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Abstract 

The rapidly changing landscape of today's technology industry has increased the number of 

electronic products being discarded. Society is always on the hunt for the latest product and 

technological advancement, thereby creating a constant influx of older model products into fast-

growing waste streams. These products often contain a variety of metals, some of which are in 

high demand for their importance in technological applications but are in relatively short 

supply. These technology critical elements (TCE) are often insufficiently researched, and their 

natural abundance and behavior in environmental systems tend to be poorly understood or not 

known. This makes it difficult to trace sources of their dissemination into the environment and 

leads to inadequate understanding the potential effects on environmental habitats. This thesis is 

an environmental forensics approach to tracing anthropogenically induced Cd and TCEs in 

sediments and groundwater in Kallholmsfjärden in northern Sweden. This area has been heavily 

industrialized since the early 1930s by Boliden Mineral AB and their Cu-Pb-Zn smelter at 

Rönnskär. Process operations related to sulfide ore smelting, processing of secondary scrap 

metals, and end-of-life electronics are all investigated. This thesis further attempts to identify 

anthropogenically induced changes to element mobility and influences on sediments in the 

deeper basins of the Bothnian Bay. 

Paper I was dedicated to tracing heavy metal contamination in groundwater monitoring wells 

around Rönnskär's waste deposit area, specifically for filter dust from the copperworks and 

fumigation plants. Sources of contamination were identified using a combination of multi-

element screening analysis and multivariate statistical techniques such as principal component 

analysis and cluster analysis. Three sources of contamination were ultimately identified in the 

area. Principal component analysis was suggested to be a suitable method for the initial surveys 

before a full-scale monitoring program. However, to obtain more detailed information on 

specific element mobility and source identification, reactive-transport modeling and/or isotope 

analysis should be used. 

Paper II explored Ta and Nb's potential to serve as tracers for sediment contamination related 

to the processing of end-of-life electronics at Rönnskär. This paper further investigates changes 

in mobility related to anthropogenic activity and the possible transport into the Bothnian Bay. 

Two sediment cores were taken in Kallholm Bay and the Bothnian Bays deeper basins. 

Sediments were analyzed using ICP-SFMS and ICP-OES. Identification of fractionated phases 

was analyzed through a 5-step sequential extraction procedure. The study shows that the Nb/Ta 

ratio decreased due to an enrichment of Ta, likely resulting from the processing of Ta-capacitor 
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bearing electronics. An anthropogenic influence was also noticed in the partitioning of Ta with 

an increase in the hydrous ferric oxides (HFOs) and organic matter. This was presumed to be a 

mechanism of increase in the mobility of Ta into the Bothnian Bay; however, no increase in 

Bothnian Bay sediments was observed.  

Paper III expanded on the results of Paper II by investigating the remaining TCEs, including 

the REEs using the same sediments and methods.  Several elements were found to increase in 

the sediments related to sulfide ore smelting (Ge, Te, Tl, and Re) and secondary scrap metal 

and EOL electronic processing (Ta and W). Gallium, Nb, and the REEs showed no influence 

from anthropogenic activity. Changes in mobility were observed due to anthropogenic 

influence for Ge, Tl, and Ta. Only Te showed an increase in the deeper Bothnian Bay sediments. 
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1. Introduction 

Today's advancement in high-technology and green energy applications is mirrored by a 

growing demand for critical raw materials whose supply is being steadily exhausted. Several 

technology critical elements (TCE) have highly specific functions, and at present, substitutes 

for their use are either inferior or unknown (Graedel et al., 2015). The scarcity of the TCE's is 

not only from depletion in the Earth's crust, as some TCEs can be relatively abundant but exhibit 

low concentrations in minable rocks and minerals, making mining unprofitable. Another reason 

for some technology elements' criticality is due to an inability to extract safely and ethically 

considering possible toxic byproducts. The rare earth elements (REE), for example, are 

essential in the technological industry for their magnetic properties, high heat resistance, and 

high electrical conductivity. However, they are extremely difficult to mine; not only do they 

have a low abundance in rocks and minerals, but they are also difficult to separate and can be 

associated with other radioactive elements and toxic byproducts (Massachusetts Institute of 

Technology, 2016). Geopolitics and government instability is another contributing factor to the 

scarcity of some TCEs. Tantalum and Nb, for example, are essential components for electronic 

capacitors and steel manufacturing. However, their primary mineral, coltan (columbite-

tantalite), is a conflict mineral, and its mining has been related to extortion and human 

trafficking in the Democratic Republic of Congo who holds upwards of 80% of global reserves 

(Feick, n.d.). 

Recent interest has grown toward the concept of a circular economy, in which the life cycles of 

electronic products are lengthened through component reuse, increased feasibility for product 

repairs, and efficient recycling of inoperable components (European Commission, 2020, 2018). 

This concept thus reduces the global demand for the TCEs by maximizing their economic 

productivity. However, at present, global recycling rates for many of the TCEs is <1% and they 

are most often dissipated in the recycling lines, ultimately ending up in other material flows, 

landfills, or the environment (Gunn, 2014; Pongrácz, 2014). At every phase of an element's life 

cycle, dissipative losses can occur, from the initial extraction of raw material to ore processing 

to production and manufacturing of products, and lastly to the final phases of recycling and/or 

waste deposition (Zimmermann and Gößling-Reisemann, 2014, 2013). The study by 

(Zimmermann and Gößling-Reisemann, 2013) found that the dissipation rate of almost all of 

the TCEs is over 50%. It is thus vital to understand the behavior and natural cycling of these 

elements in natural systems to fully comprehend the impact of anthropogenic influx of these 

elements in nature. However, due to a lack of prior economic interest and inadequate 
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measurement techniques, this information has not been well researched. Information on their 

natural abundances in different environmental media, speciation, mobility, and ecotoxicology 

is either lacking or non-existent (Filella and Rodríguez-Murillo, 2017; Nuss and Blengini, 

2018). Furthermore, many of these elements are neither regulated nor monitored, and 

interactions between anthropogenic and natural cycling are not clear (Nuss and Blengini, 2018). 

Despite this, a growing amount of research has increased awareness of regional releases of these 

elements (Bonnail et al., 2017; Klaver et al., 2014; Koutsospyros et al., 2006; Perkins, 2011; 

Tian et al., 2018; Wu et al., 2019). This observation, in turn, raises concerns over adverse effects 

for local environments and populations. 

This thesis uses an Environmental Forensics approach to investigate groundwater and sediment 

contamination at the Rönnskär Cu-Pb-Zn smelter in northern Sweden. This area is heavily 

industrialized by both sulfide ore processing and end-of-life (EOL) electronic recycling 

operations. As such, this location offers the possibility to use Environmental Forensics to trace 

sources of TCEs and other metals in various media. Furthermore, the higher concentrations of 

these elements present an opportunity to study changes in element partitioning in sediments and 

possible changes in phases related to anthropogenic activities. 

2. Background 

Environmental Forensics and Chemical Fingerprinting 

Environmental forensics (EF) is a growing field of study in which circumstances that create 

contamination events in the environment are investigated by combining chemical data with 

documentary records (aerial photographs, witness statements, industrial operation information, 

and historical records). Typical environmental investigations using standard EPA 

(Environmental Protection Agency) monitoring methods often only focus on the type of 

contaminant, concentrations released, and the impacted area's location (EPA United States 

Environmental Protection Agency, 1993; Philp, 2014). Environmental Forensics builds on these 

investigations by attempting to gain insight into the source of contamination and the timing of 

the release. These investigations sometimes also aim to identify long-term impacts on 

ecosystems, habitats, and/or human health. The field of EF is rapidly growing, and researchers 

are constantly coming up with new and improved methods for tracing pollution sources 

(Schreck et al., 2020; Viegas, 2019; Wang et al., 2019). 
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Methods of Environmental Forensics 

Environmental forensic investigations are often multifaceted and can be complicated. These 

investigations frequently combine interdisciplinary information such as chemistry, biology, 

toxicology, geology, environmental science, and forensic science. All EF investigations consist 

of three principal and interconnected components (Murphy and Morrison, 2014). The first of 

these components is collaborative with an initial environmental investigation in which 

knowledge is obtained from the chemicals released. Information regarding the chemical 

characterization and the delineation of the contamination site aids in creating an initial 

conceptual model that forms a basis for the forensic investigation. The second component is to 

examine the history of the release. This component includes identifying possible points of origin 

and major modes of contaminant transport in environmental media. The last component is built 

on the information from the first two in which the responsible party is identified for the 

contaminating event (Murphy and Morrison, 2014).  

The dominate method for the identification of sources and their relative contributions in EF 

investigations is through chemical fingerprinting. Chemical fingerprinting is a generic term that 

refers to several investigative techniques that identify similarities between chemical patterns of 

contaminants and their related chemicals in the environment. Fingerprinting techniques 

generally use concentration data of specific elements and/or compounds in the studied 

environment and compares the results with expected sources. This requires a priori knowledge 

of potential sources identified in the original site investigation. Fingerprinting is most often 

used for source allocation of oil spills or other petroleum products (Mudge, 2009; Murphy and 

Morrison, 2014; Petrisor, 2014). However, it can also be used with screening data to identify 

sources of release with a complex mixture of various elements and/or compounds (PAPER I). 

In standard environmental investigations such as monitoring, risk assessment or remediation 

studies, only a fraction of the elements/compounds are actually analysed and monitored. In EF 

investigations, fingerprinting is different in that it analyses a wide range of components to 

distinguish between subtle differences of potential sources. Petrisor (2014) outlines the basic 

steps when applying environmental fingerprinting to an EF investigation:  

 Examination of the study site and nature of contaminants 

 Identification of appropriate analysis techniques 

 Chemical analysis of environmental samples and suspected sources 

 Analysis of data  
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These are each discussed further in the following sections. 

Site examination 

All EF investigations begin with an initial assessment of the site or location being analyzed for 

contamination. The purpose of these assessments is to identify the nature and extent of 

contamination and to evaluate the impacts and liabilities thereof. The site examination generally 

begins with a document review. Forensic information can be identified and derived from 

already existing data. This phase compiles all known information such as aerial photographs, 

historical data, geological maps, groundwater flow charts, and previous laboratory analyses. 

Aerial photographs 

Aerial photographs can be helpful in site examinations as they can show changes of forms and 

features that may no longer be present in the surrounding landscape. They can also be used to 

identify the extent of contamination and the rate of any changes to the area.  

Historical data 

Inquiry into the history of a site is essential because it can provide a timeline for events that 

could generate a release. Historical data can include historical aerial photographs, 

environmental impact assessments, interviews, land use information, etc. It is not uncommon 

for the cause of a contamination event to no longer exist. It is in these situations where historical 

information is particularly important to identify the source and responsible party. A good 

example of the importance of historical data in EF investigations is a study conducted by 

(Coulthard and Macklin, 2003). In this study, a catchment sediment model (TRACER) used 

historical mining records dating back to the 1700s near the Swale River in Northern England to 

predict present-day and future levels and patterns of contamination in floodplain sediments. 

The model identified areas of contaminated sediments downstream from the mining site that 

were even more contaminated than the mining sites themselves. These sediments became major 

secondary sources of pollution in the studied floodplains. This example highlights the 

importance of a clear comprehension of the investigated site's past operations and their ability 

to highlight potential sources and their impacts on the surrounding environment. 

Geological and Hydrological information 

Geological and hydrogeological media are often the main modes for contaminant transportation 

and residence. Different bedrock and soil covers can have major controls on conditions 

affecting mobility and transport pathways of contaminants (Canfield and Thamdrup, 2009; Hill, 
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1997). Information regarding differing stratigraphic units, density, groundwater flow velocity, 

porosity, and hydraulic conductivity can help predict the migration patterns of contaminants in 

the subsurface. In investigations involving groundwater contamination, flow directions can be 

used to trace upgradient sources and potential future impact areas. In some situations, the 

natural rocks and soils could also be polluting sources. A study conducted by (Dinwiddie and 

Liu, 2018) is one such example where elevated levels of As were measured in groundwater 

wells in Orange County, North Carolina. Using environmental forensics techniques such as 

Multivariate statistical methods (discussed further in section 5.1.3) and kriging interpolation 

mapping, the As was found to be mobilized from sulfide minerals in the bedrock by oxidative 

release. Acid sulfate soils are another well-known example, where oxidizing sulfide-rich 

sediments release trace metals via natural drainage (Boman et al., 2010). Thus, it is essential to 

gain a comprehensive overview of the study area's natural background to discern the origin of 

the contamination accurately. If the study site's examination is not correctly executed, possible 

sources of contamination could be missed.   

Adjusted Sampling Campaign 

Following the examination of the study area, a planning stage is usually implemented to create 

a sampling campaign adjusted to the type of contaminant and environmental conditions present 

in the study area. Each sampling campaign is unique, and decisions such as the location of the 

sampling points, frequency of sampling, what sampling methods will be used, and the 

identification of the parameters to be measured are tailored for each EF investigation. It is 

important to have a well-defined goal for the EF investigation so that the sampling campaign's 

design is focused on answering this objective. A well-designed sampling campaign is intended 

to ensure that the data adequately represents the area of interest and answers the study's primary 

goal. As a result, this phase will have a high impact on the overall success of the investigation. 

Types of samples and parameters 

There is significant variation in the types of samples studied in EF investigations, and it is 

highly dependent on the study's objective, the type of contamination (water, soil, air), and the 

impacted area. Samples can include anything from potential source materials such as ash or 

released chemicals to different geological media such as ground and surface water, rocks, 

sediments, gases, vegetation, and/or biological samples. If the contaminant is unknown, a range 

of sampling media may need to be collected to narrow down potential sources and identify the 

extent of the impacted area. It is important when sampling to collect samples of reference 

background concentrations for which the extent of contamination can be compared. 
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Background reference samples do not always necessarily have to be of the natural origin, but 

in areas heavily impacted by anthropogenic activities, ambient background concentrations can 

also be measured. These concentrations include the amount of the chemical substance in the 

area prior to the specific event in question (EPA Australian Government Protection Agency, 

2008). Often, when a study's objective involves tracing a contaminating event and its potential 

impact, it is essential to measure specific parameters such as pH, dissolved oxygen, organic 

matter, suspended solids, etc. The persistence, mobility, chemical reactivity, and sorption 

dynamics of a contaminant are often governed by these physiochemical parameters (Bernhard 

et al., 1984). 

 

Element Mobility 

Understanding the mobility and attenuation of contaminants in the subsurface is fundamental 

to assess the source and impact of contaminating events. However, this can be difficult as the 

mobility of a contaminant depends on various factors. One of the most important is speciation, 

which is significantly influenced by pH, redox potential, and organic matter (Hill, 1997). 

Speciation not only affects the transport and attenuation of a contaminant, but different species 

of the same elements can also have different levels of toxicity. As an example, Cr (III) is thought 

to be beneficial for glucose metabolism, but Cr (VI) is considered a carcinogen (European 

Virtual Instistute for Speciation Analysis, 2008). Alternatively, Tl is toxic in all forms, where 

Tl (III) is suggested to be 50,000 times as toxic as Tl (I). However, Tl (III) is easily reduced in 

environmental systems, so this estimation is uncertain, and Tl (III) contaminating events are 

less likely (Karlsson, 2006). Thus, it is essential to obtain a basic understanding of the speciation 

and influencing parameters in the system under investigation. 

Particle Surface Charge 

Sediment particles acquire an electrical charge when in contact with an aqueous phase. This 

surface charge creates an imbalance in the electrical potential at the surface-solution interface 

that affects metal ions' reactivity. The surface charge of a particle can be either variable or 

constant. Variable surface charge is most commonly seen with hydrous metal oxides, organic 

matter, and clay minerals (Smith, 1999). This surface charge is dependent on the pH of the 

surrounding water. In environments where the pH is neutral – alkaline, particle surface charge 

often results in a net negative charge. This, in turn, attracts cationic elements.  Variable charged 

particles will attract more H+ ions in low pH acidic environments, culminating in a net positive 
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particle surface charge. As such, this will attract anionic species from the solution to the particle 

surface (Fig. 1).  

 

 

 

 

 

Particles with constant surface charge are seen most commonly in layer clay minerals such as 

smectite (Smith, 1999). These surfaces exhibit a net negative charge irrespective of the pH of 

the solution. 

Ionic Potential 

Identifying an element's tendency for adherence 

to particle surfaces can be aided by 

understanding its ionic potential (Fig. 2). 

Elements with low ionic potential, such as Cd, 

are relatively large in ionic size and have a low 

to moderate ionic charge. Conversely, high ionic 

potential elements, such as As and W, are smaller 

in size but exhibit a moderate to high ionic 

charge and are often present as oxyanions. 

Intermediate elements with moderate size and 

charge, such as most TCEs, are generally fixed 

in sediments as hydroxides or are adsorbed to 

sediment surfaces (Sutliff-Johansson et al., 2021, 

2020).  

 

Figure 1 Cross section of a mineral surface layer exchanging H+ ions with varying pH. Modified from The 

Interstate Technology & Regulatory Council (2010). 

Figure 2 Element mobility in surface water 

as a function of ionic potential. Elements 

focused on in this thesis are presented in red. 

Modified from Ingri (2012). 
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Hydrous Ferric Oxides 

In addition to surface 

ionization, complexation 

between ions in solution and 

hydrous ferric oxides (HFO) 

functional groups can also 

occur (Smith, 1999).  Hydrous 

ferric oxides often act as 

scavengers and adsorb or co-

precipitate trace metals in 

sediment environments with 

higher pH values. These HFOs 

can increase metal transport 

both through physical 

transportation from lower 

settling efficiencies in aqueous 

environments (Gustafsson et 

al., 2000) and chemically through redox cycling during decomposition of organic matter in 

sediments. However, HFOs can only form in environments with a sufficient amount of oxygen. 

Most uncontaminated lakes and rivers are under oxidizing conditions (Freeze and Cherry, 

1979), with a sufficient amount of dissolved oxygen in the water for HFOs to form. Unlike 

surface waters, unpolluted groundwater systems are frequently under reducing conditions and 

oxygen depletion (Freeze and Cherry, 1979). In the trend toward a reduced environment, 

oxygen is generally first consumed by the degradation of organic matter. Bacteria and isolated 

enzymes catalyze the electronic transfer of organic matter oxidation to obtain energy (Freeze 

and Cherry, 1979). Once oxygen is fully consumed, the organic matter continues to be oxidized 

by other oxidizing agents such as NO3
-, MnO2, Fe(OH)3, and SO4

2- (Fig. 3). In more reduced 

environments, sulfate reduction contributes to trace metal attenuation by the coprecipitation of 

metal cations with sulfides. However, in situations where the redox conditions are unstable, 

oxidation of sulfide minerals can again release the metal cations back into solution (Boman et 

al., 2010).  

Figure 3 Representation of the oxidizing agents of the redox ladder and 

classification of the oxic and anoxic zones. Modified from Canfield and 

Thamdrup (2009). 
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Organic Ligands 

Complexation of trace metals with dissolved organic ligands can both inhibit and enhance ion 

mobility (Smith, 1999). Typically, organic matter is thought to primarily inhibit sorption and 

increase ions' mobility in aqueous systems by competing for particle sorption sites. However, 

if the organic material has more than one functional group, it can enhance ion adsorption by 

adding sorption points. All natural waters contain organic matter that is continuously under 

bacterial and chemical degradation and is thus present in various particle sizes.  

Particle size 

Particle size can play a significant role in the mobility of trace metals in aqueous systems. 

Sorption of trace metals typically increases with decreasing particle size (Smith, 1999). This is 

primarily due to greater surface area from smaller grain size, thus increasing the number of 

sorption sites. Smaller particles generally also have lower densities and can be transported 

further in aqueous environments.  

Understanding these controls on trace metal concentrations in aqueous systems is critical for 

EF investigations as each of these parameters can affect the fate, transport, and toxicity of the 

contaminant in question.  

Analytical Methods 

Once the sampling campaign has been established, contaminant samples and source samples 

will be sent to the lab for analysis. It is important to consider the available analytical techniques 

so that the decisions involved in the laboratory work will produce good quality data. The 

selection of an analytical method depends on the objective of the EF investigation and the 

analytes themselves. There is an abundance of analytical techniques that can be used in EF 

investigations and fingerprinting studies. However, it is not within the aim of this thesis to 

provide an overview of the available techniques or the methodological details. Further 

information on different analytes and their analytical methods can be found at the Australian 

Government Initiative (n.d.).  

This study's analyses were primarily done with Inductively Coupled Plasma-Sector Field Mass 

Spectrometry (ICP-SFMS) with multi-element screening analysis. In EF investigations utilizing 

fingerprinting techniques it is generally preferred to use an analysis method with the lowest 

detection limits (Petrisor, 2014). ICP-SFMS is widely applied in geochemical studies for trace 

and ultratrace element analysis (Schönbächler, 2017). This technique is unique in that it has 

high sensitivity and is relatively free from spectral interferences (Rodushkin et al., 2018).  
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Multi-element screening analysis has recently grown in importance in EF investigations 

(Rodushkin et al., 2018). It is often used to improve estimations of background levels in 

environmental samples. These analytical screening procedures are non-targeting and, as a 

result, can be used to test for a variety of contaminants rather than a select few. Data from the 

screening analyses can then be used to highlight specific elements of interest to analyze 

quantitatively on a routine basis or combine multivariate statistical techniques in fingerprinting 

investigations to identify contaminant to source specificity.   

Data Analysis  

Statistical techniques are used in environmental forensics to describe patterns in the data 

(descriptive statistics) and make inferences (inferential statistics). The techniques used need to 

be tuned to the contaminant and site-specific conditions. More recent studies in EF 

investigations that use fingerprinting techniques often involve multivariate statistical methods. 

These techniques are powerful and can be useful with large datasets where interpretation may 

be otherwise difficult. However, in some cases, simpler statistical techniques may be sufficient, 

for example, determining a statistical significance of a conclusion or a relationship among 

contaminants at a particular site (Murphy and Morrison, 2014). 

Descriptive 

Descriptive statistical techniques are those used to describe, show and summarize the dataset. 

However, they are unable to make inferences. Classical descriptive techniques are those often 

employed for univariate or bivariate analysis. Although several descriptive techniques can be 

used, the most common are frequency distributions, measures of central tendency (i.e., mean, 

median, and mode), and variability measures (standard deviation, variance).  

Inferential 

Inferential statistics are those in which the objective is to make conclusions that extend beyond 

the immediate dataset. In EF, inferential statistics are those in which decisions are made from 

probability. Classical inferential statistical techniques include those used for parameter 

estimation, testing of hypotheses, and making predictions. 

Multivariate statistics 

Multivariate statistics are often applied in EF for complex exploratory data analysis. These 

statistical techniques can be either descriptive or inferential depending on the way in which the 

statistical method is used. The most common multivariate techniques in EF are principal 
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component analysis (PCA), partial least squares (PLS), cluster analysis (CA), and discriminate 

analysis (DA). This thesis principally presents the use of PCA and CA as these are employed 

in PAPER I. 

Principal component analysis is a technique primarily used to reduce the dimensionality of a 

multivariate dataset such that an overview of the data is revealed (Eriksson, 2001). This 

overview can help identify trends, clusters, and outliers between both samples and variables 

and among the variables themselves.  

 

Figure 4 Determination of Principal Components. Steps 1 and 2 show the observations of a data table as points in 

variable space. Step 3 and 4 depict the mean-centering procedure through the computation of variable averages 

and the moving of the origin of the coordinate system. Step 5 is the calculation of the first and second principal 

components. The first principal component depicts the largest variance in the data set. Step 6 shows the score plane 

created by the two principal components. Each observation may be projected onto this plane to determine their 

score values in the new coordinate system. Modified figures from Eriksson (2001). 
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In PCA a multivariate data table with N-rows (observations) and K-columns (variables) 

presented in a variable space will have as many dimensions as there are variables (Fig. 4 Step 

1). This means that the number of coordinate axes are the same as the number of variables. Each 

observation of the data table (often samples in environmental studies) is plotted in the K-

dimensional variable space (Fig. 4 Step 2). Mean-centering is then carried out by the calculation 

of variable averages from the dataset. This vector of variable averages corresponds to a point 

in the variable space of which the origin of the coordinate system is moved (Fig. 4 Step 3 & 4). 

The first principal component is the line (going through the average point) in K-dimensional 

space that explains the largest amount of variance in the dataset (Fig. 4 Step 5). Each 

observation is projected onto this line to get a new coordinate value called the score, as such 

scores can be interpreted as new variables used to summarize the old ones. The second principal 

component is orthogonal to the first component and explains the second highest variance of the 

data set (Fig. 4 Step 5). Once the two principal components have been determined, they are 

generally presented on a plane called a score plot in which all observations are presented (Fig. 

4 Step 6). Score plots make it possible to visualize the structure of the investigated dataset. 

Knowledge of variable influence and correlations in the dataset are interpreted through 

loadings. The loadings describe the orientation of the plane of components with respect to the 

original variables. Furthermore, loadings describe the magnitude and manner (i.e., positive or 

negative) of the correlations and the extent to which the variables contribute to the score.  

Cluster analysis, like PCA, is a group of unbiased exploratory techniques that can help identify 

associations between samples and/or variables. However, the primary difference between PCA 

and CA is that the main objective of CA is the grouping of observations rather than variables. 

Furthermore, PCA develops groups based on the variance of the dataset, whereas CA makes 

groupings, known as clusters, based on proximity. Cluster analysis groups observations with 

the highest similarity closest together (Fig.5).  
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Algorithms that determine the partitioning procedures for CA can be divided into two 

categories: hierarchical and non-hierarchical. Hierarchical CA combines observations into a 

tree-like structure called a dendrogram in which clusters are formed sequentially (Fig 5). 

Algorithms used in hierarchical CA operations are highly dependent on the investigation's 

objective. However, the most common are average linkage, complete linkage, and wards 

method. This thesis used Ward's method, which is distinct from other linkage algorithms as it 

uses analysis of variance to evaluate distances between clusters (Cloutier et al., 2008). Ward's 

method tries to minimize the sum of squares of any two clusters that are grouped at each step. 

Non-hierarchical CA does not create these dendrogram, but rather observations are grouped 

into a specified number of clusters determined by the user. 

Similarity between observations can be measured in several ways. One of the most common is 

through distance measures, which are a measure of similar proximity between observations 

(Hair et al., 2014). Several distance measures are available such as Euclidean distance, Squared 

Euclidean distance, City-block distance, and Mahalanobis distance. Euclidean distance is the 

most common measure in which the distance between two points is calculated through their 

coordinates on a two-dimensional variable space. Squared Euclidean distance, which was used 

in PAPER I, is similar as it takes the sum of the squared differences but does not take the 

squared root. This is the recommended distance measure for Ward’s method which was used 

for CA calculations in PAPER I. For more information on the CA, the reader is referred to Hair 

et al. (2014)  

Figure 5 Nested clusters from a Hierarchical Cluster Analysis and the resolved dendrogram. Modified figure 

from Gholamian et al. 2013. 
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3. Scope of the Thesis 

The scope of this thesis is to study technology critical elements (TCEs) in groundwater and 

sediments near the Rönnskär Cu-Pb-Zn smelter in Northern Sweden. The general aim was to 

use Environmental Forensics to identify the source, partitioning, and anthropogenic influences 

of TCEs and potentially toxic elements (Cd, Zn, and As) in the study area. The specific 

objectives of this study are to: 

- Examine the viability of using multivariate statistics combined with screening analysis 

to trace groundwater contamination in a complex industrial site (Paper I). This paper 

investigates elevated Cd levels in groundwater monitoring wells near deposited waste 

at the Rönnskär industrial area.  

- Examine the viability of using Nb/Ta ratios to trace contamination from electronic 

processing in Bothnian Bay Sediments (Paper II). 

- Evaluate anthropogenic influences on TCE distribution, solid fractionation, and 

mobility in Bothnian Bay Sediments (Paper II & Paper III). 
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4. Study Site 

Baltic Sea 

The Baltic Sea is a marginal sea of the Atlantic Ocean partially encircled by Northern Europe 

(Fig. 5). It is one of the largest brackish inland seas resulting from a semi-enclosed topography 

and high riverine input. Water circulation in the Baltic is generally anti-clockwise driven by 

salinity differences and the Coriolis Effect. This behavior results in a salinity gradient in which 

higher salinities in the south decrease with northern transport of the bottom water. The Baltic 

Sea is divided into fourteen sub-basins based on coastal morphology, sills, and other 

topographical formations (Kautsky and Kautsky, 2000). 

 

Figure 6 Location of study sites. A depicts the Bothnian Bay and the location of the Kullenberg and Gemini 

Sediment cores. B Kallholmsfjärden and the surrounding industrial areas. The location of the Kallholmsfjärden 

sediment core and Rönnskär’s waste deposit area are presented in red. C presents the Rönnskär waste deposit area 

and the deposits and groundwater monitoring wells of interest. The contaminated groundwater well number 56 is 

presented in red.  
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Bothnian Bay 

This thesis is primarily focused on the Bothnian Bay which is the northernmost basin in the 

Baltic Sea (Fig. 6A). The Bothnian Bay has an area of 36,300km2 and contains around 

36,800km3 of water (Suteerasak et al., 2017). The average water depth is around 43 m, however 

maximum depths reach 148 m. Water in the Bothnian Bay exhibits a low salinity, between 2‰ 

- 4‰, due to a dilution from high riverine input from northern Sweden and Finland (Marmefelt, 

1994; Suteerasak et al., 2017). There are eleven major rivers flowing into the bay which deliver 

roughly 115 km3 of water per year to the bay (Suteerasak et al., 2017). This large input of 

freshwater also contributes to a general oxygenation of bottom waters (Hallberg, 1979). The 

catchment area is dominated by Proterozoic and Archean basement rocks mainly of 

granodioritic composition chemically similar to that of upper continental crust (UCC) (Gaál 

and Gorbatschev, 1987). Around 75% of Swedish basement rock is covered by glacial till 

deposits following the last period of glaciation (Andersson et al., 2014).   

Sediments in the open Bothnian Bay are characterized by accumulation bottoms of undisturbed 

laminated postglacial silt and clay (Voipio, 1981). The surface sediments are generally in 

oxidized conditions due to the large influx of riverine water and low primary production rates 

(Hallberg, 1979). Buried hydrous ferric oxide (HFO) layers have been shown to occur in the 

suboxic and anoxic zones of sediment profiles in both coastal areas and the deeper basins (Ingri 

and Pontér, 1986; Sutliff-Johansson et al., 2020; Widerlund and Roos, 1994).  

The Bothnian Bay is heavily industrialized compared to its sparse population (Pontér et al., 

2021). Industrial activity in the Bothnian Bay region is mainly related to forestry and locally 

available raw materials such as Fe, Cu, Pb, Zn and Cr ores. Ores from regional mines support 

other industries such as smelters (Rönnskär), steel mills and stainless steel works (SSAB, 

Outokumpu). The forest industry includes both paper and pulp manufacturing and is large in 

both the Swedish and Finnish Bothnian Bay regions.   

Kallholmsfjärden  

Kallholmsfjärden (otherwise known as Skelleftehamnsfjärden) is a bay on the coast of the 

Bothnian Bay 15 km east of the city of Skellefteå in Northern Sweden (Fig. 6B). The bay is 

home to several industries (i.e. ore smelting, chemical storage, oil port, recycling) and acts as 

the main commercial port to the city of Skellefteå. As a result, water and sediment chemistry 

have been highly effected by anthropogenic influences (Cato and Sellén, 2004; Jansson et al., 

n.d.). Water in the bay has a maximum depth of 20 m and a turnover time of ≤9 days (Viss, 
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2017). There are no rivers flowing into the bay. However, a channel connecting Sörfjärden (an 

adjacent bay) and the Skellefte River estuary has been constructed to allow water to pass 

between the two.  

Kallholmsfjärden is partially protected by an island shield which results in little resuspension 

and transport of bottom sediments. These sediments are primarily composed of layers of post-

glacial silt and clay deposited directly on the crystalline bedrock (Cato and Sellén, 2004). 

Sediments have been found to lack bioturbation mainly as a result of low biological activity of 

the Bothnian Bay (Voipio, 1981). 

Industrial History of Kallholmsfjärden 

In 1912 a railway was built between Skellefteå and the Kallholmen fishing village on the coast 

of the Bothnian Bay. The commercial port of Skelleftehamn, built in the following year, was 

originally used for the export of timber. In 1924 gold ore was found in Boliden in the Skellefte 

sulfide ore district northwest of the city of Skellefteå. This ore soon became Skelleftehamn’s 

main export as processing was primarily done in refineries abroad. The Boliden ore was high 

in As and S and the release of these elements during processing caused health concerns in 

international refineries. It was thus decided that a smelter would need to be built to be able to 

process the ore with a focus on lessening the impacts of As and S on its workers and the 

surrounding city. The Rönnskär smelter was decided to be built near Kallholmen with access 

to the harbor, rail, and electricity of Skelleftehamn (Fig. 7). Construction of the smelter began 

in 1928 and was eventually completed in 1930. Waste from the smelter was directly released 

into the Bothnian Bay during the beginning of operations. For more information on the 

industrial history of the Rönnskär smelter, the reader is referred to Paper II and Paper III of 

this thesis.  
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Figure 7 Aerial photograph of the copperworks at the Rönnskär smelter in 1937. Photograph curtesy of Pasi 

Peltola, Boliden Mineral AB. 

Between 1929 and 1938 three oil companies began operations at Skelleftehamn increasing oil 

and coal imports. In the early 1950s, a plan was erected to build a new oil port on the northern 

shore of Kallholmsfjärden, which was eventually completed in 1962. The new oil port further 

increased imports of both oil and coal for the Skellefte region. However, the higher oil imports 

were short-lived and began to decline in the early 1980s. During this time, the Rönnskär smelter 

began processing electronic scrap materials to aid in an increased demand for precious metals 

such as Cu and Au. By 1999 the oil port was bought by Wibaz, a chemical company that focuses 

on the sale and distribution of primarily liquid chemical products and bio-oils.  In the early 

2000s Arvamet began the recycling of secondary scrap metals and end-of-life (EOL) electronic 

materials near the Rönnskär industrial area. Operations at Arvamet primarily included the 

crushing and separation of scrap metals and EOL electronic components, which were then 

either, shipped for reuse or sent to Rönnskär for further processing. In 2003, Arvamet was 

rented to Kuusakoski recycling who continues the recycling operations until today. 

Rönnskär Industrial Area 

The Rönnskär smelter is located in Kallholmsfjärden on a predominantly artificial peninsula in 

which the two islands of Hamnskär and Rönnskär have been joined together and connected to 

the mainland. Construction of the peninsula was done using a highly permeable granulated 

copper slag called Iron Sand as filling material. The Iron Sand layers are an average of 3-4 m 

in thickness but some areas are up to 8 m. The Iron sand lies on top of the moraine sediment of 
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the former seabed. The islands themselves are predominantly composed of sandy and silty 

glacial moraine. 

Paper I of this thesis focuses on 

groundwater Cd contamination in the 

waste deposit site located on the 

westernmost side of the Rönnskär 

industrial area (Fig. 8). This area is 

divided into storage locations in which 

different waste materials are deposited. 

Dust from the copperworks (K1) and the 

fumigation plant (F1) is mainly stored in 

Area 27 and 28 and sulfidic sludge and 

gas purification sludge are deposited in Area 21-25 (Fig.8). For more information regarding 

waste generation and storage the reader is referred to Paper I.  

Groundwater in the area is separated by a 

divide in which the western half of the 

deposit area flows in the north-west 

direction into implemented groundwater 

wells and the eastern half flows northward 

into Kallholmsfjärden (Fig. 9). The 

groundwater gradient in the area is flat and 

is controlled by sea-level (Myrland, 

2016). Hydraulic conductivity of the Iron 

Sand is estimated to be around 3·10-3 m/s 

and the moraine is between 6·10-9 m/s and 

2·10-7 m/s (Myrland, 2016). There are 23 

groundwater wells surrounding the waste 

deposits, which are regularly sampled and 

analysed to monitor potential leakages. 

5. Materials and Methods 

This thesis is composed of two separate environmental forensic investigations. As a result, the 

methods will be discussed individually for each investigation. Only a brief explanation of the 

Figure 8 waste storage areas at the Rönnskär industrial 

complex. Areas highlighted in red are focused in Paper I of this 

thesis. 

Figure 9 Groundwater flow in Rönnskär’s waste storage 

areas. The left side of the map groundwater flows to the north-

west into implemented groundwater wells. Near the marked 

waste deposits, groundwater flows north into 

Kallholmsfjärden. The groundwater flow model was created 

by Johanna Myrland, ÅF. 



Tracing anthropogenic Technology Critical Elements using Environmental Forensics: Case studies at Kallholmsfjärden, northern Sweden 

 

20 

 

methods used are presented. For more detailed information the reader is referred to the paper in 

the headline.   

  

Paper I  

Groundwater samples 

Both filtered and unfiltered groundwater samples were collected at four groundwater 

monitoring wells (14, 15, 55, 56) and five waste deposit wells (10, 11, 12, 22, and 23). Monthly 

sampling was carried out by Boliden Mineral AB from May 2016 until December 2016 (n=8). 

A second intensive sampling campaign was executed weekly between the 19th of May and the 

28th of June 2017 (n=10). Water levels were measured using a dipping tape. Stagnant water 

was subsequently pumped for 10-15 min using an Eijekelkamp peristaltic pump with a 6mm 

silicon tube prior to sampling. Transient groundwater was collected in two acid-washed 100 ml 

polyethylene bottles. Filtration was executed in the field, using 0.45 µm hydrophilic polyether 

sulfone filters. 

Water from the deposit wells was collected by grab sampling with a 100 ml polyethylene bottle 

and a metal pole. The water from these wells was not filtered and protective gear was used 

during collection. Determination of pH for both groundwater and deposit wells was done by 

Boliden Mineral AB in the lab using a Metrohm pH meter.  

Source Materials 

Three sulfide ore concentrates were provided by Boliden Mineral AB, all which are processed 

at the Rönnskär smelter (Discussed more in Paper III). Ore samples included chalcopyrite 

concentrate from the Aitik Mine (Gällivare, Northern Sweden), and two complex ore 

concentrates from the Boliden ore concentrator (Boliden, Northern Sweden), and the 

Garpenberg Mine (Hedemora, Southern Sweden). Dust from the copperworks (K1) and the 

fumigation plant (F1) was provided by Boliden Mineral AB. A slurry, composed of both K1 

and F1 dust and water, was also supplied. Screening-analysis was conducted by ALS 

Scandinavia for all samples in which 71 elements were analyzed using inductively coupled 

plasma sector field mass spectrometry (ICP-SFMS). 

  

Statistical Methods 

Data was treated prior to statistical analysis. The data was first reduced as variables with more 

than 5% of the concentrations below the detection limit were removed. Conversely, variables 
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with fewer than 5% below the detection limit were substituted with concentrations one-half of 

the detection value. Variables difficult to measure with ICP-MS were also removed from the 

dataset. 

  

All multivariate statistical methods were performed using IBM SPSS statistical software. The 

data was first analysed using Ward's agglomerative hierarchical cluster analysis with squared 

Euclidean distances as a similarity measurement. Data that could be heavily influenced from 

natural sources was subsequently removed from the dataset.  

Principal component analysis (PCA) was used to analyze the resolved clusters of the 

hierarchical cluster analysis. All components with eigenvalues > 1 were considered significant. 

Two tests were performed to test the suitability of the dataset for PCA. The Kaiser-Meyer-Olkin 

(KMO) test was first used to analyze the proportion of common variance in the dataset. This 

test was followed by a Bartlett's test of sphericity which tests whether the correlation matrix is 

an identity matrix, which thus gives confidence that the variables are significantly correlated. 

A varimax rotation was applied to ease interpretation of clusters. 

 

Paper II & Paper III 

Sediment Sampling 

Kallholmsfjärden - In June of 2017 a sediment core 

was collected in the deepest part of Kallholmsfjärden 

(N 64°40.553’, E 21°16.189’). Collection was 

accomplished using a Kajak gravity corer with a  35 

cm Plexiglas core tube with a diameter of 6.4 cm 

(Blomqvist and Abrahamsson, 1985) (Fig. 10). The 

core was divided into subsections immediately after 

collection. For the top 0-5 cm of the sediment, 

subsamples were collected every 0.5 cm. This was 

followed by 1 cm subsamples from 5-15 cm, and 

lastly, 2 cm subsamples from 15-35 cm. Sediment 

samples from the Kullenberg core were sent to ALS 

Scandinavia for screening analysis by ICP-SFMS.  

  

Figure 10 Kallholmsfjärden sediment core. 
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Bothnian Bay- In September of 2009 two sediment 

cores were collected in the open Bothnian Bay (N 65° 

11.46′, E 23° 23.80′) by the Swedish Geological 

Survey. The first core, named Kullenberg in the rest 

of the thesis, was collected using a 6 m long 

Kullenberg gravity-corer with a tube diameter of 6.6 

cm. The sediment was divided into 3cm subsamples 

prior to collection. The second core, named the 

Gemini core, was collected using a 1 m Gemini 

gravity corer. This core was collected to achieve 

better spacial resolution of the upper sediments. 

Subsamples were collected for every 1 cm for the top 

16 cm of the core. Major element determination in 

the Bothnian Bay cores was achieved by alkali fusion 

followed by inductively coupled plasma-optical emission spectrometry (ICP-OES). Sulfur and 

trace elements were analyzed through ICP-SFMS. All analysis was conducted by ALS 

Scandinavia.   

Sediment Dating 

Kallholmsfjärden-Sediment dating was achieved using a combination of event markers. 

Heightened concentrations of Bi, Se, and Te (known to be elevated in the Boliden ore) were 

associated to the original opening of the Rönnskär smelter in 1930. The decrease in the 

accumulation of these elements is suggested to be connected to the cessation of the use of this 

ore in 1967. These dates were combined with the event marker for peak activity of 137Cs due to 

the Chernobyl nuclear power plant accident in 1986. Determination of 137Cs was done by 

gamma spectrometry at the Risø National Laboratory for Sustainable Energy in Denmark. 

 

Bothnian Bay- Sediment dating of the Bothnian Bay cores is described in detail by (Suteerasak 

et al., 2017). In summary, age determinations for the Kullenberg sediments were done by the 

identification of key paleomagnetic signatures. The direction of the natural remanent 

magnetization, and any reconstructed secular variations of the Earth’s magnetic field, were 

compared with the FENNOSTACK master curve which can be found in Snowball and Sandgren 

(2002). Peaks of the master curve are correlated with maxima and minima of the relative 

declination and inclination which has been identified by visual inspection (Suteerasak et al., 

Figure 11 Kullenberg Bothnian Bay sediment 

core. 
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2017). Sediment dating for the Gemini core was dated through event dating using 137Cs and 

from the Chernobyl accident of 1986.  

Sequential Leaching 

A 5-step sequential extraction procedure was carried out on the Kalllholmsfjärden sediments. 

This procedure is a modified version presented in Hall et al. (1996) and Land et al. (1999). The 

analysis was done in order to determine the partitioning of TCEs in sediments that have likely 

been affected by an additional input from anthropogenic activities. Targeted extractable 

fractions include the 1) adsorbed and exchangeable fractions, 2) labile organic fractions, 3) 

amorphous Fe/Mn oxide fractions, 4) crystalline Fe-oxide fractions, and the 5) stabile organic 

forms and sulfide fractions. Element concentrations in all fractions were determined using ICP-

SFMS.   

Grainsize analysis and analysis of primary minerals 

Particle size distributions were analysed by LTU using a Cilas 1064 laser diffraction particle 

size analyzer with aqueous suspension.  Samples analyzed included two from the 

Kallholmsfjärden core at 11-13 cm and 23-27 cm depth, and six from the Kullenberg Bothnian 

Bay core at 0.20-0.30 m, 0.50-0.75 m, 2.75-2.85 m, 3.65-3.75 m, 4.75-4.85 m, and 5.65-5.75 

m.  

Mineralogical content of the Kallholmsfjärden sediment was analyzed by ALS Scandinavia 

using a Philips X-ray diffractometer (XRD) with a CuK-alpha X-ray tube. Samples were taken 

from 3-3.5 cm, 6-7 cm, 7-8 cm, and 33-35 cm depth. The limit for detection of the phases was 

2% by weight. 

Calculation of detrital and non-detrital sedimentary phases (Paper II) 

Calculation of detrital and non-detrital sedimentary phases was done following an approach 

presented by Widerlund and Ingri (1996). The calculation assumes that all Al in the sediment 

comes from detrital material and element composition of the sedimentary detrital phase is 

assumed to be similar to that of glacial till within the Kalix River drainage area in Northern 

Sweden, Land et al. (1999). Iron and Mn in the non-detrital phase were calculated by the 

subtraction of the detrital fraction from their total concentrations. Non-detrital Fe is assumed to 

be a combination of sulfide-bound Fe and hydrous ferric oxides (HFOs). To calculate sulphide 

bound Fe, sulfur is first assumed to occur completely as FeS. It is thus possible to calculate 

sulfide-bound Fe from the total S concentration in the sediment. The remaining Fe in the non-

detrital phase is considered to consist of HFOs.  
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6. Findings 

Paper I 

Extent of groundwater contamination 

Table 1 Average concentrations for the four groundwater monitoring wells in the in waste storage area 27 of 

Paper I. Brönstjärn and Ursviken are representative of background water of Skelelfteå and the surrounding 

environment. Environmental pollution limits for natural waters dictated by the Swedish Geological Survey are 

also presented.  

Variables 

(µg/L) 

Contamination 

Limit Brönstjärn Ursviken Well 14 Well 15 Well 55 Well 56 

As <10 0.30 0.30 130 ± 46 37 ± 23 4400  ± 680 440 ± 190 

Cd <5.5 0.30 <0.020 2400 ± 700 8700 ± 1400 8700 ± 1400 300000 ± 78000 

Co - 0.10 0.050 2900 ± 670 400 ± 41 400 ± 41 960 ± 50 

Cu <2000 0.70 0.50 4.8 ± 7.5 59 ± 9.6 59 ± 9.6 110 ± 110 

Fe (mg/L) <1.0 0.040 0.013 560 ± 150 16 ± 2.5 16 ± 2.5 55 ± 5.6 

Hg <1.0 <5.0 <5.0 0.29 ± 0.08 1.1 ± 0.096 1.1 ± 0.96 5.5 ± 4.1 

Mn (mg/L) <0.4 0.010 <0.0020 2.0 ± 1.2 1.4 ± 0.14 1.4 ± 0.14 5.2 ± 0.16 

Ni <20 <0.50 1.4 5800 ± 1500 500 ± 66 580 ± 66 5400 ± 960 

Pb <10 <0.20 <0.20 13 ± 3.5 0.52 ± 0.50 0.52 ± 0.50 32 ± 46 

Zn (mg/L) <1.0 0.0080 <5.0 620 ± 160 160 ± 21 160 ± 21 3700 ± 840 

 

A summary of heavy metal concentrations present in the groundwater monitoring wells is 

presented in Table 1. Data from four SGU groundwater wells in the environment around the 

Skellefteå municipality are also presented as representations of the background concentrations 

of the area. High standard deviations are noted between the variables indicative of the temporal 

variability of the contaminants. Several of the elements (As, Cd, Fe, Ni, Pb, and Zn) are higher 

than the most severe pollution limits (category 5) mandated by the Swedish Geological Survey 

for natural groundwater (SGU, 2013). Concentrations of the least studied technology critical 

elements (LS TCE) are presented in table 2 (unpublished data). Only Re exhibited significantly 

elevated levels in all wells. Thallium was also shown to be elevated in all wells, excluding 

monitoring well 15. The relative degree of contamination for the groundwater monitoring wells 

was 56 > 55 > 14 > 15. The higher concentrations noted for groundwater wells 55 and 56 

suggest a closer proximity to the point of release than wells 14 and 15.  

Table 2 Concentrations of the LS TCEs in four groundwater monitoring wells near waste storage area 27. 

Variables 

(µg/L) Well 14 Well 15 Well 55 Well 56 

Ga <2 <2 <2 20 ± 7.7 

Ge <2 <2 2.4 ± 2.5 29 ± 23 

Nb <0.08 <0.08 0.10 ± 0.15 <0.08 

Re 44 ± 13 14 ± 2.7 20 ± 3.1 301 ± 64 

Ta <0.08 <0.08 <0.08 <0.08 

Te <0.2 <0.2 0.22 ± 0.17 1.1 ± 2.7 

Tl 0.10 ± 0.02 <0.04 1.2 ± 0.13 22 ± 3.9 
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Identification of the type of leakage 

The high variability between the monitoring wells for concentrations of both the metals (As, 

Cd, Co, Cu, Fe, Hg, Mn, Ni, Pb, Zn) and the LS TCEs suggests a point source pollution event 

(Table 1 & 2). Temporal trends of Cd and Zn in groundwater well 56 during both the monthly 

sampling in 2016 and the weekly sampling in 2017 exhibited continuous loading for both 

elements with increasing concentrations indicative of active leaching (Fig. 12). These results 

agree with calculated element/Mg ratios (see Paper I), suggesting that the concentration 

increase is not an effect of dilution/evaporation. Arsenic displayed a significant increase from 

0.55 mg/L to 9.30 mg/L between October 2016 and November 2016 in monitoring well 55. 

This trend was not seen in groundwater well 56, suggesting a separate contamination event. 

The temporal trend for As in monitoring well 55 decreases slightly after an initial pulse and 

continues to remain elevated thereafter. This trend is indicative of active leaching. 

Characterization of deposit sources 

The chemistries of the waste stored in 

each of the deposits are highly variable 

due to differences in processed 

materials. As a result, it was 

impossible to obtain representative 

solid samples of the waste for each 

deposit. The identification of 

differences between deposit 

compositions was investigated by the 

calculation of mass ratios from the 

leachate of each deposit well (Fig. 13). 

The ratios were used as a 

representation of the average 

composition of the mobile fractions. 

Magnesium ratios were analyzed of 

Na, Ca, Fe, K, and Sr. These elements 

are not products of the Rönnskär 

smelter and were thus assumed to have 

a similar abundance between the 

Figure 12 Temporal variation of As, Cd, and Zn concentrations for the 

monthly sampling campaign in 2016 (left) and the weekly sampling 

campaign in 2017 (right).  
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deposits containing related waste materials. 

With the exception of Fe, all of these elements are relatively mobile in low pH environments 

and, as such, would be enriched in the leachate. Magnesium normalized ratios of the deposits 

identify similarities between deposit wells 10 and 11 for all elements excluding Na/Mg. A 

difference in composition was noted between deposits 10 and 11, with deposit 12, previously 

assumed to contain the same material. The difference in the deposits may be related to the 

transition from storing the K1 F1 slurry to the storage of dry K1 F1 dust. A dissimilarity was 

also noted between deposits 22 and 23, which were thought to contain sulfide sludge. However, 

it is difficult to identify a reason for this dissimilarity, as these deposits are older (the 1970s-

1980s), and the stored waste materials are not well documented.   

 

Figure 13 Magnesium normalized mass ratios of Na, Ca, K, Fe, Al, and Sr from solid waste leachate from the 

waste deposit wells 10, 11, 12, 22, and 23. 

Multivariate Statistics for source apportionment 

Cluster Analysis 

Interrelationships of the heavy metals and major constituents within the groundwater wells were 

first evaluated using Cluster Analysis (CA). Three clusters were identified, which can be 

viewed in the dendrogram presented in Fig. 14. Group 1 included As, Cu, Mo, and Sb; group 2 

contained Cd, Zn, Co, Ni, Re, and Rb; and lastly, group 3 consisted of Ca, Mg, Sr, Fe, K, and 

Na. Group 1 and 2 consisted of waste/ore materials and are assumed to be separated based on 

mobility. Group 1 consisted primarily of mobile oxyanions, while group 2 are predominantly 

cations in which mobility is variable. The inclusion of Cu, which generally occurs as a cation, 

0

2

4

6

8

10

12

14

16

Na/Mg Ca/Mg Fe/Mg K/Mg (Sr/Mg) x 10^3

(N
a,

 C
a,

 F
e,

 K
,S

r)
 /

 M
g
 (

M
as

s 
R

at
io

) 

DP10

DP11

DP12

DP22

DP23



Tracing anthropogenic Technology Critical Elements using Environmental Forensics: Case studies at Kallholmsfjärden, northern Sweden 

 

27 

 

into group 1 could be due to complexation with organic matter where it would have similar 

behavior to the oxyanions and would predominantly remain in solution (Evans, 1989; Nierop 

et al., 2002). The elements in group 3 are also generally present in groundwater as cations. 

However, these elements are common constituents in natural ground/surface water systems and 

could be highly influenced by the natural background. 

 

 

Principal Component Analysis 

A principal component analysis was conducted on groups 1 and 2 of the cluster analysis. Group 

3 elements were removed to produce a dataset representative of the contamination with little 

influence from the natural background. Commonalities, which indicate the common variance 

shared among the components by the variables, were first analyzed. All variables exhibited high 

values (>0.6), excluding Mo, which showed only a weak shared variability with the other 

variables in the dataset (0.42). No variables were removed based on commonality. 

A total of 87.7% of the variance in the dataset was explained with three identified components. 

The loadings are characterized as ‘strong,’ ‘medium,’ and ‘weak,’ related to values of >0.75, 

0.75–0.50, and 0.50–0.30, respectively (Liu et al., 2003). Component 1 explained 57.8% of 

total variance consisting of strong positive loadings for Cd, Co, Ni, Rb, Re, and Zn. These 

elements are moderately correlated with deposits 10 and 11 and weakly correlated with 

Figure 14 Dendrogram produced from a Hierarchical agglomerative cluster analysis (HACA). Samples from the 

intensive weekly sampling campaign of the groundwater monitoring wells was used. Three main groups of 

elements are depicted.  
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groundwater wells 14 and 56 (Fig. 15). This observation suggests that the Cd contamination in 

groundwater well 56 is correlated to deposit 10 and/or 11. The high similarity between the 

deposits makes it difficult to differentiate between the two, and thus further analysis is needed.  

 

Figure 15 Loading and score plot for components 1 and 2 with varimax rotation. Component 1 is strongly 

influenced by a cluster Cd-Zn cluster (including elements Cd, Co, Cu, Ni, Rb, Re, Zn). These elements were related 

to deposits (DP) 10 and 11 and groundwater well 55 and 14. Component 2 is influence by Mo, Sb and Cu. This 

component is mainly correlated with the deposit wells 12, 22, and 23. One sample from DP 11 also displays a high 

influence from these elements.  

A total of 17.3% of the dataset variation was explained by component 2, which consisted of a 

strong positive loading of Cu and Sb and a moderate positive loading of Mo. This cluster shows 

a varying impact with groundwater well 15, evident by the spread between the sample points. 

This behavior is also seen with groundwater wells 55 and 14 but to a lesser extent. It is possible 

that these elements are being leached from deposited dust materials in which they would likely 

be mobile as oxyanions. However, concentrations of these elements are not above contaminant 

levels, and the interrelationships seen from the PCA could be related to the natural variation of 

these elements in the soil(s). 
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Figure 16 Loading and score plot for components 1 and 3 with varimax rotation. Component 1 is strongly 

influenced by the Cd-Zn cluster. These elements were related to deposits (DP) 10 and 11 and groundwater well 55 

and 14. Component 3 is influenced by As. This component is mainly correlated with deposit well 22 and 

groundwater well 55. 

Lastly, component 3 explained 12.7% of total variability and had a strong loading of As. This 

component identified a moderate influence of As on groundwater monitoring well 55 and to a 

lesser extent well 56 (Fig. 16). The As appeared to be originating from a different source than 

either the Cd-Zn cluster of component 1 or the Mo-Sb of component 2. The southwestern 

increase of As suggests the point of origin to be from deposit area 21-26.   

Paper II & III 

Grain size analysis 

The particle size distribution of 2000-63 µm, 63-2 µm, and <2 µm correspond to the 

sedimentological classes of "sand," "silt," and "clay," respectively (Folk, 1980). The 

Kallholmsfjärden core and the Bothnian Bay core exhibited similar relative grain sizes. The 

Kallholmsfjärden core displayed a composition of 85-89% silt and 11-15% clay throughout the 

entire core length. The Bothnian Bay Kullenberg core's grain size distribution was 

approximately 88% silt and 12% clay. 

Mineralogical Content 

The mineralogical content of the Kallhomsfjärden sediments from the X-ray diffraction 

measurements was shown to consists primarily of silicate minerals such as quartz (SiO2), and 

feldspars such as albite (NaAlSi3O8), microcline (KAlSi3O8), and muscovite 

(KAl2(AlSi3O10)(OH,F)2). Hematite (Fe2O3), halite (NaCl), and calcite (CaCO3) were also 

measured in very low concentrations.  
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Anthropogenic Influences on sediment TCE Distribution 

In the following section, all elements are divided based on their distribution profiles in the 

Kallholmsfjärden sediment core. The partitioning of sedimentary phases and mobility may 

differ for the elements of each group.  

Ge, Te, and Tl 

An enrichment of Ge, Te, and Tl was observed following 1930 and the early years of the 

Rönnskär smelter operation (Fig.17). During the smelter's original construction, a 145-m-tall 

stack was constructed for discharging the generated ash and exhaust gases such as sulfur dioxide 

out into the Bothnian Bay (Fig.7). The aim was to minimize the impact of harmful materials on 

the Skellefteå municipality and surrounding forest. These three elements, although relatively 

rare, can be found in higher concentrations when associated with sulfide minerals (Salminen et 

al., 2006). Tellurium, in particular, was well known to occur in elevated concentrations in the 

original Boliden Cu-Au-As ore processed at Rönnskär (Grip and Wirstam, 1970). 

 Enrichment of these elements in the ore concentrates obtained from the Aitik, Boliden, and 

Garpenberg was observed, and dust generated during ore processing (K1 and F1) showed 

enrichment of several hundred ppm Te and Tl (Table. 3). It is likely the elevated concentrations 

Figure 17 Distribution profiles of Ge, Te, and Tl in Kallholmsfjärden sediment. Upper continental crust (UCC) 

is also presented for comparison.  



Tracing anthropogenic Technology Critical Elements using Environmental Forensics: Case studies at Kallholmsfjärden, northern Sweden 

 

31 

 

of Ge, Te, and Tl in the sediments originated due to enriched dust released from the smelter 

stack at Rönnskär from ore processing. 

Table 3 TCE concentrations for the Aitik, Boliden, and Garpenberg ore concentrates and the K1 and F1 dust. 

Upper continental crust values are also included for comparative purposes Ge, Te, and Tl. 

Source (mg/kg) Ga Ge Nb Re Ta Te Tl W 

UCC 18.6 1.3 11.6 0.2 0.92 0.027 0.55 1.25 

Aitik Ore 1.2 43 0.31 1.9 0.0060 55 0.48 1.4 

Boliden Ore 1.3 31 0.17 0.06 0.15 210 1.9 2.9 

Garpenberg Ore 2.3 44 0.15 0.05 0.0050 140 10 0.90 

K1 9.0 31 0.30 58 0.5 910 350 28 

F1 1.2 40 0.16 67 0.04 640 500 2.8 

 

The sediment profiles for Ge, Te, and Tl in the Kullenberg and Gemini Bothnian Bay cores 

were similar to that of the average upper continental crust (Fig. 18, Gemini core is presented in 

the Annex of Paper III). An enrichment of Ge and Te in the uppermost sediments in both the 

Kullenberg and Gemini cores is noticed. However, it is difficult to say if this is from an 

anthropogenic influence and/or sequestration of these elements by Fe oxides causing a natural 

enrichment in the oxic surface sediment similar to that of As (Widerlund and Ingri, 1995).  

 

Figure 18 Distribution profiles of Ge, Te, and Tl in Kullenberg Bothnian Bay sediment. Upper continental crust 

(UCC) is also presented for comparison. 
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Re, Ta, and W 

Rhenium, Ta, and W were enriched in the uppermost layers of the Kallholmsfjärden sediment 

profile (Fig. 19). The source apportionment of Re is unfortunately difficult to determine due to 

its redox-controlled behavior in aqueous systems (general information on Re behavior is 

presented in Paper III for further reading). However, assumptions can be made based on 

historical information from the industrial processes and a generalized accumulation timing. 

Rhenium is primarily extracted from molybdenite in molybdenum ores produced as a coproduct 

of copper mining (Colodner et al., 1993; Millensifer et al., 2013). The Aitik ore currently being 

processed at Rönnskär is enriched in Re-bearing molybdenite (Nigatu, 2011). This enrichment 

was confirmed with the Aitik ore concentrate donated by Boliden Mineral AB (Table 3). Flue 

dust from both the copper works (K1) and the fumigation plant (F1) displayed a significant 

enrichment of Re (Table 3).  

 

Figure 19 Distribution profiles of Re, Ta, and W in Kallholmsfjärden sediment. Upper continental crust (UCC) is 

also presented for comparison. 

Processing of the Aitik ore began in the late 1960s, which coincides with accumulated Re in 

the sediment. A slight increase in accumulated Ta and W in the Kallholmsfjärden sediment 

profile is noticed after 1965 (Fig. 19). This upward trend is followed by a second more 

significant increase following the 1980s. Tantalum is generally not associated with sulfide 
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minerals and was not significantly enriched in any of the provided ore samples or the generated 

dust (Table 3). Although the W concentration of the provided ore samples was relatively low, 

higher concentrations in the K1 dust were noticed (Table 3). These higher concentrations could 

be from an unknown W content in e.g. Cu ores, as W is often found in close association with 

Cu mineralization (Kabata-Pendias, 2010). However, it could also be possible that the increased 

accumulation of both elements resulted from the beginnings of processing secondary scrap 

metal, which began in the 1960s. During this time, Ta was primarily used in industrial 

applications for its mechanical properties and corrosion resistance. Tungsten was also mainly 

used as an alloying agent in steel and to produce hard metals such as tungsten carbide (Kabata-

Pendias, 2010). The sharp increase in accumulated Ta and W in the sediment after 1980 

coincides with the beginning of electronic scrap processing at Rönnskär. Electronic capacitors 

became the primary use of Ta between the 1960s and 1970s. Although W is still primarily used 

for tungsten carbide and hard metals, it is also an essential component in the electronic industry 

in which it is used for electronic contact materials, transistors, and modern integrated circuitry. 

The processing of these materials could affect the sediments in the vicinity of recyclers similar 

to Rönnskär.  

 

Figure 20 Distribution profiles of Re, Ta, and W in Kullenberg Bothnian Bay sediment. Upper continental crust 

(UCC) is also presented for comparison. 
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No anthropogenic influences were noticed for either Re, Ta, or W in the Kullberg or Gemini 

Bothnian Bay cores (Fig. 20). Concentrations were similar to UCC values in the upper portions 

of the cores. However, Re and Ta's values were shown to increase with depth in the sediment. 

This increase was similarly seen with other lithophile elements such as Nb, Ti, Si, and Al and 

is thus thought to be related to natural processes. Tungsten is enriched in the uppermost Mn-Fe 

oxyhydroxide sediment layers. Concentrations of W quickly decrease following the initial 

enrichment, possibly a result of release from early diagenetic organic matter oxidation.  

Ga, Nb, and REE 

No anthropogenic release was noticed in the Kallholmsfjärden sediment for either Ga, Nb, or 

the REEs (Fig. 21). Concentrations of these elements in the provided ore samples and the K1 

F1 dust are low (Table 3). No noticeable increase was present during the early years of operation 

at the smelter or for processing secondary scrap metal and EOL electronics.  

 

Figure 21 Distribution profiles of Ga and Nb in Kallholmsfjärden. Upper continental crust (UCC) is also presented 

for comparison. 
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Similarly, no anthropogenic influence was noticed for either the Kullenberg or Gemini 

Bothnian Bay cores (Fig. 22). Concentrations were similar to UCC values, and contents are 

assumed to be of natural origin. 

 

Figure 22 Distribution profiles of Ga and Nb in Kullenberg Bothnian Bay sediment. Upper continental crust 

(UCC) is also presented for comparison. 

TCE partitioning and effects on mobility 

Anthropogenic influences were noticed for the partitioning of Ge, Te, and W during sequential 

extraction. These influences promoted element transport by increasing the proportion of the 

elements occurring in mobile non-residual phases. Rhenium and Te, in particular, existed 

completely in non-residual mobile phases, although it is uncertain if this is a direct effect of 

anthropogenic influence. Transportation of these elements into the Bothnian Bay could grow 

due to increased adsorptive behavior to Fe/Mn oxides (Ta and W) and organic matter (Ge and 

Te). Particulate organic matter and Fe/Mn oxides often have large surface areas and exhibit 

lower settling efficiencies, which can transport trace metals into the deeper basins of the 

Bothnian Bay (Gustafsson et al., 2000).  
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TCE mass ratios for pollution tracing 

Ta/Nb 

Tantalum and Nb are considered geochemical twins in 

which they exhibit similar geochemical behavior and 

almost always occur together in nature. The Nb/Ta 

ratio was significantly influenced by an influx of 

anthropogenic Ta in the Kallholmsfjärden sediment 

(Fig. 23). The accumulated Ta in the sediments was 

shown to likely be related to electronic scrap 

processing as was discussed previously. It was 

suggested that it could also be due to a new type of ore. 

However, if ore was the source an increase in Nb 

would also be seen which was not evident. The 

sensitivity of the Ta/Nb ratio to anthropogenic 

influences was shown to be a valuable tool to identify 

non-natural sources of these elements in the 

sediments.  

Ge/Si 

Similar to Ta and Nb, Ge and Si are twin elements that exhibit a very similar geochemical 

behavior.  The ratio of Ge/Si in the Kallholmsfjärden sediment core followed similar patterns 

to the total concentration profile (not shown). A large influx of accumulated Ge was present 

following the early years of the Rönnskär smelter operation, and decreased overtime with 

improved environmental regulations. In the Baltic Sea, ratios of Ge/Si have been used 

previously to identify anthropogenically induced Ge related to coal burning (Andreae and 

Froelich, 1984). A slight enrichment of Ge was seen for the upper sediment in the Bothnian 

Bay Kullenberg and the Gemini cores. However, the increase in the Ge/Si ratio in the last 100-

200 years was very slight and it was difficult to determine if this was due to coal burning as 

suggested by Andreae and Froelich (1984).  

7. Conclusion 

The environmental forensics approach of Multi-element screening analysis combined with 

multivariate statistical techniques successfully identified the most likely sources of 

groundwater contamination in a complex industrial site such as the Rönnskär waste deposit 

Figure 23 Distribution profiles of Nb and Ta in the 

Kallholmsfjärden core. The Nb/Ta ratio shows a 

significant influence from influx of anthropogenic 

Ta. 
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area. However, probability does not guarantee validity and can only be used as an interpretative 

tool to identify areas of interest for further investigation.  

The TCEs were shown to be a viable way to trace sources of pollution in sediments. However, 

TCE concentrations combined with multivariate statistics was unable to be used in this 

particular study. All of the TCEs excluding Re were eventually removed during the pre-

processing of the data due to several of the observations having concentrations lower than the 

detection limit. This may be different for other studies where TCE concentrations are higher.  

Ratios of TCE twin elements such as Nb/Ta and Ge/Si were shown to be a viable method to 

trace anthropogenically induced technology elements into natural systems. The Nb/Ta ratio was 

particularly promising in identifying contamination related to the processing of electronic 

components. However, further studies are needed for confirmation. 

The distribution profiles for several of the TCEs in the Kallholmsfjärden sediment exhibited 

anthropogenically induced alterations that had been previously overlooked. A few of the 

elements even exhibited alternations of their natural partitioning in sediments (Ge, Ta, and W) 

resulting from human influences. At present no clear anthropogenic influences are seen in the 

Bothnian Bay’s deeper basins. However, the partitioning of these elements into more mobile 

phases could increase transport out into the deeper regions.    

8. Future Research 

Environmental archives of the technology elements are relatively scarce. There are currently 

significant knowledge gaps related to their natural environmental levels and potential 

(eco)toxicological impacts (Filella and Rodríguez-Murillo, 2017). The information presently 

available is not enough to support even mass balance calculations, or source and/or sinks on a 

global or even regional scale (Cobelo-García et al., 2015). 

Future research should focus on the natural attenuation of these elements in unpolluted 

environments so a basic understanding of their behavior and concentrations can be determined. 

Furthermore, studies related to anthropogenic impacts and their effect on element geochemical 

cycling from both historical sources (mine tailings, wastewater discharges, atmospheric release 

from coal burning or smelting, etc.) and potential future sources should also be investigated. 
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