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ABSTRACT 
Amidst the numerous techniques of remediation researched, the immobilization technique achieved through 
solidification/ stabilization appears to be most effective due to its ability to entrap the waste within a solid 
cementitious matrix and its cost effectiveness. Due to growing environmental concerns there is a need to replace 
conventional stabilization binders with more efficient, environment friendly stabilizer. In this study artificially Lead 
contaminated Kaolinite is treated using different concentrations of Olivine, a natural mineral. The effectiveness of the 
treatment is assessed through unconfined compressive strength test and column leachate test. The optimum 
concentration of Olivine for remediation is determined. The experimental results show that olivine can be effectively 
used for the treatment of Lead contaminated soil.  
 
 
 
1 INTRODUCTION 
 
Improper dumping of wastes and poor management of 
industrial discharges in the recent years have led to 
severe soil contamination. Due to their tendency to bio-
accumulate, heavy metal contaminants persist in the 
soil without undergoing degradation. In addition to being 
toxic to the environment and public health, they also 
affect the mechanical behaviour of soils. Lead is a 
highly toxic, non-biodegradable element found in the 
environment. Anthropogenic activities like mining and 
smelting operations, combustion and incineration 
processes, automobile emissions have lead to 
excessive Lead levels in the air and soil.  

In situ immobilization achieved by Stabilization/ 
Solidification has been found to be an effective 
remediation technique for treating contaminated soils. 
Stabilization/ Solidification processes retain the 
contaminants and convert them into less toxic or mobile 
forms by physical or chemical means. Most processes 
use cement based binders. However, due to growing 
environmental concerns on the overuse and over 
dependance on cement leading to high energy 
consumptions and high carbon footprint, there is a need 
to replace cement based binders. Recently phosphate 
based binders were developed which proved to be 
effective for lead immobilization. Excess phosphate 
additions affect the soils chemical structure. Studies 
conducted by Suzuki et al. (2013) and Jin et al. (2016)                                    
showed the effectiveness of MgO based binders in 
treating heavy metal contaminated soils. Commercial 
MgO in addition to being expensive is also a cause of 
concern due to its carbon footprint. 

In this study, Olivine, a natural mineral found on the 
Earth's subsurface was chosen as the binder for Lead 
immobilization. Olivine is a magnesium iron silicate 
comprising of 49-50% MgO. MgO has been effectively 
used for contaminated soil remediation (Garcia et al., 
2004). Currently there are no known publications on the 
use of Olivine for the treatment of heavy metal 
contaminated soil. Olivine if found effective in Lead 
immobilization can replace commercial MgO and 

phosphate based binders and will prove to be an 
economical, environmental friendly alternative. 

 
 
2       EXPERIMENTAL PROGRAM 
   
In this study artificially contaminated Kaolinite was 
prepared at two Lead contamination levels, moderate 
and high. The lead contaminated Kaolinite was then 
treated at varying percentages of Olivine. The 
effectiveness of the stabilization/solidification treatment 
is evaluated based on unconfined compressive strength 
test and column leachate test.  
 
2.1     Materials 
 
The Kaolinite used for the study was purchased from 
English India Clays Ltd. Table 1 shows the properties of 
Kaolinite. The soil is classified as CI as per IS 
classification.   

 
 

Table 1. Properties of Kaolinite 
   

Soil Property Value 

Specific gravity  
 

2.52 

Liquid limit (%) 50 

Plastic limit (%) 26 

Shrinkage limit (%) 21 

Plasticity Index (%)  24 

Max. dry density (g/cc)  1.54 

Optimum Moisture Content (%)  27 

Unconfined Compressive Strength (kN/m2 )  140 

 
 
The Olivine used for the study was purchased from 

Industrial Minerals and Refractories, Salem. Table 2 
gives the properties of Olivine as provided by the 
manufacturer. 
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Table 2. Properties of Olivine 
 

Property Value 

Chemical Composition (%)  

MgO 49 
SiO2 41 
Fe2O3 9 
Al2O3 0.5-2.0 
CaO 0.2 
Melting Point 1600 oC 
Free Silica Content <0.1% 
Bulk density (g/cc) 3.2-3.4 

 
 
2.2       Preparation of Artificially Contaminated Soil 
 
Lead nitrate salt of analytical reagent grade was used 
for preparing Lead solutions used for artificially 
contaminating the soil. The soil was artificially 
contaminated with predetermined concentrations of 
Lead nitrate to prepare moderately contaminated soil 
with Lead concentration of 700 mg/kg and  highly 
contaminated soil of 1500 mg/kg Lead concentration 
represented as M. Pb and H. Pb respectively. The 
maximum permissible Lead level in the soil is 500 
mg/kg as per US EPA criteria. Soil samples were left 
undisturbed for 30 days. These were then dried and 
powdered before use. 

 
2.3        Standard Proctor Test 
 
Olivine treatment of the contaminated clay involved 
mixing the clay with Olivine at varying percentages of 
15, 20, 25, 30 and 35%. The standard Proctor test was 
conducted in accordance with IS 2720 (Part 7) to 
determine maximum dry density and optimum moisture 
content. 
 
2.4        Unconfined Compressive Strength Test 
 
Samples were prepared at the optimum moisture 
content and maximum dry density of each percentage 
of Olivine in soil and thoroughly mixed to achieve a 
uniform blend. The samples were prepared in cylindrical 
moulds of 38 mm diameter and 76 mm height and 
cured for 7,14 and 28 days before testing. The test was 
conducted as per IS 2720 (Part 10 ) 
 
2.5        Column Leach Test 
 
In soil environments, both the environmental impact of 
hazardous materials and the effectiveness of S/S 
treatment technologies are evaluated based on the 
leaching of the concerned pollutants. In the present 
study, a flow-through column leach test setup was 
developed to evaluate the long-term effectiveness of 
the proposed Olivine-based S/S technology to 
immobilize heavy metals in soils. The column leach test 
was conducted in accordance with US EPA (2013) 
standards. Columns of 8 cm diameter were filled with 
samples at Optimum moisture content and 97% of 
maximum dry density obtained from Proctor test. The 
samples were filled to a height of 20 cm from the base. 
The base of the column was provided with a leachate 
collection mechanism. 

 
2.6     Alternate-wetting drying test 

 
The resistance of a stabilized/solidified soil to 
degradation caused by external environmental stresses 
are evaluated through durability tests. These 
environmental stresses are simulated by subjecting the 
S/S treated solid to aggressive physical weathering 
conditions in the form of wetting, drying, freezing, and 
thawing processes. In this study, alternate wetting and 
drying test was used to test the durability of the treated 
soil.  

The test was conducted in accordance to IS 4332 
(Part IV). Samples for durability test were prepared in 
the UCC mould at optimum moisture content and 
maximum dry density. Samples were submerged in 
potable water at room temperature for 5 hours .They 
were then placed in an oven and dried at 70o + 3oC for 
42 hours. Thus each cycle includes one wetting and 
one drying with a total duration of 48 hours. After the ith 
drying or wetting cycle, the mass loss (ML) of the 
specimen is calculated by the  Equation 1.   

 
 
ML (%)   =  (mo - mi) / mo x 100                            [1] 
 
 
Here, mo is initial mass of sample and mi is mass 

after ith cycle. The same procedure is repeated for the 
remaining samples till the failure occurred or upto 12 
cycles. 
 

 
3         RESULTS AND DISCUSSIONS 
 
3.1      Compaction Characteristics 
 
Fig. 1 and 2 shows  the variation in maximum dry 
density and optimum moisture content at varying 
Olivine content for moderate and high Lead 
contamination respectively. 
 
 

 
Figure 1. Variation in maximum dry density and 
optimum moisture content with varying binder dosage 
for moderately Pb contaminated soil  
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Figure 2. Variation in maximum dry density and 
optimum moisture content with varying binder dosage 
for highly Pb contaminated soil. 
 
 

For moderately contaminated soils, the dry density 
was found to increase till 25% Olivine after which it 
reduced. Optimum moisture content reduced with 
increase in Olivine content upto 25% after which it 
reduced. For highly contaminated soils, maximum dry 
density increased upto 20% and reduced thereafter. 
Optimum moisture content decreased upto 20% Olivine 
content and increased thereafter. 

 
3.2     Unconfined Compressive Strength Results 

 
Figure 3 and Figure 4 shows the stress strain curves of 
Olivine treated soil without curing for moderately and  
highly Lead contaminated samples respectively. 
 
 

 
Figure 3. Stress strain curves of moderately Pb 
contaminated samples without curing 

 
 

 
Figure 4. Stress strain curves of highly Pb contaminated 
samples without curing 
 
 

Figure 5 and Figure 6 shows the stress strain curves 
of samples at 28 days of curing for moderately and 
highly Lead contaminated samples respectively. The 
unconfined compressive strength test results show that 
strength of the moderately Lead contaminated soil 
improved with increase in Olivine content upto 25% 
beyond which it reduced. After 28 days of curing, a 3 
times increase in strength was observed. The 
compressive strength increased from 171 kN/m2 for 
untreated Lead contaminated soil to 680 kN/m2 for 25 % 
Olivine treated samples. The UCC test results of highly 
Pb contaminated soils show a 3.45 times increase in 
strength for soil treated at 20 % Olivine. The 
compressive strength increased from 85 kN/m2 to 380 
kN/m2 at 28 days of curing. 
 
 

 
Figure 5. Stress strain curves of moderately Pb 
contaminated soils at 28 days curing 
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Figure 6. Stress strain curves of highly Pb contaminated 
soils at 28 days curing 

 
 
Figure 7 shows the variation of 28 day strength at 

varying binder dosages. The optimum binder content for 
moderately contaminated soil was found to be 25% and 
that for highly contaminated soil was 20%. This 
indicates that increase in concentration of Pb enhances 
the strength of hydration products formed.  
 
 

  
Figure 7. Variation in 28 day strength of moderate and 
highly Pb contaminated soil with binder dosage 
 

 
Figure 8 shows the effect of curing on the 

compressive strength of 25 % Olivine treated M. Pb 
samples and 20% Olivine treated H. Pb samples. The 
strength was found to significantly increase with curing 
days. The increment in strength upon Olivine treatment 
can be attributed to the formation of Mg(OH)2, also 
called Brucite, the main hydration product of Olivine. 
Brucite has two sheets of hydroxide ions in hexagonal 
close packing, with a sheet of Mg atoms between them 
attached to form a layered structure (Al-Tabaa & Jin, 
2014). Hence the heavy metals get encapsulated within 
the layers or get adsorbed on the surface of  Brucite. 

The results obtained showed that with respect to the 
regulatory limit for unconfined compressive strength of 
stabilized/solidified soils specified by US EPA which is 
350 kN/m2, soils at both contaminant levels satisfied the 
criteria. 

 
 

 
Figure 8 Effect of curing on compressive strength 

 
 

3.3     Leachate Analysis 
 
The leachate analysis was conducted only for samples 
that showed maximum strength improvement. The 
leachate collected from the column leach test setup was 
analysed using Atomic Adsorption Spectrometer. Figure 
9 shows the heavy metal concentration in leachate of 
untreated and treated sample at optimum olivine 
content  for  both contamination levels.  
 
 

 
Figure 9.  Concentration of Lead in leachate 
 
 
The Lead concentration in the leachate for both 
moderate and high contaminated soils after treatment 
were found to be lesser than the US EPA limit of 5 mg/l. 
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3.4     Immobilization Efficiency 
 
The immobilization efficiency (E) of the optimum binder 
dosage for each  heavy metal can be evaluated using 
Equation 2. 
 
 
E (%) = [(Co - Ci)/ Co ] x 100                                    [2] 
 
 
where C0 and Ci is the heavy metal concentration in the 
leachate from untreated and treated samples 
respectively. 

Figure 10 shows the immobilization efficiency of 
samples treated at 25% Olivine content for moderate 
contamination and 20% Olivine content for higher 
contamination. An immobilization efficiency of 82 % and 
86% were obtained for moderate and high 
contamination respectively. 

 
 

  
Figure 10. Immobilization efficiencies achieved by S/S 
remediation 

 
 

3.5    Durability of treated samples 
 
The test results of the wet-dry durability in terms of 
percentage of mass loss after each cycle are plotted 
against number of cycles. Fig 11 shows the mass loss 
percentage for Lead contaminated samples. Untreated 
Lead contaminated soils did not withstand the test 
beyond the second and third cycle for moderate and 
high level of contamination respectively. Moderately 
Lead contaminated samples at optimum binder dosage 
showed a mass loss of 16% and highly Lead 
contaminated samples at optimum binder dosage 
showed a mass loss of 17%. Thus the mass loss 
percent at both levels of contamination were below the 
US EPA regulatory limit of 30%.  

 

 
Figure 11.  Percentage mass loss for treated samples 

 
 

4. MECHANISM OF IMMOBILIZATION 
 
As the main constituent of Olivine is MgO, based on 
available literature on remediation of contaminated soils 
using MgO based binder and hydration mechanisms of 
Olivine, the mechanism of solidification and 
immobilization can be explained.  

The entrapment of heavy metal in the stabilized soil 
matrix can be attributed to three distinct mechanisms. 
First, the high pH conditions induced in the soil upon 
the addition of binder results in the formation of 
insoluble heavy metal hydroxides. This  makes it 
difficult for heavy metal species to find their way into 
ground water. The second possible mechanism is the 
incorporation of heavy metal ions into the crystal 
structures of the cementitious compounds formed upon 
stabilization. These consequently are not readily 
dissolved in water, thus not showing up into the 
leachate chemical composition. The third mechanism is 
surface adsorption or  physical entrapment of the heavy 
metal species through sorption onto particle surfaces. 
Binders that rely on the third mechanism alone for 
immobilization are less effective. ( Suzuki et al., 2013) 

Lead being the most common among heavy metal 
contaminants, a large number of studies have been 
conducted on its mechanism of immobilization. Based 
on these it can be said that, in the alkaline environment 
provided by the Olivine, Lead precipitates to Lead 
hydroxide making it difficult for the Lead to leach out. 

Contrary to what is observed for cement based 
binders, increase in Lead contamination led to 
increased immobilization efficiencies. Excess presence 
of Lead is usually found to retard the hydration process 
of binders generally used (Wang et al. 2015). In this 
study higher contamination level required lesser Olivine 
for maximum strength attainment. This indicates that 
excess Lead activates the hydration process of Olivine. 
Detailed investigations into the microstructure of the 
hydration products formed is necessary to explain this 
observation.  

Initially, addition of binder creates an alkaline 
environment that causes leaching  out of Si and Al from 
the soil, forming an alumina-silicate-hydrate gel. As the 
hydration of MgO progresses strength improvement 
occurs. At the latter part of the curing period, the 
presence of Lead hydroxides causes the Mg ions to 
provide additional nucleation sites for precipitation. This 
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results in the formation of Magnesium silicate hydrate 
(M-S-H) gel. The formation of A-S-H and M-S-H and 
Brucite (Mg(OH)2) is responsible for the strength gain. 
(Chiang et al. 2014) 

The strength reduction at higher Olivine dosages 
can be attributed to the excess Olivine that was not 
mobilized in the chemical reactions which consequently 
occupied space within the sample and therefore 
reducing bond in the mix. 
 

. 
5         CONCLUSIONS 
 
A number of previous studies showed that the menace 
of heavy metal contamination of soil and ground water 
resources is growing at an alarming rate. This study 
focused on assessing the potential of a natural mineral, 
Olivine for use in the stabilization/ solidification of Lead 
contaminated soils. The following conclusions can be 
drawn from the study. 

(i) Olivine being a rich source of MgO, has the 
potential to remediate Lead contaminated soils. 

(ii) The optimum binder dosage was found to be 
around 20-25% Olivine depending on the level of 
contamination in the soil. 

(iv) Strength of soils improved with Olivine addition, 
showing a 3 times increment for moderate Lead 
contamination and 3.45 times increase for high Lead 
contamination. 

(v) Contrary to the retardation effect of excess Lead 
seen on conventional binders, in this study excess Lead 
was found to activate the hydration process. This 
necessitates detailed investigations into the 
microstructure of hydration products formed. 

(vi) The concentration of Lead in the leachate were 
below the US EPA maximum permissible limit of 5mg/l 
for both levels of contamination. 

(vii) Immobilization efficiency of 82% for moderate 
contamination and 86% for higher contamination was 
achieved. 

(viii) The mass loss percentage obtained from the 
durability test were below the US EPA limit of 30% at 
both levels of contamination. 

Overall the study showed that Olivine is a promising 
new binder that can be used for remediation of heavy 
metal contaminated soil. Extensive research into the 
hydration mechanisms of Olivine and the effect of 
excess heavy metals will help develop an optimum 
binder with better immobilization efficiency. It is 
imperative to adopt economical and flexible remediation 
techniques and binder materials that cause minimal 
environmental impact and at the same time ensure that 
the reuse potential of the treated soils are not adversely 
affected due to changes in its engineering properties. 
Utilization of Olivine is one such promising remediation 
technique that needs to be extensively explored. 
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