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SUMMARY 

The Swedish E18 Highway, a motorway with an AADT (Annual Average Daily Traf-
fic) of 17510 vehicles, was recently rerouted north of its previous position between 
the cities of Enköping and Västerås. A research facility was built simultaneously with 
several features including three electrical resistivity investigation lines and catchment 
areas which allow for the separation of runoff and splash water from the highway. 
Electrical resistivity surveying in conjunction with water sampling was carried out pri-
or to the highway‘s operational life in order to establish an environmental baseline. 
Surveying was carried out from the road‘s introduction to service, 25 October 2010, 
until May 2011 in order to determine the extent and rate of contamination due to the 
highway. These investigations were carried out in order to determine the processes, 
progression and extent of impacts arising from roadways. 

In the study described in this document, 8 metals (Al, Fe, Cr, Cd, Pb, Mn, Zn, and 
Ni), 4 anions (Cl, SO4, NO3 and HCO3 as Alkalinity) and 4 other cations (Mg, Na, K, 
and Ca), as well as pH and conductivity were analysed from water, earth and snow 
samples. Electrical resistivity profiles and time lapse resistivity difference profiles were 
modelled using the inverse modelling program RES2DINV. In addition, modeling of 
the distribution and total deposition of contaminants was carried out. Finally, a one 
dimensional vertical transport model was constructed for the unsaturated zone in or-
der to estimate the contaminant infiltration rates to the groundwater. 

Initial characteristics of the highway runoff and splash waters showed pH values be-
tween 8 and 9, with conductivities below 200 μS/cm. Snow samples typically showed 
near-neutral pH values, and conductivities ranging from 100 μS/cm at 15 m, and over 
8000 μS/cm at 1m. Metal values relative to the baseline in snow sampling were on av-
erage 30 times higher for Al and Pb, 20 times higher for Fe and Zn, 4 times higher for 
Cr and Mn, and 3 times higher for Ni. Cl and Na concentrations were 280 and 490 
times higher than baseline values, SO4 and Mg 14 and 6 times higher, and K and Ca 
increased by 83% and 37 %, respectively. Alkalinity values also increased by a factor 
of 200. However, NO3 concentrations actually decreased. 

Electrical resistivity modelling showed strong preferential pathways of infiltration via 
the more hydraulically conductive road shoulder and base material, and showed a 
year-round infiltration. Seasonal changes demonstrated a strong spring flush event 
primarily in the material directly underlying the highway. The implication of this is that 
the road material itself affords a pathway via which contamination from the highway 
can easily be transported to the groundwater. Modelling of distribution curves showed 
a behaviour which can be modelled based on Blomqvist‘s (2001) equation, with the 
addition of a lateral offset. Based on the modeled curves, the highway produces the 
following amounts of metals per linear m of highway for a single traffic direction: 
MNi=0.060 mg/m, MPb = 0.127 mg/l, MCr = 0.044 mg/m, MCd = 0.044 mg/m, MZn = 
3.369 mg/m, MMn = 1.293 mg/m, MFe = 36.004 mg/m and MAl = 25.223 mg/m. 

Vertical transport was modelled using a finite difference model of the unsaturated 
zone, and showed contaminant concentrations at the unsaturated/saturated zone in-
terface after 50 years of: CPb=0.48 mg/l, CZn= 26.09 mg/l, CFe= 97.36 mg/l, CCr= 
0.21 mg/l, CCd = 0.07 mg/l, CAl= 98.01 mg/l, CMn= 5.71 mg/l, and CNi = 0.44 mg/l. 
Concentrations of all metals are in excess of the European Commission Limitations 
for Drinking Water, with concentrations predicted to worsen steadily after this time. 
Chloride concentrations, which are not as affected by chemical processes within the 
soil medium, are predicted to reach as much as 3 g/l at the saturated/unsaturated in-
terface (far in excess of the reference value of 18 mg/l) after 7 years. 
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SAMMANFATTNING  

Europaväg 18, en motorväg med en ÅDT (Årlig genomsnittlig daglig trafik) på 17 510 
fordon, byggdes nyligen om norrut från dess tidigare sträckning mellan Enköping och 
Västerås. Samtidigt byggdes en teknikanläggning, med flera funktioner, inklusive tre 
mätningslinjer för elektrisk resistivitet och samlingstanker för dagsvatten som gör det 
möjligt att separera avrinning- samt skvättvatten från motorvägen. Elektrisk resistivi-
tetsmätning i samband med provtagning av vatten utfördes innan motorvägen öppna-
des för allmänheten med syfte att undersöka miljöpåverkan från vägen. Provtagning 
utfördes under perioden slutet av oktober 2010 t o m maj 2011 för att fastställa om-
fattningen och graden av mark- och vattenförorening på grund av motorvägens till-
byggnad. Syftet med undersökningen var att öka förståelse av den påverkan som upp-
kommer från vägar, de processer som styr förändringarna och den hastighet med vil-
ken förändringarna uppkommer. 

I denna undersökning analyserades 8 metaller (Al, Fe, Cr, Cd, Pb, Mn, Zn och Ni), 4 
anjoner (Cl, SO4, NO3 och HCO3 som Alkalinitet) och 4 andra katjoner (Mg, Na, K, 
och Ca), samt pH och konduktivitet från vatten-, jord- och snöprover. Profiler av 
elektrisk resistivitet och tidsmässiga skillnader utformades med hjälp av inversmodelle-
ringsprogrammet RES2DINV. Dessutom genomfördes och integrerades modellering 
av metallutspridningen från vägen. Slutligen byggdes en endimensionell vertikaltrans-
portsmodell för den omättade zonen med syfte att uppskatta markvattensinfiltrations-
processerna.  

Initialprovtagning av motorvägsavrinning visade pH-värden som var mellan 8 och 9, 
med konduktivitetsvärden under 200 μS/cm. Snöprover uppvisade oftast nära ne-
utrala pH-värden, och konduktivitetsvärden mellan 100 μS/cm 15 m från vägrenen till 
värden över 8000 μS/cm 1 m från vägrenen. Metallhalterna i förhållande till utgångs-
läget i snöprovtagningen var i genomsnitt 30 gånger högre för Al och Pb, 20 gånger 
högre för Fe och Zn, 4 gånger högre för Cr och Mn, och 3 gånger högre för Ni. Cl- 
och Na-koncentrationerna var 280 respektive 490 gånger högre än utgångsvärdena, 
SO4 och Mg 14 respektive 6 gånger högre samtidigt som K- och Ca-halterna ökade 
med 83 % och 37 % vardera. Även alkalinitetsvärdet ökade med en faktor på 200. 
Däremot minskade NO3 koncentrationerna. 

Elektrisk resistivitetsmodellering visade tydliga preferentiella infiltrationsvägar via den 
mer hydrauliskt ledande vägrenen och bärlagret samt visade en åretruntinfiltration via 
vägrenen under snösmältningsperioderna. Resistivitetsmodelleringen visade även på 
en kraftig snösmältning under våren vilket gav en sänkning av resistiviteten, främst i 
det material som ligger direkt under slitlagret. Innebörden av detta är att vägbygg-
nadsmaterialet ger en infiltrationsväg där föroreningar från motorvägen lätt kan trans-
porteras till grundvattnet. Kalibrering och modellering av spridningskurvor baserat på 
Blomqvists (2001) ekvation visar att den största depositionen uppkommer några meter 
från väggrenen troligtvis till följd avsplasheffekter under vintermånaderna. Baserat på 
den modellerade kurvan, producerar motorvägen följande mängder av metaller per 
meter motorväg och riktning: MNi= 0.060 mg/m, MPb = 0.127 mg/l, MCr = 
0.044 mg/m, MCd = 0.044 mg/m, MZn = 3.369 mg/m, MMn = 1.293 mg/m, MFe = 
36.004 mg/m, och MAl = 25.223 μg/m. 

Vertikal transport modellerades med hjälp av en finita differensmodell av den omät-
tade zonen. Modelleringen visade att föroreningskoncentrationerna hos grundvattnet 
vid omättad/mättad zon för ett gränssnitt efter femtio år var: CPb=0.48 mg/l, CZn= 
26.09 mg/l, CFe= 97.36 mg/l, CCr= 0.21 mg/l, CCd = 0.07 mg/l, CAl= 98.01 mg/l, 
CMn= 5.71 mg/l, och CNi = 0.44 mg/l. Dessa koncentrationer förutspås att stadigt öka 
efter denna tid. Kloridhalter, som inte är lika starkt påverkade av kemiska processer i 
marken, antas att nå koncentrationer på 85 mg/l efter 7 år. 
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ABSTRACT 

The investigation of environmental impacts of 16 different contaminants originating 
from the E18 Highway (17 000 AADT) were carried out over the first six months of 
the highway‘s operational life. Investigative methods used include electrical resistivity 
surveying, water chemistry analyses, soil analyses, distribution modelling and transpor-
tation modelling.  

The investigation shows conclusively a year round infiltration due to melting of the 
snowpack from road salt, and a strong preferential anthropogenic pathway due to in-
creased hydraulic conductivities of the road building materials relative to the natural 
soils. The resistivity surveys show values well below the expected values for the high-
way materials, indicating increased ionic content of the unsaturated zone. Time lapse 
resistivity modelling shows a clear downwards spreading of contamination from the 
roadway to subsurface distances greater than 5 m.  

Elevated concentrations of nearly every contaminant relative to baseline values were 
observed, with many concentrations of metals in the snow pack averaging values in 
excess of Swedish EPA groundwater limitations. Distribution modelling demonstrated 
a potential offset of peak values from the road surface due to ploughing and splash 
transport processes, but otherwise conformed to established distribution patterns. 
One dimensional transport modelling demonstrated the importance of adsorption and 
other retentive factors to the migration of contaminants to the water table, and pro-
vided an estimate for potential long term contaminant concentrations. 

Key Words: Geophysics; Resistivity; Hydrogeology; Contaminant Transport; 
Contaminant Distribution; Soil and Water Chemistry 

1. INTRODUCTION 

Groundwater is one of the most precious natural 
resources available, and will become increasingly 
more important in light of trends towards urbani-
zation. Roughly 97% of the world‘s accessible 
freshwater resources are in the form of ground-
water, and are heavily used for drinking water in 
many nations. The relative importance of 
groundwater resources as drinking water varies, 
but can be as high as 99% of Austrian, 98% of 
Danish, 95% in parts of the United States and 
49% of Swedish drinking water, to cite a few 
(Howard et al., 2006). However, due to the slow 
infiltration time of naturally recharging ground-
water (Weight, 2008; Howard et al., 2006), if an 
aquifer becomes contaminated it can take years or 
centuries to remove the pollution naturally. Thus, 
care must be taken in order to protect these re-
sources, or at the very least to at least quantify the 
extent of any contamination hazards. 

This study will evaluate the environmental condi-
tions of a newly built highway prior to its opera-
tional life, and thereafter monitor and compare 
the changes to the environment over the first six 
months of operation. This study will use water, 
soil and snow chemistry analyses to evaluate the 
amounts and mobility of 8 heavy metals and sev-
eral other contaminants, as well as electrical re-
sistivity investigative techniques to evaluate sub-

surface transport. Finally, this study will attempt 
to model the distribution of contamination origi-
nating from the road and the vertical transport to 
the water table. 

1.1. Background 

It is widely known that highways and roads are a 
continuous source of environmental contamina-
tion (Béchet et al., 2010; Yisa, 2010; Turer et al., 
2001; Pihl and Raaberg, 2000; Harrison and Wil-
son, 1985; Hoffman et al., 1985) which can be 
deposited via runoff (Béchet et al., 2010), air-
borne particles (Fujiwara, 2011), splashing of wa-
ter from the road surface (Lundmark and 
Olofsson, 2007), and ploughing activities 
(Hautala et al., 1995). Over 750 000 tonnes of 
hydrocarbons are transported by rivers to the 
Mediterranean Sea annually (Faure et al., 2000) 
and transportation was estimated to be responsi-
ble for 47% of all deposited hydrocarbons in 
1999 (Opher and Friedler, 2010). Deposition of 
lead and subsequent environmental and health 
risks from vehicular exhaust to roadside envi-
ronments and ensuing transport to water bodies 
and aquifers was sufficient to eliminate lead as a 
fuel additive in most countries during the 1990‘s 
(Lovei, 1998). Road salting activities could poten-
tially lead to severe chloride contamination of 
aquifers (Howard and Hanes, 1993), and are 
known to displace nutrient cations in soils and 
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reduce soil permeability as sodium ions displace 
colloids as well as inhibit plant vigour and repro-
duction (Cunningham et al., 2007). Heavy metal 
loading of ecosystems from roads and highways 
is a well-documented environmental concern 
(Béchet et al., 2010; Opher and Friedler, 2010; 
Yisa, 2010; Folkeson et al., 2009; Hallberg et al., 
2007; Bäckström et al., 2004; Turer and Maynard, 
2003; Vase and Chiew, 2002; Turer et al., 2001; 
Harrison and Wilson, 1985; Hautala et al., 1995; 
Hoffman et al., 1985).Once contaminants are 
deposited through the mechanisms outlined, they 
can make their way through various means to 
important aquifers or surface water bodies. 

Important common pollutants include metals 
such as cadmium (Cd), chromium (Cr), nickel 
(Ni), lead (Pb), copper (Cu), iron (Fe), aluminum 
(Al), manganese (Mn), and zinc (Zn); and other 
ions such as magnesium (Mg), calcium (Ca), po-
tassium (K),chlorides (Cl-), nitrates (NO3

-), sul-
phates (SO4

-) and alkalinity (as HCO3); and or-
ganic pollutants such as polycyclic aromatic hy-
drocarbons (PAH) and polychlorinated phenols 
(PCPh) (Béchet et al., 2010; Turer et al., 2001; 
Pihl and Raaberg, 2000; Harrison and Wilson, 
1985; Hautala et al., 1995; Hoffman et al., 1985). 

1.2. Other Research and Necessity of 
Study 

There is a great deal of research regarding high-
way contamination from metals (Fujiwara et al., 
2011; Béchet et al., 2010; Yisa, 2010; Folkeson et 
al., 2009; Vase and Chiew, 2002; Turer et al., 
2001; Hautala et al., 1995; Harrison and Wilson, 
1985). Common metal contaminants are well 
known, and the extents for different settings are 
well categorized. Organic pollutants are also a 
source of a great deal of investigation (Hautala et 
al., 1995; Czuczwa et al., 1988; Harrison and Wil-
son, 1985). 

Chloride deposition in the environment is also 
the focus of significant amounts of research 
(Lundmark and Jansson, 2008; Olofsson and 
Lundmark, 2008; Lundmark and Olofsson, 2007; 
Bäckström et al., 2004; Blomqvist, 2001; 
Blomqvist and Johansson, 1999; Harrison and 
Wilson, 1985), at least in part because it does not 
participate largely in soil chemical reactions and 
follows the groundwater path in a relatively con-
sistent manner. Due to the increases in conduc-
tivity which arise from heightened chloride con-
centrations in groundwater, geophysical investiga-
tive techniques such as electrical resistivity sur-
veying and electro-magnetic surveying are often 
used successfully in environmental contamination 
investigations (Olofsson and Lundmark, 2008; 

Lundmark and Olofsson, 2007; Leroux and 
Dahlin, 2006; Olofsson et al., 2005) and can pro-
vide reasonable estimates regarding the extent of 
chloride contamination, especially regarding tem-
poral developments. There is also a great deal of 
investigation regarding the transport mechanisms 
of chloride (Lundmark and Jansson, 2008; 
Lundmark and Olofsson, 2007; Blomqvist 2001; 
Blomqvist and Johansson, 1999), particularly in 
separating the various anthropogenic mechanisms 
of deposition. 

It is very rare that it is possible to separate the 
direct effects of roadway contaminant deposition 
and other sources (Opher and Friedler, 2010) and 
thus this study presents a unique opportunity in 
that baseline measurements were undertaken pri-
or to the roadway being open to public use and 
primary contamination mechanisms.  

In order to fully understand the problem, it is 
first necessary to quantify the extent of contami-
nation. As different metals are transported and 
mobilized in different manners, they will be dis-
tributed in different ways. By separating and ana-
lyzing the runoff and airborne components of the 
water transported from the road, a better picture 
of the contamination can be realized and the 
problem can be further understood. In particular, 
the mobility and transport of heavy metals 
through the various transportation mechanisms 
was of interest. The use of geophysical tech-
niques will be a key element in investigating the 
development of the contamination during the 
initial period (the first six months after the road is 
opened) of use. By evaluating the apparent resis-
tivity profiles both parallel and perpendicular to 
the direction of traffic, a comprehensive general 
picture can be compared with generated models. 
In addition, the resistivity profile generated in the 
centre of the traffic lanes (between east- and 
west-bound traffic) could provide a ―worst case‖ 
picture of the contamination. 

1.3. Purpose and Scope 

The purpose of this investigation is to examine 
the development and progression of contamina-
tion due to anthropogenic sources in the vicinity 
of a newly constructed highway. Sampling peri-
ods extending the first six months of the high-
way‘s opening to the general public were col-
lected within the immediate vicinity of the road. 
In addition, electrical resistivity methods are used 
in order to estimate changes to the subsurface 
conductivity over time, as a means to determine 
extent of contamination of the subsurface and 
the primary transportation pathways of the high-
way water. 
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16 ions which are common contaminants of 
roadways, as outlined above, were the primary 
contaminants investigated. It was initially desired 
to investigate the extent of organic pollutant con-
tamination, but this was not feasible to due time 
and budget constraints. 

1.4. Factors affecting Contamination 
from Highway 

There are many factors which could impact the 
development of contamination of the environ-
ment in the vicinity of the highway. The impact 
on various ecosystems could be acute or chronic, 
depending on the nature and characteristics of 
the highway, precipitation patterns and the re-
ceiving ecosystems (Opher and Friedler, 2010). 
Traffic volume and type is not often shown to 
have a strong correlation with contaminant depo-
sition (Opher and Friedler, 2010), based on the 
fact that an increase in traffic volume is often 
associated with proximity to urban areas and thus 
increased alternative contaminant sources. How-
ever, it is logical to assume that increases in traffic 
volume will lead to increased deposition rates and 
that it was merely not possible to separate the 
various sources thus far. Leakages, wear and 
emissions are all sources of contaminants arising 
from vehicular flow. Leakages include various 
vehicle fluids such as fuel, crankcase oil, hydraulic 
fluids or engine coolant. Abrasion of tires and 
brakes result in a deposition rate of 68 mg km-1 
per vehicle and 20 mg km-1 per vehicle, respec-
tively, and account for 47% of copper deposition 
and 1% to 10% of other metal deposition in 
roadway soils (Opher and Friedler, 2010). Emis-
sions are a major source of hydrocarbons and 
particulate matter in the vicinity of roadways 
(Opher and Friedler, 2010). Dirt, rust, and de-
composing coatings as well as matter broken off 
by vibrations of the vehicles are also another 
source linked with traffic flow (Opher and 
Friedler, 2010). 

Collisions, maintenance of the road including 
salting activities are all direct sources of mobili-
zation and contamination for pollutants and road 
dust (Folkeson et al., 2009; Lundmark and 
Olofsson, 2007; Turer and Maynard, 2003; Vase 
and Chiew, 2002; Turer et al., 2001). Rainfall and 
snow fall, topography, temperature and season 
will all indirectly affect the development and mo-
bility of the pollutants. Cracking and wear in the 
highway can also impact the development of pol-
lution as the highway was assumed to be a hy-
draulic barrier for the purposes of this study, as it 
is newly built and should not permit passage of 
water through the highway surface. However, as 

the road is used and heavy vehicle traffic increas-
es, cracking will develop and preferential 
transport will likely occur (Meuser 2010; 
Folkeson et al., 2009). 

The very fact of construction of the highway will 
be a factor which will affect contamination. Con-
struction material is often a source of contamina-
tion, the design of the highway allows for prefer-
ential transport pathways as the clay-rich and hy-
draulically inhibitive material present at the inves-
tigation site is removed and replaced with more 
hydraulically conductive aggregate, and there is 
often a decrease in humus in post-construction 
soils (Meuser 2010). Asphalt has been shown to 
account for a significant proportion of hydrocar-
bons in river sediments (Faure et al., 2000). Road 
structures, such as separating barriers, also can 
account for metal deposition rates of up to 
950 g km-1 yr-1 (Opher and Friedler, 2010). 

1.5. Runoff 

Surface runoff, particularly during storm events, 
is a complex process. During dry periods, con-
taminants accumulate on the road surface and on 
dust particles which are present on the road sur-
face, but during rain events these contaminants 
are transported, at least in part, off the road sur-
face and into the surroundings. Hydrological re-
sponses and the subsequent transportation of the 
contamination are factors of the road surface 
characteristics such as storativity, size and orien-
tation, antecedent dry period, and rain event in-
tensity and duration (Vase and Chiew, 2002; 
Harrison and Wilson, 1985). It is shown that con-
tamination accumulates rapidly during dry peri-
ods, and is present in various manners on the 
road surface. Vase and Chiew (2002) define these 
different loadings as free load and fixed load. 
Free loads are readily available, and can be re-
moved by slight forces, whereas fixed loads are 
bound to the road surface and in the case of Vase 
and Chiew (2002), were only removed through 
vigorous mechanical action, such as mild scrub-
bing with a fibre brush. Vase and Chiew (2002) 
discovered that the finest free loads are often the 
most easily transported away from the road sur-
face, but that rain events remove only a portion 
of the total contaminant load, which in case of 
their research was less than half of the total load-
ing by weight. During rain events, the peak con-
centration of contaminants often occurs with a 
‗first flush‘ event (Vase and Chiew, 2002; 
Hoffman et al., 1985) indicating that a great deal 
of contamination transported to the surroundings 
from the road during a rainfall event occurs as 
free particles are washed away with runoff, and 
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that runoff is likely the most significant transport 
mechanism in this scenario. 

It is also known that different constituents will be 
transported by different mechanisms, either 
bound to particles (diameter ≥0.45 μm), colloids 
(diameter ≤ 0.1 μm) or present in ionic form 
(Béchet et al., 2010). Certain contaminants favour 
different transport mechanisms. Trace metals 
favour the particulate fraction, with Al, Fe, Cd, 
and Pb being present in samples with 80% in the 
particulate fraction, Ni, Cr, Cu, and Zn being 
represented in the range of 50% to 80% in the 
particulate fraction (Béchet et al., 2010) (Fig. 1). 
Hoffman et al., (1985) also showed that Fe, Cu 
and Pb tend to be transported in a particulate 
bound form. Petroleum hydrocarbons also asso-
ciate with particles to the extent of 88% to 96% 
of highway runoff (Hoffman et al., 2985). 

Pb, Cd and Cu associate strongly with particles, 
particularly Pb, whereas Cu, Ni and Zn are simi-
larly transported but tend to only slightly favour 
particulate transport (Béchet et al., 2010, 
Harrison and Wilson, 1985). Tian et al. (2009) 
suggest that Pb and Zn tend to favour particle 
sizes >125 μm, whereas Cd, Cr, Cu and Ni tend 
to favour transport on particles smaller than this. 
Opher and Friedler (2010) contradict this view, 
citing several studies where lead concentrations 
were primarily bound in particulate matter of a 
smaller size than 45 μm. It is also shown in sever-
al studies that both nutrients tend to favour par-
ticulate bound transport, and also hydrocarbons, 
particularly hydrophilic compounds with higher 
molecular weights. 

Hallberg et al. (2007) studied the seasonal varia-
tions of several metals, and showed that during 
winter periods several metal (Al, Fe, Co, Cu, Mn, 
Ni, Zn, Pb, Cr) concentrations correlated well to 
total suspended solids in stormwater, with the 

exception of cadmium. Conversely, the concen-
trations correlated less well during the summer. 
Hallberg et al., (2007) also demonstrated that the 
highest pollutant loading occurs during winter.  

1.6. Airborne Spreading 

Due to the near-constant natural and anthropo-
genic mechanical forces applied to most road 
surfaces, such as wind and air disturbances from 
vehicles, dust particles will be agitated and be-
come airborne. Since these particles are often the 
primary receptor for pollutant particles (Fujiwara 
et al., 2011), the spreading of these particles is 
often a concern. It was shown in a case study that 
20%-63% of applied road salt (NaCl) was spread 
through airborne transportation within 40 m of 
the roadside, with 90% of the transported salt 
being deposited within 20 m of the roadside 
(Blomqvist and Johansson, 1999). It is fair to 
conclude that, if the transport mechanism is dis-
solved ions transported via airborne water mole-
cules, then the spreading of dissolved fractions of 
metal contaminants will behave in a similar way 
to the spreading of salt. On the other hand, the 
spreading of particulate-bound contaminants may 
very well have different transport characteristics. 
However, one would still expect the spreading of 
these particles to be distributed in a similar man-
ner, although to a lesser extent as the densities of 
the particles should be greater than those of the 
water molecules. 

Splash from passing vehicles is another transport 
mechanism which occurs during rain events. Dis-
placement of water by the tires of the vehicle 
causes would-be runoff to be thrown consider-
able distances from the road. Blomqvist (2001) 
estimated that the total airborne deposition could 
be modelled based on the natural logarithms (Eq. 
1), where asplash and aspray are the maximal deposi-
tion rates arising from splash and spraying activi-
ties, respectively, and ab represents the natural 
deposition rate. The rate coefficients bi represent 
the deposition distributions. However, this equa-
tion does not take into account changes during 
the ploughing season, where the snow pack will 
act as a reservoir for contaminants (Lundmark 
and Jansson, 2008). Lundmark and Jansson 
(2008) also show that this model is very uncertain 
at close distances to the road, within 2 m. How-
ever, this model has been successfully compared 
with field measurements at greater distances 
(Lundmark and Jansson, 2008; Lundmark and 
Olofsson, 2007). Given this transportation model 
for salt deposition, it is possible to extrapolate 
that other contaminants could also behave in a 
similar manner, and thus parameters could be 

Figure 1: Particulate (diameter ≥ 0.45 μm) 
and Dissolved Fractions of Contaminants, 
Mean Values from 17 rain events (Béchet et 
al., 2010). 
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estimated to develop a satisfactory model. Opher 
and Friedler (2010) suggest that during a rain 
event, the dynamics of this system change as par-
ticles are ―scrubbed‖ from the air by the falling 
rain, thus limiting particulate-bound transport.  

1.7. Ploughing 

When snow accumulates on a road surface, after 
a certain amount of accumulation, it must be re-
moved. This snow is manually pushed to the side 
of the roadway, and is generally not transported 
very far from the trafficked lanes. The snow can 
be seen as a reservoir for pollutants where they 
are subsequently transported to the soil surface 
via melting processes. The snow pack generally 
filters larger particles than clay-silt sizes, which 
are deposited on the soil surface and can be then 
washed away by a runoff event (Bartošová and 
Novotny, 1999). While these pollutants are gen-
erally retained within the snow until the snow-
melt, the presence of road salt within the 
ploughed snow can cause premature snow melt-
ing via chemical processes (Lundmark and 
Jansson, 2008), which could lead to changes to 
groundwater infiltration mechanisms. It is also 
that the concentration of organic pollutants is 
highest in the snow cover (Czuczwa et al., 1988). 

In Equation 1 (Blomqvist, 2001), these deposi-
tion processes are incorporated within the same 
term as the ―splash‖ processes. It was observed 
that at very close distances to the roadway, this 
equation is unsatisfactory in predicting the chlo-
ride deposition (Lundmark and Jansson, 2008), 
with no discernable differences in concentration 
within the first two meters. It is reasonable to 
conclude that distribution through ploughing 
mechanisms will not behave in the same way as 
splashing mechanisms, and should therefore be 
treated in a separate manner. 

1.8. Transport to Groundwater 

Once the contaminants are deposited and distrib-
uted across the ground surface, a fraction of each 
individual contaminant will be transported to the 
water table via advective, diffusive and dispersive 
mechanisms. There is a great deal of literature on 
these processes (Berkowitz et al., 2008; 
Lindström, 2007), and while saturated sub-
surface transport is relatively straightforward to 
model, the unsaturated vadose region transport is 
the subject of much discussion (Berkowitz et al., 
2008). There are also complex processes which 

occur in the subsurface which affect the mobility 
and transport of each individual contaminant dif-
ferently. Among these are adsorption to the indi-
vidual soils, which often affects cations as the 
soils typically adopt a negative surface charge 
(Gustafsson et al., 2007), complexation with or-
ganic molecules or other minerals, flocculation, 
volatility and solubility. While chlorides generally 
do not partake in chemical processes in the sub-
surface and typically follow the path of the infil-
trated water (Lundmark and Olofsson, 2007), 
they can have significant impacts in the conduc-
tivity and pH, affecting the mobility of other con-
taminants.  

1.9. Vadose Zone Transport 

An important factor in contaminant transport to 
the groundwater, and subsequently surface water 
or aquifer, is the initial penetration of the unsatu-
rated zone. However, these systems are often 
extremely complex and transport is often difficult 
to quantify, with average arrival times being very 
difficult to predict with traditional tools (Berko-
witz et al., 2008). Traditionally, Fickian transport 
has been used to model transportation of a par-
tially saturated porous medium (Eq. 2), which 
takes into account advective, diffusive and dis-
persive transport mechanisms. Advective 
transport involves the bulk transport of a con-
taminant, as the movement of the water trans-
ports all mobilized concentrations in the direction 
of the water flow. Diffusive transport involves 
the spreading of particles from areas of high con-
centration to low concentration by Brownian mo-
tion. It should be noted that the Apparent Diffu-
sivity (D*), rather than traditional diffusivity, is 
used, as in a porous medium particles take longer 
paths than they would in a simple liquid or gas. 
Dispersion involves the spreading of the concen-
tration plume based on local velocity differences 
within the medium. 

This transport equation, however, often differs 
from field level results, as it assumes perfectly 
homogenous mediums. As is almost always the 
case, preferential transport pathways greatly af-
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One dimensional Fickian Transport (partially saturated) equation: 
where C represents concentration, t time, q specific discharge or Darcy 
Velocity, x represents the linear distance and θ represents moisture 
content within the medium. Dh represents diffusion and dispersive 
mechanisms, and is equal to α v +D*, with α representing the dispersive 
coefficient. R represents retardation. 
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fect the migration of a contaminant through the 
medium, and can arise from such common fea-
tures such as: macropores, cracks, aggregates, 
fissures, solution channels, root paths, worm-
holes and anomalies within the subsurface such 
as clay lenses (Berkowitz et al., 2008). Clay soils, 
which are prevalent at the test site, can also ex-
perience cracking or shrinkage during wetting and 
drying periods, which influences transport and 
can limit reactive surfaces (Berkowitz et al., 
2008). 

1.10. Groundwater Transport 

Similarly to unsaturated transport, transport with-
in the saturated zone can be modelled according 
to Fickian transport, that is through the mecha-
nisms of advection, diffusion and dispersion, with 
the primary difference being that θ=1, as the 
pores are assumed to be completely saturated. 
Groundwater flow and Darcy velocity can be 
calculated according to Darcy‘s transport equa-
tion (Eq. 3 and 4), and water is assumed to have a 
constant viscosity. 

1.11. Reactions Affecting Transport in 
the Soil 

There are complex interactions with the subsur-
face, including adsorption, decay and decomposi-
tion, flocculation and sedimentation, and parti-
tion between air and soil phases (Gustafsson et 
al., 2007). Adsorption could occur as ion ex-
change, were a dissolved ion can be electro-
statically attracted to a soil surface, usually with a 
negative charge, and ions can subsequently be 
easily exchanged for other ions of a similar 
charge. Surface complexation can also occur 
when ions form complexes with reactive surface 
groups on solid particles. Cations can complex 
with oxygen ligands in hydroxyl groups or car-
boxylic acid groups of humic substance. Anions 
can also complex easily with Fe or Al atoms 
(Gustafsson et al., 2007). A third form of adsorp-
tion is hydrophobic adsorption, which is impor-

tant for many organic compounds. These proc-
esses arise from the inability of many organic 
compounds to remain dissolved in water 
(Gustafsson et al., 2007). 

Meuser (2010) mentions that the extractable frac-
tions of heavy metals in soils are more important 
to study than the overall concentrations, as met-
als which are bound will not be subsequently 
transported to a sensitive water body. The ex-
tractability of certain metals, and thus the mobil-
ity, is given according to the following order: 
Cd>Pb>Zn>Ni>Cu (Meuser, 2010). Turer and 
Maynard (2003) discovered that the mobility of 
Pb was relatively low at two sampling sites, and 
that the mobility of Cu was higher than Pb. 
Howard and Hanes (1993) in a mass balance of 
the chloride concentrations in a Toronto water-
shed, estimated that of the salt applied during the 
winter season, only 45% in 1989-90 and 35% 
1990-91 was removed via surface water or over-
land flow. It stands to reason that the remainder 
of this salt accumulates in the subsurface, and 
eventually migrates to aquifers, eventually in-
creasing chloride concentrations. In the Highland 
Creek watershed in Toronto, Howard and Hanes 
(1993) predict the groundwater baseflow will 
reach chloride concentrations of 426 ± 50 mg/l. 

1.12. Conductivity, Organic Carbon and 
pH 

Several of the contaminants mentioned above are 
most mobile (and toxic) at low pH levels. 
Gustafsson et al. (2007) notes that pH is the sin-
gle most important factor regarding the ad-
sorption of inorganic ions. It is also shown that 
organic material can form complexes with several 
metal contaminants, increasing their mobility. 
However, there is an inverse correlation with 
conductivity and pH and total organic carbon 
(TOC), and a direct correlation between sodium 
(Na+) and calcium (Ca2+), and conductivity 
(Bäckström et al., 2004). Elevated calcium levels 
are observed in areas exposed to salting activities 
through ion exchange processes with sodium 
(Bäckström et al., 2004). The leachability of cad-
mium is correlated to increased levels of calcium, 
and formation of chloride complexes. Similarly, 
Zinc is also mobilized through ion exchange pro-
cesses, and increased mobility is observed with 
increased salting activities (Bäckström et al., 
2004). 

Metal mobility for the following metals typically 
begins at pH values lower than 6.5 for Cd, 6.0 for 
Zn, 5.5 for Ni, 4.5 for Cu, 4.5 for Cr, and 4.0 for 
Pb (Meuser, 2010). However, it should also be 
noted that with the presence of humus content, 

dx

dh
KAQ   

     (Eq. 3) 

A

Q
q 

 

    
 (Eq. 4) 

One dimensional flow equation: where Q is groundwater flow, A is the 
cross-sectional area through which the water is flowing, K is the hydrau-
lic conductivity, hydraulic gradient dh/dx is the change in hydraulic 
head h over some distance x, and n is the effective porosity. 
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at high pH values (greater than 6.0), organic- and 
metal-humic complexes become stable and mo-
bile as well (Meuser, 2010; Gustafsson et al., 
2007). Complexes with carbonates such as 
CdCO3 and Cu(OH)2CO3, Sulphides such as CdS 
and PbS, Phosphates and Silicates tend to be 
more immobile (Meuser, 2010). 

Turer et al. (2000) noted that while ion exchange 
processes can be important, particularly in clay 
soils, they can be just as well be unimportant in 
terms of mobility. In the case investigated by 
Turer et al. (2000), swelling clay was in low 
amounts, and so heavy metals were mostly bound 
to organic matter, of which it was noted that 
highways are a constant anthropogenic source.  

1.13. Contaminants 

Although lead is no longer used as a gasoline ad-
ditive in many countries (including Sweden since 
1994 (Lovei, 1998)) trace amounts of Pb are still 
being deposited and subsequently accumulate in 
roadside soils through sources such as brake and 
tire abrasion or the presence of the metal in bat-
teries (Turer et al., 2001; Connor 2008), eventual-
ly making their way into the groundwater. Typi-
cally, Pb toxicity affects four systems in the hu-
man body: the haemopoietic, nervous, gastroin-
testinal and renal systems, and is a particular con-
cern with regards to the effects of children‘s be-
haviour and intelligence (Connor, 2008).Easily 
complexed to humic substances and oxides, the 
main transport mechanism of lead in ground- and 
soil-waters are metal-humic complexes, which are 
pH dependent, and suspended particles with a 
diameter less than 0.45 μm. The mobility of free 
lead ions, which are the most toxic, is greatest at 
low pH values (Gustafsson et al., 2007). Lead, 
Zinc and Copper have been shown to be closely 
associated with each other, as well as with the 
level of organic carbon in the soils (Turer et al., 
2001). 

Cadmium (Cd) is a highly toxic metal, and is used 
in automobile engines as a protective coating as 
well as serving other roles in other parts of the 
vehicle. Health concerns for long term exposure 
include proximal tubule damage, anaemia, kidney 
damage, and a loss of bone mineral, as well as 
possibly being carcinogenic (Connor, 2008). Due 
to the chemical similarity between cadmium and 
zinc, an essential nutrient, plants and animals are 
unable to distinguish between the two, and cad-
mium can be taken up together with zinc, result-
ing in enzymatic inhibition. 

While soil retention is less strong than that of 
copper and lead, cadmium is regarded as one of 
the more toxic heavy metals and has no known 
biological function. Adsorption is typically lower 
for cadmium than many other metals, which re-
sults in the dominance of free ions in soil- and 
surface-waters at lower pH ranges, where cadmi-
um is most mobile (Gustafsson et al., 2007). 

Nickel (Ni) alloys are also common in automobile 
parts, and industrial nickel is known to cause 
dermatitis and is a carcinogen (Connor 2008). 
Nickel forms surface complexes in a similar 
manner as cadmium and zinc, and is similarly 
mobile under acidic, aerobic conditions. At high-
er pH ranges and when aluminum is present, 
nickel can be precipitated as a Ni/Al hydroxide, 
which lowers mobility (Gustafsson et al., 2007). 

Zinc is also used as a protective coating for steel, 
and prolonged consumption of high levels of zinc 
can lead to intestinal health issues (Connor 2008). 
Chromium (Cr) is used in the production of 
stainless steel, and chrome parts of automobiles 
and is extremely toxic in its hexavalent form 
(Connor, 2008). Chromium typically occurs as a 
cation (Cr(III)) or anion (Cr(VI)) as chromate 
(CrO4

2-). Chromate is more easily mobilized, and 
is thermodynamically stable in well drained soils 
with a pH value greater than 6, with low organic 
content. Mobility of chromate is typically deter-
mined by surface complexation reactions with 
iron oxide and adsorption to carbonates 
(Gustafsson et al., 2007). 

Copper (Cu) is another alloy used in the automo-
tive industry, and can lead to long-term health 
effects, such as childhood cirrhosis (Connor 
2008). An essential nutrient, deficient copper 
conditions can occur at alkaline pH values, where 
copper is strongly sorbed to soil particles. Ad-
sorption processes, involving surface complexa-
tion to humic processes and iron or aluminum 
oxides, primarily govern copper retention in the 
soil. Mobility of free Cu2+ions, which are the 
most toxic form of copper, is greatest at low pH 
values, as copper is easily complexed to humic 
substances, the complexation of which is strongly 
pH dependent  (Gustafsson et al., 2007). 

Due to its strength to weight ratio, aluminum (Al) 
is often used in automobile construction, and 
while it does not often accumulate in humans, it 
is a known neurotoxin and has been connected 
with Alzheimer‘s disease, as well as causing 
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osteomalacia in adults and defective bone miner-
alization in children (Connor 2008). Free inor-
ganic aluminum (Al3+) is regarded as the most 
toxic form of aluminum, particularly for aquatic 
organisms. Solubility can be estimated through 
equilibrium calculations with Al(OH)3 and the 
complexation constants Al3+AlOH2+ Al(OH)2

+ 
Al(OH)4

- at pH values greater than 4.2 
(Gustafsson et al., 2007). 

Iron (Fe) is primarily used in the making of steel, 
and can be a health concern, particularly for per-
sons with haemochromatosis, the effects of 
which, when consumed in excess, are toxic alt-
hough excess quantities are often excreted from 
body (Connor, 2008). 

Nitrates (NO3
-) could lead to health issues for 

infants under the age of six months (USEPA, 

2011). Chlorides (Cl-) are heavily used, particu-
larly in countries with frequent snowfall events, in 
road salting which can subsequently damage 
plants through spray or uptake (Olofsson, 2007; 
Howard and Hanes, 1993) and pose problems 
when it reaches water supplies (Bäckström et al., 
2004; Howard and Hanes, 1993). Increased chlo-
ride concentrations in drinking water can also 
lead to hypertension, and could pose problems 
for individuals with heart problems (Howard and 
Hanes, 1993). 

In the drinking water limitations for the Euro-
pean Council (EC), values regarding cont-
amination of water intended for human con-
sumption after treatment are presented (Table 1) 
(European Council, 1998). Thus they are not lim-
itations directly pertaining to groundwater, but 

Table 3: Swedish Groundwater Limits (Legal) and Swedish Guideline Values for Contaminated 
Soils (b: Chromium VI) 

  Groundwater 

Soils                   

 (Sensitive) 
Soils                           

(Less Sensitive)   

Contaminant Limit Unit Limit Unit Limit Unit Source 

Cadmium 5 μg/l 0.5 mg/kgTS 15 mg/kgTS SGU-FS 2008:2 

Chromium 
  

80 (0.25)
b
 mg/kgTS 150 (2.5)

b
 mg/kgTS Swedish EPA 

lead 10 μg/l 50 mg/kgTS 400 mg/kgTS SGU-FS 2008:2 

Nickel 
  

40 mg/kgTS 120 mg/kgTS Swedish EPA 

Zinc 
  

250 mg/kgTS 500 mg/kgTS Swedish EPA 

Chloride 100 mg/l 
    

SGU-FS 2008:2 

Conductivity 75 mS/m 
    

SGU-FS 2008:2 

Sulphate 250 mg/l 
    

SGU-FS 2008:2 

Nitrate 50 mg/l 
    

SGU-FS 2008:2 

 

Table 1: European Council Drinking Water 
Limitations 

Contaminant Limit Unit Source 

Aluminium 200 μg/l 98/83/EC 

Cadmium 5 μg/l 98/83/EC 

Chloride 250 mg/l 98/83/EC 

Chromium 5 μg/l 98/83/EC 

Iron 200 μg/l 98/83/EC 

lead  10 μg/l 98/83/EC 

Mangenese 50 μg/l 98/83/EC 

Nickel  20 μg/l 98/83/EC 

Nitrate 50 mg/l 98/83/EC 

Sodium 200 mg/l 98/83/EC 

Sulphate 250 mg/l 98/83/EC 

 

Table 2: Reference Values for Sweden 

 

Reference Values Unit Source   

Cadmium 0.1 μg/l SGU-FS 2008:2 

Chloride 18 mg/l SGU-FS 2008:2 

Chromium 1 μg/l SGU-FS 2008:2 

Conductivity 38 mS/m SGU-FS 2008:2 

Copper 6 μg/l SGU-FS 2008:2 

Lead 0.5 μg/l SGU-FS 2008:2 

Nickel 5 μg/l SGU-FS 2008:2 

Nitrate 4 mg/l SGU-FS 2008:2 

Sulphate 25 mg/l SGU-FS 2008:2 

Vanadium 1 μg/l SGU-FS 2008:2 

Zinc 100 μg/l SGU-FS 2008:2 
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are useful in evaluating the state of groundwater 
resources. Reference values for Sweden according 
to the Swedish EPA regarding naturally occurring 
contaminants in groundwater are also available 
(Table 2), as well as the Swedish EPA limits con-
centrations in groundwater in Sweden for several 
contaminants and the published guideline values 
for contaminated soils according to the Swedish 
EPA (Table 3). 

1.14. Location of Study Area 

The study site was located roughly 13 km west of 
Enköping, and 17 km east of Västerås, and 80 km 
west of Stockholm in the province of Västmans-
land and very close to the border of the province 
of Uppland (N 59° 38', E 16° 51') on the newly 
built E18 highway, which opened to general traf-
fic October 25, 2010 (Fig. 2). 

1.15. Site Characteristics 

The study site was constructed adjacent to the 
E18 highway‘s eastbound lanes. Running westerly 
from the sampling house there are two aggregate 
covered, depressed drainage areas on the north 
and south sides of the eastbound lanes 
(Fig. 3 and 4). These drainage areas extend 100 m 
from the sampling house, and a 160 mm diameter 
drainage pipe was placed in the depression. The 
drainage from these areas are carried to separate 

holding tanks adjacent to the sampling house. In 
addition to this, there is also a drainage area ex-
tending 50 m west from the sampling on the road 
surface itself, transporting the surface runoff to a 
third holding tank. Three electrical resistivity lines 
are also located at the sample site, two bisecting 
the eastbound traffic lanes and extending roughly 
20 m north and south of the eastbound lanes, and 
a third underlying the north drainage area. The 
two bisecting lines were separated by roughly 
40 m. Of concern for the resistivity measure-
ments, there is also a high voltage power line ori-
ented northwest southeast, and passing directly 

Figure 2: Location of Study Site 
 

Figure 3: Drainage Area, South 
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over the west bisecting resistivity line. It is possi-
ble that the electric field produced by the power 
lines could affect resistivity measurements. 

1.15.1. Vegetation 

The study site is located between two privately 
owned energy crop fields, with the primary vege-
tation being willow, salixviminalis (Fig. 5). The 
crops are at distance of roughly 20 m from the 
traffic lanes, and the plants themselves appear to 
be fairly young (1-5 years). In addition to the en-
ergy crops, the soil surrounding the study site is 
ripe with various types of grass and light scrub. 

1.15.2. Traffic, Salting and Maintenance 

The E18 highway is a fairly busy traffic route, 
with an AADT (Average Annual Daily Traffic) of 
17510 vehicles of which 2100 are classified as 
heavy traffic (Trafikverket, 2011). As the arterial 
is the main connection between Enköping and 
Västerås, it is a heavily used by commuters and 

shipping, and is thus subject to elevated peaks 
during the morning and afternoon periods. 

Exposed to Sweden‘s northern climate, the E18 
highway experiences the application of large 
amounts of de-icing salts and ploughing in order 
to lower the risk to personal safety for vehicle 
operators and to lower the risk to public prop-
erty. The Swedish Transportation Ministry 
(Trafikverket) requires that road salt contains no 
less than 98% NaCl (dried salts) when used to 
counteract snow and ice on roadways, and allows 
100 ppm antibacterial additives such as potassi-
um- or sodium-ferrocyanide (Trafikverket, 2002). 
The Transportation Ministry recommends that 
salting activities be undertaken when the temper-
ature reaches less than – 6º C. During the winters 
Swedish roads are typically treated with 200 000 
to 250 000 tons of road salt, which amounts to 
roughly 5 to 15 tonnes per kilometre (Lundmark 
and Olofsson, 2007). 

Figure 5: Site Vegetation 
 

Figure 4: Site Construction Drawings (Trafikverket, 2010) 
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1.15.3. Climate 

The province of Västmansland has a yearly aver-
age temperature of 5°C and monthly average 
temperatures ranging from -5ºC (January) to 
16°C (July) based on statistics gathered between 
1961 and 1990. The area also has a yearly average 
measured precipitation of 500 mm, with an actual 
experienced precipitation rate of 600 mm to 
700 mm. Maximum monthly precipitation aver-
ages are coincidentally highest in July as well 
(70 mm). The winter snow cover typically begins 
in the area mid-November, usually disappearing 
mid- April. The area also has on average between 
10 and 15 days with more precipitation than 
10 mm, 90 to 100  days with more precipitation 
than 1 mm, and 100 to 150 days with more pre-
cipitation than 0.1 mm, yearly (SMHI, 2011). 

During the sampling period, winds were pre-
dominantly oriented from the south-southwest 
with an average orientation of 173° (σ = 81.1) 
and averaged speeds of 2.3 m/s (σ = 1.2), with 
91% of the measured winds less than 4 m/s 

(Fig. 6). During the sampling period, 233 mm of 
precipitation was measured, notable months be-
ing April which only received 10.3 mm and No-
vember which received 71 mm of precipitation. 
The permanent snow cover arrived on 19 No-
vember 2010, and was gone by the 31 March 
2011. Wind and precipitation data were recorded 
by SMHI at weather station 9738, Enköping 
(Fig. 7 and 8). 

1.15.4. Geology 

The study site is located primarily on a band of 
post-glacial and glacial clay sediment, running 
roughly northwest to southeast, with sandy-till 
regions bordering both sides and featuring fre-
quent bedrock outcrops. The geologic conditions 
(Fig. 9 and 10) afford an area of fairly low hy-
draulic conductivity, meaning that surface water 
will not likely naturally infiltrate to the groundwa-
ter with ease, but most likely take form as runoff, 
into the adjacent streams and creeks, such as 
Lillån, which is in the vicinity of the test site. 
There will be, however, at least some subsurface 
transport albeit very slow transport through the 
clay layers, and likely some preferential transport 
through fractures in the bedrock, or through the 
built-up aggregate layering under the highway. 

Areas directly west and south of the study site 
have minimal groundwater extraction capacity 
(<600 l/h), whereas the areas east and northeast 
have only slightly better capacity (600 to 
2000 l/h) (Fig. 11). The area directly north has 
the highest extraction capability. The study site is 
located on an area with primarily acidic to mod-
erate bedrock, such as granite, with areas of more 
mafic bedrock, such as gabbro or diorite stretch-
ing east-west (Fig. 10). South of the study site, 
roughly 1 km, the bedrock is more sedimentary. 
Fractures and fracture zones are ubiquitous in the 
region, primarily oriented northwest-southeast. 

 

Figure 6: Wind Rose Diagram Oct 2010 to 
April 2011 

 

Figure 7: Precipitation Data Oct 2010 to 
April 2011 
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Figure 8: Precipitation and Temperature 
Averages, Västmansland 1961-1990 (SMHI, 
2011) 

0
2
4
6
8

10
12
14
16
18
20
22

Oct Nov Dec Jan Feb Mar Apr

P
re

ci
p

it
at

io
n

 (m
m

)

Month



Robert Earon  TRITA LWR Degree Project LWR EX-11-21 

 

12 

2. METHODS  

2.1. Electrical Resistivity Sampling 

Electrical resistivity sampling has been used suc-
cessfully in environmental problems for many 
years, and is an established tool of geophysicists 
(Olofsson and Lundmark, 2008; Lundmark and 
Olofsson, 2007; Olofsson et al., 2005; Milsom, 
2003; Lowrie, 2007). Theory behind this form of 

investigation involves the creation of an electric 
field within a medium, and the resulting potential 
decrease within the field due to the resistivity of 
the medium. Through the utilization of two equal 
and opposite charges at a known distance from 
each other, an electric field is created with rough-
ly hemispherical equipotential lines passing 
through the medium from the positive point to 
the negative point (Fig. 12). 

Figure 10: Bedrock at Study 
Site (SGU, 2011) 
 

Figure 9: Geological Set-
ting (SGU, 2011)  
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The fraction of current within the field can be 
calculated according to equation 5 (Lowrie, 2007). 
From this formula, it can be shown that the frac-
tion of current passing through a particular depth 
is dependent upon the spacing between the cur-
rent electrodes, and that roughly 90% of the cur-
rent will pass above a depth of three times the 
electrode spacing, and 50% of the current will 
pass above a depth of half the electrode spacing 
(Fig. 13) (Lowrie, 2007). From this relationship, it 
can be determined that in a homogeneous half 
space the majority of the current will be trans-
ported through a volume equal to the current 
electrode spacing (roughly 70%). However, in 
field surveys, as heterogeneities in the subsurface 
occur and alter the flow paths of the electric field, 
it is suggested that a rough rule would be that the 
depth of survey should be equal to one third of 
the current electrode spacing, or the voltmeter 
spacing, which will be discussed later (Milsom, 
2003).  

As different soil and rock matrices provide dif-
ferent resistances, and there is often a large dif-
ference observed between resistances in saturated 
and unsaturated subsurface materials, if a current 
is induced into the subsurface, measured resis-
tances can allow the investigator to make theo-
retical deductions about the composition and po-
sition of the stratified nature of the subsurface or 
any anomalies present (Milsom, 2003; Lowrie, 

2007). The resistivity, or its inverse- conductivity, 
of different rocks and soils are well documented 
(Fig. 14). Of particular interest in this study are 
the resistivity values associated with clay 
(1 to 102 Ω m) and gravel (102 to 104 Ω m). The 
apparent resistivity which was measured can be 
calculated with Equation 6 (Milsom, 2003;  
Lowrie, 2007). 

Figure 11: Groundwater Ca-
pacity at Study Site  
(SGU 2011) 
 

Figure 12: Equipotential Electric Field 
Lines Between Two Equal and Oppositely 
Charged Points (Lowrie, 2007) 
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As contact resistances between the medium being 
investigated and the current electrodes can sig-
nificantly influence the results, measuring the 
drop in voltage between these points is not ad-
vised in resistivity surveying (Milsom, 2003). 
However, the implementation of a second pair of 
electrodes within the electric field coupled to a 
high-impedance voltmeter can negate this prob-
lem (Milsom, 2003). By measuring the difference 
in electric potential at two known points within 
the field, the apparent resistivity of the medium 
can be calculated. If multiple arrays of electrodes 
are used, where the spacing and location of the 
individual arrays are varied, then a two dimen-
sional pseudo-section can be constructed, show-
ing the apparent resistivity throughout the profile. 

2.2. Resistivity Field Sampling 

At the investigation site, three survey lines were 
constructed in the subsurface when the road was 
being constructed. Two of these lines passed di-
rectly underneath the road perpendicular to the 
direction of travel, with the third travelling paral-
lel to the direction of traffic. The array type 
which was constructed was a Wenner-array, 
meaning that the distance between the voltmeter 
electrodes is one third of the distance between 
the current electrodes in a symmetrical orienta-
tion (Fig. 15). Each survey line consisted of 64 
electrodes at a spacing of 1 m, with a maximum 

voltmeter electrode spacing of 20 m. Resistivity 
measurements were carried out using an ABEM 
Lund imaging system together with an ABEM 
Terrameter SAS 4000. Due to issues preventing 
the use of both lines simultaneously, each survey 
line was measured separately as a 32-electrode 
array prior to 29 April 2011. 

2.3. Inverse Resistivity Modelling 

The computer program Rapid 2D resistivity forward 
modelling using the finite difference and finite-element 
methods was used in order to develop a theoretical 
pseudo-section of the sub-surface. The program 
functions based on the use of 4-node rectangular 
elements arranged in a mesh, typically using two 
to four horizontal nodes per electrode spacing. 
The program then requires the apparent resistiv-
ity which was measured to be input into the ele-
ment, after which time the program attempts to 
create a hypothetical model with a non-linear 
least squares in inversion routine which could 
potentially produce the same results as those 
which were measured via forward modelling sub-
routine (Loke, 1999). In the modelling under-

a

I
V




2


 
(Eq. 6) 

Where V is the electric potential, ρ is the resistivity, and a is the dis-
tance from a point within a homogeneous half space. 

L

z

I

I x 2
tan

2 1
  

 (Eq. 5) 

Where Ix  represents the fraction of the current transported through a 
medium at depth z, I is the total current input into the material, and L 
is the spacing between the electrodes.

 

Figure 14: The Conductivity of Different 
Soils and Rocks (Lowrie, 2007) 
 

Figure 13: Fraction of Current Ratio With 
Respect to Depth and Electrode Spacing 
Ratio (Lowrie, 2007) 
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taken in this study a robust-inversion, finite dif-
ference, half-electrode block model discretization, 
and model resistivity smoothing options were 
used (Geotomo, 2010). In addition to individual 
inverse modelling, time-lapse modelling was also 
performed in order to determine the changes 
over time in the subsurface strata. This method 
uses changes in the apparent resistivity measure-
ments at various times in order to model the 
changes in the subsurface resistivity. 

2.4. Sampling 

Snow, water, and earth samples were collected 
from the study site, beginning October 19, 2010 
(Fig. 16). Initial samples were collected prior to 
the opening of the highway to the general public 
(25 October 2010), although it was observed that 
there were some vehicles on the road prior to this 
including police, contractor and municipal vehi-
cles. Six water samples were collected in 500 ml 
plastic bottles, three from the collection tanks 
adjacent to the sampling building. Although flow 
was not measured at this time, the tanks from the 
road surface and center collection zone were 
filled manually quite easily, whereas the south 
shoulder collection tank had a very low flow, and 
took several minutes to fill the bottle. Three oth-
er samples were taken, two from the bore holes 
located in the center median and south shoulder, 
and one from the ditch south of the sampling 
building, where there was standing water. On 
October 18 to 19 2010, there was a rain event 
resulting in roughly 7 mm and 8.3 mm, respec-
tively, of rainfall spread out over the day. Prior to 
this, there was not a significant rain event since 
October 7, 2010 (13.6 mm) (SMHI, 2011). In 
addition to this, earth samples were collected 
from the north shoulder and north ditch, both 
center shoulders and center ditch, and the south 

shoulder, embankment and ditch. Samples were 
collected from the top 10 cm of soil or gravel and 
placed in plastic bags, after which they were al-
lowed to air-dry. 

The second sampling was taken December 21, 
2010. On this date the ground was frozen and 
there was a roughly 20 cm snow cover at the 
sample site. Preceding the test date, there were 
snow events on December 15/16 2010 (1.4/1.6 
mm) and December 18/19 2010 (3.8/3.9 mm), 
with light snow events occurring throughout De-
cember 2010. Four snow samples were collected 
and placed in plastic bags: from the south shoul-
der at 1 m and 5 m distances, and from the center 
at 1 m and 5 m distances from the eastbound 
lanes. The entire column of snow depth was col-
lected for analysis. 

Sampling was carried out on February 17 2011. 
One week prior to the sampling date, February 10 
2011 there was a significant snow event (15 mm 
to 20 mm) after a fairly mild January. Prior to this 
there was a mild snow event on February 7 2011 
(5 mm to 10 mm). Snow samples were collected 
in this case using a clean PVC pipe (diameter 
20 cm), and the different snow depths were sepa-
rated if possible. In total, 7 snow samples were 
collected on this date: Two in the center median 
at 1 m and 5 m distances from the eastbound 
lanes, Two from the south shoulder at a distance 
of 1 m and depths of 0 cm to 20 cm and 20 cm 
to 35 cm, Two from the south shoulder at a dis-
tance of 5 m and depths of 0 cm to 20 cm and 
the underlying ice was chipped and collected with 
a plastic shovel, and finally one snow sample was 
collected at the fence at a distance of roughly 
15 m south of the road and at a depth of roughly 
0 cm to 15 cm (the entire snow cover).  

At the time of the next sampling on April 7, 
2011, the snow cover was completely melted. 
There had been a slight rain the morning of the 
sampling, and so it was possible to obtain flows 
from the splash and spray collection tanks, with 
individual flows of 0.04 l/s and 0.77 l/s from the 
center and south areas, respectively. Water sam-
ples were collected in 500 ml plastic sampling 
bottles from the two tanks mentioned, as well as 
the two groundwater pipes and the south ditch. 
There was no flow in the direct runoff collection 
tank. Soil samples were collected from the up-
permost layer (top 10 cm) along the same profile 
as that of the October 19, 2010 sampling, with a 
steel shovel and placed in plastic bags. 

Resistivity sampling was carried out on 12 August 
2010, 28 September 2010, 19 October 2010, 21 
December 2010, 17 February 2011, 7 April 2011, 

Figure 15: The Wenner Array Configuration 
Used in Resistivity Surveys and Apparent 
Resistivity Equation (Milsom, 2003) 



Robert Earon  TRITA LWR Degree Project LWR EX-11-21 

 

16 

29 April 2011, and 19 May 2011. However, due 
to a technical problem with the protocol file 
which controls the measurement location deter-
mined by the instrument, each cable had to be 
treated as a separate measurement line. In other 
words, as the cables could not be used in con-
junction with each other, the apparent deepest 
data points were neglected, and the original 64-
electrode array was split into 2 32-electrode ar-
rays. This problem was corrected as of 29 April 
2011, and thereafter ―complete‖ measurements 
could be undertaken. 

2.5. Analysis 

Samples were analysed in the Soil and Waters 
laboratory at KTH for pH and conductivity from 
samples taken on 19 October 2010, 12 December 
2010, 17 February 2011, and 7 April 2011. Snow 
samples were melted and placed in plastic bottles. 
After this, 90 ml of each sample was removed 
and placed into a glass beaker, where it was then 
analyzed for pH and conductivity with a Hanna 
Instruments HI 9811 pH-EC-TDS meter. 

Soil samples collected on 19 October 2010 were 
air-dried and ground using a ceramic mortar and 
pestle. The samples were then heated to 105°C 

for 24 hours in order to remove any moisture 
from the soil. A portion of the samples were then 
weighed with an Ohaus E4000D scale and placed 
in a Nabertherm S27 oven and ignited from 21°C 
to 550°C over a period of 45 minutes, and then 
held at 550°C for a duration of 3 hours. After the 
ignited samples were cooled, they were weighed 
again in order to determine the organic content 
within the soil samples. Another portion of the 
dried soil samples which were not ignited were 
placed in plastic 100 ml sample bottles with dis-
tilled water. The ratio (by weight) of water to soil 
was 2:1, with total soil weight of 40 g. The dis-
tilled water was measured to have a pH of 7.1 
and a conductivity of 0 μS/cm. In order to de-
termine the fraction of contaminants which 
would be easily mobilized by the natural hydro-
geological functions of the soil, the samples were 
then placed in a rotating mixing apparatus and 
rotated at a rate of roughly 60 rpm for 24 hours. 
The same process was repeated for samples col-
lected on 7 April 2011. The soil-water mixtures 
from 7 April 2011 were then centrifuged for 
20 minutes at 2500 rpm, and filtered with a 
45 μm filter and placed into individual plastic 
sampling bottles. 

Figure 16: Sampling Locations at Study Site 
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Representative volumes of the two primary soil 
types were analysed by sieve and hydrometer. 
The representative sample of clay-rich soil was 
taken from the south ditch on 19 October 2011. 
Two analyses of the gravel sample were taken 
from the north shoulder of the east-bound traffic 
lanes, on 19 October 2010 and 7 April 2011. The 
October samples which were ignited and the 
April sample which was not ignited were first 
passed through a 2 mm sieve, then mixed in a 
dispersion solution of 0.5 m Na4P2O7·10H2O and 
200 ml distilled water for 20 minutes, and then 
allowed to stand for 24 hours. The mixture was 
then added to 800 ml of distilled water, after 
which time a hydrometer analysis was performed 
according to Talme and Almén (1975). Another, 
dried example of the north shoulder of the east-
bound lanes was passed through a 5.6 mm, 

4 mm, and 2 mm sieve. The clay-rich south ditch 
sample was not analysed in this manner, as after 
passing the material through a 2 mm sieve, then 
grinding the remainder with a mortar and pestle 
and repeating the process, all of the material 
passed through the 2 mm sieve. Samples taken 
from October 2010 were re-analyzed for the first 
15 minutes of the hydrometer analysis in order to 
provide extra data. Unfortunately some of the 
April 2011 sample was lost during the re-mixing, 
and thus could not be analysed further. 

Samples were sent to Eurofins Labs, Lidköping, 
and were analysed for 8 metals (Fe, Al, Mn, Ni, 
Pb, Cr, Cd, Zn), alkalinity, anions (Cl-, SO4

2-, and 
NO3

-) and various other cations (K+, Na+, Mg2+). 
Procedures used for analyses were: StMeth 4500, 
SS028133-2, SS-EN ISO 9963-2, ICP-AES, and 
ICP-MS (Appendix A). 

Table 4: pH and Conductivity Values Measured from Snow and Water Samples 

 

Sample  Date Location Type Description pH Cond. 

             (μS/cm) 

13 19/10/2010 T1 Water Splash - Center 8.1 100 

14 19/10/2010 T3 Water Splash - Side 8.6 140 

15 19/10/2010 T2 Water Runoff 8.8 50 

16 19/10/2010 GWP B Water GW Pipe - South 7.8 340 

17 19/10/2010 SD Water Ditch - South 7.6 430 

18 19/10/2010 GWP A Water GW Pipe - Center 7.6 390 

1 21/12/2010 S5 Snow South Side - 5 m 6.2 5180 

2 21/12/2010 S1 Snow South Side - 1 m 6.7 5340 

3 21/12/2010 C1 Snow Center - 1 m (from EB Lane) 6.9 8340 

4 21/12/2010 C5 Snow Center Ditch 6.8 1560 

5 21/12/2010 D Snow South Side Ditch 6.7 890 

5A 21/12/2010 GWP B Water GW Pipe South 8.1 380 

5B 21/12/2010 GWP A Water GW Pipe Center 7.3 540 

6 17/02/2011 S5 Snow South Side - 5m; 0 to 2 dm 6.7 2230 

7 17/02/2011 S5 Snow S. Side - 5m; underlying ice 6.8 990 

8 17/02/2011 S1 Snow South Side - 1m; 0 to 2 dm 6.6 3290 

9 17/02/2011 S1 Snow South Side - 1m, 2 to 3.5 dm 7.1 450 

10 17/02/2011 C1 Snow Center - 1 m; 0 to 1.5 dm 6.7 2950 

11 17/02/2011 C5 Snow Center - 5 m; 0 to 2 dm 6.7 470 

12 17/02/2011 F Snow South Fence 0 to 2 dm 6.6 110 

19 07/04/2011 T1 Water Splash - Center 7.2 350 

20 07/04/2011 T3 Water Splash - South 6.6 1070 

21 07/04/2011 SD Water South Ditch 6.9 730 

22 07/04/2011 GWPA Water GW Pipe - Center 6.5 990 

23 07/04/2011 GWPB Water GW Pipe - South 6.8 610 
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3. RESULTS  

3.1. PH, Moisture and Organic Content 

The pH values of the runoff, splash and ground 
water changed significantly over the course of the 
study. Initially very high when in contact with the 
road (pH>8.0), the values are as much as 10 to 20 
times more acidic when measured in the spring 
(Table 4), approaching near-neutral pH values. 
The pH values of the groundwater measured 
from the two groundwater level monitoring wells 
were initially high in the autumn (7.8, 7.6), and 
during the winter months (8.1, 7.3) but during 
and after the spring snowmelt the values de-
creased to well below 7 (6.8, 6.5).  Regarding the 
snow samples measured, these values tend to-
wards being near neutral, with an average pH of 
6.85 and σ = 0.44.  

The soils can be categorized into two essential 
types, gravel/sand and organic material/clay. The 
predominant material on the highway shoulder is 
gravel, whereas the surrounding bank and ditch 
areas are primarily composed of the clay-rich soil. 
After the samples collected on October 19 2010 
(which represent the baseline samples) were 
placed in distilled water and mixed for 24 hours, 
they generally exhibited the following behaviour. 
The gravel-rich samples had little effect on the 

conductivity, typically increasing the value by 
roughly 100 μS/cm. The pH values, however, 
were significantly increased by a value of 1.5 to 2. 
Conversely, the clay-rich samples typically low-
ered the pH values by 0.5 to 1 units, and signifi-
cantly increased the conductivity by 380 to 
710 μS/cm (Table 5). The same procedure was 
undertaken with samples collected on the 7 April 
2011, which showed more extreme results. The 
clay-rich soils typically decreased the pH values to 
roughly 5, with the exception of the soil taken at 
the southern ditch, which did not have a sig-
nificant effect on the water. However, the soils 
taken from the highway shoulders increased the 
pH values of the water to values higher than 9. 
Regarding the relative changes between the two 
sets of samples, the pH values for clay-rich soils 
were decreased by an average of 14.6% 
(σ = 12.8), and the gravel-rich soils showed in-
creases of 5.9 % (σ = 2.2). Conductivity, on the 
other hand, showed a clear increase relative to the 
soils collected in the autumn. With regards to the 
clay-rich soils, the conductivity relative to the 
autumn soils increased by 48% (σ = 30), and for 
the gravel-rich soils the conductivity increased by 
106% (σ = 58) (Table 5). When compared with 
the conductivities measured in the snow samples 
which were often over 1000 μS/cm and as high 

Table 5: Soil sample Effects on Distilled Water 

    19/10/2010     07/04/2011   Both 

  Initial 24 Hour Mixing % Change Initial 24 Hour Mixing % Change Time Lapse 

Map  
Location pH pH Cond. pH pH pH Cond. pH pH Cond. 

 (Fig. 16)      (μS/cm) 
(wrt Ini-

tial)      (μS/cm) (wrt Initial) % % 

SD* 7.1 6.5 540 -8.5 7.0 6.7 650 -4.3 3.1 20.4 

  7.1 6.7 470 -5.6 7.0 7.2 650 2.9 7.5 38.3 

SB* 7.1 6.8 500 -4.2 7.0 5.4 860 -22.9 -20.6 72.0 

  7.1 6.8 450 -4.2 7.0 5.3 940 -24.3 -22.1 108.9 

S1* 7.1 8.4 110 18.3 7.0 9.2 170 31.4 9.5 54.5 

  7.1 8.6 100 21.1 7.0 9.2 160 31.4 7.0 60.0 

CS* 7.1 8.7 100 22.5 7.0 9 160 28.6 3.4 60.0 

  7.1 8.8 80 23.9 7.0 9.3 160 32.9 5.7 100.0 

CD* 7.1 6.2 470 -12.7 7.0 5.2 530 -25.7 -16.1 12.8 

  7.1 6.4 380 -9.9 7.0 5.3 560 -24.3 -17.2 47.4 

CN* 7.1 8.6 90 21.1 7.0 9.3 250 32.9 8.1 177.8 

  7.1 8.7 90 22.5 7.0 9.2 280 31.4 5.7 211.1 

N1* 7.1 8.8 80 23.9 7.0 9.2 150 31.4 4.5 87.5 

  7.1 8.9 80 25.4 7.0 9.2 160 31.4 3.4 100.0 

ND* 7.1 6.4 710 -9.9 7.0 4.8 1000 -31.4 -25.0 40.8 

  7.1 6.5 690 -8.5 7.0 4.8 1000 -31.4 -26.2 44.9 
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as 5000 μS/cm, and the chloride concentrations 
which could range from 500 to 3000 mg/l, it is 
clear that while measureable increases in conduc-
tivity affect the uppermost soil layers, the major-
ity of conductivity-affecting contaminants follow 
the pathways of the water. 

Organic content typically followed the trend of 
4.1% organic material for the clay-rich soils 
(σ = 1.03), and 0.92% for the gravel-rich soils 
(σ = 0.11). With regards to moisture content, the 
gravel-rich soils typically contained 2% to 5% 
moisture, whereas the clay-rich soils had a rough-
ly 30% moisture content (Table 6). The values 
measured in autumn and spring do not differ sig-
nificantly. Organic Content and moisture content 
were also calculated (Eq. 7 and 8). 

3.2. Grain Size 

The soils at the research site typically fell into 2 
categories as was previously discussed (Fig. 17). 
Measured clay-rich soil had particle sizes of 
<2 mm, with 6% being comprised of clay 
(<0.002 mm), 25% silt (0.002 mm to 0.05 mm), 
8% very fine sand (0.05 mm to 0.1 mm), 20% 

fine sand (0.1 mm to 0.25 mm), and the remain-
der comprised of medium to coarse sand 
(0.25 mm to 2 mm). The gravel-rich material typ-
ically was comprised of 58% material with a grain 
size >5.6 mm, 10% with a grain size from 4 mm 
to 5.6 mm, 9% with a grain size from 2 mm to 4 
mm, with 23% of the material consisting of 
grains with sizes <2 mm. The two gravel-rich 
samples were fairly consistent when analysed, 
despite the presence of more visible colloidal ma-
terial when the samples were later centrifuged for 
a separate analysis. The samples had a roughly 
18% sand content, 3% silt content, and less than 
2% clay content. The clay-rich samples had a 
content of material with a particle diameter less 
than 45 μm between 25% and 30%, whereas the 
gravel rich samples had a content of particles 
with the same diameter of less than 4%. 

3.3. Metal Concentrations in Soil 

Soil samples which were dried and subsequently 
immersed in distilled water and digested by 
Eurofins labs contain extreme values of metals. 
Values of metals within the soil for cadmium, 
chromium, lead, nickel and zinc are well below 
the Swedish guideline values for contaminated 
sensitive soils, although values for chromium are 
approaching half of the guideline values in some 
of the soils analyzed (Table 2). Aluminum and 
Iron concentrations within the soils are extremely 
high, with concentrations of Al up to 15000 to 
19000 mg/kg in the clay-rich soils, and concen-
trations of iron of up to 16000 mg/kg in the clay-
rich soils. Regarding iron and aluminum in the 
gravel-soils the concentrations were roughly 
1000 mg/kg and 500 mg/kg, respectively. In gen-
eral, with regards to all ions analyzed, the concen-
trations were far higher within the clay-rich soils 
than those composed mostly of sand and gravel. 

Table 6: Soil Organic and Moisture Content 

      19/10/2010 07/04/2011 

Map Location Description Moisture Organic  Organic 

(Fig. 16)   % % % 

SD* South Ditch 37.1 3.34 3.63 

SB* South Bank 34.0 3.84 5.96 

S1* South Shoulder 3.6 1.02 0.85 

CS* Center, S. Shoulder 1.9 1.07 1.00 

CD* Center Ditch 29.8 3.88 3.48 

CN* Center, N. Shoulder 4.5 0.90 0.97 

N1* North Shoulder 3.2 0.84 0.74 

ND* North Ditch 31.6 5.48 3.20 

 

100



dry

igniteddry

M

MM
SOM  

(Eq. 7) 

100



dry

drywet

M

MM
   

(Eq. 8) 

 

Where SOM is the soil organic matter, θ is the moisture content, Mdry, 
Mwet, and Mignited are the dried (105° C for 24 hours), wet (no drying) 
and ignited (550°C for 3 hours) masses. 
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Metal concentrations which were released from 
soil samples into distilled water showed strong 
preference towards particles which diameters 
larger than 45 μm, particularly in lead and cadmi-
um, where concentrations in filtered samples 
were often at or below detection limits. 

Concentrations in the water phases of the 19 Oc-
tober 2011 soil/water samples showed the fol-
lowing trends. Ca concentrations were typically 
1300 to 1600 mg/l, with higher concentrations in 
the southern clay samples. Al concentrations 
were typically roughly 300 mg/l, with slightly 
lower (<100 mg/l) concentrations in the south-
ern clay areas. Cd concentrations were typically 
0.003 mg/l. Cr concentrations ranged from 0.1 to 
0.4 mg/l, with concentrations from the southern 
clay samples roughly 10 times lower. Fe concen-

trations were roughly 400 to 500 mg/l, with low-
er values in most clay samples. K concentrations 
were usually less than 100 mg/l.n Mg concentra-
tions were typically 150 to 300 mg/l. Mn concen-
trations ranged from 15 to 80 mg/l. Na concen-
trations were between 15 and 50 mg/l. Ni con-
centrations were typically 0.1 to 0.4 mg/l. Pb 
concentrations ranged from 0.01 to 0.2 mg/l, 
with higher values typically constrained to gravel 
samples. Finally, Zn concentrations ranged from 
2 to 5 mg/l, with concentrations in one gravel 
sample as much as 11 mg/l and concentrations in 
the southern clay samples of as low as 0.37 mg/l. 

Samples taken 7 April 2011 and filtered through a 
45 μm filter were compared with samples from 
19 October 2010, where the entire water concen-
tration in the water phase was analyzed. Concen-

Figure 17: Typical Soil Types at the Study Site (Lens cap Φ= 58 mm) 
 

Figure 18: Initial (19 Oct 2010) Concentrations of Analyzed Samples (Refer to Fig. 16 for Expla-
nations of Locations 
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trations were typically of the order of magnitude 
101 to 102 times higher in the non-filtered sam-
ples. 

Al concentrations were on average 598 times 
higher for gravel samples and 997 times higher in 
clay samples, Ca concentrations were 468 (gravel) 
and 37 (clay) times higher, Cd concentrations 
were 35 (gravel) and 478 (clay) times higher, Cr 
concentrations were 211 (gravel) and 22 (clay) 

times higher, Fe concentrations were 806 (gravel) 
and 323 (clay) times higher, K concentrations 
were 29 (gravel) and 12 times (clay) higher, Mg 
concentrations were 161 (gravel) and 26 (clay) 
times higher, Mn concentrations were 1215 
(gravel) and 227 (clay) times higher, Ni concen-
trations were 102 (gravel) and 33 times higher, Pb 
concentrations were 292 (gravel) and 83 (clay) 
times higher, and Zn concentrations were 345 
(gravel) and 16 (clay) times higher. 

  

  

  

  

 
Figure 19: Example Comparisons from 7/4/11 to the Baseline 19/10/10 
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3.4. Metal Concentrations in Runoff, 
Splash, Spray and Groundwater 

The establishment of initial conditions was vital 
to this study, although it is acknowledged that the 
initial values used are more of a ―working‖ base-
line than a true baseline. It can be seen that the 
initial runoff and infiltrated volumes captured are 
far less contaminated than the groundwater vol-
umes collected, as well as those collected from 
the southern drainage ditch. Concentrations of 
cadmium, nickel, lead, zinc and chromium were 
at or below the detection limit for these metals in 
the samples collected from the traditionally most 
contaminated area with regards to motorways. 
Aluminum and Iron levels were approaching or 
below the EC limit. However, regarding samples 
collected from the ditch and groundwater, the 
values were far higher, with aluminum, chromium 
and iron values approaching or exceeding EC 
drinking water criteria. Cadmium, nickel, zinc and 
lead were below the EC limits, but above the ref-
erence values provided by the Swedish EPA 

(Fig. 18). Zinc concentrations were elevated in 
the groundwater level monitoring wells, and as 
were aluminum, iron and manganese concentra-
tions in the southern water level monitoring well 
(GWPB). In subsequent samples from the 
groundwater level monitoring wells, there is a 
pronounced decrease in concentrations of alumi-
num, iron and lead, although zinc concentrations 
remain high. 

In the samples collected from groundwater level 
monitoring wells on 7 April 2011, there was little 
change in ionic concentrations, with a few excep-
tions. Cd concentrations in the center well in-
creased to 0.0059 mg/l, from values typically be-
tween 0.00014 and 0.00025 mg/l. Al concentra-
tions were lower in April (0.95 and 0.52 mg/l). Cr 
concentrations were also near the detection limit 
of 0.001 mg/l, a decrease from the initial meas-
urements. Fe concentrations decreased to 
2.2 mg/l (GWPA) and 0.48 mg/l (GWPB). Pb 
concentrations were also lowered, at 0.0023 mg/l 
(GWPA) and below 0.0005 mg/l (GWPB). 

  

  

 

 
Figure 20: Concentrations of Mg, Ca, K, SO4, and NO3 (19/10/10 to 7/4/11) 
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Splash concentrations and concentrations of ions 
in the southern ditch showed some increases be-
tween the 19 October 2010 and 7 April 2011 
sampling dates (Fig. 19). Cl and Na concentra-
tions showed stark increases, along with alkalini-
ty. Most metal concentrations showed slight in-
creases in the splash and spray waters, and 
marked increases in the southern ditch concentra-
tions. Concentrations of Cd were unchanged. 
Concentrations of Cr were increased from at or 
below detection limits (0.001 mg/l) to 
0.0048 mg/l in the center splash samples. Cr 
concentrations also increased more than 20 times 
in the southern ditch samples from 0.0015 mg/l 

to 0.031 mg/l. Ni concentrations increased from 
detection limits (0.001 mg/l) to 0.018 mg/l in the 
southern ditch and 0.0025 mg/l in the center 
splash samples. Concentrations of NO3, SO4, Ca, 
K and Mg showed less dramatic increases or de-
creases (Fig. 20). 

3.5. Metal Concentrations in Snow 

In snow samples, metal concentrations typically 
increase with proximity to the road, and decrease 
as the sampling distance moves further from the 
trafficked lanes. However, there is a clear excep-
tion to this, as seen at the location marked as -
5 m from the road surface. This location corre-

  

  

  

  

 
Figure 21: Metal Concentrations in Snow Samples 
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sponds with the center ditch in the median be-
tween the east and west-bound lanes, and this is 
affected heavily by both directions of traffic. 
However, this value in most metal samples is 
more than twice as high as the sample 5 m south 
of the east-bound lanes, which would be primar-
ily influenced by a single direction of traffic. This 
data point appears in the samples collected on the 
21 December 2010, and is elevated in nearly eve-
ry metal concentration, with the exception of 
zinc. Due to the extremely high levels reported 
relative to the other concentrations in collected 
samples, it is likely that this sample could have 
been contaminated (Fig. 21). 

Compared with the initial values, chromium con-
centrations were typically highly elevated, with 
median values of 0.0051 mg/l compared with 
initial values of runoff below the detection limit 
of 0.001 mg/l. Cadmium values were slightly less 
elevated, with median values of 0.00022 mg/l 
compared with initial runoff concentrations be-
low the detection limit of 0.0001 mg/l. Alumi-
num values were increased from 0.1 to 0.2 mg/l 
in runoff concentrations to a median value 
of3.3 mg/l. Initial iron concentrations in runoff 
were typically 0.2 mg/l, as compared with snow 
concentrations with measured median values of 
5.15 mg/l. Manganese values in runoff increased 
from 0.033 mg/l to a median value of 0.17 mg/l, 

   

   

   

   

 
Figure 22: Anion and Cation Concentrations in Snow Samples 
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nickel from 0.0014 mg/l to a median value of 
0.0056 mg/l, lead from below the detection limit 
of 0.0005 mg/l to 0.017 mg/l, and zinc from 
0.012 mg/l in runoff to median values of 
0.325 mg/l. The average and median values for 
chloride, sodium, aluminum, chromium, iron, 
manganese, nickel and lead exceed the European 
Council limits for drinking water, and several of 
the concentrations exceed the Swedish EPA lim-
its for groundwater (Table 7).  

A model was created in order to fit the data, 
based on the model proposed for chloride distri-
bution by Blomqvist (2001). However, an ad-
ditional ―offset‖ term was added to this model in 
order to fit the data set. This additional variable 
was added based on an offset of peak concentra-
tions from the southern road shoulder. It was 
hypothesized that mechanical transport due to 
ploughing activities, which typically displaces 
snow to the right side relative to the direction of 
traffic, or outwards from the highway rather than 
in divide between the trafficked lanes. Another 
important contributing factor to the offset value 
is the increased volumes of traffic which typically 
occur in the right hand lanes of multilane road-
ways, particularly regarding heavy vehicles which 
cause greater displacement of snow and water 
from the road surface. The concentrations col-
lected on 12 December 2010 typically have ele-
vated concentrations with respect to those col-
lected on 17 February 2011. It should be noted 
that on the 17 February 2011 sampling date, the 
snow samples were divided according to snow 
depth, meaning that the freshest, upper layer of 
snow would be separated from the more contam-

inated underlying snow and ice. The horizontal 
scale is with reference to a positive-south, nega-
tive-north orientation, with zero being the road 
shoulder. Note that this model completely ne-
glects the width of the road and that increases in 
either sign indicate increasing distance from the 
road, with error bars shown (Fig. 22). 

3.6. Other Contamination 

Initial concentrations of cations and anions in the 
runoff, splash and spray collectors (T1 to T3) are 
very low, with cation concentrations being typi-
cally consistent with the exception of the earlier 
set of groundwater monitoring wells data. The 
anion concentrations were typically below 
20 mg/l, with the exception being the samples 
collected from the south ditch, which have anion 
concentrations less than 70 mg/l. 

Concentrations of certain ions increased greatly 
in the collected snow samples. Concentrations of 
Cl and Na ions were in excess of 3000 mg/l and 
2000 mg/l, respectively, and Ca and SO4 concen-
trations were also elevated to levels of roughly 1.5 
and 4 times the baseline values, respectively. 
However, K, NO3 and Mg ions remained fairly 
low or comparable to the baseline values 
(Fig. 22). 

4. MODELLING  

4.1. Resistivity Modelling 

The resistivity models show a trend which one 
might expect over an autumn-winter-spring 
measurement project. The profile initially shows 
resistivity values which range from 15 to 50 Ω m, 

Table 7: Average Concentrations in Snow Samples 

  Cl SO4 NO3 Alkalinity K Ca Na Mg 

  mg/l mg/l mg/l mg/l mg/l mg/l mg/l mg/l 

Mean Average 1060.08 27.96 0.59 33.18 6.44 26.71 684.42 3.95 

Median 460.00 17.50 0.40 28.00 4.25 23.50 415.50 3.60 

Standard Deviation 1280.69 28.31 0.42 25.16 5.37 19.13 744.23 2.68 

% Change From Initial 
Runoff 

28650% 1491% -67% 23233% 183% 137% 49364% 620% 

Exceeds EC Limits Yes No No       Yes   

  Al Cd Cr Fe Mn Ni Pb Zn 

  mg/l μg/l μg/l mg/l μg/l μg/l μg/l μg/l 

Mean Average 4.84 0.31 7.24 6.55 179.93 7.75 16.96 374.92 

Median 3.30 0.22 5.05 5.15 170.00 5.60 17.00 325.00 

Standard Deviation 6.58 0.25 9.02 7.55 154.79 6.86 10.27 290.69 

% Change From Initial 
Runoff 

3487% 120% 405% 2241% 415% 300% 3300% 2608% 

Exceeds EC Limits Yes No Yes Yes Yes Yes Yes   
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Figure 23: Line 1 Resistivity Modeled Data 
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Figure 24: Line 2 Resistivity Modeled Data 
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typical of clay and topsoils (Milsom 2003), with 
the clear exceptions being the road surfaces 
themselves, which are visible as highly resistive 
flat surfaces. The modelled resistivity values then 
decrease during the more wet summer and early 
autumn months, finally increasing again during 
the colder, dryer winter months. Stark increases in 
resistivity can be easily seen during the December 
2010-February 2011 measurements, coinciding 
with limited infiltration due to frozen ground and 
snow cover (Fig. 23 to 25). 

Finally, decreases which coincide with the spring 
snow melt can be seen in the modelled resistivity 
values during the two April 2011 measurements. 
In the April 2011 to May 2011 measurements on 
Lines 1 and 2, plumes which are extremely con-
ductive and thus indicative of high-ionic content 
due to water‘s natural insulating characteristic, can 

be seen to spread underneath the trafficked lanes 
in what is a typical infiltration pattern around the 
impermeable road surface. It is possible to ob-
serve resistivity values which are 0 and 20 Ωm on 
the north side of the west-bound lanes, in con-
trast to typical material properties of the soil in 
that location, primarily gravel which often shows 
resistivity values in excess of 100 Ω m 
(Fig. 23, 24 and 25).  

Time-lapse resistivity analysis results are in 
agreement with the trends observed in the indi-
vidual analyses (Fig. 26 and 27). The initial differ-
ences imply very high increases in resistivity di-
rectly under the paved surfaces, and a general in-
crease of resistivity vales in the near-subsurface to 
a depth of 3.5 m, and continue to increase 
throughout the measurements taken during the 
winter. However, there is a consistent decrease in 

19 May 2011 

29 April 2011 

17 February 2011 

28 September 2010 

21 December 2010 

19 October 2010 

Figure 25: Line 3 Resistivity Modeled Data 
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resistivity with respect to the 19 October 2010 
measurements at the shoulders to the paved sur-
faces, in a typical pattern which could be expected 
of contaminant infiltration. 

Pronounced differences in the resistivity values 
can be seen between the 19 October 2010 and 
7/29 April 2011 measurements, with over 90% 
decreases in resistivity observed directly adjacent 
to the paved surfaces spreading downwards, and 
a general 0 to 50% decrease in values in the 
depths of 0 to 3.5 m. Beneath both east- and 
west-bound traffic lanes it can be observed that 
there is a large increase in resistivity in the lower 
ranges of the model, possibly due to a decrease in 

the groundwater table after the wet, late-summer 
months. 

4.2. Contaminant Deposition 

Based on the snow samples collected, models 
based on Blomqvist‘s (2001) equation were 
adapted to match the data. While the equation, as 
it stood, did not match the data, an offset variable 
was implemented which shifted the ―peak‖ con-
centration. Two different models, both based on 
Blomqvist (2001), were adapted in order to match 
the samples collected on different dates, with one 
model representing distributions measured in the  
  

Figure 27: Time-lapse Resistivity Modeling Line 1, Westbound Lanes (19 Oct 10 (reference), to 
21 Dec 10, 17 Feb 11, 7 Apr 11, 29 Apr 11, 19 May 2011) 
 

Figure 26: Time-lapse Resistivity Modeling Line 1, Eastbound Lanes (19 Oct 10 (reference), to 
21 Dec 10, 17 Feb 11, 7 Apr 11, 29 Apr 11, 19 May 2011) 
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February snow samples, and the other modelling 
distributions in the December snow samples 
(Eq. 9). The equation was then integrated in or-
der to determine the total mass of substance 
(Eq. 10 and 11) originating from the roadway. 
The solution to the total mass equation was eval-
uated over a horizontal distance of 15 m from the 
trafficked surface, and evaluated based on the 
total days required to accumulate more than 
20 dm of snow pack, in order to provide a con-
tamination rate originating from the highway. 

Several assumptions were made in order to arrive 
at these results. It was assumed that a circular 
area with a diameter of 10 cm was sampled to a 
depth of 20 cm, and that this snow pack would 
contain 10% water, by volume (SMHI, 2011). It 
was also assumed that snow sampled would con-
tain only the concentrations originating from the 
road from the time required to accumulate 20 cm 
of snow cover, which resulted in 25 days prior to 

the 21 December 2010 sampling date and 11 days 
prior to the 17 February 2011 sampling date. 

The models were adjusted for each individual 
metal, and it was noted that the offset was always 
located south of the highway, which coincides 
location of displaced snow due to ploughing ac-
tivities and also coincides with the lanes which 
would have the largest volumes of traffic, particu-
larly heavier vehicles (Fig. 28). The modelled 
peaks typically had offset values of between 2 and 
3.4 m from the road. It can be seen that while the 
model fits the data reasonably well, there are also 
measured contamination levels which do not fit 
the data. As can be seen, the modelled data was 
fitted with two sources, in order to simulate the 
two trafficked lanes. While the highway was as-
sumed to be a point source, and as such was ne-
glected in the x-axis, this actually gives rise to a 
question regarding the model, in that the model 
should not be continuous due to the omitted dis-
tance of the road surface. The model‘s per-

Table 8: Distribution Model Variables and Calculated Deposition Rates per Linear Meter of 
Highway 

Nickel 
ab a b c 

Iron 
ab a b c 

DEC 0.02 0.6 0.5 2.8 DEC 4 340 0.45 3.2 

FEB 0.01 0.35 0.6 3.2 FEB 2 200 0.5 3.8 

  mg mg/m day
-1
   mg mg/m day

-1
 

DEC 1.505 0.060 DEC 820.174 32.807 

FEC 0.734 0.067 FEB 431.206 39.201 

Lead 
ab a b c 

Chromium 
ab a b c 

DEC 0.02 1 0.4 3.3 DEC 0.015 0.26 0.4 3.4 

FEB 0.01 0.7 0.5 3.5 FEB 0.008 0.18 0.4 3.6 

  mg mg/m day
-1
   mg mg/m day

-1
 

DEC 2.822 0.113 DEC 0.881 0.035 

FEB 1.555 0.141 FEB 0.573 0.052 

Cadmium 
ab a b c 

Manganese 
ab a b c 

DEC 0.004 0.02 0.4 1 DEC 0.2 11 0.4 3 

FEB 0.001 0.01 0.5 1 FEB 0.1 6 0.45 3.6 

  mg mg/m day
-1
   mg mg/m day

-1
 

DEC 0.101 0.004 DEC 30.773 1.231 

FEB 0.035 0.003 FEB 14.902 1.355 

Aluminum 
ab a b c 

Zinc 
ab a b c 

DEC 5 190 0.4 3 DEC 1.4 20 0.45 2.8 

FEB 2.5 150 0.55 3.6 FEB 0.7 15.5 0.45 2.6 

  mg mg/m day
-1
   mg mg/m day

-1
 

DEC 554.719 22.189 DEC 65.753 2.630 

FEB 310.824 28.257 FEB 45.196 4.109 
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formance is far more accurate on the south side 
of the road than the north, which supports the 
hypothesis that this is a source of error. The 
transport models were then translated into max-
imum daily loading values (Table 8). 

4.3. Subsurface Transport 

Based on the transport equation stated previously 
(Eq. 2), a finite difference model was used in or-
der to model the downwards transport of a con-
taminant through the unsaturated zone (Bennett 
and Zheng, 2002). The vertical distance beneath 
the ground surface was discretized into elements 
of a specified thickness which allowed each ele-
ment j to represent a specified Δx, where Δx is in 
this case a vertical length. The contaminant 
transport equation was simplified such that it 
could be modelled and plotted (Eq. 12, 13 
and 14). The concentrations within each element 
were assumed to mix completely, allowing the 
concentrations to be represented as Cj = Cj+1/2, 
where j represents the midpoint of the element 
and j + 1/2 represents the downstream side of 
the same element, such that the concentration at 
time n+1 can be estimated from a known concen-
tration distribution at time n (Eq. 15).  

The retardation factor, R, based on non-linear 
Freundlich adsorption, is a function of the con-
centration, the density of the medium ρb, the po-
rosity ne, and the constants a and Kf (Eq. 16) 
(Bennet and Zheng, 2002) . It was assumed for 
the purposes of this model that the initial concen-
tration within the model would be zero. The 
model was given a specified thickness assumed to 
be the thickness of the unsaturated zone, and the 
saturation of the soil was assumed to be constant. 

The downwards flow of water was assumed to be 
entirely from the estimated infiltration rate for a 
unit area of ground plus one half of the road 
width, as it was assumed that the infiltration on 
the shoulder would be increased proportionally 
from the additional water volumes precipitating 
on the impermeable road surface. While in actual 
rain events this would likely lead to much higher 
runoff values than infiltration values, in minor 
rain events the infiltration along the road would 
be increased significantly. 

Regarding the lower model boundary, the model 
was extended below the groundwater table. In 
reality, there would be an extremely complex 
three dimensional system at this boundary, but it 
was assumed that an extension of the model be-
yond the boundary would allow for some conti-
nuity within the model and provide a reasonable 
approximation of the actual physical process. The 
input concentrations were determined from peak 
values obtained from the distribution model, in 
order to provide a worst-case estimate. It was 
assumed that the input concentration relative to 
the total peak deposition would be of the same 
ratio as the total precipitation (700 mm/yr) to the 
infiltration rate (300 mm/yr). The upper bounda-
ry was then set as the input concentration added 
for each time step, plus the residual from the 
previous time step. 

Based on the resistivity model data, it was deter-
mined that the most contaminated soil with the 
largest infiltrating volumes and highest metal 
mobility would be the area directly on the shoul-
der of the road. For an unsaturated zone of 5 m 
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Where D(x) and M(x) represent the distribution, and total mass 
equations, c represents the horizontal offset value. 
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in depth, a per unit model of the contamination 
distribution was created for lead. The input metal 
concentrations were estimated based on the snow 
sample analyses and the deposition models de-
veloped. Note that the retardation rates of this 
model give a conservative result, as the sorption 
rates are estimated based on the full potential 
concentration, rather than the contamination 
concentration of freely available as dissolved ions. 

For the purposes of this model, effective disper-
sion D was estimated as the sum of mechanical 
and diffusive dispersion, where mechanical dis-
persion was estimated as a proportion of q, in this 
case the coefficient of 0.6 m was used, where q 

  

  

  

  
 

 
Figure 28: Modelled Distributions and Actual Measured Distributions 
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has the units of distance over time [d/t], and dif-
fusive dispersion was estimated to be 
1.73 (10-4) m2/s. An infiltration velocity of 
300 mm/yr was adopted, and multiplied by a fac-
tor of 4 in order to account for excess pre-
cipitation from the road surface. This factor was 
estimated based on the ratio of the unit area of 
the model to half of the width of the impermea-
ble surface of the road, where it was assumed that 
the runoff from the road would be deposited. 
Concentration at the soil surface was estimated as 
the initial concentration obtained from analysed 
soil samples combined with the input concentra-
tion obtained from the contaminant deposition 
model, after removing the mass transported ver-
tically. Saturation levels for gravel were set at a 
conservative θ = 0.2. The dispersion coefficient, 
α, was set at 0 such that the concentration at the 
midpoint of an element would be equal to the 
concentration at the downstream end. 

Regarding the Freundlich retardation term, R, 
values of Kf were determined from by dividing 
the total concentrations of metals within the 
dried sediment and distilled water mixture by the 
metals only present in the water phase of the 
same mixture (Table 9). As can be seen, the re-
tardation capacity of the clay-rich soils is far 
greater than that of the gravel soils for each met-
al. According to these results, Fe, Al, and Cr are 
the least mobile metals, whereas Cd and Zn are 
the most mobile ions. It should be noted that 
these are very rough estimates, and that these 
values must be determined experimentally for an 
individual soil (Gustafsson et al., 2007). As the 
concentrations were low for each contaminant, a 
value of 1 was set for the coefficient a, and thus 
the retardation term would function as a linear 
isotherm (Gustafsson et al., 2007). 

For the first year, the contamination is largely 
contained in the first five meters of soil provided 
that there is little to no contamination in the low-
er strata of soil, which is likely not the case. From 
5 to 15 years, the contamination of lead in the 
soil begins to reach the water table, gradually 
reaching a concentration at the saturated zone 
boundary of 0.48 mg/l after 50 years (Fig. 29). 
For other metals, the model produces similar re-
sults with concentrations after 50 years of CZn= 
26.09 mg/l, CFe= 97.36 mg/l, CCr= 0.21 mg/l, 
CCd = 0.07 mg/l, CAl= 98.01 mg/l, CMn= 
5.71 mg/l, and CNi = 0.44 mg/l. All of these val-
ues are in excess of the Swedish EPA‘s ground-
water limits and/or the EC limits for drinking 
water (Table 9). 

If the model is applied to chloride concentra-
tions, and a value of Cin = 1 g/m2 day-1, calculat-
ed by taking the total winter peak deposition and 
dividing it over the entire year, is assigned, with 
no reactive processes the model begins to infil-
trate the groundwater reserves after 1.5 years, 
contaminating groundwater resources with con-
centrations of over 3.3 g/l after 7.5 years. In this 
model instance, it was attempted to matched the 
transport model with the results from the resistiv-
ity sampling. In order to obtain a similar depth of 
contamination as that measure on 19 May 2011, 
increased saturation levels as well as increased 
infiltration rates were adopted, and set at θ = 0.4 
and q = 0.6 m/yr, respectively (Fig. 30). 

5. DISCUSSION  

5.1. Contaminant Concentrations 

Increased levels of almost all contaminants can 
be seen with respect to the baseline from the 
snow samples, implying a dramatic increased con-
tamination of heavy metals due to the traffic on 
the road, the road maintenance activities, sur-
rounding structures and the road itself. While it is 
unlikely that the sampling of the runoff on 19 
October 2010 captured the event mean concen-
tration due to the rain event that day, the values 
captured from the runoff do provide an overall 
picture of the state of the road prior its opera-
tional life. Although the concentrations in the 
baseline are all within the limits regarding drink-
ing water and groundwater, the concentrations 
quickly exceed these limitations as the road is 
operational. The concentrations of metals within 
the snow samples can be thought to be repre-
sentative of the deposition rates of the individual 
contaminants, and thus be used in order to esti-
mate the loading on the area in the immediate 
vicinity of the road. Concentrations analysed in 
snow samples were comparable with results  

Table 9: K values used in Transport Model, at 
Water Table (Bold Values in Excess of EC 
Limit) 

  Cin Kclay Kgravel 
10

4
 

days 
50 yrs 

  mg/m
2
/d l/kg l/kg mg/l mg/l 

Al 5,400 67,9 3,26 29,97 98,01 

Fe 6,000 725,8 4,56 28,14 97,36 

Pb 0,023 233,6 2,16 0,16 0,48 

Mn 0,261 5,5 1,86 2,06 5,71 

Zn 1,101 33,2 1,23 11,44 26,09 

Ni 0,019 18,4 1,89 0,15 0,41 

Cr 0,012 362,7 3,54 0,06 0,21 

Cd 0,003 5,2 1,15 0,03 0,07 
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of Hallberg et al. (2007) and Turer et al. 
(2001, 2003). 

Based on the analysis of the two soil types, sev-
eral observations can be made. The first is that 
the capacity to alter the pH of the soils is re-
versed regarding the clay-rich and gravel-rich 
soils, meaning that where gravel-rich soils in-
crease the pH values, contact with the clay-rich 
soils will have the opposite effect. While runoff 
pH values are typically higher than neutral or near 
neutral, the clay-rich soils lowered the pH of the 
distilled water far more in the spring than in the 
autumn, while moisture content and organic con-
tent remained relatively unchanged. However, the 
relative increases to the pH of distilled water after 
24 hours of contact with distilled water was more 
pronounced with the spring samples than with 
those taken in the autumn. While the mobility of 
the different metals would be severely decreased 
in the gravel-rich soils due to the increased pH, 
these soils also have less surface area due to a 
larger typical particle size in with which to sorb 
metals, lessening the benefits of this effect. With 
regards to the clay-rich soils, the impact of the 
soils on pH values of distilled water indicates that 
almost all metals would be in their mobile ranges 
of pH, were the pH of the infiltrating water to be 
lowered to values seen in the tests (below 6). It is 
possible that the effects of the soil on the runoff 
water could balance out between the two soil 
types, negating the impact of the affect to pH. 

While the metal analyses from the distilled water 
phase of the water/soil mixtures between the 7 
April 2011 and 19 October 2010 samples cannot 
be directly compared, as contaminant loading 
would have occurred during the operation, some 
observations can be made. First, metals released 
show strong tendencies to bind to particles larger 
than 45 μm. The second is that the soils release 
concentrations in excess of EC drinking water 

limits in several instances, particularly with re-
gards to Cd, Cr, Al, Fe, Ni, Mn, Ni, and Pb. The-
se values were in excess of drinking water limita-
tions prior to the road beginning operation, indi-
cating that the road materials or construction 
processes themselves are also a source of con-
tamination to the surrounding environments. 

Relative to the baseline, the heavy metal loading 
in the analyzed snow samples is indicative of a 
strong contaminating presence from the road. 
Heavy metal concentrations in the snow of alu-
minum and lead increased by more than a factor 
of 30 with respect to baseline values, iron and 
zinc by a factor of more than 20, chromium and 
manganese by a factor of 4 and nickel by a factor 
of 3. Cadmium concentrations in the snow were 
fairly comparable to baseline values. Chloride and 
sodium concentrations were more than 280 and 
490 times higher in the snow samples than the 
baseline values, sulphate and magnesium con-
centrations 14 and 6 times higher, respectively. 
Potassium and calcium concentrations increased 
by 83% and 37%, respectively. Alkalinity also 
showed dramatic increases by a factor of more 
than 200. Nitrate values actually decreased. This 
could be due to a flushing effect, as the initial 
nitrate values are more than 15 times higher rela-
tive to reference concentrations in Swedish 
groundwater. 

Regarding contaminant values of other anions 
and cations, the most notable increases come 
from chloride and sodium concentrations, specif-
ically during the winter months, which is not sur-
prising. It can be expected that a certain portion 
of the sodium concentrations will be exchanged 
with other cations when in contact with the soils, 
particularly in the clay-rich soils due to the in-
creased cation exchange capacity of the soil. 
Chloride concentrations, however, will readily 
infiltrate to the groundwater table after a relative-

 
Figure 30: Finite Difference Model Results, 
Cl in Gravel with Δt=2 days, Kf = 0, θ=0.2 

 
Figure 29: Finite Difference Model Results, 
Pb in Gravel with Δt=10 days, Kf = 2.2 
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ly short period of time. Soil samples collected 
during April 2011 exceed the Swedish EPA 
guidelines regarding conductivity in two loca-
tions, at the north ditch and south bank sampling 
locations. The locations of the peak values meas-
ured coincide with offset modelled peak locations 
for chloride concentrations. 

Regarding the differences in splash, runoff and 
ditch water between the 19 October 2010 and 7 
April 2011, several observations can be made. 
While there are increases in the ionic concentra-
tions between the two dates, the increases are not 
nearly as drastic as the snow sampling would in-
dicate. Na and Cl concentrations were in excess 
of 2000 mg/l and 3000 mg/l, respectively, in 
snow samples, but samples taken from the ditch 
in April showed that the concentrations were 
roughly 100 mg/l and 200 mg/l. It could be then 
assumed that the concentrations of these ions 
deposited on the roadways during the winter salt-
ing activities are nearly entirely mobile, having 
already infiltrated into the sub-surface. Relative to 
the snow samples, the 7 April 2011 splash and 
runoff samples showed higher levels of iron and 
aluminum but lower concentrations for other 
metals. This could be indicative of a more mobile 
behaviour for the other metals, as they would be 
transported via infiltrating processes. It is difficult 
to say, however, as the entire rain event was not 
captured, instead the runoff was collected after 
the rain event had already stopped. Although, it is 
clear that strong increases of metal contaminants 
in splash and spray are much more prevalent in 
the April samples than those taken in October, 
indicating that strong environmental effects were 
occurring. 

Of further interest, the concentrations of Manga-
nese in the 7 April 2011 ditch measurements were 
relatively unchanged with respect to the 19 Octo-
ber measurements. It was expected that the levels 
would be elevated in the former, but this could 
be indicative of a strong mobility, which is sup-
ported by the K values which were empirically 
calculated (Table 8). Similar phenomena were 
observed for Ni, Zn and Cd values, which also 
had lower K values, compared with those of the 
remaining metals. 

Due to the construction of the road itself, likely 
the most important contaminating mechanism 
will be infiltration, rather than runoff. Shown in 
the resistivity modelling, a year-round infiltration 
due to salting activities in the winter months is 
experienced, allowing for metal contamination to 
be directly applied to the more hydraulically con-
ductive gravel rich soils. There is a wide range of 

infiltration scenarios based on different adsorp-
tive models and contaminant loading models, 
which require further study. However, as shown 
in the transport model, there is a very real possi-
bility that roads present a non-point threat to 
groundwater resources. 

5.2. Resistivity Modelling 

One of the most notable and important findings 
of the resistivity analysis is the pattern of the in-
filtration of water around the paved surface. The 
increased resistivity values measured during the 
winter months are most clearly pronounced in 
the line 1 and 2 measurements, and can be attrib-
uted to the severely decreased infiltration rates 
during this period due to the frozen ground sur-
face. However, it is worth noting that there is a 
constant decrease in resistivity measurements 
observed in the time-lapse model at the paved 
surface shoulder. This could be indicative of 
melting action due to increased salt content in the 
snow as stated in Jansson and Lundmark (2008), 
and subsequent infiltration. If this is the case, 
then this would imply an increased contaminant 
risk. As previously established, the snow cover in 
the immediate vicinity of the roadway acts as a 
reservoir for heavy metals and other contami-
nants. If the road salt were to cause localized 
melting near the shoulder, then it is unlikely that 
there would be sufficient liquid to afford for very 
high runoff values, and as such an increased infil-
tration rate would be noticeable. Due to the prox-
imity to the road surface, it is then logical that 
elevated contaminant concentrations would be 
directly transported downwards through the sub-
surface, leading to increased local concentrations 
of contaminants within the soils at the road 
shoulder. 

The decreases in resistivity directly adjacent to 
the paved surface during the spring months indi-
cate a strongly preferred infiltration pathway at 
the road shoulder, as might be expected due to 
the conductive properties of the material itself 
with respect to the clay-rich material which com-
prises the surrounding soil, in agreement with 
Olofsson and Lundmark (2008). Time-lapse 
measurements indicate that, with respect to 19 
October 2010 measurements, while resistivity 
values typically increase during the winter months 
there remains an infiltrating pathway adjacent to 
the road, which closely resembles a contaminant 
plume. While typical gravel resistivity values 
might be higher than 102 Ω m, the values meas-
ured in both Lines 1 and 2 were near zero, lead-
ing to the conclusion that increases in the ionic 
content of the water in this region are occurring. 
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The implication of this would be a contaminant 
loading of the road during antecedent dry periods 
followed by the transport of soluble material to 
the road shoulder and elevated infiltration rates in 
the direct vicinity of the roadway through the 
road shoulder material. The underlying gravel-
rich material then facilitates transport and spread-
ing of the contamination underneath the road 
itself, saturating the material and continuing ver-
tically downwards. Unfortunately, the use of 
coarse aggregate as a building material is very 
prevalent in road construction, such that this pre-
ferred pathway would be a characteristic common 
to most roads. 

The resistivity values measured in line 3 show an 
important, albeit unintended phenomenon. The 
line‘s orientation underneath an impermeable 
liner which was indented to collect spray and 
splash from the highway, conclusively demon-
strates that a hydraulic barrier beneath the recipi-
ent ground area of highway contamination is ef-
fective in mitigating the infiltration of con-
tamination to the groundwater. The apparent re-
sistivity shows little changes over the snow melt 
period, as opposed to those seen in the two lines 
directly under the paved surfaces, and in fact 
shows an increase in apparent resistivity. It 
should be noted, however, that the apparent re-
sistivity values measured in the later, complete 
lines at depths below 5 m may not be comparable 
with similar depths measured earlier than 29 April 
2011, due to the separation of the two cables 
which form line 3 in earlier measurements. 

5.3. Distribution and Transport Model-
ling 

Regarding the distribution model, the Blomqvist 
(2001) equation provides a good basis for model-
ling the distribution during winter months. The 
prevalence of southerly winds contrasts with the 
locations of the maximum modelled values origi-
nating from the road. However, this could be due 
to ploughing action and other road maintenance 
activities, as well as increased traffic volumes in 
the right-hand lanes. It should be expected that 
there would be a uniform behaviour regarding 
the curves of the models but the models vary in 
terms of offset, relative maximums between the 
two sampling days, and the shapes of the curves. 
This model therefore cannot be definitively es-
tablished as a working model, but is more appro-
priately used as a basis for estimation of distribu-
tion and maximum loading, and requires further 
study to establish the model‘s validity. Due to the 
limited number of samples taken and the limited 
analyses performed, it is not possible to refine the 

model to a state where it can be implemented 
without being subject to scepticism. The concen-
tration rates per day provide fairly consistent re-
sults between the December 2010 and February 
2011 models, with the exception of Cr, Cd, and 
Zn models, where the contamination rate for the 
February model is roughly twice that of the De-
cember model. Future sampling, would greatly 
benefit the model in allowing for calibration op-
portunities. Based on the modelled distribution, 
the highway is the source of 0.063 mg/m day-1 of 
Ni, 0.127 mg/m day-1 of Pb, 36.004 mg/m day-1 
of Fe, 0.044 mg/m day-1 of Cr, 0.004 mg/m day-1 
of Cd, 25.223 mg/m day-1 of Al, 3.369 mg/m 
day-1 of Zn, and 1.293 mg/m day-1 of Mn. Dis-
tances expressed indicate linear meters of high-
way. Differences between the December and 
February models average 27% for the total depo-
sition, and 28% for the maximum local deposi-
tion. The similarities between the generated val-
ues lend credibility to the assumption that the 
results can be used to determine a loading rate 
originating from the highway. 

Based on the resistivity data collected on 7 April 
2011 and 29 April 2011 it is possible to see a 
drop in resistivity which appears to be in the 
shape of a vertically transported pulse of some 
contaminant, in this case likely chloride ions. The 
pulse appears to have travelled at least 3 m in the 
vertical direction only, and appears to be spread-
ing horizontally under the more hydraulically 
conductive road base. If it is assumed that the 
chloride ions have been infiltrating since the be-
ginning of the snow cover season this would in-
dicate that the transport processes have been oc-
curring for roughly 240 days. According to the 
transport model the contamination would spread 
roughly 1 m in the vertical direction, or roughly 
0.5 m to the average concentration point. In or-
der for the model to produce results similar to 
those seen in the resistivity sampling, an infiltra-
tion rate of up to 0.6 m/yr would need to be ap-
plied, and multiplied by 4 to account for the half-
width of the road surface and extra infiltrating 
volumes, in addition to increased saturation rates 
(θ = 0.4) which could be expected of the spring 
flush effects. This resulting infiltration of 9 
mm/day is unreasonably high. If the saturation of 
the soil is heightened to 0.4, and the infiltration 
rate is increased to 0.3 m/yr, the chloride concen-
trations begin reaching 1.5 m in depth after 
150 days, and 2.5 m after 250 days. However, as 
these measurements were taken after the spring 
snow melt, it is reasonable to assume that there 
was an increased infiltration which is not con-
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sistent with yearly averages, and thus the more 
conservative values were kept. 

As the transport model concentrations are based 
upon the concentrations taken from the distribu-
tion model, they too are subject to discussion. 
However, values for loading appear to be within a 
reasonable range, and thus the model can be ana-
lyzed in order to provide a perspective regarding 
contamination changes over time. The model is 
heavily influenced by the retardation terms, and 
thus the difference in behaviour between the 
chloride curves and the lead curves can be readily 
seen. Should the adsorption rates be higher than 
those modeled, it is quite possible that the con-
taminant concentrations originating from the 
road will be mostly retained within the soil in the 
direct vicinity of the road, and not reach the 
groundwater table for up to 50 to 100 years. An-
other shortcoming of the model is the lack of an 
account for temporal variations in infiltration. 
Clearly, infiltration rates would not be the con-
stant rates assumed in the model, but would in-
stead be weighted more to the wet, summer 
months and the early spring thawing months. 

5.4. Further Research 

The distribution model presented in this paper 
would greatly benefit from additional snow sam-
pling, particularly at shorter spatial intervals per-
pendicular to the trafficked lane direction, in or-
der to ascertain the shape of the modelled distri-
bution curves. In addition, similar motorways 
with varying AADT values should be researched 
in a similar manner, in an attempt to correlate the 
data with AADT. Additional sampling of soil 
metal concentrations and runoff concentrations 
should be undertaken to determine the changes 
over time of contaminant concentrations, and 
correlated with pH and adsorbed fraction in or-
der to empirically determine the Freundlich coef-
ficients for the in-situ soils, which could then be 
applied to the transport model to estimate break-
through curves for the various contaminants. In 
addition, it would be beneficial to examine organ-
ic contaminants and determine if they are trans-
ported and distributed in similar manners. Soil 
contaminant concentrations over various depths 
should also be examined and matched with the 
results of the transport model, in an attempt to 
refine the model. 

Further resistivity sampling should also be un-
dertaken, and compared with those initial values 
measured prior to the highway‘s operational life 
in order to study the long-term changes over 
time. While it is beneficial to study the immediate 
changes, these changes over the initial short term 

could be quantitatively compared with long term 
changes in an effort to study where the most im-
portant subsurface changes occur. 

5.5. Uncertainty 

Regarding the establishment of baseline concen-
trations for runoff values, a study of an entire 
rain event was not undertaken due to limited time 
and budget constraints. As such, the event mean 
concentration was not determined for the road 
during the event which was sampled on 19 Octo-
ber 2010, and thus it is difficult to compare these 
values with those measured in the snow with ab-
solute certainty. Regarding model values, the 
shape of the distribution curves are very pointed, 
which is an unlikely scenario. In reality, these 
peaks are more than likely somewhat lower, and 
more gradually curved. Thus, the peak concen-
trations estimated by the distribution model are 
likely excessive. Regarding the transport model, 
the reactive processes were simplified. Thus, 
while the model is a useful approximation of the 
actual processes there is a considerable degree of 
error possible. In order to better approximate 
reactive processes, further investigation of the 
properties of the soil with regards to the mobility 
of each ion would be beneficial. As can be seen 
from the different shapes of the lead and chloride 
curves, these reactive processes play an important 
role in the one dimensional transport. 

Due to problems with the resistivity sampling, 
the initial files are missing a great amount of the 
data in the ―center‖ of the lines, and thus are 
prone to a degree of uncertainty at these loca-
tions. Also, for measurements taken during the 
winter months, there were a number of elec-
trodes which were subject to poor ground con-
tact, resulting in noisy and possibly erroneous 
data. Another source of noise and error in the 
resistivity measurements was the occurrence of 
negative resistivity values, which could have pos-
sibly occurred due the influence of the high volt-
age transmission lines which pass directly over 
the resistivity lines. The apparent resistivity mod-
els also contained some noticeable differences 
between the modelled results and the measured 
results. As the modelled results are based on ap-
parent resistivity values, that is, average resistivity 
values sampled from a certain assumed volume 
were assigned to a specific point, different mod-
els are capable of producing similar results. So 
while the modelled results appear to conform to 
the measured results to a certain degree, there are 
many other different models which can also pro-
duce an appropriate model. 
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6. CONCLUSIONS AND 

RECOMMENDATIONS  

A great deal of research time and money is spent 
on investigating heavy metal and other contami-
nant concentrations in runoff water. While this is 
appropriate when nearly the entire precipitated 
volume of water takes the form of runoff, as in 
an urban setting, this becomes less important in 
rural settings and particularly those areas with 
higher AADT values, such as highways. The find-
ings of this report indicate that while the threat of 
contaminated runoff water is significant, an often 
neglected and very important environmental con-
cern is the infiltration of contaminated runoff 
water in the actual road material itself. The infil-
tration patterns observed in resistivity results in-
dicate a preferential pathway through the road 
shoulder and through the more conductive mate-
rial located beneath. The decreases adjacent to 
the road through the winter months are also in-
dicative of melting processes and year-round in-
filtration. Thus, the construction of the roadways 
themselves offers a metaphorical chink in the ar-
mour of most groundwater resources. 

Snow sampling indicated strong contamination 
from the road itself, in order of decreasing con-
centrations the contamination order is the follow-
ing: Fe > Al > Zn >Mn>Pb> Ni > Cr > Cd for 
metals, and Na >Cl> Alkalinity (as mg HCO3/l) 
>Ca> SO4> K > Mg> NO3. 

With respect to the baseline values, dramatic in-
creases in nearly every ion analysed were seen, 
most significantly with chloride, sodium, iron, 
aluminum, chromium, manganese, nickel, lead 
and zinc ions, and alkalinity. Metal contamination 

of snow samples exceeded the European Coun-
cil‘s limitations on drinking water in many cases, 
and the Swedish EPA‘s limitations on groundwa-
ter in many cases. While the mobility of these 
metals in the natural soils is open to debate, their 
increased mobility within the road shoulder mate-
rials certainly pose increased environmental risks. 
Distribution modelling and transportation model-
ling provide tools for determining the nature and 
extent of these risks. The Blomqvist (2001) equa-
tion slightly modified with an offset attributed to 
mechanical transport via ploughing action and 
from increased traffic volumes in the right-hand 
lanes, is capable of simulating the distribution of 
metal contaminants in the snow cover. 

One-dimensional transport modelling allows for 
the prediction of apparent steady state concentra-
tions and an estimation of the time frame when 
they could be expected. In addition they provide 
general behavioural picture of the transportation 
processes.  

The current method used for road construction is 
contributing to the environmental risk to 
groundwater resources from highways and roads. 
Future roads should be constructed with an im-
permeable or at least a lining material with a less-
ened hydraulic conductivity, such as clay, directly 
under either the road materials themselves, or at 
least the road shoulder. An additional layer of 
material which reacts with and binds the metals in 
place could also be implemented. Infiltration in 
the immediate vicinity of the roadways is ill-
advised, and should be avoided where ever possi-
ble. The resulting runoff should be treated ap-
propriately in order to mitigate the environmental 
impacts.  
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