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Abstract 

Mercury, a toxic element, known for its physical and chemical properties, spreads 
throughout the environment and is found in various ecosystems, including water, air, soil, 
and biological systems. The natural mercury cycle begins beneath the earth's crust, 
where it rises to the surface and is released into the air through volcanic activity. 
Mercury completes its cycle by redepositing into the geosphere, where the cycle can begin 
anew. Historically, mercury has been utilized as a fungicide, catalyst in various chemical 
processes, and in amalgamation. Human activities significantly contribute to the presence 
of mercury in the environment. The forms, quantities, causes, and pathways of mercury 
during its cycle can vary and are the subject of numerous scientific investigations. 

One key characteristic of mercury is its seven stable isotopes. These isotopes can 
distribute differently among reactants and products during environmental conversions. 
Due to different reactions in various environments, individual ecosystems or subsystems 
can have their own isotopic signatures. This unique isotopic fingerprint allows for tracing 
the origins of mercury and understanding conversion processes such as photochemical 
induction or methylation. 

The Idrija region is contaminated with mercury due to centuries-long mining activity. 
Elevated levels of mercury extend all the way to the Gulf of Trieste. The challenge lies in 
distinguishing the contributions of mining, natural sources, long-range transport, and 
other sources that have contributed to this pollution to varying degrees. Research on 
mercury isotopes in ore, soil, and lichens was conducted within the framework of this 
task to understand the mercury cycle in the Idrija region. 

The first part of the research focused on airborne mercury content using transplanted 
and in-situ lichens at three locations in Slovenia: Idrija, an area historically polluted due 
to mercury mining; Anhovo, which contains a cement plant, another source of mercury; 
and Pokljuka, a natural park. The research aimed to understand the behavior of mercury 
using lichens as bio-monitors, with a focus on measuring stable isotopes. The results 
showed that the isotopic composition of mercury exhibits pronounced seasonal 
fluctuations, with lighter isotopes prevailing in lichens during winter and heavier isotopes 
during summer. Similar fluctuations to those in lichens were also observed in atmospheric 
particles. 

The second part of the research aimed to determine the isotopic fingerprint of 
mercury in the Idrija mine. The results showed that the isotopic composition in the mine 
is very wide primarily due to mass-dependent fractionations, with weak correlations 
between different types of ore, ore bodies, or geological periods of origin. This indicates 
that the formation of mercury ore in the mine is a complex process, making its tracing 
challenging. 

The complexity of mercury heterogeneity was also evident in soil analyses from Idrija 
and downstream Anhovo. Idrija soils show a wide range of values, likely associated with 
different ores exploited during different periods of mine operation, while this fingerprint 
is much more homogeneous in floodplains in Anhovo. The soils from Anhovo floodplains 
in contrast show a much more homogenous isotopic fingerprint. 
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Povzetek 

Živo srebro je toksičen element, ki se zaradi svojih fizikalno-kemijskih lastnosti širi po 
okolju, zato ga najdemo v različnih ekosistemih, vključno z vodo, zrakom, zemljo in 
biološkimi sistemi. Naravni krogotok živega srebra se začne pod zemeljsko skorjo, kjer se 
dviga na površje in sprošča v zrak prek vulkanske aktivnosti. Svoj cikel živo srebro konča 
z ponovnim odlaganjem v geosfero, kjer lahko cikel ponovno začne na začetku. 
Zgodovinsko gledano je bilo živo srebro uporabljeno kot fungicid, kot katalizator v 
različnih kemičnih procesih in pri amalgamaciji. K prisotnosti živega srebra v okolju 
bistveno prispeva človekova dejavnosti. Oblike, količine, vzroki in poti živega srebra med 
krogotokom se lahko razlikujejo in so predmet številnih znanstvenih raziskav. 

Ena ključna značilnost živega srebra je ta, da ima sedem stabilnih izotopov. Ti izotopi 
se lahko med potekom pretvorb v okolju različno porazdelijo med reaktante in produkte. 
Zaradi različnih reakcij v različnih okoljih imajo posamični ekosistemi ali podsistemi 
lahko povsem svoj izotopski podpis. Ta edinstveni izotopski prstni odtis omogoča sledenje 
izvorom živega srebra ter razumevanjem procesov pretvorb kot naprimer fotokemično 
induciranje ali metilacja. 

Idrijska regija je onesnažena z živim srebrom zaradi več stoletij dolge rudarske 
dejavnosti. Visoke ravni živega srebra so prisotne vse do Tržaškega zaliva. Izziv je 
razlikovati prispevek rudarjenja, naravnih virov, transporta na dolge razdalje ter drugih 
virov, ki so vsak v različni meri prispevali k tej onesnaženosti. Za razumevanje kroženja 
živega srebra v idrijski regiji so bile v okviru te naloge izvedene raziskave njegovih 
izotopov v rudi, v tleh in v lišajih na širšem območju Idrije. 

Prvi del raziskav se je osredotočil na vsebnost živo srebro v zraku z uporabo 
presajenih in in-situ lišajev na treh mestih v Sloveniji: Idriji, območju s zgodovinskim 
onesnaženjem zaradi rudarjenja živega srebra; Anhovu, ki vsebuje cementarno, še en vir 
živega srebra; in Pokljuki, naravnem parku. Raziskavaje imela za cilj razumeti vedenje 
živega srebra z uporabo lišajev kot biomonitorjev, pri čemer je bil poudarek predvsem na 
merjenju stabilnih izotopov. Rezultati so pokazali, da izotopska sestava živega srebra 
izkazuje izrazito sezonsko nihanje, pri čemer so v zimskem času v lišajih prevladovali lažji 
izotopi, poleti pa težji izotopi. Enaka nihanja kot v lišajih so bila opažena tudi v 
atmosferskih delcih. 

Drugi del raziskave je bil usmerjen v ugotavljanje izotopskega prstnega odtisa živega 
rebra v idrijskem rudniku. Izsledki so pokazali, da je izotopska sestava v rudniku, 
predvsem glede na masno odvisne frakcionacije zelo široka, korelacije med različnimi 
vrstami rude, ležišči rude ali geološkimi obdobji, iz katerih izvirajo, pa so šibke. To kaže, 
da je tvorba rude živega srebra v rudniku kompleksen proces, sledenje le tega pa zato 
oteženo. 

Kompleksnost heterogenosti živega srebra se je pokazala tudi v analizah tal iz Idrije 
in dolvodno ležečega Anhovega. Tla iz Idrije kažejo velik razpon vrednosti, kar je najbrž 
povezano z različnimi rudami, ki so bile izkoriščane v različnih obdobjih delovanja 
rudnika, medtem ko je ta odtis veliko bolj homogen na poplavnih ravnicah v Anhovem.  
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Chapter 1 

1 Introduction 

Mercury (Hg) is one of the most toxic elements (UNEP, 2019). The history of its 
excavation, processing and use is related with many acute toxicological conditions (U.S. 
EPA, 1997). Under certain conditions, an organic form of mercury, methyl-mercury, can 
be formed (UNEP, 2018, 2022). This form is extremely toxic as it can penetrate cell 
barriers and damage the internal structure of the cell, leading to severe neurological 
conditions, known as Minamata disease. Due to this fact, the Minamata Convention on 
Mercury was signed and entered into force in 2017, with an aim to protect human health 
and the environment by controlling mercury supply and use, reducing emissions, 
managing mercury-containing waste, and safeguarding vulnerable populations (UNEP, 
2019). 

The legacy of mercury is particularly alive in Slovenia, where the second largest 
mercury mine operated for five centuries until the end of the 20th century (Kavčič, 2008). 
Although the mine is no longer in operation, and all mercury processing activities have 
ceased, continuous contamination still exists (Čar, 1996). The sources of mercury 
contamination are the dumps of mine waste and roasted ore scattered across the area, as 
well as the secondary emission sources in soils and biota that have been contaminated 
during centuries of pollution and are now releasing the mercury back into the 
environment (Baptista-Salazar & Biester, 2019; Bavec et al., 2014; Gosar, 2004a; Gosar 
et al., 2002; Gosar & Teršič, 2012b, 2012a; Hines et al., 2000; Kobal et al., 2017; 
Kocman, Vreča, et al., 2011; Kocman & Horvat, 2011; Kotnik et al., 2005; Kotnik, 
Horvat, Liang, et al., 2015; Miklavčič et al., 2013; Shlyapnikov et al., 2018). All these 
contamination sites and systems can be a potential source of mercury to the Idrijca river 
which transports the contamination further downstream towards the Gulf of Trieste 
(Covelli et al., 2006; Emili et al., 2011; Faganeli et al., 2003; Foucher et al., 2009; Gosar, 
2004b; Hines et al., 2000; Horvat et al., 1999; Širca et al., 1999; Žagar et al., 2006). 

New advances in analytical equipment and measurements allow the use of stable 
isotopes of mercury for tracing mercury in the environment and potentially determining 
its path through the environment (Bergquist & Blum, 2009; Buchachenko, 2013). The 
isotopic ratios of mercury in different environmental compartments can vary due to 
mass-dependent and mass-independent fractionation in the environment. This makes it 
possible to determine which processes have changed the isotope ratios in the sample (R. 
S. Smith et al., 2014; R. S. Smith, Wiederhold, & Kretzschmar, 2015). If no process has 
altered the isotopic ratios during the mercury cycle in the environment, the original 
isotopic fingerprint of the source found in specific sample could be directly linked to the 
source (Jiskra et al., 2015; Wiederhold, 2015). 

The main objective of the dissertation is to trace mercury by using its isotopic 
fingerprint in the Idrija region. The structure of the thesis is as follows. In the 
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introduction of the thesis, a literature review is given. Section 1.1 gives a detailed 
overview the history of mercury in Idrija, (I) the history of the mercury mining, (II) the 
genesis of the ore deposit and ore body formation, and (III) the monitoring and other 
research activities related to mercury after the closure of the mine. Section 1.2 discusses 
mercury isotope chemistry, stable mercury isotopes, their fractionation, and 
measurement. Section 1.3 discusses mercury measurements in atmospheric samples, 
focusing on (I) air, (II) geogenic samples and (III) vegetation. Later, the aims and 
hypothesis are presented in detail in the second chapter. The third chapter consists of the 
three scientific publications, each focusing on a specific type of sample and addressing 
different hypothesis. These are answered in the final chapter, the conclusions, in a clear 
and organized form. Additional information and articles, co-authored that are also of 
relevance to this topic, are presented in the appendices.  

1.1 Mercury in Idrija 
The scientific literature on mercury in Idrija is divided into three parts. One is historical 
and has to do with ore mining, subsequent sorting, grinding and other forms of 
processing, and finally the retorting of the mercury in the ore into the gaseous state, 
which was distilled into containers and shipped all over the world (Kavčič, 2020). The 
second is the scientific work on the genesis of the ore-body, which was mainly carried out 
by the geologists who worked alongside the miners during the mine’s operation. And 
finally, the third one is environmental research, which began with the closure of the mine 
in the 1990s and relates mainly to monitoring the release of mercury from the deposits 
and its subsequent circulation in the environment and impact on humans. 

 History of Excavation 
The first discovery of mercury in Idrija believed to have occurred in 1490 or 1493 (Čar, 
1988; Verbič, 1966). In the first years of mining activity, only impregnated clastic rock 
was mined in the ‘Kurji Vrh’ district of Idrija. The ratio between liquid mercury and 
cinnabar was 1:1 during this period of mining and the average mercury content was up to 
3.5%. During this period, the mercury was washed by hand in streams and burned on 
heaps. It is estimated that about 100 tons of ore were burned per year (Kavčič, 2020). In 
1508, on St. Ahac’s Day, 22nd of June, miners discovered a significant field of black 
bituminous shale at a depth of 43 m below the surface. These were called the “Skonca” 
beds and the discovery was the main driving force for the beginning of large-scale mining 
in Idrija (Čar, 2013). 

The next period of mining activity also saw the first use of specialized retorting 
equipment for mercury extraction. The annual mercury extraction increased to 80 tons 
per year, as these “Skonca” beds contained much more mercury (17 %) (Kavčič, 2020). 
The retort sites were not located near the mine, but further up in the hills around Idrija, 
as it was easier to transport the ore there than the wood, used for the retorting process, 
down in the valley (Teršič, 2010; Teršič et al., 2011). This lasted until 1652, when the 
first specialized retort furnace was built in the Prejnuta area in Idrija (Kavčič, 2020). 

Since then, retorting has always been conducted in Idrija, but in different districts of 
the city and with various types of techniques. In 1751, the Spanish type of furnaces 
came, and later in 1787, the ‘Leithner’ furnaces, and then in 1886, the ‘Čermak-Špirek’ 
furnaces, and then in 1961, the rotary furnaces were set up as the last type of furnaces in 
Idrija. These improvements allowed the gradual increase of annual ore being burned to 
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up to 247 000 000 tons and the extraction of up to 577 tons of mercury from the ore with 
an average mercury content of 0.26% (Kavčič, 2020). 

 Ore Genesis 
Research into the geology of the Idrija mine was carried out intensively during the period 
of mercury mining, which is reflected in the number of scientific publications during its 
operation under the Austro-Hungarian empire, the Italian occupation and the Socialist 
Federal Republic of Yugoslavia. Much of our knowledge comes from this period (cf. 
Berce, 1958). After the closure of the mine in the 1970s and the subsequent flooding of 
most of the excavation sites, access to new information on the geology of the mine is no 
longer possible. Most of the publications on the mine’s formation had already been 
published by that time. The works of mining geologists (e.g., Berce, 1958; Čar, 1996, 
2013; Drovenik et al., 1990; Gosar & Čar, 2006; I. Mlakar, 1974; I. Mlakar & Čar, 2009; 
I. Mlakar & Drovenik, 1971; Placer & Čar, 1977) form the basis of knowledge on the 
subject and present a comprehensive and detailed summary of the ore genesis and the 
mining operations development through the past centuries. 

The formation history of the Idrija ore deposit began with the break-up of the Lower-
Permian Triassic platform, known as the Slovenian Carbonate Slab (Stanko Buser, 1989), 
in the middle of the Anisian period (Čar, 1985). The resulting rifting led to hydrothermal 
and volcanic activity, which in turn brought mercury to the surface, as was suspected as 
early as the 19th century (Kossmat Franz, 1910) and proven by (I. Mlakar & Drovenik, 
1971). During several phases of this activity, various types of ores, including the so-called 
“jeklenka”, “opekovka”, “jetrenka” and “koralna” ore, and “samorodno živo srebro” 
liquid Hg0

(l) (Berce, 1958) were extracted from various geological formations and ore 
bodies (Čar, 2013; Čebulj, 1974; Drovenik et al., 1990; Placer, 1982). Part of the ore was 
sin-genetic, meaning that it was deposited at the same time as the surrounding rocks, 
while part of the ore was epi-genetic, which impregnated the older rocks (cf. Berce, 1958). 
The exact depositional pathway and sequence of mercury deposition are unclear, 
especially for epi-genetic ores and Hg0

(l). It is the hypothesis of this work that isotopic 
composition of mercury could improve this knowledge. 

 Post-Closure Monitoring and Research 
Currently, the mine and the remaining processing facilities are under the supervision of 
the Idrija Mercury Heritage Management Centre. Since the general increase in 
environmental awareness in recent decades, the focus of scientific research in Idrija has 
shifted from economic and geological aspects to environmental and health protection 
aspects. 

A review of the literature shows that there are two important centers for mercury 
monitoring in Idrija. One is the Geological Survey of Slovenia (GeoZS) and the other is 
the Department of Environmental Sciences at the Jožef Stefan Institute (JSI). An 
overview of the ecosystems and the studies conducted can be found in Table 1. 

Table 1: The overview of the major categories studied in Idrija region and some of the 
most notable studies about them. 

Category Research 

Soil in the 
vicinity of Idrija 

Bavec & Gosar, 2016; Bavec et al., 2015, 2018; Gosar et al., 2002, 
2006; Gosar & Teršič, 2012b; Horvat et al., 2002; Horvat, Kontić, et 
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al., 2003; Tomiyasu et al., 2012, 2017 

Ores and 
geological 

investigations 

Berce, 1958; Biester et al., 1999; Bourdineaud et al., 2020; Čar, 1996, 
2013; Drovenik et al., 1990; Križman et al., 1996; Lavrič et al., 2003; 
Lavrič & Spangenberg, 2003; I. Mlakar, 1974; Placer, 1982; 
Shlyapnikov et al., 2018 

Sediment 
transported by 

the river 

Baptista-Salazar et al., 2017, 2018; Cerovac et al., 2018; Gosar, 
2004b; Gosar, Pirc, & Bidovec, 1997; Gosar & Teršič, 2014; Gosar & 
Žibret, 2011; Horvat et al., 2002; Žibret & Gosar, 2006,  

Water from the 
Idrijca river 

Baptista-Salazar & Biester, 2019; Foucher et al., 2009; Hines et al., 
2000; Horvat et al., 2002; Kocman, Kanduč, et al., 2011 

Investigations in 
the Gulf of 

Trieste 

Acquavita et al., 2012; Bratkič et al., 2013, 2017, 2018; Covelli et al., 
2006; Emili et al., 2011; Faganeli et al., 2003, 2014, 2018; Hines et al., 
2000, 2012; Horvat et al., 1999; Koron et al., 2011; Kotnik et al., 
2017; Kotnik, Horvat, Ogrinc, et al., 2015; Ramšak et al., 2012; Širca 
et al., 1999 

Air measurements 
in Idrija 

Božič et al., 2022; Gosar, Pirc, Šajn, et al., 1997; Grönlund et al., 
2005; Horvat et al., 2000; Horvat, Kontić, et al., 2003; Kocman, 
Vreča, et al., 2011; Kocman & Horvat, 2011; Kotnik et al., 2005; 
Lupsina et al., 1992 

Living 
organisms from 
the Idrija area 

Božič et al., 2022; Gnamuš, 2002; Gnamuš et al., 2000; Hines et al., 
2012; Horvat, Kotnik, et al., 2003; Miklavčič et al., 2013; Žižek et al., 
2007 

1.2 Mercury Isotope Chemistry 
Mercury (Hg), also referred to as hydrargyrum, is an element with atomic number 80 and 
atomic mass Ar(Hg) = 200.59 (De Laeter et al., 2003). It occurs in three oxidation states 
Hg0, Hg2

2+ and Hg2+; elemental, mercurous, and mercuric mercury, respectively (Blum & 
Johnson, 2017). Mercury is found in nature in a number of phases, including solids (e.g., 
HgS minerals), methylated mercury (CH3Hg), gaseous, aerosol, and liquid and in two 
oxidation states, namely Hg0 and Hg2+ (Morel et al., 1998). This chapter discusses the 
forms and isotopes of mercury. 

 Mercury Isotopes 
There are seven stable isotopes of mercury (De Laeter et al., 2003). Their average earths’ 
abundance is listed in Table . In addition, there are also a large number of unstable 
isotopes, ranging from 170Hg to 216Hg (Audi et al., 2017). Their half-lives are short, up to 
only few minutes in most cases. They are not produced in large quantities by natural 
processes, this makes them unsuitable for studies of mercury cycling in the environment 
(De Laeter et al., 2003).  
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The science of mercury isotope analyses has developed relatively recently. After 2005, 
the introduction of new analytical techniques, such as the multi-collector equipped mass 
spectrometers (Krupp & Donard, 2005), enabled an accurate and widespread adoption of 
mercury isotope analysis for different matrices and in the concentrations found in the 
environment (Tsui et al., 2020). Nowadays, stable mercury isotope measurements are 
widely used in many settings, such as sediments (Feng et al., 2010), rivers (Donovan et 
al., 2016), ore (Pribil et al., 2020), oceans (Archer & Blum, 2018; Štrok et al., 2014), 
industrial material (Mead et al., 2013), biota (Madigan et al., 2018), and others. That the 
science/knowledge of mercury isotopes is an emerging field with an ever increasing 
numbers of publications from less than five prior to 2008 and up to 50 in 2019 (Tsui et 
al., 2020). 

Table 2: Stable isotopic composition of Hg (De Laeter et al., 2003). 

Isotope Atomic mass/u ± Mole fracƟon ± 
196Hg 195.965814 0.000004 0.0015 0.0001 
198Hg 197.966752 0.000003 0.0997 0.0002 
199Hg 198.968262 0.000003 0.1687 0.0022 
200Hg 199.968309 0.000003 0.2310 0.0019 
20lHg 200.970285 0.000003 0.1318 0.0090 
202Hg 201.970625 0.000003 0.2986 0.0026 
204Hg 203.973475 0.000003 0.0687 0.0015 

 Mercury Fractionation 
The reason why stable isotopes of mercury can be used as tracers to determine the source 
is lies in their fractionation – a partitioning between two isotopes into two phases 
(Manish et al., 2015). For stable isotopes, this is usually due to the difference in mass, 
which in turn changes the physiochemical properties and reactivity of one isotope 
compared to another (Wiederhold, 2015). There are two types of mercury fractionation: 
(I) so-called mass-dependent fractionation (MDF), which is solely influenced by mass, 
and (II) mass-independent fractionation (MIF), in which partitioning is forced by 
processes that are independent of the isotope masses (Blum et al., 2014; Blum & 
Johnson, 2017; Cai & Chen, 2016; Wiederhold, 2015). 

MDF can be caused by one of two effects – kinetic and equilibrium ones. In the case 
of kinetic fractionation, the difference in the concentration of heavy and light isotopes is 
caused by a difference in reaction rates. In this sense, only the incomplete reaction is 
observed. When the reaction runs to completion, the isotope concentration in the product 
is the same as in the reactant. This is different from equilibrium fractionation, where the 
two phases are in equilibrium and react at the same rate to each other. The relative 
isotopic abundance is then controlled by the binding environments of the individual 
phase (Wiederhold, 2015). An example of kinetic fractionation would be evaporation and 
diffusion (Schauble, 2004), and an example of an equilibrium process would be oxidation 
and reduction (Schauble et al., 2009). MIF is defined as a deviation from the MDF and is 
controlled by several effects such as the Nuclear Volume Effect (NVE), Magnetic Isotope 
Effect (MIE), molecular symmetry, neutron capture, and self-shielding (Cai & Chen, 
2016; Wiederhold, 2015). These reactions have some various influence on the isotope 
fractionation, as shown in Table (Yin et al., 2010). 

Table 3: Type of reaction and the change in isotopic composition, modified after Yin et 
al., 2010. 
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Type phase A phase B 202αA/B 
ΔA-B 
(‰) References 

Chemical 
reacƟons 

Photo reducƟon CH3Hg+(aq) Hg0(g) 1.0013 – 1.0017 0.6 (Bergquist & Blum, 2007) 

Photo reducƟon Hg2+(aq) Hg0(g) 1.0006 1.5 (Bergquist & Blum, 2007) 

UV photolysis reducƟon Hg2+(aq) Hg0(g) 1.0006 1.34 (Yang & Sturgeon, 2009) 

Dark organically 
medicated reducƟon Hg2+(aq) Hg0(g) 1.002 1.7 (Bergquist & Blum, 2007) 

Chemical reducƟon 
(SnCl2) 

Hg2+(aq) Hg0(g) 1.0004 1.17 (Yang & Sturgeon, 2009) 

Chemical reducƟon 
(NaBH4) 

Hg2+(aq) Hg0(g) 1.0004 1.08 (Yang & Sturgeon, 2009) 

Chemical reducƟon 
(ethylaƟon with NaBEt4) 

Hg2+(aq) Hg0(g) 1.0012 3.59 (Yang & Sturgeon, 2009) 

Volcanic emission Hg0(p) Hg0(g) 1.00135 1.63 (Zambardi et al., 2009) 

AbsorpƟon Hg2+(aq) Hg(OH)2 / 0.62 (Wiederhold et al., 2010) 

Biological 
reacƟons 

MerA Hg2+(aq) Hg0(g) 1.0013 –1.0020 1.6 (Kritee et al., 2007, 2008) 

MerB CH3Hg+(aq) Hg0(g) 1.0004 0.4 (Kritee et al., 2009) 

MethylaƟon Hg2+(aq) CH3Hg+(aq) 1.0026 1 (Rodŕiguez-Gonźalez et al., 
2009) 

Physical 
reacƟons 

EvaporaƟon Hg0(l) Hg0(g) 1.0067 6.5 (Estrade et al., 2009) 

VolaƟlizaƟon Hg2+(aq) Hg0(g) 1.0004 –1.0005 1.48 (Zheng et al., 2007) 

EvaporaƟon Hg0(l) Hg0(g) 1.0009 0.8 (Estrade et al., 2009) 

 
The partitioning of the elements in Table  is described by the factors 202αA/B and ΔA-B 

which can be calculated according to Equations 1 and 2. 

𝛼஺
஻ൗ =

𝑅஺
𝑅஻

ൗ  (1) 

𝛥஺ି஻ =  𝛿஺ − 𝛿஻  ≈  10ଷ𝑙𝑛 𝛼஺
஻ൗ  (2) 

202αA/B stands for the partitioning of the isotope 202Hg between phases A and B, R 
denotes the ratio of an isotope in a particular phase and ΔA-B represents the fractionation 
between the two phases reflecting the kinetic or equilibrium partitioning. This 
approximation (Equation 2), where δ represents the MDF in a given phase, can be made 
considering that α is very close to one (Yin et al., 2010). 

There are many processes that induce either MDF or MIF. Of these reactions, the 
effects that cause MIF are less understood than those that cause MDF. This is partly 
because there are fewer such processes and partly because they are more difficult to 
understand and more complex to detect (Wiederhold, 2015). NVE is a consequence of 
nonlinear volume change relative to the number of neutrons in the atom, which can 
sometimes be present (Wiederhold, 2015). The effects of NVE on mercury isotopes have 
been suggested in several studies (Jiskra et al., 2012; Wiederhold et al., 2010). MIE 
affects only isotopes with odd masses, nuclear spin, and magnetic moment. It has been 
reported in field studies and laboratory experiments, including mercury (Blum et al., 
2014; Blum & Bergquist, 2007; Buchachenko, 2013). The even-MIF cannot be explained 
by any of these reactions. Either self-shielding or neutron capture effect is responsible for 
them (Cai & Chen, 2016). This variation can be up to 1.5 ‰ (Chen et al., 2012; Sun et 
al., 2019). Self-shielding has been observed under laboratory conditions (Mead et al., 
2013) and also explained theoretically (Sommerer, 1993). As the name implies, shielding 
of some type is involved in this process. This is because the more abundant isotopes 
shield each other from photoexcitation. This would mean that less abundant isotopes 
such as 196Hg are more easily photoexcited than 202Hg. Data from experiments are broadly 
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consistent with this theory (Mead et al., 2013). But in the environment, such as in the 
atmosphere, where mercury concentrations are relatively low, the light photoexcitation 
has a different spectrum, and consequently it could may not be affecting mercury in a 
different way. Observations in nature also do not agree well with this theory (Cai & 
Chen, 2016; Demers et al., 2013; Gratz et al., 2010). Neutron capture is another theory 
that could explain the observed anomalies of even-MDF. The neutron cross section, i.e., 
the value expressing the likelihood of interaction between a neutron and a nucleus, varies 
between different isotopes (Mughabghab, 2003). In practice it is very easy for a 199Hg 
isotope with the highest neutron cross section to grab a neutron and transform into 
another isotope. The only problem is that the residence time of mercury in the 
atmosphere is many orders of magnitude shorter than the time normally required for 
meaningful and significant reactions to occur (Cai & Chen, 2016). 

 Reporting of Mercury Isotope Ratios 
Virtually all mercury isotope ratio studies conducted today report the ratios of mercury 
relative to the Certified Reference Material NIST 3133 produced by the National 
Institute of Standards & Technology (NIST) (National Institute of Standards & 
Technology, 2016). Potentially some other standard other than NIST 3133 could be used. 
In that case, NIST 3133 should be used as an internal standard to allow the calculation 
back to the same relative values, or a known standard with well-defined isotopic ratios 
should be used, as recommended by Blum and Bergquist (2007) and Blum et al. (2014). 
The relative values between the standard and analyte are reported in ‰. They are 
calculated using Equations 3 through 8 (Blum et al., 2014; Blum & Johnson, 2017). 

𝛿 𝐻𝑔௫௫௫ =  

⎝

⎜
⎛

 
𝐻𝑔௫௫௫

𝐻𝑔ଵଽ଼
௦௔௠௣௟௘

 
𝐻𝑔௫௫௫

𝐻𝑔ଵଽ଼
ௌோெଷଵଷଷ

− 1

⎠

⎟
⎞

 × 1000 (3) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔ଶ଴ଶ − 𝛿 𝐻𝑔௫௫௫ ×  0.2520 ଵଽଽ  (4) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔ଶ଴ଶ − 𝛿 𝐻𝑔௫௫௫ ×  0.5024 ଵଽଽ  (5) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔ଶ଴ଶ − 𝛿 𝐻𝑔௫௫௫ ×  0.7520 ଶ଴଴  (6) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔ଶ଴ଶ − 𝛿 𝐻𝑔௫௫௫ ×  0.2520 ଶ଴ଵ  (7) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔ଶ଴ଶ − 𝛿 𝐻𝑔௫௫௫ ×  1.4930 ଶ଴ସ  (8) 

The symbol xxx in the equations stands for either the isotope 199Hg, 200Hg, 201Hg, 
202Hg, or 204Hg. The lowercase Greek delta (δ) represents the MDF and the uppercase 
delta (Δ) represents the MIF. The MIF is divided into the odd and the even MIF. The 
odd-MIF includes the odd numbered isotopes and even-MIF includes the even numbered 
isotopes (Blum & Johnson, 2017; Cai & Chen, 2016). Some alternative schemes have 
been proposed to represent the even MIF, which are shown in Equations 9 to 12 (Cai & 
Chen, 2016) 
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𝛿 𝐻𝑔
௫௫௫/ଶ଴଴

=  

⎝

⎜
⎛

 
𝐻𝑔௫௫௫

𝐻𝑔ଶ଴଴
௦௔௠௣௟௘

 
𝐻𝑔௫௫௫

𝐻𝑔ଶ଴଴
ௌோெଷଵଷଷ

− 1

⎠

⎟
⎞

 × 1000 (9) 

𝛿 𝐻𝑔
௫௫௫/ଶ଴଴

=  

⎝

⎜
⎛

 
𝐻𝑔௫௫௫

𝐻𝑔ଶ଴ଶ
௦௔௠௣௟௘

 
𝐻𝑔௫௫௫

𝐻𝑔ଶ଴ଶ
ௌோெଷଵଷଷ

− 1

⎠

⎟
⎞

 × 1000 (10) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔
ଵ଼ଽ/ଶ଴଴

+ 𝛿 𝐻𝑔
ଶ଴ଶ/ଶ଴଴

×  1.0097 
ଵଽ଼/ଶ଴଴

 (11) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔
ଶ଴଴/ଶ଴ଶ

+ 𝛿 𝐻𝑔
ଵଽ଼/ଶ଴ଶ

× (−0.4976) 
ଶ଴଴/ଶ଴ଶ

 (12) 

These expressions were chosen because in the traditionally used expressions 
(Equations 2 – 6), the 202Hg/198Hg ratio is chosen, but other isotopic combinations can 
also express even MIF. The next alternative would be to also use an even and an odd 
isotope, as shown in Equations 13 - 15 (Cai & Chen, 2016). 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔
ଶ଴଴/ଵଽ଼

− 𝛿 𝐻𝑔
ଵଽଽ/ଵଽ଼

×  1.9935 
ଶ଴଴/ଵଽ଼

 (13) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔
ଶ଴ଶ/ଵଽ଼

− 𝛿 𝐻𝑔
ଵଽଽ/ଵଽ଼

×  3.9679
ଶ଴ଶ/ଵଽ଼

 (14) 

𝛥 𝐻𝑔 =  𝛿 𝐻𝑔
ଶ଴ସ/ଵଽ଼

− 𝛿 𝐻𝑔
ଵଽଽ/ଵଽ଼

×  5.9234 
ଶ଴ସ/ଵଽ଼

 (15) 

The equations δ and Δ values for are essentially derived to in the same fashion as the 
traditionally deϐined δ and Δ values with only the factors for the MIF being recalculated 
to account for the different isotope pairs chosen. These different methods of calculating 
the even-MIF enable the determination of exactly which isotope is causing this effect. 
This is something that the traditional approach from Equation 3 cannot do. This feature 
arises from the fact that there are three even mercury isotopes used to calculate Δ200Hg; 
apart from 200Hg also 198Hg and 202Hg. Any of these isotopes can behave anomalously. It is 
even possible that they all contribute to the result (Cai & Chen, 2016; Chen et al., 2012). 

In the majority of the literature MDF is usually presented by δ202Hg, odd-MIF by 
Δ199Hg, and even-MIF by Δ200Hg. With samples that present significant odd-MIF it can 
be useful to plot the Δ199Hg/Δ201Hg values, as it was discovered that the majority of 
reactions present a slope of 1.0 but some can be as high as 1.36 (Bergquist & Blum, 2007; 
Ghosh et al., 2008). Plotting the slopes of mercury concentrations versus MDF or MIF 
values can also be useful in certain applications (e.g., Douglas & Blum, 2019; Reinfelder 
& Janssen, 2019). 

 Analytics of Stable Isotope Measurement 
The first mass spectrometer, albeit in its most primitive form, was introduced as early as 
1898 (Wien, 1898). Since then, mass spectrometers have evolved greatly. Aside from their 
inherent technical advantages and disadvantages, all MS instruments have the following 
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measurement comparison attributes: (I) mass resolution, or the ability to separate 
adjacent peaks, (II) abundance sensitivity, or the ability to form thin peaks that allow for 
better quantification, (III) mass spectral range, which determines what masses the MS 
can measure, and (IV) scanning speed, which determines the speed at which an 
instrument can acquire the measurement (Thomas, 2013). 

Each MS consists of four main components. These are: (I) sample introduction, (II) 
ion source, (III) mass resolving body (mass analyzer) and (IV) detector (Figure 1A). The 
sample is in most cases introduced into the MS as a liquid, or in the case of Hg as a 
vapor introduced via the cold vapor generator (Bérail et al., 2017). Once ionized, atoms 
pass through a series of cones and electro-magnetic lenses that focus the ion beam and 
send it to the mass analyzer (Thomas, 2013). As with introduction and ionization, there 
are many methods for mass resolving. They all operate on a similar principle where 
changes in magnetic field or voltage affect the ions generated at the ionization source 
(Jakubowski et al., 2011). 

In ICP-MS, the voltage (V) and magnetic field (B) can be manipulated. The 
deflection of a single particle is expressed as the radius (R) of the trajectory it travels. R 
depends on the velocity (v), mass (m), the base charge (e) and the strength of the 
magnetic field (B). It is calculated according to Equation 16. 

 
𝑅 =  

௩௠

஻௘
       (16) 

 
Since the velocity of the particle is not known, Equation 17, which describes the 

relationship between the base charge, the current and the mass must be used. 
 

𝑒𝑉 =  
ଵ

ଶ
𝑚𝑣ଶ      (17) 

If the velocity is exposed and equated, Equation 18 is obtained. 
 

௠

௘
 =  

஻మோమ

ଶ௏
.      (5) 

Since e is a constant (1.60219 × 10 -19 C), B and V are adjustable, and R is known 
due to the geometry of the ICP-MS, the mass can be calculated (Becker, 2002; Irrgeher & 
Prohaska, 2015; Thomas, 2013). 

Mass analyzers equipped with quadrupole, operate by changing the current through 
four (quad) rods. This creates four electro-magnetic poles through which the ions are 
accelerated. The change in current affects the trajectory of the ions. The ions in this field 
oscillate. Heavier ions oscillate less than lighter ones. If the current is selected correctly, 
only the ions with the desired mass will oscillate the right amount to be led through to 
the detector part of the instrument (Becker, 2002, 2005). Based on it all but the select 
ions are deflected and do not reach the detector. The other method (DFSF) operates on 
the principle of combining magnetic and electric fields (dual). If only the electric current 
applied to the ions, the resolution would be too low. Therefore, DFSF mass analyzers 
change both electric current and the magnetic field. This makes them very precise. DFSF 
have high mass resolution and are able to separate isobaric interferences between atomic 
and molecular ions (Becker, 2002). Some instruments, such as the Nu Plasma II, can be 
equipped with both quadrupoles and DFSF and can be used to determine the natural 
abundances of Hg isotopes. 

Choosing the right ion detector for a particular application has a major impact on the 
performance of the MS instrument. The most commonly used detectors are dynode 
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electron multipliers and Faraday cups. Faraday cups literally resemble vessels into which 
the ion beam is directed across the mass analyzer. When the ion hits the end of the cup, 
the current is generated and recorded. The operating principle behind dynode electron 
multiplier is the generation of secondary electrons upon an ion striking the first dynode. 
This process is repeated multiple times, hence the “multiple” in the name. In this way, 
the signal strength is increased (Vanhaecke & Degryse, 2012). 

In general, the advantage of Faraday cups over other types, such as electron 
multipliers, is that they are easy to sequence. Faraday cups, on the other hand, have a 
longer lifetime (Vanhaecke & Degryse, 2012). However, they are inferior to the discrete 
dynode electron multipliers used in quadrupole equipped MS devices as such instruments 
do not produce throughputs high enough to be reliably measured by a Faraday cup 
(Thomas, 2013).  

Most MS devices have one detector, and some have multiple – hence the name multi-
collector MC. A major disadvantage of single collector devices is that they have to switch 
from detecting one mass to another. This transition is not instantaneous. Detectors have 
their own drift and some dead time, which affects the precision and accuracy of the 
measurements. In the cases where a wide range of linear responses and very low 
quantities of sample are available, such as Rb detection in fossils, discrete dynode 
electron multipliers perform better (Thomas, 2013). Such devices may therefore be 
unsuitable for extremely precise isotope ratio determinations. MC-equipped devices do 
away with a lot of single collector problems by measuring all of the masses of interest at 
the same time. In general, the multi collectors are orders of magnitude more precise 
(Vanhaecke & Degryse, 2012). 
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Figure 1: Above (Fig. 1A) a photograph of the Nu Plasma II MC-ICP-MS used to 
analyze the stable mercury isotopes from this thesis, with the main parts of an ICP-MS 
instrument highlighted. Below (Fig. 1B) a photograph of a sample introduction system 
used for mercury vapor generation. 

Two of the photographs of the system used to measure the samples presented in this 
study are presented in Figure 1. Figure 1A presents a wider shot where a broader view of 
the instrumentation with various sections of an ICP-MS highlighted. This setup of the 
instrument has a nebulizer attached to it as a sample introduction system. On its place 
other devices could be used. Such nebulizer can be used for direct mercury isotope 
measurement but was not used in these studies at all since there were reports of its poor 
sensitivity (Rua-Ibarz et al., 2016) compared to the cold vapor generation method. The 
exact detailed photography of one of the setups used can be seen in Figure 2B. In 
general, all of the measurement sessions used flasks with analytes and reducing agent 
being pumped by a peristaltic pump that mixed the two solutions together. The mixture 
entered the cold vapor generator from above, while the carrier gas Ar came from bellow 
and transported the mercury vapors to the ion source. Prior to the introduction to the 
ion source, an additional line with an Ar gas was introduced. At this stage, the Tl could 
be added as an internal standard via the nebulizer. The waste solution was transported 
away from the cold vapor generator using the same peristaltic pump. For further 
explanation of the methodology used for each individual measurement session please refer 
to the methodology section of each publication (Chapter 3). 

The setup as shown allowed for the relatively simple measurement of sample om 
sessions lasting for about one work-day or up to some 12 to 16 hours. In this time, up to 
50 or 60 measurements could be made. The standard deviations of the repeated 
measurements for a single set of samples are presented in the article. In general, such a 
setup enabled the standard deviations which were close to the ones reported in most of 
the literature presented here, up to about ± 0.2 ‰ for δ202Hg and up to about 0.1 ‰ for 
Δ199Hg. 
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Reducent 
(SnCl ) Cold 

vapor 
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1B 
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1.3 Mercury and its Isotopes in the Environmental Samples 
The total range of mercury isotope ratios varies up to 10 ‰ for Δ199Hg and up to 8 ‰ 
for δ202Hg (Blum et al., 2014). These higher values for MIF are found in aquatic 
organisms. Such high values are likely caused by microbially produced MeHg that has 
been photochemically degraded to Hg0, resulting in a negative MIF, but a positive one 
MIF in bio-accumulated MeHg (Kritee et al., 2007; Kwon et al., 2012; Tsui et al., 2013). 
Negative MIF is observed in samples such as some lichens (Carignan et al., 2009) and 
Arctic snow (Sherman et al., 2010). This MIF is most likely caused by processes of 
reduction of Hg2+ to Hg0 and subsequent transport of odd-mass isotopes preferentially 
released from snow and foliage, resulting in negative values in/on these phases (Demers 
et al., 2013; Sherman et al., 2010). Some of the lowest MDF values have been observed in 
the atmospheric samples near anthropogenic emission sources (Blum et al., 2014; 
Sherman et al., 2012), such as coal-fired power plants, with values often averaging about 
-1.5 ‰ (Sun et al., 2014). 

In general mercury isotopes cannot be considered as a proverbial silver bullet that can 
by itself solve any problem regarding the origin of mercury in the sample or the 
transformations it experienced. Mercury isotope analyses in the environment are best 
utilized where either isotopic fractionation is already suspected or one or more end 
members delivering mercury to the particular environmental compartment are known.  

 Mercury in the Air 
There are three operationally defined forms of atmospheric mercury: gaseous elemental 
mercury (GEM), gaseous oxidized mercury (GOM), and atmospheric particulate matter 
(APM) bound mercury (PBM). GEM is present in the Hg0 form, GOM in the Hg2+ form 
and PBM can be present in different oxidation states, sometimes noted as Hg(p) and 
either chemically or physically bound to the particulate matter (Ariya et al., 2015; 
Lyman et al., 2020; Si & Ariya, 2018). The residence time of mercury in the atmosphere 
can be very long (0.5 to 2 years) and it can be transported over long distances 
(Johansson & Tyler, 2001; Schroeder & Munthe, 1998). GEM and GOM can be removed 
from the atmosphere either, via wet deposition, dry deposition, binding to particles or 
deposition from gaseous phase (Douglas & Blum, 2019; Gichuki & Mason, 2014; 
Lodenius, 1998; Lyman et al., 2020). The mercury from the air can be deposited to the 
foliage and stored there for a while. Mercury is than deposited with litterfall in a process 
known as litterfall deposition, which deposits mercury to soil (Wang et al., 2016). The 
forms of mercury, their interactions and deposition pathways are presented in Figure 1. 
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Figure 2: Forms of mercury in the atmosphere, the reactions they commonly undergo and 
the deposition pathways. Adapted from (Ariya et al., 2015; Si & Ariya, 2018). 

Based on a review of the literature, there is no precise convention on the 
nomenclature based on the measurement method. In the literature concerned with 
atmospheric sampling, the division between active and passive methods is based on 
whether a pump is used to push a larger amount of air into the detector (cf. Gustin et 
al., 2015, 2020; McLagan et al., 2016; Naccarato et al., 2021; Szponar et al., 2020). 
However, in lichenology, active methods are sometimes referred to as those that require 
transplanting lichens to a new site and passive methods of sampling as sampling of 
lichens that are found in-situ (Garty, 2002). For this reason, a common nomenclature 
that will be used in this thesis is presented in Figure 2. 

 

Figure 3: Types of techniques for measuring atmospheric mercury. 

The first division is between active and passive devices, depends on whether pumping 
is required or not. Amongst the devices that require pumping, a distinction is between 
whether the measurements are manual or automatic. That is, if we have a simple trap to 
which a pump is connected and the measurements are performed in the laboratory. If the 
opposite is the case, there are two possibilities. Either the measurements are performed 
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continuously, with the sensor constantly active, or the mercury is released from the trap 
periodically. Devices that do not require pumping include artificial traps, which are 
similar to active traps but do not require pumping, and natural monitors, which are part 
of a larger group of bio-monitors that in case of mercury, primarily include mosses 
(Nickel et al., 2018; Sonke et al., 2022) and lichens (Horvat et al., 2000, Lupšina, 1992, 
Božič et al., 2022; T. L. Mlakar et al., 2011). 

Lichens are widely used as a proxy for atmospheric composition (Lupšina et al., 1992, 
Conti & Cecchetti, 2001; Horvat et al., 2000; T. L. Mlakar et al., 2011; Monna et al., 
2012; Szczepaniak & Biziuk, 2003). It has been shown that information on total element 
concentrations is not always sufficient for a meaningful identification of the source of 
contamination and that isotope content should be used (Barre et al., 2015, 2018). For 
this reason, the isotopic composition of mercury in lichens is often analyses to infer 
mercury sources (Barre et al., 2018; Blum et al., 2012; Carignan et al., 2009; Estrade et 
al., 2010; Jiménez-Moreno et al., 2016; Yamakawa et al., 2020). 

 Mercury in the Geogenic samples 
Soils are an important research area of mercury science (cf. O’Connor et al., 2019; Wang 
et al., 2019; Zhu et al., 2018). This is because approximately 86 Gg of mercury of 
anthropogenic origin is stored in soil worldwide (O’Connor et al., 2019) and a total of up 
to 1000 Gg of mercury is stored (Obrist et al., 2018). The pathways of mercury to soil 
are either from atmospheric or geogenic sources. Atmospheric sources include wet and 
dry deposition (Jiskra et al., 2015) and can be sorted in various forms such as HgO, 
HgCl2, HgS, or, MeHg, EtHg, or other forms of mercury (O’Connor et al., 2019) and also 
as Hg0 for a shorter duration (Zhou & Obrist, 2021). These forms move differently 
through the soil profile and may also change from one form to another (McLagan et al., 
2022). Mercury content from geogenic sources is much lower under pristine conditions 
(Kozin et al., 2013). 

An important discovery in recent decades has been the realization of how strongly 
vegetation influences the storage of mercury in the soil (Wang et al., 2019). This is 
significant as the deposition of mercury to soil might be related to global atmospheric 
temperature changes (United Nations Environmental Programme, 2023). It is not exactly 
clear whether these changes would increase or decrease the deposition of mercury to soil 
(Haynes et al., 2017). 

First studies on the mercury isotope ratios in soils were published in 2008, finding 
that the δ202Hg range was up to 2.8‰ (Biswas et al., 2008). In the majority of forest soils 
studied, the δ202Hg values ranged from -3 to -1 ‰ while the odd-MDF value ranged from 
0 to -0.5 ‰ for Δ199Hg and the even-MDF value was around zero (Demers et al., 2013; 
Jiskra et al., 2015; Zheng et al., 2016). In some soils near mercury-contaminated sites, the 
δ202Hg value can also reach up to about 0.5 ‰ (Baptista-Salazar et al., 2018; McLagan et 
al., 2022). In general, the trend was that the upper, organic horizons exhibited more 
negative MDF values, while the lower horizons quickly changed to more positive MDF 
values. One such example can be found in a study by Zheng et al. (2016), in which the 
average shift from the upper to the lowest horizons was at least 1 ‰ at a variety of sites 
across North America. 

Mercury ore deposits are hydrothermal in origin, but only about 0.02% of mercury is 
stored in such deposits, the rest is distributed in the Earth’s crust (Kozin et al., 2013). 
Some of the ranges of mass dependently fractionating expressed in δ202Hg in mines 
worldwide are: (I) New Idrija (USA) from -0.09‰ to 0.16‰ (Wiederhold et al., 2013), 
(II) McDermitt mountain (USA) -0.70‰ to -0.57‰ (Stetson et al., 2009), (III) Almadén 
mine (Spain) -2.25‰ to -0.96‰ (Gray et al., 2013), (IV) Monte Amiata (Italy) -2.70‰ 
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to 1.39‰ (Pribil et al., 2020), and (V) Terlingua District (USA) -2.70‰ to 1.39‰ 
(Stetson et al., 2009). Specifically in Idrija, only one study was looking into the isotopic 
compositions of mercury. There, only two samples were measured showing the range from 
-0.26‰ to 0.23‰ (Foucher et al., 2009).  

A large range would mean that the isotopic fingerprint may not be homogeneous and 
would be difficult to trace, whereas a much narrower range could be easier to trace in the 
environment. Isotopic analysis has been utilized to trace the likely source of mercury in 
different contexts. For instance, it has been employed to identify the origin of mercury 
from mining activities in various locations, including the Almadén mine in Spain, the 
New Idrija mine, the New Almadén Hg mine in the United States, and the Wanshan 
mining region in China (Donovan et al., 2013; Gehrke et al., 2011; Gray et al., 2013; C. 
N. Smith et al., 2008; R. S. Smith, Wiederhold, Jew, et al., 2015; Stetson et al., 2009; 
Wiederhold et al., 2013). 

 Mercury in Vegetation 
Mercury in vegetation has an extremely wide-reaching effect on the environment, acting 
as both a sink and a source. Its role depends on whether the amount of biomass is 
increasing or decreasing (Zhou et al., 2021; Zhou & Obrist, 2021). This was uncovered to 
result in cycles of mercury concentrations fluctuations similar to the one well known for 
CO2 (Jiskra et al., 2018). The importance of vegetation is not limited just to the 
atmosphere but also, as discussed above, to soil. Vegetation and litterfall deposition are 
likely the single largest sources of mercury deposition to soils (Obrist et al., 2014; Wang 
et al., 2019). 

As the amount of biomass increases, whether in a form of a single leaf, a tree, a 
forest, or otherwise, some of the mercury is taken up from the atmosphere along with 
other compounds (Demers et al., 2013; Wang et al., 2020, 2021). The fractionation of 
isotopic fingerprint of both the atmosphere (Fu et al., 2019; Yu et al., 2016) and 
vegetation (Liu et al., 2022; Wang et al., 2021) was observed. Within one season, the 
isotope ratios of the leaves change from lower values at the beginning of the growing 
season to higher values at the end of the season (Yuan et al., 2019). In their study, Yuan 
et al. (2019) argue that this is due to the reductive loss of mercury from the foliage. 
However, there is another possible explanation, namely that mercury uptake changes 
during the leaf growth period. The leaves initially take up the heavier isotopes from the 
atmosphere, and during spring growth the pool of mercury available in the air gets 
scrubbed of the heavier isotopes and the isotopic composition shifts towards the lighter 
ones. This would explain the observed trends in the change of isotopic composition of the 
atmosphere detected (Fu et al., 2019; Li et al., 2020). 

Such studies were thus far done in deciduous forests which marked by significant 
litterfall during winter, but lichens have not been specifically studied. Previous research 
assumed that the mercury isotope ratios of lichens are a reasonably good proxy for the 
isotope ratios in the atmosphere (MIF, MDF) (Carignan et al., 2009; Estrade et al., 
2010). In the case of MIF, it was found that this is not the case. A first indication is that 
the atmospheric reservoir presents a much heavier MDF fingerprint than lichens (Demers 
et al., 2013; Gratz et al., 2010; Sherman et al., 2010). As discussed above, the kinetic 
process of photochemical reduction of Hg2+ in the aqueous fraction on lichens favors the 
odd isotopes (higher MIF), resulting in a lighter isotopic composition in lichens compared 
to the atmosphere (Blum et al., 2012, 2014; Demers et al., 2013). 
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Chapter 2 

2 Aims and Hypothesis 

2.1 Aims 
The overall aim of the study is to trace mercury using its isotopic fingerprint in the Idrija 
region. This involves reviewing, implementing, and testing sample preparation and 
mercury isotope measurement procedures. The study focuses on optimizing measurement 
precision and accuracy using MC-ICP-MS. It initially examines lichens and atmospheric 
mercury concentrations in Idrija and neighboring areas to identify potential differences 
and specific mercury isotopic fingerprints. Subsequently, it extends the investigation to 
various samples from the Idrija mine, aiming to uncover correlations between excavation 
areas, ore types, and geological periods. Finally, the study leverages mercury isotopic 
composition to differentiate contamination pathways in the soils. 
 

2.2 Hypothesis 
 Hypothesis I: Mercury concentrations in transplanted and in-situ lichens are a 

suitable bio-marker for mercury concentrations in the atmosphere. 
 Hypothesis II: There are no seasonal changes in either transplanted and in-situ 

lichens. 
 Hypothesis III: The lichens from Idrija and Anhovo have a unique isotopic 

fingerprint compared to the background location at Pokljuka. 
 Hypothesis IV: Atmospheric particulate matter mercury presents a similar trend 

in mercury concentrations and isotopic composition to the one observed in 
lichens. 

 Hypothesis V: Ores from the Idrija mine exhibit a homogeneous and traceable 
isotopic fingerprint. 

 Hypothesis VI: The isotopic fingerprint of ores is distinct for either the ore type, 
excavation site or the geological period of genesis. 

 Hypothesis VII: Soils from the vicinity of ore roasting sites in Idrija present 
unique isotopic fingerprint. 

 Hypothesis VIII: Soils in Anhovo present a distinct fingerprint closer to the 
Salonit cement plant, that could be traced to the pollution emanating from the 
plant. 
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3 Scientific Publications 

The dissertation consists of four publications with the candidate as the first author (three 
published – Section 3.1, 3.2, 3.3, one in preparation – Appendix A.3), two work reports 
(Appendix A.1, A.2) and a paper by a coworker (Appendix A.6) in the creation of which 
the candidate’s work was instrumental. The publications presented here are ordered by 
date of publication. Supplementary material presented to the papers is presented in 
Appendices A.4 and A.5. 
 
The articles presented are: 
 
Dominik Božič, Igor Živković, Marta Jagodic Hudobivnik, Jože Kotnik, David 
Amouroux, Marko Štrok & Milena Horvat 
Fractionation of mercury stable isotopes in lichens 
Chemosphere, Volume 309, Part 1, 2022 
https://doi.org/10.1016/j.chemosphere.2022.136592. 
 
Dominik Božič, Igor Živković, Tatjana Dizdarević, Martina Peljhan, Marko Štrok & 
Milena Horvat 
Insights into the Heterogeneity of the Mercury Isotopic Fingerprint of the Idrija Mine 
(Slovenia) Minerals, Volume 13, 1227 
https://doi.org/10.3390/min13091227 
 
Dominik Božič & Milena Horvat 
Insights into seasonal variations in mercury isotope composition of lichens 
Environmental Pollution, Volume 340, Part 1, 
2024https://doi.org/10.1016/j.envpol.2023.122740 
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3.1 Fractionation of Mercury Stable Isotopes in Lichens 
Dominik Božič, Igor Živković, Marta Jagodic Hudobivnik, Jože Kotnik, David 
Amouroux, Marko Štrok, Milena Horvat, Fractionation of mercury stable isotopes in 
lichens, Chemosphere, Volume 309, Part 1, 2022, 
https://doi.org/10.1016/j.chemosphere.2022.136592. 

 
The study presented in this article monitored levels of mercury in the air using lichens 
that were transplanted and in-situ at three locations in Slovenia: Idrija, which is a former 
Hg mine with known contamination; Anhovo, a settlement with a cement production 
plant that is a source of Hg contamination; and Pokljuka, a national park area. The 
transplanted lichens were exposed to different environmental conditions and were 
sampled four times throughout a year. The results showed that the highest mercury 
concentrations were found in the Idrija area, consistent with previous research. During 
the summer, significant mass-dependent fractionation was observed in transplanted 
lichens, with a change in δ202Hg from -3.0‰ in winter to -1.0‰ in summer. However, this 
trend was not observed in the most polluted Idrija sampling site, likely due to large 
amounts of Hg originating from polluted soil close to the former smelting plant. The 
study suggests that seasonality, particularly in summer, may affect the isotopic 
fractionation of Hg and should be taken into account in the sampling design and data 
interpretation. 

The aim of this study was to provide unique information on the use of lichens as bio-
monitors for the presence of Hg in the air, including stable isotope measurements, at sites 
with a wide range of Hg concentrations in the air. The sites included the former mercury 
mining area Idrija and the area around the cement production plant. These findings were 
particularly relevant due to the monitoring guidelines that had recently been issued for 
the evaluation of the effectiveness of the Minamata Convention. The guidelines outlined 
several monitoring possibilities, including active and passive measurements of elemental 
Hg, Hg speciation, and methods based on passive sampling and bio-monitoring, offering a 
tiered approach. Additionally, the guidelines envisaged the use of stable isotopes for 
source apportionment.  
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3.2 Mercury Source Apportionment in Contaminated Soils 
Using Isotope Fingerprinting 

Dominik Božič, Igor Živković, Tatjana Dizdarević, Martina Peljhan, Marko Štrok & 
Milena Horvat Insights into the Heterogeneity of the Mercury Isotopic Fingerprint of the 
Idrija Mine (Slovenia), Minerals, Volume 13, 1227, 2023, 
https://doi.org/10.3390/min13091227 

 
In the study presented here, we aimed to define the isotopic composition range of 
mercury (Hg) originating from the Idrija mine. We conducted comprehensive analyses on 
samples obtained from the mine itself and from the Mercury Heritage Management 
Centre's geological collection, representing diverse geological periods, genesis types, ore 
categories, formations, excavation sites, and levels. Our analyses encompassed both Hg 
concentration and isotopic composition, yielding a range of δ202Hg from -1.35‰ to 
0.46‰ and ∆199Hg from -0.18‰ to 0.16‰. 

While a relatively consistent ore fingerprint was observed in one excavation field, the 
overall isotopic composition of the Idrija mine appeared heterogeneous. This study 
provides the first statistically robust constraints on Hg's isotopic composition from the 
Idrija mine, offering potential insights for future research on similar ore deposits and the 
tracing of Hg from the mine to its surrounding environment. 

Despite our efforts to pinpoint the isotopic characteristics of different periods of Hg 
deposition, we were able to draw several conclusions concerning various sample types and 
excavation sites: 

-The Idrija mine exhibits a relatively wide isotopic fingerprint compared to most 
other findings, with a δ202Hg range of -1.35‰ to 0.46‰. 

-The ranges of Mass-Independent Fractionation (MIF) observed are similar to those 
of other mines, with ∆199Hg ranging from -0.16‰ to 0.18‰. 

-We identified one instance of a relatively uniform fingerprint in the Kropač 
excavation field. 

-The isotopic fingerprints of cinnabar and Hg(l) from the same excavation site cannot 
be statistically differentiated. 

This study contributes valuable insights by describing a wide range of Hg isotopic 
fingerprints found within the mine. This information may prove beneficial to other 
researchers studying complex Hg deposits worldwide or those specifically investigating 
the Idrija deposit. 
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3.3 Insights into Seasonal Variations in Mercury Isotope 
Composition of Lichens 

Dominik Božič & Milena Horvat Insights into seasonal variations in mercury isotope 
composition of lichens Environmental Pollution, Volume 340, Part 1, 2024 
https://doi.org/10.1016/j.envpol.2023.122740 
 
In this study, the authors investigated the use of lichens for assessing mercury (Hg) 
concentrations in the atmosphere, emphasizing their cost-effectiveness. They addressed 
uncertainties regarding data consistency across seasons, diverse sampling methods 
(transplantation or in-situ collection), and various locations. The research involved high-
frequency sampling of in-situ and transplanted lichens and atmospheric particulate 
matter (APM) across pristine to Hg-contaminated sites. 

Isotopic analysis revealed that Hg isotopic composition in lichens experienced mass-
dependent fractionation and seasonal variations, with the heaviest isotopes in summer 
and the lightest in winter. These patterns held across polluted and unpolluted 
environments, in both lichen types, and APM. The results suggested a correlation 
between Hg concentration and isotopic composition changes in lichens and environmental 
factors, indicating a potential causal relationship. 

Environmental factors, particularly summer temperatures, appeared to have 
influenced the heavier isotopic signature in lichens during that season. Similarities with 
APM-bound Hg implied a shared underlying mechanism. This study underscored the 
importance of considering temporal trends and sampling methods when interpreting 
findings. 

In summary, this investigation into Hg isotope composition in lichens, across diverse 
environments and sampling techniques, offered insights into seasonal dynamics and 
influencing factors. It confirmed the consistency previous research and highlighted a 
common set of mechanisms governing Hg isotopic changes. The resemblance between 
APM and lichen isotopic data suggested an intriguing interconnection, deepening our 
understanding of mercury bio-monitoring using lichens. 

These findings enhanced our understanding of mercury behavior in lichens and its 
interaction with environmental factors. However, caution was needed when using lichens 
as atmospheric Hg proxies across various locations. Future studies should explore specific 
mechanisms underlying isotopic composition changes and their implications for mercury 
pollution monitoring, considering natural variations and acclimation time for 
transplanted lichens. 
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Chapter 4 

4 Conclusions 

4.1 Comment on the analytical procedure used. 
The procedures employed, developed and/or optimized were suitable for performing the 
analysis of mercury isotopic ratios in various environmental samples. The first 
requirement for such work was the testing out procedures for sample digestion. Various 
methods were tried, including different reagents (HNO3, HCl, HF, H3BO3 and H2O2) and 
different types of digestion systems (Appendix A.1 and A.2). The best procedure chosen 
was then implemented in studies (presented in publications in Section 3.1, 3.2, 3.3). After 
the digestion phase, the analysis phase also needed to be set up and properly tested. For 
this purpose, different configurations of mercury introduction and calibration were tested. 
The main variations were the different separation cells and inclusion or omission of Tl as 
an internal standard. The best solution was the Tekran© derived separation cell, which 
achieved recoveries of 99.6% and no use of Tl (Section 3.1 and Appendix A1). 

In some cases where the concentrations were too low, a preconcentration was 
required. This method was co-developed with a co-worker who took the lead in writing 
the paper on the method (Appendix A.6). However, the first mention and practical 
application was performed in the frame of this dissertation and is presented here (Section 
3.3). 

4.2 Use of lichens as bio-monitors for mercury 
concentrations and isotopic ratios in the atmosphere the 
Idrija polluted area as well as in the pristine 
environment. 

This topic was discussed in the papers titled: Fractionation of Mercury Stable Isotopes in 
Lichens (Božič et al., 2022, Section 3.1) and Insights into Seasonal Variations in Mercury 
Isotope Composition of Lichens (Božič & Horvat, 2024, Section 3.3) and it corresponded 
to the first hypothesis. 

The relationship between the concentrations of mercury in the atmosphere, measured 
via traditional active sampling methods, and transplanted lichens has been established 
(Section 3.1). For example, where atmospheric mercury concentrations were high (up to 
~100 ng/m³), the concentrations of mercury in lichens were also high, whereas where 
they were low (~1 - 2 ng/m³), the lichen concentrations were correspondingly low. 
However, this relationship was found not to be linear and was accompanied by significant 
uncertainties, raising questions about the reliability of lichens as exact proxies. 
Furthermore, concentrations above a few ng/m³ in air are seldom exceeded in most 
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environments, except for contaminated areas such as Idrija. Lichens transplanted from 
the pristine Pokljuka location to Idrija showed a response to the new environment within 
one month. After one year, mercury concentrations in the transplanted lichens exceeded 
some concentrations of the in-situ lichens (in-situ concentrations ranging from ~1.0 to 
~6.0 µg/g, while transplants after one year ranged from ~1.5 to ~2.5 µg/g). Thus, a one-
year time period appears sufficient for lichens to fully respond to a new environment in 
heavily polluted areas. However, due to the relatively broad concentration ranges, 
determining the exact point at which an individual lichen becomes acclimated to the new 
environment is not feasible. For example, in the Anhovo area, lichens exhibited similar 
mercury concentrations to those in Pokljuka, suggesting that, at least in terms of 
mercury, Anhovo lichens are not polluted. The concentrations of mercury in in-situ 
lichens were initially thought to be relatively static (Section 3.1). However, a more 
detailed study (Section 3.2), involving higher sampling frequency, repeated measurements 
of in-situ lichens, and enhanced accuracy, revealed that they also exhibit variability. 
Although the exact cause of this variability is unknown, it has provided new insights into 
the reasons for changes in isotopic fingerprint. Higher concentrations of mercury in Idrija 
may result from biomass combustion, which itself is contaminated with mercury. In 
central Slovenia and Pokljuka, concentrations did not vary as significantly. 
Consequently, lichens either transplanted or in-situ can serve as bio-markers of highly 
contaminated environments but not as precise measurement methods in all settings and 
time frames, rejecting the hypothesis I. 

It was observed that the mercury isotopic composition changes from relatively light to 
relatively heavy at several sites during the summer. These observations were first made 
during the January 2020 to January 2021 (Section 3.1) season and were subsequently 
repeated during the September 2021 to September 2022 season (Section 3.3), ensuring 
better data robustness. These observations rejected the hypothesis II, but allowed for the 
formulation of the potential explanations for such occurrences: (I) Kinetic fractionation, 
suggesting that when mercury passes from air into lichens, heavier isotopes preferentially 
remain in the air while lighter ones are more readily absorbed by lichens, (II) evaporation 
of Hg0, implying enhanced evaporation of lighter isotopes from lichen thalli during hotter 
summer months, (III) reduction of Hg2+ already bound to lichen, implying that mercury 
is photo-reduced to Hg0 and then more easily escapes from the lichen, skewing the 
isotopic composition toward heavier isotopes, and (IV) equilibration to a new isotopic 
signature, suggesting that lichens simply adapt to any isotopic fingerprint of the 
atmosphere. 

Only one location from the initial study (Section 3.1), situated directly atop the 
former roasting site, appeared to exhibit a distinct and unique trend towards a single 
isotopic ratio value. However, subsequent more detailed studies (Section 3.3) revealed 
that isotopic ratios, even at such heavily polluted sites, vary, and the initial study may 
have considered too few time points to effectively discern the trend, a problem that was 
later addressed. This means that the hypothesis III is rejected. 

Concurrently, a study of mercury concentration and isotopic composition in APM was 
conducted finding similar results to the ones in lichens (Section 3.3), Confirming the 
hypothesis IV. It is likely that similar factors as for lichens likely play a role for APM as 
well due to the similarities for both mercury concentrations and isotopic ratios.  
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4.3 Heterogeneity of the mercury isotopic fingerprint in 
Idrija mine ores. 

This topic was discussed in the paper titled : Mercury Source Apportionment in 
Contaminated Soils Using Isotope Fingerprinting (Božič et al., 2023, Section 3.2). The 
Mercury MDF ranged approximately ~2‰ (δ202Hg), which is a relatively vast range. 
Conversely, the Mass-Independent Fractionation (MIF) exhibited a relatively consistent 
fingerprint between -0.08 to 0.16‰ (Δ199Hg), with a tendency toward higher values at 
lighter isotopic values. For even-MIF, the samples demonstrated homogeneity with values 
close to zero. These findings reject the hypothesis V.  

It was discovered that in the case of mercury mining in Idrija, there appears to be no 
discernible connection between the characteristics of the sample, including its geological 
period of formation, type, or excavation site. In such types of mercury ore deposits, 
heterogeneity emerges as a significant factor that warrants consideration. Only some 
samples from the Kropač ore body showcased a relatively consistent fingerprint, no 
correlation could be established for other samples from distinct geological periods, ore 
types, and excavation sites. Thus, it is more plausible that the case of Kropač represents 
an exception rather than the norm. This implies that the isotopic composition of ores 
processed and roasted in Idrija is heterogeneous. The hypothesis VI must therefore be 
rejected. 

This suggests that ore from Idrija can be viewed as relatively uniform regarding MIF. 
Environmental samples from the region displaying MIF values other than zero likely 
underwent significant processes altering their fingerprint (e.g., methylation) or originated 
from alternative sources. Samples exhibiting mercury MDF ranges from ~1.5‰ to 0.5‰ 
(δ202Hg) could potentially be directly linked to the mine. In the context of other samples, 
the mercury isotopic fingerprint can assist in narrowing down potential mercury sources. 
Given that the Idrija mine serves as a significant pollution source in the area, most 
mercury contamination there can be directly attributed to the mine. However, in areas 
further away, such as downstream of the Idrijca river where dilution begins to take effect 
and other sources may be present, the isotopic fingerprint may not offer a distinct and 
unequivocal trace. 

4.4 Isotopic fingerprint in soils from the Idrija area. 
This topic was discussed in the paper in preparation titled: Elucidating Origin of 
Mercury in Soils in the Vicinity of Emission Sources with the Help of Mercury Isotope 
Ratios (Božič et al., 2024, Appendix A.3) where significant differences in isotopic 
fingerprints have been observed across various locations. For instance, soils near one of 
the oldest roasting sites at Pšenk exhibit relatively heavy ratios compared to soils from 
younger sites like Prejnuta and Brusovše. Sites in closer proximity to the roasting sites 
also display heavier isotopic fingerprints than those farther away, suggesting the presence 
of another source in the soils or potential fractionation during transportation, resulting in 
lighter isotopes being carried further. This in turn confirms the hypothesis VII. 

The heterogeneity of mercury in ores may also contribute to the variability of 
mercury in soils, along with the mixing of mercury originating primarily from processed 
ores or via different atmospheric deposition pathways. Samples collected within a 
hundred meters of each other exhibit distinct isotopic fingerprints, underscoring the need 
for meticulous sampling to account for all potential factors and ensure adequate spatial 
density. 
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An intriguing observation is that soils from the Anhovo floodplains display relatively 
homogeneous isotopic fingerprints. This uniformity could possibly result from 
homogenization by the river itself. The fingerprint in the Anhovo flood plains appears 
distinct enough to differentiate it from other lighter ones found further up the valley 
slope. But since the elevation above the river plays the major role in the distribution of 
different isoropic fingerprins and not the distance from the Salonit cement plant, 
hypothesis VIII is rejected.
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A.1 Work Report: Evaluation of Select Procedures for 
Analysis; Multi-Elemental and Isotopic Composition of 
Hg in Lichens 
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A.2 Work Report: Comparison Between Hot-Plate and 
Microwave Digestion Recoveries of Soil Samples 
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A.3 Article in Preparation: Elucidating Origin of Mercury 
in Soils in the Vicinity of Emission Sources with the 
Help of Mercury Isotope Ratios 

Dominik Božič, Igor Živković, Takashi Tomiyasu, Jože Kotnik, Gregor Puhar, & Milena 
Horvat, unpublished, in preparation 

 
In this research, we carried out an analysis of surface soils from two specific areas in 
western Slovenia: Idrija and Anhovo. Idrija is renowned for housing one of the world’s 
largest mercury mines, while Anhovo is located downstream of Idrija and is home to a 
cement production facility known to be a source of mercury contamination. Samples were 
collected from both sites, and we assessed their total mercury levels and isotopic 
composition. 

At both the Idrija and Anhovo locations, the spectrum of isotopic fingerprints, which 
exhibit variations in mass-dependent fractionation, is remarkably broad. This highlights 
the intricate nature of the underlying factors shaping our findings. In Idrija, the isotopic 
fingerprints tend to shift towards lighter values (more negative δ202Hg values) as you 
move farther from the roasting and ore processing areas. While the exact sources and 
mechanisms behind mercury presence are not completely clear, it is possible that the 
heavier isotopic signature is linked to mercury originating from the mine, whereas the 
lighter one is associated with mercury deposited from the atmosphere onto the soil. 

In the case of Anhovo, mercury concentrations are notably lower compared to Idrija. 
However, due to its position downstream of Idrija, the influence of mercury 
contamination from the mining area is still noticeable. The floodplain areas show a 
heavier isotopic fingerprint, while locations higher up in the valley sides exhibit a more 
uniform and lighter isotopic composition. 

Determining whether the mercury in Idrija is of anthropogenic or natural origin 
presents a significant challenge. Nonetheless, the observed transition from heavier to 
lighter isotopes could be a valuable tool for identifying the most contaminated areas, not 
only in these two specific sites but also in similar locations elsewhere. 
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