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Abstract 

The mobility and bioavailability of trace elements in the agricultural soils are extremely important in assessing the 
risk of toxicity to the growing plants. A five step sequential extraction procedure (SEP) has been employed to 
study the speciation of As, Sb, Cr, Cu, Cd, Pb, Zn, Ni, Fe and Mn in 18 soil samples neighboring an industrial 
complex in Isfahan, central Iran. Enrichment factor (EF) calculation shows that in the soils studied, Cd and Fe are 
the most and the least enriched elements, respectively. Sequential extraction results indicate that although the total 
concentration of Ni, Sb, As, Cr and Cu is high, their concentration in the exchangeable plus carbonate fractions is 
rather low. This suggests that these elements are not easily transferred from soil to the plants. The high proportions 
of Cr, Cu and Fe in both organic matter and residual fractions, reduces the phytoavailability and the toxicity of 
these metals. On the other hand, Zn, Pb and Cd are strongly associated with exchangeable plus carbonate 
fractions, much more bioavailable than other studied elements. Good correlation between total contents and 
concentration of elements in each fraction indicates that the studied elements, excluding Fe, are mainly derived 
from the anthropogenic sources. Remediation measures and soil amendment practices are therefore recommended 
for the study site. 
 
Keywords: Bioavailability; speciation; agricultural soils; Isfahan; Iran 

 
1. Introduction 

Soil is one of the most important biogeochemical 
sinks for metals and other pollutants. In recent 
years, the problem of contaminated soil is of 
increasing concern due to food safety issues and 
potential health risks via consumption of 
contaminated crops (Yan et al., 2007). Thus, 
protection of soil resources and their sustainability 
is of prime importance. Unlike organic pollutants, 
natural decomposition processes do not remove 
heavy metals from the contaminated soils; on the 
contrary they may even be enriched by organisms 
and can be potentially converted to organic 
complexes, which may be more toxic (Jain, 2004). 
Heavy metals remain in the pedosphere for many 
years even after removal of the pollution sources, 
and the remediation of metal pollution is often 
problematic due to their persistence and 
undegradability in the environment (Wang et al., 
2010).  

Total metal content of the soil often does not 
provide enough reliable information on the 
processes and dynamics of the availability, mobility 
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and toxicity of the metals, i.e. their potential to 
transfer from soil into plants and crops (Li et al., 
2007; Ma et al., 2011). The capacity of plant to 
adsorb metals and the rate of plant metal uptake is 
closely related to metals mobility and 
bioavailability, which in turn directly depend on the 
chemical speciation of the metals in question 
(Alloway et al., 1998). Chemical speciation can be 
defined as the process of identification and 
quantification of different species, forms or phases 
of the elements present in a material (Naji et al., 
2010). In soils, metals can be present in a number 
of chemical forms including exchangeable, bound 
to carbonates, bound to Fe-Mn oxides, bound to 
organic matter and in the form of residual. These 
forms exhibit different behaviors with respect to 
bioavailability; the exchangeable and carbonate-
bound fractions are more bioavailable (Ma and Rao, 
1997). In order to study the speciation and possible 
associations between metals and the soil 
components, sequential extraction procedures 
(SEPs) are often used (Ma et al., 2011), whereby 
several reagents are sequentially employed to 
extract operationally defined phases from the soil.  
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Table 3. Spearman's rank correlation matrix of studied elements in  
the soil samples with texture, OM, pH, and CEC of the soils 

 
 As Cd Cr Cu Fe Mn Ni Pb Sb Zn Al Zr OM clay silt sand pH CEC

As 1.000                  

Cd .024 1.000                 

Cr -.142 -.121 1.000                

Cu -.142 -.060 .626** 1.000               

Fe .665** -.204 .321 .179 1.000              

Mn .307 -.192 .330 .384 .455 1.000             

Ni .147 -.169 .467 .602** .536* .395 1.000            

Pb .146 .025 -.084 -.247 .038 .259 .021 1.000           

Sb .485* .024 -.033 -.057 .545* -.096 -.131 -.109 1.000          

Zn .070 .107 .375 .426 .163 .175 .167 .302 .240 1.000         

Al .216 -.007 .777** .549* .472* .307 .495* -.250 .099 .355 1.000        

Zr .332 -.085 .136 .121 .662** .237 .081 .114 .400 .377 .197 1.000       

OM -.083 .251 .493* .700** -.339 -.346 .240 .011 -.075 .138 -.185 -.169 1.000      

clay .317 -.536* .650** .650** .739** -.199 -.162 -.174 .156 .084 .159 .169 .087 1.000     

silt -.302 .078 .094 .537* -.046 .312 .463 .045 .052 .298 .147 .087 .431 -.079 1.000    

sand .084 -.343 .024 -.495* .082 -.180 -.292 .023 -.088 -.381 -.190 -.046 -.446 -.336 -.869** 1.000   

pH .116 -.332 -.024 -.288 -.232 -.149 -.100 .194 -.331 .053 -.233 -.285 .013 -.371 -.381 .361 1.000  

CEC .300 .556* -.231 .046 -.002 -.266 -.039 -.075 .213 .119 .081 .138 .495* .945** .068 -.446 -.359 1.000
 

**Correlation is significant at the 0.01 level (2-tailed). 
*Correlation is significant at the 0.05 level (2-tailed). 

 
Table 4. Metal concentrations (ppm) in various geochemical fractions of surface soils of the studied area (<d.l.: below 

detection limit). Recovery (%) indicates the ratio between the sum of the F1-F5 fractions  
and the total metal content as analyzed separately (Table 2, see text) 

 
Extracted concentrations (ppm) 

  As Sb Cr Cu Cd Pb Zn Ni Mn Fe 
Exchangeable Min.  0.1 0.09 <d.l. 1 0.5 1.3 18 1.5 33.4 <d.l. 
 Max. 0.5 0.1 <d.l. 4.9 0.9 16.5 43 2.3 41 <d.l. 
 Mean 0.2 0.1 <d.l. 3.6 0.7 11.6 23 2.0 37 <d.l. 
            
Carbonate bound Min.  1.1 0.1 <d.l. 0.9 0.5 15.9 61 5.8 135 5 
 Max. 1.9 0.2 <d.l. 1.2 1 28.5 109 9.8 161 18 
 Mean 1.5 0.2 <d.l. 1.01 0.8 19.7 78.9 7.9 149.3 12.14 
            
Fe-Mn oxide bound Min.  5.2 0.6 1.8 1.6 0.1 2.1 2 23.9 175 983 
 Max. 8.6 0.7 3.2 3.9 0.2 3.7 9 43.6 201 1823 
 Mean 6.6 0.6 2.4 3.08 0.2 2.7 6.1 35.2 189.3 1354.6 
            
Organic matter bound Min.  0.1 0.01 46 12 0.1 2.1 1 1.7 68.3 325 
 Max. 0.5 0.05 64 24 0.2 4.4 3 2.9 72.2 952 
 Mean 0.3 0.02 56.7 19.9 0.1 2.9 1.8 2.3 70.4 569.7 
            
Residual Min.  2.7 0.2 20.4 2.1 0.1 4 3 27.3 129 21460 
 Max. 3.6 0.3 20.8 18.1 0.1 9.1 6 38 162 29310 
 Mean 3.05 0.2 20.6 12.1 0.1 5.8 4.4 32.4 145.1 26789.9 
            
Sum of the five fractions Min.  10.4 1.0 68.9 17.7 1.4 30.9 91 62.6 546.8 23845 
 Max. 14.4 1.3 86.6 51.2 2.0 59.2 164 95.4 620 31142 
 Mean 11.7 1.1 79.8 39.7 1.8 42.8 114.2 79.7 591.1 28726.3 
            
Recovery (%) Min.  75.9 84.6 82.1 66.2 79.7 76.1 91.1 75 79.9 99.1 
 Max. 109.5 114.2 117.8 110.6 116 101.1 114.6 98.6 132.3 112 
 Mean 91.5 103.2 98.9 91.1 105.3 87.6 104.1 83. 5 108.0 106.5 
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of Fe and total content proves the contribution of 
natural sources for this metal. Table 6 indicates that 
Sb and As in the F3 fraction are significantly 
correlated with total Fe content, whereas Ni in F3 
fraction show significant correlation with total Mn. 
This suggests that Fe oxides play an important role 
in scavenging both As and Sb, whereas Mn oxides, 
in comparison to Fe oxides, scavenge Ni more 
efficiently.  
 
Table 5. Spearman’s rank correlation coefficients for the 
relationship between percentage of metal partitioning in 
the exchangeable, Carbonate, Fe-Mn oxide, organic 
matter, and residual fractions and the total element 
concentration in the studied surface soils 
 

 R 
Exchangeable Pb- total Pb 0.937**
Exchangeable Zn- total Zn 0.927**
Exchangeable Cd- total Cd 0.865* 
Exchangeable Mn- total Mn 0.786* 
Carbonate bound Zn- total Zn 0.893**
Carbonate bound Cd- total Cd 0.887** 
Oxide bound As- total As 0.765* 
Oxide bound Sb-total Sb 0.739* 
Oxide bound Cu- total Cu 0.775* 
Organic bound Pb-total Pb 0.755* 
Organic bound Ni-total Ni 0.783* 
Residual bound Cr-total Cr 0.757* 
Residual bound Fe- total Fe 0.857* 

 
Significant correlations: *(p<0.01), **(p<0.05) 

 
Table 6. Spearman’s rank correlation coefficients 
between oxide bound (F3) fractions of As, Sb, Ni, and 
total Fe and Mn content 
 

 R 
Oxide bound As- total Fe 0.806* 
Oxide bound As- total Mn 0.144 
Oxide bound Sb- total Fe 0.732* 
Oxide bound Sb- total Mn -0.316 
Oxide bound Ni- total Fe 0.821* 
Oxide bound Ni- total Mn 0.500 

 
Significant correlations: *(p<0.01), **(p<0.05) 

3.6. Risk assessment code (RAC) 

A risk assessment code (RAC) calculates an 
index which shows the possible environmental risk 
by applying a scale to the concentration of metals 
present in both exchangeable and carbonate 
fractions (Perin et al., 1985). In general, elements in 
these two fractions are considered to be weakly 
bounded metals which may transfer easily from soil 
to plants (Alomary and Belhadj, 2007; Yan et al., 
2010). The higher the F1 and F2 fractions of metal 
in the soil, the greater the plant uptake of that metal 
(Ma and Rao, 1997; Alomary and Belhadj, 2007; 
Yan et al., 2007; Naji et al., 2010). According to 
RAC, if sum of these fractions is less than 1 %, 
there is no risk, 1-10 % exhibits low risk, 11-30 % 

shows medium risk, 31-50 % shows high risk and 
greater than 50% exhibits very high risk (Jain, 
2004). The results of RAC calculations for studied 
elements (Table 7) indicate that Zn, Pb and Cd pose 
a very high risk, As, Sb, Cu, Ni and Mn pose a 
medium risk, while Cr and Fe pose no risk to the 
investigated soil samples. 
 
Table 7. Risk Assessment Code (RAC) (%) and risk rank 
for studied elements in the soil samples. NR: no risk, LR: 
low risk, MR: medium risk, HR: high risk, VHR: very 
high risk (see text) 
 

 RAC Rank 
As 14.2 MR 
Sb 22.2 MR 
Cr 0 NR 
Cu 11.6 MR 
Cd 78.7 VHR 
Pb 73.2 VHR 
Zn 89.2 VHR 
Ni 12.4 MR 
Mn 31.5 HR 
Fe 0.04 NR 

3.7. Bioavailability of elements 

Elements geochemical speciation is the first step 
in assessing their mobility and bioavailability to 
plants (Cheng et al., 2011). If one assumes that 
bioavailability is related to solubility, then 
bioavailability decreases in this order: 
exchangeable>carbonate>oxide>organic>residual. 
Elements in the exchangeable and carbonate 
fractions are the most bioavailable fractions and are 
the most readily available for plant uptake (Ma and 
Rao, 1997; Rogan et al., 2010). Fe-Mn oxide phase 
is relatively stable under normal soil conditions and 
the release of the elements from this fraction will 
most likely be affected by both redox potential and 
pH (Hu et al., 2006). The organic fraction is not 
considered as mobile or available, because it is 
thought to be associated with stable high molecular 
weight humic substances that slowly release small 
amounts of metals (Cheng et al., 2011). In the 
residual fraction, generally elements are occluded 
in crystalline structures and have high stability (Ma 
et al., 2011). Therefore the elements associated with 
this fraction can only be mobilized as a result of 
weathering (Cheng et al., 2011). 

Elements concentration in each chemical phase of 
the soil samples descends as follow: 
Exchangeable: Cd > Pb > Zn > Mn > Cu > Sb > Ni > As > Cr 
and Fe 
Carbonate: Zn > Pb > Cd > Mn > Sb > As > Ni > Cu > Fe > Cr 
Oxide: As > Sb > Ni > Mn > Cd > Cu > Pb > Zn > Fe > Cr 
Organic matter: Cr > Cu > Cd > Pb > Mn > Ni = As > Fe > Sb > 
Zn 
Residual: Fe > Ni > Cu > As > Cr > Mn > Sb > Pb > Cd > Zn 

The high associations of Cd, Pb and Zn with 
exchangeable fraction represent the very high 
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potential mobility of these metals. Despite the fact 
that total concentration of As, Cr, Cu, Ni and Sb is 
higher than the unpolluted worldwide values (Fig. 
2), the concentration of these elements in the 
exchangeable fraction is low. This observation as 
well as the high proportion of As, Sb, Ni and Mn in 
both oxide and residual phases points to their low 
availability from soil to plant. The high proportions 
of Cr, Cu and Fe in the organic matter and residual 
fractions, restrict the phytoavailability and toxicity 
of these metals for plants. 

4. Summary and conclusions 

The objective of this study was to assess the 
pollution status of agricultural soil samples 
neighboring an industrial site in NW Isfahan, 
central Iran. The main results of this research can 
be summarized as follows: 
 The soil samples contain elevated 

concentrations of studied elements (except Fe) 
compared to the worldwide averages. The 
calculation of enrichment factor values and 
correlation analysis between elements indicate 
that As, Sb, Cr, Cu, Cd, Pb, Zn, Ni and Mn are 
mainly introduced into the soil system via 
anthropogenic inputs, e.g. emissions from 
industrial plants and/or pesticide and fertilizer 
application. 

  Speciation patterns of the studied elements 
reveal that a high percentage of Cd, Pb and Zn 
are associated with carbonate phase, perhaps 
due to their geochemical affinity and/or their 
anthropogenic source. Furthermore, the 
presence of these metals as exchangeable phase 
confirms their high bioavailability and potential 
risk in the study area. 

 Antimony, Mn, As and Ni are mainly associated 
with the reducible oxide fraction. Thus, they are 
very stable under oxidizing conditions of the 
surface soils. Chromium and Cu are 
predominantly bound to the organic matter and 
consequently not bioavailable. The high content 
of Fe in the residual fraction as well as its very 
low concentration in the first two fractions 
indicates that Fe is not possibly taken up by 
plants.  

 Based on RAC, the mobility of elements in the 
studied samples decreases in the order: Zn > Cd > 
Pb > Sb > Mn > As > Ni > Cu > Fe > Cr.  

 The speciation pattern in the studied soils 
warrants a further study on the concentration of 
elements in the local crops. As far as land 
management practices are concerned, it is 
necessary to remediate the affected soils by 
immobilizing biologically available elements, 
including Zn, Cd and Pb. 
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