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ABSTRACT

Soil severely contaminated with lead, copper and arsenic is located in an open area close to the
village Slagnés in the municipality of Arvidsjaur. The site is strongly affected by the contaminants
and no vegetation can colonize the site due to metal(loid) toxicity. The contaminated soil is within
reach for humans living in the village and animals are exposed to the pollutants when passing the
area. Remediation of the contaminated soil is essential. To avoid excavation of soil that surrounds
a functioning railway, a less disruptive alternative to excavation could be chemical stabilization.
Two soils from the site were used to evaluate the possibility to use soil stabilization as remediation
technique. The soils were labeled as Al and A3.

Soil from area Al was enriched in lead, copper and arsenic (50 207, 3184 and 1030 mg/kg DW,
respectively). A screening test showed that bone meal and zero-valent iron would be appropriate
amendments to use as sorbents. Phosphates are known to have a good immobilization effect on
lead while iron is an effective sorbent for arsenic. The soil from A3 contained lower concentrations
of metal(loid)s but still much higher than the guideline values of the Swedish EPA. Zero-valent
iron and peat have shown good results for metal(loid) immobilization and were sequentially added
to the soil to evaluate this technique further.

Risk assessments were done to evaluate the immobilizing efficiencies in the soils. Simulations
were done in laboratory of the three exposure pathways: ground and surface water contamination,
plant uptake and accidental ingestions by humans. Results showed that both stabilization
techniques increase pH and the water holding capacity significantly in the soils, which reduces soil
phytotoxicity and promotes plant growth.

The stabilization with bone meal and zero-valent iron was an ineffective method. Leaching tests
showed that a change in the environment would have negative effects on the stabilization
efficiency. However, the treated soil showed a good acid neutralization capacity, which would
prolong the stabilization effect. No seeds germinated in the stabilized soil from Al. Bone meal
released high concentrations of organic matter that contributed to a release of metal(loid)s to the
soil pore water. The gastric simulation showed that almost 90% of lead from untreated ingested
soil was bioaccessible to humans. The uptake decreased to 15% in the stabilized soil.

Soil A3 showed a good stabilization efficiency in all tests. Re-vegetation would be possible
according to germination tests with dwarf beans. The metal(loid) uptake was small in the plants,
which prohibit metals from entering the food-chain. The gastric simulation showed that less than
10% of all analyzed elements would be taken up through the human digestion system in the event
of the accidental soil ingestion.
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SAMMANFATTNING

Jord svart fororenad med bly, koppar och arsenik &r beldgen i ett 6ppet omrade néra byn Slagnés i
Arvidsjaurs kommun. Platsen &r starkt paverkad av fororeningar och véxtlighet saknas pa grund
av metalltoxiciteten. Omradet ar tillganglig for manniskor som bor i byn och djur exponeras for
fororeningarna nar de passerar platsen. Sanering av den fororenade jorden ar darfér nédvandig.
For att undvika schaktning av jord som omger en fungerande jarnvag kan kemisk stabilisering vara
en mojlig saneringsatgard. Tva jordar fran platsen anvandes for att utvardera lampligheten att
kemiskt stabilisera fororeningarna. Jordarna bendmndes Al och A3.

Jorden fran omrade A1 innehdll extremt hoga halter av bly, koppar och arsenik (50 207, 3184 och
1030 mg/kg DW, respektive). Ett screeningtest visade att benmjol och metalliskt jarn var 1ampliga
amnen att anvanda som sorbenter. Fosfor har formagan att effektivt stabilisera bly. Desamma
galler for jarn med stabilisering av arsenik. Jorden fran A3 inneholl lagre halter av metaller och
arsenik men halterna var fortfarande hogre an riktvardena fran Naturvardsverket for fororenad
mark. Metalliskt jarn och torv har visat goda resultat som stabilisatorer och tillsattes stegvis i
jorden.

Riskbeddmningar i laboratorium gjordes for att utvardera sorbenternas stabiliserande effekt med
simuleringar av de tre exponeringsvéagarna: spridning till grund och ytvatten, upptag i véxter och
oavsiktligt intag av manniskor. Resultat visade att bada stabiliseringstekniker kade pH och den
vattenhallandekapacitet avsevart i jordarna, vilket framjar vegetation pa platserna och
stabiliseringen av metaller.

Stabiliseringen med benmjol och metalliskt jarn var dock en ineffektiv metod. Laktester visade att
forsurning av jorden skulle ha en negativ paverkan pa stabiliseringen. Den stabiliserade jorden
visade dock en god férmaga att neutralisera syra som framjar en langre stabilisering av metaller
och arsenik. Inga vaxter kunde etablera sig i den stabiliserade jorden vilket indikerar att vaxter inte
kommer kunna kolonisera en behandlad jord pa plats i naturen. Benmjol sldppte hoga halter av
organiskt material till porvattnet. Organiskt material har formagan att mobilisa metaller och
arsenik vilket visades i resultaten. Simulationer av det manskliga magsystemet visade att nastan
90 % av intaget bly fran den obehandlade jorden var biologiskt tillgangligt. Upptaget i ménniskan
minskade till 15 % da jorden stabiliserades.

Jord fran A3 visade en bra stabiliseringseffekt i alla simuleringar. Kolonisering av vaxter skulle
vara mojligt enligt forséken med dvargbdnor som vaxte i alla fyra replikat. Koncentrationen av
ackumulerade metaller och arsenik i plantorna var laga vilket forhindrar féroreningarna fran att
spridas i naringskedjan. Simulationen av upptag av metaller i ménniskans mage visade att mindre
an 10 % av alla fororeningar var i en tillganglig form.
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1. INTRODUCTION

Sites contaminated with too high concentrations of trace metal(loid)s in the soil can pose a threat
to human health and the environment, caused by high mobility and bioavailability of these
elements (Kumpiene, et al., 2007). It is therefore of high environmental and toxicological concern
to remediate polluted sites and prohibit metal(loid)s to enter compartments such as ground and
surface water, plants and animal communities (Komarek, et al., 2012). The traditional remediation
technique, excavation and landfilling, is unfeasible on large contaminated areas due to the
disruptive impact on the environment and the high cost for transport and disposal (Houben, et al.,
2012). Since metal(loid)s cannot be destroyed or degraded, excavation and landfilling only
relocates the problem from one site to another. Clean soil is needed to fill up the remediated site,
which prohibits a sustainable solution on global scale in a long time perspective. An alternative
remediation technique is chemical stabilization where different amendments, both organic and/or
inorganic, are mixed in the contaminated soil in-situ (Kumpiene, et al., 2007). The method is based
on naturally occurring geochemical processes in the soil and reduces the metal(loid) mobility and
bioavailability by precipitation, sorption, ion exchange and/or redox reactions (Puschenreiter,
2008). It has been acknowledged that the bioavailability of metal(loid)s plays a vital role in risk
assessment of contaminated sites (Bolan, et al., 2014). Soil stabilization combined with re-
vegetation on contaminated soil are generally considered to be a cost-efficient and less disruptive
technique compared with the conventional excavation and landfilling method (Houben, et al.,
2012). Addition of amendments has the positive effect on vegetation colonizing the site, improves
soil pH and organic matter content, restores soil microbial activity, increases the moisture content
and reduces soil compaction. Re-vegetation can also help to protect the remediated soil from offsite
movement of contaminants by wind and water (Puschenreiter, 2008).

The aim of chemical stabilization of contaminated soil is to alleviate the risk of groundwater
contamination, to reduce the metal(loid) exposure to soil living organisms and plant uptake, as
well as to enhance biodiversity (Puschenreiter, 2008); (Houben, et al., 2012). The technique should
therefore keep the total metal(loid) concentration in the soil constant (Houben, et al., 2012).
Different processes that can occur in the soil and affect the mobility of metal(loid)s are described
in Appendix 1, e.g. precipitation, sorption and aqueous complexation. Chemically stabilized soil
requires monitoring of the site in order to ensure the long-term stability of the immobilized
contaminants (Bolan, et al., 2014). Beneficial for this technique is that cost-effective amendments
can be derived from industrial by-products in large quantities which promote a more sustainable
development (Houben, et al., 2012).

1.1. Amendments

Reviews by Komarek et al., (2012), Miretzky and Fernandez-Cirelli (2008) and Kumpiene et al.
(2008) show that a great amount of research has been done to investigate the possibility to
chemically stabilize metal(loid)s with different additives in laboratories and field. Appropriate
amendments can be chosen by comparing the affinity for element-bearing soil fractions
(Kumpiene, et al., 2008). The properties of the additives are important and should possess a strong
metal(loid) binding to be sustainable in a long-term perspective. It is important that the additives
do not damage the soil structure or soil fertility (Puschenreiter, 2008). Significant changes in
concentrations in the contaminated soil would be due to an inappropriate choice of amendment
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(Kumpiene, 2005). Phosphates, zero-valent iron, peat and quicklime are all possible amendments
in chemical stabilization of contaminated soil (Kumpiene, et al., 2008).

1.1.1. Phosphates

Phosphates (PO+*) can have a great immobilizing effect on cationic contaminants, especially lead
(Pb) due to formation of the insoluble mineral pyromorphite. Pyromorphite has the chemical
formula Pbs(PO4)3X where X=F, Cl, Br or OH (Puschenreiter, 2008), shown in equation 1.

5Pb2* + 3H;PO0, + H,0  Pbs(PO,)X + 10H* 1)

Favorable conditions for precipitation of pyromorphite is matrixes with low pH where both
phosphates and lead are more mobile. Immobilization of lead has been studied with many different
amendments containing phosphorus such as phosphoric rocks, synthetic hydroxyapatite, biosolids,
phosphoric acid and bone meal (Miretzky & Fernandez-Cirelli, 2008). Xinde et al. (2009)
confirmed the necessity of acidification to provide sufficient amounts of available phosphorus for
pyromorphite formation, comparing phosphoric acid and phosphoric rocks as amendments. The
most effective amendment according to Kumpiene et al. (2008) and Miretzky & Fernandes-Cirelli
(2008) is phosphoric acid due to the decrease of pH in the soil. Researches have been done to
increase pH in contaminated soil with quicklime after addition of phosphoric acid. This was done
to recover the soil and increase the possibility for re-vegetation on the site (Xinde, et al., 2009),
see 1.1.2 Quicklime. Bone meal is another cost-effective amendment that could be used as a
phosphorus source in chemical stabilization. Tests with commercially available bone meal have
showed positive results reducing the leachate of metals from contaminated soil (Sneddon, et al.,
2006).

Pyromorphite is stable during a wide range of natural pH and redox conditions of the soil and
accidental ingestion of the mineral does not yield bioavailable lead (Miretzky & Fernandez-Cirelli,
2008). Studies have also showed a reduced uptake of lead by plants growing on phosphate-treated
soil (Sneddon, et al., 2006).

Tests with a phosphorus-lead molar ratio of 2 enhanced precipitation of pyromorphite-like
minerals with a poor crystalline structure when the initial lead concentration was 14 900 mg/kg
soil (Xinde, et al., 2009). Previous studies have suggested a molar ratio of 4 for soils contaminated
with as high as 11 600 mg/kg (Melamed, et al., 2002) even though the stoichiometry between
phosphorus and lead is 3/5. High amounts of induced phosphorus to the soil can have adverse
effects on fresh water by eutrophication. It can moreover increase leaching of arsenic by replacing
it on iron hydroxide surfaces (Miretzky & Fernandez-Cirelli, 2008). The presence of arsenic in
contaminated soil should be considered when using phosphate as stabilizer during soil remediation.
However, recent studies have showed efficient sorption of arsenic(V) on bone meal (Sneddon, et
al., 2006).

1.1.2. Zero-valent iron

The usage of iron oxides as stabilizer have been extensively studied for both metals and arsenic
due to their important sorption properties: large specific area (Houben, et al., 2012) and favorable
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molecular structures. The OH-OH distance in iron oxide molecules matches well with the
coordination polyhedral of many trace elements, which promotes metal(loid) adsorption
(Puschenreiter, 2008). Lead can form mononuclear complexes on goethite and ferrihydrite
surfaces. Arsenate, copper and lead ions can form inner sphere surface complexes with hydrous
ferric oxides (Kumpiene, et al., 2011); (Bolan, et al., 2014).

Iron oxides can be added directly or indirect by application of precursors such as zero-valent iron
or iron sulfates (Houben, et al., 2012). The usage of zero-valent iron as amendment is cost-effective
since the concentration of iron is high compared to other additives such as e.g goethite. The
reaction time with zero-valent iron makes the stabilization process more time consuming compered
to addition of e.g. iron sulfates. However, tests have showed that complexes formed due to addition
of zerovalen iron are more stable in the long run and therefore more suitable in soil stabilization
(Komérek, et al., 2012). Usage of 1 wt% zero-valent iron in the contaminated soil is suggested as
the best application rate. Doses higher than 5 wt% severely change the soil structure, can lead to
metal toxicity and nutrient deficiency, and aggregation of soil particles. Tests with concentrations
lower than 0.5 wt% showed no reduction of arsenic bioavailability (Warren & Alloway, 2003);
(Warren, et al., 2003).

Zero-valent iron (Fe®) will oxidize according to equation 2, 3 and 4 in high redox-conditions
forming amorphous ferrihydrite, Fe(OH)a.

Fe® +1/,0, + H,0 & Fe?* + 20H~ )
Fez++1/402+1/2H20<—>Fe3++0H‘ (3)
Fe3* + 3H,0 & Fe(OH); + 3H* (4)

Arsenate (AsO4%), which is the most abundant form of arsenic, have high affinity for iron and can
precipitates as the mineral scorodite, FeAsO4*H:0, in oxidized conditions and low pH. The highly
insoluble mineral iron arsenate, Fe3(AsOa4)2*H-0, can precipitate when pH is around 5 and the
redox conditions are moderate (Sastre, et al., 2004). The arsenic oxyanion binds to the positive
surfaces of iron (Bolan, et al., 2014). The surface charge of amorphous ferrihydrite is pH dependent
and the point of zero charge is 7.9 (Kosmulski, 2009). The durability of metal(loid) immobilization
with iron oxides have been established for at least 5 years in a semi-field study (Puschenreiter,
2008).

1.1.3. Quicklime

Quicklime, CaO, is an alkaline amendment which have been used in chemical stabilization to
decrease the mobility of metals by increasing soil pH (Kumpiene, et al., 2008) according to
equation 5. The effects of pH and redox for lead, arsenic and copper are shown in Figure 15, Figure
16 and Figure 17 in Appendix 1.

Ca0 + 2H*t & Ca?* + H,0 (5)
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Quicklime is commercially used in agriculture to reduce soil phytotoxicity and promote plant
growth (SNV, 2010). Negim et al (2012) presented results where addition of alkaline amendments
decreased the copper concentration in pore water and improved the plant growth on the
contaminated site sufficiently.

Long-term projects have showed that the immobilizing effects are adequate during the first years
after remediation but the effects decrease gradually with time. This is due to dissolution and
weathering of the liming agent. It is necessary to repeat the application of calcium oxide frequently
to maintain the metal immobilization (Puschenreiter, 2008). Bolan et al. (2014) noted the
importance of long-term stability in immobilized soil and confirmed that liming is typically a
short-term solution. Soil pH will over time revert to equilibrium with the surrounding environment
which usually means more acidic soil.

1.1.4. Organic matter

Organic matter such as peat can be used as additive in chemical stabilization to improve the
structure of the soil and promote re-vegetation. Niero (2013) used 5 wt% of peat when stabilizing
arsenic contaminated soil with zero-valent iron and organic matter. The results showed that the
combination significantly reduced arsenic phytotoxicity, bioaccessibility and arsenic accumulation
in plant shoots and roots (Niero, 2013).

Respiration of organic matter releases dissolved organic matter (DOC) to the solution. DOC
consist of humic, fulvic and humin acids which forms ligands with functional groups. These
compounds can bind to ions in solution and mobilize them. Carboxylic (COOH) and phenolic
(OH) functional groups are two of the most important carriers in fresh water (Ingri, 2012). It is
therefore important that the selected organic matter to be used as soil amendment is mature and
contains low amounts of easily soluble organic acids.

1.2. Risk Assessment

Risk assessments can be used to evaluate the immobilizing effect of different amendments used
for the chemical stabilization and to understand if the hazards of contaminants have decreased.
Chemical soil stabilization is a relatively new remediation technique and no standards for risk
assessments exist. Different approaches have been used to estimate the immobilizing of metals.
The purpose of chemical stabilization is, as mentioned in the introduction, to prevail spread of
contaminants to the ground and fresh water and to decrease the uptake in plants and the exposure
to communities. Simulations in laboratory can be used to evaluate the immobilizing efficacy, see
attached appendix: Risk Assessment.

1.3.  Case study

A severely lead-, copper- and arsenic-contaminated soil is located 60 km south of the town
Arvidsjaur in the northeast part of Sweden. The surface of the soil is polluted mainly due to
atmospheric fallouts originating from emission from a former copper ore transshipment station
and the site is strongly affected by the pollutions. No plants can grow on the site due to metal
toxicity. Restoration of the contaminated soil is essential and to avoid excavation of soil that
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surrounds a functioning railway, a less disruptive alternative to excavation could be chemical
stabilization. Two areas with different amount of metal(loid)s on the site were selected, herewith
called Al and A3.

The usage of different amendments to remediate the soil have been considered, such as quicklime,
phosphates, zero-valent iron and peat.

2. SCOPE OF THESIS

The aim of this Master thesis was to evaluate the possibility to chemically stabilize two severely
contaminated soils from Slagnas by sequential addition of immobilizing amendments, and further
evaluate the immobilization efficiency by risk assessment in laboratory.

The project to chemically stabilize soil from area Al was carried out in two phases. A screening
test was done in the begging of the project to evaluate the suitability of amendments for this soil.
Amendments such as phosphates, zero-valent iron and calcium oxides were used. The second part
of the project, the risk assessment was done for soil stabilized with amendments chosen from the
screening test, hence bone meal and zero-valent iron.

The other soil from Slagnés (Area A3) was stabilized with zero-valent iron and peat and evaluated
by risk assessment in laboratory simultaneously as soil from Al. Addition of these two
amendments showed good results in a previous study (Kumpiene, et al., 2013).

This report focuses on metals and metalloids, especially iron, lead, copper, phosphorus and arsenic.
The following questions cover the scope of the thesis:

e Which effects do phosphates, zero-valent iron and quicklime have as amendments to the
lead, copper and arsenic contaminated soil from the area A1?

e How would the chemical stabilization affect the metal(loid)s leaching to the groundwater
from the contaminated soils?

e Is re-vegetation possible on the stabilized soils, and if so, how would the remediation
techniques affect the metal(loid) uptake by plants?

e Are the chemically stabilized contaminants bioaccessible to humans due to accidental
ingestion?

o Are the stabilization techniques sufficient enough to be used as remediation methods on
the contaminated soils?

A literature review of risk assessment and metal(loid) bioavailability and ecotoxicity is given in
Appendix 1.
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2.1. Delimitations

This master thesis was carried out during five months in the spring of 2014. A short period of time
limited the laboratory simulations of plant growth and the evaluation of the long-term
immobilizing efficiency. Organic pollutions, dioxides and pesticides are not mentioned, not in the
report, neither in the literature study.

Results from Al and A3 will not be directly compared since they contained different amounts of
metal(loid)s and have been stabilized with different amendments.

3. MATERIAL & METHODS
3.1. Soil and amendments

Approximately 10 kg of soil from the surface and to a depth of 10 cm were excavated from area
Al and A3, separately. Both soils were air-dried, homogenized and sieved to < 4 mm and used
separately in the risk assessment. Soil from area Al was used due to high concentrations of lead,
copper and arsenic. Soil from A3 was used because the concentrations of metals were not as high
as in Al, but the concentration of arsenic was approximately the same. Untreated air-dried and
sieved (<4 mm) soil from both areas were used as control samples. The site can be considered as
land with less sensitive use, see Table 11 in Appendix 1.

Four different amendments were used in the first screening test: 1) 85% orthophosphate acid with
amolarity of 14.7; 2) Bone meal containing 9 wt% of phosphorus from BlomsterLandet — Organic
fertilizers for bulbs and clematis; 3) Zero-valent iron (Fe®) from Merox, and; 4) Quicklime (96%
CaO) from Riedel-de Haén.

A Risk assessment was carried out with bone meal and zero-valent iron in the soil from area Al
and zero-valent iron and waste peat from Geogen Produktion AB in soil from area A3.

3.2.  Soil basic characterization

A basic soil characterization was implemented on the soils from the areas Al and A3. Dry weight
(DW) and loss on ignition (LOI) were determined according to the Swedish Standard SS 02 81 13.
Water holding capacity (WHC) was measured by adding soil to a cylindrical beaker with filter
paper in the bottom. The samples were first saturated with water for 1 h and then left in a vessel
with sand for 3 h to remove the excess of water. The weight of the saturated sample was measured
and compared to the weight after the sample had been dried for 24 h in 105 °C. Calculations of the
weight loss gave the water holding capacity for each soil.

The total metal(loid) concentrations in the untreated soils was determined with aqua regia. 1 g DW
of soil was digested in 15 ml aqua regia: a liquid mixture of concentrated HNO3z and HCI (v/v 3:1).
The samples were heated up to 195 °C for 10 min in a microwave oven, filtered through a paper
filter and diluted with de-ionized water to 100 ml. The metal(loid) concentrations in the digestates
were measured with ICP-OES. All tests were carried out in triplicates.
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3.3.  Screening test

Six samples were prepared by mixing 200 g DW of soil from the area A1 (air-dried and sieved to
<4 mm) with the amendments, separately or combined (Table 1). The test was carried out in
triplicates for each sample.

Table 1. Sequence of added amendments and amendment combinations to soil from Area Al.

Day P+QL P+QL+ZVI BM BM+ZVI ZV1 QL
1 HsPOs HsPOs Bone meal Bonemeal Fe® CaO?
2 CaO! CaO! Fed

3 Fe?

P=Phosphoric acid, QL=Quicklime, ZVI= Zero-valent Iron, BM=Bone meal, C=Control sample.

Phosphorus was added to a P/Pb molar ratio of approximately 2 in sample P+QL, P+QL+ZVI, BM
and BM+ZV1. Orthophosphate acid was used as P-amendment in the two former samples and bone
meal as amendment in sample BM and BM+ZVI. 4% of quicklime (CaO'in Table 1) was used to
increase pH to neutral in P+QL and P+QL+ZVI. No quicklime was added to the soil treated with
bone meal, assuming that the amendment itself would increase pH. 0.1% of quicklime (CaO? in
Table 1) was added separately in sample QL according to calculations from SNV (2010). 2% of
zero-valent iron (Fe®) was used to adsorb both the arsenic and the phosphoric residue in sample
P+QL+ZVI, BM+ZVI and ZVI. A control samples (C) of untreated soil from Al was used as
reference.

The reaction time for each amendment was between 24 and 72 h dependent on how many additives
that were combined. An additional control sample was used to evaluate changes in the metal(loid)
mobility in treated soil compared to untreated soil.

The screening test was done applying a one-step batch leaching test at L/S 10 I/kg (SS-EN 12457-
1) with some minor adjustments. Half of the soil and water amounts were used (0.045 kg soil and
500 ml water) and the samples were not divided with a riffle splitter. Each soil was mixed manually
to a homogenous mass by hand to avoid a spread of contaminated dust. The leachates analyzed
with ICP-OES.

3.4. Risk assessment of soil from area Al and A3
Samples for the risk assessments were prepared by sequentially mixing approximately 10 kg of
soil from area A1 with bone meal and zero-valent iron (herewith called Al Treated). 10 kg of soil

from A3 were mixed with zero-valent iron and peat (herewith called A3 Treated). The mixtures
were left open at room temperature to react for one week after each addition, two weeks in total.
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The samples were moistened to 70% of the WHC and maintained at this humidity level by
compensating for the evaporated water. Untreated soil from both areas, called A1 Untreated and
A3 Untreated, was held humid at 70% of WHC during one week to recover the balance of nutrients
and microbiological system. The risk assessment was done by evaluating the metal(loid) leaching
to ground and surface water, the uptake by plants and the artificial intestinal uptake in humans.

3.4.1. pH dependence leaching test

The pH dependence leaching test (pHstat) was carried out to predict the behavior of the treated
soils during different pH conditions in the environment and to estimate the long-term effect of the
soil stabilization. The standard SIS-CEN/TS 14997:2007 was used with the deviations:

1) 37% hydrochloric acid (HCI) was used instead of nitric acid (HNOs3) to avoid formation of
strongly oxidizing environment;

2) the soil samples had a grain size of less than 4 mm instead of 1 mm as written in the standard;
3) only three different pH-values were used (3, 5 and 8), and;

4) the contact period was set to 24 h instead of 48 h.

The molarities and acids/bases used in the pHstat are shown in Table 2.

Table 2. Conditions of the pH dependence leaching test.

pH Al A3

Untreated Treated Untreated Treated
3 0.025 M HCI 0.500 M HCI 0.025 M HCI 0.100 M HCI
5 0.010 M NaOH 0.5 M HCI 0.01 M NaOH  0.025 M HCI
8 0.01 M NaOH 0.1 M NaOH 0.1 M NaOH 0.1 M NaOH

The addition of acid/base in pHstat was controlled by the software TitrowiCo Mess, with a dead
time of 5 min and a maximum addition of 500 pL per dosage. The program calculates the
acid/base neutralization capacity (ANC/BNC) for each soil. ANC/BNC is the amount of
acid/base needed to change the pH value from the sample’s value to a chosen value and
expressed in meg/kg. The test for each sample was carried out in triplicates. The leachates were
analyzed with ICP-OES after sedimentation for 15 min and filtration through 0.45 um filter.
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3.4.2. Plant growth and metal uptake

The possibility to grow dwarf beans (phaseolus vulgaris) was used as phytotoxicity test
(Vangronsveld & Clijsters, 1992). They work as a good indicator due to their thick single root and
their short germination time, 7-10 days. Seeds of dwarf beans from Weibulls were prepared by
placement in refrigerator for 24 h and then saturated in distilled water for 4 h before germination.
Four pots with a volume of 0.9 | (@=120 mm) were used for each soil. Four beans were planted in
each pot, 2 cm below the soil surface. The water content in the pots was kept at approximately
50% of the WHC during the experiment. The pots were exposed to daylight with greenhouse-
lamps for 12 h each day and the temperature was kept at approximately 18 °C. The dwarf beans
were harvested after 14 days. The fresh weights of the roots and shoots were evaluated together
with the size of the primary leaves. The dry weight was measured after the roots and shoots had
been dried for 78 h at 50 °C. The metal-uptake was analyzed by digesting the dry roots and shoots
in 2 ml of 30% peroxide (H202) and 5 ml of 67% nitric acid (HNOgz) in a microwave oven for 10
min at 195 °C. The digestates were further filtrated through 0.45 um and diluted 10 times to 10 ml
with de-ionized water before the metal(loid) analysis with ICP-OES.

3.4.3. Soil pore water extraction

Soil pore water extractions were done at the end of the germination time of the dwarf beans. One
Rhizon soil moisture sampler (Eijkelkamp, the Netherlands) was used in each pot, extracting pore
water into acid-washed and vacuumed 100 ml glass bottles, see Figure 1. Pore water was extracted
from the pots for 48 h before harvesting the plants. The bottle was covered with aluminum foil to
avoid precipitation of iron hydroxides due to sunlight exposure. The pore water was analyzed for
elements and dissolved organic and inorganic carbon.
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Figure 1. Pore water extraction with Rhizon soil moisture sampler into a vacuumed bottle covered with aluminum
foil.

Pore water extraction from the four pots containing treated soil from Al was hardly possible.
Approximately 7 ml was extracted from each pot, while about 100 ml was extracted from the other
pots. Soil pH and conductivity in A1 Treated was, therefore, measured by mixing soil with water
at a ratio of 1:2.

3.4.4. Metal bioaccessibility to plants and humans

Extractions with ammonium nitrate solution (NHsNOz) (ISO 19730:2008(E) were used as a
complement to the pore water extractions. The method comprises all the compounds of elements
in the soil that may contribute to the concentration of dissolved elements under the prevailing site
conditions (water-soluble compounds, exchangeable ions and readily soluble metal complexes).
Research, not published yet, have shown that extractions with ammonium nitrate solution gives
the best correlations with the physiological responses of dwarf beans.

The gastric uptake of the metal(loid)s by humans were simulated in-vitro to evaluate the
metal(loid) bioaccessibility at the event of an accidental soil ingestion.

0.04 g TS of soil (particle size <0.2 pm) was mixed with 40 ml of 0.4 M glycin with a pH of 1.5.
The glycin solution was used to mimic the gastric solution in the stomach. The samples were put
in high density polyethylene bottles and thereafter intermittently shaken for 1 h in a water bath at
37 °C. The test was performed in triplicates. The samples were analyze with ICP-OES. The
intestinal phase of the human system was excluded from the simulations.

The bioaccessible fraction of the metal(loid) was calculated according to equation 6.
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In vitro concentration

In vitro bioaccessibility (%) = 100 (6)

Total concentration

3.4.5. Sample preparation for ICP-OES

The eluates from the laboratory simulations were filtered through 0.45 um cellulose acetate syringe
filters to obtain the dissolved fraction of metal(loid)s. The equipment was rinsed with 2 M HCI
before usage. pH and electrical conductivity (EC) was measured immediately after filtration.
About 50 ml of each leachate was extracted in acid-washed bottles and stored refrigerated at 4 °C
before analyzing with ICP-OES.

3.4.6. Modeling of speciation in Visual MinteQ
The results of the pore water samples were used in geochemical simulations with the program
MINTEQ to predict the speciation of different metals and the effect of organic matter. The NICA-

Donnan model was used for DOC. Metal(loid)s bound to organic matter is defined as complexes
with carboxylic functional groups (FA1) or phenolic functional groups (FA2).
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4, RESULTS
4.1. Soil Characterization

The measured values in the basic soil characterization are shown in Table 3 and Table 4. pH, WHC
and LOI increased in both treated soils. Soil pH in Al Treated increased with 3.36 units to 7.24
and pH in soil from A3 increased from 3.73 to 5.26. The electrical conductivity showed high
concentrations in Al Treated compared to the other soils.

Table 3. Basic properties of the contaminated soils from area Al and A3.

Soil Unit Al A3

Untreated Treated Untreated Treated

pH (1:2 H20) - 3.88 7.24 3.73 5.26
Electrical conductivity (EC) pS/cm 31.0 640 69.5 48.3
Water holding capacity (WHC) % 26.54 39.47 22.48 42.91
LOI % 1.53 8.18 1.00 6.06

Untreated soil from both areas contained high concentrations of iron (30 803 and 31 711 mg/kg).
The concentration of lead in A1 was as high as 50 207 mg/kg and the concentration of arsenic was
1030 mg/kg. The element concentrations in A3 were lower than the ones in Al for lead, copper
and arsenic, but higher than the MKM-value (Table 4).

Table 4. Total concentrations of Fe, Cu, Pb and As in the untreated soils from area Al and A3 (£SD, n = 3) and
Swedish EPA’s guideline values for soil with less sensitive use (MKM).

Elements  Unit Al A3 MKM
As mg/kg DW 1030 + 243 346 +57 25

Cu mg/kg DW 3184 + 638 1767 + 560 200
Fe mg/kg DW 30803 +5199 31711 £5109 -

Pb mg/kg DW 50207 +7321 3668 + 586 400
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4.2.  Immobilization efficiencies in the Screening test

Results from the batch leaching tests with the different amendments are presented in Figure 2.
Leaching of arsenic occurred in samples P+QL, P+QL+ZV1 and BM, with the concentrations 10.3,
7.1 and 1.5 mg/kg, respectively. All additives immobilized copper sufficiently. No copper was
detected in eluates from samples mixed with phosphoric acid (P+QL and P+QL+ZVI) or in the
sample with only zero-valet iron (ZVI), 99.3-99.7% of the copper were immobilized. Copper
leaching in BM, BM+ZV1 and QL was low (2 mg/kg). Iron was detected in high concentrations in
sample Fe together with 88.5 mg/kg of lead. Concentrations in the same order of magnitude was
measured for lead in sample QL. Elevated concentrations of phosphorus were detected in eluates
from samples P+QL, P+QL+ZVI, BM and BM+ZVI with the highest concentrations in BM (461
mg/kQ).

The control sample (C) showed no leaching of arsenic, and only low concentrations of iron and
phosphorus in the eluate. It released high concentrations of lead and copper (45.1 and 161.6 mg/kg,
respectively).

1000,000
B P+QL
= BP+QL+ZVI
?D 100,000 @RV
a4
> B BM+ZVI
:C_, 10,000 @2V
.S EaQL
=
© 1,000 ac
=
S
c 0,100
o
O
0,010
As Cu Fe Pb P
Elements

Figure 2. Concentrations of metal(loid)s in leachate after batch leaching test at L/S 10. P=Phosphoric acid,
QL=Quicklime, BM=Bone meal, ZVI=Zero-valent iron, C=control sample. Error bars represent standard deviations
of means, n=3.

pH and conductivity were measured after the batch leaching test and the results are shown in Figure
3 for each sample. The highest pH values were measured in P+QL and P+QL+ZVI (pH 7.5 and
7.7), where quicklime had been added. The other amendments increased pH to an interval between
5.4 and 6.3. pH in the control sample (C) was 3.9. The conductivity in the leachates had the highest
values in the samples containing phosphorus amendments (P+QL, P+QL+ZVI, BM and BM+ZV1)
with a maximum value in BM+2ZVI (1453.5 uS/cm). Sample ZVI and QL showed approximately
the same conductivity as the control sample (C).
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Figure 3. pH and conductivity from the batch leaching test with L/S 10. Error bars represent standard deviations of
means, n=3.

4.3. Leachable metal(loid) concentrations in pH dependence leaching test

The metal(loid) mobility in treated and untreated soils during the pH dependence leaching test at
pH 3, 5 and 8 are plotted in Figure 4a-c, separately.

The soil stabilized with bone meal and zero-valent iron from area Al released higher
concentrations of iron and phosphorus at all three pH-values compared to the untreated soil (Figure
4). The treated soil also showed higher mobility of arsenic in the treated soil when pH was 3
(Figure 4a). Concentrations of copper and lead showed decreased mobility in the treated soil at pH
3 compared to the untreated soil. Leachate concentrations of copper in Al Treated were 36% of
the concentration from untreated soil and the percentage for lead was 19%.

The results from Al at pH 5 showed a minor stabilization efficiency of lead in the treated soil
compared to the untreated soil (Figure 4b). The measured concentration of leached copper in the
treated soil was 55% of the concentrations leached from untreated soil. The mobility of arsenic
was low in both soils with concentrations just above the detection limit.

Arsenic was not detectable in any of the leachates from area Al at pH 8. The mobility of copper
was high in the treated soil compared to the untreated soil. However, the concentrations were all
low compared to the other tested pH-values. The measured concentrations of lead from Al Treated
were only 18% of the concentrations of lead from untreated soil.
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Figure 4. Leachable concentrations from untreated soil and soil treated with bone meal and zero-valent iron from
area Al ata) pH 3, b) pH 5, and c) pH 8. Error bars represent standard deviations of means, n=3.

Hallstrém, LTU, 2014



Risk assessment of soil stabilization
16

Results for the soil from area A3 stabilized with zero-valent iron and peat are presented in Figure
5a-c. Iron showed elevated concentrations at all three pH values.

Copper, lead and phosphorus all showed a high immobilizing efficiency in the treated soil at pH 3
(Figure 5a). Only 6% of copper, 10% of phosphorus and 24% of lead was measured in the leachate
compared to the values from untreated soil. The leachate from the untreated soil contained notably
high concentrations of copper, 89.6 mg/kg.

The overall metal(loid) concentrations in the leachates from area A3 at pH 5 was low, both from
treated and untreated soil (Figure 5b). The results showed no detectable levels of copper and the
lead concentrations were less than 1 mg/kg from the treated soil. The arsenic concentrations were
slightly higher (statistically insignifican increase) in the treated soil compared to the untreated soil,
but still in low concentrations.

When the soil pH was set to 8 for samples from the area A3, the leached metal(loid) concentrations
were very low for all evaluated elements. Arsenic, lead and phosphorus showed no difference in
concentrations between the treated and untreated soil. The copper concentrations were somewhat
lower in the treated soil and lead was slightly higher, still in very low concentrations (less than 0.1
mg/kg), see Figure 5c.
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Figure 5. Leachable concentrations from untreated soil and soil treated zero-valent iron and peat from area A3 at a)
pH 3, b) pH 5, and c) pH 8. Error bars represent standard deviations of means, n=3.

The used software TitroWiCo Mess provides information about the acid neutralization capacity
(ANC) calculated from the amount of added acid to the soil sample during the pH dependence
leaching test. The only samples that had ANC were Al Treated at all pH-values and A3 Treated
at pH 3, these values are listed in Table 5. The other samples showed 0 meg/kg ANC.

Table 5. ANC-values for the samples with a measured value (£SD, n=3).

Sample Unit ANC/BNC
Al Treated pH3  meg/kg 0.33+£0.06
Al Treated pH5 meqg/kg 0.1+0.0

Al Treated pH8  meqg/kg 0.1+0.0

A3 Treated pH3  meqg/kg 0.067+0.058

4.4. Plant growth and metal uptake

The development of shoots from the dwarf beans were only possible in A3 Treated, soil stabilized
with zero-valent iron and peat. The replicates contained 1, 3, 2 and 4 shoots respectively as shown
in Figure 6. The shoot in pot A3 Treated 1 had a positive growth with a tick strain and nicely
developed leaves with good shapes and big areas (Figure 6). The morphological parameters of the
shoots of the dwarf beans are listed in Table 6. The results are given as the average per pot.
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Figure 6. Shoots from A3 Treated.

Table 6. Morphological parameters for the shoots from A3 Treated, average per pot (+SD, n=4).

A3 Treated Unit

Length of shoots

755+ 26.5 mm

Leaf area

864 + 406 mm?2

Fresh weight shoots

272+496 g

Dry weight shoots

014016 g

Growth of roots was possible in all replicates with A3 Treated soil (Figure 7). They were well
developed and thick, but some of the roots had small black dots on them.
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Figure 7. Roots from the pots with treated soil from A3.

The control sample from A1 showed small growth of roots in three of the pots (Figure 8). No other
beans germinated and some of them were not even possible to find in the pots after the experiment.
The beans that had not germinated were fragile and fell apart while washing them after the tests,
see Figure 8.

"R oy

il

Figure 8. Dwarf beans found in soil after 2 weeks of germination in A3 Untreated, Al Treated and Al Untreated.

The length of the roots and the fresh and dry weight of the roots are shown in Figure 9. The average
total length of the roots in each pot from A3 Treated was 104 mm. The root length in A1 Untreated
was 4 mm.
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The water content in the fresh roots from A3 Treated was 91 wt% of the fresh weight and the water
content in the roots from Al Untreated was 89 wt%. The great amount of water can be seen in
Figure 9 as the difference between the fresh and dry stacks. The standard deviations for both soils

were remarkably large.
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Figure 9. Morphological parameters of the roots of the dwarf beans. Error bars represent standard deviations of
means, n=4.

The metal(loid) content in the shoots and roots are shown in Table 7. The analyzed material from
the roots of A1 Untreated were very small, see Table 7.

Table 7. Arsenic, copper and lead concentrations in the shoots and roots of germinated dwarf beans.

As Cu Pb

A3 Treated Shoots mg/kg DW 23+23 16.4 +16.6 47.7+34.8

A3 Treated Roots mg/kgDW 3.1+1.3 19.8+3.0 62.4+10.9

Al Untreated Roots mg/kg DW 109+4.7 226.4+151.8 896.0 £559.2
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4.6.  Metal(loid) concentrations in soil pore water

Figure 10 show the measured pH and conductivity in the pore water of each sample. The growth
of dwarf beans did not change the pH-values in the soil. The highest electric conductivity was
found in the pore water from A3 Untreated soil. The lowest value was found in Al Treated soil.
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Figure 10. pH and conductivity in the pore water extracted from the pots with dwarf beans. Error bars represent
standard deviations of means, n=3.

The concentrations of metal(loid)s in the pore water are showed in Figure 11 for both areas Al
and A3. Arsenic was only detectable in the pore water from Al Treated, 0.32 mg/l. The same pore
water also contained higher concentrations of iron than the untreated soil from Al. Lead and
phosphorus were detected in approximately the same concentrations. The concentration of copper
was reduced in the pore water from Al Treated compared to the control sample. All metals showed
reduced concentrations in the treated soil from A3 compared to the untreated soil. The content of
copper, lead and phosphorus was only 0.01%, 0.24% and 0.38%, respectively. The iron
concentration in the pore water from A3 Treated was 35.4% of the untreated soil concentration.
The pore water extraction showed very high concentrations of sulfur in eluate from Al treated, see
Table 18 in Appendix 2. The concentration was 7321.8 mg/l. The other soils contained
concentrations between 26-264 mg/I.
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4.8. Metal(loid) bioaccessibility to plants and humans

The extractable metal(loid) concentrations with the ammonium nitrate solution are plotted in
Figure 13. Extractable concentrations of arsenic were only found in the untreated soil from Al.
The test showed that the mobility of copper and lead both increased in the soil amended with bone
meal and zerovalent iron from Al. The concentration of lead was as high as 268.7 mg/kg in the
treated soil and the untreated soil only contained 19.9 mg/kg. Treated soil from A3, that contained
peat and zerovalent iron, showed the opposite trend with a significant reduction of copper, lead
and phosphorus compared to the untreated soil. Copper was reduced by 99% and lead by 83%.
Phosphorus was not detectable in the eluate from A3 Treated. The extractable fraction of iron
decreased after stabilization in A1, but the concentration increased in A3 compared to the untreated
soil.

1000
100
oo
a4
w10
£
c B Al Untreated
.° 1
o© B Al Treated
=
§ 0,1 E A3 Untreated
8 B A3 Treated
0,01
0,001

As

Figure 13. Metal(loid) extractions with ammonium nitrate solution. Error bars represent standard deviations of means,
n=3.

In general, the gastric simulation showed a low metal(loid) bioaccessibility (Figure 14). The
concentrations for arsenic, copper and iron were all below 10% of the total concentration in the
soil. The extractable fraction of lead from Al Untreated was as high as 86% of the total soil
concentration. The bioaccessible concentration in the stabilized soil was much lower, 16%. The
gastric uptake of lead from A3 Treated and Untreated were both very low compared to the total
concentration of each element in the soil. However, A3 Treated showed higher concentrations of
iron and lead than the untreated soil.
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Figure 14. In-vitro bioaccessibility of metal(loid)s. Error bars represent standard deviations of means, n=3.

4.9.  Modelled speciation in Visual MinteQ

Data such as speciation and percentage bound to organic matter in the pore water were modeled.
The two most abundant forms of each element together with the percentage bound to organic
matter are showed in Table 8. Iron, copper and lead would all be as free ions (Fe?* Pb%*, Cu?*) or
aqueous complexes with sulfates (CuSOas, FeSO4, PbSOy4) in untreated soil from Al. The
speciation in pore water from Al treated would be bound to organic matter, both phenolic
functional groups (FA2) and carboxylic functional groups (FA1). Arsenic would be in the
inorganic oxyanion form in both treated and untreated soil.

Table 8. Modeling of abundance and speciation in untreated and treated soil from Al.

Element Al Untreated Al Treated
Bound to Speciation % Bound to Speciation %
organic organic
matter (%) matter (%)
As 0 H2AsO4 95.73 0 HAsO4? 81.46
HzAsO4 4.22 H>AsO4 18.50
Cu 2 Cu?* 87.52 100 FA2-Cu(6)(aq) 92.40
CuSOs4(aq) 10.63 FA1-Cu(6)(ag) 7.50
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Fe 32 Fe? 65.38 100 FAl-Fe(Il)(ag) 99.60
FeSO4 (ag)  8.57
Pb 3 Pb?* 75.54 100 FA2-Pb(6) (aq) 97.37
PbSO4 21.34

Simulations of the pore water from A3 Untreated showed that almost no elements would be
bound to organic matter. Iron, copper and lead would be in the form of free ions (Fe**, Cu?* and
Pb?*) or as aqueous complexes with sulfates (CuSOa, FeSOs, PbSO4). Copper and lead would be
completely adsorbed to organic matter in the treated soil, while for iron it would be 36%. Arsenic
would be in the inorganic oxyanion form in both treated and untreated soil.

Table 9. Modeling of abundance and speciation in untreated and treated soil from A3.

Element A3 Untreated A3 Treated
Bound to Speciation % Bound to Speciation %
organic matter organic
(%) matter (%0)
As 0 H2AsO4 98.19 0 H2AsO4 98.04
Cu 1 Cu®* 84.52 100 FA1-Cu(6) (aq) 77.28
CuSOs (aq) 14.86 Fa2-Cu(6) (aq) 14.52
Fe 2 Fe?* 76.97 36 Fe2 70.38
FeSOs (aq)  14.60 FAl-Fe(Il)(6)  19.91
(aq)
Pb 2 Pb?* 69.16 100 FA2-Pb(6)(aq) 78.50
PbSO4 28.29 FA1-Pb(6)(aq) 15.26
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5. DISCUSSION

Stabilization of lead was most effective in the two samples treated with phosphoric acid. The
eluates did not contain detectable concentrations of iron, neither in P+QL+ZVI, nor in P+QL. The
lack of iron could be due to the high pH achieved after quicklime addition. That would have
promoted precipitation of iron oxyhydroxides and would moreover explain the decrease of arsenic
and phosphorus leaching (Sneddon, et al., 2006); (Kumpiene, et al., 2008); (Komarek, et al., 2012).
However, the amount of quicklime needed to increase pH to neutral after addition of phosphoric
acid was high, 4 wt% of the soil sample. The amount needed is unreasonable in a large scale and
caused cementation of soil.

The addition of bone meal and zero-valet iron showed good results for immobilization of lead
(99.63 %) and copper (95.74 %) in the screening test. The same samples had a negligible leaching
of arsenic, 0.23 mg/kg. Sneddon et al. (2006) found arsenate adsorption on bone meal, but this
could not be seen in the screening test. Soil pH increased to 6.3 without an addition of quicklime,
probably due to high concentrations of calcium in the bone meal. Calcium concentration in bone
meal can be as high as 150 g/kg DW (Houben et al., 2012). The treated soil was easy to work with
compared to phosphoric acid and quicklime that caused cementation of soil. The immobilizing
efficiencies of the amendments are summarized in Table 10.

Table 10. Efficiency of different amendments to immobilize elements.

As Cu Pb Fe P

P+QL - ++  ++ -
P+QL+ZVI -- ++ o+ -
BM - ++  ++ -
BM+ZVI 0 ++  ++ 4+ -
ZV1 0 ++ o+ - +
QL 0 ++ 4+ 0 +

(++) = Immobilizing of 100-90 %, (+) = Immobilizing of 90-50 %, (0) = less than 50 % or equal to the control test, (-
) = release of contaminants to the leachate, (--) = high concentrations released to the leachate.

Based on the obtained results, the further test were carried out with bone meal and zero-valet iron
for area Al. Previous tests by Sneddon et al. (2006) showed increased leaching of lead after 500
days when bone meal had been used as amendment, which should be taken into consideration.
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5.1. Risk assessment of soil stabilized with bone meal and zero-valent iron

Addition of bone meal and zero-valent iron increased soil pH to 7.3, which could promote a
stabilization of lead and copper. Soil pH did not reach the point of zero charge for amorphous
ferrihydrite (Bolan et al., 2014), which means that arsenic in theory could adsorb to the positively
charged surfaces of iron. The total metal(loid) concentration of lead, phosphorus, copper, arsenic
and iron were very high according to the aqua regia extraction. The treated soil was hard to work
with due to cementation of soil and the soil had a very strong smell. This was not detected in the
screening test.

Changing pH and redox conditions in the environment can affect the mobility of the metal(loid)s
in the soil. The intensity of change is dependent on how stable the compounds are that have formed
during the stabilization process. Compounds formed due to sorption or complexation are weaker
than minerals that have precipitated. However, the stability of minerals also varies and influences
the immobilization of metal(loid)s in a long-term perspective (Puschenreiter, 2008) & (Kumpiene,
et al., 2008). The pH dependence leaching test indicated that lower pH in the soil would yield
higher release of metal(loid)s to the groundwater from both the treated and untreated soil.
However, lead and copper showed a decrease in eluates from the treated soil indicating that more
stable compounds had been formed. 64% of copper and 81% of lead had been stabilized in the Al
Treated compared to Al Untreated.

Mobile arsenic and phosphorus showed a correlation with the mobility of iron, which was highest
at pH 3. A possible explanation is that iron oxides had dissolved at this pH, releasing bound
elements. The high amounts of released phosphorus in the leachate from treated soil, 65 mg/l, at
pH 3 could lead to eutrophication in the surrounding environment. The limit value for extremely
high concentrations of phosphorus in surface water is 0.1 mg/l (Swedish EPA, 2000).
Eutrophication yields anoxic conditions due to respiration which moreover could increase the
mobility of arsenic.

There is a risk that soil treated with quicklime will go back to the initial acidic pH-values (Bolan
etal., 2014). However, bone meal had the highest acid neutralization capacity with a value of 0.33
meq/kg in soil with pH 3. This means that pH in bone meal amended soil would remain neutral
over a longer time period, hence reducing risk of metal(loid) leaching to the groundwater. The
untreated soil had no acid neutralization capacity and released high concentrations of lead at pH 3
and pH 5, 250 and 147 mg/kg, respectively.

Leachates from soil at pH 8 had lower concentrations of all elements for both treated and untreated
soil. But the possibility for soil pH to increase to 8 can only be maintained by addition of
amendments.

Leachable fraction of all elements from the soil were low compared to the total concentrations in
the soil. A possible explanation could be that the most soluble concentrations have already leached,
while metal(loid)s remaining in the soil are forming stable minerals. Malachite-looking minerals
were found during the field work which supports this hypothesis. The geochemical modelling
showed that tenorite and chalcanthite would be close to equilibrium in these conditions which
promotes precipitation. Both minerals contain copper. Arsenic is usually stable at pH values
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between 3 and 7.9. However, there was no release of arsenic at pH 8 from neither of the soils.
These results also support the hypothesis of mineral precipitation. It is possible that the mineral
scorodite have formed in the soil since soil pH was low with oxidized conditions (Sastre, et al.,
2004).

Re-vegetation of the remediated soil is not possible according to the phytotoxicity results. No
dwarf beans germinated in the pots and some of the beans had been broken down in the soil. The
inhibiting factor could be too high amount of water retained in the soil or the concentrations of
bioavailable metal(loid)s. Extraction of soil pore water is a technique to estimate the potentially
bioavailable fractions of metal(loid)s to plants. It is assumed that the metal(loid)s found in pore
water are directly available for uptake by plants and soil organisms (Puschenreiter, 2008). The
results can also be used to evaluate the effect of roots in the rhizosphere. The pore water extractions
showed that bioaccessible concentrations of arsenic and iron were higher in Al Treated, but lower
of copper and lead. The bioaccessible phosphorus concentration was approximately the same for
treated and untreated soil. The pore water from Al Treated contained very high concentrations of
sulfur, 7321.8 mg/l. See Appendix 2. The strong smell from the treated soil could come from HzS
formations. Soil from Al Untreated showed a small growth of roots. Pore water from these soils
contained only 115 mg/l of sulfur. These results indicate that the concentration of sulfiur, arsenic
and iron might have inhibited the plant growth in the treated soil.

The concentrations of dissolved organic carbon (DOC) were higher in Al Treated, due to the
addition of bone meal. Houben et al. (2012) reported similar results when evaluating different
amendments such as CaCOg, iron grid and bone meal. They observed that the highest release of
DOC was in bone meal-amended soil at the beginning of the test. The concentrations decreased
with time and were in the same range as the control sample after 14 weeks, which could be a
possible development in this soil too. The high DOC concentration could be a driver behind the
release of arsenic in the pore water from Al Treated, due to possible replacement of arsenic from
the iron oxyhydroxides surfaces by organic compounds (Sundman, 2014). Soil pH was 7.3 which
would not promote the release of arsenic from ferrihydrite surfaces due to iron dissolution.
Modeling of the pore water showed that the metals (Fe, Pb and Cu) all would be as ions or sulfate
complexes in untreated soil. Treated soil would change the speciation to metals in organic
complexes. Arsenic, however, would not form organic complexes.

The extraction with ammonium nitrate solution showed that the phytoavailability and biological
response would be higher in treated soil compared to untreated soil. The lack of growth in the
treated soil could be due to very high concentrations of bioaccessible lead, 269 mg/kg.

The uptake of metal(loid)s in the roots from the untreated soil was high, but the results are not
fully reliable because of high standard deviations and small amounts of analyzed biomass. The
high dilution factor might have given false concentrations. The lead uptake by plants was as high
as 896 mg/kg from the untreated soil. This value is unlikely. Earlier tests have shown uptake of
0.12-6.54 mg/kg of lead in plant tissues growing on contaminated soil (McBride , et al., 2013) &
(Garg, et al., 2014). It is possible that the roots were contaminated with soil which would affect
the results. Uptake by plants is a pathway for lead to enter the food chain and could pose a threat
to humans. However, this growth was very small and translocation of metal(loid)s to shoots were
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not possible. Accumulation in roots can be seen as less important because the metal(loid)s stays in
soil.

The contaminated area is within reach for humans living in the village of Slagnés and it is possible
to enter the site without restrictions. Accidental ingestions of the soil could potentially happen to
both children playing there and to workers remediating the site. The lack of vegetation yields a
spread of dust from the site by wind and erosion which also increase the exposure to humans. The
gastric simulations showed that almost 90% of lead from ingested soil would be taken up in the
body if the soil is not remediated. The correlation between in-vitro and in-vivo tests have shown
strong linear relationship with the gastric phase, 93%. Juhasz et al. (2009), together with many
other researchers, have found that the highest concentrations of metal(loid) bioavailability is
established during the gastric phase. The high concentrations are due to a low pH, compared to the
intestinal tract where pH is set to 7. The reduction is due to precipitation of amorphous iron at a
neutral pH-value (Juhasz, et al., 2009). Results showed that high concentrations of lead can migrate
to groundwater and be taken up by plants from the untreated soil. Uptake in humans decreased to
15% in treated soil, showing that the chemical stabilization would give a smaller gastrointestinal
uptake and the risk to human health would be reduced.

5.2. Risk assessment of soil stabilized with zero-valent iron and peat

Soil pH increased to 5.26 after addition of zero-valent iron and peat in the soil from area A3. This
value is not optimal since the dominant species of lead still could be Pb?* at these conditions, which
would yield higher mobility. However, the pH dependence leaching test at pH 5 showed low
mobility of all elements, including lead.

The highest leachable concentrations from area A3 treated were found at pH 3. Leachable
concentrations of iron from the treated soil were as high as 401 mg/kg at this pH. The
concentrations of copper, lead and phosphorus decreased despite the high concentrations of mobile
iron compared to the untreated soil. The mobile concentrations of arsenic were negligible even
though the concentration increased in the treated soil, probably due to replacement by phosphorus
on the surfaces of iron oxides (Miretzky & Fernandec-Cirelli, 2008). The same hypothesis as for
soil Al can describe the low concentrations of arsenic in the leachate. Precipitation of stabile
minerals such as scorodite might have occurred in the soil prohibiting arsenic from leaching in
acidic conditions. pH in the untreated soil was 3.37 and the redox conditions were oxic, which are
favourable for the mineral scorodite to precipitate in this environment (Sastre, et al., 2004). The
untreated soil contained high concentrations of iron which could also retain arsenic through surface
complexation. A reduction in pH at the site after soil remediation is likely to occur if source of
acid generation persist because soil has almost no acid neutralization capacity according to the pH
dependence leaching test.

Untreated soil showed high concentrations of copper at pH 3, 89 mg/kg. Copper is toxic to plants
and can be an inhibiting factor for plant growth. The copper mobility is of concern since the soil
pH at the site was close to this value. A soil pH of 8 is desirable due to low mobility of all elements,
which was below 10 mg/kg. These conditions are possible to reach if the soil would be stabilized
with an additional amendment, such as quicklime.
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Re-vegetation on remediated soil helps to decrease erosion and metal(loid)s leaching from the site
by reducing amount of percolating water. However, plants themselves can be seen as both a target
and as a pathway for contaminants to enter food-chain, which have to be evaluated in risk
assessment (Houben, et al., 2012). Morphological parameters such as seed germination, root
elongation, shoot yield, leaf area and plant growth will all be inhibited and the biomass production
will be reduced if seeds are exposed to excessive amounts of contaminants. Stunted growth, leaf
epinasty and chlorosis are often visible symptoms of a strong metal phytotoxicity (Saupe, 2009).
Colonization of plants of the remediated site would be possible according to the plant growth test
results. The growth of dwarf beans was successful in the treated soil from A3. Both roots and
shoots were nicely developed in all four replicates. A possible promoting factor can be the water
holding capacity that increased with 20% and the addition of peat (Puschenreiter, 2008); (Niero,
2013). Niero (2013) reported similar results with a larger shoot length, leaf area and biomass
production in soil treated with zero-valent iron and peat compared to untreated soil contaminated
with arsenic.

The plant growth showed no impact on pH or conductivity in the rhizosphere compared to the soil
basic characterization. The soil pore water extractions showed a good immobilization efficiency
with minor concentrations of bioaccessible species for all analyzed elements in the treated soil
compared to the untreated soil. These results can explain the possibility for plant growth in the
treated soil. The pore water from the treated soil did not contain higher concentrations of DOC
even though peat was added. The presence of stable organic matter can also contribute to the
metal(loid) immobilization in soil. The extraction with ammonium nitrate showed the same results
as the pore water extraction except for iron, concentration of which was higher in the treated soil.
Modeling of the pore water showed that the metals (Fe, Pb, Cu) would be as ions or sulfate
complexes in untreated soil. Treated soil would yield 100 % of lead and cupper bound to organic
complexes. Most of the iron concentrations would be as Fe?* in treated soil. Arsenic had the same
speciation in treated and untreated soil, H2AsOy4".

Colonization of plants would decrease the exposure to humans by off-site movement by wind and
water. The plants contained low concentrations of metal(loid)s, hence plant ingestion would not
yield high concentrations in the food chain. The average uptake of arsenic and copper by the plants
were in a normal concentration range (Maurice, 2001). The uptake of lead can be considered as
toxic, but the measured value 47.4 mg/kg was close to the lower limit of the toxic range (Maurice,
2001), see Table 12 in Appendix 1. Houben et al. (2012) observed a lower lead uptake in white
lupins, around 25 mg/kg, when the soil was stabilized with iron grit. Results from Niero (2013)
showed smaller uptake of arsenic in soil treated with zero-valent iron and peat than untreated soil.
The plants only contained 0.5 mg/kg DW of arsenic but the arsenic concentrations of the evaluated
soil was also lower, 136.71 mg/kg DW, compared to the soil in A3 which contained 346.2 mg/kg
of arsenic. The element uptake in the roots from A3 treated were in the same order of magnitude
as the shoots.

The gastrointestinal simulations showed that none of the analyzed elements would be extensively
taken up in the human body, not from the treated or untreated soil. The percentage of uptake was
below 10 in all cases.

Hallstrém, LTU, 2014



Risk assessment of soil stabilization
31

6. CONCLUSIONS

Tests with untreated soil from Al showed that the soils is in need of remediation. A very low pH
together with high release of metal(loid)s to groundwater, lack of re-vegetation and high
bioaccessible concentrations of lead are concerning. The treatment with bone meal and zero-valent
iron was not as successful as expected. The reduction of leachable fractions were not sufficient
enough, in some cases the metal(loid) mobility even increased. This means that the soil still would
have a negative effect on the groundwater by metal(loid) leaching. The lack of re-vegetation on
treated soil would increase the exposure to biota. The high release of sulfur to the pore water was
a negative effect from bone meal addition and should be considered. Stabilization with other
amendments are suggested, such as zero-valent iron and peat.

The treatment with zero-valent iron and peat showed good results in immobilizing metal(loid)s
leaching to groundwater without any increased release of DOC compared to the untreated soil. A
plant growth was possible in the treated soil, which shows a reduced phytotoxicity and possibly
reduced soil exposure to humans. Translocation of metal(loid)s to shoots were low, thus uptake by
grazing animals would not yield high concentrations in the food chain. The roots would take up
water from the soil and reduce its percolation through the contaminated soil, by this decreasing
metal(loid)s leaching to the groundwater. The bioaccessible fractions were all below 10%. Draw
backs of this treatment technique is that the soil did not have a good acid neutralization capacity
and there is a risk that the soil will go back to being acidic with time if source of acid generation
persists.

7. RECOMMENDED FUTURE RESEARCH

Recommended future research is to make full-scale tests with zero-valent iron and peat to evaluate
the stabilization efficiency in field. Changing conditions such as temperature and weather can have
effects on the stabilization process which is not possible to detect in laboratory simulations. It is
important to evaluate the long term stability of the immobilization and control how pH would
change in the soil with time.

8. ABBREVIATIONS

ANC Acid neutralization capacity

BM Bone meal

DOC Dissolved organic carbon
FAl Carboxylic functional groups
FA2 Phenolic functional groups
IC Inorganic carbon

ICP-OES Inductively coupled plasma optical emission spectroscopy
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LOI Loss on ignition
MC Moisture content

P Phosphoric acid
QL Quicklime

SD Standard Deviation
TS Total Solids

WHC Water holding capacity

ZV1 Zero-valent iron
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10.  APPENDIX 1: RISK ASSESSMENT

This literature study describes the exposure and hazard of lead, arsenic and copper and the
bioavailability of these elements. It also describes different studies that have been done to evaluate
the bioavailability of metals and metalloids through simulations of uptake by plants and humans.

10.1. Introduction

Concentrations of trace elements in soil have increased worldwide since the onset of the Industrial
Revolution (Houben, et al., 2012). Chemical spills at industrial areas (Puschenreiter, 2008),
disposal of domestic and industrial waste materials (Bolan, et al., 2014) and mining activities
including ore processing and transshipments, mine waste storage, are responsible for most of the
polluted hot spots. Increased metal concentration in soil can also occur from applications of sewage
sludge or phosphate fertilizers on agriculture land (Puschenreiter, 2008). Trace elements entering
a compartment have a long residence time since they are non-biodegradable and do not break down
(Walker, et al., 2012), thus their total concentration persist for a long time after introduction in the
soils. The speciation and bioavailability change with time, dependent on reactions such as 1)
precipitation and dissolution; 2) sorption processes; 3) aqueous complexion, and; 4) plant uptake
(Wuana & Okieimen, 2011). The distribution of contaminants in the environment varies with the
properties of the metal(loid)s and the surrounding compartment (Puschenreiter, 2008). The
polarity, water solubility, vapor pressure, fugacity and the partition between environmental
compartments, controlled by Henry’s law constant, are all element properties affecting the
distribution of metal(loid)s between different compartments such as soil, water and air (Walker, et
al., 2012). Contaminants are removed from soil by plant uptake, leaching and volatilization. The
extent of the volatilization is small, but some elements such as arsenic and mercury tend to form
gaseous compounds (Bolan, et al., 2014). Redox reaction, pH conditions, organic matter, cation
exchange capacity and particle size distribution in the surrounding compartment also affect the
mobility of the contaminants (Puschenreiter, 2008). The mobility of elements is determined largely
by the clay content, the amount of organic matter and soil pH (Walker, et al., 2012).

10.1.1. Precipitation and dissolution

Precipitation is the process where solid compounds are formed. The ratio between dissolution and
precipitation can be described by the compounds solubility product (log Ks) (Tack, 2010).
Precipitation is often described as the predominant process in high pH soils with high metal(loid)
concentration and the presence of anions such as sulfates, carbonates and hydroxyls. Precipitation
can occur directly between different ions or co-precipitate together with e.g. iron oxyhydroxides
(Bolan, et al., 2014). Reactions in the environment act to maintain equilibrium between the solid
and dissolved phase. The reaction will go in the direction where the concentration is undersaturated
until the solubility product is reached. Natural processes that can affect the concentrations are e.g.
chemical weathering of the solid phase which generates an oversaturation of the dissolved phase.
The reaction time is usually very slow compared to other processes such as sorption or
complexation. Minerals formed during precipitation will have a three-dimensional structure and
be stable (Tack, 2010).
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10.1.2. Sorption processes

Sorption is a general term including absorption and adsorption to solid particles. It explains
processes where an element is lost from an aqueous solution. Sorption processes do not yield a
three-dimensional structure like precipitation and are not as stable as those compounds. Absorption
is the process when an element diffuses into a porous particle and attaches to interior surfaces.
Adsorption is more common for trace elements and is a process where the element attaches to the
surface of a solid particle (Tack, 2010). lons can bind to soil surfaces trough specific and non-
specific sorption. Specific sorption forms chemical bonds between the ions in solution and those
on the soil surface (Bolan, et al., 2014). These bounds are called inner-sphere complexes and are
formed when no water molecules are present between functional groups on a solid surface (Tack,
2010). Non-specific sorption occurs through electrostatic attractions and are weaker bonds than
the chemical ones (Bolan, et al., 2014). These are called call outer-sphere complexes (Tack, 2010).
Diffuse ion swarm is a third type of adsorption that can occur between trace elements and solid
particles. The process is also called ion exchange and is defined as a non-specific process. It occurs
when a hydrated ion is merely attached to the surface by electrostatic forces arising from a charged
surface (Tack, 2010). Both specific and non-specific sorption are controlled by solution pH, ionic
strength, metal(loid) speciation, dominant cations, and inorganic and organic ligands present in the
soil solution (Bolan, et al., 2014). Soil pH influences the sorption/desorption processes since
hydrogen ions compete with trace element cations for the negatively charged surfaces of the soil
particles, such as oxides of iron and aluminium. pH values lower than 6 cause the release of most
cations and affect the metal(loid) speciation and ionic strength of the solution. Metal(loid) sorption
to colloidal particles and complexation by inorganic/organic ligands also affect the rate of sorption.
Functional groups, such as carboxylic, phenolic, alcoholic and carbonyl groups in organic matter
dissociate hydrogen ions with increased pH and by this increase the affinity of ligand ions for the
metal(loid) cations (Bolan, et al., 2014).

10.1.3. Aqueous complexation

Metal(loid) complexes are formed between metal(loid) cations and ligands in solution, and the
complexation can be between one or several cations and ligands. Ligands are elements that have a
free electron pair to which the metal(loid) can bind and form chemical bonds. The ligand is called
a chelate if it creates two or more bonds to the metal(loid) and if an internal ring structure is formed.
Chelating complexes are very strong. The most important inorganic ligand is the hydroxide ion
(OH"). Other inorganic anions that tend to form complexes with metallic cations are chloride,
sulfate and nitrate, but these complexes are usually not so stable. Ligands can also be organic and
these complexes tend to be much stronger. Dissolved organic matter is of great importance because
it usually consists of compounds with high molecular weight that have a big influence on iron,
copper and lead in the environment (Tack, 2010).

10.1.4. Plant uptake

Metals, such as B, Fe, Mn, Mo, Ni and Zn, are essential elements for the development of plants.
The uptake of these elements also works as an entrance for essential elements into the food chain.
On the contrary, the same uptake forms a pathway for non-essential metal(loid)s to enter
communities and ecosystems where is becomes a potential threat for plants and living organisms
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(Cuypers, et al., 2013). The uptake of metal(loid)s in plants can be expressed by the transfer factor
and is both element- and plant specific. The ratio can be used as a measure of the element
accumulation efficiency (Tack, 2010). The uptake of trace elements if usually from the soil
solution (Tack, 2010). Metal(loid)s are taken up by plant roots through bioactivation of
metal(loid)s in the rhizosphere by root-microbe interaction and further transported to the shoots
by metal(loid) transporters in the plasma membranes (Cuypers, et al., 2013). The rhizosphere
describes the narrow region in the soil that is directly affected by the root of a plant growing there
(Nationalencyklopedin, u.d.)). Research have shown that low molecular weight organic acids
(LMWOA), exuded by plants roots, play an important role in supplying elements to roots and
enhancing their uptake by plants (Feng, et al., 2005). Plants together with soil microbes improve
the metal(loid) bioavailability in soils through secretion of protons, organic acids, phytochelatins,
amino acids and enzymes (Yang, et al., 2005). The bioavailability of metals(loid) to plants largely
depends on the nature of the plants. The effective uptake is dependent on the metal tolerance and
homeostasis mechanism of the plant (Tack, 2010). Some plant species, called hyperaccumulators,
have a greater potential to accumulate high concentrations of trace metal(loid)s (Oves, et al., 2012).
Other plants have evolved a complex network of homeostatic mechanisms to decrease the uptake
and accumulation of non-essential elements and further developed mechanisms for detoxification
of metal(loid)s (Tack, 2010). More fundamental research is needed to understand the interactions
between contaminants, soil, plant roots and microorganisms in the rhizosphere to explain and
understand the risk of metal(loid)s in soil (Puschenreiter, 2008). The problem lies in mimicking
the real field conditions and simultaneously integrating the combined effects of interactions
between rhizosphere and plants as a whole (Feng, et al., 2005).

10.2. Exposure and effects of trace elements to plants and humans

How soil-borne contaminants enter the food-chain depends on the soil properties, the amount and
source of metal(loid) input, the rate and magnitude of uptake by plants and the extent of absorption
by animals (Bolan, et al., 2014). It is well known that exposure of contaminants poses a threat to
humans and ecosystems by giving adverse biochemical effects on molecular mechanisms such as
genotoxic and neurotoxic compounds, photosystems of plants and plant growth regulator
herbicides. Adverse effects can also occur on physiological parameters in cells, on organs in
animals and on the whole organism, hence affecting the behavior and reproduction, and further
populations, communities and ecosystems (Walker, et al., 2012). The exposure of trace elements
to humans and ecosystems can occur through direct exposure of contaminated soil by inhalation,
ingestion or dermal contact. It can also occur indirect through e.g. food-chain (soil-plant-human
or soil-plant-animal-human) or by drinking contaminated groundwater (Wuana & Okieimen,
2011). The main reason for adverse effects on humans and animals are due to oxidative stress
caused by the metal(loid)s. This theory explains most of the arising symptoms from exposure, but
the exact mechanisms of action are still unclear. Oxidative stress is a result of an imbalance
between pro-oxidant and anti-oxidant ratio and can cause cell death (Gaur, et al., 2013). Pro-
oxidants are known as Reactive oxygen species (ROS) and, as the name says, are highly reactive.
Common species are 02", hydrogen peroxide (H202), hydroxyl radicals (‘OH) and peroxyl
radicals (ROO™). They can be endogenously or exogenously generated. The endogenous ROS-
species are produced inside the cell as a process within the normal metabolism. Exogenous ROS-
species are generated inside the cell by exposure to chemicals and xenobiotics such as metal(loid)
ions. The processes can be explained with the Fenton-type reaction and the Haber-Weiss reaction
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as in equation 6 and 7, respectively. Exogenous species interfere with the endogenous production
and have toxic and carcinogenic properties. Hydrogen peroxide is produced during almost all
processes in the body that generates oxidative stress. The compound can easily travel back and
forth through cells and tissues, but hydrogen peroxide itself is not dangerous. It is a precursor of
hydroxyl radicals, which are highly harmful to DNA, protein kinases and lipids. DNA damage
from ROS-exposure is a key factor affecting the mutagenic and carcinogenic load in living
organisms (Lee, et al., 2012).

metal™ + H,0, - metal™?! + *OH + OH~ (6)

03~ + H,0, > 0, + *OH + OH~ @)

Adverse effects of metal(loid) exposure to plants are due to: 1) inhibition of physiologically active
enzymes; 2) inactivation of photosystems, and/or; 3) disruption of mineral metabolism. Toxicity
test showed that maize (Zea mays L.) and soybean (Glycine max L.) growing on a copper and lead
contaminated soil accumulated these metal(loid)s when nutrients (N, P and K) were added to the
soil. The accumulation lead to reduced photosynthesis and biomass (Oves, et al., 2012).

Lead, arsenic and copper are listed as some of the most common trace elements found at
contaminated sites. They can all decrease the crop production on site due to bioaccumulation and
biomagnification in the food chain and it is important to know their basic chemistry and properties
to understand how they will behave in the environment (Wuana & Okieimen, 2011).
Biomagnetification is when metal(loid)s increase along the food-chain and accumulates in
predators.

10.2.1. Lead (Pb)

Lead is a natural occurring metal found in minerals together with sulphur (i.e. PbS, PbSO4) or
oxygen (PbCOz3). The abundance of lead in the Earth’s crust varies between 10 to 30 mg/kg.
Surface soils usually contain concentrations between 10 to 60 mg/kg and the most common species
are ionic lead (Pb(Il)), lead oxides and hydroxides, and lead-metal oxyanion complexes. Lead
phosphates, lead carbonates and lead hydroxides are the predominant insoluble compounds in
oxidic conditions. Stable lead sulfides (PbS) are formed during reducing conditions. Lead is widely
used in industries due to its unique properties such as high ductility and malleability, and low
melting point. It is used in automobiles, paint, ceramics and plastics (Gaur, et al., 2013). Figure
15 show different speciation of lead due to pH and redox.
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Figure 15. Lead speciation in different pH and redox conditions (Geological Survey of Japan , 2005).

Lead is not an essential element and has no known function in the human body. Exposure of lead
can result in a wide range of biological effects depending on the level and duration of contact.
Exposure to humans can be through ingestion or inhalation, and both have the same effect in the
body as it accumulates in organs. Tests have shown that direct ingestion is the most serious source
of exposure (Wuana & Okieimen, 2011). Gaur et al. (2013) wrote in their review that lead can
cause adverse effects on many organs like the nervous system, renal system, hematopoietic system,
reproductive system and cardiovascular system, with the nervous system being the most sensitive
target. However, Wuana & Okienimen (2011) stated that the presence of lead in the brain can
cause poisoning or even death and is the biggest concern of lead toxicity. The authors explained
that other organs that are affected by the presence of lead are the gastrointestinal tract, the kidneys
and the central nervous system. The risk from lead exposure is of particular concern for fetuses,
infants, children and women of childbearing age (Deshommes, et al., 2012). Children under the
age of six are most affected by lead exposure, with the risk of impaired development, lower 1Q,
shortened attention span, hyperactivity and mental deterioration. Exposure to adults can lead to
reduced reaction time, loss of memory, nausea, insomnia or anorexia (Wuana & Okieimen, 2011).
Lead exposure can affect the hematopoietic system which inhibits the synthesis of hemoglobin and
causes anemia (Gaur, et al., 2013).

The adverse effects of lead exposure are mainly due to oxidative stress and the ionic mechanism.
In this process lead mimics and substitutes other monovalent and bivalent ions like sodium,
potassium, calcium and magnesium. The mimicking hinders many biological processes in the
body, such as intracellular signaling, cell adhesion, protein folding and ionic transportation (Gaur,
etal., 2013).
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The extent of accumulation and adsorption of lead in plants are less than in humans. The uptake
have shown to be higher in leafy vegetables and on the surface of root crops than in the fruiting
parts of vegetables. Tests have shown that deposit of contaminated soil and dust on the plants
usually causes a bigger risk for lead uptake by animals or humans than the uptake by plants, due
to the low lead phytoavailability (Wuana & Okieimen, 2011).

10.2.2. Arsenic (As)

Arsenic (As) is a metalloid that occurs in a wide variety of minerals as a minor element in the
environment (Wuana & Okieimen, 2011). The average concentration in the Earth’s crust is 2-3
mg/kg. Arsenic commonly occurs as an oxyanion in the form of arsenite or arsenate, both in water
and soil (Francesconi & Kuehnelt, 2002). These two species are usually found together and
arsenate (AsOs%) is the most abundant form in aerobic conditions. Trivalent arsenic dominates in
reducing condition as arsenite (AsOs%). Arsenite can form arsenic sulfides or co-precipitate with
metal sulfides (Wuana & Okieimen, 2011). Arsenic and arsenate can both be found in drinking
water around the world due to natural elevated concentrations in fresh and ground water. Other
forms of arsenic in the environment are arsine, arsenobetaine, tetramethylarsonium lon,
arsenocholine, methylarsonate and dimethylarsinate. Investigations of arsenic content in mammals
have shown that the most abundant form in animals is arsenobetaine. Concentrations of the other
species mentioned above are also commonly detected in mammals. Laboratory studies have found
results that arsenocholine is a precursor to arsenobetaine and transforms rapidly in animals.
Elevated concentrations of arsenobetaine have showed no bioaccumulation along the food-chain.
Methylarsonate and dimethylarsonate can also be found naturally in some soils (Francesconi &
Kuehnelt, 2002) but these compounds are less toxic compared to arsenate and arsenite (Le, 2002).

Arsenic behaves like a chelating agent and has the ability to precipitate when metal cations are
present. Most of the different arsenic species adsorb strongly to soils and the transport in ground
and surface water is usually short distances (Wuana & Okieimen, 2011). This contributes to a low
extraction efficiency from soils and sediments in analytical techniques. Most extractions are done
with water-based solutions and the obtained results therefore only represents a small portion of the
total arsenic in the soil. Figure 16 show different speciation of arsenic as a result of pH and redox
conditions in the environment.
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Figure 16. Arsenic speciation in different pH and redox conditions (Geological Survey of Japan, 2005).

Arsenic is broadly used in manufacturing of insecticides, fungicides, weed killer and antifouling
agents (Gaur, et al., 2013). It is regarded as the metal that most commonly causes acute poisoning
to adults and children mainly due to arsenic contamination of the drinking water (Gaur, et al.,
2013). Ingested arsenic is taken up in the body through the gastrointestinal tract and the excretion
is mainly through the urine (Le, 2002). Arsenic is proven to have a significant adverse effect on
humans in Bangladesh, India and China and it is claimed that millions of people are potentially at
risk from arsenic poisoning (Bolan, et al., 2014). Exposure of arsenic can lead to skin damages,
increased risk of cancer, problems with the circulatory system (Wuana & Okieimen, 2011),
reduced pulmonary function, chronic cough and/or chronic bronchitis. Pigment changes and
development of spotty rain drop patches over the chest and keratosis are symptoms of arsenic
exposure (Gaur, et al., 2013). Lee et al (2012) wrote that epidemiological studies have shown a
correlation between chronic exposures of low levels of arsenic and an increased risk of lung, skin,
liver, bladder, kidney and brain cancers. The toxicity of arsenic is multifactorial. Different
processes such as 1) production of oxidative stress; 2) suppression of DNA repair; 3) inhibition of
cell cycle check points, and; 4) induction of apoptosis, are all contributing to adverse effects (Gaur,
etal., 2013). Arsenite toxicity in the brain is believed to be connected to the generation of hydroxyl
radicals (Lee, et al., 2012).

10.2.3. Copper (Cu)

Copper is the third most used metal in the world and the average concentrations in crustal rocks
are 55 mg/kg. Copper released into the environment rapidly becomes stable, which decreases its
hazard. It can form strong complexes with organic matter in soil, implying that only a small
fraction can be found in solutions as ionic copper (Wuana & Okieimen, 2011). Figure 17 show
copper speciation dependent on pH and redox in the environment.
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Figure 17. Copper speciation in different pH and redox conditions (Geological Survey of Japan , 2005).

Copper is an essential element and can have adverse health effects to humans and ecosystems in
both too low and too high concentrations (Wuana & Okieimen, 2011). Copper is a cofactor of
many enzymes involved in cellular redox mechanisms. It also has an important role in biological
systems and the electron transport (Lee, et al., 2012). A lack of copper can lead to reduced
production of blood hemoglobin in humans. Too high exposure can cause anemia, liver and kidney
damage, stomach and intestinal irritation (Wuana & Okieimen, 2011), Alzheimer’s diseases,
Parkinson’s disease and chronic diseases such as diabetes (Lee, et al., 2012). Exposure to humans
occurs normally through drinking water where water supply pipes are made of copper or in cases
where copper is added to control algal growth (Wuana & Okieimen, 2011). Copper adsorption
from the food is through the small intestine and the metal is stored in the liver before further
transport to cells. Research have shown that cancer patients usually have elevated concentrations
of copper in both serum and tumor tissues compared to their healthy counterparts. Exogenous ROS
production due to copper exposure is one of the best-defined mechanisms for oxidative stress (Lee,
etal., 2012).

Excessive accumulation of copper in soils have a high toxicity to plants and microbial communities
(Bolan, et al., 2014). Copper in plants is necessary for the seed production, disease resistance and
regulation of water (Wuana & Okieimen, 2011).

10.3. Risk assessment and bioavailability of trace elements
Remediation of contaminated soil is necessary do eliminate the metal exposure to humans and
ecosystems. Risk assessments are done to identify existing hazardous situations and potential risks

for human health and the environment. It provides a basis for regulatory control and remedial
actions.
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A general first step of risk assessment is to determine the total concentration of trace elements in
the soil, but these measurements are not proportional to the risk of exposure to humans and
ecosystems (Puschenreiter, 2008). Braham et al. (2014) stated the importance to consider the
potential for human exposure through ingestion, inhalation and dermal contact when conducting a
risk assessment of contaminated soil. The risk is dependent on the amount that can be assimilated
in organisms, thus the link between the total concentration of contaminants and the ecological
effects is not straightforward. The assimilation of contaminants is described by the concept of
bioavailability and is nowadays considered to be the main risk-defining factor in management of
contaminated sites. There are many different definitions of bioavailability (Puschenreiter, 2008)
and the generic definition defined in the review by Bolan et al (2014) is “the potential for living
organisms to take up chemicals from food (i.e., oral) or from the abiotic environment (i.e., external)
to the extent that the chemicals may become involved in the metabolism of the organism”. Trace
metals and metalloids in soil caused by anthropogenic activities usually have a high bioavailability.
Which depends on the speciation of the metal(loid)s (Bolan, et al., 2014). The bioavailability of
metal(loid)s is a process that varies in time and space and cannot be determined with a single
chemical or biological method (Puschenreiter, 2008). Factors affecting the bioavailability of soil
metal(loid)s are chemical and physical properties of the soil, e.g. pH, particle size, presence of
other chemicals and the time of contact with the anthropogenic pollutants. The bioavailability is
also dependent on biological and physiological variables of the exposed individual (Bradham, et
al., 2014). The uptake of inorganic pollutants by organisms are higher for some metal(loid)s than
others. This depend largely on both the biochemistry of the metal(loid)s and of the surrounding
environment. Lead is taken up to a greater degree in animals with calcareous skeletons. Lead
follows the same biochemical pathways as calcium and substitutes it in the organism which have
evolved high assimilation efficiencies (Walker, et al., 2012).

The possibility to quantify a general bioavailable element fraction for all living organisms is
difficult. Assumptions regarding a connection between the solubility, consequent mobility and
bioavailability have given the opportunity to evaluate the contaminants behavior during specific
environmental conditions by different leaching tests, chemical extractions and by bio-accessibility
tests (Kumpiene, 2005). In vitro experiments have been extensively used since they are simpler,
faster, cheaper and more reproducible than biological tests. However, in vitro experiments cannot
give the true bioavailability of metal(loid)s, only assess the bioaccessible fraction which is defined
as an “experimentally determined estimate” of the potentially bioavailable fractions (Deshommes,
et al., 2012). The in vitro bioaccessibility is usually abbreviated as IVBA and can be calculated as
equation 8 according to Drexler & Brattin (2007).

in vitro extractable concentration (mg kg~1) (8)

IVBA (%) =

total concentration in soil (mg kg~1)

10.4. Methods to assess metal(loid) bioavailability to plants

The bioavailability in soils are affected by the soil properties, the metal(loid) speciation and plant
species on site, and especially affected by the interactions between soil and plants. No universal
technique exist to determine the bioavailability of contaminants in soil, but evaluating the
metal(loid) uptake to plants gives an indication of the metal(loid) bioavailability at a particular site
and soil (Feng, et al., 2005). Various plants can be used to assess phytotoxicity of contaminated
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soil through the evaluation of two endpoints: seed germination and root elongation (Puschenreiter,
2008). Several standards are available for phytotoxicity assessment, such as ISO (11269-2) and
OECD. The tests can take up to 28 days to implement, but are relatively simple and usually do not
require advanced analytical instrumentation (Puschenreiter, 2008). Feng et al. (2005) said that the
most important approaches include: 1) the free ion activity model (FIAM); 2) the diffusive
gradients in thin films (DGT); 3 ) the correlation between the mobile metal(loid)s in the soil pools
determined by single or sequential extraction methods and their accumulations in plants, and; 4)
the isotope dilution exchange method.

10.4.1. The Free lon Activity Model (FIAM)

The free ion activity model is an approach to estimate the trace element cation uptake by plants
and have been proven to show better correlations with the actual uptake, compared to models such
as sequentially extractable concentrations (Chenery, et al., 2012). Pampura et al (2006), however,
wrote that data for soil-grown plants are limited and factors like diffusion control may trouble
direct relations between metal(loid) contents in plants and the free metal ion activity in soil
solution. The same authors wrote that there is evidence of a direct relation between the free metal
ion activity and metal(loid) toxicity to soil microorganisms. The correlation is believed to be
caused by a rapid equilibrium between the free metal ions and the cell surface binding sites. Some
metal(loid) species are considered biologically inactive and do not show the same positive results,
e.g. colloidal metal(loid)s and metal(loid)s forming strong complexes with organic ligands (Brown
& Markich, 2000).

The free ion activity in soil can be determined by analytical methods such as measurements with
ion selective electrodes, or by computer simulations where the activity is calculated based on
measured total concentrations of metal(loid)s, dissolved organic carbon, pH and concentrations of
competing cation speciation models (Pampura, et al., 2006).

Campbell (1996) described the free ion activity model as the most commonly used model to
evaluate uptake fluxes outside the cell in living organisms. The model employs the following
assumptions: 1) the plasma membrane of the cell is the primary site for metal(loid) interactions
with living organisms; 2) interaction with the plasma membrane can be described as a surface
complexation reaction; 3) equilibrium is established quickly between metal(loid) species in the
aqueous medium and those at the cell membrane surface; 4) the biological response, expressed as
uptake, accumulation and/or lethal or sub-lethal toxicity, is proportional to the activity of metal-
surface complexes and can be calculated as equation 9; 5) in the range of metal(loid)
concentrations of toxicological interest, the concentration of free sites remains virtually constant
and variations in metal-surface complexes follow variations in the free metal ion concentrations,
and; 6) during exposure to the metal(loid) of interest, the nature of the biological surface remains
constant (Campbell, 1996); (Brown & Markich, 2000).

BR =k K, -{X — cell}- [M] 9)

Where BR is the biological response, k is the constant of proportionality, K; is the conditional
stability constant, {X-cell} is the activity of free surface site on the cell membrane and M is the
concentration of dissolved species (Brown & Markich, 2000).
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Problems with the FIAM technique are that determination of the free metal ion activity itself is
time consuming and prone by methodological and analytical problems. Measurements with ion
selective electrodes is only appropriate when the soil behaves as a metal(loid) ion buffer with high
total metal(loid) concentration and excess of a strong complexation agent such a natural organic
matter (Pampura, et al., 2006). Another problem is that local depletion of ions around the roots in
the soil may affect the environment in the rhizosphere and no longer reflect the bulk soil
conditions, which are the parameters that the model is based on (Hough, et al., 2005).

10.4.2. The diffusive gradient in thin films (DGT)

DGT is a new in situ passive sampling technique developed to assess labile species of metal(loid)s
in addition to FIAM (Pampura, et al., 2006), thus DGT integrates both the free ion activity in
solution and the bioavailable elements from the solid phase. DGT compared to FIAM simplifies
the calculations and allows interpretation of the measured mass without resorting to numerical
simulations. Tests have shown a linear relation between DGT results and the actual copper uptake
by plants, compared to FIAM, soil solution concentrations and different extractions where the
results gave more non-linear and scattered lines. The relation showed an r?-value of 0.95 for
copper. Other beneficial reasons to use DGT is that the device can be placed on top of soil, hence
it gives minimal disturbance of the soil and furthermore minimizing the changes in metal(loid)
speciation with time (Mason, 2007).

Mason (2007) described DGT as a simple, robust analytical tool to evaulate element availability
of elements in waters, sediments and soils. In soil, DGT is considered to mimic plant behavior by
locally lowering element concentration in the pore water. It responds to the re-supply of element
concentrations from labile sources in the solution and also the labile elements on the solid phase.
The measured element flux from the soils is quantitatively related to the bioavailable concentration
(Mason, 2007).

The DGT device is constructed out of two plastic plates in the back and front. The front plate have
an exposure window as a surface sampling area. Two layers of polyacrylamide gel and a membrane
filter is placed in between the plastic plates. The first layer, which is placed in the back, is
impregnated with an ion-exchange resin and the second gel layer is a diffusion gel layer (Mason,
2007). The thickness of first layer must ensure the formation of a monolayer of particles. The
thickness of the permeable gel is usually in the range between 0.2 and 2 mm, and the most effective
for copper have been proven to be 0.3 mm (Carrido & Mendoza, 2013). The sampling procedure
is made by deployment of the DGT device for a required sampling time. Dissolved species in the
pore water will diffuse through the membrane filter and through the diffusive gel layer, and
accumulate on the resin. The accumulation rate is determined by the concentration gradient
established in the diffusive gel and is regulated by the thickness of the diffusive layer and the
interfacial concentration of labile species. To analyze the bioavailable fraction the binding layer is
eluted with acid and the mass of elements accumulated on the binding layer is measured. The mean
interfacial concentration (Cpgr) reflects the supply from both solution and solid phase and is
calculated according to equation 10.

MA,
CDGT ?ﬁ (10)
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Where Cpert in the concentration measured by DGT, M is the mass of metal(loid)s accumulated in
the resin layer, Ag is the thickness of the diffusive gel layer, D is the diffusion coefficient by Fick’s
law, t is the deployment time of the DGT device and A is the area of the hydrogel membrane
(Hyunh, et al., 2012). But Cpet IS more appropriate to use in aqueous solutions. A new concept
have recently been proposed where the effective concentration Ce is calculated by dividing CpeT
with the ratio of the mean interfacial concentration. The effective concentration, can be directly
related to the uptake by plants because it is based on the knowledge of diffusional processes in the
rhizosphere (Mason, 2007).

Carrido & Mendoza (2013) used DGT to evaluate the copper bioavailability in soil but described
problems regarding preparation of the gels, where factors such as reaction time, solution handling,
and film formation had an influence. Problems with fragile gels and problems to achieve uniform
thickness were also described in their report (Carrido & Mendoza, 2013). Modifications of DGT
have been done with a mixed-binding gel layer of ferrihydrite and chelex, where the best ratio
showed to be 2:1. The method was used to measure inorganic arsenic and metals in mining
impacted water and soil. The results showed the greatest binding capacity for arsenic, copper and
lead, among others (Hyunh, et al., 2012).

10.4.3. Single/Sequential extraction

The speciation of element in the soil control the bioavailability, solution-solid phase distribution
and transport of trace elements in the soil (Du Laing, 2010). The main goal with single or
sequential extraction is to use different chemical reagents to release different metal(loid) fractions
from soil by destroying the bond between metal(loid) and soil particles. The speciation of trace
elements in the soil determines the intensity of the release that will occur during different
conditions. The intensity gives a relative measurement of the mobilization and uptake by
organisms of the trace elements (Du Laing, 2010).

Single extraction is used when a particular pool of bonds between elements and soil should be
measured. The technique have been used since the 1970s and has developed with time. The method
is most frequently used for determination of cationic trace elements. Different extraction that have
been used are 1) unbuffered and buffered salt solutions; 2) dilute acid solutions; 3) chelating agents
solutions, and; 4) water to determine the water-soluble fractions (Du Laing, 2010).

Sequential extraction is a technique derived from the single extraction method. A number of
extractions, usually between 3 and 8, are added sequentially to a soil sample and the extractants
are applied in order of increasing reactivity. The fractions measured are usually divided into: 1)
water-soluble, exchangeable and acid-soluble fractions; 2) fractions associated with iron and
manganese oxides; 3) fractions associated with organic matter and sulfides, and; 5) the residual
fraction. The sequential extraction provides good information about the origin of different trace
elements in the soil. The addition scheme promotes information about origin, mode of occurrence,
mobility, biological and physicochemical availability of the trace element in the solid phase (Du
Laing, 2010).
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10.5. Methods to evaluate metal(loid) bioaccessibility to humans

Puschenreiter (2008) wrote that the oral bioavailability of contaminants in soil is set equal to the
oral bioavailability of contaminant in the matrix used in toxicity studies during the risk assessment
procedure. The orally bioavailable fraction of contaminants in soil is dependent on: 1) the
bioaccessibility; 2) the transport across the gastric and intestinal epithelia, and; 3) the first pass
effect (Puschenreiter, 2008).

Recent studies have done physiologically based in vitro chemical schemes to determine the
bioavailability of metal(loid)s from soils. The tests have included: 1) Physiologically Based
Extraction Test (PBET), 2) Relative Bioaccessibility Leaching Procedure (RBALP), Potentially
Bioavailable Sequential Extraction (PBASE), and Gastrointestinal (GI) Test (Bolan, et al., 2014).
It is important to determine the correlation between in vitro bioaccessibility and the in vivo
bioavailability in living organisms to present reliable results. A good correlation is mandatory for
both regulatory and scientific acceptance of the methods (Juhasz, et al., 2009).

10.5.1. Physiologically Based Extraction Test (PBET)

Physiologically Based Extraction Test (PBET) is an in-vitro method which have been extensively
used to estimate the gastrointestinal uptake of metal(loid)s in the stomach and intestinal tract
(Ruby, et al., 1996). The PBET method sequentially mimics the amount of metal(loid)s that
becomes available for absorption during gastrointestinal digestion after accidental intake due to
accidental ingestion or inhalation (Huang, et al., 2014). The basis of the design have been the same
in many different performed tests but have differed in precise chemical and experimental
conditions. Parameters that have varied are pH in the stomach phase, the incubation time, the solid
to fluid ratio and the means and speed of agitation (Turner, 2011).

A commonly used procedure is simple PBET where soil is diluted in HCI during 1-2 h in 37 °C
simulating the acid conditions in the stomach during digestion. NaHCO3 is subsequently added to
raise pH to approximately 7 with a reaction time of 2-4 h, mimicking the conditions in the intestinal
tract. Some test have been made to develop the technique further by addition of digestive enzymes,
organic acids and bile salts (Turner, 2011).

Difficulties with the simulations are that pH in the human stomach generally varies between 1 and
4. The variety depend largely on the feeding status and may be as high as 5 immediately after food
ingestion. Simulations with too high or low pH can therefore give misleading results compared to
the true bioavailability of the metal(loid)s and the test should be seen as a predictor, not as an
absolute measure. The source of food also plays a vital role since different products can work as
confounding variables affecting the bioavailability of metal(loid)s and PBET simulations are
metal-specific due to the different behavior and properties of metal(loid)s (Turner, 2011).

10.5.2. Relative Bioaccessibility Leaching Procedure (RBALP)
Drexler & Brattin (2007) described the relative bioaccessibility leaching procedure (RBALP) as a

simple, reproducible and rapid in vitro method to estimate the in vivo relative bioavailability
(RBA). The method is extensively used on lead accessibility in soil media and is done by
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controlling pH, temperature and agitation. Results have indicated that RBALP measurements have
a strong correlation with in vivo RBA values, which indicated that RBALP can be effective in
providing a reliable estimate of lead RBA as predicted by the immature swine model. The soil
fraction that is tested contain particles smaller than 250 pm, mimicking the particles that can
adhere to children palms and get ingested through a hand-to-mouth actions.

The test is carried out at a temperature of 37 °C for 1 h, with a mixture of glycin and hydrochloric
acid simulating the gastric environment (Drexler & Brattin, 2007).

10.6. Guideline values for contaminated soil

The Swedish EPA have developed recommended guideline values for contaminated soils where
the exposure to humans are considered. These are called “Health based guideline values” and
provides the level of contaminants in soil that provides an exposure in relation to the toxicological
reference value and each exposure pathway is considered: ingestion, dermal contact, inhalation of
dust and vapor, ingestion of plants and intake from groundwater. Controlling the leachable
dissolved concentrations from the contaminated soil gives a first indication of the hazard and can
help to determine the following steps in risk assessment (SNV, 2009).

Guideline values for arsenic, lead and copper are shown in Table 11. There are two different
guideline values for each element: KM and MKM, which are derived from different usage of land.
The KM-value (sensitive land use) is used on sites where the quality of the site does not determine
the usage of the site. All groups of people should be able to stay there during their whole lifetime
without adverse effects. The MKM-values (less sensitive ground) are used on sites where the
quality of the soil limits the usage of the site, e.g. offices, industries and roads. Exposed humans
are the ones working there, and children and older people who temporary visit the site (SNV,
2009).

Table 11. Guideline values for arsenic, lead and copper in contaminated soils (SNV, 2009).

Element Unit KM MKM

Arsenic | mg/kg DW 10 25

Copper | mg/kg DW 80 200

Lead mg/kg DW 50 400

10.7. Uptake of metal(loid)s by plants

Maurice (2001) summarized Table 12 regarding the uptake and translocation of metal(loid)s by
plants to the shoots.
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Table 12. Average content in developed leaves (Maurice, 2001).

Element  Unit Deficiency Normal  Excess/Toxic
Arsenic | mg/kg DW - 1-1.7 5-20

Copper | mg/kg DW  2-5 5-30 20-100

Lead mg/kg DW - 5-10 30-300
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11. APPENDIX 2: ALL RESULTS FROM THE ANALYZED ELUATES

Table 13. Aqua Regia ICP-OES 2014-04-30.

53

mg/kg DW As

Al1l 1183.9 | 4592.7 | 17.0 | 3570.8 | 34247.5 | 357.8 | 4.3 | 41805.4 | 294.2 | 644.4 | 28403.0
Al2 1156.7 | 4435.1 | 15.6 | 3533.7 | 33339.2 | 385.1 | 3.9 | 55222.5 | 284.2 | 625.3 | 30281.8
A13 751.0 | 30495 | 12.7 | 24475 | 248232 | 227.7 | 3.7 | 53594.0 | 241.1 444.3 | 21059.9
A31 346.5 | 2620.7 | 12.9 | 1605.6 | 30706.4 | 223.0 | 4.1 | 3863.9 | 44.6 | 431.6 | 3759.2
A32 403.0 | 2946.2 | 15.4 | 2389.9 | 37248.0 | 259.7 | 45 | 41329 | 53.8 | 463.7 | 4676.8
A33 289.0 |3069.7 | 11.3 | 1305.1 | 27180.2 | 253.1 | 4.6 | 3009.2 | 44.4 | 357.3 | 3108.1

Table 14. Screening Test ICP-OES 2014-02-18.

mg/kg DW As

P+QL 1 10.470 | - 0.075 | 0.328 | 0.041 | 0.134 | 0.005  0.083 | 0.036 | 115.831
P+QL 2 10.778 | - 0.002 | 0.321 | 0.041 |0.125 | 0.005 | 0.033 | 0.060 | 118.532
P+QL 3 9.594 | - 0.002 | 0.292 | 0.041 | 0.105 |0.005 0.052 | 0.041 | 100.770
P+QL+ZVI1 | 7.251 | - 0.024 | 0.338 | 0.041 | 0.096 |0.035 | 0.095 | 0.424 | 60.764
P+QL+ZVI2 | 6.903 | - 0.002 | 0.281 | 0.041 | 0.091 |0.005 0.013 | 0.003 | 46.773
P+QL+ZVI3 | 7.111 | - 0.002 | 0.215 | 0.041 | 0.072 | 0.005 | -0.003 | 0.005 | 38.085
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BM 1 1.690 | - 0.011 | 2.074 | 0.041 0.056 | 0.005 | 1.395 0.060 | 483.537
BM 2 1.464 | - 0.010 | 1.938 | 0.041 0.062 | 0.005 | 1.286 0.041 | 436.763
BM 3 1432 | - 0.008 | 1.798 | 0.041 0.047 | 0.005 | 1.398 0.024 | 463.046
BM+zVI 1 0.167 | 1488.779 | 0.017 | 1.897 | 1.294 1.132 | 0.304 | 0.560 0.048 | 46.725
BM+zVI 2 0.263 | 1478.887 | 0.015 | 1.916 | 0.204 0.776 | 0.279 | 0.851 0.035 | 89.737
BM+2zVI 3 0.254 | 1540.039 | 0.014 | 2.031 | 0.086 0.824 | 0.268 | 0.414 0.032 | 86.085
ZVl11 0.101 | 6.846 0.012 | 0.271 | 234.401 | 11.525 | 0.387 | 87.966 | 0.470 | 0.466
ZV12 0.100 | 6.522 0.016 | 0.050 | 253.384 | 12.453 | 0.487 | 87.529 | 0.445 | 0.461
ZVI13 0.102 | 6.546 0.016 | 0.099 | 263.955 | 12.380 | 0.466 | 90.124 | 0.493 | 0.468
QL1 0.103 | 407.247 | 0.002 | 0.924 | 0.041 0.374 | 0.006 | 74.201 | 2.794 | 0.472
QL2 0.102 | 335.684 | 0.002 | 1.190 | 0.041 0.347 | 0.005 | 92.900 | 2.837 | 0.469
QL3 0.102 | 440.784 | 0.002 | 0.683 | 0.041 0.362 | 0.005 | 91.684 | 2.708 | 0.470
C1 0.101 | 6.710 0.002 | 45.570 | 0.727 0.456 | 0.005 | 162.231 | 6.928 | 2.500
Cc2 0.101 | 7.758 0.002 | 46.784 | 1.393 0.492 | 0.009 | 161.526 | 7.629 | 2.394
C3 0.099 | 6.042 0.002 | 42.939 | 1.080 0.479 | 0.004 | 161.146 | 6.185 | 2.121
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Table 15. pH dependence leaching test, ICP-OES 2014-04-30.
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mg/kgDW As Ca Cr Cu

A1BM31 | 2.681  3924.387 | 0.273 | 11.362 | 146.814 | 5.020 | 0.338 | 27.100 | 2.690 | 776.851 | 2008.215
A1BM32 2.571 | 3572.445 | 0.289 | 12.280 | 146.868 | 4.771 | 0.297 | 39.810 | 3.015 | 750.598 | 1919.355
A1BM33 1.802 | 2718.631 | 0.226 | 8.190 | 219.442 | 3.629 | 0.250 | 78.398 | 1.711 | 482.010 | 1966.867
A3Fe31 0.447 | 484.589 | 0.042 | 5.443 | 415.499 | 52.436 | 2.041 | 4292 | 0.800 | 0.560 | 13.338
A3Fe32 0.189 | 478.659 | 0.031 4.735 | 381.331 | 51.280 | 2.033 | 3.230 | 0.743 | 0.474 | 12.544
A3Fe33 0.124 | 515.688 | 0.039 | 4.849 | 405.398 | 54.816 | 2.051 | 3.870 | 0.788 | 0.437 | 20.260
A1C31 0.365 | 9.508 0.007 | 29.078 | 1.085 | 0.285 | 0.005 | 247.529 | 6.264 | 1.791 | 95.047
A1C32 0.100 | 10.489 | 0.007 | 29.851 | 1.124 | 0.296 | 0.022 | 243.491 | 6.251 | 1.831 | 88.791
A1C33 0.102 | 8.391 0.007 | 29.929 | 0.925 | 0.265 | 0.005 | 257.963 | 5.732 | 1.699 | 80.512
A3C31 0.214 | 12.293 | 0.007 | 92.646 | 3.259 | 0.688 | 0.072 | 15.141 | 1.044 | 5.036 | 67.587
A3C32 0.207 | 11.149 | 0.007 88589  3.447 | 0.632 | 0.063 A 18.497 | 0.877 5100 | 62.701
A3C33 0.101 | 12.082 | 0.007 | 87.548 | 1.892 | 0.648 | 0.069 | 14.043 | 0.894 | 4766 | 70.679
A3Fe51 0.335 | 79.198 | 0.013 | 0.060 | 3.516 |5.908 | 0.150 | 0.336 | 0.493  0.704 | 45.350
A3Fe52 0.104 | 94.815 | 0.007 | 0.041 | 5.017 |7.026 |0.155 | 0.175 | 0.212 | 0.463 | 42.490
A3Fe53 0.104 | 72.693 | 0.007 | 0.027 |2.394 |5219 |0.123  0.164 | 0215 0430 | 46.965
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AlBM51 0.516 | 1025.027 | 0.109 | 6.439 | 56.881 | 5.541 | 0.507 | 67.662 | 3.201 | 6.283 3126.369
A1BM52 0.454 | 1031.562 | 0.096 | 6.910 | 40.417 | 5.206 | 0.425 | 163.417 | 1.688 | 3.487 3157.846
A1BMS53 0.492 | 931.428 | 0.356 | 6.168 | 55.001 | 4.963 | 0.683 | 175.148 | 3.560 | 3.083 2720.364
Al1C51 0.104 | 7.522 0.007 | 11.936 | 0.175 0.239 | 0.059 | 145.725 | 4.264 | 1.061 113.446
Al1C52 0.176 | 7.537 0.007 | 11.827 | 0.170 0.230 | 0.053 | 144.017 | 4.158 | 0.988 118.225
A1C53 0.102 | 7.834 0.007 | 12.021 | 0.174 0.230 | 0.047 | 151.422 | 4.115 | 0.988 114.768
A3C51 0.103 | 5.173 0.001 | 8.415 | 0.062 0.243 | 0.021 | 1.123 0.174 | 0.800 114.055
A3C52 0.101 | 4.257 0.001 | 11.766 | 0.061 0.271 | 0.020 | 0.711 0.151 | 0.811 104.835
A3C53 0.104 | 4.196 0.001 | 12.201 | 0.062 0.254 | 0.021 | 1.087 0.141 | 0.883 104.392
AlBMS81 0.109 | 605.305 | 0.013 | 4.787 | 1.691 1.828 | 0.265 | 8.196 0.074 | 4.017 4341.367
A1BM82 0.107 | 619.496 | 0.013 | 4.753 | 1.619 1.929 | 0.269 | 9.061 0.088 | 2.541 4019.258
A1BM83 0.105 | 628.473 | 0.017 | 4.373 | 1.512 2.302 | 0.240 | 8.467 0.113 | 2.368 3888.753
Al1C81 0.099 | 7.820 0.031 | 1.567 | 0.059 0.184 | 0.020 | 86.922 | 2.009 | 0.599 208.933
A1C82 0.100 | 5.588 0.001 | 0.144 | 0.540 0.150 | 0.020 | 23.060 | 1.382 | 0.193 221.675
A1C83 0.098 | 6.601 0.001 | 0.171 | 0.059 0.159 | 0.020 | 29.506 | 1.537 | 0.202 230.679
A3Fe81 0.103 | 2.253 0.001 | 0.048 | 0.437 0.148 | 0.021 | 0.103 0.010 | 1.178 74.421
A3Fe82 0.105 | 1.709 0.001 | 0.028 | 0.172 0.035 | 0.021 | 0.071 0.010 | 0.496 84.858
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A3Fe83 0.099 | 1.228 0.001 | 0.009 | 0.117 0.046 | 0.020 | 0.029 0.010 | 0.365 67.410
A3C81 0.100 | 1.805 0.001 | 0.185 | 0.060 0.005 | 0.020 | 0.003 0.010 | 0.583 167.910
A3C82 0.100 | 1.035 0.001 | 0.137 | 0.060 0.014 | 0.020 | 0.053 0.010 | 0.272 173.558
A3C83 0.101 | 4.544 0.001 | 0.208 | 0.060 0.116 | 0.020 | 0.079 0.010 | 1.254 221.684

Table 16. Metal uptake by plants, ICP-OES 2014-04-30.

A3 Treated Shoots 1 5.714 41.220 98.074
A3 Treated Shoots 2 1.191 7.417 42.843
A3 Treated Shoots 3 1.176 7.278 19.981
A3 Treated Shoots 4 1.000 9.557 30.030
A3 Treated Roots 1 2.415 19.353 61.940
A3 Treated Roots 2 4.970 24.105 76.920
A3 Treated Roots 3 2.051 17.017 50.651
A3 Treated Roots 4 2.836 18.801 60.167
Al Untreated Roots 2 16.000 55.795 455.105
Al Untreated Roots 3 6.678 277.071 1525.005
Al Untreated Roots 4 10.000 346.452 708.018
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Table 17. DOC, TOCV-CSH2, 2014-04-28.

Al Untreated 1 5.031 6.985 1.954
Al Untreated 2 7.38 11.67 4.292
Al Untreated 3 4971 7.353 2.381
Al Untreated 4 8.073 9.552 1.479
A3 Untreated 1 6.375 7.815 1.44
A3 Untreated 2 7.319 8.319 1

A3 Untreated 3 5.995 6.936 0.941
A3 Untreated 4 9.792 12.03 2.235
A3 Treated 1 9.398 9.947 0.5488
A3 Treated 2 9.606 10.13 0.5236
A3 Treated 3 9.093 9.293 0.2007
A3 Treated 4 8.156 8.371 0.2146
Al Treated 1 3659 3667 8.128
Al Treated 2 3206 3211 4.694
Al Treated 3 2880 2884 4.23

Hallstrém, LTU, 2014



Risk assessment of soil stabilization
59

Al Treated 4 2694 2697 3.381

Table 18. Pore water extraction, ICP-OES 2014-04-30.

Al Untreated | 0.01 | 21.482 | 0.001 | 50.894 | 0.136 | 0.93 | 0.02 | 3.89 | 14.27 | 2.789 | 107.198
1 0 6 2 5 1

Al Untreated | 0.01 | 23.519 | 0.001 | 54559 | 0.134 | 0.89 | 0.02 | 3.80 | 14.77 | 2.833 | 117.865
2 0 7 1 8 3

Al Untreated | 0.01 | 23.405 | 0.001 | 46.457 | 0.062 | 0.83 | 0.02 | 4.03 | 13.11 | 2.621 | 112.662
8 0 7 1 6 3

Al Untreated | 0.01 | 24.038 | 0.001 | 52.984 | 0.080 | 0.92 | 0.02 | 3.83 | 15.00 | 2.945 | 125.780
4 0 3 3 4 4

Al Treated1 | 0.27 | 601.70 | 0.110 | 0.294 | 17894 | 292 | 0.11 | 1.13 | 0.137 | 2.102 | 6250.98
9 5 5 1 7 3 4

Al Treated2 | 0.31 | 60292 | 0.102 | 0.383 | 12519 | 2.75 | 0.11 | 192 | 0.211 | 2.588 | 7481.35
0 9 1 8 3 0 0

Al Treated3 | 0.47 | 598.22 | 0.090 | 0.303 | 43.233 | 2.38 | 0.12 | 2.72 | 0.199 | 2.423 | 7379.25
9 5 4 4 6 8

Al Treated4 | 0.20 | 641.25 | 0.097 | 0.309 | 46.813 | 2.29 | 0.14 | 244 | 0.221 | 2.451 | 8175.62
6 7 7 2 0 6

A3 Untreated | 0.01 | 41.629 | 0.001 | 26259 | 0.532 | 2.73 | 0.05 | 1.65 | 2.405 | 12.95 | 299.904
1 0 7 0 9 4 1

A3 Untreated | 0.01 | 38541 | 0.001 | 243.63 | 0.538 | 250 | 0.05 | 1.83 | 2.214 | 12.86 | 274.964
2 0 8 5 3 1 1
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A3 Untreated | 0.01 | 33.387 | <0.000 | 223.18 | 0.448 | 2.13 | 0.04 | 2.03 | 1.941 | 10.11 | 250.564
3 0 7 3 9 9 7 5

A3 Untreated | 0.01 | 31.696 | <0.000 | 157.71 | 18.447 | 1.97 | 0.03 | 1.67 | 1.647 | 8.713 | 234.321
4 0 7 6 1 9 4

A3 Treated1 | 0.01 | 15985 | 0.001 | 0.030 | 2265 | 1.16 | 0.01 | 0.00 | 0.005 | 0.044 | 29.243

A3 Treated2 | 0.01 | 16.894 | 0.001 | 0.021 | 1974 | 124 |0.01 |0.00 | 0.002 | 0.038 | 29.218

A3 Treated 3 | 0.01 | 12.334 | 0.001 | 0.020 | 1.559 | 0.87 | 0.01 | 0.00 | 0.002 | 0.040 | 24.119

A3 Treated4 | 0.01 | 12.754 | 0.001 | 0.030 |1.276 | 1.11 | 0.01 | 0.00 | 0.002 | 0.046 | 25.221

Table 19. NH4NOs extraction, ICP-OES 2014-04-30.

Al Untreated | 0.000 | 186.986 | 0.009 | 2.135 | 5341 | 0.683 | 0.121 | 19.451 | 4.130 | 564.552

Al Untreated | 0.064 | 259.584 | 0.010 | 2.514 | 6.259 0.753 | 0.134 | 21.112 4523 | 616.165

Al Untreated | 0.054 | 246.205 | 0.010 | 2.392 | 5.671 | 0.720 | 0.135 | 19.078 4.170 | 592.122

Al Treated 0.000 | 3.012 0.000 | 8.665 | 0.241 | 0.088 | 0.000 | 285.695 | 0.413 | 57.148

Al Treated 0.000 | 2.614 0.000 | 7.507 |0.322 | 0.067 | 0.000 | 257.046 | 0.370 | 51.937

Al Treated 0.000 | 2.389 0.000 | 7.851 | 0.242 | 0.075 | 0.000 | 263.430 | 0.328 | 52.660

A3 Untreated | 0.000 | 3.443 0.000 | 25.344 | 0.962 | 0.224 | 0.000 | 21.455 1.335 | 34.528
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A3 Untreated | 0.000 | 3.460 0.000 | 28.605 | 1.810 | 0.251 | 0.000 | 23.461 1.546 | 35.179
A3 Untreated | 0.000 | 3.401 0.000 | 25.702 | 1.005 | 0.242 | 0.000 | 21.423 1.422 | 35.947
A3 Treated 0.000 | 131.018 | 0.000 | 0.171 | 14.773 | 9.568 | 0.222 | 4.332 0.000 | 27.998
A3 Treated 0.000 | 136.700 | 0.000 | 0.159 | 12.617 | 8.071 | 0.201 | 3.485 0.000 | 23.990
A3 Treated 0.000 | 116.152 | 0.000 | 0.130 | 11.927 | 7.049 | 0.161 | 3.617 0.000 | 22.316

Table 20. Gastrointestinal tract, ICP-OES 2014-04-30.

Al Untreated 1 18.85 102.79 489.06 50872.68
Al Untreated 2 15.65 97.64 540.26 37908.46
Al Untreated 3 15.09 86.84 300.88 41315.12
Al Treated 1 13.49 38.48 937.74 7853.09
Al Treated 2 11.55 37.86 946.23 7784.05
Al Treated 3 14.71 42.34 1089.11 8881.28
A3 Untreated 1 0.98 66.58 197.38 233.73
A3 Untreated 2 1.68 116.19 270.77 88.08
A3 Untreated 3 1.03 141.59 386.33 94.92
A3 Treated 1 0.98 49.02 3151.65 371.29
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A3 Treated 3 1.00 34.15 2750.47 112.56
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