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Summary in Swedish
Rumslig datahantering inom miljösektorn har stor mängd appliceringsmöjligheter och kan bidra med
många fördelar, framförallt vid analyser av stora mängder data. I den här studien har olika metoder
och tekniker utforskats med hjälp av Geografiska Informations System (GIS), med målet att utforma
en effektivare datahantering och dataanalys inom ämnet förorenad jord. En fallstudie rörande ett
förorenat område har använts för att applicera olika GIS verktyg på och därmed uppnå målet. Det
förorenade området är beläget söder om Stockholm i Kagghamra och har uppvisat höga halter av
föroreningar, varav den mest akuta är arsenik. På området har det tidigare varit ett laboratorium för
framtagning av impregneringsmedel, men det avvänds numera för rekreation och ett antal
bostadshus är belägna på området.
För att undersöka hur GIS kan vara ett verktyg inom förorenad mark har ett antal frågeställningar
formulerats som besvarats med hjälp av datahantering i olika GIS program, främst ArcMap. GISanalyserna applicerades på punktdata från fyra olika jorddjup (0-2 m under markytan), samt
geologisk och övrig relevant raster-och vektordata. Arsenikens utbredningsmönster har undersökts
med två olika interpolationsmetoder, varpå Natural Neighbour metoden visade på en god
representation av de verkliga förhållandena. Resultaten visade höghaltiga föroreningsområden
tydliga och detaljerade, utan eliminering av relevant data. Arsenikutbredningen jämfördes därefter
rumsligt med olika markförhållanden och deras koppling till föroreningen utvärderades. Volymen
förorenad jord beräknades genom geometriska kalkylationer i ArcMap baserat på
utbredningskartorna erhållna från interpolationerna. Resultatet gav upphov till en effektiv och simpel
volymuppskattning.
Flera parametrar påverkar en rumsliga analys och för att uppnå ett resultat som motsvarar de verkliga
förhållandena på en plats är antalet provpunkter, dess densitet och provtagningsmönster relevant,
vilket har undersökts. Analysmetoden involverade interpolationer baserade på flera olika datasett,
med varierande antal provpunkter och densitet, vilka sedan jämfördes statistiskt med varandra.
Enligt studien är ett jämt provtagningsmönster en av de viktigaste faktorerna för att uppnå realistiska
resultat, men också tillräckligt många provpunkter. Provtagning av jorden är obligatorisk vid ett
förorenat område, men det kan kompletteras med geofysiska mätningar som har ekonomiska och
praktiska fördelar. I den här studien har elektromagnetiska mätningar och inducerad polarisation
mätningar utförts för att identifiera arsenikföreningen. Resultatet var svårtolkat på grund av
störningar och kunde därför inte tydligt kopplas till föroreningen på platsen.
En rumslig jordkänslighetsmodell har även tagits fram i två versioner, där datalager som
representerar markförhållanden klassificerades i en gemensam standardiserad skala och därefter
kombinerades till en jordkännslighetskarta. Skalan 1-10 användes där 1 representerar högsensitiva
områdena gentemot arsenikförorening med höga arsenikhalter och 10 representerar lågsensitiva
områden med låga halter föroreningar. Modell (1) kan beskrivas som en platsspecifik modell. I den
ingår jordart, järnhalt, jorddjup, marklutning. Dessa markförhållanden uppvisade en relevant trend
med arsenikutbredningen på området. Resultatet var en karta som visar på hög känslighet i områden
som är relaterade till höga halter arsenik, eller markförhållande som liknar högförorenade områden,
men inte har höga halter arsenik förtillfället. Modell (2) kan beskrivas som mer generell, varpå dess
relation med arsenik är baserad på referenser från litteratur och fakta. Eftersom den inte är
platsspecifik bör den teoretiskt sett kunna appliceras på andra områden för att indikera känslig jord
gentemot arsenikförorening. Modellen kan på så vis stödja fysisk jordprovtagning genom att anpassa
provtagningsdensiteten till hög densitet vid högkänsliga områden respektive lägre densitet
lågkänsliga områden.
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Abstract
Spatial data management within the environmental field has a large range of application possibilities
and comes with great advantages. In this study methods and technologies for spatial data
management of soil contamination has been assessed in Geographical Information Systems (GIS), in
order to identify in which way spatial data applications and tools can contribute with valuable
information for these type of projects. The spatial assessment has been applied on a case study site in
Kagghamra, Stockholm, exposed to high levels of contaminants, arsenic in particular. Subjects that
have been evaluated are arsenic contamination distribution pattern, estimation of volume
contaminated soil and amount of samples needed for spatial analyses. Furthermore, two versions of
an exploratory soil sensitivity estimation model based on site specific ground and landscape
parameters as well as literature references have been developed. The data management included large
quantities of primary and secondary data of the commination levels as well as geological and ground
properties. First hand collected geophysical field data obtained from Electromagnetic (EM) and
Induced Polarisation (IP) measurements was also interpreted. The benefits of using geophysical
measurements in soil contamination projects has been investigated. In this case the benefits were few
due to difficult measuring conditions with disturbance noise. Spatial interpolations with the Natural
Neighbour (NN) technique are proven to be useful in transforming point contamination data into
continuous layers. From the interpolation surfaces (arsenic distribution map) a variety of information
can be extracted, such as a first hand volume estimation of contaminated soil, possibilities of
reduction in amount of field sampling or to investigate statistical information and relations to
different site specific ground conditions. The soil sensitivity estimation models are combined maps
consisting of data layers that are relevant for the arsenic behaviour and interaction in the subsurface.
Site specific Model (1) is based the data layers Soil type, Iron level, Soil depth, Slope and illustrates
mainly areas exposed to high concentrations of arsenic as high sensitivity areas. The more general,
literature supported Model (2) also includes Vegetation cover and Topographic Wetness Index (TWI)
and is not related highly to the arsenic distribution in the site area, but could contribute with general
implications of sensitive areas if applied on a another, larger site area. Efficient management of large
data quantities, economic and time saving benefits from less physical sampling and good
representation and visualisation possibilities of the site conditions, as a tool for stakeholder
communication and decision-making are the main contributions from the spatial data management.

Keywords
Arsenic, ArcMap, Soil Sensitivity, Data Handling, Geophysical Measurements
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1. Introduction
Soil contamination is an environmental hazard that has become a serious problem worldwide. During
the last decades the number of sites with contaminated soil has increased (Kheir et al., 2010). Some
soil contaminants like metals exists naturally in the soil, but due to anthropogenic sources from
human activities pollutants have locally increased much above natural levels. Many times sites
suffering from soil contamination are found on land of previous industries, nevertheless are later used
for other purposes even though the soil is contaminated (Kheir et al., 2010; Panagos et al., 2013). The
contamination is not only a problem affecting local environments at the place of occurrence because
of transportation and spreading of pollutants to other areas (Fent, 20o4). This leads to direct and
indirect contamination of land and aquatic systems, surface water and groundwater, inducing
significant risks for natural ecosystems. Contaminants may also reach humans through different
pathways posing a risk for human health (European Commission, 2013; Hooker and Nathanail, 2006;
Panagos et al., 2013).
The procedure of successfully handling and managing large quantities of data when assessing a site
suffering from soil contamination is evaluated in this thesis. The primary step is advisably to obtain
an overview of the contamination situation by spatially analysing the available data from, including:
- identification of type and level of contaminants, which is relevant for the environmental and
human health risks evaluation;
- information concerning the extent and distribution of the contamination, both vertically
down the soil profile and horizontally at the surface and in different ground levels;
- identification of hotspot areas with high pollutant levels, as they may provide information of
the spreading pattern and the potential need of a more acute remediation at specific locations.
The volume of contaminated soil is also relevant for the following remediation procedure. Commonly
the contaminated area is divided into classes based on the contaminant level, since they may need
different remediation methods and deposition procedures (Golder Associates, 2011). By spatial
interpretation in Geographical Information Systems (GIS) with 2D and 3D models representing the
contamination situation, a lot of information can be estimated and calculated from raw data.
From the field sampling of soil and the following laboratory analysis, information on the type of
contaminants and levels has been obtained. This is the base for further evaluation of the spreading
risk to other areas, the exposure risk to human health and the remediation need. One problem
encountered in the work process of identifying and classifying contaminated soil is the large amount
of soil sampling required, which comes with a great cost. Thereby, the amount of samples, field
analysis and lab analysis is commonly limited by the budget of a project, which will eventually affect
the reliability of the results. In order to facilitate data analysis of collected samples and thereby the
decision on a suitable remediation procedure, the contamination situation can be examined by
different types of spatial surveys and analysis. The benefits of involving spatial handling and
manipulation of data by integrating GIS technologies have been recognized by many authors
(Henriksson et al., 2013; Hooker and Nathanail, 2006; Shit et al., 2016). Methodologies incorporated
with GIS can be applied in soil contamination projects to facilitate the interpretation, estimation and
evaluation of information between stakeholders, which will improve stakeholder communication in
the decision making processes (Henriksson et al., 2013). GIS data management provide the possibility
to examine large amount of data simultaneously by incorporating layers of different data into one,
which expands the field of application to environmental modelling and scenario simulation. Spatial
tool and geostatiscal applications are beneficial by improving identification of relevant information,
trends and patterns in large amount of data, unstructured data, or several data layers combined,
which would otherwise be difficult. Data handling by GIS may also contribute with economic benefits
such as decrease of the required amount of physical samples in any project.
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Sites with contaminated soil above recommended threshold levels should be remediated before the
area can be used for other purposes, or to avoid further spreading of pollutants in the environment
(Swedish EPA, 2016). This is stated in one of the Swedish environmental goals. The soil must be
restored to a level that does not impose risks for humans or the environment (Miljömål, 2012). To
fulfil the goal in a decision making and planning point of view, instruments like GIS data management
techniques will contribute with benefits in the process of classifying and evaluating contaminated
sites in a pedagogic, informative and easy manner, delivering results that can be interpreted by all
involved stakeholders in the process.
The methodology used in this thesis in order to apply theoretical discussions to reality, includes a case
study of a highly contaminated former industrial site in Stockholm, Kagghamra. The soil has elevated
levels of several metal contaminants, arsenic being the most acute, with levels rising up to 1000 times
higher than threshold values in Sweden (Golder Associates, 2011). A comprehensive sampling of the
site has resulted in large amount of data regarding the levels of contaminants at different depths in
the ground as well as geological information concerning the site. Today the existing data is only used
for a simple classification of the area in different quadratic risk groups, but further evaluations of the
site conditions can be assessed by applying suitable spatial data methods and tools for analysis in GIS
software. Because of the undefined dispersion of contaminants throughout the study area it is
interesting to identify a distribution pattern. Then compare it with different ground conditions since
it may be relevant for the spreading and transport of contaminants. This in order to understand the
contaminants distribution is only related to the location of the pollution source, or other parameters
connected to the characteristics of the ground conditions.
When using GIS tools the quality and size of the data is an important aspect. It effects the accuracy of
the results which further conclusions and assumptions are based on and eventually also the decisionmaking. For the Kagghamra case, the primary sampling was done with traditional physical methods,
by soil drilling. The sampling was comprehensive with a high sampling density and to a great cost.
Two different methods were used, direct field X-ray fluorescence (XRF) sampling and laboratory
analysis. Depending on the type of data used in the GIS management, the results may differ. Some
sampling methods are more expensive than others and it would be beneficial to avoid the more
expensive methods as far as possible by replacing and supporting them with spatial management
tools. Another option is geophysical measurement techniques followed by spatial modelling and
interpretation. This contributes with valuable information without destruction of the ground (Seifi,
2010). This group of methods are often overlooked, but are suitable for many environmental
applications such as identifying contamination plumes in the ground (Reynolds, 2011) or as a first
stage evaluation of a contamination distribution at a site. Even though geophysical techniques usually
cannot replace standard methods, they may add to the overall knowledge. Many times they are also
economically beneficial compared to standard physical sampling methods (Reynolds, 2011). In this
thesis electromagnetic and induced polarisation measurements are carried out.
Soils may be differently vulnerable towards contaminants concerning spreading and transport with
water, leachability to groundwater, retention capability though sorption to soil constitutions (Naidu
et al., 2006). The vulnerability depends on the characteristics of the soil properties, but also the
surrounding landscape and ground conditions (Kheir et al., 2010). Evaluating the soil sensitivity
towards contaminants gives an understanding of a site’s vulnerability. This is relevant in the planning
for a suitable handling procedure of a contaminated area. Similar studies of areas subjected to soil
contamination have applied ground parameters as factors and constraints as a tool for the
classification of the contaminants, with successful and informative results (Kheir et al., 2010; Shit et
al., 2016). A spatial model has been conducted in this study to assess the soil sensitivity. It includes
identification of site specific ground conditions that are connected to the contaminant’s distribution,
transportation pathways and accumulation ability in the soil. The parameters are based on availability

13

of data and literature supporting their influence on arsenic. By spatially combining the ground
parameter layers the soil sensitivity distribution can be assessed and compared with the arsenic
contamination at the site. The model is a spatial simplification of the real environment. The
methodology is supported by similar studies (Henriksson et al., 2013; Hooker and Nathanail, 2006;
Shit et al., 2016) and inspired by SF (soil function) box tool method (Volchko, 2013) and the DRASTIC
method for groundwater evaluation (Auge, 2016) where different indices describing the properties of
the soil/water conditions, are weighted and scored relative to each other and combined giving a final
value describing a specific soil or water condition.
1.1 Aim
In this master thesis different technologies are applied in order identity suitable methods to obtain
desired information concerning a site exposed to soil contamination. The aim is to assess in which
way spatial handling of data by data manipulation, models and geostatistics, preformed with GIS can
help to evaluate the condition of a contamination site in multiple ways, with a pedagogic and easy
approach that represent the reality. This also includes preparation of large amounts of primary and
secondary data. The assessment is applied on the Kagghamra case study in order to identify and to
understand the distribution of arsenic contamination and the sensitivity of the soil towards
contaminants, depending on external ground condition indices. The possibility of applying a soil
sensitivity estimation model to help in the evaluation of a contaminated site is explored. The benefits
and disadvantages of the applied GIS techniques are compared and weighted to the methods
commonly used in these type of projects. Furthermore, the need to critically review the results in
order to conduct realistic and reliable interpretations that depicts the present reality and the modelled
scenario are discussed.

1.1.1 Specific Objectives
-

What is the distribution pattern of arsenic contaminants throughout the site, and is it related
to any specific ground conditions?

-

How large is the soil volume contaminated with arsenic?

-

How large amount of samples and which sample density/pattern is required to obtain results
that depicts the real conditions sufficiently enough, when applying the used GIS methods?

-

Is there a variance in soil sensitivity and spreading risks of arsenic contamination throughout
the site area?

-

Can geophysical surveys provide valuable information concerning arsenic contamination
distribution and spreading?

To reach the objectives the existing primary sample data from Golder Associates and secondary data
are spatially analysed in GIS. Further field data from the geophysical measurements are collected and
used for the contamination distribution evaluation and the soil sensitivity estimation model. The
study is an explorative method, where different technologies are assessed in order to identify which
ones are suitable and provide appropriate information to the case study, hence can be applied in
future similar cases to facilitate the work process with soil contamination problematics.
1.2 Background
1.2.1 Soil Contamination
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Soil contamination or pollution is a result from build-up of any type of contaminants in the ground
(Seifi, 2010). There are two different types of soil contamination, local where contamination is
directly from the point source, or defuse when the contamination is covering a larger area (European
Commission, 2013). The most common metal and organic pollutants are heavy metals, petroleum
hydrocarbons, pesticides and solvents (European Commission, 2013; Seifi, 2010). Many of these are
toxic and pose significant risks for natural ecosystems, which may lead to ecotoxicological long-term
and sometimes chronic effects (Fent, 2004). The toxicity is also a human health risk and many
contaminants can cause severe diseases as it reaches humans through indirect contact with the soil
by ingestion or through the food chain (European Commission, 2013).
The content of soils and its chemistry are dependent on the natural sources from which they are
derived. However due to human activities, the environment also contains unnatural levels of metals
or other unnatural contaminants. In Europe soil contamination is a result of 200 years of
industrialization and today 250 thousand sites are in need of urgent remediation (European
Commission, 2013). Aside from industries some polluting human activities are mineral extraction
and processing, power generation, waste deposal, agriculture and transport (Fuge, 2005; Naidu et al.,
2006). Even though the consequences related with contaminated soil are many, the problem is not so
discussed in the same way as other environmental problems (European Commission, 2013).
The Swedish EPA has developed generic threshold values for contaminated soil, where the
contamination limit impose an acceptable risk for humans and the environment. They are divided
into values for sensitive land use, land for habitations and recreation and less sensitive land use, land
for industrial use or with no daily visitors (Swedish EPA, 2016). Site specific threshold values can be
developed for a location if desired, which is done for the Kagghamra case study. All contaminated soil
above decided threshold levels for the contaminant in question is removed and transported to
landfills. The handling of soil at the landfill is decided by the contamination levels and leaching ability
of the soil (Lundström, 2018).
1.2.2 Arsenic
Arsenic is a metalloid that is highly toxic in its inorganic form. Long term exposure may lead to
ecosystem toxicity and human health effects such as skin lesions and cancer (Naidu et al., 2006). The
Swedish EPA threshold levels for arsenic in sensitive land use is 10 mg/kg and for less sensitive land
use 25 mg/kg (Swedish EPA, 2016). Arsenic occurs naturally in the soil environment, but industrial
sources has increased levels worldwide and many developing countries have severe problems with
arsenic contaminated drinking water as a result form soil leakage (Naidu et al., 2006). It can occur in
gas, solid or liquid phases and spreads locally and globally with water or air (Fuge, 2005; Naidu et al.,
2006) accumulates and is transported with the food web, reaching humans though drinking water
and food. The configuration of the biogeochemical environment and the chemical species of the
arsenic effects its processes in nature. The distribution of arsenic species in the soil depend on the
soil properties such as the particle size, the type and amounts of sorbing components of the soil (oxide
surfaces such as iron, aluminium and manganese oxides or clay minerals) pH and the redox potential
(Domy, 2001; European Commission, 2013; Naidu et al., 2006). The complex fate of Arsenic in the
soil environment can be summarized into some main processes simplified in figure 1. Arsenic can
react with the solid phase of the soil and thereby be retained by it, be volatilized into the atmosphere
due to biological transformations, be taken up by plants and it can be leached out of the soil with
water (Naidu et al., 2006). The inorganic arsenic species in the soil are present as anions in two
oxidation states: arsenate (As(V)) and arsenite (As(III)) (Berggren et al., 2006). Arsenate is less toxic
and can be absorbed strongly on soil minerals or metals, especially inner-sphere complexes to ferric
(hydro)oxides. Arsenite, the dominate form in soils (Moreno-Jiménez et al., 2012; Naidu et al., 2006),
is a more toxic specie and can form inner and outer-sphere complexes with ferric (hydro)oxides, but
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not likely to mineral grains. The transformation between the two inorganic forms is strongly effecting
the behaviour and fate of arsenic in the soil environment (Ding et al., 2015; Naidu et al., 2006).

Figure 1. Simplified fate of arsenic in the soil Envionment, figure from Naidu et al., 2006.

Arsenic leakage down the soil profile have been observed (Domy, 2001; Naidu et al., 2006) and this
risk should be considered when handling arsenic contaminated sites. Studies show that high rates of
arsenic, light soils and a heavy leaching pressure contributes positively to leakage of arsenic through
the soil profile and risk to reach the groundwater, instead of retention in the soil (Domy, 2001; Naidu
et al., 2006). Thereby the soil type and texture is related to the capability of arsenic retention because
of the effect of different soil constitutions. Soils with higher clay content are expected to retain more
arsenic than soils with less or without clay minerals like sandy soils, where arsenic tends to be more
mobile (Bhattacharya et al., 2007; Domy, 2001; Moreno-Jiménez et al., 2012). This is related to the
grain size of soil particles, such as clay minerals, where a smaller particle has a larger surface area and
can absorb more arsenic. The extent of contaminant release is a contributing factor to the
bioavailability and transport process in aquatic and terrestrial environments. Studies have shown a
slow desorption of arsenic in soils. The release of arsenic also tend to decrease with increased aging
time and even irreversible As(V) sorption on clay mineral surfaces (Hooda, 2010). The leakage risk,
mobility and distribution of arsenic is also influenced by both geomorphic and climatic properties in
an area by rainfall patterns, surface runoff, infiltration possibilities and rate, groundwater level and
fluctuation (Bhattacharya et al., 2007).
1.2.3 Ground Parameters Theory
The behaviour in the ground of metal contaminants like arsenic is driven by external properties
including terrain characteristics, water flow patterns, land use and soil characteristics (Kheir et al.,
2010). It is a complex system making it difficult to estimate, due to the many involved parameters
interacting and effecting each other. In this study the possible contributing factors to the spreading
and distribution, hence presence of arsenic in the soil is at a first stage limited to; Soil type, Iron level,
Soil pH, Soil EC, Soil depth, Slope, Vegetation cover, Slope gradient, TWI and Flow direction.
Soil type

Soils have different capability to hold and bind to metals depending on their specific
characteristics and texture. It is complicated to categorize the likely behaviour of metals in
soils, partly because there can be a large variation of the inherent components affecting the
metals likelihood to sorb to the soil constitution. However, when only seen to the soil
texture as illustrated in figure 2, the typical pattern is a greater arsenic sorption by finertextured soils and in soils with higher clay content and less sorption in coarser grained soils
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with low clay mineral content like sandy and gravel soils (Domy, 2001; Moreno-Jiménez et
al., 2012; Naidu et al., 2006). The soil texture is also related to the permeability, which is
measure of the ability to allow fluids to pass through a porous material. The permeability is
only related to the material properties including the porosity and the gran size and shape.
The flow of water allows for transport of mobile contaminants in the soil (Hiscock &
Bense, 2014). How soils content of organic matter affects arsenic is inconsistent and studies
reveal different results. In some cases organic matter reduces the mobility of arsenic, but
other studies show that the presence of organic matter is relatively unimportant compared
with other parameters in the context of sorption to soil (Moreno-Jiménez et al., 2012; Naidu
et al., 2006). Studies have also shown a lower content of arsenic in organic soils compared
with mineral soil (Karcewska et al., 2007).

Figure 2. Sorption of arsenic to three soil types with different texture, figure from Naidu et al., 2006.

.
Iron
level
The behaviour of arsenic on soils is highly related to the reactions of retention and release along
existing iron surfaces (Berggren et al., 2006; Moreno-Jiménez et al., 2012). Free iron oxides bind
easily to arsenic due to its high affinity for the surfaces of iron oxides, making iron responsible for
most arsenic sorption in soil (Naidu et al., 2006). Soils with a large quantity of iron has a greater
retention capacity of both arsenate and arsenite. The complexation capacity of iron oxide is also
dependent on the pH and redox potential (Eh) of the soil. High arsenic concentrations are correlated
to high pH values. Arsenate and arsenite desorption from iron oxides increases at higher pH, leading
to a higher mobility (Ioannis and Athanasios, 2006). Concerning Eh (a measure of the tendency of
a chemical species to acquire electrons and thereby be reduced), reducing conditions increases the
mobility of arsenic because the iron hydroxides are broken and the arsenic bonded to it is released.
The opposite in oxidizing conditions, whereas the arsenic is bonded and will be less mobile (Berggren
et al., 2006; Moreno-Jiménez et al., 2012). The presences of high iron levels in soil contaminated with
arsenic, indicate that the arsenic will leach to groundwater with time (Berggren et al., 2006).

Soil pH
The effect of soil pH on arsenic sorption is complex since it tends to depend on several interacting
factors. The two inorganic species of arsenic has different sorption ability, whereas arsenate (As(V))
is sorbed to soil constituents (clay minerals and oxides) to a greater extent than arsenite (As(III)). For
example iron hydroxide and alumina sorption with arsenate decreases with increasing pH above 4-5
resulting in larger mobility, whereas the sorption of arsenite tends to increase at low pH, peak at a pH
around 7 and decrease at high pH (Domy, 2001; Naidu et al., 2006). However the general assumption
is that a rise in pH results in mobilization of arsenic in soil. This because a decreased sorption of soil
solids with arsenic, cause a release of arsenate and arsenite due to release of anions from within their
exchange positions (Moreno-Jiménez et al., 2012).
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Ground EC
The EC in soils depend on their properties (porosity, water moisture content, dissolved electrolytes,
temperature, colloids) and the moisture-filled pores within it, but in general actual geological
materials themselves are bad conductors (McNeill, 1980). By electromagnetic induction surveys the
EC in the subsurface can be measured, which can help in the identification of soil contaminants by
revealing anomalies compared with the soil EC (Seifi, 2010). Previous studies have shown elevated
EC values at locations with contaminants compared to the background soil (Reynolds, 2011).
However, if arsenic in the site can be detected by the electromagnetic measurement is uncertain. To
generalize the possible result from arsenic contaminated soil some properties of arsenic should be
understood. Arsenic is a metalloid and have some metallic characteristics as metals with similar
properties. Arsenic soil contamination is therefore expected to give EC anomalies similarly to similar
metals, hence high conductivity. However since it is a metalloid it may also have non-metal
characteristics and thereby have lower EC values compared to other metals (Encyclopaedia
Britannica, 2018).
Soil depth
Due to arsenic leakage downwards the soil profile, the soil depth is an aspect of importance to the
sensitivity of the area. Since arsenic can be retained in the soil by sorption to soil particles (Naidu et
al., 2006), the assumption is made that a larger soil depth leads to larger possibilities for
accumulation and retention of arsenic along the downwards movement of the soil profile (with
influence also of the soil type). If the arsenic is bonded in the soil there would be a smaller risks
associated with leakage, if there is no change in pH or Eh (Naidu et al., 2006). However, the soil will
still contain high levels of arsenic. In a very shallow soil depth the arsenic would faster reach the
bedrock surface through leakage since there is small soil volume to which the contaminant can be
sorbed to. This could lead to a larger risk associated with spreading, because the retention in the soil
is smaller. If the bedrock surface is connected to the fracture network the groundwater risks
contamination, since fractures allow for water flow (Hiscock & Bense, 2014) . This is however also
dependent on the ground water table level, which is not considered in this model.
Slope
The topography of an area is connected to the soil type distribution and the water behaviour in the
landscape, hence also transport process of contaminants (Kheir et al., 2010). The slope runoff process
is a result of the interaction of precipitation and its intencity, fill in concaves, evapotranspiration,
infiltration in underlying geology (Qian et al., 2014). A simplification for this study is that the water
can either act as surface runoff or as in infiltration and percolation downwards in the subsoil, which
can be associated with leakage of contaminants. Assumptions are made that the likely transport
pattern of water is from higher to lower elevation, and to a larger extent when the slope is steeper.
This would result in less water infiltration when the slope is steeper and instead more surface runoff.
Flat areas and concaves would have more infiltration and less surface runoff, thereby a greater
leaching capability and transport of soluble arsenic in the soil profile.
Vegetation cover
The properties of the different surface vegetation cover may affect the behaviour of contaminants in
an area (Regüés et al, 2016). This is related to the surface runoff or infiltration of water and the grade
of bioaccumulation. The surface runoff and infiltration depends to some extent on the vegetation
cover and land use. Studies show that small plants with small root systems have a large surface water
runoff, hence less possibility for water infiltration in the ground. A vegetation with larger structure
and size of roots instead has less runoff and more infiltration. Grass is in general very effective in
reducing runoff (Nagase and Dunnett, 2012). This means that the probability of infiltration due to
less runoff is larger for grass, compared to a larger structure vegetation such as forests, where also
the water is captured by trees before reaching the ground surface. The infiltration of bare land is
commonly smaller, especially if the ground is sloping due to lack of protecting vegetation. This may
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result in harden crust and a low soil moisture content, reducing infiltration. However, in the case of
larger amount of precipitation the ground gradually becomes saturated and more infiltration is
possible (Qian et al., 2014).
Arsenic is found in low concentrations in most plants, with elevated levels in arsenic contaminated
soils. The grade of bioaccumulation is related to the bioavailability of arsenic to crops and may give
information of the total amount of arsenic in the ground. However this is more related to the soil
characteristics, hence it gives more information concerning the type of soil and its possibility for biouptake. One factor affecting the bioavailability, which is controlled by the soil properties and ionic
components in the soil, is the sorption-desorption equilibrium discussed in above sections. Clay
content and clay mineral are the controlling factors for crop toxicity of inorganic arsenic. Crops
growing in sandy soils has shown to have higher content of arsenic compared to crops in clayey soils.
This due to the binding properties of the clay components to arsenic (high amount of clay minerals
and iron and aluminium oxides) retaining the arsenic in the soil, restricting it from bio-uptake (Naidu
et al., 2006).

2. Method
2.1 Case Study Kagghamra
The site is located south of Stockholm in Kagghamra (Botkyrka municipality) next to the north-east
coast of Kaggfjärden as seen in Figure 3. It has been exposed to several polluting industries
throughout history, starting with a shipyard 1870 with ship production. In 1930-1940 the land was
used for laboratory studies of methods. Some of the old buildings are still located at the site. The
industries have left the site one of the most polluted sites in Sweden (Golder Associates, 2011) and
surveys has been carried out several times giving rise to a large amount of data. Today the area is used
for recreation and residence house are located in direct vicinity of the site. There is a variety of
different organic and inorganic pollutants, but metal pollutants are the most severe and the highest
levels are found of arsenic followed by lead, copper and chromium. The high levels of arsenic has been
observed in soil, groundwater and building material in the area. The site specific threshold level for
the Kagghamra case is 30 mg/kg for arsenic (Golder Associates, 2011).
The area covered in the case study is developed based on the presence of contaminants from previous
surveys. The site is approximately 300 m wide and 300 m. The topography is sloping towards the
water from north to south, with the highest elevation of 35 m and lowest -0,32 m above sea level. The
slope ranges with a variation from 0 to 40 degrees though out the area, but is steep in the northern
part where there is outcrop bedrock as well as in the middle part of the site towards the old industry
buildings.
Site specific information on the geological properties is derived from previous geotechnical surveys.
The bedrock in the area is mainly gneiss (SGI, 2009) and the average soil depth to the bedrock varies
from 0,4 to 5,5 m from the surface with some exceptions of deeper soil depths (Hagström & Nygren,
2016). The soil type varies at the site, but field surveys found a pattern of deeper clay deposits overlain
with other soils, typical for a quaternary soil distribution. Especially in the Kagghamra landscape
where a clay field is the lowest elevation in the landscape surrounded by higher elevations of bedrock
outcrops on both sides, the soil distribution is a result from the topological structures together with
the melting of the ice (SGU, 2018).
To the north there are areas of higher elevation with bedrock outcrops. The soil, which is overlain
with humus, is relatively homogenous mainly consisting of silt or sand and sometimes includes gravel.
At some locations clay has been found at a depth of 1-2 m and clay is generally present at the surface
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in fields and agricultural land surrounding the site. Some of the sand and gravel sediments are most
likely 0,5-2 m thick human induced filling material. The groundwater level was measured at some
locations and is at a depth of 1-2 m below the ground surface (Golder Associates, 2011).

Figure 3. The red triangle in the map shows the location of Kagghamra study site, the picture to the right is a zoomed
in airborne photo of the site with the site boundary.

A thorough sampling by both pit and borehole as well as laboratory analysis has been conducted. This
is the base for the data analysis in this study and also for the existing soil classification according to
unit volume of arsenic content in a generalization of a 10*10 m grid (appendix 1). The red points are
sample locations in the first level of 0-0,5 m depth is illustrated in figure 4. The field data was
collected by in-situ XRF measurements, which also decided if continued drilling was needed
depending on the levels contaminants. The method Geoprobe was used for the drilling, resulting in
undisturbed soil samples. Where levels were above the site specific threshold level (30 mg/kg) the
drilling was continued to a greater depth. At every level the sampling was conducted within one
square (10*10 m) , thus a combined sample consisting of soil from three of the boreholes was analysed
in laboratory giving information on all the metal and organic contaminants present in the soil.
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Figure 4. The study site with the sample locations in Depth 1, 0-0,5 m from the ground surface, marked in red.

2.1.1 Arsenic level data
The used attribute data information seen in table 1 is the sampling data from 1781 in-situ field XRF
measurements and laboratory results of all present contamination levels with spatial coordinates of
the sample location (Data source: Golder Associates, 2016/2017). The data is from four studied
depths of 0-2 m from the ground surface, representing four data layers used in ArcMap analysis. After
a depth of 2 m the sample density was not sufficient enough to obtain reliable results from the applied
GIS tools. The sample pattern and density for the shallowest depth can be seen in in figure 4, where
after the sampling density decreases with depth. The attribute data was exported to ArcMap from
excel in the correct coordinate system (SWEREF99_TM) and suitable data format, including the
desired attribute information (average contamination level, spatial coordinates, sample ID).
Table 1. The soil samples form Kagghamra study site including result from XRF and laboratory analysis. The data
was used in the GIS analysis. The samples points are from four depths. Data source: Golder Associates, 2016/2017.

Ground depth
level

Ground depth
from surface

Depth 1
Depth 2
Depth 3
Depth 4

0-0,5 m
0,5-1 m
1-1,5 m
1,5-2 m

Total amount of
sample data
(XRF+lab)
752
695
186
148

Amount of XRF
field sample data
567
504
139
115

Amount of
laboratory
sample data
280
254
77
61
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2.1.2 Geophysical collection of field data
By interpretation of data from indirect investigation techniques like geophysics a lot of information
concerning the subsurface structures and ground properties can be obtained without physical
destruction of the ground (Seifi, 2010; Geospatial World, 2014). There are several geophysical
methods available that are suitable to use in different ground properties and for detecting different
parameters such as permittivity, magnetism, density, electrical conductivity etc. Identification of
heterogeneities in the ground can be interpreted from the collected data and related to subsurface
properties such lithology, stratigraphy, depth of water table or aquifers, or detection of anomalies
such as soil or water contamination, fractures and artificial structures. The combination of two or
more geophysical methods, or combination with direct methods like soil sampling increases the
accuracy of the interpretations (Geospatial World, 2014).
Electromagnetic (EM)
The main advantage with EM measurements is that there is no need for ground contact, making the
method easy and time efficient. It has a wide range of applications and is a suitable tool for soil
contamination identification (Seifi, 2010; Reynolds, 2011). EM methods measures the electrical
conductivity (EC) of the ground and information of many subsoil characteristics can be related to the
EC of the ground via direct measurements of the EM field (Doolittle, & Brevik, 2014). Theoretically it
may be able to detect contaminants like arsenic, since the contaminants produce anomalies in the
measured data compared to the ground EC. The horizontal-loop method called Slingram is an
electromagnetic induction measurement useful for upper soil horizons (Reynolds, 2011). It consists
of a pair of moving transmitter and receiver coils which are connected by a cable at fixed distance.
The primary field from the transmitter coil induces an electrical current in the ground, which
generates an secondary electromagnetic field that is measured by the receiver coil. The secondary
field is divided into the components in-phase (real) and quadrature (imaginary) field which can be
interpreted and reveal information of the subsurface (Kaufman, et al., 2014). Problems related to EM
measurements in shallow soil horizons are commonly disturbance by human objects causing noise in
the data (Reynolds, 2011).
The EM measurement was carried out with a 5 m long Slingram instrument. The high mode with
vertical coils was applied for deeper ground penetration. The EC was measured with continuous
measurements from the ground surface, penetrating three depths of 2,2 m, 4,2 m and 5,7 m.
Measurements were taken at a distance of approximately 5-10 m between measurement profiles as
illustrated by the green points in figure 5. The survey was limited to the southern part of the study
site, in areas with known elevated levels of contaminants. Pipes (metal and plastic with water and
electricity) in the area was noted from maps (see maps in appendix 3) before the measurement and
the Slingram was paused when disturbances was close to avoid noise in the data. The collected data
was cleaned from basic noise (negative conductivity) before further handling in the software Surfer
(software for 3D and 2D modelling and analysis) and ArcMap. A contour surface map with Kriging
gridding method was conducted on the EC data at the three measured depths in Surfer, from which
interpretation analysis could be done. Potential relationships between measurement raw data from
EC measurements and the arsenic levels in depth 1-4 was studied through a correlation analysis in
excel. The correlation values from 1 to -1 gives information on how strong the variables are related to
each other, where higher values represents positive correlation effect and lower value a negative
correlation effect. The correlation analysis was done on data extracted in ArcMap containing
information on the arsenic levels at the location of each point of measurement, only including arsenic
levels above 30 mg/kg.
Induced Polarization (IP)
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The main application of IP is metallic ore detection, groundwater and geothermal explorations, but
recently the method is more used within the environmental sector (although commonly related to
non-metallic minerals or organic contaminants). The IP measurements are done subsequently with
electrical resistivity electrode configurations including two current and two non-polarisable potential
electrodes. IP is based on the fact that the ground becomes polarized and temporary stores charge
when the electrical current sent from the current electrodes to the potential electrodes is swished off.
The time it takes for the voltage between the potential electrodes to determinate can be measured
resulting in the electrical resistivity and chargeability (IP) of the ground profile. From the measured
profile interpretations concerning the ground properties or water with ions (salt or metals) in the
ground can be conducted and contaminants like arsenic would likely create an anomaly compared to
the surroundings (Reynolds, 2011). Normalized chargeability (MN) improves the interpretation
related to lithology and geochemical variabilities, because it is more sensitive to the surface chemical
properties of the sample. In this way surface conductivity effects can be isolated. MN is equal to the
rock conductivity (srock) multiplied with the chargeability (M) and it can be obtained by dividing the
chargeability with the resistivity (r) according to (Lesmes and Frye, 2001):
𝑀𝑁 = 𝜎&'() × 𝑀
IP measurements was carried out in two profiles (profile 1, red and profile 2, orange) perpendicular
to each other in the study site as illustrated in figure 5. The measurement locations was chosen
roughly based on high presence of contaminant levels, where minimum disturbance noise in the
ground surface and subsurface was assumed. Time domain system was used, which measures
overvoltage as a function of time (Reynolds, 2011) and 64 electrodes with 1 m spacing, (a total length
of approximately 64 m profiles). The penetration depth of the measurements is approximately 12 m
from the ground surface. The topology was added before the inversion process in the software
RES2DINV, in order to correct for irregular topography. Noise was removed manually from deeper
ground volumes. RES2DINV is designed to interpolate and interpret electrical field data by an
inversion routine that calculates the modelled resistivity-depth data from a synthetic apparent
resistivity data (Reynolds, 2011). The settings for the inverse modelling adjusted to fit the dataset and
can be seen in Appendix 4. The modelled data was further analysed and interpreted in ArcMap and
ArcScene, thus compared with the arsenic distribution.
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Figure 5. The locations of the geophysical field measurements, where the EM measurements is marked in light
green and the IP profile 1 in red and profile 2 in orange.

2.1.3 Geographical Information Systems
The information system referred to as GIS, has the ability to combine spatially referenced data with
non-spatial attribute data. The data is either in the form of a raster, consisting of grid cells/pixels, or
in a vector composition with points, lines or areas (polygons). In GIS data layers with different
information can be incorporated and analysed simultaneously, facilitating for visualisation of specific
data of interest. Data can be manipulated to fit the purpose of a wide range of analysis (Church, 2008),
making GIS an efficient tool for environmental assessment such as soil contamination.
Geostatistical methods can be applied for various environmental data management tasks by
processing of spatial datasets in GIS. It is a tool for quantifying spatial distribution and variability,
distance between sampling points and spatial pattern of modelling semivariograms (Shit et al., 2016).
The spatial and temporal coordinates of observations, such as sample points can be related though
geostatistical models based on a random functions theories (Goovaerts, 1997). Correlation, variability
and patterns of different soil properties are highly suitable fields of application (Shit et al., 2016).
Interpolations are spatial correlations of spatially distributed data points, where predicted values are
based on the assumption that data has similar characteristics to its close vicinity, hence
approximating continuous data from discrete data (Mitáš & Mitášová, 1999). Depending on the
purpose and type of data, different interpolation methods may be applied in GIS. For soil type data
or soil properties the Voronoi (thieesen) polygon maps or Voronoi technique Natural Neighbour
interpolation based on locality is commonly used, since it does not infer trends or produce patterns
outside the input samples. The voronoi map is based on polygons induced around sample points,
where the borders are set in the middle of the sample points and its neighbouring samples around it
(ESRI ArcGIS, 2018). In the NN interpolation, the predicted value is a weighted average of the nearest
neighbour values, with weights depending on areas or volume based on voronoi polygons. The result
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is a smooth surface with changing gradients (Mitáš & Mitášová, 1999). Potential edge effects should
be taken into consideration in the evaluation of the results. Kriging is another interpolation technique
suitable for soil investigations, based on geostatistical concepts of random functions with a minimum
prediction error variance. It is better suited when data is uneven or sparse than for example the more
simple Inverse Distance Weight (IDW) interpolation (ESRI ArcGIS, 2018). Of the different kriging
techniques, Ordinary Kriging is the most common and simple kriging method and it is also suitable
for soil properties data (Oliver and Webster, 2009).
TWI
Together with soil type, the topography controls the behaviour of water in the landscape (Qian et al.,
2014). In a GIS environment this can be described by the TWI, which estimates the spatial pattern of
saturated areas for a catchment. Assumption that the groundwater tables follows the topography is
made (Grabs et al., 2009). The TWI can be estimated by applying ArcMap tools on a Digital Elevation
Model (DEM). The TWI can be calculated by;
𝑇𝑊𝐼 = ln

𝑎
tan 𝛽

Where, a is the upslope contributing area per unit contour length (obtained from the direction and
flow accumulation tools in ArcMap) and β is the local slope gradient reflecting the local drainage
potential (obtained from the slope tool in ArcGIS) (Grabs et al., 2009). High TWI values represent
water saturation related depressions and low values represent high elevation areas where water do
not naturally accumulate. Saturation of water would lead to higher water infiltration possibilities and
thereby a greater leakage risk of arsenic from the soil to other recipients. Less water saturation will
instead contribute to increased surface runoff towards lower elevation areas.
Flow Direction
The flow direction is a tool available in ArcMap that describes the estimated flow pattern of water
based on the topology (DEM) and on the principal that water flows from high to low elevation. A flow
direction matrix is used where 9 possible flow directions are possible for each cell in a raster, which
is set based on the elevation in one cell relative to its neighbouring cells. The flow direction for an area
gives an understanding on where water have a tendency to accumulate or not and in which directions
it will flow.
2.2 Work Process
The work flow and data management for the study is illustrated in the conceptual model in figure 6.
For simplification the working process can be divided into the four parts A-D based on the specific
aim of this thesis.
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Figure 6. A conceptual model of the workflow for the master thesis, from the collection of field data and other raw
data to the final results.

2.2.1 A. Arsenic distribution pattern
The total dataset was used for this part of the data management in the GIS ArcMap (10.4.1), including
samples with average arsenic level from XRF and laboratory results in 2D-horizontal layers at the
four different soil depths (1-2 m). The data layer representing the arsenic distribution pattern was
obtained by applying two different interpolation techniques (NN and OK) suitable for soil property
data. Before the OK interpolations the data was transformed into a logarithmic space for a more
normally distributed dataset. The distribution maps were classified according to the site specific
threshold risk values and identification of contamination hot spots and distribution pattern was done.
The results from NN and OK were compared to each other, whereas evaluation of the most suitable
technique for the dataset and aim of the data management was done. The sample point data with
attributes of average arsenic level was also compared to the interpolated arsenic distribution maps
visually to evaluate the results of the interpolations. Furthermore, the arsenic level dataset was
analysed in the GIS ArcScene, where the contamination levels was visualized in 3D together with
other data layers of interest such as the topography of the site. The tools are useful in order to obtain
an overview of the contaminant horizontal distribution and vertical extent in the subsurface.
2.2.2 B. Volume contaminated soil
The volume contaminated soil above threshold levels is estimated from tools applied on the attribute
data of the arsenic distribution maps from the interpolation (NN and OK), hence dataset containing
all samples points (XRF and laboratory average arsenic levels) at the four ground depths (0-2 m).
The area belonging to each risk threshold value (1-5) was calculated in ArcGIS and multiplied with
0,5 m which is the depth of each horizontal depth layer. The results was summarized statistically in
excel.
2.2.3 C. Amount of samples
The volume estimation (interpolation and volume calculation) was conducted on several different
datasets in the four ground depths in order to compare the output results of the derived arsenic
distribution maps. The different datasets of average arsenic level which were used are: dataset with
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only results from XRF, dataset with only laboratory results and data containing 50% of all the total
data (both XRF and laboratory average arsenic levels). For the latest dataset 50% of the samples were
randomly eliminated. The results are also compared to the original volume estimation conducted on
all the samples (same dataset as used in part A).
2.2.4 D. Soil sensitivity estimation model

Figure 7. A conceptual model of the workflow of the soil sensitivity model (part D) where step 1, 2 and 3 are
described.

The soil sensitivity estimation model is an spatial evaluation of how sensitive the soil is toward
contamination of arsenic throughout the site. It is conducted in ArcMap and based on the interaction
of several relevant ground parameters, referred to as ground conditions indices (GCI). The process
includes three main steps described in the conceptual model, figure 7.
Step 1: Preparation of GCI data layers from primary and secondary data.
The data is collected from existing databases as secondary data and as primary data directly from field
and a field database. Table 2 presents the type of data and preparation methods applied for each GCI
in order to obtain the desired data layer for step 2. The number of GCI included in the study is limited
by the availability of data.
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Table 2. The table lists all the GCI, the type of data they are based on and the data source, as well as the main
preparation of the data conducted in ArcGIS.

GCI
Soil type

Primary/secondary data
Secondary SGU soil map
raster & primary vector
field data.

Data source
SGU, 2016; Golder
Associates, 2016

Data preparation (in ArcMap)
Simple voronoi map derived from
the soil point data, which was
dissolved into soil type classes.

Iron level

Primary field vector data
from field database.
Results from laboratory
analysis of soil samples.

Golder Associates,
2016/2017

Ground EC

Primary geophysical
vector field
measurement data
Primary vector data
from field survey
(drilling to bedrock) &
field protocol
information.

Field
measurements,
2018
Golder Associates,
2016

Topography
(slope)
Vegetation
Cover (land
use)

Secondary DEM, raster
with a cell size of 2 m.
Airborne photo & field
visit notes

Lantmäteriet,
2015
Lantmäteriet,
2015

TWI

Secondary DEM raster,
with a cell size of 2 m.

Result from
spatial
calculations

Flow
direction

Secondary DEM, raster
with a cell size of 2 m.

Result from
spatial
calculations

Exclusion of high extreme values in
Depth 1 and 2. NN interpolations on
the horizontal layers with the depth
1-4 (0-2 m from ground surface).
Normalization of the level scale to
0-1 with linear fuzzy membership.
Data interpolated (Kriging) in the
Software Surfer for the three depths
were conductivity was measured.
A Triangular Irregular Network
interpolation (TIN) on the point
data resulted in the bedrock surface.
This layer is extracted from the
ground surface (DEM), resulting in
a soil depth data layer.
Slope tool on the DEM (in percent
and degree).
Maximum likelihood classification
analysis from an airborne photo.
Each class is set based on the pixel
colour value from the manually
classified signature files, where
pixels with the same value are
assumed to belong to the same
class. Reclassification into five
dominating classes.
Flow direction followed by flow
accumulation tools on the DEM, as
well as slope tool. Raster calculator
is used for the TWI equation (TWI =
ln(a/tanβ).
Flow direction tool on the DEM and
raster to point conversion. Flow
direction matrix was transferred to
arrows for interpretation.

Soil depth

Step 2: Comparison of the arsenic level at the site and the GCI layers.
Each GCI is a data layer including attribute information. The GCI and the arsenic distribution maps
in Depth 1-4 are compared to each other by applying geostatistical and spatial correlation tools in
ArgMap or manual comparison. The results were analysed statistically and visually in order to identify
potential trends and relations between the arsenic distribution and the GCI. The following section
describes how the arsenic distribution was compared to the different GCI:
- Soil type:
The comparison of arsenic distribution in the different soil types was done by spatial overlay of data
layers in ArcMap by random selection of locations in each soil type, whereas the arsenic level at the
location was noted. The amount of random locations is proportional to the size of the area for each
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soil (large area of a soil type, a larger amount of locations). The average arsenic threshold value for
each soil type was plotted graphically.
- Slope/TWI/Soil depth:
The tool zonal statistics was applied on the arsenic layers and the Slope, TWI or Soil depth data. The
result was presented graphically, showing the statistical information describing values of the raster
data of interest within the zones of the threshold levels (1-5) of the arsenic dataset.
- Vegetation cover:
By applying the tool tabulate area statistics on two layers in ArcGIS, in this case the vegetation cover
data, the area of classified information from the layers exposed to each threshold value (1-5) or arsenic
levels will be extracted. Correlations between the two datasets can then be interpreted numerically.
The result was plotted graphically.
- Iron distribution
The normalized iron distribution maps were visually compared to the arsenic distribution maps by
spatial overlay of layers in the different depths (1-4).
Step 3: Combination and weighting of the relevant GCI to a soil sensitivity distribution map.
The GCI which reveals a relation with the arsenic distribution in the site is used in the soil sensitivity
estimation model. The values of the GCI are reclassified into a standardized scale of 1-10, where 10 is
the least sensitive and 1 is the most sensitive. The classes for each layer (usually five), which the scale
is depending on, is divided based on the data distribution and a suitable statistical division was chosen
in ArcMap classification tool. The scale reflects sensitivity of exposure to the contaminant for each
GCI. When the justification of the scaling is not very certain, the first and last value is set below the
maximum (10) and minimum (1). Two models are conducted because the literature references may
contradict the site specific properties related to the arsenic distribution. Model (1) is site specific
based on the results from the comparison with arsenic distribution, and model (2) is more general
based on literature references from the background section (1.2.5). By the ArcMap tool “raster
calculator” the GCI are combined and the importance of the GCI are weighted relative to each other,
to emphasize the GCI which have a higher influence on the contamination situation. Equal weights
for all the involved layers was used, 25% for model (1) and 16% for model (2) since there is no
indication or references supporting a higher influence of importance of specific GCI in this study. The
process conducted in ArcMap model builder can be seen in appendix 8. The output is a combined
map showing information from all the included GCI layers simultaneously. The final soil sensitivity
maps with continuous data was compared to the primary produced arsenic distribution maps, where
correlation between the distribution patterns and the soil sensitivity can be analysed and interpreted.

3. Results
3.1 A. Arsenic Distribution Pattern
Table 3 present general statistics for the average arsenic level (mg/kg) from all arsenic samples (XRF
and laboratory) in depth 1-4 (0-2 m). The dataset is not normally distributed but strongly skewed to
the left. This can be understood from the large difference between the median (4 mg/kg) and mean
(253 mg/kg) values. The histogram in figure 8 shows the distribution of the log-transformed dataset,
which is suitable for some GIS tools such as Kriging interpolation (ESRI, 2016). The normal dataset
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distribution can be seen in the histogram in appendix 2 and was used for the natural neighbour
interpolations. No outliers were eliminated from the data.
Table 3. General statistics for the dataset of
all the average arsenic levels

Descriptive Statistics
Mean
Standard Error
Median
Mode
Standard
Deviation
Sample Variance
Skewness
Minimum
Maximum
Count

253
94
4
1
3983
15863698
25
1
130342
1781

Figure 8. Histogram showing the log-transformed data distribution
of soil samples based on the average arsenic level in mg/kg.

The following maps in figure 9-10 shows horizontal layers of the arsenic distribution obtained from
ArcMap interpolations. The interpolations are based on the average arsenic level for each point
sample including both XRF and laboratory results of the data presented above in table 4 and figure
8 (original dataset can be seen in figure 4). The interpolations are done in ground depth 1-4,
representing 0-2 m from the ground surface (Depth 1 = 0-0,5 m, Depth 2 = 0,5-1 m, Depth 3 = 1-1,5
m, Depth 4 = 1,5-2 m). The most shallow arsenic distribution map is to the left (a) and the deepest to
the right (d). Figure 9a-d shows the arsenic distribution obtained from NN interpolation and figure
10a-d shows the arsenic distribution obtained from OK interpolation (with logarithmic
transformation on the data). Hot spots of arsenic contamination can clearly be seen in the figures
bellow, which are represented with purple and red (levels above 100 mg/kg). The deeper elevated
arsenic levels are found in the southern part of the site, and some more shallow hotspots are located
in the north.
The distribution maps are classified based on the arsenic level into 5 classes, representing the arsenic
threshold values applied according to the site specific threshold levels based on the Swedish EPA
directions for contaminated soil. In table 4 the associated risk and remediation need and handling of
polluted soil according to the threshold levels for the Kagghamra case is described.
Table 4. The arsenic concentrations for each threshold level based on the Swedish EPA guidelines for contaminated
soil.

Arsenic Level

Threshold
level

Risk analysis

Remediation need and
waste handling

Min- 10 mg/kg

1

No risk. Low levels.

No need for remediation.

10-30 mg/kg

2

No need for remediation.

30-100 mg/kg

3

No risk in this case. (But risk for
sensitive land use according to
Swedish EPA general threshold
values).
Risk. Level over site specific
threshold level.

Need of remediation. Soil
transported to landfill.

30

100-500 mg/kg

4

High risk. Hazardous waste.

Need of remediation. Soil
transported to landfill.

500-max
mg/kg

5

Very high risk. Highly hazardous
waste.

Need of remediation. Soil
transported to landfill.

Figure 11 shows only the arsenic levels above site specific threshold levels (30 mg/kg) from Depth 1.
In the figure to the left the arsenic distribution is illustrated with non-continuous points data showing
the original arsenic value at the location of the sample point. The figure to the right is the continuous
surface of average arsenic level obtained from the NN interpolation. Purple represents the soil with
highest arsenic levels above 500 mg/kg.

a)

c)

b)

d)

(mg/kg)

Figure 9a-d. The arsenic distribution maps resulted from Natural Neighbour interpolations done with datasets
from depth 1-4, where (a) is Depth 1, b) is Depth 2 c) is Depth 3 and d) is Depth 4. Yellow, red and purple areas are
soil with arsenic levels above the site specific threshold levels (30 mg/kg).
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a)

c)

b)

d)

(mg/kg)

Figure 10a-d. The arsenic distribution maps resulted from Ordinary Kriging interpolations done with datasets
from depth 1-4, where (a) is Depth 1, b) is Depth 2 c) is Depth 3 and d) is Depth 4. Yellow, red and purple areas
are soil with arsenic levels above the site specific threshold levels (30 mg/kg).

(mg/kg)

Figure 11. Arsenic levels over 30 mg/kg in Depth 1 (0-05 m from the ground surface). The picture to the left shows
the samples with the original levels and the figurer to the right shows the interpolated surface from Natural
Neighbour technique.
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3.2 B. Volume estimation
The diagrams in figure 12 and 13 shows the volume estimation done based on the arsenic distribution
maps from the NN interpolation method and the OK interpolation method, including all the samples
points. The bars shows the volume soil from the area belonging to each threshold level, calculated in
ArcMap. Depths 1-4 (0-2 m of depth) represent the four interpolated arsenic distribution maps
discussed previous.

Figure 12. Volume estimation based on arsenic distribution maps from the NN interpolation.
12

Figure 13. Volume estimation based on arsenic distribution maps from the OK interpolation

In Table 5 the total amount of contaminated soil from depths 1-4 (0-2 m below the ground surface)
can be seen. The total amount of contaminated soil in need of remediation is also included.

33

Table 5. The total amount of contaminated soil in depth 1-4 based on the arsenic distribution maps from spatial
interpolations. The contaminated soil in classes 3-5 has arsenic levels above 30 mg/kg and is in need of
remediation.

Threshold level

Volume Contaminated Soil (m3)
NN (Depth 1-4)

Volume Contaminated Soil (m3)
OK (Depth 1-4)

3
4
5
Total volume in need of
remediation:

6062
5117
1747
12925

5402
3854
335
9591

3.3 C. Amount of samples
The arsenic distribution maps in figure 14a-d is a comparison of volume contaminated soil when
different datasets are used. The datasets include different amount of sample points and data source
(XRF or laboratory results). The volume estimation is calculated based on NN interpolations
conducted in ArcMap. In the figure a) includes average arsenic levels from all the samples (XRF and
laboratory), b) only has 50% of all the samples included in a, c) only includes the XRF samples and
d) only includes the laboratory samples. The small black and white figures illustrate the sample
density and pattern used for the interpolations. The percentage of the total amount of samples is
written next to the figures.
a)

b)
50 %

100 %

c)

d)
75 %

37 %

(mg/kg)

Figure 14a-d. The results from NN interpolation of average arsenic level based on four different datasets, a ) all
samples b) 50% of all samples c) only XRF samples and d) only laboratory samples. The figures bellow illustrates
the sample density for each interpolation.
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The graphs in figure 15, 16 and 18 shows the volume contaminated soil based on the NN interpolated
average arsenic levels with different datasets (same as the illustrations in figure 14, but the analysis
is also done for Depth 2 and 3). The volume soil for each threshold level and for each dataset, is
compared in order to assess the amount of samples needed to produce a the reliable and accurate
spatial interpolation representing the real conditions. Figure 17 and 19 shows the sample distribution
and density for the different datasets where a) all samples, b) 50 % of all samples, c) XRF samples
only and d) laboratory samples only is included. Figure 20 is the total sum of volume contaminated
soil for depths 1-3, where everything above threshold 3 (30 mg/kg) is in need of remediation.

Figure 15. Volume estimation of soil belonging to each threshold level in Depth 2 for the four datasets, based on
the arsenic distribution map from Natural Neighbour interpolation.

Figure 16. Volume estimation of soil belonging to each threshold level in Depth 2 for the four datasets, based on the
arsenic distribution map from Natural Neighbour interpolation.
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b)

a)

c)

d)

Figure 17.The sample density and pattern of the four datasets used on Depth 2.

Figure 18. Volume estimation of soil belonging to each threshold level in Depth 3 for the four datasets, based on
the arsenic distribution map from Natural Neighbour interpolation.

a)

b)

c)

d)

Figure 19. The sample density and pattern of the four datasets used on Depth 3.

36

Figure 20. The total volume estimation of soil for each threshold level in Depth 1-3 for the four datasets, based on
the arsenic distribution map from Natural Neighbour interpolation.

3.4 Geophysical Measurements
3.4.1 EC data
The EC data from the EM Slingram measurement is presented in figure 21a-c. Measurements were
done with three coil spacing relating to three soil depths seen in the contour maps (Kriging gridding
method) where a) is 2,2 m, b) is 4,2 m and c) is 5,7 m. The black figure in the right corner illustrates
the location of the interpolated EC maps within the site. The most shallow measurement (a) has
higher conductivity values with a majority between 10-20 mS/m compared to the two deeper
measurement horizons which have similar values generally within 0-10 mS/m.
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b)

a)

c)
EC (mS/m)

Figure 21 a-c. The EC distribution from the EM survey, where a) represents 2,2 m b) 4,2 m and c) 5,7 m of depth from
the ground surface. The black figure illustrate the location within the site and the colour scale shows the
conductivity range from 0-60 mS/m.

Table 6 shows the result from the correlation analysis with the arsenic level in Depth 1-4 (AsD1-AsD4)
and the EC at every measurement point from the EM survey. High values are positive correlation
where variables have the same trend and low values are negative correlation with trends in different
directions.
Table 6. The correlation between arsenic level in Depth 1-4 and the EC measurements at three depths. The unit for
EC is mS/m and arsenic level mg/kg.

AsD1

AsD2

AsD3

AsD4

AsD1

1,00

AsD2

-0,02

1,00

AsD3

0,69

-0,29

1,00

AsD4

0,11

0,95

-0,33

1,00

EC; 2,2 m

0,23

-0,73

0,63

-0,71

EC; 4,2 m

-0,67

0,29

-0,62

0,28

EC; 5,7 m

-0,46

-0,11

-0,59

-0,08
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Figure 22 shows the arsenic level above 30 mg/kg in depth 1-4 overlain on the EC contour map from
the most shallow measurement of 2,2 m. Interpretation concerning locations with elevated arsenic
levels related to a specific conductivity span or anomalies can contribute with information. The white
arrows are some known high conductive sources. Arrow 1 points out an old barn with large metal
objects inside and around. Arrow 2 is the location of one of the old laboratory buildings where there
is also likely an electrical cable (according to the cable map in appendix 3) and arrow 3 shows some
large metal objects in the forest.

Figure 22. The EC contour map from EM measurements in 2,2 m of depth, overlain with the arsenic levels above 30
mg/kg. The white arrows are noise causing objects.

3.4.2 IP and Resistivity
The resistivity-depth section from the IP resistivity measurements after inverse modelling in
RES2DINV, can be seen in figure 23 (and appendix 5). The profiles in figure 24 also presents the
results from the inverse modelling, but here the top sections shows the resistivity, the middle
conductivity and the bottom the IP (chargeability). The normalized chargeability (MN) can be seen in
Appendix 6. The small figure in the right corner represents the study site and the grey lines in the
southern site are the location of profile 1 and 2 with topography. The sections are placed on top of
each other, where the first one from the top is the real location of the measurements in the subsurface
(the other two are exaggerated in depth location). Purple and red in the figures represent higher
values and yellow the lower values. The resistivity section should has opposite appearance to the
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conductivity section as the high electrical conductivity corresponds to low electrical resistivity (s =
1/r). The resistivity range in profile 1 is 80-21440 Wm, compared with 24-320358 Wm in profile 2,
which has a much higher maximum value. In profile 1 there is a clear high conductivity plume directed
down to the right in the section. A similar structure can be seen in profile 2.

Profile 1
A
B

Profile 2
B

A

Figure 23. The resistivity sections derived from the inverse modelling in RE2DINV showing the modelled resistivitydepth data in Wm.
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A

Resistivity (Ωm)

Profile 1
Profile 2

B
EC (S/m)

IP (msec)
B

A

Figure 24. The modelled sections above shows the resistivity, EC and the IP derived from the inverse modelling of
profile 1 and 2. The small figure in the right corner illustrates the location of the profiles within the study site (the
grey shape) and the black lines are the profiles with topology included.

3.5 D. Soil sensitivity model
The following section presents the GCI data layers prepared from primary and secondary data. The
spatial information obtained from the GCI is compared the arsenic distribution maps from previous
section (figure 9a-d). The results are presented visually with spatial data, as well as statistically and
graphically.
3.5.1 GCI
Soil type distribution
The soil type distribution maps represents the horizontal layers of soil type classification in the four
depths, which are illustrated in figure 25a-d. Humus, filling, gravel, clay, sand, silt and till soils were
observed in the field sampling and extracted from field protocols. The filling is an unnatural filling
material with course texture, similar to gravel characteristics and is located from the ground surface
to -2 m of depth according to the soil type layers. Till is only found in Depth 3 and is assumed to be a
sandy till (with similar characteristics as sand soils) since it is found in the vicinity of great sand
deposits. The deeper clay layer is overlain with sand and silt at some locations.
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a)

c)

b)

d)

Figure 25. The soil type maps in 0-2 m below the ground surface where a) is Depth 1 b) is Depth 2 c) is Depth 3 d)
is Depth 4.

The relation between the soil types and the arsenic level throughout the study site is illustrated in
figure 26. The average arsenic level for each soil type is shown from depths 1-4. The comparison is
done for all depths, where arsenic distribution in Depth 1 is compared to the soil type in Depth 1 and
the same for the other depth layer horizons. According to the diagram filling and gravel are the soil
types which has the most area exposed to higher levels of arsenic with an average of threshold level
3-4,3. These are followed by sand with a very uniform threshold level of 2 for all depth horizons, silt
with threshold levels of 1,2-1,5. Clay has the area subjected to the lowest threshold levels of 1,1-1,2.
Hummus and till is only present in one soil layer, but the area with hummus soil is also related to
high arsenic levels.
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Figure 26. Comparison of soil type and arsenic threshold levels (1-5) at the site in depth 1-4.

Iron level
Figure 27a-d illustrates the iron distribution in the study site at the four depths derived from NN
interpolation done on average iron levels. The iron content is normalized into a scale 1-0 where 1
represents high levels and 0 represents low levels. Hotspots of iron can be seen as red, orange and
yellow areas. The iron level decreases with depth seen to the whole site area, which can be understood
from the statistical summary in appendix 7, where also the frequency of iron level for each depth can
be seen.
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a)

c)

b)

d)

Arsenic level (mg/kg)

Figure 27. The iron level distribution throughout the site in the four depths, where a) is Depth 1 b) is Depth 2 c) is
Depth 3 d) is Depth 4. The red represents the highest levels and green the lowest.

Soil depth
Figure 28 shows the soil depth from the ground surface to the bedrock surface throughout the site,
based on primary field protocols and drill data from the field surveys. The soil depth has a large span
throughout the site with the most shallow of 0-1,5, represented by light green and the deepest of 7,519 m, the darkest green
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(m)

Figure 28. The soil depth though out the site, where light green is the smallest soil depth and dark green the
deepest.

The graph in figure 29 shows the relationship between the average soil depth compared to the arsenic
distribution level. In the graph the average soil thickness from the ground surface at each of the
arsenic threshold levels can be seen the four arsenic distribution layers (depth 1-4).

Figure 29. Diagram of the soil depth and arsenic level relationship at the site.

Slope
The slope map in figure 30 shows the topological variation in degrees throughout the study site. The
green represents the most flat areas and the red is the steepest slope. The overall area is sloping
towards the water in the south. In the north part of the area has a relativity uniform low slope, with
exception of the absolute northeast part. In the south the variation is greater and some areas have
steep slopes, however many of these locations are related to human made constructions when
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compared to airborne photos such as the pier in the water and a stone wall above one of the buildings.
However the natural slopes are dipping towards the water, which can be interpreted from the figure.

Figure 30. The variation of slope throughout the site illustrated in a colour scale where red is the steepest and green
the flattest.

The graph in figure 31 shows the relation between the arsenic level and the average slope. Each line
in the graph represents the arsenic level in each depth layer and its variation in average slope for the
different threshold levels.

Figure 31. The relation between slope and arsenic level at the site.
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Vegetation cover
The vegetation cover (land use) layer in figure 32 is classified into five main dominating classes;
forest, built up, open soil, grass field and bushes. The classification is set after their properties related
to interaction with contamination and water. All vegetation within each class is assumed to be of
similar character, even though in reality the vegetation of one class may be more mixed then the map
due to spatial application errors.

Figure 32. The vegetation cover divided into four main classes; forest, built up, open soil, grass filed and bushes.

The diagram in figure 33 shows the relation between the vegetation cover and arsenic levels in an
average of the depths 1-4. The percentage of the area belonging to the different vegetation classes
exposed to each arsenic threshold level is shown in the diagram. Thus, the length of the colour bar of
the vegetation class is the percentage located in the threshold in question.

Figure 33. Relation between the vegetation cover and arsenic levels at the site.
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TWI
Figure 34 shows the obtained TWI layer, where the higher values represented as blue areas are
drainage depressions, hence water may accumulate. The lower values, green in the figure, represent
crests and ridges where water will act as runoff instead.

Figure 34. The TWI at the site, where dark blue are high accumulation areas and green are low accumulation areas
with high elevation.

Arsenic levels are compared to the TWI in figure 35. The average TWI is related to the arsenic
threshold levels in the four depth horizons. There is very little variation between both the different
depths, but also the average TWI is similar for areas belonging to threshold levels 1-5.

Figure 35. The relation between average TWI and the arsenic distribution in depth 1-4.
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By comparing the TWI layer visually with the arsenic levels above 30 mg/kg for depths 1-4 as seen in
figure 36, correlations that are not seen from the statistical comparison in figure 35 may be
interpreted. At some locations in the southern site high level hotspots are located at the same
locations as the TWI high accumulation areas, however the correlation is not strong, hence confirming
the results from the graph.

a)

c)

b)

d)

Arsenic level (mg/kg)

Figure 36a-d. The TWI layer overlain with arsenic levels above 30 mg/kg, where a) is Depth 1 b) Depth 2 c) Depth 3
and d) Depth 4.

Flow direction
Figure 37 illustrates the water flow patterns of the site based on the topological features. The small
arrows show the direction water will flow at that location. The figure to the left is overlain on an
airborne photo to interpret the water flow in the landscape. In the figure to the right, the arsenic
distribution pattern in Depth 1 is overlain with the flow direction layer in order to interpret the
potential spreading behaviour of contaminants based on water flow pattern. As seen in the figures,
the water flow direction of surface water is from high to low elevation, towards the water body in the
southern part of the site where the lowest elevations are found.
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(mg/kg)

Figure 37. The estimated flow direction of water at the site. The arrows show the direction water would flow at its
location based on the topology. The picture to the left illustrates the flow direction on an airborne photo and the
picture to the right the arsenic distribution in the most shallow soil layer (Depth 1).

3.5.2 Summary of GCI
The table 7 includes the GCI that will be used for the soil sensitivity estimation model. Model (1) is
done on the GCI that have relevant trends with the arsenic levels and distribution at the study site.
Model (2) is based on literature references from the theory section. The included GCI layers for each
model is listed in the table with justification of their relevance. The scale is set so that 10 is the least
sensitive towards arsenic contamination, with ground properties contributing to minimum arsenic
levels, thereby the ideal situation. Instead 1 is the most sensitive, with ground conditions contributing
to the highest arsenic levels in the area and the worst possible case.
Table 7. The GCI used in the Soil sensitivity estimation model, the justification of their attendance in the two
models, the standardization scale and the weigh relative to each other applied in ArcMap.

GCI
Soil type

Justification: (1) based on the comparison
with arsenic (section 3.5.1) and (2) based
on literature and theory (section 1.2.5).
1. The coarse-grained material is correlated to
high arsenic levels, and the fine-grained texture
material instead was subjected to the lowest
levels.
2. Fine-grained texture soil type has higher ability
to bind to arsenic, thereby a larger retention
capacity leading to higher levels of arsenic.
Coarse-grained soils have limited abilities to bind
arsenic because of less binding components
available, leading to lower arsenic levels.

1. Scale
(1-10)

2. Scale
(1-10)

1 = Filling
2 = Gravel
3 = Hummus
5 = Till
6 = Sand
9 = Silt
10 = Clay

1 = Clay
2 = Silt
5 = Sand
6 = Till
8 = Hummus
9 = Gravel
10 = Filling
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Iron level

Soil Depth

Slope

Vegetation
Cover

TWI/Flow
direction

1. High iron level is correlated to some of the
elevated levels of arsenic (the hotspot in the south
site in Depth 1). The interpretation is also in line
with literature, high levels of iron indicate
elevated levels of arsenic.
2. Iron can be related to the arsenic because they
easily form complexes with each other, hence high
levels of iron indicate high levels of arsenic
bonded to the iron in the soil, and low levels of
iron would instead give room for leaching of the
mobile arsenic since it is not bonded to iron,
hence low levels of arsenic.
1. A smaller soil depth is related to areas with
higher arsenic levels and larger soil depths are
related to lower levels of arsenic (in the two most
shallow layer). The larger datasets for these layers
contribute with higher reliability, hence the result
from them is used as reference for the model.
2. A larger soil depth would lead to larger
retention capacity of the arsenic, thus would be
related to elevated contaminant levels. A smaller
soil depth is associated with lower levels.
1. Increased arsenic levels are associated with
increased slope degree in the shallow soil
horizons, which will be applied as base for the
scaling. The trend is however opposite for the two
deeper horizons, but not taken into consideration
here because of the larger amount of data in
Depth 1 and 2 and since the surface water
interaction is larger in the shallow soil layers.
2. Steep slope is associated with higher arsenic
levels due to more surface runoff and less water
infiltration and contaminant transport in the
ground. Flat areas are instead subjected to more
infiltration and thereby leakage of mobile
contaminants.
1. No clear trend. Excluded in the model.
2. In general smaller plant vegetation is subjected
to more surface water runoff compared to larger
vegetation. Grass commonly reduces runoff and
open soil promotes is to some extent. Hard
artificial surfaces promote runoff and limits
infiltration greatly. More surface runoff is
associated with less infiltration and transport of
contaminants in the ground, thereby higher
contamination levels.
1. High water accumulation areas can be related
to some arsenic hotspots in the southern part of
the site, Depth 1. However, no statistical TWI and
arsenic trend is present, hence the relation is not
strong enough to support the scaling. It’s
excluded in the model.

2 = 0,5-1
3 = 0,3-0,5
5 = 0,2-0,3
8 = 0,1-0,2
9 = 0-0,1

1 = 0,5-1
3 = 0,3-0,5
5 = 0,2-0,3
8 = 0,1-0,2
10 = 0-0,1

1 = 0-1,5 m
3 = 1,51-2,5 m
5 = 2,5-4,0 m
7 = 4,1-7,5 m
10 = 7,5-19 m

1 = 7,5-19 m
4 = 4,1-7,5 m
6 = 2,51-4,0 m
8 = 1,51-2,5 m
10 = 0-1,5 m

1 = 23-40
4 = 15 - 23
6 = 9 -15
8 = 5 -9
10 = 0,05-5

1 = 23-40
4 = 15 - 23
6 = 9 -15
8 = 5 -9
10 = 0,05-5

1 = Built up
3 = Bushes
5 = Open soil
7 = Grass field
10 = Forest

1 = 0-0,25
3 = 0,25-0,35
5 = 0,35-0-45
7 = 0,45-0,55
10 = 0,55-1
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2. Water accumulation and infiltration areas with
high TWI values are assumed to have low arsenic
levels due to leakage and transportation of arsenic
with infiltrating water. Low TWI values are
associated with higher arsenic levels due to water
runoff.

Figure 38a shows the result from Model (1), a combined map of Soil type and Iron levels from
Depth 1, Soil depth and Slope layers, based on the comparison with arsenic and their statistical
relationships. Figure 38b is the output map from Model (2) including combined data from Soil type
and Iron levels from Depth 1, Soil depth, Slope, TWI and Vegetation cover layers. The colour scale
shows the grade of estimated soil sensitivity towards arsenic contamination where green represent
high values, which are least sensitive subjected to the lowest arsenic levels and the red represent the
low values with high arsenic levels.

a)

b)

Figure 38a,b. Figure a) the site specific output from model (1) representing the estimation of soil sensitivity
distribution based on Soil type, Iron level, Slope, Soil depth in relation to arsenic levels throughout the site.
Figure b) the soil sensitivity map derived from Model (2), conduced with soil type and iron level data from Depth
1, soil depth, slope, TWI and vegetation cover.
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a)

b)

Arsenic level (mg/kg)

Figure 39. The outputs from both models done for Depth 1 related to the arsenic distribution above 30 mg/kg, where
a) is output from Model (1) and b) is output from Model (2).

Figure 39a-b are the output maps from Model (1) and (2) done on depth 1, overlain with arsenic
levels above 30 mg/kg. Figure 40a-c shows the soil sensitivity estimation maps from Model (1) for
each Depths 2-4. The used data layers representing Soil type and Iron level are different for the three
Depths, resulting in different appearance of the outputs from the model. The maps are overlain with
arsenic levels above 30 mg/kg in order to interpret the arsenic level relationship with the soil
sensitivity distribution. Figure 41a-c are shows the same but outputs form model (2) instead.

a)

b)

c)

Figure 40a-b. The figures shows the soil sensitivity maps from model (1) based on properties of Depth 2-4 (a-c)
overlain with arsenic levels above 30 mg/kg. Red is the most sensitive related to highest arsenic levels and green
is the least sensitive related to lowest arsenic levels.
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a)

b)

c)

Figure 41a-c. The figures shows the soil sensitivity maps from model (2) based on properties of Depth 2-4 (a-c)
overlain with arsenic levels above 30 mg/kg. Red is the most sensitive related to highest arsenic levels and green is
the least sensitive related to lowest arsenic levels.

4. Discussion
A. Arsenic distribution pattern
The OK interpolation gives a smoother and less detailed distribution map than the NN interpolation
(figure 9-10). This has the advantage of easier categorization and classification into clear sections,
but the technique results in elimination of extreme values. The NN interpolation keeps all the original
data values, which is beneficial when using datasets with a large span of values, not normally
distributed or including extreme values, like the arsenic level dataset. It is positive that no data is
eliminated for this type of data management, since elimination of highly contaminated areas is a
hazard risks. The results are also more detailed distribution maps. Local hotspots can be identified,
such as the red spots in the north and purple in the south of the map representing Depth 1. However,
the NN interpolation technique instead exaggerates extreme areas when limited data is used, which
may be misleading. According to Table 1 in the method section, the amount if arsenic level samples
in Depth 4 is only a 20% of the amount of samples available for Depth 1. Here the discussion overlaps
part C, the sufficient amount of samples needed for a interpolation representing the reality. It is clear
from output maps derived by both interpolation methods (figure 9 and 10) that decrease in samples
(with depth) also decrease the accuracy, resulting in a less reliable depiction of reality. The arsenic
distribution maps in Depth 1, by NN and OK interpolations are similar to each other and have more
details compared to the smoother, less detailed maps representing Depth 4. The lowest arsenic level
represented by bright green (below 10 mg/kg) appears to cover similar areas in Depth 1 in both
methods and also 10-100 mg/kg (light green and yellow) are similar except for enhanced smoothing
in OK. However, arsenic level above 100 mg/kg (red and purple) are different and the difference is
even more persistent in the deeper layers. Kriging interpolation is based on geostatistical
relationships among the points. It is therefore often used where there is a known spatially correlated
distance in the data, such as geology. For contaminant distribution this is not the case, which supports
NN method. By comparing the interpolation outputs with the original arsenic level dataset, as in
figure 11 it can be seen that NN interpolation has a similar appearance as the original data. The
hotspots with high arsenic levels seen in the south and north are located in the correct areas and are
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not highly exaggerated. The NN interpolation can be preferred over the OK technique in this case,
since the result are more similar to the real conditions at the site.
By using non-interpolative methods values is only achieved at the location of sample points. Benefits
with this is that all involved values are always exact, compared with an interpolation surface where
all values between the exact points are “estimations” and never exact. Information can be extracted
when interpolations are not applied, such as the classification in Appendix 1, however here the total
10*10 box is classified according to one sample. This type of estimation gives a larger uncertainty
compared with interpolations in many cases. The limit between the classified boxes are not a strict
line but gradually changing between the nearest points from which the lines cuts. Resulting in higher
accuracy and representation of the real conditions, suitable for example when a detailed classification
is desired (if sufficient amount of samples are present).
B. Volume Estimation
The volume estimation was conducted on the arsenic distribution maps derived from both NN and
OK interpolations in order to compare the results. The graphs showing volume contaminated soil per
depth layer (figure 12-13) and the total volume contaminated soil (table 5) shows a larger volume
contaminated soil when the results are based on NN compared to OK interpolation. The total volume
in need of remediation based on NN interpolation is 12925 m3 and only 9591 m3 based on OK. It can
also be noted that NN technique results in a smaller total surface compared with OK due to edge
effects, but still the volume contaminated soil is larger. This supports the argument that NN
interpolation is more suited for this type of investigations, since it does not underestimate the
contaminated areas and thereby underestimates the contamination risks. This is however an
economical aspect because an overestimation may lead to unnecessary expenses. Although one can
argue that costs associated with risks of not remediating such as toxicity of ecosystems or humans,
will likely compensate for the higher expenses of overestimations in a long term perspective.
The volume estimation can also contribute with information of the arsenic transport behaviour in the
subsurface (together with the distribution maps). A very low gradual decrease in volume of
contaminated soil with depth in threshold 2-5 (levels above 30 mg/kg) is seen and the volume exposed
to threshold 3-4 (in Depth 2-4) is relatively stable between the different depth horizons. The deeper
soil has similar division of contaminant levels and volumes as the shallow horizons. This can be
interpreted as an average advective transport of soluble arsenic downward the soil profile. Naturally
higher levels of arsenic closer to the surface is expected, since the source of contamination was located
at the ground surface. However, the results does not indicate spreading in the soil away from the
pollution source (for example in the direction of slope which is a likely assumption). The pattern can
also be identified visually as the surface area around the southern hotspot subjected to arsenic
threshold levels 3-4 does not change strongly with deeper depths.
C. Amount of samples
One way to decrease expenses when working with contaminated soil is to decrease the number of
samples. The challenge is to have a sufficient amount of samples to obtain valid information on the
contamination level and distribution in order to base the decision-making, hence the remediation
procedure on. By involving spatial interpolations where contamination levels in between the point
samples are simulated, less physical samples may be needed.
There is relatively small visual differences between the NN interpolations from four datasets (figure
14a-d) indicating that less samples may give similar results in the spatial analysis conducted. The
original dataset in Depth 1 and the dataset with 50% samples, are almost identical (also seen in the
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volume estimation in figure 15). This is likely due to the random elimination of data, whereas the
remaining data is identical to the original dataset resulting in the same surface pattern. Actually the
arsenic distribution map based on laboratory samples has only 37% of the original data, with
approximately 10 m spacing between the samples. The maps looks almost identical to the one with
the original dataset. Even though the graph (figure 15) shows a larger variation of volume
contaminated soil between the original dataset, compared with 50% less and only XRF dataset. The
laboratory dataset has an even, but less dense sample pattern. The samples pattern in the other three
datasets is very dense and uneven. This indicates that the amount of samples and the spacing between
them is less important, compared to an even sampling pattern.
The differ in volume for each dataset, subjected to each threshold level, in Depth 1 and especially
Depth 2 are similar (when comparing the graphs in figure 16 and sample pattern in figure 17).
Exception for underestimations of volume subjected to threshold 5 for all three datasets compared to
the original. Depth 3 (figure 18 and 19) has a larger variation between the volume from the different
datasets. Uneven sample distribution with a variety of high and low density as well as difference in
spacing between the samples can be observed here and it seems to affect the map’s reliability
negativity. The laboratory sample set stands out, as seen in the sample pattern (figure 19d) there are
large areas without samples. This is probably contributing to the deviation and a decrease in accuracy.
Evidence of the same trend as above concerning importance of an even sampling pattern and high
enough density. When the total volume for Depth 1-3 is added together for the four datasets (figure
20), the variation is relativity small between them. No dataset stands out in all threshold levels and
all are similar to the original dataset. Overall the most reliable result is the volume estimation done
on Depth 1, which has the most amounts of data samples. The result will naturally decrease in
reliability in the deeper soil horizons with the decrease in samples.
In projects, it might be possible to decrease the number of samples in the most shallow depth and
compensate by spatial interpretation. From this information the sampling can continue with deeper
drilling at locations of spatial hotspots. The first stage sample pattern should be even. The density
and spacing depends on the size of the site and expected distribution and variation in contaminant
levels. In this way the first stage of shallow drilling can be decreased. Physical samples can be focused
to areas where indications of high contamination levels are estimated. A balance between sufficient
amount of samples and a realistic depiction of the contamination situation, is desired for the most
economical feasible work process and minimum health and environmental risks.
Geophysical measurements
EM
EM measurements have proved to indicate both location and thickness of a contamination plumes in
other studies (Reynolds, 2011). However, due to disturbances the measurement noise was very high.
Large metal object or electricity pipes gives strong anomalies, seen clearly in the data. Smaller ground
EC values may be dominated by the stronger EC values from noise, hence weak EC from e.g.
contaminants is not easy detectable in the data. The spherical high conductivity spot (arrow number
1 in figure 22) in the south-west of the site, is in this case most likely the old barn with large metal
objects. The anomaly can also be correlated to a pipe at a near similar location (see appendix 3). There
are other smaller anomalies (red spots) which are probably water or metal pipes, since the anomalies
are not so strong compared to the background EC. In the northern part of the measured area (figure
21) there is a high conductivity section which is present in all three measured depths. One of the
spherical structures can also be correlated to an electricity pipe (appendix 3), but the whole section
is subjected to elevated EC values compared to the surrounding. One of the old laboratory buildings
was located at this location and the anomaly could be correlated to high arsenic levels from the
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building. However, the theory is unlikely since the field sampling from XRF and laboratory analysis
did not show elevated arsenic levels at the discussed location.
The results from the correlation analysis is focused on correlation with EC from 2,2 m depth and
arsenic contamination. This measurement corresponds to the arsenic data in 0-2 m below the ground
surface (Depth 1-4). Comparison with deeper EC data would not give a representative evaluation since
it does not correspond to the location of the arsenic contamination used in this study. The correlation
statistics (table 6) shows a negative correlation between arsenic level in Depth 2 and 4 and EC in 2,2
m ground depth. Negative correlation means that locations with high arsenic levels corresponds to
low EC values and vice versa. The trend is however not consistent since arsenic level in Depth 1 has
no correlation with EC 2,2 m and Depth 3 has a positive correlation. If the low EC values would
correspond to the high arsenic levels in reality, the total soil horizon above 2,2 m would likely indicate
the same trend. This because the contamination distribution pattern does not indicate high arsenic
concentrations in Depth 1, low in Depth 2 and high again in Depth 3, but a constant small but gradual
decrease in arsenic level with depth. The inconsistency of the correlations makes them uncertain. If
the correlation trend is correct this could be applied also in deeper ground. The very low EC areas
(around 0 Wm) seen in both measurement depth 4,2 m and 5,7 m could be related to high arsenic
levels. When comparing them to the arsenic distribution maps the low EC location corresponds to the
location of southern part of the arsenic hotspot. It may indicate arsenic contamination at a greater
depth (4,1-5,7 m).
However, in general the data is too unclear to be related to the contamination in the site. No clear
trends or patterns can be interpreted from the interpolated conductivity measurements, most likely
due to noise and disturbance. One uncertainty is that little is known of the arsenic form in the soil
(e.g. mobile or bonded to particle). This is relevant for the interpretation since it affects the
appearance of the anomaly in the measurement data.
IP and Resistivity
The modelled section from profile 1 (figure 23) has a low resistivity plume at around 28 m. This can
be interpreted as an surface disturbance (car, metal object) since the measurement was carried out
close to the road. It is also shallow and initiates close to the surface. The high resistivity plumes to the
left and right of the disturbance could be bedrock surfaces, since igneous, intact and compact
bedrocks that includes quartz, for example unweathered granite, are in general very bad conductors
(Reynolds, 2011). Gneiss bedrock are to be found in the study site according to field survey, and has
similar properties as described above and is expected to have high resistivity. Contamination cannot
be interpreted in the data.
In profile 2 a low resistivity plume at 16 m could be a disturbance in the form of a water well located
in that direction. It could also be groundwater outflow towards the water body. The resistivity of water
is directly linked to the amount of ions and salt, hence also contaminants (Reynolds, 2011).
Contaminated water therefore tends to be better conductors (because of presence of ions), thus have
a lower resistivity. It is difficult to distinguish contaminated water from uncontaminated
groundwater, since the water naturally include ions that could be mistaken from contaminants.
The high resistivity area at 32-48 m in profile 2 could also indicate the bedrock surface as it is similar
to the ones in Profile 1, with around 9000 Wm. The more shallow anomaly (blue spot) at 32-48 m has
a resistivity spot of approximately 300-600 Wm. The location of the anomaly in the profile and its
shallow position (-2 m) can be correlated to high arsenic contamination. It is located in an area with
clay, which has the much lower resistivity of 1-100 Wm and therefore not responsible for the anomaly
in question. It may indicate contaminated soil. It could also be the location of the groundwater table
(according to field protocol the groundwater table is 1-2 m below the ground surface). This is
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supported by the modelled section showing chargeability (appendix 5), where this anomaly is
connected to an larger area stretching out in the shallow part of the section. The chargeability is
relativity low and may indicate water. However, if the discussed plume at 16 m is groundwater the
resistivity of this anomaly does not match, but is lower (100-300 Wm) contracting the interpretation.
When looking at the normalized IP the higher values in profile 1 and 2 corresponds with assumed
bedrock surfaces. The highest MN value in profile 2 (dark blue plume to the right in appendix 6)
correspond to the disturbance discussed above as potential groundwater or water pipe/well.

GCI
Soil type
The results (graph in figure 26) indicate less arsenic content in the fine-grained soil types (clay, silt)
than the coarse-grained textured soils (gravel, filling). According to the theory section fine-grained
soil with high clay content is expected to have a higher grade of arsenic sorption, hence will retain
more arsenic compared with coarse-textured soils. This is not in line with the result from this study.
One explanation can be transport of soluble arsenic in the coarse-textured soil types. The
contaminants may thereby have been leached out with water before reaching the clay, which in great
extent is present deeper in the ground profile. The filling (and gravel) have thick magnitudes from 02 m depth and is located in the lowest elevation areas, where water will flow towards from the
northern site according to the flow direction data (figure 37). These materials also have higher
permeability (according to the theory section) making water transport favourable. The facts promote
transport of contaminants with water towards the locations in question. It should also be kept in mind
that the filling material is most likely not natural and there is no information on the construction of
it, therefore the filling might already have been contaminated if soil from the area was used also
explaining the elevated arsenic levels.
Uncertainties are present in the method of manually random identification of arsenic level for each
soil type, since it may lead to exaggerated or understate results, but since the trend is uniform for all
four depth the methods is probably reliable. As the clay is mostly present at greater depths (or in the
north site area) where the arsenic levels are lower, this will be depicted in the results and is the main
reason of the deviation from the literature. Furthermore, the soil maps from Depth 1 and 2 are more
detailed than 3 and 4 due to less available data in the deeper soil horizons.
Iron Levels
Iron rich soils have a greater retention capacity of both arsenate and arsenite as stated in the theory
section. The iron is not evenly distributed throughout the site according to the interpolation maps
(figure 27) and therefore it is of interest to understand if the iron hotspots are related to the arsenic
hotspots. To some extent this can be seen visually, as the southern arsenic hotspot is correlated to the
iron hotspot in all four depths (stronger in Depth 1-2). However there are hotspots of iron in the
northern part of the site in depth 2-4 which are not related to high levels of arsenic, except in Depth
1. The correlation between the two metal hotspots is supported by the fact that iron and arsenic easily
form complexes with each other, hence high levels of iron may indicate high levels of arsenic bonded
to the iron. This could also give information concerning the form of arsenic in the soil. The ironarsenic correlation indicates that they have formed complexes, which mean that the arsenic is not
mobile or available for bio uptake to a great extent and the leakage risk is thereby smaller.
Soil depth
The large span of soil depth may be explained by edge effects in the deepest soil depths from the data
manipulation in GIS and should be interpreted with caution. The overall primary data was rather
limited contributing to uncertainty of depicting the real conditions of the site. However most data was
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available in the southern part of the site where the contamination levels are highest, which is positive
for the reliability of the comparison.
According to the comparison graph (figure 29), the soil depth is similar for all the arsenic distribution
depth layers (1-4) for areas classified to arsenic threshold level 1, 4 and 5. Areas with threshold level
1 has the largest average thickness of approximately 4 m. Threshold level 4 and 5 are located in areas
with the smallest soil depth of around 1-2 m. With some exceptions, (Depth 1 peaks in soil thickness
for areas related to arsenic threshold level 3) the trend of a decreasing soil depth related to areas with
higher arsenic level can be identified. This means that the highest levels of arsenic are located in areas
where the soil thickness is small. The finding can give information on the contaminant’s spreading
possibilities. As described in the theory section, a small soil depth would have larger risks associated
with spreading of the contaminants, since there is less space for retention of pollutions in the soil and
contaminants which moves down the soil profile will faster reach the bedrock, where risk of spreading
with water in bedrock fractures is prominent (this depends also on the groundwater table location).
Slope
Arsenic threshold level 1, 2 and 4 have similar average slope at all locations, but more variation can
be seen in 3 and 5 ( see the graph in figure 31). The relation between average slope and arsenic level
in Depth 1 and 2 as well as 3 and 4 have similar appearance. While Depth 1 and 2 indicates an increase
in slope with increase arsenic level, Depth 3 and 4 instead indicate decreased slope with decreased
arsenic level. Information concerning the contaminants spreading pattern can be interpreted to imply
a non-vertical transportation of arsenic at the steeper slopes in Depth 1-2. Steeper slopes leads to less
water infiltration and more surface runoff. The contaminant will not be exposed to outwash by water
in the same extent as for flatter areas leading to higher arsenic levels. At the flat areas the water
instead infiltrates to greater extent and the arsenic risks to be transport downwards the soil profile,
leading to lower elevation of arsenic in these locations. The water act differently in the subsurface
compared to the surface, since water can flow both downwards in the soil and with slope gradient in
a anisotropic flow, depending greatly on the soil type and its permeability (Hiscock & Bense, 2014).
The effect of slope gradient can be seen as less important below the ground surface.
Vegetation Cover
Five dominating classes where divided based on their similar properties when seen to interaction with
water and contaminants within the class. However there are some uncertainties in how the
classification depict the reality, for example some parts of the class forest is actually small bushes and
young tree terrain in reality which is difficult to interpret in spatial analysis in a small scale area like
the study site, hence everything with trees is classified as forest. According to the theory section the
water interaction (runoff and infiltration) is the main concern in the contamination and vegetation
cover relationship, but the result show very little variation when it comes to the vegetation cover
related to arsenic levels. This distribution of vegetation cover subjected to each of the threshold values
is more or less the same and no clear trend can be seen. One reason could be that the contamination
is located deeper in the ground than the main vegetation will affect.
TWI
The TWI can contribute with information concerning the water behaviour, including the surface
runoff and infiltration or accumulation possibilities. It is important to keep in mind that the TWI only
is based on the topological features and does not take consideration to other parameters such as the
soil properties which also effects the water behaviour in the landscape. Water infiltration areas are
associated with transport of contaminants with infiltration down the soil profile to a greater extent
than water runoff areas. High accumulation locations, such as the dark blue hotspots and blue areas
in the northern part in figure 34 are thereby assumed to have lower levels of arsenic due to leakage
with infiltrating water. This is in line with the result from the slope, which is flat in the centralnorthern part of the site, hence promotes water infiltration. In the southern part the dark-blue water
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accumulation hotspot can be related to some of the high level of arsenic hotspot. However, the
statistical comparison of TWI and arsenic level (figure 35) did not give any information concerning
the properties of the site related to water behaviour. And in the northern part of the site or for the
other depths there is no visual arsenic-TWI correlation. The possible relationship in the south part
could thereby also be a coincidence and the assumption has a high grade of uncertainty.
Flow direction
Where the arsenic hotspot is located in the south, the flow direction arrows indicate that the water
would spread towards the south, south-east and south-west reaching the water body of Kaggfjärden.
If seen to subsurface water flow, it also depends on other parameters such as soil texture and
permeability (Hiscock & Bense, 2014). A coarse-grained texture with high permeability allows for
water flow to a greater extent than fine-grained (effected by according to the topology and slope),
hence promotes transport of contaminants with water to greater extent. From the soil type map it is
known that the arsenic hotspot area in the south consist of filling, gravel and sandy soils. These
coarser material, especially gravel and the filling, have higher permeability allowing for water and
contaminant transport down the soil profile or in the direction of the estimated flow as the arrows
show. Inflow from the northern site towards the hotspot area is a possibility and thereby also
transport of contaminants to the hotspots.
D. Soil Sensitivity Estimation Model
The maps derived from the soil sensitivity estimation model (1) shows a high correlation with the
arsenic distribution. The pattern is clearly displayed when overlain by arsenic point samples (arsenic
level above 30 mg/kg) (figure 40). Since the model is based on the ground conditions that has
relations with the arsenic distribution, it is natural that output map correlates with high arsenic
concentrations as high sensitive (red) and low arsenic concentration areas as less sensitive (green).
Although, some red-orange areas does not have elevated arsenic levels according to the arsenic
samples. This indicate that they are high risk areas. If exposed to contamination in the future, the
ground properties would promote accumulation and retention of high elevations. With depth the
sensitivity decreases slightly (increase in green areas and decrease in red-orange areas) when
comparing the sensitivity maps from Depth 1-4, but overall model (1) indicate that the deeper layers
have similar sensitivity towards contamination as the shallow. According to the arsenic level samples,
the horizontal spread of contamination decrease slightly with depth. This indicates that the ground
at -2 m still is sensitive to arsenic contamination and if enhanced spreading would occur the red areas
are more likely to retain elevated arsenic levels and is more vulnerable towards contamination. The
sensitivity maps and the relationship with high arsenic levels at depth from model (1) and (2)
representing deeper layers of depth 2-4 (figure 40 and 41) are compared to each other. The behaviour
of arsenic likely changes with depth in the soil profile. In the outputs from model (1) all the high
arsenic levels form samples are located at high sensitive (red-orange) areas, although there are many
high sensitive areas that are not proven to have high arsenic levels (due to limited availability of
samples). In the outputs from model (2) the high arsenic levels tend to be correlated to the middle
sensitive areas (yellow). However in general the sensitivity distribution does not change a lot with
depth in the models since it is only two layers that changes (soil type and iron level). The arsenic
samples with high levels are also in general located in the same location in depth 1-4 due to the
assumed advective bulk transport of arsenic down the soil profile.
When comparing the outputs from the two models (figure 38) with each other they have very different
appearance and some areas are completely opposite in sensitivity (green in one map and red in the
other). The green part in the southern map from model (2) is probably influenced by the soil type,
which in that area is manly course-grained filling and gravel that according to literature will not retain
arsenic to large extent, but in this specific case has high levels in arsenic. Important learning from
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this is that research and literature does not always accord to the reality, thus output from model (2)
would have been more similar to output from model (1). One may also discuss the reliability of the
actual models and how well they actually depict the real conditions, which is important in
environmental modelling. In this case model (1) depict the site closer to reality, since its including
components are set according to site specific conditions. This model can be seen as a site specific soil
sensitivity estimation, since it is based on the arsenic present in the area. The relation between high
arsenic levels and the point source of contamination would assumable be less prominent in deeper
layers compared with the more shallow which are close to the source. In this case Model (2) could be
more applicable in deeper soil depth since it is not based on the arsenic at the site. Literature
supporting the arsenic relation with the GCI does not take into account any type of contamination
source or distance from the source. In this case the correlation between outputs from model (2) and
the high arsenic levels is not very strong. Model (2) could perhaps estimate conditions at other
locations, since it is not based on site specific properties but general literature and therefore is
applicable in any environment. This type of soil sensitivity estimation model could be applied in order
to give an indication of areas where contamination is more likely to be found based on the ground
conditions, at a site where no soil contamination sampling has been done. This could contribute with
economic benefits and save time, by limiting the field sampling procedure to the locations where
models indicate elevated levels of contamination. It can also help to establish the first hand sampling
density needed at different locations of a site. High sensitive areas would need denser sampling then
low sensitive areas due to the related expected contamination levels. The model is preferably applied
at a larger site area, where field sampling is more comprehensive.
Since the model was conducted with different content in the two version, this can be seen as a
sensitivity analysis of the model robustness in a data handling point of view. Different scaling or layers
included in the model versions should give different appearance of the output, which is the case. Thus
the model is sensitive to data change and indicate reliability and robustness.
Uncertainties
For all the included data layers edge effects may lead to accuracy errors, therefore also the output
maps from the models are more uncertain close to the study borders. Another uncertainty for the soil
sensitivity estimation model is the lack of some data influencing the results. The limitation of GCI to
include in the model, such as soil pH, content of organic matter or previous land use of the site area
are relevant factors for the study as they have significant relationships with the arsenic behaviour and
interaction in the soil. Another aspect is limited data (samples or attribute data) within the GCI data
layers resulting in a decreased reliability. The limited data of the GCI contributes with precision and
accuracy uncertainties of locations and attributes, resulting in spatial conditions diverging from the
reality. In spatial studies like this one of the most important approaches is to depict the real conditions
in the best possible extent to increase the reliability of the results. Large datasets with high density is
one way of handling this, but also the data itself is accurate with a high certainty or reliability. The
small size of the study area is a limitation because all the included spatial layer consist of data from a
small area. If the conditions in the site are very specific, this could give rise to false relations and
trends with the arsenic distribution. If the study was applied on a larger area more varieties in the
GCI layer would be included resulting in stronger relations with the arsenic levels. Furthermore, since
Model (1) is based on the arsenic and GCI relation, the trends might be less related to the actual
properties of GCI, instead related to the point source of contamination. Thus, the distribution might
depend more on the actual distance to the contamination source and the time since it was deposited.
This may give false correlations between GCI properties and arsenic levels, hence the result from the
model risk to be misleading. Equal weights were used in the models since there is no motivation to
support the scale of importance of the included layers relative to each other. This is an uncertainty
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because there is likely a difference in the grade of influence of the involved GCI. However, with further
studies static relationships could support another weighting, more accurate and close to the reality.
The soil sensitivity estimation model is as stated an exploratory method leading to several associated
uncertainties. The reliability of the results from the models decreases with the ground depth. One
reason is the that the Soil type and Iron level layers change depending on for which depth that is
modelled. These two layers are based on a decreased amount of data with depth, which is an
uncertainty. Another reason is that the layers based on topology (Slope and TWI) together with Soil
depth and Vegetation cover are influenced highly on the water interaction and behaviour at the site.
How water acts in the subsurface is difficult to interpret, since little is known concerning
hydrogeological properties of the ground profile (such as hydraulic conductivity, flow direction/s in
the ground groundwater table etc).

5. Conclusions
In this study the NN interpolation proved to be efficient for contamination soil data. Detailed hotspots
and low contamination level areas can easily be identified. The result represent the reality sufficiently
enough even if the sampling pattern is uneven and if data is skewed, but a high density is advisable.
The method does not eliminate any data, which limits the human and environmental risk. The arsenic
distribution pattern indicates spatial relations with some ground parameters; Soil type, Iron level,
Soil depth and slope. However, the arsenic distribution is probably also highly effected by the
contamination point source and how strong the relation between the arsenic levels in the site and the
ground parameters in question is unclear. Spatial interpolations can contribute with estimations of
the volume contaminated soil, providing an indication on a projects extent and cost. The physical soil
sample amount may also be decreased if supported by spatial tools such as interpolations. However,
the sampling pattern is of importance in all parts of the GIS data management. An even sampling
pattern, high density throughout the site area and with a sufficient spacing between the samples
relative to the size of the site increases the reliability of the results.
Geophysical measurement in this case have unclear benefits, due to measurement disturbances.
However, literature still indicate that the applications within the environmental field are suitable and
further studies on measurement of contaminated soil are recommended.
The results from the two soil sensitivity estimation models are very different, but the site specific
model (1) may indicate soil that is more exposed to have high levels of contaminants in the future,
whereas model (2) could be applied in other sites exposed to contamination to indicate the sensitivity
towards contaminants. The models are however exploratory methods and therefore includes
uncertainties, but with more data on parameters effecting the behaviour of the contaminants the idea
of mapping areas of higher sensitivity can contribute with valuable information in soil contamination
research and project.
The study confirms that spatial data management with GIS applications can help to evaluate the
condition of a contamination site in multiple ways. Efficient management of large data quantities,
economic and time saving benefits from less physical sampling and with a pedagogic and easy
approach that represent the reality as a tool for stakeholder communication and decision-making are
the main contributions from the spatial data management.
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Appendix 1.
Classification map of contamination based on arsenic levels done by Golder Associates, 2017.
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Appendix 2.
Normal distributed data of the average arsenic level from depth 1-4 (0-2 m below the ground surface).
The data is used for ArcMap GIS tools such as NN interpolations.
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Appendix 3.
The cable and pipe line map used in the geophysical field survey and interpretation from Golder
Associates, 2016.
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Appendix 4.
-

Vertical-to-horizontal flatness filter ration of 0.75

-

Finite-element method
o

Type Trapezoidal elements for higher accuracy

-

Finest mesh for higher accuracy( when the resistivity range is large)

-

Robust inversion method
o

Robust data constrain cut-off factor off 100 mV/V

o

Severe reduction effect of side blocks on the inversion process: model blocks half
electrode spacing
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Appendix 5.
Modelled sections from the inverse modelling in RES2DINV showing the IP (chargeability) in
msec. The first section is profile 1 and the second is profile 2.
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Appendix 6.
Profile 1 and 2 showing the normalized chargeability (MN) from the IP measurements.
Profile 1.

Profile 2.

71

Appendix 7.
Statistical summary for the iron datasets in Depth 1-4 including the mean, median, maximum and
minimum iron level. The value in the brackets is the original maximum value, before exclusion.
Depth
Depth 1
Depth 2
Depth 3
Depth 4

Mean
21458
21865
22178
22621

Median
19838
20385
21016
21761

Maximum
98915 (409760)
80796 (143370)
47281
535889

Minimum
3954
10768
8972
8533

Iron level frequency in Depth 1

Iron level frequency in Depth 2

Iron level frequency in Depth 3

Iron level frequency in Depth 4

72

Appendix 8.
Soil Sensitivity Estimation Model (1) first and Model (2) second.
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