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Impacts of road de-icing salts on manganese transport to groundwater in roadside soils

SUMMARY IN SWEDISH

Anvindningen av NaCl som avisningsmedel under vintersisongen
paverkar vigars omgivning negativt. Kloridhalterna dkar i grundvatten
och det dr fOr risk 6kad transport av tungmetaller ner till grundvattnet.
Aven element som férekommer naturligt i jorden paverkas av vigsalt,
och ett av dessa naturliga dmnen dr mangan (Mn). Mangan frigbras vid
vittring av mineral och kan vara neurotoxiskt f6r minniskor vid hog
koncentration. Loslighet och mobilitet av Mn i jord paverkas av pH,
redox forhallanden, jordens egenskaper och andra joner som
férekommer i marklésningen. Lost Mn kan ldtt transporteras med
marklésningen ner till grundvatten som utgér dricksvatten f6r miljoner

minniskor i Sverige.

Det 6vergripande syftet med foreliggande studie har varit att utreda hur
vigsalt paverkar mobilisering och transport av Mn till grundvatten
vignira jordar. Sex jordprov insamlades fran tre olika lokaler 1 Sverige.
Jordarnas egenskaper bestimdes med batch tester och mingden Mn
oxider bestimdes och jimférdes med andra studier for att uppskatta
redox forhdllandena. Uutgiende fran jordarnas egenskaper valdes fyra
olika jordar att ingd 1 laktester med NaCl I6sningar med olika

koncentrationet.

Generellt, extraherades mer Mn fran extraktionen med den hégsta NaCl
koncentration (0.1 M) dn frin de med ldgre koncentration. Den
extraherade Mn koncentrationen var i samma stotleksordning fran 0.001
M CaCl; och 0.01 M NaCl. Slutsatsen frin studien var att Mn
mobiliserades genom jonbyte och att jordens initiala pH troligen en

viktig parameter f6r mobiliseringen av den littrérliga poolen av Mn.

Resultaten visar att det dr stor risk fOr transport av Mn fran vignira
jordar ner till grundvatten framfor allt om vigsalt anvinds. Aven om
andra studier indikerar att det dr ett begrinsat antal vattentikter som
hotas av forhéjda koncentrationer av Mn, kan inte betydelsen av
dricksvatten med hég kvalitet for barns hilsa ignoreras. Mn
koncentrationen i grundvatten bér fa mer uppmarksamhet dn vad som ér

fallet idag,.

i
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SUMMARY IN ENGLISH

The widespread use of the de-icing salt (NaCl) for snow and ice removal
from roads has caused certain effects on environment. It has been
documented that NaCl could promote heavy metals mobility leaching
from roadside soils. Elements occur natural in soils are also affected by
de-icing salts. One of these metals is manganese (Mn). Manganese could
be released by weathering and be a neurotoxicant to human at high
concentration. The mobility and solubility of manganese in soils are
influenced by pH, redox condition, soil properties and other ions present
in the soil water. Dissolved manganese can be easily transported with soil
water downward to the groundwater which is the source of drinking

water supply for millions of people in Sweden.

The overall purpose of this study is to interpret impacts of road de-icing
salts on mobilization and transport of manganese to groundwater in
roadside soils. In this work, six soil samples were collected from three
roadside sites in Sweden. Bath test experiments were carried out in order
to investigate soil properties. Solutions with NaCl at different
concentrations were used in leaching tests to evaluate the influence of
de-icing salts. The amount of Mn oxides was extracted and compared

with previous research to determine the redox condition.

From the results of soil properties, four soil samples were selected for
further leaching tests as follows: Kista sand which contained highest
exchangeable concentration of Mn; Kista till from 15-20 cm layer which
had highest acidity; Maleras soil at 15-20 cm comparing with the Mn
concentration data in groundwater which were provided; Edebick

sample selected as a parallel group.

Generally, more Mn was extracted from the 0.1 M NaCl solutions than
the low-concentration NaCl solutions. Furthermore, it seems that the
extracted Mn concentrations were similar for CaCl, and 0.01 M NaCl
solutions It leads to the conclusion that Mn is mobilized through a

cation-exchange process.

The initial low soil pH may be an important factor for the leaching of
easily mobilized Mn. The negative correlation between the increase in
water-soluble manganese and pH concluded that pH affects the
mobilization of Mn with NaCl solutions leaching treatment. Redox

condition has little effect on the Mn mobility in this research.

There is great risk of transport of high water-soluble concentrations of
Mn in roadside soils to groundwater, especially the areas exposed to
de-icing salts. Although groundwater samples indicated that only a few
periods and sites were under threaten of elevated concentrations of
manganese, the importance of good drinking water quality for young
children cannot be ignored. It is better to pay more attention to the

lower value of Mn concentrations in groundwater
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Impacts of road de-icing salts on manganese transport to groundwater in roadside soils

ABSTRACT

Manganese (Mn) is an important element in soil, it occur natural in minerals and
precipitated as Mn-oxides. Several factors could decide the solubility and mobility of
Mn in soil water. In this study, the impact of road de-icing salts (NaCl) on manganese
mobilization and transport to groundwater in roadside soils has been investigated by
leaching tests. Generally, in the salt solution leachates, the water-soluble
concentrations of Mn tended to increase with elevated salt concentrations, suggesting
that ion exchange mainly affected the mobilization. The process was also attributed to
the complexion with Cl. Associated with exchangeable concentration of Mn and soil
properties such as pH and acidity, the mobilizations of Mn varied. Mn-oxides can
dissolve when reduced condition exists, therefore the oxalate extractable Mn was
extracted to estimate the change of redox potential condition in roadside soils. The
redox potential of soil samples is higher in general. Redox condition has little effect on
the Mn solubility and mobility in this research. Although groundwater samples
indicated that only a few periods and sites were under threaten of elevated
concentrations of manganese, there is still great risk of transport of high water-soluble
concentrations of Mn in roadside soils to groundwater, especially the areas exposed to
de-icing salts. In addition, lower value of Mn concentrations in groundwater for
considering good drinking water quality for the well-being of children should be paid

morte attention to.

Key words: Manganese; Mn-oxides; De-icing salts; Leaching test; Ion

exchange; Groundwater

1. INTRODUCTION

Sodium chloride (NaCl) as the de-icing salt for snow and ice removal
from roads has been used widespread, not only in Sweden but also in
other countries. It has caused certain effects on the environment. For
instance, the corrosion of vehicles and road surfaces, the risk to roadside

vegetation, the contamination of water and so forth.

About 200,000-300,000 tons of NaCl are used on roads including
highways each year in Sweden, according to the Swedish National Road
Administration (SNRA). The application rate is on average 4-18 tonnes
per km de-iced road, but varies seasonally and regionally. It also depends
on different stretches of roads (Thunqvist, 2003). These salts are
ultimately released into the environment and even into the groundwater.
Approximately 40% of all the primary groundwater resources ate
situated in the vicinity of the road network where the de-icing salt is
spread (SGU, 2005).

It has been documented that NaCl could promote metals mobility and
leaching from roadside soils. NaCl mobilizes metals in combination with
the formation of chloride complexes by ion exchange. High NaCl

concentration could disperse soil colloids, which may result in elevated
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colloid-assisted transport of heavy metals into groundwater (Amrhein et
al, 1992; Naidu et al, 1994; Norrstrom & Jacks, 1998; Norrstrom &
Bergstedt, 2001). Roadside toxic metals such as lead, cadmium, copper
etc from vehicles that have generally been studied (Amrhein et al, 1992;
Bickstrém et al, 2003; Norrstrom, 2005). However, recently it has been
suggested that elements occur natural in the soils are also affected by
de-icing salt (Norrstrom & Thungvist, 2012). One of these metals is
manganese (Mn).

It has recently been reported that elevated manganese concentrations in
drinking water could affect the taste and odour, even be a neurotoxicant
to human in high concentrations (Foy et al, 1978; Zoni et al, 2007). In
addition, Canadian studies have shown that concentrations below the
guideline value can result in decreased 1Q for children (Bouchard et al,
2011). Manganese in nutrient-poor soils has been rendered more mobile
with the increase of acidification of Swedish soils and been in addition to
and transported to groundwater, on which millions of people living in
Sweden depend for drinking water supply (Ljung & Vahter, 2007).
Therefore, there is an additional risk for drinking water contamination

through mobilization of manganese in soils.

At present, a unified theory is not available yet and more information is
needed for the dissolving conditions of manganese in roadside soils,
especially the impact of site specific conditions and spatial variations in

the soil water quality.

2. AIMS AND OBJECTIVES

The overall purpose of the study was to interpret impacts of road
de-icing salts (NaCl) on mobilization and transport of manganese to

groundwater in roadside soils.
Specific objectives:

e To wuse batch test experiments with NaCl at different

concentrations to evaluate the influence of de-icing salts.

e To investigate the effects of soil properties on manganese

solubility and mobility.

e To determine redox condition by estimating the amount as well

as distribution of Mn oxides in soils.

3. BACKGROUND

31

Mn general chemistry

Manganese (Mn) is the fourth abundant trace elements in the earth’s
crust. Some selected basic properties of manganese are listed (Table 1).
In the geochemical process, Mn is closely related to the iron (Fe). Mn
forms a number of minerals, including the sulphides, oxides, carbonates,

silicates and phosphates. Mn occurs as the ions Mn2?*, Mn3*, or Mn**



Impacts of road de-icing salts on manganese transport to groundwater in roadside soils

commonly. Other divalent cations such as Fe?" and Mg?* are replaced by
the common cation Mn?* in silicates and oxides (Kabata-Pendias &
Pendias, 2001).

In the soil, manganese exists in either reduced or oxidized forms. If the
soil environment is variable, the oxidation and reduction of manganese
compounds are fast. Manganese is an important metallic redox catalyst in
the soil (Bartlett, 1999). The ionic species and transformation of Mn
compounds are by redox reactions and hydration reactions are presented
(Figure 1). There is also shown some important reduction half-reactions
of manganese at 25°C  (Table 2).

Manganese also plays a vital part in control of certain soil properties,
besides on the poising system of redox potential (Eh) and pH. Exchange
surface oxidation of manganese oxide reduction may lead to the
disappearance of Mn?" ions into the newly established exchange to
compete with other cations. Moreover, the activity and susceptibility that
the leaching of Ca, Mg and several other metals increase with the
reduction of Mn (Kabata-Pendias & Pendias, 2001). All of the
manganese compounds are important in many organisms, including
humans. In the processes of bone mineralization, protein and energy
metabolism, metabolic regulation and activation of several enzymes,
manganese is essential (WHO, 1999). Manganese also has a considerable
impact on the behaviour of several in the nutrition of plants (Korc, 1988;
Kabata-Pendias & Pendias, 2001). Therefore, manganese is used as food

additives for humans and fertilizers for crops.

3.2 Mn oxides
Mn is released from primary minerals and then oxidized and formed
various oxides. Mn oxides are likely to occur in the soil as coating in soil
particles (Kabata-Pendias & Mukherjee, 2007). Mn-oxides are common

ingredient in the soil.

The trace element behavior is controlled potentially by Mn oxides. Mn
oxides could increase the the mobilization of some metals under specific
soil conditions as well (Kabata-Pendias & Mukherjee, 2007; Suda et al,
2011). Mn oxides have a high capacity of aborting certain metal ions.
The reaction of cations exchange, the isomorphic substitution of Mn
cations as well as the oxidation of the oxide precipitates at the surface
could be the possible mechanisms of the absorption (Hem, 1978;
Loganathan & Burau, 1973; Stumm & Morgan, 1970).

Table 1 Selected properties of Mn.

Element  Atomic Atomic Atomic Density Valence Melting
number mass radius(pm)  (20C,g/cm-3) point(‘C)
Mn 25 54.9 179 7.44 +2~+7 1244
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Table 2 Some important reduction half-reactions of Mn at 25T
(Sposito, 1989).

Reduction half-reaction Log K
Mn*" + e = Mn* 25.50
MNOOH(s) + 3H" + e = Mn?" + 2H,0(l) 25.36
= Mn304(s) + 4H" + &'= 2 Mn” + 2H,0()) 30.68
= MnOg(s) + 2H" + &= 2 Mn*" + H,0() 21.82
= MnOg(s) + 5 CO(g) + H'+ &'= 2 MnCOs(s) + 3 H:0() 18.00

The reduction of Mn (hydr) oxides to Mn?* happens at low redox
potential (Eh) in the soil. Eh is an electric potential measured in millivolt
[mV]. The redox conditions are governed by the redox potential: at high
Eh position, oxidation processes dominate; but at low Eh situation,
reduction processes prevail.

Redox processes may result in the metal precipitation and the dissolution
of their precipitates. The growing/decreasing Mn-oxides concentrations
in soil water could indicate the oxidation/reduction processes of Mn in
the soil. Therefore, the amount and distribution of Mn-oxides is the

possible explanation for the redox condition in the soil.

3.3 Natural and anthropogenic sources
Manganese constitutes 0.1 % of the crust approximately. The common
range of Mn in rocks occurrence is 350 to 2000 mg/kg. In mafic rocks,

manganese is enriched especially (Kabata-Pendias & Mukherjee, 2007).

- M an‘ ‘Mnu
MnO, %

/ Mn**
o3 o
/ \
MnOH*"
HMNO; |
i MnOH™
MAOH); /]
‘ Mr{OH);
Mn(OH)Z" M\I-K.:./(;);
\Mnoz Mn,0, ¢
MnCOs MnOOH

Fig. 1 Ionic species and transformation of Mn compounds in soils
(Kabata-Pendias & Pendias, 2001).
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Rock weathering and wind erosion could lead to manganese release into
the surrounding soil, water and atmosphere. Under atmosphere
conditions, Mn compounds are oxidized. The Mn-oxides are then
precipitated again and concentrated in the form of secondary manganese
minerals. In forms of concretions and nodules Mn oxides are presented.
Mn oxides are also presented in crystalline, microcrystalline and
amorphous oxides or hydroxides coating on soil particles
(Kabata-Pendias & Pendias, 2001).

Generally, the Mn concentrations are more depended on the natural
redistribution than the anthropogenic activation (Ljung et al, 2000).
However, due to the development of manganese mining and industries,
including power plants, iron and steel industries, coke ovens and welding,
the anthropogenic contribution to emission of manganese has increased
greatly over the last century (Dorman et al, 2006; Grove & Ellis, 1980;
Loranger et al, 1996).

3.4  Adsorption and mobilization to groundwater
The mobility and solubility of manganese in the soil are influenced by
organic content, pH, redox condition, soil properties and other ions
present in the soil water (Kabata-Pendias & Pendias, 2001). In acid
condition, the mobilization of manganese occurs and the manganese is
released from soil minerals into soil water. The dissolved manganese in
the soil water is easily transported down to subsurface of the soil

through cracks.

Under anaerobic condition, Mn is released from minerals and reduced to
Mn?* which is more soluble. Anaerobic conditions are common in
deeper aquifers. In addition, the deeper the well is, the higher the
reducing condition is. Therefore, the deep wells result in a higher Mn
concentration.  Consequently, the problem of elevated Mn
concentrations in groundwater is relatively common (BGS & Water Aid,
2003).

There is also concern that de-icing salts may increase the concentration
of Mn in soil solutions and ultimately lead to the metal increase in
groundwater. Since Na rather than Cl mainly takes part in ion-exchange
processes in soils. Furthermore, the high Na content is able to reduce the
soil aggregation, effect hydraulic conductivity and raise colloid mobility.
In Sweden, many older highways atre located close to glacial eskers which
are mainly with coarse materials. Studies have shown that base cations
and heavy metals may be leached more and transport into groundwater
through colloid-assisted. That is because Na ions originating from
de-icing salts is able to promote the extend (Norrstrém, 2001). In
addition, it has been reported that the concentrations of Mn and other
heavy metals are various at different time and distance from the roads
(Bickstrom et al, 2003).



Yingrong Wen

TRITA-LWR Degree Project 12:36

3.5

Due to the effect of NaCl on the Mn mobilization, to estimate the
amount of manganese oxides is of interest as well. Mn oxides are
insoluble. To reduce Mn oxides, weak reducing conditions are required.
The reduction of insoluble manganese oxides occurs under low redox
potential condition (Sparrow, 1987). Soil flooding, soil drying, soil
sterilization and other environmental condition changes are possible to
increase the mobilization of Mn oxides (Patrick & Jugsujinda, 1992;
Makino et al, 2000; Suda et al, 2009). Due to the mobilization of Mn
oxides, some trace elements which are bound onto or occluded into Mn

oxides are likely to be released into the soil solution (Suda et al, 2011).

Mn in soil and groundwater

Manganese in the soil is originated from both natural and human
activities. Under humid cold climate, Mn is easily leached from the soil as
a complex with acid solutions or as bicarbonate with organic acids
(Kabata-Pendias & Mukherjee, 2007).

On wotld scale, Mn in the soil is with a median value of 530 mg/kg
(McBride, 1994). The concentrations of Mn range from 7 mg/kg to 9200
mg/kg in different kinds of surface soils worldwide (Table 3). In Sweden,
the average Mn concentration in Stockholm urban soil was 325 mg/kg,
in urban area of Uppsala was lower than 500 mg/kg on the top 5 cm
layer while in the 10-20 cm layer was higher than 600 mg/kg (Berglund
et al, 1994; Sandberg, 1995; Ljung et al, 2000).

Weathered and solubilised manganese from soil and bedrock is
transported into groundwater, as water infiltrating downwards through
the soil and the aquifer. Manganese is also deposited into waters from
anthropogenic sources. In Sweden, the average manganese concentration
in groundwater used for drinking water was 150 },Lg/ L (Ljung & Vahter,
2007). According to the data from SGU, 85% of the sampled private
wells had manganese concentrations lower than the Swedish
recommended guideline value of 300 pg/L and 90% lower than the
WHO guideline value of 400 pg/L. The distribution of Mn

concentrations in these sampled wells in Sweden was various (Figure 2).

Table 3 Ranges and Means of total concentrations of Mn in
surface soils on the world scale (mg/kg) (Kabata-Pendias &
Pendias, 2001).

Soils Range Mean
Light sandy 7-2000 270
Medium loamy and silty 50-9200 525
Heavy loamy 100-3900 480
Calcareous 50-7750 445
Organic 10-2200 465
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3.6

Toxicity

Manganese is an essential nutrient for the human body. It involves in the
metabolism of amino acids, proteins and lipids. However, if it excesses a
certain amount, it will cause adverse health effects, most of which is
neurobehavioral deficits associated with chronic inhalation exposure
(Zoni et al, 2007). Inhalation is the most significant route of entry into
human body from the occupational environment. Ingestion of
manganese through food is also the major exposure route for adults
(Levy & Nassetta, 2003; WHO, 1999). It is quite different of exposing to
manganese between young children especially infants and adults.
Drinking water is a vital source of absorbing manganese for infants.
The extent of exposure is likely to influence their behavior and
physiology (Ljung & Vahter, 2007). Consequently, it is generally believed
that the high intake of manganese from drinking water lead to the
significant toxic risk, especially for infants (Boyes, 2010; Deveau, 2010).

Oral route from ingestion of water can induce toxic risks to children
according to the data on the risks of exposing to manganese from
drinking water. In China, some 11-13 years old children had been
impaired manual dexterity and speed, short-term memory, and visual
identification. These children were exposed to 240-350 pg/L of
manganese concentration in water (MnW) which was higher than the
control group (He et al, 1994). In Bangladesh, about 140 children at 10
years of ages had lower intelligence quotient (1Q). It was associated with
higher MnW with the average value of 800ug/L (Wasserman et al, 2000).
In addition, higher MnW might also cause children impairment of
attention, stuttered speech, poor coordination, balance and motor skills
(Woolf et al, 2002; Sahni et al, 2007).

o, MAllwelk BSpringwels K Dugwels EDrilledwell U Unknown type of well
100 7
90 87
80

0-50 pg/L 50-300 pg/L 300-400 ng/L  400-1000 pg/L >1000 pg/L

Fig. 2 Distribution of manganese concentrations in 18,713 sampled
wells in Sweden. (Ljung et al, 2000).
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3.7

3.8

Morteovert, recent Canadian studies indicated that children’s IQQ could be
decreased once the children chronic exposure to low-level manganese
(Bouchard, 2011). The mean manganese concentration in drinking water
of 100 pg/L rather than the guideline value of 300 ug/L and highest
detected value of 800 pg/L has a strong association with 1Q decrease. IQ
is plotted by median of manganese intake from water consumption
(ng/kg/month) quintile (Figure 3). The medians of manganese intakes
are as follows: the 1st quartile is the lowest, which is 0.1; the 2nd is about
1.6; the 31 is 7.6; the 4% is 39.4; the 5th is the highest, which is 172
(Bouchard, 2011).

Guideline values

As the WHO defined: “The current health-based guideline value for
manganese in drinking water is based on an estimated no observed
adverse effect level NOAEL) for manganese in food, which is likely low
enough to protect the health of adolescents and adults.” (Ljung & Vahter,
2007).

However, in combination with the text above about the toxicity and the
concentrations in drinking water, it is known that young children
especially the infants are observed effects at low MnW. The major
population only might not require a lower guideline value, however, the
sensitive groups including young children and infants are more likely
under a risk of the present drinking water guideline values (Ljung &
Vahter, 2007). Therefore, besides the present drinking water guidelines
values of manganese, lower manganese concentrations would be

considered in the future study for the safety of drinking water.

Leaching tests

One of the purposes of leaching tests is to measure the dissolved
concentration of one contaminant in a solution which is leached from
solid materials. At present, in order to predict contaminants leached
from soils to groundwater or surface water, leaching tests are used most

frequently.

Leaching test can be divided into two types: “(a) batch test in which the
material is suspended in a solution and shaken for a certain time, and (b)
percolation tests in which a leaching solution is pumped through a
material; samples are taken at different occasions to investigate the
time-dependent leaching patterns.” (Gustafsson et al, 2007). Assumed
that chemical equilibrium is reached during the test, the purpose of the
test is to simulate the leachate quality and amounts of substances from
materials under natural condition (Fillman & Aurell, 1996). In this thesis

wortk, batch tests were mainly used.
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Fig. 3 Estimated manganese intake from water consumption
(ng/kg/month) (Bouchard, 2011).

Batch test is carried out in bottles. The solid materials are mounted on a
shaking table and shaken at certain speed for a certain time. The bottles
are then centrifuged. After that, the leachate is decanted and filtered in
order to separate the leachate form solid materials. Finally, each leachate
is analyzed. In particular, standard groups are always carried in a serial
batch leaching. (Fillman & Aurell, 1996).

Leaching test is carried out at a liquid-to-solid (I./S) ratio. The ratio is
the accumulated weight or volume of leachate divides the weight or
volume of ample material according to the total amount of dry matter.
“The ratio should not only maintain a sufficient mixing of the sample
but to maintain near chemical equilibrium conditions in the leachate.”
Results from batch tests are also presented as the function of L./S ratio
(Fillman & Aurell, 19906).

4. MATERIALS AND METHODS

4.1 Site description and sampling

411

412

FEdebick

The study site is a village situated in Hgfors municipality, Virmland
country, Sweden (Figure 4). Edebick soil was sampled along road 62
which has an annual Average Daily Traffic volume (ADT) of 8 000

vehicles. The soil texture in the area was sand.

Kista
The study site was along one of the main thoroughfares in Sweden the
E4, which is located in the northwest 10 km away from central
Stockholm in the municipality of Sollentuna (Figure 5). The highway has
a total width of 20 m and runs in a NW-SE orientation with a high

traffic density. The annual ADT of this site is approximately 90,000
vehicles with a speed limit of 110 km/h (Lundmark, 2008).
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Fig. 4. Map of the study site at Edebick (Norrstrém and
Thungqvist, 2012).

Soils were sampled in October 2004, 10 m from the road. Five
subsamples were taken at each sampling point. In this study, one sandy
soil sample and two till samples from 0-5cm and 15-20 cm were

measured.

413 Midlerds

The study site is a village located in Nybro municipality, Kalmar County,
south-cast Sweden (Figure 6). The soil was collected along the highway
31 at a distance of 2 m from the asphalt surface. An estimated traffic
volume is more than 6,000 vehicles per day (Helldin et al, 2002). Twenty
soil samples were taken for each of the different depths, and replicate
soil samples from the same depth and distance from the road were
bulked together into composite samples. Composited soil samples from
0-5 cm and 15-20 cm were used in this study. The soil texture is stony

sandy-gravelly till.

P“' [::] Research area

— Highway E4 sssnse Railway

Minor road

Fig. 5. Map of study site at Kista (Lundmark, 2008).

10
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4.2

Fig. 6. Map of the study site at Mdlerds (Helldin et al, 2002).

Methods

4.2.1

Soil properties
All samples from the roadside soil were all air-dried before analysis and
sieved as soil fractions smaller than 2 mm. The extractions were put into
centrifuge tubes. The extraction solution was separated from the soil

samples by centrifugation and the supernatant was removed.

In the standard method, 2.5¢ air-dried soils were extracted with 30mL
0.1mol/1 BaCl; solution and shaken for 1 h. In this study, 10g of each
soil sample was first saturated by treating the soil with 100mL of 0.1
mol/1 BaCl; solution for 2 h. The pH was measured by a PHM 95/ION
meter. Concentrations of the exchangeable basic cations Na, K, Ca, Mg
and the exchangeable acid cation Mn were determined in Atomic
Absorption  Spectrometer (Spectra AA 55). To determine the
exchangeable acidity (TEA), 15mL of the 0.1 mol/l extract was titrated
with a 0.02 mol/1 NaOH solution up to the pH 8.3.

By calculating the sum of the TEA and the exchangeable base cations
(TEB), the cation exchange capacity (CEC) of the soils was got. The
base saturation (BS) was calculated from the ration of TEB/CEC. Mn
was assumed to exist mainly as Mn?* so that the exchangeable

concentration was calculated the same as the TEB.

In order to estimate the concentrations of Mn oxides in soil samples, a
0.2 M complexing acid ammonium oxalate solution was selected for
dissolution of Mn oxides. The oxalate solution was the mixture of
(COONHy); *H20 and (COOH) »-2H,0O with the pH=3 (Neaman et al,
2004). 1 g of sieved earth from each sample was saturated with 50 ml
oxalate reagent. Two blanks contained all the reagents (in the same

quantities) and three duplicates of all samples were used as comparisons.
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4.2.2

After dissolving the “active” compounds in the dark for four hours, the
concentrations of acid oxalate extractable Mn was determined in Spectra
AA 55.

To calculate the oxalate extractable Mn, on the basis of the air-dried soil

according to the following equation:

M () =G IO 19095 = (2230

Where

a: mg/1 Mn in diluted sample extract

b: ditto in diluted blank

df: dilution factor

ml ox. : ml of oxalate reagent used

st air dry sample weight in milligram

Assumed that MnO and MnO; are the major Mn oxidations in soils, by
multiplying the concentrations of acid oxalate extractable Mn with

conversion factors of 1.29 and 1.58, respectively. The amount of MnO

and MnQO; were calculated as follow:
% MnO = 1.29 X % Mn
% MnO;, = 1.58 X % Mn

The amount of Mn oxidations was calculated from the sum of MnO and
MnOz.

Leaching test

From results for soil properties measurement, four soil samples were

selected for further leaching test:

. Kista sand which contained highest exchangeable concentration of
Mn;

*  Kista till from 15-20cm layer which had highest acidity;

*  Maileras soil sample at 15-20cm comparing with the Mn
concentration data in groundwater which was provided from
Mileris;

*  Edebick sample selected as a parallel group.

The leaching test took place with a 0.001 M CaCl, at L/S= 3 as the

control which was a revised standard method described by Holm et al.
(1998) and Degryse et al (2003). Both standard methods were used for
extracting Cd and Zn. The method of Holm has used Ca(NOj)> at
L/S=3, and the standard procedutre of Degty involved a CaCl, solution

for extraction but with the concentration of 0.01 M.

Procedure used in this work was as follow: 6 g dry soil of each sample
was weighed with three replicates and were leached by adding different
concentrations of NaCl to the 18 ml CaCl; solution shaking for 24 hours

12
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5. RESULTS

at 25°C, respectively. Two NaCl concentrations with 0.1 M and 0.05 M
are examples of concentrations in the near road environment, and 0.01
M can be example of a concentration found in the groundwater. After
centrifuging, the supernatant was removed for pH measurement. The
rest supernatant was filtered with Acrodisc PF for determining

water-soluble concentration of Mn by AAS.

5.1 Soil properties

Ca was the major base cation for all soil samples; especially the
exchangeable Ca concentrations of Kista sand and Kista till were much
higher than other samples (Table 4). Mg was of secondary significance at
Kista, while at Edeback and Maleréds, Na was the second most important.
Almost all the concentrations of base cations were lower than 1 cmol/kg.
The highest exchangeable concentration of Mn was measured in Kista
sand sample. To the contrary, soil sample from Kista til 15-20 cm

contained quite low exchangeable concentration of Mn.

These 6 soil samples showed that CEC varied from 1.2 to 16.7 cmol./kg
in the leachates. CEC from samples of Kista sand and Kista till were
highest: 16.7 cmolc/kg and 15.9 cmol./kg, respectively. CEC in other
samples were lower than 10 cmol./kg. The base saturation (BS) of soils
was generally greater than 70 %, with the exception of the roadside soils
at Edebick and Kista till 15-20 cm which are both lower than 20 %. The
reason for the lower BS in Edebick could be related to the low traffic

volume and the coarse materials.

Soil pH of samples used in this study was acidic (3.8-6.3). In general, the
acidity of soil samples was lower than 1 cmol/ kg, except for the samples
from Edebick the Kista till 15-20 ¢cm with the value of 1.03 cmol./ kg
and 4.62 cmol./kg, respectively.

Table 4 The exchangeable concentrations of base cations
[cmol./kg] and acid base ion Mn [mmol/kg], Acidity and cation
exchange capacity (CEC) [cmol./kg] as well as base saturation

(BS) in soil samples.

Samples Ca Mg K Na Mn pH Acidity CEC BS
Edeback 0.08 0.02 0.02 0.04 002 41 1.03 1.2 13
Kista Sand 1485 123 04 0.08 0.11 43 0.16 16.7 99
Kista Till 1485 064 039 0.01 0.01 6.3 0.02 159 99

Kista Till 15-20cm  0.92 0.1 0.03 003 O 3.8 4.62 5.7 19
Méleras 0-5cm 0.39 0.05 0.03 074 001 42 0.28 15 81
Méleras 15-20cm  0.17 0.03 0.03 063 001 41 0.36 1.2 71
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5.2

Table 5 The amount of acid oxalate extractable Mn, MnO and
MnO:and the percentage of Mn oxides (mg/kg).

Samples Mn MnO MnO, Mn-ox
Edebéack 70 90 112 201
Kista Sand 78 101 125 225
Kista Till 58 75 92 167
Kista Till 15-20cm 23 28 34 62
Malerds 0-5cm 48 62 76 139
Maleras 15-20cm 58 75 92 167

Obvious differences of acid oxalate extractable Mn dissolutions were
observed with a range from 22.7 mg/kg to 78 mg/kg (Table 5). No
difference in the tendency between exchangeable Mn concentration and
Mn oxides concentrations of all samples was observed, which Kista sand
contained highest value but Kista till 15-20 cm was the lowest one. There
is a strong negative correlation between the increases in depth in Kista
till, while the correlation is counter in Maleras, the concentration so far

as to be higher in the deeper layer.

Leaching test

Extract pH values of samples are 4.3 on average, with highest value of
4.7 in Kista sand and the lowest 3.8 from Kista till 15-20 cm sample
(Table 6). In addition, the largest differences for each sample are 0.2,
except for Kista sand with the variation of 0.6.

The pH was highest when the soil samples were leached with CaCl,
solution and lowest when leached with 0.1 M NaCl solution (Figure 7).
Elevated values of pH were measured in the solutions leached with
decreased density of NaCl. However, the variations of pH for each
sample measured under the extract conditions by BaCl,, CaCl> and

different concentrations of NaCl were small.

The data for the water-soluble concentrations of Mn extracted indicated
that nearly all the concentrations of Mn extracted were higher than the
guideline value of 300 pg/L in Sweden (Table 7). The concentrations of
Mn could be maximal 8 times higher than the guideline value, suggesting
that low pH mobilized the Mn. It can be seen that soil sample from
Kista sand could be extracted largest amount of Mn in 0.1 M NaCl
solution. On the contrary, water-soluble Mn concentration of Kista till
15-20 cm extracted was much less under the same condition, with the

value of 1.8 mg/1.
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Table 6 pH by leaching with 0.00IM CaCl, 0.1M, 0.05M and 0.01IM

NaCl respectively.

Samples CaCl, 0.1 M NacCl 0.05 M NacCl 0.01 M NacCl
Edeback 4.4 4.2 4.2 4.3

Kista Sand 4.7 4.1 43 4.6

Kista Till 15-20cm 4 3.8 3.9 4

Malerds 15-20cm 4.8 4.4 4.6 4.8

In general, the extraction intended to mimic ionic strength in soil
solutions without application of de-icing salt and groundwater diluted

with cleaner water, which shows that the element is easily mobilized.

The range of the concentrations of Kista sand between highest value and
lowest one was wide, from the maximal value of 3.8 mg/l extracted by
0.1 M NaCl solution to the minimal one of 0.6 mg/1 extracted by CaCl,
solution. Soil sample from Edebick also had a big difference between
the peak value 3.1 mg/1 and the valley one 0.4 mg/1. The variation of Mn
concentrations from Kista till 15-20 cm extracted by different salt

solutions was quite small, with the gradient from 0.2 to 0.3 mg/1.

The water-soluble concentrations of Mn in the leachates inferred that the
trend of Mn concentrations is different from the soil pH (Figure 8).
Declined values of water-soluble Mn concentrations were measured in
the solutions leached with decreased density of NaCl. The variations of
concentrations for each sample measured under the extract conditions

by CaCl; and different concentrations of NaCl were rather great.

50 r
45 | ——Edeback
T == Kista sand
[« 3
Kista till 15-20cm
40 r =>4=M3leras 15-20cm
3.5 1 1 1 J

CaCl2 0.1M Nacl 0.05M 0.01M
Nacl NaCl

NaCl Concentration

Fig. 7. Relationship between pH and solution concentrations in

leaching experiment.
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Table 7 Water-soluble concentration of Mn [mg/I] by leaching
with 0.00IM CaCl,, 0.1M, 0.05M and 0.01M NaCl respectively.

Samples CaCl, 0.1 M NacCl 0.05 M NacCl 0.01 M NacCl
Edeback 0.4 3.1 15 0.4
Kista Sand 0.6 3.8 21 0.6
Kista Till 15-20cm 0.2 0.3 0.3 0.2
Mélerds 15-20cm 0.3 1.8 1.3 0.4

Generally, more Mn was extracted from the 0.1 M NaCl solutions than
the concentrations extracted by low-concentration NaCl solutions. This
supports the hypotheses mentioned earlier that Mn may be mobilized
through a cation-exchange process and/or complexation by Cl. The
concentrations extracted by 0.1 M NaCl and 0.05 M NaCl solutions were
much higher than the concentrations extracted by 0.01 M NaCl solutions,
which leads to a conclusion that Mn is mobilized at higher salt

concentrations.

It seems that the extracted Mn concentrations were similar for 0.001 M
CaCl; and 0.01 M NaCl solutions. That is because Ca has 0.002 M ionic
strength in 0.001 M CaCl; solution, Na has 0.005 M ionic strength in
0.01 M NaCl solution. In addition, Ca is a much better ion exchanger
than Na. Since Mn is mainly mobilized through ion exchange process,
the extracted Mn concentrations wete close in 0.001 M CaCl; solution
and 0.01 M NacCl solution.

6. DISCUSSION

Mn-oxides

In order to determine the redox condition in the thesis work, data from
other roadside soils at Upplands Visby in Sweden was used to compare.
Generally, concentrations of Mn-oxides at different sites and depths in
the study were higher than other roadside soils at Upplands Visby. The
vertical distribution of Mn-oxide at Malerds was the same as the one at
Upplands Visby: lower concentration of Mn-oxides at soil surface and
higher in deeper soil. The range of Mn-oxides concentrations at different
depths was from 138.7 mg/kg to 167.4 mg/kg, whereas the largest
difference at Upplands Visby was neatly 100 mg/kg (Norrstrom & Jacks,
1998).

In addition, the formation of Mn-oxides is pH dependent.
Approximately 900-1000 mV is required at pH=5 condition to generate
the Mn oxides (Frohne et al, 2011). The pH values in this study were
lower than 5 in general. Thus, much stronger oxidizing condition is
required in this study. The high amount of Mn-oxides was formed in this

study, which confirms that the redox potential in soil samples was high.
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NaCl Concentration

Fig. 8. Relationship between water-soluble concentrations of Mn

and solution concentration in leaching experiment.

6.2  Mn release upon extraction

6.2.1

Mn mobilization and NaCl concentrations

The results from the leaching experiments showed clearly that an
extensive mobilization of Mn occurred in the NaCl leachates. The
positive correlation with NaCl suggests that ion exchange would be a
crucial mechanism of mobilization. It is likely that Mn ion were displaced
from the exchange sites by Na ions and released to the aqueous phase.
The higher exchangeable Mn concentration in Kista sand with a
corresponding high extracted water-soluble Mn concentrations leached
by NaCl showed that Mn mobilization by ion exchange with exceeded

sodium.

Some of the Mn and Cl concentrations in the groundwater samples at
Maleras from 1990 to 2001 are presented (Table 8). It shows that
concentrations of Mn at three of investigated sites (1993, 1996 and 1997)
exceeded the water quality guideline value in Sweden, corresponding
with the elevated concentrations of Cl. Since Na and Cl follow each
other in the leaching process, but often only Cl is measured in
groundwater as an indicator of the use of deicing salt. Therefore, it can
also infer that ion exchange with Na is the major process for Mn

mobilization.

Table 8 Concentrations of Manganese and Chloride [mg/I] from
the groundwater at Milerds (Norrstrém & Knutsson, 2012).

Date Jan Jul Apr Apr Apr Oct Nov Apr
1992 1993 1994 1995 1996 1997 1998 1999

Mn 0.01 0.68 0.08 0.06 0.86 0.37 0.05 0.14
Cl 89 135 52 60 405 160 42 40
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6.2.2

6.2.3

It appears as if the release of Mn from soils slightly increased within
0.01M NaCl solutions, comparing within the condition of CaCly
solutions extracted. The total mass of trace metals (Pb, Cd, Cu, Cr, Ni
and Fe) were also removed by the same concentrations of NaCl and
deionized water in previous study (Amrhein et al, 1992). The amounts of
these metals leached by 0.01M NaCl were closed to the ones by
deionized water, but some of them were even lower than leached by
deionized water. It inferred that once the de-icing salt was supplied
within a certain amount, the effect on the Mn mobilization by the NaCl

concentration would be rather small.

It is possible that something went wrong with the sample of Kista till
15-20 cm. Since higher Mn concentrations are expected deeper in the
soil profile, and the concentration diverged so much from the sample of
Kista till. The probable reason for the strange phenomenon is that the
sample from Kista till 15-20 cm has been mixed with other samples or

tagged wrong.

Redox condition

Because H ions are involved in most redox reaction, soil pH could
change the soil redox conditions. In the leaching tests with NaCl
solutions, soil pH was similar (4.0-4.7 leached by CaCl, solution; 3.8-4.6
leached by NaCl solutions). NaCl solutions probably have minor effect
on changing redox conditions in the leaching tests which is consistent
with other study. In soil with the NaCl treatments, Rasa et al. (2005) had
4.3 pH value in the beginning and 4.6-4.7 after incubation, the results
accorded with little decrease in redox condition in these treatments.
Therefore, although there were high Mn-oxides concentrations and
redox potential in soil samples, redox condition made little contribution

to the solubility and mobility of Mn in this study.

Soil pH
It appears as if the release of manganese from the soil is controlled by
pH as well. High manganese concentration is common in acid soils.
Therefore, the initial low pH in this experiment may be an important

factor for the leaching of easily mobilized Mn.

Previous study has concluded that ion exchange would impact the
mobility by the pH effect (Bickstrém et al, 2004). There is a negative
correlation between the increase in water-soluble manganese and pH
(Figure 7 & Figure 8). A lowering of the pH was observed in leaching
tests with increasing NaCl concentrations solutions. The soil pH lowered
most when the soil leached with highest NaCl concentration solutions.
Thus, the combined effects of salt addition and pH would be an overall

increase in manganese mobility.
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6.3 Water Quality
In July 1993, April 1996 and October 1997 the Mn concentrations were
680 ng/L, 860 pg/L and 370 pg/L, respectively (Table 9). These samples
were higher than the Swedish limit for drinking water quality of 300
ug/L. The rests were within the Swedish limit and most of them were
under 100 pg/L, only the sample in April 1999 was 140 pg/L which was
above 100 pg/L.

In other previous study at Upplands Visby in Sweden, only three
samples exceeded the Swedish limit and one of these three samples
exceeded the WHO drinking water criteria of 400 ug/L (Norrstrom,
2005). Two of the samples were around 200 pg/L; the rests were closed
to 100 pg/L. It seems that the risk of Mn in drinking water is not quite
common for the majority of the population. However, sensitive groups
including infants and young children are probably under risk of the lower

Mn concentrations in drinking water.

As discussed above, Mn increment in groundwater are associated with
the usage of de-icing salts. The mobility of Mn and its transport from
soils to the groundwater is also related to the amount of water
percolating through the soil. In some soils with Na saturation, it is
possible that the soil aggregation could be deteriorated. Once snow
melting and storm flow happens, which results in the lower salinity water
supplying subsequently, there would be a risk of dispersion of the metal
(Norrtrom &Jacks, 1998; Norrtrém, 2005). Thus, Mn mobility close to
the roadside appears to be a possible problem if leachate water enters

into the groundwater.

On the other hand, the impact of the de-icing salt on metals mobilization
decreases with increasing distance from the road into the surrounding
environment (Bickstrém et al, 2003). The impact was within 10 m from
the road. Within the first 6 m from the road on the impact occurred
most importantly in previous studies (Norrstrém & Bergstedt, 2000).
Thus, if the groundwater supply is within a certain distance far away
from the roadside, the impact of de-icing salts and Mn concentrations in

the soil water would be elevated.

7. CONCLUSION AND FUTURE PERSPECTIVES

The results from this study showed that the concentrations of Mn from
roadside soils are mostly related to the use of de-icing salt. Mn
mobilization occurred in soils with high exchangeable Na and Mn. The
major mobilization mechanism is ion exchange. It appears that pH also
affects the mobilization of Mn with NaCl solutions leaching treatment.
Redox condition has little effect on the Mn solubility and mobility in this

research.

There is great risk of transport of high water-soluble concentrations of

Mn in roadside soils to groundwater, especially the areas exposed to
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de-icing salts. Although groundwater samples indicated that only a few
periods and sites were under threaten of elevated concentrations of
manganese, the importance of good drinking water quality for the
well-being of young children and infants cannot be ignored. It is beeter
to pay more attention to the lower value of Mn concentrations in

groundwater.

Mn is easily removed, especially under cold climatic conditions from
soils by acid solutions. Temperature is an important factor for the effect
on metal solubilisation by de-icing salt usage. However, since the
de-icing salt is stored in the soil for long time and different temperature
is involved. The temperature in the ground varies. Moreover, it is not as
high as in the atmosphere. Usually leaching tests are standardised and
not mimic the realistic conditions. In this study, the leaching test was
only able to be operated under the room temperature. Therefore, in
order to figure out Mn mobilization in real terms, it is better to consider

the temperature in cold condition in future works.

The observation on Mn mobilization by the impact of de-icing salts in
roadside soils would benefit from further evaluation and testing in
various roadside environments and different conditions. More
information about different climate change scenarios, soil properties as
well as relative cations and anions are called for in the future work. To
predict the long-term impact on the roadside environment and the
performance of Mn measures this information has to be taken into

considered.
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