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ABSTRACT 

Recently, abandoned chemical weapons (CWs) containing toxic chemical 
warfare agents (CWAs) manufactured during the World Wars (WWs) have 
raised concern not only for environmental but also safety reasons. Until the 
1970s, chemical munitions and containers filled with CWAs were disposed of 
worldwide mainly by sea-dumping. After WWII, huge dumping operations 
took place in the Baltic Sea area and the Skagerrak Strait, where the loads of 
dumped CWs were approximately 50,000 and 170,000 tons, respectively. 
  
During the last 15 years, the sea-dumped munitions have been addressed in 
many international, multidisciplinary projects, which have led to growing 
knowledge on the chemical threat caused by munitions and thus raised public 
awareness on this issue. Several investigations dealing with the identification, 
determining of exact location of sites and corrosion stages of dumped warfare 
objects have been accomplished. Based on the information gained from several 
sediment sampling campaigns in the Baltic Sea area and the Skagerrak Strait, 
it has been clearly demonstrated that corroded munitions are releasing toxic 
CWAs to the surrounding marine environment.  
 
To date, very few studies are available regarding the biological effects of sea- 
dumped CWAs. Negative biological effects have been observed in various fish 
species like cod, herring and hagfish caught from the different dumping sites 
in the Baltic Sea and the Skagerrak, as well as in the blue mussels deployed in 
cages in the dumping area. However, none of these studies have been able to 
link the observed negative effects to the CWA-related chemicals.  
 
Although it has already been proven that the content of the munitions leak 
releasing toxic CWAs into the marine environment, the impacts of these 
chemicals in marine biota is still unknown. Currently, the knowledge on 
environmental toxicity of CWAs is quite scarce, limited to a few studies.  
Hence, the information on bioaccumulation, biotransformation reactions, as 
well as toxicity threshold values are crucial for the assessment of the 
environmental risks possessed by munitions laying on the seabed.  
 
The aim of this research was to contribute to negligible knowledge on 
bioaccumulation and biotransformation of phenylarsenic CWAs in a marine 
environment. Phenylarsenic chemicals are of great interest due to their 
existence in marine sediment samples taken from several dumping sites, their 
potential to bioaccumulate and potential toxicity.  
 
Sophisticated liquid chromatographic-mass spectrometric techniques enabled 
the study of samples collected from the dumping sites and from in vitro 
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metabolism experiments. These techniques together with in vitro toxicity 
studies led to increased knowledge on the environmental behavior of sea-
dumped phenylarsenic CWAs.  
 
The results presented in this thesis contribute to enhanced risk assessment of 
sea-dumped chemical munitions providing new information on the 
bioaccumulation of CWA-related phenylarsenic chemicals, their metabolism, 
toxicity, and biotransformation products present in the marine environment.   
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1 INTRODUCTION 

Chemical weapons (CWs) were produced in mass quantities during World War 
(WW) I and II [1]–[4]. Vast quantities of CW stockpiles containing toxic 
chemical warfare agents (CWAs), such as sulfur mustard (HD) and 
phenylarsenic chemicals (eg. Clark I, Adamsite), were disposed mainly by sea-
dumping after WWII. At that time sea-dumping was considered the most 
practical solution for getting rid of old or obsolete CW stocks [3]. Due to lack 
of international agreements, sea-dumping was a widely used method for the 
disposal of CWs for decades and this practice was adopted by many nations in 
Europe and worldwide. As a consequence, dumping sites are scattered widely 
along European coasts and coasts all over the world, for example Japanese and 
North American coastal areas, as well as the Pacific Ocean are loaded with 
chemical munitions [4]–[6]. It has been estimated that the total amount of 
chemical munitions dumped into seas and oceans is as high as 1 million tons 
including CWAs produced during the WWs and the postwar period [4]. 
Moreover, CWs were buried in the soil, and for example in Japan, the 
degradation products of phenylarsenic CWAs have been responsible for cases 
of contaminated groundwater causing serious health impairments for humans 
[7]–[9]. 

During the last two decades the issue with sea-dumped munitions have been 
addressed during international multidisciplinary projects; MERCW 
(Modelling of Ecological Risks related to Sea-dumped Chemical Weapons, 
2005-09) funded by the 6th Framework programme, CHEMSEA (Chemical 
Munitions Search and Assessment, 2012-14) funded partly by the European 
Regional Development Fund, NATO SPS Project MODUM (Towards The 
Monitoring Of Dumped Munitions Threat, 2013-16) and DAIMON (Decision 
Aid for Marine Munitions, 2016-19) funded partly by the European Regional 
Development Fund.  Along these projects the knowledge on marine munitions 
has increased, and slowly public awareness about this issue has risen. Several 
investigations dealing with the identification, determination of the exact 
location sites and corrosion stages of dumped warfare objects have been 
accomplished during the above-mentioned projects. Based on the information 
gained from several sediment sampling campaigns in the Baltic Sea and 
Skagerrak area, it has been clearly demonstrated that corroded munitions are 
leaking into the surrounding environment [4], [10]–[12]. During the DAIMON 
projects, a Decision Support System (DSS) software has been developed for 
risk categorization and decision aid for marine munitions [13]. The software 
includes tools for risk analysis for each detected munition object based on the 
facts about the location and overall state of the munition, the surrounding 
environment and state of biological pollution and/or damage. The end-users 
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of the software are public institutions responsible for management of marine 
spaces, decision makers, and offshore economy stakeholders. 

 
Today, these previous dumping practices collide with vital economic interests 
in all European coastal waters as the utilization of the sea floor affects various 
sectors, including fishing, mining of natural resources, construction of 
offshore facilities, installing of underwater pipes and cables, maritime traffic 
and tourism [2]–[4], [14]. The dumped chemical munitions containing CWAs 
are now in different stages of decomposition: some shells have remained intact 
whereas others are corroding and their contents are leaking into the 
environment, thus posing a potential health risk for the Baltic Sea ecosystem 
[4], [10], [15]. 

Currently, the evaluation of the environmental risk of CWAs in the Baltic Sea 
is limited to model-based assessments and to very few experimental studies 
[14], [16]–[18].  However, site-specific data for corrosion stages of munitions, 
leaking rates, sediment pollution and bioaccumulation of CWAs in marine 
biota are needed for evaluating the risks posed by dumped chemical 
munitions. Without knowing how chemicals behave after uptake by marine 
biota species, trace levels of analytes, complex matrices, and the lack of 
sensitive analysis methods have been the main obstacles for previous 
investigations. 

 
The research introduced in this thesis was implemented during the DAIMON 
project. The scientific research results obtained have given new approaches to 
assess the environmental impacts of phenylarsenic CWAs in the marine 
environment. Phenylarsenic chemicals are of great interest due to their 
existence in marine sediment taken from several dumping sites, their potential 
to bioaccumulate and their potential toxicity.  This research contributes to this 
issue by providing new information on uptake, distribution, metabolism, and 
toxicity of the sea-dumped phenylarsenic chemicals. Additionally, new aspects 
for evaluating the total burden of CWAs in marine sediment, have been 
addressed in this thesis. The results presented in this thesis provide important 
knowledge for assessment of the environmental risks posed by sea-dumped 
munitions and will be exploited in prospective monitoring campaigns in the 
future. Monitoring surveys are crucial for collecting data on the status of the 
sea floor and the impacts on marine biota living in the vicinity of dumping 
sites.  
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2 REVIEW OF THE LITERATURE 

2.1 HISTORICAL BACKGROUND OF CHEMICAL 
WEAPONS 

 
Since ancient times, toxic chemical compounds have been used as chemical 
weapons and for homicidal purposes [19], but the first modern use of CWs 
took place during WWI in 1915 when chlorine gas was used on the battle field 
in Ypres, Belgium. During WWI, chemical weapons were used in several 
military operations [2]–[4], [19]. 

Rapid advances and the development of the chemical industry, as well as the 
increased knowledge on the toxicity of the agents, enabled the manufacture of 
CWAs [19]. During WWI, more and effective chemical agents, including 
vesicants, irritants, lactimators, and choking agents, were developed and a 
wide range of new agents were introduced and employed on the battlefields 
[2], [3], [19], [20]. After WWI, countries, such as the Soviet Union, United 
Kingdom (UK), United States of America (USA), Germany, Canada, and 
France produced CWs contaning toxic CWAs in mass quantities.  In addition 
to agents developed during WWI, a new class of CWAs – the 
organophosphorous agents – were discovered in the late 1930s and 1940s, 
bringing new dimensions to chemical armament [3], [20]. Despite there being 
no large-scale use of CWs during WWII, the stockpiling and production of CWs 
still continued during the war. Especially Germany, USA, UK, Soviet Union, 
and Japan continued stockpiling huge amount of CWs as a part of their 
armament [3], [20]. After WWII, the production and developing of CW 
continued focusing mainly on nerve agents and CWs have been deployed for 
military purposes on several occasions, for example in Iraq and Syria [3], [19].  

Nowadays the production, stockpiling, development and use of chemicals 
weapons and their precursors is prohibited by the Chemical Weapons 
Convention (CWC) and to date, 193 states are committed to CWC, covering 98 
% of the world’s population. The CWC is administered by the Organisation for 
the Prohibition of Chemical Weapons (OPCW) based in the Hague, the 
Netherlands and entered into force on 1997 [21].  

CWC defines a « Toxic chemical » as « any chemical which through its 
chemical action on life processes can cause death, chemical temporary 
incapacitation, or permanent harm to humans or animals »[22]. However, the 
CWC does not cover CWs that were dumped before 1985 or buried before 1977. 
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2.2 DISPOSAL OF CHEMICAL WEAPONS BY SEA-
DUMPING 

As a consequence of the large-scale use of CWs leading to hundreds of 
thousands of casualties during WWI, the Geneva Protocol was signed in 1925 
by 30 nations [4], [19]. Despite the Geneva Protocol prohibiting the use of 
chemical and biological weapons in armed conflict, the treaty did not forbid 
the development, production, and processing of CWs [3], [4], [19]. 
Nevertheless, the treaty lead to the first major dumping operation of chemical 
weapons which took place in the English Canal in the 1920’s [4].   

Between WWs and during WWII manufacturing and stockpiling of CWs and 
toxic agents continued by many nations resulting in the vast quantities of CW 
stockpiles containing toxic chemical warfare by the end of WWII [3], [6]. The 
assignment of the Potsdam Agreement in 1945 initiated the disposal of huge 
quantities of chemical and conventional weapons which was done by most 
nations of the world [2], [4], [6].  Sea dumping was considered to be a cheap 
means of getting rid of chemical weapons without paying any regards to the 
environmental impacts. It has been estimated that one million tons of 
chemical weapons have been disposed in the seas and oceans worldwide [4]. 
In Europe, dumpsites are located in coastal water areas of the North Sea, deep 
sites in the Irish Sea and Biscay Bay and in selected areas in the Adriatic and 
Baltic Seas [20]. The largest part of the CWAs was dumped in the Skagerrak 
Strait and in the Baltic Sea. In the Skagerrak, most of the dumping operations 
were executed by sinking whole ships with their cargo [4]. Approximately 
170,000 and 50,000 tons of CWs were sunk in the Skagerrak area and the 
Baltic Sea, respectively. The largest dumping site in the Baltic Sea is located 
east of Bornholm with an estimated 32,000 tons of dumped CWs, containing 
roughly 12,000-15,000 tons of toxic chemicals [1], [2], [4], [6]. In the Baltic 
Sea, the CWs were thrown overboard, either as loose items (bombs, shells) or 
within containers where the substances were stored prior to their loading into 
bombs or grenade shells, but also some ships were sunk. In addition, there is 
clear evidence that some part of the CWs were dumped by throwing overboard 
on the way to the intended dumping areas, but the amount is unclear [4], [6].  

The disposal of CWs and containers filled with CWAs was a common practice 
until the 1970s as it was considered a safe, cheap and easy solution to get rid 
of the munitions. The « London Convention », also known as « Convention on 
the Prevention of Marine Pollution by Dumping of Wastes and Other Matter 
1972 » entered in force in 1975, was the first treaty for the protection of the 
marine environment by banning the disposal of munition by sea-dumping 
[23]. Another significant milestone was reached in 2011 when the United 
Nations (UN) adopted the UN resolution A/RES/65/149 « Cooperative 
measures to assess and increase awareness of environmental effects related to 
waste originating from chemical munitions dumped at sea » which notes the 
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importance of raising awareness of the environmental effects related to waste 
originating from sea-dumped chemical munitions [2].  

2.3 SEA-DUMPED CHEMICAL WARFARE AGENTS 

 
The CWAs dumped in the Baltic Sea area and the Skagerrak Strait included 
mainly HD (bis(2-chloroethyl)sulfide), Clark I (diphenylchloroarsine, DA), 
possibly also Clark II (diphenylcyanoarsine, DC), Adamsite 
(diphenylaminechloroarsine, DM), α-chloroacetophenone (CN), tabun (GA) 
and phosgene. Dumping of nitrogen mustard (HN) and Lewisite has not been 
confirmed, although some reports mention the disposal of these compounds 
[2], [24].  
 
Sulfur mustard is a blistering agent that causes blisters on the skin and also 
affects lungs and eyes.  Phenylarsenic CWAs were produced during WWI and 
they have been employed as sneezing or vomiting agents and considered for 
use as a riot control agent (RCA) [2], [6], [25]. Nowadays, according to the 
Scientific Advisory Board (SAB) of OPCW, these chemicals do not meet the 
criteria of RCA. For instance, Adamsite does not meet todays’s concern for 
human and environmental safety and thus should not have been used as an 
RCA [25]. Additionally, Clark I and II have been employed in tactical mixtures 
of other CWAs, such as in arsine oil. Arsine oil consists of phenyldichloroarsine 
(PDCA), also known as Pfiffikus, triphenylarsine (TPA), Clark I, and arsenic 
trichloride (AsCl3). Arsine oil was used as an additive in sulfur mustard to 
lower the freezing point, so-called winter-grade sulfur mustard [26].  
 
The CWAs and arsine oil components, their acronyms, structures and the 
physicochemical properties of pure substances under laboratory conditions 
are summarised in Table 1.  Most of the sea-dumped agents dissolve in water 
to some extent as the dissolving properties are increased when agents are 
hydrolysed and/or oxidized, but the solubility of the chemicals decrease in 
lower temperatures. All dumped CWAs are heavier than water (density >1 g 
cm-3) suggesting that they remain close to the sediment. On the other hand, 
the environmental parameters, such as bottom currents and sediment 
mobility, can cause spreading of the chemicals [27], [28]. The octanol/water-
partition coefficient (KOW) and the organic carbon-partition coefficient (KOC) 
describe the behaviour of the chemicals at the sea bottom. KOW describes the 
water solubility of the chemical, while KOC describes the tendency of the 
chemical to adsorb into organic carbon contained in soil [2], [28]. The intact 
chemicals, especially TPA, have high log KOC values, making them easily 
adsorbed into the organic carbon in sediment, suggesting their long-term 
existence in marine sediment [28].  
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2.3.1 DEGRADATION OF PHENYLARSENIC CWAS AND SULFUR 
MUSTARD IN MARINE ENVIRONMENT 

 
The behaviour of CWAs in the marine environment depends both on the 
chemical’s reactions in the environment, e.g., degradation by abiotic reactions 
or due to the activity of microorganisms, and the physicochemical properties 
of the chemical and its degradation products [2]. While transformation and 
degradation reactions can also occur in sealed containers (e.g., formation of 
sulfur mustard lumps), exposure to water and dissolution of the chemicals can 
be seen as the most crucial step towards degradation [2]. External factors, such 
as temperature, salinity, marine currents, and pH affects their behaviour in 
the marine environment [29]. 

In the aquatic environment, phenylarsenic CWAs containing arsenic-chloride 
bond degrades via hydrolysis, dimerization and subsequent oxidation 
reactions [30], [31]. Clark I and Clark II form the same degradation products, 
first being hydrolyzed to diphenylarsenious acid (DA[OH]) and subsequently 
converted rapidly to bis(diphenylarsine)oxide (BDPAO) or oxidized further to 
diphenylarsinic acid (DPA). The degradation pathway of Clark I in aquatic 
environment is described in Figure 1A. Adamsite hydrolyses in the aquatic 
environment in the same manner as the Clark-type chemicals but the 
degradation is slower [2].  

In marine water HD undergoes hydrolysis forming thiodiglycol. Degradation 
of HD in marine sediment differs from phenylarsenic CWAs; instead of 
forming hydrolysis and oxidation products it has been demonstrated that 
sulfur mustard forms water-soluble degradation-polymerisation products and 
cyclic degradation products, such as 1,4-oxathiane and 1,4-dithiane. The 
formation of these cyclic degradation products of HD  in marine environments 
are presented in Figure 1B. [4].  
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Figure 1. Degradation pathway for Clark I (A) and sulfur mustard (B) in marine 
environment  

2.4 DUMPING AREAS 

 
Due to the limited amount of official and public documents of the disposing 
operations, the information on dumping practices is restricted. Several site 
surveys have been conducted over the years in order to locate underwater 
munitions [4]. Side scan sonar systems working with low-to-medium 
frequency ranges (<500 kHz) [32], remotely operated vehicles (ROVs), and 
autonomous underwater vehicles (AUV) equipped with high-resolution sonars 
and magnetometers increasing the reliability of results [33] have been 
employed to detect dumped munitions. 

The location of the known dumping sites in the Baltic Sea region and the 
Skagerrak area between Norway and Denmark are presented in Figure 2.  The 
largest part, over 90 % of dumped chemical munitions in the Baltic Sea are 
scuttled in the Bornholm Basin located east of the island of Bornholm. This 
largest dumping site contains approximately 32,000 tons of dumped CWs 
containing roughly 12,000 tons of toxic chemicals [2], [6], [10]. Other official 
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dumpsites in the Baltic Sea are Little Belt and Gotland Deep containing 
munitions of approximately 5,000 and 2,000 tons, respectively. The total 
amount of dumped CWs in the Baltic Sea is estimated to be 50,000 tons [2], 
[10]. 

The Skagerrak Strait, near Norway’s coastline, was one of those areas in the 
North Sea where sea-dumped chemical munitions were scuttled.  Based on the 
official reports, ca. 170,000 tons of CWs were sunk in the Skagerrak and 
Måseskär area near the Swedish coastline [2].  

 
 

 
Figure 2. The major known CWA dumping sites in the Baltic Sea and Skagerrak 
areas (reproduced from [15]) 
 
The amount of toxic agents dumped in the Baltic Sea area is presented in 
Table 2.  
 
Table 2. Amount of toxic agents dumped in the Baltic Sea (tons) [1]. 

Types Bornholm 

Basin 

Gotland  

Deep 
Total 

Sulfur mustard 7 027 608 7 635 

Arsenic-containing* 2 033 176 2 209 

Adamsite 1 428 124 1 552 

CN 515 44 559 

Others 74 6 80 

Total 11 077 958 12 035 

     * includes Clark-type chemicals 
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2.4.1 CWA POLLUTION IN MARINE SEDIMENT 
 
All previous sediment sampling campaigns in the Baltic Sea and Skagerrak 
areas have focused on analyzing intact CWAs and their known primary 
degradation products either by gas chromatography–mass spectrometry (GC-
MS, gas chromatography–tandem mass spectrometry (GC-MS/MS) or liquid 
chromatography tandem mass spectrometry (LC–MS/MS) [11], [12], [24], 
[28]. In generally, intact chemicals and the cyclic degradation products of HD 
have been analysed by GC–MS or GC–MS/MS using electron impact (EI) as 
an ionization technique and degradation products of phenylarsenic chemicals 
are analysed by LC–MS/MS using atmospheric pressure chemical ionization 
(APCI) or electrospray ionization (ESI) as an ionization technique [34]. In GC-
MS analysis, arsenic-containing chemicals are analysed as their propanethiol 
derivatives [11], [12], [30] while arsenic containing chemicals are oxidized by 
hydrogen peroxide (H2O2) prior to the LC–MS/MS analysis [24], [31]. 

 
In 2002, the first evidence of leaking munitions was obtained, when sediment 
samples taken next to scuttled wrecks filled with CWs in the Skagerrak area, 
were analysed [11], [12]. The concentration of Clark- and PDCA-related 
chemicals was 1,100 mg kg-1 in dried sediment analysed as their propanethiol 
derivatives (DPA[SPr] and PAA[SPr]2) using GC–EI/MS. A few years later it 
was proven that CWAs and their degradation products are present in the 
sediment samples taken from the Bornholm dumping area [28]. 56 of the 65 
samples taken during the surveys in 2007 and 2008 in the Bornholm area 
contained 4600 μg kg-1 of DPA and 16,400 μg kg-1 of propanethiol derivative 
of Clark I in dried sediment. To date, several studies have shown that CWAs 
and their degradation products are present in sediment samples taken in the 
vicinity of dumped warfare objects in different dumping areas [11], [12], [24], 
[28], [35].  The summary of measured CWA concentrations in sediment 
samples collected from different munition dumpsites are presented in Table 
3. 

 
Sediment sampling campaigns have taken place not only in known and 
suspected CWA dumping areas but also in reference areas where CW are not 
known to be submerged. The sampling sites in the Baltic Sea and the Skagerrak 
area are shown in Figure 3. 
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Table 3. CWA concentrations measured from sediments samples originated from 
different dumping sites. 

CWA Structure 
Concentration 

[mg/kg dw] 
Dumpsite 

Analysis 

method 
Reference 

Intact chemicals 

HD      

TPA 

 

39 Bornholm GC-MS [28] 

0.01-63 Skagerrak GC-EI-MS [11] 

0.0042-1.9 Bornholm GC-EI-MS/MS [24] 

DA 
 

0.1-178 Skagerrak GC-EI-MS [12] 

CN 
 

7.5 Skagerrak GC-EI-MS [12] 

0.0077 Gdansk GC-EI-MS/MS [24] 

Chemicals derivatised with H2O2 

DPA 
 

4.6 Bornholm LC-MS/MS [28] 

DM[ox] 
 

0.170 Bornholm LC-MS/MS [28] 

PAA 
 

6 Bornholm LC-MS/MS [28] 

0.015-0.120 Bornholm LC-MS/MS [24] 

Chemicals derivatised with propanethiol 

DPA[SPr] 
 

16.4 Bornholm GC-MS [28] 

0.12-1100 Skagerrak GC-EI-MS [11] 

0.084 Bornholm GC-EI-MS/MS [24] 

PAA[SPr]2 
 

1.3-1100 
Skagerrak GC-EI-MS [11] 
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Figure 3. Sediment sampling areas in the Baltic sea and Skagerrak area (adopted   
from AmuCad.org – Interreg DAIMON2 Decision Aid for Marine Munitions) 
 

2.5 BIOLOGICAL EFFECTS OF CWAS ON MARINE 
BIOTA 

 
Only a few studies are available regarding the biological effects of CWAs for 
aquatic organisms. Very little is known on their bioavailability, accumulation, 
distribution, metabolism, excretion, and toxicity. Negative biological effects 
have been observed in different marine species caught from the vicinity of 
known CWA dumpsites in the Baltic Sea and Skagerrak area [36]–[41]. 
Increased geno- and cytotoxicity levels have been reported in different fish 
species collected close to known CWA dumpsites in the Bornholm Basin [36] 
and Gotland Deep [41] compared to samples collected from stations located 
further away from dumping sites. Studies on the hagfish (Myxine glutinosa) 
in the Skagerrak dumping area have indicated potential effects of CWA on 
biochemical and histological biomarkers [38], [39]. These findings are in line 
with results conducted in the Mediterranean Sea where different fish species 
caught from the CWA dumpsite have shown significantly increased 
ethoxyresorufin-O-deethylase (EROD) activities along genotoxicity and 
histopathological damage [42], [43].  Moreover, blue mussels (Mytilus 
trossulus) deployed in cages in the Bornholm Basin exhibited responses in 
various biomarkers at the hotspot sites compared to reference sites [37].  
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There are a few studies conducted in laboratory conditions in which aquatic 
organisms have been exposed to different CWAs or their mixtures related to 
sea-dumped munitions. When European eels (Anguilla anguilla) were 
subjected to HD, the results showed induction in relevant biological 
alterations such as tissue and cell damaging and changes in detoxification 
activities, such as increased EROD and uridine 5'-diphospho-
glucuronosyltransferase (UGT) activities [43]. No evidence of HD was found 
in tissues of any of the fish samples. In  another laboratory exposure study, 
blue mussels were exposed to the mixture of DA, DM, and CN [17]. Adverse 
effects in the test organisms at subcellular and functional level, including 
cytotoxic, immunotoxic and oxidative stress effects were visible even at the 
lowest test concentration. In this study, the bioaccumulation of degradation 
products of Clark I and DM, and the intact form of CN was proven, but the 
overall toxic effect was not concentration dependent.  In contrast, DM, DA and 
DC, and Lewisite were recorded to induce only minor effects in the three-
spined stickleback after 10 days of exposure [44]. When Daphnia magna was 
exposed to DA, sublethal effects, including size at first reproduction, fecundity, 
somatic growth rate, and intrinsic population growth were observed [45]. 

Table 4 summarizes the test concentrations used inlaboratory exposure 
studies. 

 
Table 4. Applied organisms, CWAs, and test concentrations in laboratory 
exposure studies 

Test organism Tested CWA Test concentration  Reference 

European eel HD 0.015, 0.15 and 1.5 mg/kg 

 

[43] 

 

Baltic blue mussels 

 

DA, DM, CN* 

1.25, 2.5, and 5.0 (DA) 

2.5, 5.0, and 10.0 (DM) 

5.0, 15,8, and 50.0 (CN) 

 

 

[17] 

Daphnia sp. DA 1.25, 2.5, 5, and 10 mg/L [45] 

 

Three-spined stickleback DA, DM, Lewisite* 1.0 and 100 ng/mL [44] 

* exposed as a mixture 

 

 
Only two publications to date have dealt with the acute toxicity threshold 
concentrations of phenylarsenic CWAs and their primary degradation 
products, such as 10-hydroxy-5H-phenarsazinine 10-oxide (DM[ox]), DPA, 
and triphenylarsine oxide (TPAO) [18], [46]. The toxicity threshold 
concentrations of selected CWAs was evaluated using the Allivibrio fischeri 
(Microtox™) test and Daphnia magna chronic immobilization test [18], [46]. 
Table 5 summarizes the half maximal effective concentrations (EC50) which 
are determined by these two methods.  
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Table 5. Ec50 concentrations of selected CWA-related chemicals [18], [46] 

 EC50 [mg L-1] 

Tested CWA-related 

chemical 

Allivibrio 

fischeri 
 

Daphnia 

magna 

TPA >200  152.91±16.34 

TPAO 155 (124–194)   

DPA 124 (118–137)  38.20±0.20 

PAA 97.1 (91.5–103)   

DM[ox] 5.33 (5.02–5.67)  4.42±3.54 

 

2.6 TOXICITY OF PHENYLARSENIC CHEMICALS 

 
DA and DC, DM were designed as riot control agents but nowadays they are 
considered to be too toxic for that purpose [24], [25]. Physiological effects of 
PDCA, DA, DC and DM are presented in Table 6.  

 
 
Table 6. Physiological effects of selected phenylarsenic CWAs [25] [47]. 

CWA Physiological effects 

PDCA 
irritation, pain in eyes, nose, throat, and respitory tract. 

Szeezing, coughing, salivation, and suffocation. 

 

DA 

irritation, pain in eyes, nose, throat, and respitory tract. 

Szeezing, coughing, salivation, and suffocation. 

 

DC 

Irritates nose and provoking sneezing. Inhalation, ingestion 

or skin contact  

DM irritation, pain in eyes, nose, throat, and respitory tract. 

 
 

Toxicity of CWA-related phenylarsenic chemicals has been studied using 
different in vitro [48]–[53] and in vivo models [54]–[56] which are not related 
to marine species. To date, a few studies have investigated the toxicity of DPA 
in vivo. Oral administration of DPA (5 mg/kg/day for 5 weeks) induced 
oxidative and nitrosative stress in murine cerebellar Purkinje cells in mice [54] 
while DPA exposure (100mg/L in drinking water for 21 days) induced weight 
loss, coarse fur, gait abnormality, increased spontaneous movement, and 
decreased memory and learning ability in Wistar rats [57]. One published 
study to date has addressed the chronic toxicity of DPA when the potential 
toxicity of DPA was evaluated by administering the chemical to rats in their 
drinking water for 52 weeks [58]. The results showed that DPA is toxic to the 
intrahepatic and extrahepatic bile duct accompanied by stenosis of the papilla 
of Vater. 
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 So far, studies conducted with different in vitro models have been 
accomplished in order to get information on the toxic properties of 
phenylarsenic chemicals, mainly DPA [48]–[53]. Human hepatocarcinoma 
HepG2 cells showed enhanced toxic response for DPA after exogenously added 
sulfhydryl (-SH) containing compounds, such as glutathione (GSH), was 
added [48]. The same in vitro model was used for demonstrating that the 
diphenylarsinic-glutathione complex (DPA-SG) turned out be 1000 times 
more toxic to the cells than DPA [51]. A study conducted with rat heart 
microvessel endothelial (RHMVE) cells demonstrated that phenylarsine oxide 
(with oxidation state of III) (PAO) showed much higher cytotoxic effects 
compared to PAA (oxidation state of V). This suggests that toxic properties of 
phenylarsenic compounds are due to their oxidation state as the trivalent form 
reacts faster with intracellular compounds [49].  When using lactate 
dehydrogenase (LDH) assay, DA, DC, PAO, PAA, DPA, TPA, and TPAO  
showed stronger cell death in African Green Monkey kidney cells CV-1 
compared to inorganic arsenic species, such as sodium arsenite and sodium 
arsenate and their methylated analogies [52].   
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3 AIMS OF THE STUDY 

The aims of this study were: 
 

 To develop and validate chemical analysis methods for primary 

degradation products of selected CWA-related phenylarsenic 

chemicals in marine biota in order to study the tissue accumulation 

of these chemicals 

 To study in vitro metabolism of selected phenylarsenic chemicals 

using rainbow liver cell line RTL-W1 and S9 fraction isolated from 

cod liver by identifying formed metabolites by HRMS 

 To screen and identify unknown degradation products of 

phenylarsenic CWAs from sediment samples using HRMS 

 Synthesize and characterize reference chemicals for identification 

of detected metabolites and degradation products 
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4 MATERIALS AND METHODS 

4.1 CHEMICALS, REAGENTS AND EQUIPMENT 

The chemicals and the reagents used in this research are listed in Table 7. The 
target chemicals in LC-MS/MS analysis are listed in Table 8. Reference 
chemicals synthesized for this study are listed in Table 9. Equipment used in 
this study are listed in Table 10.  
 
Table 7. Chemicals and reagents used in this study 

Chemical Manufacturer Purity Study 

2-methyl-3-amino-7-dimethylamino-phenanzine Sigma Aldrich  V 

3,5-dichlorphenol Wako Fujifilm  V 

3-(Trimethylsilyl)propionic-2,2,3,3-d4 Sigma Aldrich   

Acetonitrile (ACN) Fluka HPLC, LC-MS I-V 

Adamsite (DM) synthesized in-

house 

tech. grade II 

Formic acid (FA) Sigma Aldrich LC-MS I-V 

    

Dithiothreitol (DTT) Sigma Aldrich 99%  

Ethanol (EtOH) Altia  96 % V 

Ethylenediaminetetraacetic acid (EDTA) Sigma Aldrich 99%  

Hydrogen peroxide (H2O2) VWR Chemicals 33 % I, VI 

L-glutathione (GSH) Sigma Aldrich  II, V 

Methanol (MeOH) Fisher Scientific LC-MS I-V 

Methyl litium (MeLi) Sigma Aldrich 99% III 

n-hexane Fisher Scientific HPLC  

NaCl   I, IV, VI 

Nicotinamide adenine dinucleotide phosphate 

(NADPH) 

Biomol GmbH  II 

Phenylarsonic acid (PAA)   II 

S-adenosyl methionine (SAM) Sigma Aldrich 99% II 

Tetrahydrofuran (THF) VWR, Merck   II 

Triphenylarsine Acros Organics 99% II 
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Table 8. Target chemicals in LC-MS/MS analysis  
Chemical  Structure Manufacturer Purity Study 

Phenarsazinic acid 

(DM[ox]) 

 

 

Envilytix GmbH 99 % 
I, IV 

diphenylarsinic acid 

(DPA) 

 

 

Envilytix GmbH 99 % 
I, IV, VI 

Triphenylarsine 

oxide (TPAO) 

 

 

Acros Organics 99 % 
I, IV, VI 

Diphenylarsine-

glutathione (DPA-

SG) 

 

 

synthesized in-

house 

95 % 

IV 

 
 
Table 9. Reference chemicals synthesized in this study 

Chemical  Study 

Diphenylarsine-glutahione (DPA-SG)  II 

Phenarsazine-glutathione (DM-SG)  II 

Phenylarsine-diglutathione (PAA-SG2)  II 

Diphenylarsine-cysteine (DPA-Cys)  V 

Diphenylarsine-N-acetylcysteine (DPA-NAC)  V 

Methyldiphenylarsine oxide (MDPAO)  III 

Methylphenarsazine oxide (MPAO)  III 

Dimethylarsine oxide (DMPAO)  III 

 
 
Table 10. Equipment used in studies I-VI 

Equipment Model and manufacturer Study 

Centrifuge Heraeus Multiguge X1R, Thermo Scientific I, III-VI 

Centrifuge Heraeus Fresco 21, Thermo Scientific II 

Tissue homogenizer Precellys 24-Dual, Bertin Technologies I, IV, VI 

Tissue homogenizer Potter-Elvehjem glass-Teflon, Melsungen II 

Multilabel Plate Reader Victor3, Perkin Elmer V 

iEMS Reader  MF 1401, Labsystems Oy V 

Evaporator TurboVap II, Caliber Lifesciences II, V 

Evaporator Genevac III 

LC colums UPLC BEH C18, Waters Acquity (2.1 ×50 mm, 1.7 

μm), UPLC BEH C18, Waters Acquity (2.1 ×100 

mm, 2.5 μm) 

I-VI 

Pre-column Waters BEH C18 Vanguard (2.1 ×50 mm, 2.5 μm) I, IV 

SPE cartridges Bond Elut C18 SPE cartridge (200 mg, 3 mL) 

(Agilent Technologies, USA) 

I, IV 

SPE manifold Agilent tecnologies I, IV, V 
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4.2 INSTRUMENTATION AND ANALYTICAL METHODS 

4.2.1 LIQUID CHROMATOGRAPHY–TANDEM MASS 
SPECTROMETRY  

 
The targeted LC-MS/MS analysis were performed with a TSQ Quantum Ultra 
triple quadrupole mass spectrometer (Thermo Scientific, San Jose, USA) 
coupled with a Nexera liquid chromatograph (Shimadzu, Kyoto, Japan) (I, IV 
and V) and a TQD QqQ mass spectrometer (Waters, Milford, USA) coupled 
with Aquity UPLC liquid chromatography (Waters, Milford, USA) (IV). Liquid 
chromatography (LC) separations were achieved by using a reverse-phase C18 
analytical column and a linear gradient of two mobile phases:  0.1% FA in 
water (A) and 0.1% FA in methanol (B). A more detailed description of 
chromatographic and mass spectrometric parameters is found in papers I, IV, 
VI. 
 

4.2.2 ULTRA-HIGH PERFORMANCE LIQUID CHROMATOGRAPHY–
HIGH-RESOLUTION MASS SPECTROMETRY  

 
For screening and identification of unknown chemicals, the ultra high-
performance liquid chromatography–high resolution mass spectrometry 
(UHPLC–HRMS) analyses were performed on an Orbitrap Fusion mass 
spectrometer (Thermo Scientific, San Jose, USA) connected to a Dionex 
Ultimate UHPLC (Thermo Scientific, Germering, Germany). UHPLC 
separations were achieved by using a reverse-phase C18 analytical column and 
a linear gradient of two mobile phases:  0.1% FA in water (A) and 0.1% FA in 
ACN.  
In general, mass measurements in the full scan mode were done with a mass 
range of m/z 60−600 (I, III-VI) or m/z 70-900 (II) using RF S-lens at 60 % 
and quadrupole isolation of m/z 60−600 and 70-900, respectively. All mass 
measurements were done at a resolution of 120,000. The mass accuracy of the 
instrument using internal calibration was specified to be ≤3 parts per million 
(ppm). Pierce LTQ Velos ESI Positive ion and Pierce LTQ Velos ESI Negative 
ion calibration solutions (Thermo Fisher Scientific, USA) were used for 
external calibration of the HRMS instrument.  
 
The Xcalibur 2.2 software from Thermo Fisher Scientific (MA, USA) was used 
for instrument control and data processing.   
 
For high-resolution mass spectrometry fragmentation experiments 
(MS/HRMS), a more detailed description of spectrometric parameters is 
available in studies I-VI. 
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4.2.3 NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 
 

All 1H NMR (nuclear magnetic resonance) measurements were carried out at 
290 K using a Bruker Avance III 500 NMR spectrometer equipped with a 5 
mm TXI probe head (Rheinstetten, Germany) operating at a proton frequency 
of 500 MHz. For NMR analysis, the synthesis product was transferred into a 5 
mm NMR tube (Radnor, USA) and 100 μL of 0.7 mg mL-1 solution of 3-
(trimethylsilyl)propionic-2,2,3,3 acid sodium salt d4 (TSP-d4) solution (0.7 
mg mL-1) in deuterium oxide (D2O) was added for the chemical shift reference 
(δ1H 0 ppm).  

 

4.3 SAMPLES 

4.3.1 MARINE BIOTA SAMPLES 
 
Various marine biota samples used in this study were obtained from Marine 
Monotoring AB (Lysekil, Sweden) and different cruises during the DAIMON 
project. A detailed sample description can be found in publications I, IV and 
VI. A list of the analysed species and tissues is found in Table 11.  

 
Table 11. Analysed species and tissues and the sampling areas.  

Species Tissue Sampling area Study 

Atlantic cod (Gadus morhua) 
muscle, liver, gills, 

bile 

Bornholm, 

Gdansk deep 
IV 

Atlantic hagfish (Myxine glutinosa) muscle, liver Skagerrak VI 

Norwegian lobster (Nephrops norvegicus) muscle Måseskär I 

Witch flounder (Glyptocephalus 

cynoglossus) 

muscle Måseskär 
I 

Saithe (Pollachius virens) muscle Måseskär I 

Norway pout (Trisopterusesmarkii) muscle Måseskär I 

 

4.3.1 IN VITRO SAMPLES 
 
In vitro metabolism studies were conducted using cod liver microsomal and 
cytosol fractions (s9) (II) and rainbow trout liver cell line RTL-W1 (V). Cod 
livers were obtained from cod caught from the Gdansk Bay area onboard RV 
Walther Herwig III in December 2016. After sacrificing the fish, livers were 
removed and stored in liquid nitrogen.  
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RTL-W1 cell line is possessed by the Laboratory Centre of Finnish 
Environment Institute, Ecotoxicology Research Group. Moreover, the cell line 
was used for cytotoxicity assay. 

4.3.2 SEDIMENT SAMPLES 
 
Sediment samples analysed in this study were obtained from the DAIMON, 
CHEMSEA, and MODUM projects. During these projects, sediment samples 
were analysed quantitatively for phenylarsenic CWAs and their known 
degradation products.  Samples containing high concentrations of CWA-
related phenylarsenic chemicals were selected for non-targeted screening by 
UHPLC-HRMS.  
 

4.4 SAMPLE PREPARATION 

4.4.1 MARINE BIOTA SAMPLES 
 
 
During this study, two different sample pre-treatment methods were 
developed and validated for fish muscle samples. The first method consisted 
of extraction with ACN followed by liquid-liquid extraction (LLE) with n-
hexane (I). To further improve the existing sample preparation method, the 
solid phase extraction (SPE) purification step was added to the method (IV). 
In general, sample pretreatment for muscle, liver and gills samples consisted 
of homogenization, extraction, SPE, and concentration step. Bile samples were 
pretreated by LLE and followed by addition of an excess amount of magnesium 
sulfate-sodium chloride (MgSO4 +NaCl) salt mixture. Detailed descriptions of 
sample pretreatment for different sample matrices are described in studies I, 
IV and VI.  

4.4.2 IN VITRO METABOLISM AND TOXICITY STUDIES 

4.4.2.1 S9 fraction 
 
S9 fraction was obtained from pooled cod liver samples after homogenization. 
The protein concentration of liver homogenates was measured using the 
Lowry method [59] and the homogenates were diluted with sodium potassium 
(Na+/K+) phosphate buffer (0.1 M, pH 7.5) to the final concentration of 3.5 
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mg protein/ml. Nicotinamide adenine dinucleotide phosphate (NAPDH), L-
GSH, and S-adenosyl methionine (SAM) were used as cofactors in samples. 
The reaction was initiated by addition of 10 μg mL-1 of the phenylarsenic 
compound in 5 μL of ACN. The reaction was stopped after different time points 
by addition of ice-cold ACN. Blank and control samples (substrate, NADPH, 
L-GSH, and SAM) were obtained incubating the samples for 120 min. A more 
detailed description can be found in publication II. 

4.4.2.2 Rainbow trout liver cell line 
 
Rainbow trout liver cell line RTL-W1 cell line was applied in metabolism and 
cell cytotoxicity studies. The cells were cultured in L-15 medium supplemented 
with 9% fetal bovine serum.  
In metabolism studies, the culture medium was discarded and the cells were 
cultured in DPA-spiked L-15 medium (1050 μg mL-1).  After different time 
points the cells were washed with phosphate-buffered saline (PBS) and 
removed with trypsin-EDTA treatment. Non-spiked medium was used for the 
blank samples. After centrifugation, the cells were stored at -80 °C.  
In cytotoxicity studies the cells were exposed to serial dilutions of DPA and 
DPA-SG in 96-well microplates for 48 h at 20 °C. Cytotoxicity of the studied 
chemicals was evaluated using the neutral red retention test (NRR) [60]. 3,5-
dichlorphenol was used as a positive control and the medium was used as a 
negative control. After washing the cells with PBS, the absorbance of Neutral 
red (2-methyl-3-amino-7-dimethylaminophenanzine) was measured for 
determination of cell viability at a wavelength of 540 nm and a reference 
wavelength of 690 and 750 nm using two different microplate reader. The 
viability of the cells was calculated as percentages of the negative controls. A 
more detailed description can be found in publication V. 
 

4.4.3 SEDIMENT SAMPLES 
 
Sediment samples collected near dumping sites in the Baltic Sea area were 
prepared according to ”Recommended Procedures for Sampling and Analysis 
in Verification of Chemical Disarmament” (ROP) [31] prior the UHPLC-
HRMS analysis.  
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4.5 SYNTHESIS OF REFERENCE CHEMICALS 

 
For reliable qualitative identification, reference chemicals for some suspected 
biotransformation product of phenylarsenic CWAs were synthesized.  
In general, methylated phenylarsenic chemicals were prepared using methyl 
lithium (MeLi) as a methyl group donor followed by oxidation step (III). The 
synthesis scheme of methyldiphenylarsine oxide (MDPAO) is presented in 
Scheme 1. 
 

 
Scheme 1. Synthesis route for MDPAO 
 
GSH conjugates of DA, DM, and PDCA were prepared in one-pot-synthesis 
(II). Cysteine (Cys) and N-acetylcysteine (NAC) conjugates of DA were 
synthesized in the same manner as GSH conjugates (V). The synthesis scheme 
for glutathione conjugate of Adamsite (DM-SG) is presented in Scheme 2. 
 

 
 
Scheme 2. Synthesis route for DM-SG 
 
Characterization of these synthesis products were done by UHPLC-HRMS and 
1H NMR. However, 1H NMR could not be applied for identification of all 
synthesized chemicals due to low yield of micro-scale synthesis. 
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4.6 METHOD DEVELOPMENT AND VALIDATION 

 
In this study, all quantitive chemical analysis methods were developed for cod 
muscle, liver, gills, and bile samples using reference chemicals. In generally, 
the development of sample pretreatment protocols included optimization of 
extraction solvents (I) and purification steps (IV) for the target chemicals 
(Table 8).  
All targeted quantitative chemical analysis methods applied in this research 
were validated according to established validation procedures [61], [62]. 
Analysis method for DM[ox], DPA, and TPAO were validated for fish muscle, 
liver, and gills samples.  Additionally, the analytical method for TPAO was 
validated in fish bile, but DPA was excluded due to the unstable nature of its 
arsenic-glutathione complexes during chemical analysis [54]. Since DPA-SG 
complex might break down into GSH and DPA, it could thus distort the 
validation results for DPA. Nevertheless, DPA were screened qualitatively 
from fish bile samples.  
 
The concentration of stock solutions of each target chemicals was determined 
by 1H NMR using TSP-d4 as an internal standard (ISTD). Working solution 
were prepared from stock solutions of each chemicals by dilution with proper 
organic solvent. All calibration standards were made by spiking the working 
solutions in the extracts of blank cod matrix (either muscle, liver, gill tissue, or 
bile), which were prepared as the samples.  Validation runs were performed 
on three consecutive days and three calibration curves were obtained each day 
(n = 9). True values for the concentration of each calibration standards were 
back-calculated from the calibration curve. Thereafter, the mean of measured 
concentrations in respective calibration samples and their standard deviation 
(SD) and relative standard deviation (RSD) were calculated. Systematic errors 
between measured and theoretical concentration and the combined 
uncertainty were calculated. 
 
Matrix blank and solvent blank samples and control samples consisting of a 
known amount of studied chemicals, were run between the set of calibration 
standards.   

 
The recoveries for the target chemicals were determined by spiking known 
amounts of studies chemicals to fish muscle, liver, gills, and bile samples 
before sample preparation procedure. The recovery samples (n = 6) were 
analysed during the validation and the recoveries for target chemicals 
analysed from each matrix were calculated from an average calibration curve 
run on the same day.  
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5 RESULTS AND DISCUSSION 

5.1 METHOD DEVELOPMENT  

The lack of sensitive analysis methods has previously been the main obstacle 
to study the uptake of CWA-related chemicals by marine biota. Therefore, the 
primary aim of this study was to develop quantitave analytical methods for 
three primary degradation products of selected phenylarsenic CWAs to be 
analysed in various marine biota tissues. DM[ox], DPA, and TPAO were 
selected as target chemicals since previous studies have confirmed their 
presence in the sediment samples collected from suspected dumping areas 
[11], [12], [15], [24], [28], [35], [63]. Moreover, these chemicals are considered 
to be persistent in the marine environment and have potential to 
bioaccumulate due to their lipophilic nature [2]. Hence, it was justified to 
choose these three chemicals as target compounds when uptake of these 
chemicals by marine biota was studied for the first time. Additionally, a 
quantitative analytical method was developed for DPA-SG and TPAO analysed 
in fish bile. The chemical structures of the target chemicals are presented in 
Table 8. Method development included optimization of sample preparation 
(extraction solvent, LLE, SPE method) and instrument analysis using 
reference chemicals. ACN turned out to be the most convenient solvent for 
extraction as the yields for target chemicals were highest.  

5.2 METHOD VALIDATION 

 
The validation results for the target chemicals were calculated over the linear 
concentration range, which varied between the different sample matrices (I, 
IV). All chemical analysis methods were linear, precise, and accurate. The 
limit of quantification (LOQ) was calculated for each target chemical and the 
results are presented in Table 13 for the studied matrices. A more detailed 
description of validation results is presented in studies I and IV. Since the 
analysis method developed in study I for fish muscle was further improved in 
study IV by adding SPE purification step into the method, all the validation 
results presented in this section are from study IV.  

 
LOQ values for the target chemicals can be considered low enough for 
detection of target chemicals that are assumed to occur at very low 
concentration levels in samples.  
Recoveries of the target chemicals varied to some extent within the studied 
matrices. Recoveries for studied compounds are presented in Table 14.  
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Table 13. LOQ values for the target chemicals in studied matrices 

LOQ (μg kg-1) 

 Muscle Gills Liver Bile 

DM[ox] 0.6 1.1 1.6  

DPA 0.8 0.9 0.6  

TPAO 0.9 0.9 0.4 3.4 

DPA-SG    11.9 

 
 
Table 14. Recoveries for target chemicals analysed in different matrices 

Recoveries (%) 

 Muscle Gills Liver Bile 

DM[ox] 81 84 59  

DPA 53 85 65  

TPAO 92 76 88 78 

DPA-SG    95 

 
Control samples were analyzed between every calibration standard batch to 
ensure the performance of the sample preparation and instrumental analysis. 
The results of the control samples were reproducible and the recoveries were 
at the same level as in the recovery studies. Both the solvent and matrix extract 
blanks were analyzed to examine the possibility of cross-contamination arising 
from sample preparation and carryover from instrumental analysis. No cross-
contamination or carryover during the instrument analysis was observed. 
 
 

5.3 DETECTION OF CWA-RELATED CHEMICALS FROM 
MARINE BIOTA SAMPLES 

5.3.1 TARGETED ANALYSIS BY LC-MS/MS 
 

In this study, the main focus was to analyse fish muscle tissues in order to get 
information on bioaccumulation of CWA-related phenylarsenic chemicals. 
Additionally, to get information on biodistribution of these chemicals, liver, 
gills, and bile samples were analysed. In total, more than 300 different marine 
biota tissue samples were analysed in this research. Samples were obtained 
from Måseskär (I), Bornholm (IV), and Skagerrak (VI) dumping sites and 
additionally cod muscle and liver samples caught from the Gdansk reference 
site (VI) were analysed. In this study, the most comprehensive sampling 
campaigns were carried out at the Bornholm deep area and at the reference 
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site in Gdansk deep area of which nearly one hundred cod individuals were 
caught and the different tissues were dissected for analysis (IV). The samples 
were analysed using developed targeted LC-MS/MS method and the results 
are presented in Table 15.  
 

Table 15. Summary of positive findings (%) in marine biota samples from caught from 
different sampling areas 

Sampling site 

 Bornholm Skagerrak Måseskär Gdansk deep 

Compound  Muscle   

DM[ox] NF* NF* NF* NF* 

DPA 9 60  NF* 

TPAO 7 90 NF* 3 

Compound  Liver   

DM[ox] NF* - NF* NF* 

DPA NF* - NF* NF* 

TPAO 11 - NF* NF* 

Compound  Bile   

DPA 10 - - NF* 

TPAO NF* - - NF* 

DPA-SG NF* - - NF* 
* NF = not found, - = samples not available 

 

Based on the analysis results it is impossible to say how fish or other marine 
species has been affected by the CWA-related compounds found in their 
tissues. It can be suggested that the fish were either in direct contact with 
leaking dumped munitions, ingested food which has been contaminated by 
DPA or TPAO or stayed in water layers containing DPA and/or TPAO leading 
to the uptake of these chemicals via gills or skin.  
In most cases of positive findings, concentrations of detected compounds were 
below the LOQ. All the positive findings were confirmed using both 
identification criteria described in section 5.3.2. 
To date, there are no previous studies on the chemicals analysis methods for 
determining CWA-related phenylarsenic chemicals in fish or other marine 
biota tissues. This excludes the possibility of comparing the results obtained 
in this study with other similar research. 

As the LC-MS/MS methods developed in this study are novel, protocols for 
better quality assurance are still missing. For example, the availability of 
ISTDs, such as isotope labelled stable analogues of target chemicals would 
further enhance the reliability and repeatability of analysis. On the other hand, 
the control samples spiked with a known amount of target chemicals ensured 
the proper performance of the whole chemical analysis procudure starting 
from homogenization step to LC-MS/MS analysis.  
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5.3.1.1 Samples from the Bornholm dumping area 
 

In study IV, muscle (n = 99), liver (n = 71), gills (n = 13), and bile (n = 30) 
samples from cod caught from Bornholm were analysed by LC-MS/MS. 14% 
of analysed cod muscle samples contained CWA-related target chemicals 
(Table 15). Nine of the muscle samples contained DPA, seven contained TPAO, 
and three contained both DPA and TPAO. Moreover, 11% of analysed cod liver 
samples contained TPAO, but no DPA was detected in those samples. The in 
vitro metabolism studies showed that the metabolism of TPAO differs from 
other studied CWA-related phenylarsenic chemicals (II) suggesting that 
excretion of TPAO might be different. TPAO was the only chemical found in 
fish liver, and therefore it can be assumed it is more prone to accumulate in 
the muscle and liver tissues of fish.  
The LC–MS/MS extracted ion chromatograms (EICs) for DPA and TPAO 
detected in one of the analysed cod muscle and liver sample, calibration 
standards, and matrix blank sample are presented in Figure 4. Both 
chromatographic and spectrometric identification criteria were fulfilled for 
this sample. 
10 % of analysed cod bile samples contained DPA, but no DPA-SG was 
detected. DPA-SG is the major metabolite of Clark I and DPA formed in in 
vitro (II, V) and therefore it was selected as one of the target compounds to 
study fish bile.   The biliary excretion of arsenic-GSH metabolites depends on 
the multidrug resistance-associated protein 2 (MRP2/cMOAT) which is 
known to be responsible for the transport of GSH and GSH conjugates of 
xenobiotics [64].   
Previous studies have demonstrated that GSH metabolites of arsenic-based 
chemicals have been detected in rat bile after oral administration of inorganic 
arsenicals and DPA [64], [65] and since fish are known to have GSH 
metabolism [66] it was assumable that DPA-SG could be excreted in fish bile. 
Although DPA-GS itself was not found in the bile samples, it is possible that 
the detected DPA in the bile is a breakdown product of DPA-SG. Previous 
studies have shown that the DPA-SG is very unstable in a cell culture medium 
[51] and arsenic–glutathione complexes are very unstable during chemical 
analysis [67], suggesting that the detection of GSH metabolite from the bile 
can be very challenging.  
In this study, there was only one cod in which traces of DPA and TPAO were 
detected in the muscle, liver, and bile samples. Nevertheless, this is the first 
study providing information on tissue distribution on phenylarsenic chemicals 
in fish, as it was assumable that excretion of the studied compounds differs 
due to their difference in in vitro metabolism (II). The gills were analyzed only 
from those samples which gave a positive result in the muscle analysis, but 
traces of the target chemicals were not detected in the gills.   
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In study IV the bioaccumulation of CWA-related chemicals in different tissues 
and their linkage to biological effects at the biochemical, histological, 
pathophysiological and systemic levels in the Baltic cod was evaluated for the 
first time. More information on the biological methods is found in publication 
IV.

Figure 4. LC–MS/MS EICs for DPA in the muscle calibration standard (0.2 μg kg-1) 
(A), blank cod muscle sample (B), cod muscle sample, (C) TPAO in the liver 
calibration standard (0.8 μg kg-1) (D), blank cod liver sample (E), cod liver sample (F). 
(reproduced from study IV)

5.3.1.2 Samples from the Skagerrak and Måseskär dumping areas

90 % of the analysed hagfish muscle (n = 20) samples caught from the 
Skagerrak area contained either DPA or TPAO or both of these chemicals (VI) 
and 38 % of samples obtained from Måseskär deep (n = 8) contained traces of 
DPA (I). At same time when hagfish sampling was executed, samples from the 
same area were taken for biochemical and histological biomarkers. The 
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responses in selected biochemical biomarkers between samples collected next 
to wrecks varied with those which were taken from the reference sites, 
indicating a negative biological impact caused by the CWAs [38]. The same 
kind of results were obtained from histopathological investigations; the 
presence of pre-neoplastic or neoplastic lesions was conspicuous compared to 
specimens caught from the reference site [39]. The results from chemical 
analysis combined with the results from biological evaluations supports the 
presumption that phenylarsenic CWAs are causing negative biological effects 
to marine biota living in the vicinity of wrecks filled with CWAs, but it can not 
be excluded that the negative effects are caused by exposure to other chemicals 
or combination of chemicals present in the marine environment in the 
Skagerrak Strait.  
Some analysed hagfish samples contained methyldiphenylarsine oxide 
(MDPAO) analysed by UHPLC-MS/HRMS. The targeted method was applied 
for hagfish samples based on the information obtained in in vitro study (II) 
which demonstrated that MDPAO is one of the phase II metabolites of Clark I 
and DPA. The EICs for protonated molecule of MDPAO (m/z 261.02557) and 
the specific fragments (m/z 226.98336, 168.96286, and 154.07777) formed  
when HCD 50 % was used and mass spectra of the corresponding peaks are 
presented in Figure 5.  

 

Figure 5.EICs for specific fragments generated from [M+H]+ of MDPAO and 
MS/HRMS spectra for MDPAO analysed in hagfish samples 
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Fragments at m/z 226.98336, 168.96286, and 154.07777 are specific for 
phenylarsenic chemicals, such as DPA and TPAO, as they are analogues of 
MDPAO. The same type of fragmentation pattern is recorded in study II and 
III when MDPAO and other methylated in vitro metabolites and 
biotransformation products from sediment were identified.  
This finding supports the presumption that the persistent metabolites of 
phenylarsenic chemicals, such as MDPAO should be taken into account in 
future when determining the total concentrations of CWA-related 
phenylarsenic chemicals in marine biota. Even so, it not possible to say 
whether the existence of MDPAO in fish muscle is due to metabolism of Clark 
I or has the fish been contacted with the sediment containing MDPAO. Despite 
that high concentrations of phenylarsenic compounds have been detected in 
sediment samples taken from Skagerrak dumping area [11], MDPAO have 
never been found. This leaves the question open, whether the MDPAO is 
formed in sediment or in fish. This underlines the necessecity to add the new 
chemicals discussed in this thesis to an updated list of target compounds to be 
used in prospective monitoring for both, sediment and biota samples in the 
future.  

5.3.1.3 Samples from the reference areas 
 

There were no positive DPA findings in cod muscle samples collected from the 
reference area in Gdansk deep, but 3% of those samples contained TPAO (IV). 
On the other hand, unlike other CWA-related phenylarsenic chemicals 
discussed in this thesis, TPA are also used in industry [68], [69] and may be 
present in the Baltic Sea due to different sources not related to the CWA 
disposal operations. Therefore, the detection of TPAO in tissues of fish is not 
certain proof that the fish have been exposed to CWAs. No positive findings 
for any target chemicals were found in cod liver samples collected in Gdansk 
deep.  
The samples caught from the reference area in Måseskär did not contain any 
CWA-related chemicals. 
  

5.3.2 IDENTIFICATION CRITERIA FOR DETECTED CHEMICALS 

5.3.2.1 LC-MS/MS 
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In this study, target chemicals detected using the LC–MS/MS method were 
identified in accordance with identification criteria based on European Union 
(EU) guidelines [70] and was applied in studies I, IV, and VI. In the LC 
analysis, the retention time of the identified chemical should not differ by 
more than ±0.2 min from the calibration standard sample. For MS/MS 
techniques, the maximum permitted tolerance for the ratio of the areas of the 
diagnostic ions q and Q  is ±20% when the relative peak intensity is more than 
50% of the Q peak. An example for calculating the relative intensity from ratios 
of peak areas for DPA and TPAO calibration standard and analysed cod sample 
are presented in Table 16. Based on EU guidelines the maximum permitted 
tolerance is 90.1 ± 18.0% and 61.2 ± 12.2% for DPA and TPAO, respectively 
(IV).  

 
 

Table 16. An example of relative ion intensities calculated from ratios of peak areas 
for DPA and TPAO calibration standard and analysed cod sample. 

 Transition   

 m/z 263 -> 141 

(Q) 

m/z 263 -> 

152 (q) 

Ion ratio 

(%) 

Criteria 

DPA calibration 

STD (0.2 μg kg-1) 
43236 40241 90.1  - 

Cod muscle sample 35811 31937 89.2 OK 

 Transition   

 m/z 323 →227 

(Q) 

m/z 323 →154 

(q) 

Ion ratio 

(%) 

Criteria 

TPAO calibration 

STD (0.8 μg kg-1) 
1283743 785723 61.2 - 

Cod liver sample 689786 468345 67.9 OK 

5.3.2.2 UHPLC-HRMS 
 

The identification of detected target chemicals (DPA and TPAO) found in 
fish samples was carried out using UHPLC-HRMS. The identification criteria 
were based on the guidelines of the European Union and the guidelines of the 
OPCW for the analysis of biomedical samples [70], [71]. The acceptable 
difference between measured and theoretical mass must be ≤ 2.5 ppm and the 
retention time of detected metabolite shall not differ more than ± 0.2 min from 
the reference chemical. When identification criteria were fulfilled the 
existence of detected chemical in sample was confirmed. An example of 
accurate mass measurement using HRMS is presented in Figure 6. In accurate 
mass measurement, the elemental composition of an ion must be obtained by 
the instrument software. In Figure 6, TPAO is identified in cod muscle 
samples. In the HRMS spectrum, the accurate mass, the elemental 
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composition and the mass error in ppm compared to the theoretical value, are 
reported.

Figure 6. HRMS spectra for TPAO analysed in cod muscle sample

5.4 IN VITRO METABOLISM STUDIES

The second aim of this research was to study the metabolism of phenylarsenic 
CWAs and their known primary degradation products using S9 fraction 
isolated from cod liver homogenates (II) and rainbow trout liver cell line RTL-
W1 (V) as in vitro models. RTL-W1 was obtained only for studying the 
metabolism of DPA since its existence in fish muscle has already been proven. 
The hypotheses pursued in this study regarding possible enzyme-catalyzed 
metabolic reactions for Clark I and DPA are shown in Figure 7. 

Figure 7. Hypothetical metabolic transformations reaction for Clark-related 
chemicals

5.4.1 SCREENING OF METABOLITES

All in vitro samples, including solvent and blank samples, were analysed 
using non-targeted screening method by UHPLC-HRMS. Screening was 
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applied in the full scan mode with the mass range of m/z 70-800. The tentative 
identification of detected metabolites in the in vitro samples was based on the 
molecular mass, elemental composition generated by the data acquisition 
software, and retention times of detected compounds. The proposed structure, 
the elemental composition, measured mass and mass difference compared to 
the theoretical value of detected metabolites formed in vitro are presented in 
Table 17. 

 
 

Table 17. Detected metabolites formed in in vitro. 

Proposed 

structure 

Elemental 

composition 

Measured 

mass 

[m/z] 

Mass difference 

[ppm]* 
Study 

PDCA-related metabolites 

 
PAA-OH 

C6H8AsO4+ 218.96334 0.137009 II 

 
MPAA 

C7H10AsO2+ 200.98920 0.348278 II 

 
PAA-SG2 

C26H38AsN6O12S2+ 765.12036 0.522794 II 

Adamsite-related metabolites 

 
DM[ox]-OH 

C12H11AsNO3+ 291.99507 0.44521 II 

 
10-M-5H-PA-10-O 

C13H13AsNO+ 274.02081 0.18247 II 

 
DM-SG 

C22H26AsN4O6S+ 549.078886 0.92883 II 

Clark-related metabolites 

   
DPA-OH 

C12H12AsO3+ 278.99948 -0.75269 II, V 

 
MDPAO 

C13H14AsO+ 261.02560 0.34479 II 

 
DPA-SG 

C22H27AsN3O6S+ 536.08295 -0.279807 II, V 
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DPA-Cys 

C15H17AsNO2S+ 350.01899 -0.17142 V 

 
DPA-NAC 

C17H17AsNO3S- 390.01593 2.22306 V 

Triphenylarsine-related metabolites 

 
TPAO-OH 

C18H16AsO2+ 339.03529 -2.33013 II 

 
 
In this study, the metabolism of CWA-related chemicals was studied for the 
first time thus giving new insights into how chemicals are biotransformed by 
fish after possible uptake.  The conjugation with GSH appeared to be the major 
biotransformation reaction for the studied chemicals with the exception of 
TPAO, which formed only hydroxylated metabolites (II). In study II, 
methylated metabolites for studied chemicals were detected in the samples 
containing SAM as cofactor, suggesting that SAM acts as a methyl group donor 
in these reactions, most probably catalyzed by methyl-S-transferase family. 
The information on the metabolism of CWA-related phenylarsenic chemicals 
in any animal species or humans are very scarce but one study describes 
detection of these methylated metabolites from urine of mice and humans 
after exposure to phenylarsenic chemicals [72]. Although the information on 
toxicity of these methylated metabolites discussed here are negligible, they 
also might pose a risk to fish, as studies on the methylation of inorganic arsenic 
(iAs) have shown higher toxicity of these compounds than iAs (III) itself [73], 
[74].   
 
The results show that all studied CWA-related phenylarsenic chemicals 
undergo biotransformation reactions using s9 fraction isolated from cod liver 
homogenates and RTL-W1 liver cell line. The methods applied in this study, 
the in vitro models combined with sophisticated chemical analysis techniques, 
are applicable to study metabolism for other sea-dumped CWAs, such as sulfur 
mustard, or their degradation products. So far, the risk assessment protocols 
related to dumped CWAs have been limited to model-based assessments of 
intact parent CWAs and their primary degradation products. The information 
on formed in vitro metabolites is crucial for risk assessment, since some of the 
metabolites are toxic (V) and they are present in fish living in the vicinity of 
dumpsites (VI).  

 
 
 
 



 

53 

5.4.2 IDENTIFICATION OF METABOLITES  
 

Identification was done either by using synthesized chemicals (II, V) or using 
the MS/HRMS technique for the structure elucidation. In most of the cases 
the synthesized chemicals were available when the identification was based on 
criteria defined in section 5.3.2.2. In cases when there was no synthesized 
reference chemical available, the identification on detected metabolite was 
based on exact mass measurements of [M+H]+ or [M-H]- in the full scan mode 
combined with structure elucidation by MS/HRMS measurements.  
An example of identification based on exact mass and MS/HRMS 
measurements is the identification of hydroxy-triphenylarsine oxide (TPAO-
OH), the hydroxylated metabolite of TPAO. Two peaks were seen in EIC with 
retention times of 2.32 min and 2.45 min using the mass filter 339.03608 with 
the mass tolerance of 2.5 ppm, suggesting that two isomers with aromatic 
hydroxylation have formed in the in vitro experiment (II). The [M+H]+ was 
isolated using quadrupole isolation (m/z 70-400) and collided using High 
Energy Collision Dissociation (HCD) 60 %. The EIC for m/z 339.03608 and 
the mass spectra including proposed structures for fragment of the 
corresponding peaks are presented in Figure 8. The peaks at m/z 154.07738 
and 226.98309 are considered to be specific ions for TPAO and the peaks at 
m/z 170.07221 and m/z 242.97803 were most probably generated from 
[M+H]+ of TPAO-OH, where the aromatic hydroxylation has occurred in 
aromatic ring. These types of metabolites were identified for Clark I, PDCA, 
and Adamsite as well (II).  

 

 
Figure 8. EICs for hydroxylated triphenylarsine oxide (TPAO-OH) (A) and 
MS/HRMS spectra for two isomers of TPAO-OH (B) and (C). 
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5.5 TOXICITY STUDIES

In this study, the toxicity of DPA and its major metabolite DPA-SG were 
assessed using the NRR test. DPA was selected as a test compound since it has 
been found in marine biota tissues living in the vicinity of dump sites (I, IV, 
VI) while DPA-SG was selected because it has been demonstrated to be the 
major metabolite of DPA using in vitro models (II, VI).  The cytotoxicity of 
DPA-SG turned out to be ca. 200 times higher than that of the parent 
compound DPA. The results of the cytotoxicity assessment of DPA and DPA-
SG are presented in Fig. 8. The half maximal inhibitory concentration (IC50)
values were determined to be 297 mg L-1 and 1.30 mg L-1 for DPA and DPA-
SG, respectively. 

Fig. 8. DPA and DPA-SG dose-response curves with fitted 4-parameter logistic 
curves used to calculate the IC50 values. Note the logarithmic x-axis.
(reproduced from study V)

Similar results have been obtained when cultured human hepatocarcinoma 
cells were applied showing that the cytotoxicity of DPA-SG is 1000-fold higher 
compared to DPA [48]. The same study suggested that other exogenously 
added sulfhydryl (-SH) compounds enhanced cytotoxic effects of DPA. When 
an arsenic compound with oxidation state five (+V), such as DPA, reacts with 
GSH, arsenic is reduced to oxidation state three (+III) while GSH is oxidized 
to glutathione disulfide (GSSG) [75]. Despite that several investigations have 
stated that the toxic properties of DPA are increased when conjugated with 
GSH, the toxic principle of interaction of DPA-SG is still unknown [48], [50], 
[51].
Although the purpose of metabolism is to transform the parent compounds to 
more water soluble, excretable and less toxic forms, in some cases, e.g., the 
phase II conjugates, can be more toxic compared with the parent compound
[76]. 



 

55 

When the toxicity of 10 arsenic containing CWAs and their primary 
degradation products was done by using an immobilization test for Daphnia 
magna, DPA was deemed non-toxic as the concentration level of exposure was 
ca. 100 mg L-1 [18]. The reason for the non-toxic response of DPA can be due 
to the limited uptake of DPA by test organisms, or their incapability to 
metabolize the chemicals, thus not generating the highly toxic intermediates 
such as GSH conjugates.  

 

5.6 DEGRADATION PRODUCTS IN MARINE SEDIMENT 

5.6.1 SCREENING OF BIOTRANSFORMATION PRODUCTS 
 
One of the objectives of this research was to investigate whether phenylarsenic 
CWAs presence in marine sediment for decades form previously unknown 
degradation products (III).  Selected sediment samples from the MODUM, 
CHEMSEA, and DAIMON projects were screened in the full scan mode in 
mass range of m/z 70-600 using the non-targeted screening method by 
UHPLC-HRMS. The tentative identification of detected compounds found in 
the sediment samples was based on the molecular mass, the proposed 
elemental composition generated by the data acquisition software, and 
retention times of detected compounds. The proposed structure, the elemental 
composition, measured mass, mass difference compared to the theoretical 
value, the retention times of detected chemicals, as well as relative abundance 
of isotope 34S for sulfur-containing chemicals, are presented in Table 18.  

 
In total, 14 previously undescribed CWA-derived phenylarsenic compounds 
were detected. All phenylarsenic CWAs which have been dumped in the Baltic 
Sea area formed sulfur-containing analogues of their primary degradation 
product. Additionally, methylated forms of Clark, Adamsite and PDCA were 
detected as well as hydroxylated degradation products, where hydroxylation 
has occurred into phenyl ring. These chemicals have not been reported in the 
marine sediments before, but in the terrestrial environment the existence of 
methylated phenylarsenic chemicals derived from CWAs have been verified 
during previous researches [8], [77]. These methylated phenylarsenic 
chemicals are most probably formed by microbiological activities under 
anaerobic conditions [77], [78]. The transformation of DPA has been 
investigated in the soil cultures under sulfate-reducing conditions showing 
that DPA had decomposed into arsenate, PAA, methylphenylarsinic acid 
(MPAA), and MDPAO [79]. A paper published a year later demonstrated the 
identification of sulfur-containing metabolite of DPA, diphenylthioarsinic 
acid, formed in soil cultures [80]. 
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Table 18. Identified degradation products of CWA-related phenylarsenic chemicals in 
marine sediment. 

Proposed structure and 

elemental composition 

Measured 

mass 

[m/z] 

Mass 

difference 

[ppm]* 

Rt  

[min] 

Relative 

abundance 

of [M+2]+ 34S 

PDCA-related chemical 

 

C8H12OAs+ 

199.01034 
0.01058 0.71 - 

 

C8H12AsS+ 
214.98701 

0.02052 1.96 3.97 

Adamsite-related chemicals 

 
C12H11AsNO3+ 291.99521 0.93012 1.17 - 

 
C13H13AsNO2+ 290.01562 -0.20689 1.32 - 

 
C13H13AsNO+ 274.02084 0.29195 1.43 - 

 
C12H11AsNOS+ 291.97723 0.17125 2.57 4.44 

 
C13H13AsNS+ 289.99772 0.66890 2.92 4.16 

Clark-related chemicals 

 
C12H12AsO3+ 278.99968 0.03547 

1.57; 

1.73 
- 

 
C13H14AsO2+ 277.02040 0.09030 

1.50; 

1.64 
- 

 
C13H14AsO+ 261.0256 0.45972 1.81  

 
C12H12AsOS+ 278.98196 0.10753 3.30 3.82 

 
C13H14AsS+ 277.00275 0.28881 3.41 3.93 

Triphenylarsine- related chemicals 

 

C18H16AsO2+ 339.03594 -0.41293 
2.39; 

2.52 

 

- 

 

C18H16AsS+ 339.01842 0.30191 4.53 4.24 
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Although the determination of the concentration of detected and identified 
chemicals was not done during this research, these chemicals might have a 
significant role in the total burden caused by phenylarsenic chemicals in the 
marine environment and thus, they are posing a risk to the biota living in the 
dumping areas. When comparing the peak areas of identified methylated and 
sulfur-containing chemicals to peak areas of known target chemicals in the 
same sediment sample, it is assumable that the concentration levels are at the 
same level or even higher. 
 
These CWA-realtes chemicals formed in the marine sediment have most 
probably generated via microbiological activities. Nevertheless, elaborate 
research need to be done to prove how they have formed. If these 
biotransformation products are formed by microbiome in marine sediments, 
it’s assumable that all the intact chemicals are biotransformed to methylated, 
hydroxylated, sulfur-containing, or some yet known degradation products 
over time. In future, targeted chemical analysis methods are needed for these 
chemicals in order to study the contamination levels in the seabed caused by 
CWAs. 
 

5.6.1 IDENTIFICATION OF BIOTRANSFORMATION PRODUCTS  
 

 
Identification of detected biotransformation products was done either by 
using synthesized chemicals or using the MS/HRMS technique for the 
structure elucidation. In most of the cases the synthesized chemicals were 
available, when the identification was based on criteria defined in section 
5.3.2.2. In cases where there was no synthesized reference chemical available, 
the identification of detected metabolite was based on exact mass 
measurements of [M+H]+ or [M-H]- in the full scan mode combined with 
structure elucidation by MS/HRMS measurements.  
 
The proposed fragmentation pathways for methyldiphenylarsine sulfide, 10-
methyl-5H-phenarsazinine sulfide, dimethylphenylarsine sulfide, and 
triphenylarsine sulfide are shown in Figure 9. All fragments are present in the 
spectra of corresponding compounds with the mass accuracy of 1 ppm (III). 
As seen in Figure 9, those compounds which have analogous structures, form 
the same fragments which strongly indicates that the detected chemicals are 
similar to each other. For example, fragments at m/z 226.98365 and 
154.07770 are typical for phenylarsenic compounds, and they are also detected 
in studies II and VI when methylated CWA-related chemical have been 
identified.  
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6 SUMMARY OF RESULTS 

This is the first study providing information on bioaccumulation and 
metabolism of CWA-related phenylarsenic compounds in marine biota. The 
analytical methods developed in this study were linear, accurate, reproducible, 
and hence, applicable to use to measure CWA-related phenlyarsenic 
compounds at low concentration levels in marine biota samples. A total of 
more than 300 different marine biota samples caught from three different 
known dumping areas were analyzed revealing that CWA-contaminated 
marine biota species could be found in all those studied dumping areas.  
In this study, the metabolism of CWA-related phenylarsenic chemicals were 
examined using different in vitro models in order to get the information  on 
how these chemicals are biotransformed in fish after uptake. Previously 
undescribed metabolites were identified and some of them have already been 
found in fish samples caught from dumpsite leading to the conclusion that 
persistent metabolites of phenylarsenic chemicals should be taken into 
account in future when analysing phenylarsenic chemicals in marine biota.  
The information gained from the metabolism studies conducted with S9 
fraction was further used when the toxicity of the major metabolite of DPA was 
studied in order to investigate in RTL-W1 cell line, whether fish are facing 
enhanced toxicity after uptake. Based on the in vitro studies, reactive 
metabolites are generating as a result of metabolism of CWA-related 
phenylarsenic chemicals which might lead to enhanced toxic properties of 
these chemicals. 
In total, 14 previously undescribed CWA-related phenylarsenic degradation 
products present in marine sediment were detected and identified. Methylated 
and sulfur-containing degradation products of Pfiffikus, Adamsite and Clark 
I/II were found in analysed sediment samples. In addition, hydroxylated 
degradation products, where hydroxylation has occurred in the phenyl ring of 
these phenylarsenic chemicals, were detected in the same samples. None of 
these chemicals have not been reported in the marine sediments before and 
their impact to the marine ecosystem is yet unknown.  
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7 CONCLUSIONS 

Current knowledge on the uptake and metabolism of CWA-related 
phenylarsenic chemicals by marine biota is based on the research done during 
this thesis. Analytical methods developed in this study are sufficiently 
sensitive for detection of CWA-related phenylarsenic chemicals in complex 
matrices. High resolving power and high mass accuracy provided by HRMS 
enabled reliable detection of target chemicals at very low concentration levels 
when reference chemicals were available. Further using non-targeted 
screening and screening of suspects from biota and environmental samples 
without availability of reference chemicals was proven valuable. OT-HRMS 
enabled the reliable identification of known metabolites and previously 
undescribed biotransformation products in in vitro studies and marine 
sediment samples by high spectral accuracy with decreased matrix 
background effects and assigning the exact molecular formula for detected 
unknowns.  

 
The results presented in this thesis contribute to the risk assessment related 
to the issue of chemical munitions by bringing out the knowledge on 
bioaccumulation, biotransformation and toxicity of sea-dumped 
phenylarsenic chemicals. The results from analysed marine biota samples are 
already entered into the DSS system being a part of the risk assessment related 
to marine munitions. However, more site-specific data for corrosion stages of 
munitions, leaking rates, sediment pollution and bioaccumulation of CWAs in 
marine biota species and their toxicity are needed for evaluating the risks 
posed by underwater munitions.  For environmental risk assessement, the 
evaluation of CWAs on model organisms are required for understanding the 
impacts of these chemicals to marine biota.  

 
Currently, the state of munitions, sediment and biota contamination or the 
health status of species living in the vicinity of dumpsite are based on the 
information obtained during the MERCW, CHEMSEA, MODUM, and 
DAIMON projects. As the munitions are in different stage of corrosion, it is 
assumable that release of the CWAs is continuing. For how long, there are no 
answer to that, but according to some estimation, it could continue for the next 
200 years.  
 
Monitoring surveys in the dumping areas are required due to the growing 
pressure for building offshore wind power stations, underwater cables and 
pipelines, as well as the sustainable perspectives regarding the state of the 
marine environment.  The list of target chemicals to be used in prospective 
monitoring campaigns in the dumping areas need to be updated based on the 
results obtained during this research. Some of the identified in vitro 



 

61 

metabolites have already been found in fish samples caught from the 
Skagerrak dumpsite which leads to the conclusion that persistent metabolites 
of phenylarsenic chemicals should be taken into account when evaluating the 
presence of phenylarsenic chemicals in marine biota. Moreover, the previously 
unknown chemicals identified in marine sediment samples most likely have a 
significant role in the total burden caused by CWAs in marine environment. 
So far, the environmental behaviour and toxic properties of these 
biotransformation products remain unknown. 
 
A new research hypothesis has generated from the results presented in this 
thesis which have led to a project WARTOX (Chemical warfare agents in the 
Baltic Sea: biotransformation products and their toxicity) funded by the 
Academy of Finland. In the WARTOX project, research methods utilized in 
this research will be used for screening, identification, and in vitro metabolism 
studies when evaluating the total burden of CWAs in marine sediment and the 
toxicity of these previously undescribed biotransformation products.  

 
In future, multidisciplinary collaboration and research projects are essential 
to gain information on the state of the munitions and their environmental 
impacts in the unique and already fragile Baltic Sea ecosystem.  
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