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ARTICLE INFO ABSTRACT
Keywords: Sea dumping of chemical warfare (CW) took place worldwide during the 20th century. Submerged CW included
Chemical warfare agents metal bombs and casings that have been exposed for 50-100 years of corrosion and are now known to be leaking.
Aquatic toxicity Therefore, the arsenic-based chemical warfare agents (CWAs), pose a potential threat to the marine ecosystems.
Organoarsenicals . . .
Sea-dumped chemical munitions The am.l of. this research V\{a§ to.support a need for real-data I.neasurements .for accurate r.1s.k assessmen.ts .and
PDCA categorization of threats originating from submerged CWAs. This has been achieved by providing a broad insight
Lewisite into arsenic-based CWAs acute toxicity in aquatic ecosystems.
Clark I Standard tests were performed to provide a solid foundation for acute aquatic toxicity threshold estimations of
Adamsite CWA: Lewisite, Adamsite, Clark I, phenyldichloroarsine (PDCA), CWA-related compounds: TPA, arsenic tri-
TPA chloride and four arsenic-based CWA degradation products.
Despite their low solubility, during the 48 h exposure, all CWA caused highly negative effects on Daphnia
magna. PDCA was very toxic with 48 h D. magna LC50 at 0.36 pg x L' and Lewisite with EC50 at 3.2 pg x L.
Concentrations at which no immobilization effects were observed were slightly above the analytical Limits of
Detection (LOD) and Quantification (LOQ). More water-soluble CWA degradation products showed no effects at
concentrations up to 100 mg x L%
1. Introduction which arsenic-based CWAs accounted for over 12 % (SIPRI, 1971). Be-
tween 1939 and 1945 about 13,000 metric tons of Clark I (DA), Clark II,
Worldwide stocks of chemical warfare agents (CWAs), right after the Adamsite (DM) and the arsine oil (a mixture of phenyldichloroarsine

end of the World War II in 1945, reached about 500,000 metric tons, of (PDCA), DA, triphenylarsine (TPA) and inorganic arsenic trichloride
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(AsClg)), were produced by Nazi Germany (Makles and Sliwakowski,
1997), accounting for about 20 % of its total production at that time.
Between 1922 and 1945 about 21,000 metric tons of Lewisite (L) were
produced by US, which accounted for about 14 % of the total production
in this period (Krauze and Nowak, 1984; Smart, 1997). Significantly
smaller amounts of arsenic-based CWAs were found in the post-war
stocks of Japan, Italy and Great Britain (Makles and Tyszkiewicz.,
1992; Zanders, 1997). Problematic in safe storage and disposal (Pitten
et al., 1999) the chemical warfare (CW) posed a high risk for human
health on land. It is estimated that up to 60 countries possessed chemical
munitions, out of which 40 had chosen sea dumping as the quickest and
efficient method of their disposal at that time (DEPA, 2010). Sea
dumping of Lewisite by U.S. forces in the Atlantic Ocean “somewhere”
between England and the United States in 1918 was the earliest recorded
offshore disposal of CWAs or chemical munitions (Bearden, 2001). In
general, among other types of weaponized compounds, the unused loads
of arsenic-based CWAs were dumped worldwide into the seas, conti-
nental shelves and ocean deeps, with several reported operations in
rivers and lakes (Smart, 1997; Long, 2009; Radke et al., 2014). Globally,
there are 127 documented chemical munitions dumpsites, however, it is
estimated that their number exceeds 300 (James Martin Center for
Nonproliferation Studies, 2019).

Since 1920, up to 35,000 metric tons of CW including arsenic-based
CWAs from WWI and WWII were sea dumped close to the Belgian coast
(Francken and Hafez, 2009). A significant part of it was dumped in a
sandy shallow shoal called Paardenmarkt and Zeebrugge (Missiaen and
Henriet., 2002), while several minor Belgian operations took place from
1954 to 1980 in the Bay of Biscay (Zanders, 1997). France dumped
about 1700 barrels with CWAs in the Bay of Biscay and approx. 24,000
metric tons of chemical munitions in the Mediterranean Sea. It is also
suspected that due to their operations, there are several sunken vessels
filled with chemical munitions in the Skagerrak (Konopski, 2009). Post
WWII sea-dumping operations of the German chemical arsenal were
performed under the guidance of the Potsdam Conference, by US (Bay of
Biscay), Great Britain (Skagerrak) and by the Soviet Navy between 1945
and 1948 in the Baltic Sea. At least 3761 tons of Lewisite, Adamsite and
Arsine Oil were sunk mainly in the Bornholm Deep and in the Gotland
Deep (Makles and Sliwakowski, 1997). Less than a ton of Adamsite, has
been additionally disposed in Bornholm Basin between 1952 and 1965
by East Germany (Knobloch et al., 2013). In addition to this, the unof-
ficial dumping site in Gdansk Deep was confirmed (Szarejko and
Namiesnik, 2009; Betdowski et al., 2016). The dumping operations of
Russian stocks were carried out in the areas of the White Sea (in the
1950s), around the Nova Zemlya, Okhotsk, Kara and Barents Seas (be-
tween 1945-1982), the Japanese Sea (1960-1961) and the Black Sea (in
1942 and 1990), unfortunately, the quantitative data is not known
(Blackwood, 1999). Between 1945 and 1948 Great Britain dumped
about 175,000 tons of own chemical weapons in the Atlantic Ocean on
the western coast of Ireland, in Bay of Biscay, in Skagerrak, in Beaufort’s
Dyke and also during 1955-1959 in Internal Hybrids (Missiaen and
Henriet., 2002; Carton and Jagusiewicz, 2009). Between 1918 and 1970
the USA dumped about 350,000 metric tons of unused chemical muni-
tions into the seas and oceans (Carton and Jagusiewicz, 2009). In 1946,
1948 and 1955, the US have disposed their own stocks, including sig-
nificant amounts of post-reaction mixture from the destruction of
Lewisite and pure Lewisite in the Gulf of Mexico (Blackwood, 1999).
Overall, more than 9900 metric tons of Lewisite and 505 metric tons of
AsCl3 were also dumped in at least 11 sites in the Atlantic Ocean (Bull,
2005; DEPA, 2010). More than 3000 metric tons of Lewisite were
dumped in the Pacific Ocean, at Alaskan and Hawaiian coasts (DEPA,
2010; Edwards et al., 2016). Canada destroyed post-war CWAs, dump-
ing it into rivers, lakes and oceans. In 1946, in the Atlantic, southeast of
Halifax, in Nova Scotia, and also in the Pacific, west of Vancouver Island
in British Columbia, Canada dumped over 27,000 tons CWAs, however,
mainly sulfur mustard (Konopski, 2009). In the same time, Australia
dumped CWAs, mainly Yperite and arsenic-based CWAs near the coast of
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New South Wales (Konopski, 2009). It is estimated that Australia
dumped over 21,000 metric tons of CWAs on their east coasts (Walker,
2012). From 1945-1948 Japan had dumped over 6600 metric tons of
CWAs, mainly bombs filled with sulfur mustard, Lewisite and hydrogen
cyanide (Walker, 2012). As the key feature for each of the CWAs was a
recognized toxicity for humans and terrestrial organisms (Munro et al.,
1999), therefore the sea-dumped chemical munitions became a potential
threat to the aquatic ecosystems.

During over a decade of pioneering research on sea dumped CW, first
foundations have been laid to understand the impact of CWAs on aquatic
ecosystems (Sanderson et al., 2010; Greenberg et al., 2016; Betdowski
et al., 2018; Brzezinski et al., 2020; Czub et al., 2020). Submerged CW
included metal bombs and casings that have been exposed for 50-100
years of corrosion and started leaking (Tgrnes et al., 2006; Betdowski
et al.,, 2016). At several Baltic Sea dumpsites, the presence of the
arsenic-based CWAs and their degradation products in sediments and
pore water has already been confirmed (CHEMSEA, 2014; Vanninen
et al.,, 2020). Arsenic was believed to be a possible proxy for CWA
leakage to the environment, however, studies in the Baltic Sea did not
indicate observations of its elevated levels in the dumpsites (Czub et al.,
2018). Yet, the variation of arsenic concentration coming from anthro-
pogenic inputs from other sources is too big to determine the magnitude
of pollution generated by munition dumpsites (Sanderson et al., 2013).
Results obtained during the EU Interreg Baltic Sea Region project
DAIMON (“Decision Aid for Marine Munitions”), including reports by
Niemikoski et al. (2017), indicate that degradation products of
arsenic-based CWA are entering the Baltic Sea food webs. Latest findings
report negative effects on the subcellular and functional levels caused by
the exposure of blue mussel - Mytilus trossulus to DA and DM (Hoher
etal., 2019). Unfortunately, there are still gaps in the general knowledge
about the environmental toxicity of arsenic-based CWAs. This affects the
ability for scientific categorization and prediction of threats in all
ongoing risk assessments of their possible impact on marine and fresh-
water ecosystems.

The negative impact of arsenic compounds on humans and all sorts of
biota has been known for centuries (National Research Council, 1977;
Eisler, 1988; Shaw et al., 2007; Ravenscroft et al., 2009; Li et al., 2018).
The aquatic conditions are, however, dramatically different from
terrestrial in a way that could possibly alter the effects of CWAs on the
aquatic biota (HELCOM, 1994). Solubility, hydrolysis and oxidation are
among various factors that shape the fate and bioavailability of a
chemical compound in aquatic ecosystem. Water-solubility of many
arsenic-based CWAs is considered to be low, thus, without any targeted
studies, their toxic properties for the aquatic fauna could be considered
as non-exceptional among other arsenic compounds. In general, the
toxicity of arsenic compounds follows a given rank: inorganic As'™ >
organic As™ > organic As" (Flora, 2015). As for now the only available
aquatic toxicity thresholds of selected arsenic-based CWAs have been
modelled for Daphnia magna in the Ecological Structure Activity Re-
lationships (ECOSAR) predictive aquatic toxicity model, based solely on
physical and chemical parameters of each compound (Sanderson et al.,
2007). More recent research focused on toxicity thresholds estimation
for DPA [, showing potentially harmful/ non-toxic effects for D. magna
(Storgaard et al., 2018) and several arsenic-based CWA degradation
products using the Microtox™ bioluminescent bacterial test (Chris-
tensen et al., 2016).

The aim of the current study was to provide a broaden insight into
aquatic acute toxicity of arsenic-based CWAs and their degradation
products by using the D. magna as the test organism. D. magna is a model
aquatic species in multiple ecological and ecotoxicological studies. The
lack of basic toxicity data for arsenic containing CWAs, based on stan-
dard tests can be a critical gap in risk assessment of chemical munition
dumpsites (Fauser et al., 2018). This paper aims to provide the
laboratory-test-derived acute toxicity thresholds for those substances,
which could be utilized in improvement of risk assessment derivations
and further analyses of chronic toxicity and sublethal effects of CWAs on



Table 1

List of tested compounds, including their detections (+ / -) by CHEMSEA, MODUM and DAIMON projects (CHEMSEA, 2014; Nawata et al., 2016) and published analytical measurements (Soderstrom et al., 2018- [1];

Missiaen et al., 2010 — [2]; Popiel et al., 2014 - [3]).

Physico-chemical parameters

Detection in the Baltic Sea

NATO CAS# Formula Type / Source
Solubility in water ~ Vapour Pressure Sediments (dry weight) Pore Water
Adamsite DM 578-94-9 CLED CWA / Dumped as such 0.064 g x L™ Adamsite — related Bornholm Deep: -
10-Chloro-510 dihydrophenarsazinine i <500 ug x kg [1]
Phenarsazinic acid DM[ox] 4733-19-1 d"b Degradation product of DM +
N
CWA-related compound; Soluble and
Arsenic trichloride AsCl3 7784-34-1 m’i‘m CWA-precursor reacts 11.65 mmHg (25 °C) NA NA
/ Component of arsine oil (hydrolysis)
Clark I " . . 1 Bornholm Deep: -
Diphenylchloroarsine DA 712—48-1 o0 CWA / Component of arsine oil 0.2g x L Clark 1 related 116,400 ug x kg [1], [2]
) L. A _ o o Degradation product of DA B Gdarnsk Deep:
Diphenylarsinic acid DPA[ox] 4656—80-8 sae! and Clark IT Below LOQ [1], [2] +
Lewisite . .
2-chloroethenyl L 541-253 w®  CWA/Dumped as such 05gxL! 0.58 mmHg (25 °C) S;iag::::egr"d“m :,Zia:::z?egmdws
dichloroarsine
Practically
Phenyldichloroarsine PDCA 696—28-6 O’i CWA / Component of arsine oil insoluble, 0.033 mmHg Bornholm Deep: -
reacts PDCA - related 50 — 6000 ug x kg~ ! [1], [2]
Phenylarsonic acid PDCA[ox] 98-05-5 O“"-Tu Degradation product of PDCA Low +
Bornholm Deep:
4.2-38,800 ug x kg~ [1], [2]
Gdarisk Deep: Bornholm Deep:
. . CWA-related compound ., 6.2 - 201.8 ug x kg ! [3] 3-112pug x L' [3]
Triphenylarsine TPA 603-327 O’(EO / Component of arsine oil Low 8.7 mmg (220 °C) Gotland Deep: Gdarnisk Deep:
1.3-3.1 ug x kg1 [3] 12 - 202 ug x kg™ [3]
Stupsk Farrow:
19.5 ug x kg™ [3]
Triphenylarsine oxide TPAO 1153-05-5 d»-% Degradation product of TPA

+

NA - Not Analyzed; Below LOQ - below Limits of Quantification.

o 32 qnzd ‘W

£69501 (1202) 05 A30j091x0 L, supnby
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the aquatic species.
2. Methods

2.1. Test design

The Organisation for Economic Co-operation and Development
(OECD) Test No. 202: “Daphnia sp. Acute Immobilisation Test” (OECD,
2012) was applied to test the toxicity effects of 10 substances, most of
them previously detected in sediment samples from the Baltic Sea CWA
dumpsites (Table 1). The list includes four CWA intact compounds: L,
DM, DA (also known as Clark I), PDCA (also known as “Pfiffikus”), two
CWA-related compounds: TPA, AsCl3 and four CWA degradation prod-
ucts: phenarsazinic acid (DM[ox]), diphenylarsinic acid (DPA[ox]),
phenylarsonic acid (PDCA[ox]) and triphenylarsine oxide (TPAO). All
tests were performed using either the third, fourth or fifth clutch of
D. magna individuals (aged less than 24 h) of a clone (DMB) originating
from Grosser Binnensee (Germany), a coastal lake with temporal in-
trusions of saltwater from the Baltic Sea. The D. magna clone is main-
tained in permanent stock culture of the Department of Hydrobiology at
University of Warsaw. To fit the requirements of the OECD Test, a range
from five to nine tested concentrations per substance was arranged to fit
a geometric series with a separation factor of 2.0. Batch-culture design of
experiment was applied. The experiments were conducted in beakers
filled with 0.1 L of either tested solutions, medium (control) or solvent
control. Each treatment consisted of four replicates (beakers). An equal
number of unfed animals (5-8) were kept in each replicate for 48 h.
Borosilicate glassware was used to minimize adhesion of tested sub-
stances. After spatial randomization the beakers were covered using a
filtering paper to prevent contamination by dust.

To comply with the test validation criteria, all biotests were run in a
water bath at a constant temperature of 21.0 + 0.5 °C. The tests were

Aquatic Toxicology 230 (2021) 105693

performed under 16:8 L:D cycle. Light intensity was measured using a
Li-Cor Biosciences® (USA), 189 quantum sensor measuring radiance
and was constant during all the performed tests (0.27 — 0.36 pmol x m ™2
x s~ 1). Dissolved oxygen concentrations were measured using an YSI
ProODO® (USA) hand-held dissolved oxygen meter, while pH was
measured using Mettler Toledo® (Switzerland) F20-Standard FiveEasy
Benchtop F20 pH/mV Standard Kit with LE438 sensor. Both variables
were measured in all control beakers and in all the highest concentra-
tions at the beginning and at the end of each experiment. In order to
validate the overall data acquisition and to account for possible time
effects, each of the tested CWAs was tested twice, which provided two
independent dose-response curves for each substance. Basic chemical
and physical parameters of water used for the preparation of experi-
mental media (pH, conductivity, temperature and salinity) were moni-
tored using YSI EXO1 (USA) probe. Additional analysis of the total
organic carbon (TOC) of the medium were performed using Multi N/C®
3100 analyser from Analytik Jena AG (Germany).

2.2. Preparation of solutions

TPA (99 %) and TPAO (98.5 %) were purchased from Sigma Aldrich
(St. Louis, USA), AsCl3 (98 %) was purchased from Alfa Aesar (Ward
Hill, USA). L, DM, DA, PDCA, DM[ox], DPA[ox] and PDCA[ox] were
synthesized at Military University of Technology in Warsaw in small
amounts, with a purity of 98 %. Stock solutions were prepared by dis-
solving known amounts of tested compounds (in few cases using soni-
fication to ensure that dissolving was complete) in medium that was
filtered through Whatmann (UK) GF/C glass fiber filters and aerated for
at least 48 h before use. The medium was the same conditioned lake
water that is being used for D. magna stock cultivation and reproduction
in facilities of the Department of Hydrobiology at University of Warsaw.
Medium was filtered through Whatmann (UK) GF/C fibreglass filters

Table 2
Validation of selected parameters of GC-MS/MS and LC-MS/MS methods used for analysis of tested chemicals.
Analysis method Parent ion Transition CCE LOD LOQ Recovery
[m/z] precursor ion/ [eV] [ug x L1 [ug x L1 [%]
product ion
DM LC-MS/MS 242 242/167 36 0.2 0.6 100
242/77 48
242/139 68
DM[ox] LC-MS/MS 276 276/77 80 1.2 3.6 100
276/51 136
276/127 56
AsCl3 GC-MS/MS 300 300/225 10 1.7 5.1 92
after thioestrification 300/183 8
300/117 5
DA GC-MS/MS 261 261/183 13 0.8 2.4 91
after thioestrification 261/107 10
74/46 17
DPA[ox] LC-MS/MS 263 263/91 80 2.7 8.1 100
263/151 48
263/245 12
263/116 56
L GC-MS/MS 286 286/176 10 0.2 0.6 89
after thioestrification 286/43 15
286/165 10
PDCA GC-MS/MS 227 227/107 13 0.3 0.9 93
after thioestrification 302/259 5
227/185 9
PDCA[ox] LC-MS/MS 203 203/77 24 2.5 7.5 100
203/50 192
203/91 24
TPA GC-MS/MS 152 152/77 30 0.1 0.3 95
306/152 5
152/51 35
TPAO LC-MS/MS 323 323/152 60 0.3 0.9 100
232/227 36
232/126 148

CCE - Collision cell energy; LOD — Limit of Detection; LOQ — Limit of Quantification.
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and aerated for at least 48 h before its use. Because of low solubility of
TPA in water, in one repetition it had been dissolved in acetone
(Chempur, Poland, 99.5 %) prior to the preparation of experimental
media. Constant volume of acetonic solution of TPA was used to prepare
medium for each concentration (100 pL per 0.1 L of water) and for
solvent control treatment (100 pL of acetone free of TPA per 0.1 L of
water). The resulting acetone concentration in experimental media was
below the D. magna 48 h LCsg threshold concentration of 9218 mg x L™}
and NOEC at 403 mg x L1 according to Cowgill and Milazzo (1991).

2.3. Chemical analyses

Several series of gas chromatography-tandem mass spectrometry
(GC-MS/MS) and liquid chromatography-tandem mass spectrometry
(LC-MS/MS) analyses were performed to provide real-data concentra-
tions for the most accurate estimation of the toxicity thresholds (Nawata
et al., 2016). Analysis were performed in two ways: intact analyses by
GC-MS/MS and intact analyses by LC-MS/MS. The SRM (selected ion
monitoring) transition were shown in Table 2. Analytical values of all
tested concentrations of were determined by either GC-MS/MS or
LC-MS/MS at the beginning and at the end of all experiments in order to
determine time related variations at each concentration. All measure-
ments were repeated at least five times and the results were standardized
according to Q-Dixon test.

Analysis were performed in three ways: analyses of intact chemicals
by GC-MS/MS, analyses of degradation products by LC-MS/MS and
GC-MS/MS analyses after derivatization (Table 2). GC-MS analyses
were performed with Agilent Technologies 7890A gas chromatograph
coupled with Agilent Technologies 7000 GC-MS Triple Quad tandem
mass spectrometer (MS/MS). The mass spectrometer was operated in the
electron impact (EI) mode. The quantitative analyses of analytes by
GC-MS/MS were performed using multiple reaction monitoring (MRM)
mode. The analysis was completed using a BP-5 capillary column
(30 m x 0.25 mm x 0.25 ym) from SGE Analytical Science (Mulgrave,
Australia), and was carried out using the following temperature pro-
gram: the column was heated from 70 to 250 °C at a rate of
20 °C x min~! and the final temperature was maintained for 1 min.
Helium was used as the carrier gas and the gas flow rate was
1 mL x min~'. The injector temperature was 250 °C. The temperatures
of the transfer line, ion source and quadrupoles were 250, 230 and
150 °C, respectively. During the analysis, the injector was in the splitless
mode and the assigned solvent delay was 2.5 min. The Agilent Mass
Hunter software was used to obtain chromatograms and to collect
quantitative data. Agilent Mass Hunter Quantitive Analysis was used for
chromatograms processing. In case of intact compound analysis of L, DA,
PDCA and TPA, the liquid-liquid extraction was performed. Samples
(6 mL) were transferred into a falcon tube where 2 mL of dichloro-
methane (DCM) were added. After 30 min of shaking at 2000 rpm, the
organic layer was transferred to a different falcon tube and was dried
with anhydrous magnesium sulfate (MgSOj4). In the following step, the
samples were analysed by GC-MS/MS. The recoveries of the compounds
were between 75-90 %. Due to the high values of the limit of detection
(LOD) and the limit of quantification (LOQ) of DA, PDCA and L in their
intact form a propanothiol derivatization was applied, for the additional
analyses. The same method was applied for AsCls, using liquid-liquid
extraction combined with a simultaneous derivatization as a method
of quantification. Samples (6 mL) were transferred into a falcon tube
where 2 mL of hexane and 0.5 mL of 1 M hydrochloric acid (HCI) were
added. After 60 min of shaking at 2000 rpm, the organic layer was
transferred to a different falcon tube and was dried with anhydrous
MgSOy. In the following step, the sample was analysed by GC-MS/MS.
The recoveries of the compounds were between 80-90 %.

LC-MS/MS analysis were performed with the Agilent Technologies
1260 Infinity liquid chromatograph equipped with a tandem mass
spectrometer Agilent Technologies 6460 Triple Quad LC/MS using the
MRM mode. Reversed-phase gradient separation was achieved on an SB-
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C18 column (2.1 x 100 mm, 1.8 ym). The mobile phase was 0.1 %
formic acid in water (A) and 0.1 % formic acid in methanol (B). The
following multigradient steps were used: 5% B, increased to 100 % after
5 min and held for 5 min, and returned to 5% B. The column was kept at
30 °C and the injection volume was 10 uL. MS detection was carried out
using atmospheric pressure chemical ionization (APCI) in the positive
ion mode. The following operating conditions were used: drying gas
temperature 350 °C, vaporizer temperature 400 °C, drying gas flow
5mL x min~}, corona current 5 uA, capillary voltage 3.5 kV, nebulizer
pressure 35 psi and fragmentor voltage 80 V (Table 2). Datasets were
collected and handled via Muss Hunter Acquisition and Quantitative
Analysis (Agilent Technologies). DM, DM[ox], DA[ox], PDCA[ox] and
TPAO samples were filtered through the syringe filter with 0.15 pm pore
size and no additional sample preparation was required.

2.4. LCy, ECy and NOEC estimation

Immobilization and mortality of D. magna were recorded after 24 and
48 h by visual inspection of each beaker. Distinction between dead and
immobilized animals was on the basis of behaviour (moving of filtering
appendages) and post-mortem features of D. magna (e.g. whitening,
unnatural body position). LCso values were estimated based on the
observed mortality while EC5 values were estimated based on a sum-
marized observed mortality and immobilization among organisms per
tested concentration. NOEC is represented by the highest analytical
value of concentration at which no immobilization effects were
observed. Toxicity thresholds estimations were based on results from all
the successfully performed biotests. Analytical values of initial concen-
trations of the test compounds in the test media were selected for further
processing. Dose-response curves were created using the drc and ggplot2
packages in the R Studios software (Ritz et al., 2015). LCsqg, ECso, EC19
and ECjs values and their significance levels were automatically calcu-
lated by the software. A significance level of a < 0.05 was applied to the
statistical analyses.

3. Results

The values of nominal and analytical concentrations correspond to
each other and more or less fit the geometric series factor of 2.0, as the
errors of all spectrometry-based measurements for each chemical ranged
between 2.1-6.0 % (Table 3). Dissolved oxygen concentrations never
dropped below 8 mg x L™ either at the beginning or at the end of all of
the 21 tests, thus significantly exceeding minimal requirements of the
test validation (3 mg x L™1). Reported pH values varied from 7.5 to 8.5
but remained stable during the test and were corresponding to the
properties and concentrations of the tested compounds. TOC values of
the medium water were 1.61 + 0.03 mg x L1

With no observed mortality nor immobilization in any of the control
nor solvent control treatments, all tests met the OECD validation
criteria. To validate the overall data acquisition, tests were repeated in
order to create a doublet of results (Fig. 1). The majority of the tests
provided statistically significant (p < 0.001) dose-response curves
(Table 3). Except for TPA, the estimates of each toxicity threshold
matched between each repetition (Table 3). A 100 % mortality was
noted for all four CWA compounds, and one CWA-related compound:
AsCls, however, all of them, including TPA, resulted in 100 % immo-
bilization of D. magna at the highest concentrations (Fig. 1). Therefore,
values from the tests where the lowest concentrations in which lethal
and immobilization effects had been observed or had a lower p value of
the toxicity threshold were considered as meaningful (Table 3), and
subsequently were used for comparison with existing data from different
biotests (Fig. 2).

PDCA turned out to be the most toxic among all the tested substances
with the acute toxicity threshold in a concentration as low as
0.355 + 0.03 pg x Lt (ECs0). Thresholds of L, DA and DM are
approx. x 10 to x200 times higher, however, still at the very toxic level



Table 3

Results from OECD 202: Daphnia magna Immobilization Tests performed on 10 arsenic compounds at MUT laboratories. Numbers in Conc column represent the amount of tested concentrations during each test; Indv./Tot.
- number of organisms per repetition and the total number of D. magna individuals used in the test, while Roman letters in the upper index represent the generation of the cohort. O, — mean Oxygen concentration and mean
pH measurement in vessels with a highest tested concentration (A) at the beginning (0 h) and at the end (48 h) of the experiment. Concentration (A) - values of the highest analysed concentration (0 h - initial 48 h - final);
A represents time-related difference; Error indicates the standard error of performed chemical analyses. Bolded CWA LCso and ECs values are the most trustworthy with either effects in lower concentrations or dose-
response curve characterized by stronger statistics *~p < 0.001 while®—p > 0.1. EC1 and ECs are estimated values at which tested compound had negative effects on either 10 % or 5% of population. NOEC is a highest

concentration in which no observable effects were reported.

OECD 202: Daphnia magna Immobilization Test

O, [mg x L pH Concentration (A) [ug x L Toxicity thresholds
Date Conc Indy./ Tot. lug x L1
Oh 48h Oh 48h Oh 48 h A Error  LCso ECso ECio ECs NOEC

Adamsite 31.01.18 5 8/192%V 91 89 85 85 3243 315.6 97.3% 49% 74.63+5.63% 71.53+6.88° 21.54 + 3.37 17.10 + 3.26 Very toxic
29.06.18 5 8/192W 55.60 + 3.97 %  44.42 +3.54?

Phenarsazinic acid 14.12.18 9 8/320™ 95 93 84 85 992272 977829 985% 6.0% 99227 + 5953  Non-toxic
15.12.18 5 8/192"

Arsenic trichloride 23.11.17 5 5/100Y 91 83 79 85 48320.0 47130.0 975% 21% 7915+586° 6086+4336° 9355+ 478 8 875 + 555 6 240 + 370 Harmful
09.10.18 5 8/192"V 11625 +172% 10921 + 2902

Clark I 25.10.17 9 8/320™ 89 88 85 85 55364 5378.3 971% 41% 37.02+5.10° 37.02+5.10° 29.20 + 10.69  23.75 + 3.74 20.42 + 1.45 Very toxic
29.06.18 5 8/192™ 3820+0.20% 38.20+0.207

Diphenylarsinic acid ~ 05.12.18 8 8/288M 90 85 7.7 75 990639 975771 989% 2.9% 99064 + 3170  Non-toxic
08.12.18 5 8/192"W

Lewisite 27.01.18 6 8/224™m 104 87 85 86 9347 912.4 97.6% 35% 11.88+1.02% 10.21 +0.68% 1.28 +0.17 1.20 + 0.17 1.17 + 0.05 Very toxic
27.06.18 5 8/192 32040307 251+020%

Phenyldichloroarsine  31.01.18 5 8,192 92 86 85 84 812 8.01 986% 41% 0.36+0.00% 0.36+0.00? 0.14 + 0.06 0.10 + 0.05 0.09 + 0.01 Very toxic
29.06.18 5 8/192"W 0.21+0.10% 0.17+0.20"

Phenylarsonic acid 08.12.18 9 8/320V 94 92 7.7 81 995467 98451.7 98.9% 4.0% 99547 + 3938  Non-toxic
10.12.18 5 8/192M

Triphenylarsine 21.06.18 5 8/192V 89 88 79 7.9 39821 3956.9 99.4% 3.3% 3808+346° 19924502 1758 + 1220 1684 + 1569 1002 + 61 Toxic

in water
Triphenylarsine 06.04.20 5 8/192V 84 80 79 80 799.3 781.2 97.7% 55% 220.75+15% 15291 +16.34° 138.89+17.14 118.65+18.10 81.12+6.32 Very Toxic
in acetone

Triphenylarsine oxide 28.11.17 5 8/192™ 90 88 81 80 101821.1 1007423 986% 3.7% 101 821 £ 3767 Non-toxic

21.06.18 5 8/1921

o 32 qnzd ‘W

£69501 (120Z) 0£Z A301091x0 ], ouDNbYy
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Fig. 1. Diagrammatic representation of the dose-response curves from two test repetitions of four analysed arsenic-based CWAs and two CWA-related compounds
that showed immobilizing or lethal effects on D. magna during the 48 h of exposure. No CWA degradation products caused any observable effects; therefore, they are
not represented in this figure. Results that served as a basis for EC and LC calculations are visualized as solid lines and points, while the repetitions as dashed lines and
circles. Dose-response curve for TPA that was dissolved in water is visualized as solid line and points, while dose-response curve for TPA that was dissolved in acetone

is visualised as dashed line and circles.

(ECso < 1mg x L™1), which places them all among very hazardous
aquatic xenobiotics. TPA is toxic (ECs9 < 10 mg x L) while the inor-
ganic AsCls is only potentially harmful (ECsp < 100 mg X L71). The
majority of the tested compounds had a low solubility in water, but it
was only TPAyater that resulted in D. magna LCsg value at 3 808 + 346
pg x L1, almost at its maximum solubility (Fig. 1). When diluted in
acetone, the TPAjcetone LCs0 and TPAycetone ECso were respectively
approx. x 20 and x10 lower than the values from the tests without
solvent, thus TPA should be classified as very toxic with LC50 and EC50
values below 1 mg x L1,

4. Discussion

Values of all measured environmental variables met the validation
criteria of the test (OECD, 2012), therefore the obtained results provide
a solid foundation for the acute aquatic toxicity threshold estimations of
all investigated compounds. Contrary to earlier assumptions, we have
found that all tested arsenic-based CWAs induced stronger toxic effects
on D. magna than sulfur mustard (Czub et al., 2020). Four tested triva-
lent organic arsenic compounds (PDCA, L, DA and DM) exhibited
extremely high levels of toxicity and the inorganic trivalent AsCls was
potentially harmful. However, all tested pentavalent CWA degradation
products exhibited no toxic effects (Table 3). Our approach aimed to test
the toxicity of arsenic-based CWAs to D. magna without the use of sol-
vents, to match the concentrations that can be a result of solubility and
mechanical mixing in natural sediments and pore-water. Only in one
case the acetone was used in a TPA repetition test, due to difficulties in
obtaining homogenous solutions by sonification (especially at the
maximum solubility of approx. 4 mg x L™1). It seems that without sol-
vent, at least a fraction of TPA was getting suspended rather than
dissolved.

Our results provide an extended experimental verification of the

predictions regarding toxicity of some arsenic-based CWAs made by
Sanderson et al. (2007) using ECOSAR modelling targeting D. magna
(Fig. 2). Mathematical modelling that utilizes structural similarities of a
tested compound with available D. magna toxicity thresholds and
physicochemical properties of other organic chemicals has drastically
underestimated the potential effects of DA and L while slightly over-
estimating the TPA (values matched when diluted in acetone) and TPAO
on D. magna (Sanderson et al., 2007). Comparative Microtox™ data
were available only for four tested phenylarsenic degradation products:
Christensen et al. (2016) report that PDCA[ox] was the only
arsenic-based compound that had negative effects on the test bacterium
Allivibrio fischeri. Toxicity threshold estimate for A. fischeri exposed to
TPA exceeded values obtained in our study for D. magna (Fig. 2). It re-
quires further testing whether this may indicate that aquatic prokaryotes
are less susceptible to toxic effects driven by TPA than crustaceans.
Nevertheless, our results prove that risk assessment based solely on
Microtox™ may underestimate threat posed by these compounds to
aquatic biota.

Knowledge about potential for exposure to CWA from continuous
release from corroded containers into marine ecosystems and sediments
and potential for where indication of the aquatic toxicity of the CWAs
and their continuous release from corroded containers into marine
ecosystems and sediments are likely to influence the management of CW
dump sites. In many cases multiple types of CW containing various
CWAs were dumped in relatively small areas, thus the potential effects of
CWA can be considered as a multifactor threat. At the Belgian dumpsite
in the North Sea, the analysed benthic communities do not differ
significantly from those of the surrounding area with comparable
habitat and their structural characteristics do not show any effect related
to the presence of munition (Van Tomme et al., 2007). In general, the
benthic communities at the wider dumpsite area are quite poor, with a
total absence of macrobenthos in multiple areas, due to eutrophication
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and the supply of fine-grained (mud-rich) sediments from the West-
erschelde estuary (Govaere et al., 1980; Vincx and Herman, 1989). In-
vestigations by Van Tomme et al. (2007) found a slightly higher
diversity in macrofauna at the dumpsite compared to reference samples
in the surrounding area. A possible explanation for this could be the
absence of bottom disturbing activities, since fishing and trawling is
prohibited at the dumpsite. In the so-called “Primary Dumpsite” in the
Bornholm Deep area of the Baltic Sea, sea-dumped loads of sulfur
mustard accounted for up to 80 % of 50,000 tons of CW with organo-
phosphorus or organoarsenic compounds making up the remaining 20 %
(Knobloch et al., 2013). Furthermore, the arsine oil can enhance the
potential ecological effects of sulfur mustard exposure, as it was an
essential additive to the “Winterlost” mixture used as a filling in German
winter-type mustard gas bombs (Konopski, 2009). Unfortunately, it is
almost impossible to perform ecological in situ exposure studies in that
area, since it is severely affected by eutrophication causing temporary or
permanent anoxic/ hypoxic conditions at the sea bottom (Fig. 3) and the
extension of “benthic deserts” (Feistel et al., 2008; Cartensen et al.,
2014) which are limiting the occurrence of macrofauna (Czub et al.,
2018). Moreover, under such reductive conditions, pentavalent arsenic
species can be unstable and undergo reduction into trivalent compounds
(Andreae and Froelich, 1984; Yu et al., 2016). Despite anoxic conditions,
a poor presence of meiofauna was confirmed in some of the locations
where chemical munitions were present (Grzelak and Kotwicki, 2016;
Kotwicki et al., 2016; Czub et al., 2018), nevertheless it was not possible
to distinguish in situ the effects of CWAs from the effects of anoxia.

In general, the unused and non-disposed loads of arsenic-based
CWAs were dumped worldwide into the seas, continental shelfs and
ocean deeps, with several reported operations in rivers and lakes (Smart,
1997; Long, 2009; Radke et al, 2014). The total amounts of
arsenic-based CWAs dumped into the sea were not as high as those of the
infamous sulfur mustard, commonly known as mustard gas, and they
were believed to be less dangerous in handling than organophosphorus
compounds including sarin, tabun and VX. Hence, their importance as a
possible threat for aquatic environments may have been overlooked and
underestimated. Our findings indicate that NOEC values of PDCA and
Lewisite (Table 3) are almost at the levels of detection (LOD) and
quantification (LOQ) of methods and equipment that are used in CWA
contamination detection in Baltic Sea sediments (Table 2). TPA toxicity
(Fig. 3) with thresholds values almost overlaps with the highest TPA
detections (Table 1), that were reported by Popiel et al. (2014) in
pore-water samples from CW dumpsites at Gdansk Deep (12 - 202
pg x LY and Bornholm Deep (3 — 112 pg x L™Y). The calculated
D. magna acute toxicity thresholds of Adamsite, PDCA, Clark I and TPA
(Table 3) also fall within the ranges of concentrations that are detected
in the Baltic Sea sediments (Table 1). However, due to low solubility and
adhesive effects of minerals and organic matter their bioavailability for
the free-swimming organisms may be limited, thus reducing the risk of
exposure. On the other hand, they may still pose high risk for benthic
detritivores and deposit feeders, as CWA can enter their digestive sys-
tems while feeding.

The D. magna clone used in this study originates from the Grosser



M. Czub et al.

Aquatic Toxicology 230 (2021) 105693

250km.

Bornholm Deep
Arsine Oil - related
Adamsite - related

DA - related

PDCA - related

TPA
CW Dumpsites Hypoxiczones in 2012
CWA detection

in pore-water Anoxic zones in 2012

Gotland Deep
TPA
Stupsk Farrow
TPA B Gdansk Deep
DA - related

TPA
n]

Fig. 3. Locations of deep-sea Chemical Warfare (CW) dumpsites in Baltic Sea (Czub et al. 2017) with listed arsine-based Chemical Warfare Agents (CWAs) that were
detected in pore-water in the sediment samples collected within their borders. Anoxic and hypoxic zones in 2012 are redrawn from Carstensen et al. (2014).

Binnensee, the German coastal lake which is temporarily affected by sea-
water intrusions from the Baltic Sea, thus it can be considered as
representative of both freshwater and brackish biota. If our estimates of
toxicity apply to benthic invertebrates this would indicate that such
levels of contamination may potentially affect benthic infauna. Already
in 2016, Kotwicki et al. have reported the observed statistically signif-
icant differences between meiofaunal communities in the Baltic Sea CW
dumpsites. Furthermore, detection of low concentrations of phenyl-
arsenic compounds in fish and crustaceans from the Skagerrak and the
Bornholm CWA dumpsite (Niemikoski et al., 2017, 2020) provides the
first evidence for a bioaccumulation of CWA by marine organisms. On
the other hand, Lang et al. (2018) did not find significant changes in
health status of cod (Gadus morhua) from the Bornholm CWA dumpsite
compared to reference sites considered free of munitions.

Until now, not much information was available in the scientific
literature to explain the molecular and physiologic mechanism of the
extremely high toxicity of most of the tested arsenic-based CWAs.
Lewisite has a recognized mode of action which up-regulates unfolded
protein response signalling, inflammatory response and apoptosis (Li
et al., 2016), and is a suicide inhibitor of the E3 component of pyruvate
dehydrogenase involved in the conversion of pyruvate to acetyl-CoA.
Arsenic-based CWAs may also impact aquatic organisms not only by
increased mortality due to acute effects, but also due to chronic toxicity
and changes in life history parameters, that are crucial for fitness and
reproduction. It has been found that in case of Clark I concentrations
8-fold lower than D. magna 48 h LCso induces detectable changes in

isotopic composition of tissues, fecundity, somatic growth rate and
population growth rates of D. magna, which may be of ecological sig-
nificance (Brzezinski et al., 2020). Additionally, after uptake some of the
arsenic-based chemicals will probably undergo metabolism reactions, e.
g methylation. Report by Noguchi et al. (2006) indicates that the toxic
properties of DPA[ox] increased 1000 times when it was further
metabolised. Recent study from Niemikoski et al. (2020) demonstrates
that CWA-related phenylarsenic chemicals undergo biotransformation
reactions in vitro, while the conjugation with glutathione (GSH) is the
major metabolic pathway. Conjugation with GSH might increase the
reactivity of phenylarsenic CWAs and therefore might be responsible for
the toxic properties of these chemicals.

Therefore, continuation of sea-dumped CWA research and moni-
toring campaigns addressing potential ecological and human food safety
aspects is required, especially, since there are indications of the ongoing
trawling activities in the CW dumpsite areas which may contribute to
spreading of CWAs from dumping sites (Sanderson et al., 2009; Bel-
dowski et al., 2018; Czub et al., 2018).

5. Conclusions

Results of the presented research provide novel information on the
acute toxicity of arsenic-based CWA to Daphnia magna that will greatly
improve site-specific risk-assessments. Despite their low water solubil-
ity, PDCA, Lewisite, Clark I, Adamsite and TPA exhibit very toxic and
toxic effects to D. magna at low concentrations. Moreover, the NOEC
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values for PDCA and Lewisite are almost at the levels of compound
detection. In contrast, the pentavalent arsine-based CWA degradation
products did not cause any observable effects during the 48 h of expo-
sure on the tested species. Reported toxicity values fall within the ranges
of arsenic-based CWAs detections in sediments collected in the Baltic
Sea CW dumpsites. Together with first reports on CWA bioaccumulation
in the Baltic Sea food web, the obtained toxicity thresholds are the actual
warning signals to recognize these compounds as a potentially serious
hazard for the aquatic environments. Therefore, further studies of
chronic toxicity and modes of action of arsenic-based CWAs as well as
development of more accurate in situ detection methods supported by
frequent monitoring campaigns of sea-dumped CW are warranted.

CRediT authorship contribution statement

Michatl Czub: Conceptualization, Methodology, Validation, Formal
analysis, Investigation, Resources, Data curation, Writing - original
draft, Writing - review & editing, Visualization, Supervision, Project
administration, Funding acquisition. Jakub Nawata: Conceptualiza-
tion, Methodology, Validation, Investigation, Resources, Data curation,
Writing - original draft. Stanistaw Popiel: Conceptualization, Method-
ology, Validation, Formal analysis, Investigation, Resources, Data
curation, Writing - original draft. Tomasz Brzezinski: Conceptualiza-
tion, Methodology, Validation, Investigation, Resources, Data curation,
Writing - original draft, Writing - review & editing, Supervision, Funding
acquisition. Piotr Maszczyk: Conceptualization, Methodology, Valida-
tion, Investigation, Resources, Data curation, Writing - original draft,
Writing - review & editing, Visualization, Funding acquisition. Hans
Sanderson: Methodology, Data curation, Writing - original draft,
Writing - review & editing. Edmund Maser: Conceptualization, Meth-
odology, Writing - original draft. Diana Gordon: Formal analysis,
Investigation, Data curation, Writing - original draft. Daniel Dziedzic:
Formal analysis, Investigation, Data curation, Writing - original draft,
Visualization. Barbara Dawidziuk: Formal analysis, Investigation, Data
curation, Writing - original draft. Joanna Pijanowska: Conceptualiza-
tion, Methodology, Resources, Data curation, Writing - original draft.
Jacek Fabisiak: Investigation, Writing - original draft. Marta Szubska:
Investigation, Writing - original draft. Thomas Lang: Conceptualiza-
tion, Writing - original draft. Paula Vanninen: Conceptualization, Data
curation, Writing - original draft. Hanna Niemikoski: Conceptualiza-
tion, Data curation, Writing - original draft. Tine Missiaen: Investiga-
tion, Writing - original draft. Kari K. Lehtonen: Conceptualization,
Methodology, Validation, Investigation, Writing - original draft, Super-
vision. Jacek Beldowski: Conceptualization, Resources, Data curation,
Writing - original draft, Writing - review & editing, Supervision, Project
administration, Funding acquisition. Lech Kotwicki: Conceptualiza-
tion, Methodology, Validation, Writing - original draft, Writing - review
& editing, Visualization, Supervision.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

Research was financed by grants 2017/27/N/NZ8/02813, 2016/21/
D/NZ8/01298 and 2016/23/D/NZ8/03532 (National Science Centre,
Poland). Parts of this work were also funded by the European Union
(European Regional Development Fund) under the Interreg Baltic Sea
Region Programme 2014-2020, project #R013 DAIMON and project
#X005 DAIMON 2, co-financed by the Polish Ministry of Science and
Higher Education from the resources for a subsidization of international
projects 2014-2016 and the programme entitled "International Co-
financed Projects" in the years 2019-2021; agreement no. 5051/

10

Aquatic Toxicology 230 (2021) 105693
INTERREG BSR/2019/2. Authors declare no conflict of interest.

References

Andreae, M.O., Froelich, P.N., 1984. Arsenic, Antimony and germanium biogeochemistry
in the Baltic Sea. Tellus Series B — Chem. Physic. Meteor. 36, 101-117. https://doi.
org/10.1111/j.1600-0889.1984.tb00232.x.

Bearden, D.M., 2001. Off-shore disposal of chemical agents and weapons conducted by
the United States, U.S. Army research, development and engineering command. Hist.
Res. Response Team.

Betdowski, J., Klusek, Z., Szubska, M., Turja, R., Bulczak, A.L,, Rak, D., Brenner, M.,
Lang, T., Kotwicki, L., Grzelak, K., Jakacki, J., Fricke, N., Ostin, A., Ollson, U.,
Fabisiak, J., Garnaga, G., Nyholm, J.R., Majewski, P., Broeg, K., Sonderstrom, M.,
Vanninen, P., Popiel, S., Nawata, J., Lehtonen, K., Berglind, R., Schmidt, B., 2016.
Chemical munitions search & assessment — an evaluation of the dumped munitions
problem in the Baltic Sea. Deep-Sea Research II 128, 85-95. https://doi.org/
10.1016/j.dsr2.2015.01.017.

Betdowski, J., Jakacki, J., Grabowski, M., Lang, T., Weber, K.P., Kotwicki, L., Paka, V.,
Rak, D., Golenko, M., Czub, M., Soderstrom, M., 2018. Best practices in monitoring.
In: towards the monitoring of dumped munitions threat (MODUM). In: Beldowski, J.,
Turmus, R.Been.E.K. (Eds.), NATO Science for Peace and Security Series — C:
Environmental Security. Springer, pp. 213-240. https://doi.org/10.1007/978-94-
024-1153-9.9.

Blackwood, M.E., 1999. Arsenic and Old Weapons: Chemical Weapons Disposal in
Russia, [in:] the Non-proliferation Review, Spring — Summer.

Brzeziniski, T., Czub, M., Nawala, J., Gordon, D., Dziedzic, D., Dawidziuk, B., Popiel, S.,
Maszczyk, P., 2020. The effects of chemical warfare agent Clark I on the life histories
and stable isotopes composition of Daphnia magna. Environ. Pollut. 266 (3) https://
doi.org/10.1016/j.envpol.2020.115142.

Bull, J.M.R., 2005. Decades of Dumping Chemical Arms Leave a Risky Legacy, U.S.
Chemical Weapons Found in Delaware Driveway Pavement. Daily Press.

Cartensen, K., Andersen, J.H., Gustafsson, B.G., Conley, D.J., 2014. Deoxygenation of the
Baltic Sea during the last century. Proc. Natl. Acad. Sci. U. S. A. 111, 5628-5633.
https://doi.org/10.1073/pnas.1323156111.

Carton, G., Jagusiewicz, A., 2009. Historic disposal of munitions in U.S. and European
Coastal Waters, how historic information can be used in characterizing and
managing risk. Marine Tech. Soc. J. 43, 16-32. https://doi.org/10.4031/
MTSJ.43.4.1.

CHEMSEA, 2014. Findings — Results from the CHEMSEA Project (chemical Munitions
Search and Assessment). https://www.researchgate.net/publication/32414964
7_CHEMSEA Findings_-_Results_from_the CHEMSEA project_chemical munitions_sea
rch_and_assessment.

Christensen, I.LM.A., Storgaard, M.S., Fauser, P., Hansen, S.F., Baatrup, E., Sanderson, H.,
2016. Acute toxicity of sea-dumped chemical munitions: luminating the
environmental toxcity of legacy compounds. Glob. Sec. Health Sci. Policy 1, 39-50.
https://doi.org/10.1080/23779497.2016.1219962.

Cowgill, U.M., Milazzo, D.P., 1991. The sensitivity of Ceriodaphnia dubia and Daphnia
magna to seven chemicals utilizing the three-brood test. Arch. Environ. Contam.
Toxicol. 20, 211-217.

Czub, M., et al., 2018. Deep sea habitats in the chemical warfare dumping areas of the
Baltic Sea. Sci. Total Environ. 616-617, 1485-1497. https://doi.org/10.1016/j.
scitotenv.2017.10.165.

Czub, M., et al., 2020. Acute aquatic toxicity of sulfur mustard and its degradation
products to Daphnia magna. Mar. Environ. Res. https://doi.org/10.1016/j.
marenvres.2020.105077.

DEPA, 2010. Sea Disposal of Military Munitions. Defense Environmental Programs
Annual Report to Congress - Fiscal Year 2009. Prepared by the Office of the Under
Secretary of Defense for Acquisition, Technology and Logistics.

Edwards, M.H., et al., 2016. The hawaii undersea military munitions assessment. Deep-
Sea Res. II 128, 4-13. https://doi.org/10.1016/j.dsr2.2016.04.011.

Eisler, R., 1988. Arsenic Hazards to Fish, Wildlife, and Invertebrates: A Synoptic Review.
USFWS-85 (1.12). U.S. Fish and Wildlife Service, Laurel, MD.

Fauser, P., Pedersen, E.A., Chreistensen, I., 2018. Weight-of-evidence environmental risk
assessment. In: towards the monitoring of dumped munitions threat (MODUM). In:
Beldowski, J., Been, R., Turmus, E.K. (Eds.), NATO Science for Peace and Security
Series — C: Environmental Security. Springer, pp. 183-212. https://doi.org/10.1007/
978-94-024-1153-9 8.

Feistel, R., Naush, G., Wasmund, N., 2008. In: Hoboken, N.J. (Ed.), State and Evolution of
the Baltic Sea, 1952-2005: a Detailed 50-Year Survey of Meteorology and Climate,
Physics, Chemistry, Biology and Marine Environment. Wiley-interscience. https://
doi.org/10.1002/9780470283134

Flora, S.J.S., 2015. Handbook on Arsenic Toxicology. Elsevier. https://doi.org/10.1016/
B978-0-12-418688-0.00028-9.

Francken, F., Hafez, A.M., 2009. A case study in modeling dispersion of yperite and
CLARK I and II from munitions at Paardenmarkt, Belgium. J. Marine Tech. Soc. 43,
52-61. https://doi.org/10.4031/MTSJ.43.4.3.

Govaere, J.C.R., Van Damme, D., Heip, C., De Coninck, L.A.P., 1980. Benthic
communities in the Southern Bight of the North Sea and their use in ecological
monitoring. Helgolander Meeresuntersuchungen 33, 507-521. https://doi.org/
10.1007/BF02414775.

Greenberg, M.L, Sexton, K.J., Vearrier, D., 2016. Sea-dumped chemical weapons:
environmental risk, occupational hazard. Clinic. Toxicol. 54, 79-91. https://doi.org/
10.3109/15563650.2015.1121272.


https://doi.org/10.1111/j.1600-0889.1984.tb00232.x
https://doi.org/10.1111/j.1600-0889.1984.tb00232.x
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0010
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0010
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0010
https://doi.org/10.1016/j.dsr2.2015.01.017
https://doi.org/10.1016/j.dsr2.2015.01.017
https://doi.org/10.1007/978-94-024-1153-9_9
https://doi.org/10.1007/978-94-024-1153-9_9
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0025
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0025
https://doi.org/10.1016/j.envpol.2020.115142
https://doi.org/10.1016/j.envpol.2020.115142
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0035
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0035
https://doi.org/10.1073/pnas.1323156111
https://doi.org/10.4031/MTSJ.43.4.1
https://doi.org/10.4031/MTSJ.43.4.1
https://www.researchgate.net/publication/324149647_CHEMSEA_Findings_-_Results_from_the_CHEMSEA_project_chemical_munitions_search_and_assessment
https://www.researchgate.net/publication/324149647_CHEMSEA_Findings_-_Results_from_the_CHEMSEA_project_chemical_munitions_search_and_assessment
https://www.researchgate.net/publication/324149647_CHEMSEA_Findings_-_Results_from_the_CHEMSEA_project_chemical_munitions_search_and_assessment
https://doi.org/10.1080/23779497.2016.1219962
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0060
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0060
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0060
https://doi.org/10.1016/j.scitotenv.2017.10.165
https://doi.org/10.1016/j.scitotenv.2017.10.165
https://doi.org/10.1016/j.marenvres.2020.105077
https://doi.org/10.1016/j.marenvres.2020.105077
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0075
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0075
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0075
https://doi.org/10.1016/j.dsr2.2016.04.011
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0085
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0085
https://doi.org/10.1007/978-94-024-1153-9_8
https://doi.org/10.1007/978-94-024-1153-9_8
https://doi.org/10.1002/9780470283134
https://doi.org/10.1002/9780470283134
https://doi.org/10.1016/B978-0-12-418688-0.00028-9
https://doi.org/10.1016/B978-0-12-418688-0.00028-9
https://doi.org/10.4031/MTSJ.43.4.3
https://doi.org/10.1007/BF02414775
https://doi.org/10.1007/BF02414775
https://doi.org/10.3109/15563650.2015.1121272
https://doi.org/10.3109/15563650.2015.1121272

M. Czub et al.

Grzelak, K., Kotwicki, L., 2016. Halomonhystera disjuncta — a young-carrying nematode
first observed for the Baltic Sea in deep basins within chemical munitions disposal
sites. Deep-Sea Res. II 128, 131-135. https://doi.org/10.1016/].dsr2.2014.12.007.

HELCOM, 1994. Report to the 16th Meeting of Helsinki Commission 8 - 11 March 1994
from the Ad Hoc Working Group on Dumped Chemical Munition (HELCOM
CHEMU). Danish Environmental Protection Agency, p. 39.

Hoher, H., Turja, R., Brenner, M., Nyholm, J.R., Ostin, A., Leffler, P., Butrimaviciene, L.,
Barsiené, J., Halme, M., Karjalainen, M., Niemikoski, H., Vanninen, P., Broeg, K.,
Lehtonen, K.K., Berglind, R., 2019. Toxic effects of chemical warfare agent mixtures
on the mussel Mytilus trossulus in the Baltic Sea: a laboratory exposure study. Mar.
Environ. Res. 145, 112-122. https://doi.org/10.1016/j.marenvres.2019.02.001.

James Martin Center for Nonproliferation Studies, 2019. Combating the Spread of
Weapons of Mass Destruction with Training and Analysis. Monterey Institute of
National Studies [25.05. 2019]. http://cns.miis.edu/stories/090806_cw_dumping.
htm.

Knobloch, T., Betdowski, J., Bottcher, C., Soderstrom, M., Riihl, N.P., Sternheim, J.,
2013. Chemical munitions dumped in the baltic Sea. In: Report of the Ad Hoc
ExpertGroup to Update and Review the Existing Information on Dumped Chemical
Mu-Nitions in the Baltic Sea (HELCOM MUNI). HELCOM Baltic Sea Environmental
Proceedings.

Konopski, L., 2009. Historia Broni Chemicznej, Bellona, Warszawa.

Kotwicki, L., Grzelak, K., Betdowski, J., 2016. Benthic communities in chemical
munitions dumping site areas within the Baltic deeps with special focus on
nematodes. Deep-Sea Res. II 128, 123-130. https://doi.org/10.1016/j.
dsr2.2015.12.012.

Krauze, M., Nowak, 1., 1984. Bron chemiczna, MON, Warszawa.

Lang, T., Kotwicki, L., Czub, M., Grzelak, K., Weirup, L., Straumer, K., 2018. The health
status of fish and benthos communities in chemical munitions dumpsites in the baltic
Sea. In: towards the monitoring of dumped munitions threat (MODUM). In:
Beldowski, J., Been, R., Turmus, E.K. (Eds.), NATO Science for Peace and Security
Series — C: Environmental Security. Springer, pp. 129-152.

Li, C., Srivastava, R.K., Weng, Z., Croutch, C.R., Agarwal, A., Elmets, C.A., Afag, F.,
Athar, M., 2016. Molecular mechanism underlying pathogenesis of lewisite-induced
cutaneous blistering and inflammation. Am. J. Pathol. 186, 2637-2649. https://doi.
0rg/10.1016/j.ajpath.2016.06.012.

Li, L., Pohl, C., Ren, J.L., Schulz-Bull, D., Cao, X.H., Nausch, G., Zhang, J., 2018.
Revisiting the biogeochemistry of arsenic in the Baltic Sea: impact of anthropogenic
activity. Sci. Total Environ. 613-614, 557-568. https://doi.org/10.1016/j.
scitotenv.2017.09.029.

Long, T.P., 2009. A global prospective on underwater munitions. J. Marine Tech. Soc. 43,
5-10.

Makles, Z., Sliwakowski, M., 1997. Brofi chemiczna zatopiona w Polskiej strefie
ekonomicznej Morza Baityckiego, a Bezpieczenstwo ludzi gospodarczo
wykorzystujacych zasoby morza. Biuletyn Informacyjny WIChiR 1/27.

Makles, Z., Tyszkiewicz, W., 1992. Problemy likwidacji broni chemicznej w swietle
doswiadczen niektérych panstw europejskich, Kanady i Stanéw Zjednoczonych
Ameryki. Biuletyn Informacyjny WIChiR 1/19.

Missiaen, T., Henriet, J.P., 2002. Chemical munition dump sites in coastal environments.
Fed. Office Sci., Tech. Cult. Affairs (OSTC): Brussel. III 167.

Missiaen, T., Soderstrom, M., Popescu, L., Vanninen, P., 2010. Evaluation of a chemical
munition dumpsite in the Baltic Sea based on geophysical and chemical
investigations. Sci. Total Environ. 408, 3536-3553.

Munro, N.B., Talmage, S.S., Griffin, G.D., Waters, L.C., Watson, A.P., King, J.F.,
Hauschild, V., 1999. The sources, fate, and toxicity of chemical warfare agent
degradation products. Environ. Health Perspect. 107, 933-974. https://doi.org/
10.1289/ehp.99107933.

National Research Council, 1977. Arsenic: Medical and Biological Effects of
Environmental Pollutants. The National Academies Press, Washington, DC. https://
doi.org/10.17226/9003.

Nawata, J., Czuprynski, K., Popiel, S., Dziedzic, D., Betdowski, J., 2016. Development of
the HS-SPME-GC-MS/MS method for analysis of chemical warfare agent and their
degradation products in environmental samples. Anal. Chim. Acta 933, 103-116.
https://doi.org/10.1016/j.aca.2016.05.033.

Niemikoski, H., S6derstrom, M., Vanninen, P., 2017. Detection of chemical warfare
agent-related phenylarsenic compounds in marine biota samples by LCHESI/MS/MS.
Anal. Chem. 89, 11129-11134. https://doi.org/10.1021/acs.analchem.7b03429.

Niemikoski, H., Koske, D., Kammann, U., Lang, T., Vanninen, P., 2020. Studying the
metabolism of toxic chemical warfare agent-related phenylarsenic chemicals in vitro
in cod liver. J. Hazard. Mater. 391 https://doi.org/10.1016/j.jhazmat.2020.122221.

Noguchi, A., Suzuki, T., Ochi, T., Kaise, T., Kinoshita, K., Miyazaki, K., 2006. The role of
glutathione on the cytotoxic effects and cellular uptake of diphenylarsinic acid, a
degradation product of chemical warfare agents. Arch. Toxicol. 80, 486-491.
https://doi.org/10.1007/500204-006-0067-3.

OECD, 2012. Test No. 211: Daphnia magna Reproduction Test, OECD Guidelines for the
Testing of Chemicals, Section 2. OECD Publishing, Paris. https://doi.org/10.1787/
9789264185203-en.

Aquatic Toxicology 230 (2021) 105693

Pitten, F.A., Miiller, G., Konig, P., Schmidt, D., Thurow, K., Kramer, A., 1999. Risk
assessment of a former military base contaminated with organoarsenic-based
warfare agents: uptake of arsenic by terrestrial plants. Sci. Total Environ. 226 (2-3),
237-245.

Popiel, S., Nawata, J., Czuprynski, K., 2014. Preparation and application of sol-gel
acrylate and methacrylate solid-phase microextraction fibres for gas
chromatographic analysis of organoarsenic compounds. Anal. Chim. Acta 837,
52-63.

Radke, B., Jewell, L., Piketh, S., Namiesnik, J., 2014. Arsenic-based warfare agents:
production, use, and destruction. Crit. Rev. Env. Sci. Tec. 44, 1525-1576.

Ravenscroft, P., Brammer, H., Richards, K., 2009. Arsenic Pollution: a Global Synthesis.
Wiley-Blackwell, UK, pp. 318-485.

Ritz, C., Baty, F., Streibig, J.C., Gerhard, D., 2015. Dose-response analysis using r. PLoS
One 10 (12), e0146021. https://doi.org/10.1371/journal.pone.0146021.

Sanderson, H., Fauser, P., Thomsen, M., Sgrensen, P.B., 2007. PBT screening profile of
chemical warfare agents (CWAs). J. Hazard. Mater. 148, 210-215. https://doi.org/
10.1016/j.jhazmat.2007.02.027.

Sanderson, H., Fauser, P., Thomsen, M., Sgrensen, P.B., 2009. Human health risk
screening due to consumption of fish contaminated with chemical warfare agents in
the Baltic Sea. J. Hazard. Mater. 162, 416-422. https://doi.org/10.1016/j.
jhazmat.2008.05.059.

Sanderson, H., Fauser, P., Thomsen, M., Vanninen, P., Soderstrom, M., Savin, Y.,
Khalikov, I., Hirvonen, A., Niiranen, S., Missiaen, T., Gress, A., Borodin, P.,
Medvedeva, N., Polyak, Y., Paka, V., Zhurbas, V., Feller, P., 2010. Environmental
hazards of sea-dumped chemical weapons. Environ. Sci. Tec. 44, 4389-4394.
https://doi.org/10.1021/es903472a.

Sanderson, H., Fauser, P., Johansen, A., Mudge, S., 2013. Qualitative Evaluation of the
Sources to Selected Organoarsenicals Along the Nord-stream Pipeline Route in the
Bornholm Deep. Aarhus University, DCE — Danish Centre for Environment and
Energy.

Shaw, J.R., Glaholt, S.P., Greenberg, N.S., Sierra-Alvarez, R., Folt, C.L., 2007. Acute
toxicity of arsenic to Daphnia pulex: influence of organic functional groups and
oxidation state. Environ. Toxicol. Chem. 26, 1532-1537. https://doi.org/10.1897/
06-389R.1.

SIPRI, 1971. The Problems of Chemical and Biological Warfare, 1. The rise of CB
Weapons, Stockholm.

Smart, J.K., 1997. History of Chemical and Biological Warfare: an American Perspective,
[w:] Medical Aspects of Chemical and Biological Warfare. Chapter 2. Borden
Institute, Walter Reed Army Medical Center, Washington.

Soderstrom, M., Ostin, A., Qvarnstrom, J., Magnusson, R., Rattfelt-Nyholm, J., Vaher, M.,
Joul, P., Lees, H., Kaljurand, M., Szubska, M., Vanninen, P., Betdowski, J., 2018.
Chemical analysis of dumped chemical warfare agents during the MODUM project.
NATO Science for Peace and Security Series C: Environmental Security, pp. 71-103
(9789402411522).

Storgaard, M.L., Christensen, H., Sanderson, 2018. Best practices in monitoring. In:
towards the monitoring of dumped munitions threat (MODUM). In: Beldowski, J.,
Been, R., Turmus, E.K. (Eds.), NATO Science for Peace and Security Series — C:
Environmental Security. Springer, pp. 105-128. https://doi.org/10.1007/978-94-
024-1153-9.9.

Szarejko, A., Namiesnik, J., 2009. The Baltic Sea as a dumping site of chemical munitions
and chemical warfare agents. Chem. Ecol. 25, 13-26. https://doi.org/10.1080/
02757540802657177.

Ternes, J.A., Opstad, A.M., Johnsen, B.A., 2006. Determination of organoarsenic warfare
agents in sediment samples from Skagerrak by gas chromatography-mass
spectrometry. Sci. Total Environ. 356 (1-3), 235-246. https://doi.org/10.1016/j.
scitotenv.2005.03.031.

Van Tomme, J., Vinckx, M., Degraer, S., 2007. Biologische monitoring van de
munitiestortplaats “Paardenmarkt”. Studie in opdracht van FOD Leefmilieu. Final
report (in Dutch). Ghent University, faculty of science. Dept. Marine Biology. 87.

Vanninen, P., Ostin, A., Betdowski, J., Pedersen, E.A., Soderstrom, M., Szubska, M.,
Grabowski, M., Siedlewicz, G., Popiel, S., Nawata, J., Dziedzic, D., Jakacki, J.,
Paczek, B., 2020. Exposure status of sea-dumped chemical warfare agents in the
Baltic Sea. Mar. Environ. Res. 161 https://doi.org/10.1016/j.
marenvres.2020.105112.

Vincx, M., Herman, R., 1989. The influence of the Western scheldt on the meiobenthos of
the Belgian coastal area. Progress in Belgian oceanographic research. Proc. North Sea
Symp., Ghent 283-296 (14 Febr. 1989).

Walker, P.F., 2012. Ocean-Dumped Chemical Weapons: History, Challenges, Prospects.
Data from International Workshop Polish Naval Academy, Gdynia.

Yu, C., Peltola, P., Nystrand, M.L, Virtasalo, J.J., Osterholm, P., Ojala, A.EK.,
Hogmalm, J.K., Astrém, M.E., 2016. Arsenic removal from contaminated brackish
sea water by sorption onto Al hydroxides and Fe phases mobilized by land-use. Sci.
Total Environ. 542, 923-934. https://doi.org/10.1016/j.scitotenv.2015.11.013.

Zanders, J.P., 1997. The destruction of old chemical munitions in Belgium. In: Stock, T.,
Lohs, K. (Eds.), The Challenge of Old Chemical Munitions and Toxic Armament
Wastes, SIPRI. Oxford University Press.

11


https://doi.org/10.1016/j.dsr2.2014.12.007
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0125
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0125
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0125
https://doi.org/10.1016/j.marenvres.2019.02.001
http://cns.miis.edu/stories/090806_cw_dumping.htm
http://cns.miis.edu/stories/090806_cw_dumping.htm
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0140
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0140
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0140
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0140
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0140
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0145
https://doi.org/10.1016/j.dsr2.2015.12.012
https://doi.org/10.1016/j.dsr2.2015.12.012
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0155
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0160
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0160
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0160
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0160
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0160
https://doi.org/10.1016/j.ajpath.2016.06.012
https://doi.org/10.1016/j.ajpath.2016.06.012
https://doi.org/10.1016/j.scitotenv.2017.09.029
https://doi.org/10.1016/j.scitotenv.2017.09.029
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0175
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0175
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0180
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0180
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0180
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0185
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0185
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0185
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0190
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0190
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0195
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0195
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0195
https://doi.org/10.1289/ehp.99107933
https://doi.org/10.1289/ehp.99107933
https://doi.org/10.17226/9003
https://doi.org/10.17226/9003
https://doi.org/10.1016/j.aca.2016.05.033
https://doi.org/10.1021/acs.analchem.7b03429
https://doi.org/10.1016/j.jhazmat.2020.122221
https://doi.org/10.1007/s00204-006-0067-3
https://doi.org/10.1787/9789264185203-en
https://doi.org/10.1787/9789264185203-en
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0235
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0235
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0235
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0235
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0240
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0240
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0240
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0240
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0245
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0245
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0250
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0250
https://doi.org/10.1371/journal.pone.0146021
https://doi.org/10.1016/j.jhazmat.2007.02.027
https://doi.org/10.1016/j.jhazmat.2007.02.027
https://doi.org/10.1016/j.jhazmat.2008.05.059
https://doi.org/10.1016/j.jhazmat.2008.05.059
https://doi.org/10.1021/es903472a
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0275
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0275
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0275
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0275
https://doi.org/10.1897/06-389R.1
https://doi.org/10.1897/06-389R.1
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0285
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0285
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0290
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0290
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0290
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0295
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0295
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0295
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0295
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0295
https://doi.org/10.1007/978-94-024-1153-9_9
https://doi.org/10.1007/978-94-024-1153-9_9
https://doi.org/10.1080/02757540802657177
https://doi.org/10.1080/02757540802657177
https://doi.org/10.1016/j.scitotenv.2005.03.031
https://doi.org/10.1016/j.scitotenv.2005.03.031
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0315
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0315
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0315
https://doi.org/10.1016/j.marenvres.2020.105112
https://doi.org/10.1016/j.marenvres.2020.105112
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0325
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0325
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0325
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0330
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0330
https://doi.org/10.1016/j.scitotenv.2015.11.013
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0340
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0340
http://refhub.elsevier.com/S0166-445X(20)30442-2/sbref0340

	Acute aquatic toxicity of arsenic-based chemical warfare agents to Daphnia magna
	1 Introduction
	2 Methods
	2.1 Test design
	2.2 Preparation of solutions
	2.3 Chemical analyses
	2.4 LCx, ECx and NOEC estimation

	3 Results
	4 Discussion
	5 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgments
	References


