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Abstract
Mercury (Hg) is a naturally occurring toxic trace metal whose release into the environment has been (and still is)
exacerbated by human activities. The bioavailability of Hg is tied to its chemical speciation, with monomethylmercury
(MMHg) being the primary form of Hg that bioaccumulates and biomagnifies. At the top of some food webs, MMHg
can reach harmful levels. In addition to MMHg, a second methylated Hg species, dimethylmercury (DMHg), is found in
aquatic environments. Dimethylmercury is especially abundant in the oceans, where it could potentially act as an important
source of MMHg. The stability of DMHg in natural waters and which biogeochemical processes may be important for its
degradation are poorly constrained. This knowledge gap could partially be related to the extreme toxicity and the volatility
of DMHg, making it challenging to handle in the laboratory.

Through experimental studies, this thesis work has aimed to increase the understanding of DMHg cycling in the
aquatic environment. Focusing on the stability and degradation of DMHg, abiotic pathways of DMHg degradation were
explored. In Paper I, DMHg degradation via a novel sulfide-mediated pathway was demonstrated for both particulate
and dissolved sulfide phases. Key aspects of the process were investigated through the manipulation of pH and DMHg:S
ratios. In Paper II, the previously disputed process of aqueous photochemical decomposition of DMHg was confirmed
for various natural and artificial water types. This process was studied further in Paper III by investigating the impact
of dissolved organic matter and chloride on DMHg photodecomposition rates and the involvement of photochemically
produced reactive intermediates. Monomethylmercury was the primary product of both sulfide-mediated decomposition
and photodecomposition of DMHg. Rate calculations (Paper I and II) and comparison with MMHg photodecomposition
(Paper II and III) confirm that both sulfide-mediated decomposition and aqueous photodecomposition of DMHg could
be environmentally significant. Paper IV presents methods and considerations for laboratory work with DMHg, providing
insights into both experimental and analytical aspects. This work demonstrates that DMHg can be analyzed together with
MMHg and that significant safety risks of working with DMHg can be largely avoided. These insights are important as
future work on DMHg is necessary to elucidate its role in aqueous Hg cycling in general and for MMHg cycling in particular.

Keywords: Mercury, Marine, Degradation, Methylmercury, Aquatic.

Stockholm 2022
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-208846

ISBN 978-91-8014-004-1
ISBN 978-91-8014-005-8

Department of Environmental Science

Stockholm University, 106 91 Stockholm





DEGRADATION PATHWAYS OF DIMETHYLMERCURY IN
NATURAL WATERS
 

Johannes West





Degradation Pathways of
Dimethylmercury in Natural
Waters
 

Johannes West



©Johannes West, Stockholm University 2022
 
ISBN print 978-91-8014-004-1
ISBN PDF 978-91-8014-005-8
 
Printed in Sweden by Universitetsservice US-AB, Stockholm 2022
Front page image by Ellinor Scharin, edited and used with the artist's permission



To Good Friends and Family





Opponent:
Bridget Bergquist, Associate Professor at  University of Toronto,
Department of Earth Sciences,
     
Committee:
Richard Bindler, Processor at Umeå University, Department of
Ecology and Environmental Science
Karin Eklöf, Docent, Swedish University of Agricultural
Sciences, Department of Aquatic Sciences and Assessment
Heleen de Wit, Senior Research Scientist at Nowegian Institue
for Water Research
Jonathan Martin, Professor, Department of Environmental
Science, Stockholm University (deputy committee member)
     
Chair:
Jonatan Benskin, Professor, Department of Environmental
Science, Stockholm University
 





i 
 

Acknowledgements 

I knew long before graduating with my Master’s that I would pursue a Ph.D. But I could have 

ended up in many different environments doing very different things. As things turned out, I am 

very grateful that I had the chance to study this subject while spending these years in Stockholm 

with many wonderful people. 

Sofi has done a great job finding wonderful people to hire for our Hg group. Alyssa, you are so 

fun to be around, and the emotional support you have given me has been invaluable. Sonja, 

Thank you for your friendship and for giving everything in the lab when I needed you the most. 

Charlotte, you are so cool yet professional, and Carluvy, you are such a warm and friendly person. 

Liem, what great support you were for the lost and sometimes even scared Ph.D. student I once 

was! I know that I have shown both my good and bad sides to all of you over the years, but I have 

felt comfortable around you and consider you all my friends. 

But most important of all, Sofi. I am deeply grateful to you and what you have meant for my 

personal development. You are among the strongest and most inspiring people I have ever met 

(if anything, that is to be underselling it). As a supervisor, you have been extremely approachable 

and genuinely caring and committed. I think I have come a long way since my first days when the 

group just consisted of the two of us, and I have you to thank for such a large part of that. So, 

thank you. 

Outside the Hg group, the Biogeochemistry unit at ACES has been a friendly workplace.  Leonard, 

I envy your calm manner and relaxed mentality. Hari, you are a genuinely caring person. I have 

been lucky to share an office with you both. Compared to you, I must have appeared to be close 

to a heart attack most of the time.  

Felipe, hanging out with you is to be guaranteed a good time. Jannik, you were one of the first 

friends I made at ACES, and I took great inspiration from you when preparing for my post-

dissertation life. Thank you for that. Birgit, I admire you as a researcher and value you as a friend. 

I’m lucky I got here in time to get to know you before you became too professional to show all 

the sides I have seen to Ph.D. students. Marcus, you are such an approachable and humble boss 

who really cares for us employees. And it has been fun playing a little bit of music with you. 

Joakim, I wish more people in the world shared your genuine curiosity and humility. I also want 

to thank Marsha, Pär, Anna, Marenka, Nanna, and  the rest of you, who made the 

Biogeochemistry unit an enjoyable place to work.  

Then we have the people from the other units of ACES. To the members of the old breakfast club, 

Karin, Mafalda, Per, and Zandra: Finding your little group in my first months was really important 

for making me feel that I belonged at the department. Julika, I will miss our gin, tonic, and murder 

mystery nights. Malte, you are both a great scientist and a good friend. Please bring Carina and 

visit me in the future, and we will go climbing and play Wizard. Or bring Anton, and we will play 

Galaxy Trucker. Sebastian, thanks for starting the bench-press club at ACES that I requested 



ii 
 

several years before you arrived. Steffen, if we only could go and do one more legendary night 

at Slakthuset. And thank you, Jana, Sabrina, Sophie, Giulia, Inés, and Talles. I have happy 

memories with all of you and many more. 

This dissertation also constitutes the culmination of my time in Stockholm. I have lived here for 

over twelve years. Thank you everyone that made the time here so enjoyable. You are too many 

to thank, and although greatly important to me once, many of us are no longer in touch. I am 

very lucky to still have some of you old friends in my life. Claes and Johan, it is hard to express in 

words what you have meant to me. We share so many memories. Ellinor, so long ago, I met you 

on a train, and in hindsight, I realize how lucky that encounter of chance was for me and my early 

years in Stockholm. Felix and Mathilda, crazy to think you were in that first geology bachelor’s 

course with me. Fate would have it that you found each other. Amanda, I am happy that we 

started hanging out again recently. And Jonatan, you fill a particular niche among my friends. I 

also want to thank the boys in Structural Disorder. Making music with you is one thing that 

defines my time here. I hope you all know how rewarding that has been for me. How much it 

meant and still means to me. Special mentions of Kalle and Markus, with whom I have had the 

pleasure of hanging out doing non-music-related activities. 

And lastly, my family. I have probably never admitted to it before, but I am happy that I stayed in 

Stockholm for my Ph.D., which meant that I could be closer to all of you. My dear sister, Kristine. 

We went on different paths in our lives but yet I realize that we are very alike. You have always 

been there for me in times when I needed it. Mom and Dad, going through early adulthood is the 

strangest thing with what that does for the view of your parents. Declaring independence from 

you has been very important for me. Funny to think that now I am grateful for the last half year 

or so when I worked so much from your house and got to see more of you. I have never been 

very good at saying it, but I love all of you. That also goes for you, Hugo, you weird dog. I cannot 

believe how good friends the two of us have become over the last few years.  

  



iii 
 

Abstract  

Mercury (Hg) is a naturally occurring toxic trace metal whose release into the 

environment has been (and still is) exacerbated by human activities. The bioavailability of Hg is 

tied to its chemical speciation, with monomethylmercury (MMHg) being the primary form of Hg 

that bioaccumulates and biomagnifies. At the top of some food webs, MMHg can reach harmful 

levels. In addition to MMHg, a second methylated Hg species, dimethylmercury (DMHg), is found 

in aquatic environments. Dimethylmercury is especially abundant in the oceans, where it could 

potentially act as an important source of MMHg. The stability of DMHg in natural waters and 

which biogeochemical processes may be important for its degradation are poorly constrained. 

This knowledge gap could partially be related to the extreme toxicity and the volatility of DMHg, 

making it challenging to handle in the laboratory.  

Through experimental studies, this thesis work has aimed to increase the understanding 

of DMHg cycling in the aquatic environment. Focusing on the stability and degradation of DMHg, 

abiotic pathways of DMHg degradation were explored. In Paper I, DMHg degradation via a novel 

sulfide-mediated pathway was demonstrated for both particulate and dissolved sulfide phases. 

Key aspects of the process were investigated through the manipulation of pH and DMHg:S ratios. 

In Paper II, the previously disputed process of aqueous photochemical decomposition of DMHg 

was confirmed for various natural and artificial water types. This process was studied further in 

Paper III by investigating the impact of dissolved organic matter and chloride on DMHg 

photodecomposition rates and the involvement of photochemically produced reactive 

intermediates. Monomethylmercury was the primary product of both sulfide-mediated 

decomposition and photodecomposition of DMHg. Rate calculations (Paper I and II) and 

comparison with MMHg photodecomposition (Paper II and III) confirm that both sulfide-

mediated decomposition and aqueous photodecomposition of DMHg could be environmentally 

significant. Paper IV presents methods and considerations for laboratory work with DMHg, 

providing insights into both experimental and analytical aspects. This work demonstrates that 

DMHg can be analyzed together with MMHg and that significant safety risks of working with 

DMHg can be largely avoided. These insights are important as future work on DMHg is necessary 

to elucidate its role in aqueous Hg cycling in general and for MMHg cycling in particular. 
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Sammanfattning 

Kvicksilver (Hg) är en naturligt förekommande, giftig spårmetall vars utsläpp i miljön till 

stor del påverkats (och fortfarande påverkas) av mänskliga förehavanden. Hur tillgängligt Hg är 

för att tas upp av organismer beror på dess kemiska form. Monometylkvicksilver (MMHg) är 

den främsta formen som bioackumuleras och biomagnifieras. Det leder till att MMHg kan nå 

skadliga koncentrationer högst upp i vissa näringsvävar. I akvatiska miljöer finns förutom 

MMHg en till metylerad form av Hg, dimetylkvicksilver (DMHg). Dimetylkvicksilver finns i störst 

mängd i haven, och skulle där kunna fungera som en viktig källa till MMHg. Kunskap saknas 

dock både om stabiliteten hos DMHg i naturliga vatten och genom vilka biogeokemiska 

processer DMHg bryts ned. Denna kunskapslucka kan delvis bero på att DMHg är extremt giftigt 

och även flyktigt, vilket gör det svårt att hantera DMHg i laboratorium. 

 Genom experimentella studier har denna avhandling syftat till att öka förståelsen om 

vad som styr förekomsten av DMHg i akvatiska miljöer. Med fokus på stabiliteten hos och 

nedbrytning av DMHg så har abiotiska processer för nedbrytning av DMHg undersökts. I Paper I 

demonstrerades nedbrytning av DMHg orsakad av sulfid i både partikulär och löst form, en 

tidigare okänd process. Nyckelaspekter hos nedbrytningsprocessen undersöktes genom att 

manipulera pH och proportionerna av DMHg till svavel. I Paper II undersöktes fotokemisk 

nedbrytning av DMHg i vatten, en tidigare omtvistad process. Nedbrytningen av DMHg 

bekräftades för olika typer av vatten, både naturliga och artificiella. Denna process studerades 

vidare i Paper III där det testades hur löst organiskt material och klorid påverkar nedbrytningen 

av DMHg. I denna studie undersöktes även om fotokemiskt producerade reaktiva intermediära 

molekyler var inblandade i reaktionen. Monometylkvicksilver var den primära produkten av 

DMHg-nedbrytning både när nedbrytningen var orsakad av sulfid och fotokemiska processer. 

Hastighetsberäkningar (Paper I och II) samt jämförelse med MMHg-nedbrytning (Paper II och 

III) bekräftar att både nedbrytning av DMHg orsakad av sulfid samt fotokemisk nedbrytning av 

DMHg i vatten kan vara betydelsefulla processer i naturen. Paper IV presenterar en samling 

metoder och överväganden för laborativt arbete med DMHg, och tillhandahåller insikter både 

för experimentella och analytiska aspekter. Detta arbete demonstrerar att DMHg kan 

analyseras tillsammans med MMHg, och att betydelsefulla säkerhetsrisker i arbetet till stor del 

kan undvikas. Dessa insikter är viktiga eftersom framtida forskning på DMHg är nödvändig för 

att klarlägga dess funktion i den akvatiska kvicksilvercykeln i allmänhet och för nedbrytning och 

bildning av MMHg i synnerhet. 
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Abbreviations 
    
(aq)   Aqueous 
(CH3Hg)2S       Bismethylmercury Sulfide 

(g)   Gaseous 

·OH   Hydroxyl radical 
1O2    Singlet oxygen 
3CDOM*       Triplet-state Photosensitized Chromophoric Dissolved Organic Matter 
BET   Brunauer-Emmett-Teller surface analysis 

CdS(s)   Cadmium Sulfide 

CO3
•−   Carbonate radical 

CV-AFS   Cold Vapor – Atomic Fluorescence Spectroscopy 

DGM   Dissolved Gaseous Mercury 
DMHg   Dimethylmercury 
DOC   Dissolved Organic Carbon 
DOM   Dissolved Organic Matter 
FeS(s)   Disordered Mackinawite 

GC   Gas Chromatography 

Hg   Mercury 
Hg0   Elemental Hg 

hgcA & hgcB       Genes encoding for Hg-methylating enzymes 

hgcAB   Gene cluster encoding for Hg-methylating enzymes 

HgII   Divalent (mercuric) Hg 

ICP-MS   Inductively Coupled Plasma – Mass Spectrometry 
k DMHg → MMHg      Rate constant for monomethylmercury formation from dimethylmercury 
k MMHg → DMHg      Rate constant for dimethylmercury formation from monomethylmercury 
kd DMHg   Dimethylmercury decomposition rate constant 

kd MMHg   Monomethylmercury decomposition rate constant 

MeB12   Methylcobalamin 

MeHg   Methylated Hg (in practice MMHg+DMHg) 

mer   Genetic operon for Hg recistance, encoding for enzymes including MerB 

MerB   Organomercury Lyase (Hg-demethylating enzyme) 

MMHg   Monomethylmercury 

MMHgI   Methylmercuric Iodide 

NO3
-   Nitrate Radical 

PPRIs   Photochemically Produced Reactive Intermediates 
ROS   Reactive Oxygen Species 
S(aq)   Dissolved Sulfide 

SRB   Sulfate-Reducing Bacteria 

TotHg   Total Mercury 
UV   Ultraviolet Light 

UV-A   Range of ultraviolet light between 280-315 nm 

UV-B   Range of ultraviolet light between 315-400 nm 

VIS   Visible wavelengths of light (< 400nm) 
xxxHg   Isotopically enriched Hg species  
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1 Introduction 

Following the accidental discovery of several organometallics, including methylmercuric 

iodide (MMHgI) by Edward Frankland in the 1840s,1 dimethylmercury ((CH3)2Hg, hereafter 

referred to as DMHg) was first synthesized by George Bowdler Buckton in 1857. Attempting to 

produce methylmercuric cyanide by the reaction of MMHgI with KCN, Bowdler Buckton noticed 

the formation of a heavy liquid, insoluble in water. In his work of characterizing the liquid, he 

noted that it had “a faint and somewhat sweetish odour”, that it “burns with a luminous flame”, 

and that its vapor “detonates loudly when exploded with oxygen gas”.2 While Bowdler Buckton 

miraculously (given the extreme toxicity of DMHg) lived to the age of 87, some of his 

contemporaries were not as lucky. A couple of years after the discovery of the synthesis of DMHg 

from methyl iodide and sodium amalgam in 18633, two men died after breaking a tube containing 

the product, inhaling lethal doses of DMHg vapor in the process. This gruesome event may have 

slowed advances in organomercury chemistry, but only temporarily.4 In 1922, succeeding the 

development of the Grignard process, DMHg synthesis through Hg-for-Mg substitution 

(transmetalation) was introduced.5 In 1968, it was also discovered that reaction of HgII with 

methylcobalamin (MeB12) could produce various organic Hg species, including DMHg.6 Around 

this time, two Swedish researchers, Sören Jensen and Arne Jernelöv, also demonstrated that 

DMHg may be formed in the natural environment.7 Today, DMHg has been detected in a wide 

range of waters (primarily marine) and in the atmosphere.8–10 What role DMHg plays in the 

biogeochemical cycle of Mercury (Hg), however, remains largely unknown. 

 

1.1 Mercury as a Global Pollutant 

Mercury (Hg) is a toxic trace metal distributed on the Earth’s surface through anthropogenic 

and geological processes. The cycling of Hg in the Earth’s system is complex compared to many 

other heavy metals and involves different chemical forms of Hg. Elemental Hg (Hg0) occurs at 

room temperature as a liquid with high vapor pressure. Inorganic Hg exists in either +1 

(mercurous) or +2 (mercuric) oxidation states, with the latter having widespread environmental 

significance, forming covalent bonds with many elements.11,12 Bacterial and abiotic processes, 

prevalently in aquatic environments, also produce organic forms of Hg. The most common of 

these organic forms are the ionic monomethylmercury (CH3HgX, where X represents a negatively 

charged species, hereafter referred to as MMHg) and the volatile DMHg.13,14  

Since the pre-historic era, anthropogenic activities have strongly exacerbated the 

environmental Hg loadings. While pre-industrial Hg emissions were mainly related to mining 

activities, the unique properties of Hg as a liquid metal have been beneficial in its uses, such as 

in electrical switches, thermometers, and thermostats. Most historic Hg emissions are 
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nonetheless connected to the extraction of other metals such as gold or silver, where Hg is used 

in forming amalgams (alloys). Such methods are still in use today in artisanal small-scale gold 

mining practices.15 In addition, emissions connected to fossil fuel burning and the use of Hg in 

industrial processes have accelerated the release of Hg to the environment.16,17 Presently, Hg in 

the atmosphere, surface ocean, and the deep ocean is enriched with factors of 7.5, 5.9 and 2.1, 

respectively, compared to natural conditions.18  

With the large-scale use and anthropogenic emissions of Hg to the environment, the risks of 

human exposure to Hg have increased. The toxicity of Hg became publicly apparent through 

several health catastrophes in the 20th century. Most prominently, the outbreak in Minamata 

bay, Japan, in the 1950s claimed thousands of permanently ill or diseased victims and coined the 

name Minamata disease, the now official name for the neurological illness caused by Hg 

poisoning.19 The outbreak was traced to MMHg released with wastewater from a nearby 

chemical plant. Another mass poisoning in Iraq in 1972 was caused by the ingestion of 

inappropriately labeled seeds treated with MMHg added as a fungicide. Thousands were 

affected, with a minimum of about 450 deceased. Yet, as with the Minamata disaster, the actual 

number of victims is unknown.20–23 The victims of these outbreaks suffered symptoms including 

tingling skin sensations, loss of fine motor skills and sensory functions, slurred speech, and in the 

most severe cases, coma and death. Prenatal exposures have been linked to brain damage in the 

fetus, ranging from delayed development to physical impairment and death.19,22,24 Due to the 

sensitive nature of the developing brain, the threshold for damaging concentrations of Hg is 

lower for adolescent children and pregnant women. Recent studies have detailed how low-level 

Hg exposure among children leads to a significant IQ decrease, as well as leading to thousands of 

deaths from heart attacks in China alone. Granted, these effects also induce high economic costs 

for society.25,26 

The toxicity and bioavailability of Hg are strongly connected to its chemical speciation. 

Occupational Hg exposure, such as in artisanal gold mining, typically occurs through inhalation of 

Hg0.15 Hg0 can readily cross cell membranes such as the blood-brain barrier, thus gaining free 

passage to the central nervous system. Once inside the cells, Hg0 can get oxidized to HgII and 

disrupt biological functions.12,27 The strong affinity for mercuric Hg to sulfides such as thiols leads 

to the formation of HgII-SR or MMHg-SR complexes, which influences the mobility of these 

species in biota. One example is the MMHg-cysteine complex, which is structurally similar to the 

amino acid methionine. This complex can be transported across the blood-brain barrier into the 

brain.12,28 While rapid reaction between mercuric Hg and any thiol group can affect the 

functionality of practically any protein, the neurotoxic effects of MMHg are mainly connected to 

damage to the central nervous systems. This effect can be traced to the damage induced by 

MMHg on astrocytes in the brain, inhibiting the uptake and transport of vital compounds such as 

glutamate and promoting the production of reactive oxygen species (ROS). This causes oxidative 
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stress and injures neurons, even leading to astrocyte cell death.29 Monomethylmercury intake 

has also been linked to an increased risk of cardiovascular diseases30. The binding of MMHg to 

peptides and proteins in biological tissue leads to long residence times, where Hg is excreted at 

low rates. Typically, MMHg is taken up faster than it can be eliminated. This is the cause for 

bioaccumulation and biomagnification effects, where organisms obtain higher concentrations of 

Hg in their tissue as they get older, as well as with increasing trophic levels. In addition, this effect 

leads to an increase of MMHg as a fraction of total Hg. Therefore, despite MMHg being only a 

minor fraction of the total Hg in aquatic environments, predatory fish can contain Hg close to 

100% in the form of MMHg, at Hg concentrations thousands to millions of times higher than 

those of the ambient water.14 As a result, the ingestion of MMHg through the consumption of 

fish and seafood is the main exposure route of Hg to most humans.31–33  

Awareness of the harmful effects of Hg on human health and the associated costs to society 

led to the formulation of the Minamata Convention on Mercury in 2013. The treaty aims to 

reduce emissions from sources such as artisanal gold mining, fossil fuel burning, or commercial 

use of Hg.34 However, while Hg emissions are decreasing in Europe and the western world, 

emissions are still rising in Asia following the continuous increase in coal combustion and other 

emission sources.35 Additionally, after centuries of anthropogenic Hg emissions, a large fraction 

of Hg mobilization is derived from the re-emission of previously deposited Hg, primarily from the 

ocean.36 Marine Hg cycling is further complicated by the latency induced by the ocean circulation 

on changes in Hg concentrations in deep and intermediate waters.37  The conclusion is, therefore, 

that Hg pollution and subsequent Hg exposure could remain an increasing threat to human and 

wildlife health for decades, if not centuries, to come. 

 

 

 

 

 

 

Figure 1: A summary of Hg cycling in the atmosphere and the marine water column. Arrows signify 

important transformation or transport processes, detailed in italic font. The processes of DMHg 

formation and decomposition are largely unknown, as marked out by red arrows with question 

marks. Abbreviations in the figure include “g” for gaseous, and “aq” for aqueous, but states of 

matter for all Hg species are not included in the summary. 
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1.2 Hg Cycling in Aquatic Environments 

Although present in all of Earth’s compartments, the cycling of Hg in the hydrosphere is of 

accentuated importance due to the aquatic production and biotic uptake of MMHg (Figure 1). 

Mercury, dominantly in the inorganic forms of HgII and Hg0, enters lakes and oceans mainly 

through atmospheric deposition and terrestrial runoff.38,39 These Hg forms remain the 

dominating Hg species in most aquatic environments and are interconverted through redox 

reactions mediated by photochemical, biotic, and dark abiotic processes.8,14,40,41 While Hg0 is 

relatively inert and may evade back to the atmosphere, HgII forms complexes with organic and 

inorganic substances and adsorbs to particles that may sink through the water column. HgII is also 

the precursor for methylated Hg, which in freshwater is dominated by MMHg, but in the ocean 

waters consists of MMHg and DMHg in overall roughly even proportions. 8,42–44 Total methylated 

Hg (hereafter abbreviated MeHg) ranges from a few to tens of percent of total Hg in the water 

column.8,45 Marine profiles of MeHg commonly show depth maxima in oxygen-depleted 

thermocline waters, a hotspot for heterotrophic respiration. Marine MeHg maxima are also 

sometimes found at the subsurface chlorophyll maximum (<150 m). However, for unknown 

reasons, the DMHg:MMHg ratios in the oceans vary greatly between depths and regions.8,42–44 

 

1.3 Monomethylmercury Cycling 

It was early discovered that bacteria are capable of MMHg production, a process that later 

became connected to the gene clusters hgcA and hgcB.7,46 Although first found in strains of 

sulfate-reducing bacteria (SRB), hgcAB and hgcAB-like genes have since been found in diverse 

bacterial strains.47–50 Yet, it is unclear how many of the strains carrying these genes that have the 

actual capability to methylate Hg.48,51 In addition to biotic pathways, abiotic MMHg production 

has been confirmed, including the reaction between HgII and methylcobalamin (MeB12).52,53 

These abiotic reactions do, however, seem to have minor importance, as microbial MMHg 

production typically can explain the formation rates of MMHg observed in most environments.54  

In contrast to MMHg production, where biotic processes typically dominate, demethylation 

of MMHg is attributed to a number of biological and abiotic reactions. Some bacteria and archaea 

possess the mer operon that can encode for the enzyme organomercury lyase (MerB), which in 

turn can break the Hg-C bond in MMHg with HgII and methane (CH4) as products.55–57 MerB comes 

in wide varieties without a clear common genetic ancestor.55,58,59 Additionally, MMHg 

demethylation has also been attributed to microbes through a MerB-independent pathway. In 

these cases, CO2 has been identified as the main end product instead of CH4.
55,60,61
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Besides biotic processes, several abiotic pathways for MMHg degradation have also been 

demonstrated. Most importantly, photochemical degradation (photodemethylation) is 

attributed as a major MMHg removal mechanism in marine and freshwater systems and may 

dominate in the latter.62,63 Photodemethylation can occur through either indirect or direct 

mechanisms. Direct absorption of sunlight by MMHg or MMHg complexes (mainly MMHg bound 

to reduced sulfur-groups of dissolved organic matter (DOM)) causes intra-molecular energy 

transfer, thus breaking the Hg-C – bond.64–66 Indirect photodemethylation of MMHg is caused by 

the reaction between MMHg and photochemically produced reactive intermediate species 

(PPRIs), mainly reactive oxygen species (ROS) and free radicals (e.g. the hydroxyl radical (·OH), 

singlet oxygen (1O2), and triplet-state photosensitized chromophoric dissolved organic matter 

(3CDOM*).65,67–69 Recent studies of indirect photodecomposition of MMHg have utilized chemical 

substances known to selectively quench PPRIs (so-called scavengers) to evaluate their relative 

importance for MMHg photodecomposition. However, no consensus has been reached, as 

various PPRIs are identified as the major important species in these studies.65,67–69 This may be 

attributed to differences in water chemistry, DOM, incoming radiation, or the use of scavengers 

later found to be unsuitable for MMHg photodemethylation experiments.70 Regardless of 

underlying mechanisms, UV light appears more potent than visible light (VIS) for breaking down 

MMHg.71,72 

In addition to photodegradation, MMHg may also degrade through dark abiotic reactions. It 

was demonstrated already by the 1980s that reacting MMHg with hydrogen sulfide (H2S) led to 

the formation of the insoluble complex bismethylmercury sulfide (CH3Hg)2S, which degrades to 

DMHg and HgS.73–75 This reaction is favored at relatively high MMHg:H2S ratios and may partly 

be responsible for the loss of MMHg from experiments with cultures of SRB.76 MMHg can also 

react with selenoamino acids, with nonreactive HgSe as the final product. This reaction is known 

for being a detoxifying mechanism in biota.77,78 Finally, MMHg can degrade on reduced sulfur 

surfaces, such as sulfide minerals and thiols.79 

 

1.4 Dimethylmercury Cycling 

Following evidence of dissolved gaseous Hg (DGM) being emitted from the oceans to the 

atmosphere in the 1980s,80,81 marine DMHg was first implied from a find of organic gaseous Hg 

in deep waters of the Pacific Ocean in 1988.82 Since the first shipboard measurements of DMHg 

in 1990,83 DMHg has been found to be widely distributed through the oceans, in concentrations 

roughly comparable to MMHg. Although the concentrations of DMHg varies, DMHg is typically 

enriched in the deep ocean, and depleted in surface waters.8,42–44  
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In contrast to MMHg, which has received extensive focus in research over the last half 

century, there is a shortage of studies on, and many lingering uncertainties regarding the 

processes regulating DMHg concentrations in natural waters. A number of factors may explain 

this discrepancy. Firstly, DMHg is usually not found in freshwater environments. Early Hg research 

focused strongly on Hg in lakes and streams, driven by the discovery of high Hg concentration in 

fish and wildlife in e.g. Sweden.84 However, samples for MMHg analysis are usually preserved by 

acidification, a method now known to degrade DMHg through acidolysis.85 Additionally, DMHg 

has been found in diverse terrestrial environments such as lakes,86,87 contaminated rice 

paddies,88 and mangrove and salt marsh sediments89,90. These observations raise the question if 

DMHg is more common in freshwater than previously assumed. Secondly, the volatility and 

lipophilicity of DMHg combined with its extreme toxicity make DMHg challenging to handle. 

DMHg easily penetrates the skin and enters the body, where it may degrade to MMHg and bind 

to biomolecules.12,91,92 In 1997, Karen Wetterhahn, a Dartmouth College professor specializing in 

heavy metal toxicity, famously spilled a few drops of concentrated DMHg on her laboratory 

gloves. Even though she followed the laboratory precautions advocated at the time, this singular 

exposure event resulted in acute Hg poisoning, leading to her death. The revelation that DMHg 

quickly penetrates standard laboratory gloves led to nearly eliminating its use as a standard in 

analytical methods.93 Despite the access to DMHg-resistant gloves,92 it is likely that the tragic 

demise of Mrs. Wetterhahn led to a newfound respect for DMHg and a widespread unwillingness 

to perform laboratory studies on DMHg. In recent decades, few studies have focused on DMHg 

cycling, and revisions in methods for analytical or experimental work on DMHg are rare. In effect, 

this bias impacts our current understanding of the environmental significance of DMHg for Hg 

cycling, particularly its influence on MMHg.  

Early studies connected DMHg production to microbial activity, indicating that DMHg could 

be formed through microbial processes.7,94,95 This idea was later supported by field observations, 

where DMHg concentrations, separate or together with MMHg, was connected to microbial 

activity through organic matter remineralization.37,44,96–98 Conclusive evidence for the biotic 

production of DMHg has however not been put forward. Furthermore, the discovery of abiotic 

production of DMHg by reactions with methylcobalamin99, and more recently on sulfide mineral 

surfaces and dithiols79, casts doubt on the observations of the early microbial studies. In addition, 

the formation of DMHg from (CH3Hg)2S formed abiotically at high MMHg:H2S ratios could 

mistakenly be interpreted as DMHg production from SRB.100 No attempts have yet been made to 

investigate the potential role that the HgcAB genes may have in DMHg formation.46 Additionally, 

only two incubation studies have measured rates of DMHg formation in natural water 

samples.101,102 

Previous to this thesis work, very little information on processes of DMHg degradation was 

available. No evidence has been put forward on bacterial degradation of DMHg, or dark abiotic 
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processes under environmentally relevant conditions (excluding acidolysis)85. While a number of 

mechanistic studies on atmospheric decomposition of DMHg had been carried out,103–106 the 

occurrence of aqueous photodecomposition of DMHg was disputed.85,96 The following sections 

detail the pre-existing knowledge behind sulfide-mediated decomposition and 

photodecomposition of DMHg, pathways explored in Paper I and II+III, respectively. 

DMHg Decomposition by Sulfide 

The affinity for sulfide drives many of the Hg (especially HgII) transformation pathways in 

the environment. For example, Jonsson et al. (2016) demonstrated the formation of DMHg 

mediated by reduced sulfur in both organic and inorganic forms.79 In a quantum mechanical 

modeling study by Ni et al. (2006), DMHg degradation through the formation of intermediate 

complexes of DMHg and dissolved sulfide (H2S and HS-) was investigated.107 The latter study 

showed that not only would DMHg spontaneously form complexes with HS- but demethylation 

of DMHg through this pathway was deemed plausible. However, sulfide-mediated DMHg 

decomposition was not experimentally tested. In fact, previous to this thesis, no known 

experimental studies on DMHg-sulfide interactions have been conducted in the aqueous phase.  

Photodecomposition of DMHg 

Low concentrations of DMHg detected in surface waters could be attributed to either evasion 

of the volatile species to the atmosphere, or direct photodecomposition in sunlit waters. In the 

atmosphere, DMHg is subject to decomposition through interaction with short-lived radical 

species, including the nitrate radical (NO3
-)103, Cl atoms104, ·OH,105 and atomic oxygen106, with 

various Hg-containing compounds as products. Atmospheric production of MMHg from DMHg 

has been suggested to represent a vector of transport of methylated Hg from oceans to land.108 

At the same time, photodemethylation of DMHg to MMHg in sunlit waters could constitute a 

source of MMHg available for biologic uptake directly into primary producers. Previous work on 

aqueous DMHg photodecomposition is, however, limited and incongruent. Mason and Sullivan 

(1999) performed incubations with DMHg added to seawater during an Atlantic cruise and 

exposed it to sunlight. As DMHg loss was observed for all treatments, it is probable that DMHg 

evaded through the walls of the Teflon containers used, as this material has later proved 

unsuitable for experiments with DMHg.109 However, DMHg loss was enhanced for light 

treatments and, on one occasion, matched by a measured increase in MMHg.96 Contrasting 

results were reported by Black et al. a decade later (2009). In their study, Pacific Ocean upwelling 

waters rich in DMHg were incubated in sunlight without Hg addition. As no measurable 

photodecomposition of DMHg was detected, loss through evasion was attributed at least equal 

importance to explaining the depletion of DMHg in surface oceans.85 With a lack of further 

studies, no consensus has been reached on whether or not DMHg photodecomposition occurs. 
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This lack of consensus is illustrated by the incorporation of DMHg photodecomposition as a flux 

in some marine Hg circulation models and mass budgets but not others.110–113  

 

 1.5 Aims of this Thesis 

The overarching aim of this thesis was to contribute to the knowledge of DMHg cycling in the 

aquatic environment. This goal was sought through an experimental approach focusing on abiotic 

incubation studies. In the first three chapters, the potential for DMHg decomposition through 

novel or understudied pathways was investigated: sulfide-mediated decomposition (Paper I) and 

photochemical decomposition of DMHg (Papers II and III). The potential of these processes as 

sources of MMHg was also considered. Furthermore, key aspects of these processes were 

studied. For sulfide-mediated decomposition, this included the effect of various types of sulfide, 

DMHg:S ratios, and pH dependence on reaction rates. For photodecomposition of DMHg, the 

effect of water type and chemistry on photodecomposition rates were investigated. This 

investigation included DOM concentration and characteristics, salinity, and oxygen content. This 

way, insights into the underlying mechanisms of DMHg decomposition were obtained and related 

to those of MMHg photodecomposition. With the aid of calculated reaction rates, the 

environmental significance of both processes as sinks for DMHg and sources of MMHg were 

assessed. 

The final chapter (Paper IV) combines experiences from the previous chapters with new 

observations and demonstrates successful practices for working with DMHg. Such practices 

include means for transfer, filtration, and storage of DMHg-containing samples and tests of 

interferences, and methods for calibration for the quantification of DMHg. With this work, the 

aim was to make work on DMHg more accessible, paving the way for future investigations into 

the cycling of DMHg in the aqueous environment, its role in MMHg production and 

decomposition, and, ultimately, the bioaccumulation of Hg (Figure 2). 

 

 

Figure 2. Conceptual image of the contribution of the four manuscripts included in this thesis. In 

Paper I, the decomposition of DMHg to MMHg, mediated by sulfide, was discovered. Paper II 

confirmed the photodecomposition of DMHg to MMHg, whereas Paper III addressed the impact 

of dissolved organic matter, chloride, and photochemically produced reactive intermediate 

species on DMHg photodecomposition. Paper IV detailed a number of experimental and 

analytical considerations to facilitate work with DMHg. 
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2 Materials and methods 

2.1 Materials 

Monomethylmercury and Dimethylmercury  

Standard solutions of MMHg with natural isotope abundance were obtained from Alfa 

Aesar and routinely used for external calibrations. Isotopically enriched MMHg (MM200Hg and 

MM201Hg) was synthesized in-house from isotopically enriched HgII (200Hg and 201Hg, 

manufactured by CortecNet) following a previously published protocol.114  

Dimethylmercury used in the experiments described below was synthesized in-house. For 

Paper I, a DMHg stock solution was synthesized following the method outlined by Snell et al. 

(2000)114. Briefly, a HgCl2 solution was reacted with methylmagnesium chloride (CH3MgCl) 

dissolved in THF. 6 M HCl was added to quench excess CH3MgCl. The organic phase (containing 

the DMHg) was then recovered and diluted in toluene and water to desired concentrations.  

The effect of THF or other solvents (present in the DMHg standards prepared for Paper I and IV) 

on DMHg photostability is unknown. Therefore, a proper evaluation of photodecomposition of 

DMHg as studied in Paper II and III required a pure DMHg standard without potentially interfering 

compounds. For this purpose, a method was developed for optimizing the yield of DMHg from 

synthetization of methylcobalamin (MeB12) and isolating DMHg in purified water and buffer. This 

method was also utilized for synthesizing isotopically enriched DMHg stock solutions (DM204Hg). 

The methodological setup was also included as a part of Paper IV.  

Natural Water Samples (Papers II-IV) 

Natural water samples were used for photoexposure tests in Papers II and III, and stability 

tests in Paper IV. Arctic ocean surface water were collected during the SWEDARCTIC cruise 

onboard the Icebreaker Oden in the autumn of 2018 and thereafter stored frozen before 

experimental use. Water from the Mediterranean Sea was sampled from two different water 

depths onboard R/V Antédon II outside Marseille in 2020. Baltic Sea water was sampled from 

different depths at Landsort Deep in the spring of 2020 and the summer of 2021 onboard R/V 

Electra. Shoreside water samples were also collected from various bodies of water in Sweden in 

2021 and 2022. These include streams and rivers (Voxnan River and a forested stream in Täby), 

lakes and ponds (Laduviken in Stockholm and Grossjön in Hälsingland), and brackish water from 

Lilla Värtan in Stockolm.  

Dissolved Organic Matter Extracts (Paper III)  

Humic acid standards Suwannee River Humic Acid (SRHA) and Leonardite Humic Acid 

(Leonardite HA) were purchased from the International Humic Substance Society and dissolved 
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in purified water to desired concentrations. A Baltic DOM extract was prepared by filtering 

approximately 55 L of surface waters from Landsort Deep. After acidification and solid-phase 

extraction,115 the DOM was stored in methanol and re-dissolved before use. 

Sulfide (Paper I) 

Dissolved sulfide solutions were prepared by dissolving sodium sulfide (Na2S) in purified 

water and diluting it to desired strengths. Disordered mackinawite (FeS(s)) was prepared by 

mixing 0.6 M Na2S with a 0.6 M Mohr’s salt solution ((NH4)2Fe(SO4)2). Cadmium sulfide was 

prepared from metallic Cd (dissolved in HNO3) and Na2S. The prepared and washed crystals were 

stored at -80°C until use to avoid crystal growth or oxidation. 

 

  



13 
 

2.2 Experimental Methods 

Papers I, II, and III all built on exposure experiments, where DMHg (and, in the case of Papers II 

and III, MMHg) was initially added to different types of waters and incubated under various 

experimental conditions (e.g., in the presence of reduced sulfur, at different temperatures, and 

under dark and light conditions). At certain intervals, subsamples were collected. These 

subsamples were analyzed for their total Hg content and Hg speciation. The speciation of Hg was 

then compared to the concentration of initially added Hg. If the concentration of DMHg 

decreased during the incubation and other forms (principally MMHg or HgII) were formed, 

demethylation of DMHg was taken as confirmed. The mass balance (sum of measured Hg species) 

was used as a measure to control that the experimental setup and the explanations provided for 

the observed phenomena were reliable. Control experiments, where samples were treated 

similarly but not exposed to the treatment in question, were used to confirm that demethylation 

occurred as an effect of the experimental treatment. 

Papers I-III used stable isotope techniques for tracing transformations of DMHg and 

MMHg and quantifying various Hg species. This method was foremost utilized in Papers II and III, 

where isotopically enriched DMHg and MMHg (DM204Hg and MM200Hg) were added at the 

beginning of the experiments (Figure 3). At the time of subsampling, known amounts of 

isotopically enriched Hg and MMHg (198Hg and MM201Hg) together with DMHg of natural isotopic 

abundance (DMambHg) were added to the subsamples as internal standards. After analysis and 

quantification of each isotope, the relative contribution of the isotopically enriched tracers and 

DMambHg was reconstructed through the mathematical method of signal deconvolution.116 The 

concentrations of Hg species derived from the DM204Hg and MM200Hg tracers (DM204Hg, 

MM204Hg, and 204HgII from DM204Hg and MM200Hg and 200HgII from MM200Hg, respectively) could 

thereafter be quantified from the internal standards. This method allowed the distinction of 

added Hg from ambient Hg in natural water samples, and changes in DMHg and MMHg through 

photodecomposition could be simultaneously measured.  

While developing the experimental approaches applied in Papers I-III, a wide range of 

experimental and analytical techniques were evaluated for their application to work with DMHg. 

These efforts are synthesized in Paper IV together with tests conducted by a collaborator at 

Tekran Instruments Corporation. 
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Sulfide Exposure Experiments (Paper I) 

Experiments investigating the viability of sulfide-mediated decomposition of DMHg were 

executed with both dissolved and mineral forms of sulfide. Incubations with dissolved sulfide 

(S(aq)) were buffered to pH 5 or 9, corresponding to an equilibrium shift of the dominant sulfide 

form from H2S to HS- at the higher pH. Experiments with mineral sulfide were mainly focused on 

disordered mackinawite (FeS(s)). This is the first iron sulfide mineral to precipitate in sulfidic 

waters and thus has a very reactive surface.117 Experiments with FeS(s) were conducted at pH 5, 

7.5 and 9, as well as in unbuffered solutions. pH 7.5 represented the point of zero charge for the 

FeS(s), where the surface of the mineral on average is neutral.117 Mineral sulfide experiments 

were also complemented with experiments on cadmium sulfide (CdS(s)), a more stable sulfide 

phase than FeS(s), as illustrated by e.g. its lower solubility.118,119 For all types of sulfide, wide 

spans of DMHg:S ratios were tested, mainly by altering the amount of sulfide added to the 

samples. These ratios generally represented a great excess of sulfide (DMHg:S molar ratios 10-3-

10-9), covering ranges probable for many reducing environments such as anoxic bottom waters 

or marine snow microenvironments.120–122 Experiments were also performed over short and long 

time periods (hours to days versus weeks to months) and at various temperature regimes 

(ranging from room temperature to 60°C)  

Photodecomposition Experiments (Paper II and III)  

Most of the data presented in Papers II and III was generated from indoor 

photodecomposition experiments, where UV lamps were used as the irradiation source. This 

approach decreased exposure times and increased the feasibility of collecting good data outside 

the summer months. In addition, the use of a high-intensity lamp several times stronger than 

ambient sunlight opened up for shorter exposure times. This benefit, in turn, could reduce issues 

with incomplete mass balances caused by the evasion of DMHg from samples or the absorption 

of Hg onto the walls of sample containers.  

An OSRAM UV-lamp of the model HTC400-241 was selected for our experiments due to 

its generally good agreement with ambient sunlight in the UV spectrum. Wavelengths emitted 

by the lamp outside the spectrum of ambient sunlight were cut off using high-pass filters. Only 

quartz reactor flasks were used for experiments since this material is optimal for photochemical 

experiments due to its high UV and VIS light transmission properties. For Paper II, most 

experiments were conducted with samples placed in a circle around the lamp. However, 

differences in decomposition rates between bottles, related to uneven irradiation, complicated 

the intercomparability between samples. For Paper III, the setup was updated with a rotating 

disk placed under the lamp, on which the sample filter boxes were fitted. By rotating the samples 

around the lamp, variability in irradiation was evened out. The re-analysis of samples with the 

same treatment in several experiments yielded similar results (the relative standard deviation of 



16 
 

kd DMHg was 9% for six replicates in four experiments). Therefore, results from different days were 

directly compared to distinguish differences caused by sample treatments. 

In Paper II and III, the photodecomposition potential of DMHg in water samples of diverse 

characteristics (including natural waters of both marine, brackish and freshwater origin) was 

evaluated. In Paper III, the effect of DOM characteristics and DOM, Cl- and dissolved O2 

concentrations on DMHg photodecomposition rates was also assessed.  

Studies on Experimental and Analytical Methods for DMHg (Paper IV) 

Due to the limited literature on previous laboratory work involving DMHg, methods used in 

Papers I-III often needed to be tested and validated before the actual experiments could be 

performed. For example, the reproducibility of DMHg transfer using gas-tight syringes and 

mechanical pipettes was evaluated to ascertain the quality of the experimental data generated. 

The work with Paper I also generated information about any analytical interferences for DMHg 

analysis caused by variable sulfide types and concentrations. In addition, Paper II and III involved 

the development of a DMHg synthetization technique to yield high-purity, low-concentration 

DMHg stock solutions free of organic solvents. In Paper IV, this information was combined with 

data on DMHg stability and tests on analytical interferences collected from incubations with 

DMHg added to natural waters, tests of adsorption of DMHg onto glass, and recovery tests of 

DMHg filtration through commonly used analytical filter materials. The manuscript also includes 

data by collaborators from Tekran, a manufacturer of analytical Hg instruments, comparing 

calibration factors of standards prepared with both MMHg and DMHg on the Tekran 2700 

Methylmercury Analyzer. Tekran also supplemented data on the use of two different solid 

sorbents for DMHg preconcentration (Tenax and Bond Elute). The suitability of both sorbent 

materials was also assessed in a test where loading and desorption onto and from external traps 

(in separate cartridges) were compared to the internal Tenax traps (installed in the 

methylmercury analyzer). 

 

  



17 
 

1.3 Analytical Methods and Data Processing 

Methylated Hg 

DMHg and MMHg were quantified using the US EPA method 1630,123 adapted for the 

Tekran 2700 Methylmercury Analyzer system. Briefly, all samples were buffered to a pH of 

around 4.9 with acetate buffer, whereafter MMHg and HgII were ethylated using NaTEB (MMHg 

to CH3HgC2H5 and HgII to Hg(C2H5)2). Hg species were thereafter purged from the solution and 

preconcentrated on a Tenax trap. The Hg species were then thermally released and separated 

after mass through gas chromatography (GC). After pyrolytically reducing all Hg species to Hg0, 

they were detected through cold vapor-atomic fluorescence spectrometry (CV-AFS). Estimates of 

HgII concentrations were also routinely collected through this analytical technique.  

For Papers I-III, where isotope tracer techniques were utilized, the isotopic composition 

of Hg was quantified by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS). In the ICP-MS, 

elements are ionized and separated through their mass-based trajectory in a magnetic field. For 

Paper II and III, the Tekran 2700 was coupled to the ICP-MS for species-specific Hg isotope 

analysis.  

Total Hg  

Total Hg (totHg) analysis was performed following adopted standard protocols124 on a 

Tekran 2600 Total Hg analyzer. Briefly, the totHg analysis involves the oxidation of all Hg in the 

sample through overnight digestion with bromine chloride (BrCl). Any remaining halogens are 

removed by adding hydroxylamine hydrochloride, which reduces Br and removes it in the form 

of bromine gas. Thereafter, tin chloride (SnCl2) is added, reducing all Hg to Hg0, which can be 

purged out of the solution. Hg is preconcentrated on a gold trap and then detected through CV-

AFS.  

Auxiliary Analysis 

Apart from the main analytical tools mentioned above, many auxiliary parameters were 

measured routinely for the laboratory work of Paper I-IV. These include analysis of dissolved 

organic carbon (DOC) content (Paper II+III), Brunauer-Emmett-Teller surface analysis (BET, Paper 

I), sulfide analysis (Paper I), measurements of absorbance (Paper III), and routine measurements 

of pH, salinity, and O2. These analyses are described in greater detail in the corresponding 

manuscripts. 

Calculation of Transformation Rate Constants  

For Papers I-III, rate constants were calculated for DMHg and MMHg decomposition and 

occasionally for MMHg formation from DMHg. In all cases, first-order or pseudo-first-order 

reactions were assumed. A pre-existing method for the simultaneous measurements of Hg 
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methylation and demethylation rate constants (between HgII and MMHg)125 was adapted for 

DMHg: 

 [𝐷𝑀𝐻𝑔]𝑡 = [𝐷𝑀𝐻𝑔]0𝑒−𝑘𝑑 𝐷𝑀𝐻𝑔 𝑡 (1) 

𝑘d DMHg→MMHg =
[𝑀𝑀𝐻𝑔]

[𝐷𝑀𝐻𝑔]𝑡0∙𝑡
  (2) 

where kd denotes the decomposition rate constant, t denotes the time since the initiation 

of the experiment, and 0 denotes the initial condition of the experiment, In Paper II and III, 

utilizing isotopically enriched Hg,  kd DMHg, and kd MMHg could be measured simultaneously from 

changes in the concentrations of initially added DM204Hg and MM200Hg. Equation 1 was then 

modified to:  

 [𝐷𝑀204𝐻𝑔]𝑡 = [𝐷𝑀204𝐻𝑔]0𝑒−𝑘𝑑 𝐷𝑀𝐻𝑔 𝑡 (3) 

 [𝑀𝑀200𝐻𝑔]𝑡 = [𝑀𝑀200𝐻𝑔]0𝑒−𝑘𝑑 𝑀𝑀𝐻𝑔 𝑡 (4) 
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3 Results and Discussion 

3.1 Decomposition of DMHg mediated by Sulfide (Paper I) 

The affinity for mercuric Hg to sulfide drives many transformation pathways in nature. 

For example, both HgcA and MerB, proteins responsible for production and demethylation of 

MMHg, respectively, have highly conserved cysteines in their active sites crucial for their 

enzymatic functions.46,126–128 In recent years, the interaction between MMHg and sulfide in both 

organic and inorganic forms was found to result in the formation of DMHg.79 Yet, despite 

theoretical indications that similar interactions could lead to the decomposition of DMHg,107 the 

reactivity between DMHg and sulfide has remained experimentally unexplored. 

Experiments with dissolved and mineral sulfide phases presented in Paper I revealed that 

S(aq) and FeS(s) caused degradation of DMHg. kd DMHg was found to vary with pH and DMHg:S 

ratios for both S(aq) and FeS(s). For S(aq), higher loss rates were observed at pH 9. This was 

interpreted as the chemical speciation of sulfide (a shift in dominance from H2S to HS-). 

Accelerated decomposition was also found for relatively high DMHg:S(aq) ratios, with a maximum 

observed for stochiometric DMHg:S ratios of 10-5 in repeated experiments at 60°C at pH 9 (Figure 

4).  

Experiments with FeS(s) showed the highest decomposition rates at pH 9 and the slowest 

at pH 7.5. These results contrasts previous findings for MMHg interaction with FeS, which were 

pH-independent.79 This effect was possibly caused by the lower affinity for DMHg to bind to the 

active sites and could have implications for the decomposition of DMHg on FeS(s) in the 

environment, where the mineral surfaces may be protonated to varying degrees depending on 

the pH.117 The results from an unbuffered, long-term experiment revealed no sulfide-mediated 

DMHg loss for DMHg:FeS(s) molar ratios of 10-4 or higher. Preliminary adsorption experiments 

combined with FeS(s) solubility data revealed that the lack of measurable kd DMHg at higher ratios 

may be due to the complete or partial dissolution of the mineral or that only a minor fraction of 

DMHg was adsorbed onto the mineral surfaces. In contrast to experiments with S(aq) and FeS(s), 

no sulfide-mediated DMHg degradation was observed for CdS(s). The contrasting results 

between FeS(s) and CdS(s), despite being added to similar DMHg:S ratios, were explained by the 

higher stability and lower basicity of the active sites of CdS(s).117–119 While reactions between 

MMHg and CdS in a previous study led to DMHg formation at similar rates at reactions involving 

FeS(s),79 the lower affinity of DMHg for ligand bond formations could explain why the mineral 

stability played a role in DMHg decomposition. 
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Figure 4: The effect of DMHg:S ratios on DMHg decomposition rates (expressed as the calculated 

demethylation rate constant, kd DMHg) in experiments with dissolved sulfide at 60°C, pH 9. Error 

bars signify one standard deviation of triplicate samples (modified from Paper I).  

Loss of DMHg from incubations with either S(aq) or FeS(s) was associated with increases in 

MMHg. Low recoveries of the measured Hg (DMHg+MMHg+HgII) observed in a handful of the 

experiments could possibly be explained by the formation of (CH3Hg)2S, favored at high MMHg:S 

ratios, from MMHg produced from the demethylation reaction.76 In incubations with fast DMHg 

decomposition, an eventual decrease in MMHg was accompanied by increases in HgII. However, 

it could not be determined whether the addition of sulfide promoted MMHg decomposition. 

Examples of sulfide-mediated DMHg degradation rates at room temperature are listed in 

Table 1. These rates are higher than the reported DMHg formation rates in natural waters (up to 

0.015 d-1)101,102, pointing towards sulfide-mediated degradation being an environmentally 

relevant process. Rates of DMHg decomposition were also comparable to formation rates of 

DMHg on FeS(s), as measured by Jonsson et al. (2016).79 However, experiments by Jonsson et al. 

(2016) were conducted at lower DMHg:FeS(s) ratios, likely with a larger fraction of DMHg 

adsorbed to the surface of the minerals. According to preliminary adsorption experiments 

conducted as part of Paper I, between 6-66% of DMHg was adsorbed to the surface of FeS(s) at 

a DMHg:FeS(s) ratio of 3.1*10-4, resulting in a kd DMHg of 0.042 ± 0.013 (Table 1). Therefore, while 

no higher ratios were tested for Paper I, it is theoretically plausible that higher DMHg:FeS(s) 

would also result in higher kd DMHg. However, it is important to remember that real-world rates 

may differ due to competing chemical processes in natural water and coating of mineral surfaces 
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by organic material. Nevertheless, this study presents a new process for DMHg decomposition 

potentially relevant in reducing environments and may, for example, explain remarkably low 

concentrations of DMHg found in the Black Sea.120,129 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1: Summary of rate constants for DMHg decomposition and MMHg formation calculated 

for Papers I and II, compared to available rate constants of DMHg transformations from the 

literature. kd DMHg and kd MMHg denotes decomposition rate constants for DMHg and MMHg, 

respectively. k MMHg → DMHg denotes the rate constant for DMHg formation from MMHg, and k 

DMHg → MMHg the rate constant for MMHg formation from DMHg. Error bars correspond to one 

standard deviation of replicate samples.   
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3.2 Photodecomposition of DMHg (Papers II and III) 

Photodecomposition of MMHg is well-studied and acknowledged as one of the most 

important removal mechanisms for MMHg.41,62,63 Despite this, aqueous photodecomposition of 

DMHg has received minimal attention, with no consensus in the research community on whether 

this process is environmentally significant.85,96 As a result, the fate of DMHg in surface waters is 

unclear, as are the implications for Hg bioavailability.  

Artificial UV-light and natural sunlight experiments with various water types in Papers II 

and III consistently displayed measurable photodegradation of DMHg to MMHg. MMHg 

thereafter degraded further, mainly to HgII. DMHg photodecomposition rates measured in 

outdoor experiments (0.32-0.42 d-1, Paper II) were in the lower range of rates reported by Mason 

and Sullivan (1999, 0.32-1.64 d-1, Table 1)96. However, these previous experiments were 

performed in Teflon bottles, which were later shown to be unsuitable for holding DMHg.109 This 

was evidenced by losses of DMHg also observed for dark treatments in their study (0.16-0.22 d-

1)96. Conversely, the fact that no photodecomposition of DMHg was detected by Black et al. 

(2009) could be explained by the use of borosilicate bottles, which filter out light in the UV-B 

region.85 UV-B is previously known as the wavelength regime (present in ambient sunlight) that 

most efficiently photodegrades MMHg.71,72 Results of experiments utilizing filters of different 

cutoff wavelengths included in Paper II likewise indicated that DMHg is more efficiently 

decomposed by light in the UV-B range. 

The ratio of DMHg and MMHg decomposition rates (kd DMHg/kd MMHg) calculated for 

outdoor experiments in Paper II were in good agreement with those of indoor experiments in 

the same study. This agreement was viewed as a validation of the laboratory setup. kd DMHg/kd 

MMHg ratios of indoor and outdoor experiments in Paper II and comparison of kd DMHg and kd MMHg 

between tested waters in Paper III (Figure 5) demonstrated that kd DMHg was generally similar to 

kd MMHg. Yet, the relative rates of these processes varied greatly among waters with different 

properties (kd DMHg/kd MMHg = 0.17-10.3). The highest kd DMHg/kd MMHg
 was found for high salinity 

waters. While Cl- has previously been found to both enhance and reduce MMHg photostability, 

increased stability may involve the formation of MMHgCl complexes resistant to 

photodemethylation.66,72,130–132  More insight into the mechanisms of DMHg 

photodecomposition contrasting that of MMHg was found in experiments manipulating Cl- and 

DOM content, as well as the type of DOM. In Paper II, an experiment was carried out where the 

DOM content of artificial seawater was gradually increased by the addition of DOM-rich 

freshwater. Increased DOM concentrations accelerated MMHg photodecomposition but did not 

affect the photodecomposition rates of DMHg. This result indicated that DOM and Cl- play a 

larger role in the photodecomposition of MMHg, than for DMHg. Increasing the DOM 

concentration of Suwannee River Humic Acid (SRHA) in one experiment in Paper III reduced kd 

DMHg, but had no effect on kd MMHg. When experiments with varying DOM types and concentrations 
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were compared, a significant trend of decreasing kd DMHg with increasing light absorbance at 315 

nm was found (p = 0.0006). As all DOM samples were buffered to the same pH, this trend 

indicates that the characteristics of the DOM had a minor influence on DMHg 

photodecomposition in these samples. Natural waters rich in DOM also aligned well with the 

solutions of isolated DOM. However, the Arctic seawater did not follow the trend of the other 

natural water samples, as high kd DMHg were measured. Similarly high kd DMHg
 was found for 

different samples of comparable salinity and absorbance but with DOM of contrasting origin. In 

comparison, the relationship between kd MMHg showed much smaller variability, with no apparent 

impact of varying DOM, absorbance, or salinity on MMHg decomposition (Figure 5). 

 The trend of decreasing DMHg photodecomposition at higher absorbance could be 

explained by a lack of interaction between DMHg and DOM, contrasting that of MMHg 

photodecomposition.64–66,69 However, this trend could also be explained by a smaller influence 

by PPRIs generated at high DOM concentrations, such as 3CDOM*, on DMHg 

photodecomposition.133,134 Higher kd DMHg at low DOM and high salinity could, in turn, be 

explained by reactions between, for instance, the carbonate radical (CO3
•−), halide radicals, or 

·OH and DMHg.133–135 Experiments were made in Paper III to explore the potential role of 

different PPRIs, by adding scavengers often used in MMHg experiments for their selective 

quenching of specific PPRIs.70 However, all treatments resulted in a decrease of kd DMHg, possibly 

due to a stabilizing effect of non-polar solvents on DMHg. Therefore, the scavengers used were 

interpreted as unsuitable for photodecomposition experiments involving DMHg. Instead, 

removing O2 from purified water resulted in a significant reduction of kd DMHg. This effect was the 

reverse observed for MMHg in this work and in previous studies.64,66,136 The same trends were 

also observed for degassed Arctic Ocean sea water, although less apparent. However, no 

difference between O2-purged waters or controls was found for shoreside water collected from 

the Baltic Sea and the pond Laduviken. As these waters were comparably rich in DOM, these 

results are coherent with the general trends of lower kd DMHg with increasing DOM, indicating little 

involvement of PPRIs favored at high DOM concentrations on DMHg photodecomposition. 

The results from Paper II and III show that DMHg photodecomposition occurs in water of 

diverse chemistry and at rates roughly proportionate to those of MMHg. More work is, however, 

necessary to estimate the large-scale importance of this process. Depletion of DMHg from 

surface oceans could be related to either photodecomposition or evasion, with 

photodecomposition only active during the light hours of the day. Black et al. (2009) estimated 

the flux of DMHg to the atmosphere through evasion in Monterey Bay, California, to 0.010 d-1,85 

only a tiny fraction of the rates of DMHg photodecomposition measured for outdoor experiments 

in Paper II (0.32-0.42 d-1, Table 1). Although this comparison points toward DMHg 

photodecomposition being a dominant removal process of DMHg in surface waters, the 

quantities of MMHg produced through this process depend on the rate of supply of DMHg to 
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surface oceans from deeper waters below. This rate is assumed to depend on advection or 

diffusion but is otherwise not known.110,112 In addition, more conclusive studies on the relative 

contribution of each wavelength span on DMHg photodecomposition are necessary to estimate 

the importance of DMHg photodecomposition at various depths. Light of higher wavelengths 

(lower energy) penetrates in water, meaning that the relative contribution of UV-A/UV-B/VIS for 

DMHg photodecomposition in surface oceans may vary with depth.130,137 Finally, while this work 

indicates that PPRIs abundant at low DOM concentrations and high salinity (e.g., ·OH or 

CO3
•−)133,134 may be responsible for DMHg photodecomposition, the actual underlying 

mechanisms are not known. Still, the trends of accelerated DMHg photodecomposition at low 

DOM, high salinity conditions imply optimum rates of photodecomposition in the open oceans, 

where DMHg is also ubiquitous.8,42–44 Therefore, the global significance of DMHg 

photodecomposition may be substantial on a global scale, as a majority of DMHg in the surface 

oceans may photodegrade to MMHg (available for biotic uptake) rather than evade to the 

atmosphere.  



26 
 

 

Figure 5: The photodecomposition rates of a) DMHg and b) MMHg with varying absorbance at 

315 nm for DOM extracts at pH 7 without added salt (open symbols) and natural and artificial 

water types with varying pH and salinity (diamonds). Diamond sizes are weighted after salinity. 

The trend line In A) marks a power relationship for DOM isolate samples at pH 7 without added 

NaCl (open rings, R2 = 0.51, p = 0.0006). The shaded area depicts the 95% confidence interval to 

the line. Absorbance at 315 nm for NaCl samples is calculated from DOC concentration and 

absorbance measured for a 35‰ stock solution. DOC concentration in all NaCl samples < LOD. 

Modified from Paper III.  
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3.3 Methods and Considerations for Studies on DMHg (Paper IV) 

Traditional means of quantifying DMHg in liquids have included gas-liquid chromatography, 

conductometric techniques, thermal combustion, and atomic-absorption measurements.138,139 

With the development of the direct ethylation technique by Bloom in 1989, DMHg could be 

analyzed in parallel with MMHg, also for low-concentration matrices such as seawater.140 Further 

refinement of the direct ethylation technique led to developing the now standardized US EPA 

method 1630 for MMHg quantification.123 However, despite no additional reagents being 

necessary for quantifying DMHg through direct ethylation, no universal or standardized protocols 

for DMHg determination have been previously published. For example, there is no previous 

documentation of possible interferences when quantifying DMHg through direct ethylation. 

Likewise, the quantification of DMHg using calibration standards containing MMHg has not 

previously been validated. The lack of literature on DMHg quantification is matched by a shortage 

of methods or recommendations for transfer, filtration, or storage of DMHg-containing samples. 

The tests included in Paper IV demonstrated that laboratory work on DMHg in most regards 

could be performed in tandem with MMHg experiments and analysis. Although DMHg is highly 

volatile and will evade from solutions, a similarly low reproducibility was found using mechanical 

pipettes and gas-tight syringes. As pipetting is a less time-consuming method, this can speed up 

the transfer process and thus limit evasion of DMHg during the transfer by reducing the time the 

vials are open (unless the solution is drawn from a sealed vial). The simple synthetization of 

DMHg using MeB12 and gas-phase separation can be used to yield a stock solution of DMHg in 

the ppb-range free from organic solvents. This protocol circumvents work with strong DMHg 

solutions, increasing the safety of laboratory work. The synthesized standard was stable over the 

period of months but decreased in strength over time, likely due to losses through evasion. 

Stability experiments with DMHg added to diverse water types revealed that while DMHg 

concentrations decrease over time, they remained fairly stable over days to weeks in refrigerated 

samples. Adsorption experiments indicated that DMHg is unreactive towards glassware on short 

timescales (hours to days), also when increasing the glass surface area. However, DMHg recovery 

was significantly lowered after filtration through filters with PES or polycarbonate membranes. 

Of the tested filters, only glass fiber filters were unreactive towards DMHg.   

The suitability of direct ethylation techniques and the co-analysis of DMHg and MMHg was 

manifested through multiple interference tests, including tests with ethylation and masking 

reagents, various natural water matrices, aqueous and mineral sulfide, NaCl, and artificial 

seawater. A consistent decrease in recovery of DMHg was only observed for treatments with 

FeS(s), at DMHg:FeS(s) ratios below 10-6. This observation was concurrent with the finding in 

Paper I that DMHg interacts with FeS(s), causing decomposition of DMHg. As no decrease in 

recovery of DMHg was observed in other sulfide treatments (FeS(s), HS-/H2S, and CdS(s) at 

DMHg:S molar ratios > 10-6), nor in any of the other treatments listed above, this points toward 
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robustness in the analysis of DMHg with the purge-and-trap technique. Finally, calibration factors 

of standards made by DMHg and MMHg were comparable when using both Tenax and Bond Elute 

sorbents. The possibility of quantifying DMHg using MMHg calibration increases convenience and 

reduces the need for handling strong solutions of DMHg.  

The shortage of studies on DMHg in recent years may be related to its reputation as a 

hazardous chemical. At the same time, the widespread distribution of DMHg in the oceans 

demands continued research to disentangle its impact on MMHg cycling and bioaccumulation of 

Hg. It is important to stress that all hazards of working with DMHg cannot be avoided. 

Appropriate safety routines and training are crucial before work on elevated concentrations of 

DMHg can be safely performed. Yet, Paper IV demonstrated several techniques to reduce risks 

and the validity of using common analytical and laboratory methods associated with work on 

DMHg. These aspects could help widen the interest in DMHg in Hg research. They could also open 

for more studies on DMHg in freshwaters, where DMHg has been even more scarcely studied. 

  



29 
 

4 Conclusions 

➢ Dimethylmercury degrades through interaction with dissolved sulfide and FeS(s) at 

environmentally significant DMHg:S ratios. Monomethylmercury is the dominant product 

of this process. 

➢ Measured rates of sulfide-mediated degradation of dimethylmercury are roughly equal 

to or higher than previously published formation rates for dimethylmercury in natural 

waters. This indicates that sulfide-mediated degradation could be an important process 

in sulfidic environments such as anoxic bottom waters or reducing microenvironments.    

➢ Dimethylmercury degrades photochemically in natural waters with contrasting chemical 

properties. The product is monomethylmercury, which may be photodegraded or taken 

into the food chain. 

➢ Rates of dimethylmercury photodecomposition decrease with increasing DOM, and 

appears to be highest at low DOM, high salinity conditions. It is implied from experimental 

results that dimethylmercury photodecomposition may involve radical chemical species 

abundant at low DOM concentrations, such as the hydroxyl or carbonate radicals. 

➢ Measured rates of dimethylmercury photodecomposition in marine waters were much 

higher than previously estimated rates of evasion to the atmosphere. This implies that 

photodecomposition may be the dominant process for removing dimethylmercury from 

surface waters. 

➢ With appropriate methods, studies on dimethylmercury can be performed in tandem with 

work on monomethylmercury. The validity of several aspects of handling and analyzing 

dimethylmercury has been demonstrated. 

➢ While hazards associated with work on dimethylmercury cannot be avoided, risks can be 

reduced by applying low-concentration synthetization methods and using 

monomethylmercury standards to quantify  dimethylmercury. 
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5 Future Perspectives 

This thesis contributes to an increased understanding of DMHg stability and decomposition 

pathways and provides tools for future studies on DMHg in water. Future studies are, however, 

necessary to quantify the importance of the decomposition pathways discovered and 

corroborated in this thesis. Such studies include experiments on sulfide-mediated DMHg 

decomposition in natural waters, where decomposition rates may differ from values presented 

in this thesis due to competing reactions or coating of mineral surfaces by organic material. 

Furthermore, several parameters demand further attention to accurately assess the importance 

of aqueous DMHg photodecomposition and concurrent MMHg production. To quantify the 

amount of DMHg available for photodecomposition in surface layers, it is necessary to accurately 

determine the rate of replenishment of DMHg from deeper waters. In addition, the wavelength-

dependence of DMHg photodecomposition and the PPRIs involved in the process were 

investigated in Papers II and III, respectively, but neither factor is fully understood.  

Aside from processes covered in this thesis, the general understanding of DMHg 

transformation pathways requires studies on processes currently not confirmed to cause 

methylation or demethylation of DMHg. In particular, little is certain about potential biotic DMHg 

formation and decomposition. The potential for DMHg formation from organisms possessing the 

HgcAB genes may deserve extra attention, as microbial DMHg production during organic matter 

remineralization has often been implied but never directly proven.37,44,96–98  

While mechanistic studies are essential for identifying key processes that may play significant 

roles in the environment, the accurate determination of net rates of DMHg formation and 

decomposition in complex and diverse environmental systems also requires other approaches. 

Recent decades have seen a rise in studies investigating MMHg production and decomposition 

in natural waters through the utilization of isotopically enriched Hg species.101,102,141–144  The use 

of multiple isotopically labeled Hg species enables the parallel study of competing methylation 

and demethylation processes. However, only two studies have investigated DMHg formation 

rates using these methods, and studies on DMHg decomposition has not been attempted101,102 

In addition, results from studies on MMHg methylation and demethylation using isotopic tracers 

sometimes display unexplainable, rapid transformations, and results that cannot be explained by 

commonly assumed kinetics.145 Therefore, the accurate estimation of DMHg formation and 

decomposition in natural waters over larger scales requires more incubation studies focusing on 

DMHg and possibly a revision of currently applied methods and assumptions made for Hg 

incubations. 

Finally, more work is needed to explain the differences in DMHg distribution between 

seawater and freshwater environments. Notably, the highest DMHg photodemethylation rates 
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measured in Paper III occurred in water low in DOM and high in salinity. DMHg 

photodecomposition alone can thus not explain why DMHg appears absent from most 

freshwater environments. Increasing knowledge of proper sample treatments for DMHg analysis 

(such as the advice provided in Paper IV) could enable more studies investigating the aqueous 

DMHg distribution. Future researchers should therefore consider analyzing DMHg more 

frequently in freshwater samples to learn more about its distribution and causes for its apparent 

scarcity in these environments. 
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