for T2; 33 to 39 mg/kg for T3. 
Exchangeable and carbonate fractions represented less 
than 3.5% of total Mn. Significant positive 
correlations (P<0.001) occurred between Mn in plant 
tissue and MnEXC (r = 0.940), MnCAR (r = 0.931) and 
MnEXC + MnCAR (r = 0.975). The two fractions (MnEXC 
and MnCAR) may indicate the form in which Mn is 
most available for plant uptake [25]. However, the 
negative correlation between soil pH and both MnEXC 
(r = -0.619, P<0.05) and MnCAR (r = -0.811, P<0.001) 
provided further evidence that soil pH exerted an 
important influence on the phytoavailability of Mn in 
contaminated soils containing free carbonate. The 
results obtained by Zhu and Alva [26] for some 
Florida soils showed a reduction in the soluble forms 
of Mn with increasing soil pH. 
 
The percentage of potentially phytoavailableMn 
(MnORG+ MnOXY) ranged from 17.8 to 25.5%, 
indicating that this pool could become a major source 
of Mn for plants under environmental changes. 
Significant amount of Mn (71.4-78.8%) was found in 
the residual fraction [(represented by 
total-(exchangeable + carbonate + oxide + organic 
matter)], which is assumed to be held within the 
mineral matrix. Similar trends are found in other soils 
in calcareous soils [27] or limed soils [28]. 
 
CONCLUSION 
 
The results show that plants can grow well in fertilized 
and amended soils containing high levels of Mn, Ca 
and Mg. Enhancing the fertility and decreasing the pH 
of alkaline heavy metal-polluted soils is of paramount 
importance not only for the plant-availability of 
essential nutrients and shoot biomass production but 
for the success of phytoextraction of heavy metals and 
soil decontamination. Adding acidifying amendment 
(e.g. elemental sulfur) before planting may accelerate 
the phytoextraction of Mn from contaminated 
carbonate-rich soils. 
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