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bstract

Chemical warfare agents (CWAs) have been disposed of in various fashions over the past decades. Significant amounts (∼11,000 tonnes) have
een dumped in the Baltic Sea east of the island Bornholm following the disarmament of Germany after World War II, causing concerns over
otential environmental risks. Absence of risk based on assumptions of extremely low solubility of CWAs cannot alone dismiss these concerns.
xisting and modelled fate and effects data were used in the analysis to assess the fish community risk level. The most realistic and also conservative
ssessment result is the scenario describing 70 m water depth for the most realistic dump-site area with a focus on chronic toxicity, at 0–20 cm

bove the sediment, yielding a total mixture toxic unit (TU) of 0.62. Triphenylarsine is the CWA with the highest realistic risk profile at 0.2 TU for
he fish community followed by Adamsite (0.17), Clark I (0.086) and Yperite (0.083) TU. Adamsite is more persistent and constitutes a potential
isk for a longer period than triphenylarsine. The seawater volume potentially at risk is <4 m above sediment and <58 km down current of dump
ites. Further risk assessment of dumped CWAs in the Baltic Sea is warranted.

2007 Elsevier B.V. All rights reserved.
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. Introduction

As a result of the disarmament of Germany following the
econd World War, around 65,000 tonnes stockpiled Chemical
arfare agents (CWAs) munitions were ordered to be disposed
f and a significant portion of these were dumped at sea during
947–1948 [1,2]. The Baltic Sea alone received more than 50%
f Germany’s CWA arsenal with the largest amount, approxi-
ately 32,000 tonnes munition containing 11,000 tonnes active
WAs, dumped in the Bornholm basin east of the Danish island
ornholm; thus representing the potentially worst-case exposure

cenario from a tonnage perspective. The largest single active
WA constituent of the total production of German CWAs that

ere dumped in the Baltic Sea, at 38%, is the vesicant blister-

ng agent, sulphur mustard gas (Yperite). The munitions have
een resting on the seabed and in the sediment of the Baltic
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ea for six decades and the extent of corrosion of the shells,
nd thus release of the toxic chemicals raises environmental
oncerns among Baltic countries [3]. Some shells will have
eaked their content whereas others might still be intact [2–4],
owever, the probability of environmental release and exposure
bviously increases with time as a function of the corrosion
f the containers. However, an environmental risk assessment
s impaired by the lack of comprehensive measurements of
nvironmental concentrations of the parent CWA compounds
umped east of Bornholm needed to evaluate the potential envi-
onmental risk associated dumped CWAs in the Baltic Sea [5].

oreover, until recently there were also large data gaps in avail-
ble compiled information on the physicochemical properties
nd environmental toxicities regarding CWAs [6]. Environmen-
al, and economic, concerns as well as indirect human health
oncerns from fish consumption relate especially to the fish com-

unities in the Bornholm basin. There is a potentially significant

verlap between the dump site, fertile fishing grounds and the
reeding grounds of cod (Gadus morhua) east of Bornholm,
uggesting that this economically and ecologically important

mailto:hasa@dmu.dk
dx.doi.org/10.1016/j.jhazmat.2007.10.117
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Table 1
Confirmed dumped chemical warfare agents east of Bornholm [2]

Compound CAS number Dumped (tonnes)

Chloroacetophenone (CAP)a 532-27-4 515
Sulphur mustard gas (Yperite)b 505-60-2 7027
Adamsitec 578-94-9 1428
Clark Id 712-48-1 711.5
Triphenylarsined 603-32-7 101.5
Phenyldichloroarsined 696-28-6 1017
Trichloroarsined 7784-34-1 101.5
Zyklon Be 74-90-8 74
Monochlorobenzenef 108-90-7 1405

a Riot control agent.
b Blistering agent.
c Organoarsenic blistering agent.
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sh species to the Baltic Sea might be particularly at risk from
umped CWAs.

Before committing extensive investment to a site-specific
mpact and risk assessment of munition dump sites, it is rec-
mmended, in a tiered risk assessment approach, to conduct
conservative model-based screening assessment of potential

isks to help prioritize a potential subsequent site-specific envi-
onmental risk assessment. Such a screening assessment will not
efinitively evaluate the environmental risk, but may serve as an
ndication which can focus and optimize a potential risk assess-

ent. This is especially important in situations where both the
xposure to highly toxic compounds and potential ecosystem
ffects are relatively unknown in large and difficult to sample
arine ecosystems.
The aim of this paper is to provide a model-based screening

ssessment of the predicted water and sediment concentrations
f dumped CWAs in the Bornholm basin, as well as the cal-
ulated fate and transport of the CWAs from this dump site.
hese exposure concentrations will then be compared to a
WA no observed effect concentration (NOEC) for an estimated
ompound-specific extrapolated fish community. The total mix-
ure risk profile will also be assessed, assuming additivity of the
omponents via calculation of toxic units (TU) [7]. Additionally,
ue to the potential continuous release and high dilution factor
t the dump site, chronic effects as a result of the expected low
xposure concentrations are of concern. Therefore, extrapolation
rom primarily acute toxicity estimates for the fish community to
hronic effect levels has been performed by applying an acute
o chronic ratio (ACR) of 10 [7] to the predicted community
OECs. To qualify the relative sub-lethal effect profile of the

ompounds they were ranked and used as a proxy for potential
nvironmental hazard with focus on the relative cytotoxicity,
utagenicity and carcinogenicity profiles of the CWAs.

. Materials and methods

.1. Compounds

Information on the amount of CWAs dumped varies some-
hat between sources [8]. In this assessment, we rely on
ELCOM reports from 1993 and 1994 [2,3].
A total of eight active CWA compounds and one additive

ompound have been reported dumped east of the Danish island
ornholm in the Baltic Sea [2,3] Table 1.

Arsenic-containing CWAs (also referred to as Arsine oil
f which 2033 tonnes were dumped) are made up of 50%
henyldichloroarsine, 35% Clark I, 5% trichloroarsine and 5%
riphenylarsine, and 5% unidentified carrier co-solvent [9]. Zyk-
on B is the only ‘other’ CWA mentioned in the HELCOM report
f 1993 [3], and since it moreover is very toxic we conservatively
scribed the entire ‘other’ category (74 tonnes) to Zyklon B.

.2. Dump sites
The dumping site is located in the Bornholm basin east of the
sland Bornholm in the Baltic Sea. HELCOM [2] describes the
umping site as follows:

e
2

0

d Arsine oil constituents – organoarsenic blistering agent.
e Blood agent.
f Additive.

The primary, and designated, dumping was conducted in a
ircular area with a radius of 3 nautical miles, with the centre
oordinates at 55◦E 21′0N and 15◦E 37′02E covering an area
f 97 km2. The water depth at this location ranges from 70 to
05 m. The seabed is covered by an up to 5–6 m thick layer
f mud. However, not all CWA was dumped at the designated
ite, hence a secondary, and more realistic dump site is located
5◦10′00N–55◦23N and 15◦24′E–15◦55′E, covering 791 km2.
he waters in the Bornholm basin can be divided into an upper
nd a lower layer. The upper layer (depth of 50–70 m) consists
rimarily of brackish water flowing in from the northern and
astern parts of the Baltic Sea with a salinity of 8.1‰, this water
ontinues to flow slowly out of the Baltic Sea towards the North
ea. The lower layer (<20 m above sediment) originates in the
orth Sea and on its way to the Bornholm basin is mixed with
ater from the upper layer, resulting in salinity between 9.1 and
3.1‰. The surface temperature varies according to the time of
ear, while variations in the lower layer are small with a mean
emperature of 6 ◦C. The oxygen content in the surface layer is
rimarily determined by the season. The oxygen content in the
ower waters is determined by the oxygen content of the incom-
ng water currents and bacteriological oxygen consumption. As
ater near the seabed is rarely renewed, the oxygen content

s increased by incoming currents and then decreases until the
ext incoming current. The Bornholm basin stratification of the
ater masses is quite stabile, in the surface layer there is a weak

outh-westerly current, while in the bottom layer there is a weak
asterly current of typically 0.05 m s−1 [2] (Fig. 1).

The Danish National Database for Marine Data project
as been collecting water chemistry data in the Bornholm
asin (55◦E 15′0N and 15◦E 59′0E—along the easterly edge
f the secondary dump site) several times per year since
972. Samples are taken through the entire water column
ith 20 cm intervals, see: http://www.dmu.dk/International/
ater/Monitoring+of+the+Marine+Environment/MADS/. We
xtracted the oxygen, temperature, and salinity for the lower
0 m (at 70–90 m depth) water layer in the basin (Table 2).

The mean O2 at the deepest measurements (>89 m) equals
.9 mg L−1 (±1.2 S.D., n = 34).

http://www.dmu.dk/International/Water/Monitoring+of+the+Marine+Environment/MADS/
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2.3.1. Environmental release
An instantaneous release scenario is a conservative, but also

less probable exposure assumption (scenario A). A more real-

Table 3
Substance-specific physicochemical parameters (dissipation half life (DT50);
water solubility (water sol.); hydrophobicity (log KOW); and sorption coefficient
(Koc)) (HSDB and EPI Suite)

Compound DT50 (days) Water sol.
(mg L−1)

log KOW Koc
Fig. 1. Map of primary and secon

.3. Environmental exposure

The release and exposure of CWA in the marine environment
s influenced by several site and compound-specific properties;
herefore we use HELCOM [3] calculations and assumptions in
his analysis with the corrosion rate of the bombshells estimated
o 0.05–0.575 mm/year depending upon shell type. It should,
owever, be noted that corrosion can be increased up to four-fold
y moderate stirring/current of the seawater. We assume that a
omplete CWA release will occur when 50% of the shell surface
s decayed, which will occur 25–265 years after the dumping,
epending upon munition type. The highest rate of release of
he largest CWA constituent, Yperite, is thus expected about
25 years after dumping over a 60-year period, during which
6000 tonnes will be released [3]. Compound-specific physic-
chemical property data (Table 3) combined with conservative
efault values concerning the hydrology at the dump sites will
ield predictions of the environmental concentration (PEC) in
he sediments and overlaying stratified water (20 m) that, ceteris
aribus, are protected against false negatives.

We operate with two different worst-case exposure scenarios
or the two overlapping dump sites:
A) A totally mixed box comprising the water volume enclosed
by the primary and secondary dumping areas, respectively,
and mixing depth of 20 and 70 m, respectively. The release
and mixing of the total mass in the bulk water is assumed

able 2
ean water parameters (±S.D.), 70–90 m, 1972–2006 (n > 2900)

ndpoint O2 (mg L−1) Temperature (◦C) Salinity (‰)

ean 5.4 7.8 10.4
tandard deviation (S.D.) 2.7 4.0 3.7

C
(
S
(
A
C
T
P
T
Z
M

m

ump site in the Bornholm basin.

instantaneous. Accumulation in the sediment is included
and the influence of degradation (hydrolysis) in the water
is evaluated.

B) A continuous release over 60 years of the total mass from
the bombshells at the seabed to the water phase. The water
current is 5 cm/s, which induces a turbulent mixing of the
bulk water and an advective transport of agents. Primary
and secondary dump areas with mixing depths of 20 and
70 m are considered. Sedimentation, diffusion to sediment,
degradation (hydrolysis [10]) and accumulation in sediment
is also included in the analysis.
hloroacetophenone
CAP)

114 1,635 1.93 89

ulphur mustard gas
Yperite)

56 605 and
0.8a

2.41 275

damsite 1247 0.4 4.05 5,000
lark I 18 3 4.53 19,000
riphenylarsine 17 0.089 5.97 440,000
henyldichloroarsine 19 639 3.06 817
richloroarsine 20 2,291 1.61 35
yklon B 3 95,000 −0.69 2.7
onochlorobenzene 4 400 2.64 268

a For viscous Yperite that constitutes 20% (1405 tonnes) of the total Yperite
ass.
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Table 4
Continuous releases of all dumped CWAs over a period of 60 years

Realistic continuous release (kg (km2 year)−1)

Primary dump site Secondary dump site

Chloroacetophenone
(CAP)

88.5 10.9

Sulphur mustard gas
(Yperite)

1210 148

Adamsite 245 30.0
Clark I 122 15.0
Triphenylarsine 17.4 2.1
Phenyldichloroarsine 175 21.4
Trichloroarsine 17.4 2.1
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stic release pattern (scenario B) can be described as an initial
ransient period where munitions immediately after dumping
evelop cracks and other defects and begin to leak the active war-
are agents. Analysis suggests that less than 5% of the amount
f CWAs dumped may be released in this initial release period,
hich may last from days to months. Subsequently, a protracted
eriod of several decades of continuous low releases governed
y the bombs corrosion processes is realised [11]. Pinholes in
he bombs from corrosion allow the remaining >95% of the total
mount to leak into the local environment at a constant rate [11].
he most likely present state of the munitions at the Bornholm
ite is that the initial transient release has passed and there is a
ontinuous leaking from pinholes in the munition shells formed
y corrosion. As a worst-case assumption the total amounts of
WA (Table 1) are released continuously over a period of 60
ears:

(agent) = M(agent)

(A(site) × 60years)
(1)

here E(agent) is the release of agent kg/(km2 × years),
(agent) is the total mass of dumped agent (kg), and A(site)

s the area of dump site (km2).

.3.2. Transport
In exposure scenario (A), the total amount of dumped CWA is

mmediately mixed with the water delimited by the seafloor and
he lower stratified layer (20 m) and the total water depth (70 m),
espectively, and the area of primary and secondary dump sites,
espectively [2]. The water concentration is thus found from Eq.
2):

w0(agent) = M(agent)

(A(site) × H(site))
(2)

here Cw0(agent) is the agent dissolved concentration in sea-
ater immediately after release, in �g L−1 (the concentration of
articulate matter in the water is assumed low, and thus all agent
ill be dissolved). H(site) is the area and water mixing depth of
ump site in km.

The critical time, tcrit, after release where the critical hazard
oncentration for 5% of the fish community (HC5) (see, Section
.4) is exceeded (the risk duration) for an agent and target species
an be calculated from Eq. (3):

crit = −ln
(HC5(agent)/Cw0(agent))

kdeg
(3)

here, kdeg is the first order degradation rate (hydrolysis)
Table 3).

As a worst-case exposure approach for the sediment, a
ore water concentration equal to the seawater concentration is
ssumed, and the concentration of dissolved plus sorbed agent
t the sediment surface is then found from Eq. (4):
s(agent) = Cw × Rs = Cw × (θ + Kd × Xs) (4)

here Rs is the retention factor, θ is the pore volume fraction
n the sediment 0.55 L water L total−1 [12], Kd = foc × Koc is the
artitioning coefficient between dry matter and water in litres

f
a
z
d

yklon B 12.7 1.6
onochlorobenzene 241 29.6

ater/kg dry matter, foc = 0.0775 is the fraction of organic car-
on in particulate matter [13], and Xs is the density of sediment
.2 kg dry matter L total−1 [12].

The continuous release in exposure scenario (B) arises
s mentioned from corrosion pinholes over a 60-year period
Table 4). The residence time in the seawater is short com-
ared to the release rate, which implies that the concentration of
gents in the seawater has reached a quasi steady state. The quasi
teady-state spatial development of seawater concentrations can
e derived from the common advective–diffusion equation with
rst order degradation [14]. Expressed in numerical form it
ields:

dCw

dt
= Kwz

(Cw(i, j + 1) − 2 ∗ Cw(i, j) + Cw(i, j − 1))

dz2

−v
(Cw(i, j) − Cw(i − 1, j))

dx
− k1Cw(i, j)

+ E

dz

∣∣∣∣− F

dz
Cw(i, j)

∣∣∣∣
j=sediment surface

= 0 (5)

here Kwz is the vertical dispersion coefficient in m2 s−1, ν

s the mean horizontal sea current in m/s, k1 is the first order
egradation rate in 1 s−1, E is the flux of dumped agent from
he sediment surface in �g (m2 s)−1 from Table 4, and F is the
elocity of agent transport in m/s from the water to the sedi-
ent due to sedimentation of particles and molecular diffusion

hrough the boundary layer. F is derived below in the sediment
ransport Eq. (8), i and j are counters of incremental steps dx and
z, in the horizontal and vertical direction, respectively.

The vertical dispersion coefficient (Kwz) varies in distance
bove the seafloor, but a default value of 0.2 cm2 s−1 can be
pplied for the Baltic deep water [15]. The mean sea current is
cm s−1 [2] and the first order degradation rates are derived from

he half-lives in Table 3. Turbulence causes re-suspension of sur-
ace layer particles thus transporting particulate-bound agents to
he water phase, which in turn is brought to the sediment sur-

ace by gravitational settling. Emelyanov [13] found sediment
ccumulation rates up to 1 mm year−1 in some places, and Kun-
endorf and Vallius [16] found the highest rates to occur in the
eepest areas of the Bornholm basin.
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The governing removal/transport mechanism in the sediment
s diffusion, which causes a vertical flux or ‘suction’ of non-
edimentary substance from the water phase to the sediment. The
otal downward transport (F) is thus found from a combination
f diffusive concentration gradient conditioned transport and
edimentation of adsorbed particulate substance.

The main transport directions will be along the direction
f the bottom seawater current (x-axis) and vertically in the
ater phase (z-axis) due to turbulent mixing. Horizontal trans-
ort orthogonal to the bottom seawater current (y-axis) is small
ompared to the above and is omitted when releases from the
elatively large primary and secondary dump site areas are con-
idered. The problem can thus be reduced to two dimensions,
s shown in Eq. (5), with a symmetry axis along the middle of
he dump site in the bottom seawater current direction. Upper
oundaries of 20 m (worst-case stratification layer) and 70 m
water depth) are conservatively assumed, as the lowest reported
epths at the dump sites [2].

Eq. (5) is solved numerically in the horizontal and vertical
x and z) plane using finite differences method [17]. A constant
ux of agent is fed into the node just above the seafloor along the
-axis. Once the agent is released to the seawater it can be trans-
orted to the sediment surface through diffusion and through
edimentation of agent sorbed to particulate matter. CWA trans-
ort in the sediment can be derived from the advective–diffusion
q. (6), with molecular diffusion and sedimentation along the
ertical z-axis and first order degradation:

∂Cs

∂t
= Dsz

Rs

∂2Cs

∂z2 − S
∂Cs

∂z
− k1

Rs
Cs = 0 (6)

here Dsz is the molecular diffusivity in the sediment pore water,
s is the retention factor as in Eq. (4), and S is the sediment
ccumulation rate of 1 mm year−1 [13].

It is assumed that release is continuous and that steady-state
onditions will prevail in the sediment. With the boundary con-
itions Cs → 0 for z → ∞ and Cs = Cw (steady state) for z = 0
he solution to Eq. (5) becomes:

S(z) = CW(steady-state)e((SRs/Dsz·2)−
√

(SRs/Dsz·2)2+(k1/Dsz))z

(7)

q. (7) shows the steady-state concentration profile of agents in
he sediment pore water. At any depth (z) the concentration of
issolved plus sorbed agent in the sediment can be found from
q. (4).

The flux of agent transported from the seawater to the sed-
ment, F, in Eq. (5), can be found by differentiating Eq. (7)
or z = 0 and insertion in the expression for vertical flux in the
ediment [14]:

lux to sediment = Cw (steady-state)F = Cw(steady-state)

SRs

(
0.5 +

√
0.25 + k1Dsz

2

)
(8)
(SRs)

his equation equals the last term in Eq. (5). Higher degradation
ates yield increasing concentration gradients in the sediment
nd higher sorption coefficients yield higher sedimentation rates

p
u
t
a

us Materials 154 (2008) 846–857

f adsorbed substance. Both factors result in a higher flux to the
ediment.

.4. Effect models

We applied a set of different effect models to characterize
he potential risks at the Bornholm site, which are described
n more detail below. For the assessment of toxicity we used
he ECOSAR model provided by the United States Environ-

ent Protection Agency (U.S. EPA), and for the interspecies
xtrapolation of measured or predicted fish toxicities we applied
he ICE model, also provided by the U.S. EPA. For assess-

ent of potential chronic hazards (primarily mutagenicity and
arcinogenicity) we used the Danish (Q)SAR database in com-
ination with the U.S. National Library of Medicine under the
.S. National Institute of Health (NIH) toxicology data network
atabase over hazardous substances.

.4.1. Fish toxicity—ECOSAR
The ECOSAR (Ecological Structure-Activity Relationship)

rogram is used to predict the aquatic toxicity of chemicals based
n their similarity of structure to chemicals for which the aquatic
oxicity has been previously measured (herein we focus on fish).
he acute toxicity of a chemical to fish (both fresh and saltwater)
as been the focus of the development of (Q)SARs both acute
96 h) and chronic (28–120 d). The domain for octanol/water
artition coefficient (KOW) as a logarithm is generally less than
.0 for (Q)SARs for neutral chemicals predicting acute toxicity
o fish and less than 8.0 for (Q)SARs predicting chronic toxic-
ty to fish, all the CWAs were within this range. The program
elies on predicted or measured KOW values as the basis of its
Q)SARs.

The (Q)SARs are developed for chemical classes based on
easured test data that have been submitted by industry or they

re developed by other sources for chemicals with similar struc-
ures. Using the measured aquatic toxicity values and estimated
og KOW values, regression equations (currently more than 150
or more than 50 chemical classes) can be developed for a class
f chemicals. Only validated data are used in ECOSAR; ide-
lly, these data are based on the flow-through method or static
enewal method with mean measured concentrations; test data
ased on a static method and nominal concentrations are used
n (Q)SARs only when there is a high probability that these data
re equivalent to toxicity data based on flow-through/measured
ethods. ECOSAR will select all the (Q)SAR classes which may

pply to a chemical; for example, an ester, phenol, aniline, and
poxide will be selected when all moieties are in a molecule and
Q)SAR predictions are given for each (Q)SAR class selected. It
s, however, up to the user to select the effective concentrations
EC) that they want to use for the chemical, we used the lowest
alue to be conservative.

With regard to experimental conditions for data that is
ncluded in the model, mean measured concentrations based on

arent material are preferred, but nominal-based data will be
sed if the data are equivalent to mean measured data. Preferred
est conditions include: dilution water hardness = 150 mg L−1

s CaCO3 or less and total organic carbon (TOC) less then
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.0 mg TOC L−1; all data based on 100% active ingredients (ai)
f parent material; all chemicals which can be ionized in water
acids, bases, anilines, aliphatic amines, phenols, etc.), which are
ested as a soluble salt at pH 7, such as, aliphatic amine stock
olution with HCL added and pH adjusted to pH 7 (this is carried
ut because effluents in the US are neutralized to a pH near 7
rior to release to the sewer in order to protect the sewage treat-
ent plant) and, thus, the aquatic environment is only exposed

o the ionized chemical near pH 7. Ionizable chemicals are tested
t pH 7 with a soluble salt, generally Cl or Na, and the toxicity
est results are in terms of the soluble salt at pH 7 or the ionized
tate at pH 7. For further information see the programs help files
n: http://www.epa.gov/oppt/exposure/docs/episuitedl.htm.

ECOSAR has previously been shown to provide accurate
rediction of CWA environmental toxicity [6]. In this assess-
ent the lowest predicted toxicity values were used as a proxy

or measured fish toxicity. Zyklon B is the exception due
o its more specific toxic mode of action. Zyklon B’s eco-
oxicity levels are comparable to organophosphorous nerve
as munitions. For Zyklon B an average of reliable mea-
ured fish toxicity values (EC50 = 110 �g L−1) was derived
rom the HSDB database on: http://toxnet.nlm.nih.gov/cgi-
in/sis/search/f?./temp/∼j0Xocn:1 (see, Section 2.4.3), and this
as used as the surrogate data point for the fish community

xtrapolation.

.4.2. Fish Interspecies Correlation Estimation—ICE
Recently, the U.S. EPA developed the Interspecies Correla-

ion Estimation (ICE) program to predict acute effects to 143
quatic and terrestrial species based on toxicity results from
urrogate species. Two thousand and eighty-four species-to-
pecies regression models (Model II least squares) based on
472 LC/EC50 values from 120 fish and invertebrate species
ere compiled and developed, making it the most comprehen-

ive analysis and tool for interspecies comparisons available.
mong the most frequently tested fish species were Pimephales
romelas (Fathead minnow), and Onchorhynchus mykiss (Rain-
ow trout). ICE allows the prediction of acute toxicity values
or a wide variety of species based on the input of a single
nown, or estimated, acute toxicity value. The aquatic dataset
as a compilation of data from the AQUIRE database and

he U.S. EPA’s Office of Pesticide Program aquatic database,
ee, http://cfpub.epa.gov/ecotox/. The fish tests retained in
he database include the following experimental characteris-
ics: 96 h EC50 for fish, juvenile fish weighing 0.2–0.5 g, and
sh that were less than 3 months old or less than 50 mm in

ength; test chemicals were identified as technical grade or
90% active ingredient; water hardness was between 30 and
0 mg CaCO3 L−1; pH 6.8–7.8; and temperatures were appro-
riate per species. Standardization resulted in a dataset with
772 tests comprising 247 aquatic species and 660 chemicals
18].

Uncertainty or assessment factors (AFs) and/or species sensi-

ivity distributions (SSDs) can be used to derive a protection level
or all species within a community. SSDs are statistical distribu-
ions that describe the variation among a set of species in toxicity
f a particular chemical or mixture. Aquatic quality criteria can

d
r
s
a
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e based on SSDs using the fifth percentile as a cut-off concen-
ration (HC5) [18], where 95% of the community is protected,
ranslating to a community No Observed Effect Concentration.
o describe a SSD, the following two-parameter log-logistic
odel (9) was fit via maximum likelihood estimation:

= 1

(1 + exp((A − X)/B))
(9)

here X is the independent variable (i.e., log EC/LC50); Y is
he cumulative probability (i.e., percentage of affected species);

is the parameter representing the location (i.e., the intercept
arameter); and B is the parameter representing the slope of the
urve (i.e., the scale parameter).

Dyer et al. [18] suggested the use of (Q)SAR derived fish
urrogate entry data for the ICE extrapolation. They moreover
ocumented that when using Fathead minnow (P. promelas) as
tart value for the SSD, this provided the lowest (most conser-
ative) HC5 values. Hence, to optimize the conservatism of this
creening level risk assessment we used the lowest ECOSAR
redicted EC50 value as proxy for the Fathead minnow entry
ata point to ICE. We selected surrogate species for the SSD on
he following criteria: (1) robust statistics of the extrapolation
ith >8 degrees of freedom; (2) fish that might tolerate brack-

sh water; (3) different size classes of fish potentially present at
he Bornholm site and those that may represent different habi-
ats (e.g. catfish as a bottom dwelling species, and salmonids as
elagic species); (4) species that are in the top 50% of most sen-
itive species in the ICE model [18]. The selection resulted in the
ollowing eight species: Atlantic salmon (Salmo salar); Chan-
el catfish (Itacalurus punctatus); Coho trout (Onchorhynchus
isutch); Cutthroat trout (Onchorhynchus clarki); Rainbow trout
O. mykiss); Largemouth bass (Micropterus salmoides); Perch
Perca flavescens); and of course the surrogate species Fathead
innow (P. promelas). This model fish community is primarily

hosen to be conservative and is not representative of actual fish
ommunities in the Bornholm basin.

.4.3. Chronic toxicity estimation—Danish (Q)SAR
atabase and the United States National Institute of Health
ational Library of Medicine Hazardous Substances Data
ase (NIH NLM HSDB)

The Danish (Q)SAR database is a repository of estimates
rom over 70 (Q)SAR models for 166,072 chemicals. The
Q)SAR models in focus in this analysis encompass estimates
f mutagenicity and carcinogenicity from models developed for
ammalian (human) toxicity endpoints in particular MULTI-
ASE (Multiple Computer Automated Structure Evaluation,
ulticase Inc, Ohio, USA, (http://www.multicase.com)). Only

ositive predictions within the model domain were noted.
dditionally, the predictions were verified against the NIH

oxicology data network database over Hazardous Substances
ata Base (HSDB). The HSDB contains over 4500 chemical

ecords, covering human and animal toxicity, safety and han-

ling. All data within the database undergoes a high level of peer
eview by the HSDB Scientific Review Panel, for further details
ee, http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB. The
ssessment of these properties are binary for the most part

http://www.epa.gov/oppt/exposure/docs/episuitedl.htm
http://toxnet.nlm.nih.gov/cgi-bin/sis/search/f?./temp/~j0Xocn:1
http://cfpub.epa.gov/ecotox/
http://www.multicase.com/
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB
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Table 5
CWA PECs in water (�g L−1)

Lower stratified layer (20 m) Total water depth (70 m)

Primary dump site Secondary dump site Primary dump site Secondary dump site

Chloroacetophenone (CAP) 265 32.8 75.8 9.3
Sulphur mustard gas (Yperite) 3620 445 1040 127
Adamsite 736 90.4 210 25.8
Clark I 367 45.0 105 12.9
Triphenylarsine 52.3 6.4 14.9 1.8
Phenyldichloroarsine 524 64.4 150 18.4
T .4
Z .7
M .9

(
i
h
o
w
i
o

3

3

3

C
a
2

3

l
v
r
f

a
d
d
t

i
2
t
t
r
o
t
0
f

t
t
d
l
d
d

c
t
c
s

s
a
i

T
M

C
S
A
C
T
P
T
Z
M

richloroarsine 52.3 6
yklon B 38.1 4
onochlorobenzene 724 88

positive or negative), hence the comparative analysis herein
s semi-quantitative and only relevant for the relative chronic
azards between the CWAs. The HSDB recommends the use
f Arsenic (CAS# 7440-38-2) for arsenic compounds; hence
e used this compound as a proxy for CWA compounds that

nclude organoarsenic—in this case, Adamsite and the Arsine
il constituents.

. Results

.1. Predicted environmental concentrations (PEC)

.1.1. Exposure scenario (A)
Concentrations in the entire mixed water compartment,

w0(agent) from Eq. (2), is shown in Table 5, for the primary
nd secondary dump-site areas with vertical mixing depths of
0 m and 70 m.

.1.2. Exposure scenario (B)
The quasi steady-state concentration in seawater is calcu-

ated for each agent from Eq. (5) with a current of 5 cm s−1 [2],
ertical dispersion coefficient of 0.2 cm2 s−1 [15], continuous
elease rates from Table 4, and substance specific parameters
rom Table 3.

For the primary dump site the maximum concentration occurs

t 10 km (columns 2 and 4 in Table 6), and for the secondary
ump site it occurs at 28 km (columns 3 and 5 in Table 6). Both
istances represent the outer boundaries of the dump sites in
he direction of sea current. The vertical dispersion causes mix-

p

l
c

able 6
aximum CWA PEC in water (�g L−1) 20 cm above the sediment surface

Lower stratified layer (20 m)

Primary dump site Secondar

hloroacetophenone (CAP) 0.294 0.0619
ulphur mustard gas (Yperite) 3.98 0.833
damsite 0.812 0.173
lark I 0.405 0.0864
riphenylarsine 0.0514 0.00979
henyldichloroarsine 0.565 0.114
richloroarsine 0.0561 0.0114
yklon B 0.0357 0.00593
onochlorobenzene 0.705 0.123
14.9 1.8
10.9 1.3

207 25.4

ng with the bulk water and, assuming a stratification layer at
0 m above the sediment surface [2], the peak concentration at
his depth is found at 50 and 90 km from the outer border of
he primary dump site for Zyklon B and monochlorobenzene,
espectively, both with peak concentrations <0.0001 �g L−1. All
ther agents peak at distances beyond 110 km from the border of
he dump site. The peak concentration range is between 0.10 and
.45 �g L−1 for Yperite and between 0.0006 and 0.12 �g L−1,
or the remaining six agents.

For the secondary dump site with a stratification layer at 20 m,
he peak concentrations at this depth are found at the same dis-
ances from the outer border of the dump site as for the primary
ump site. The peak concentrations at the 20 m stratification
ayer are approximately a factor of 5 lower for the secondary
ump site than the corresponding concentrations for the primary
ump site.

Assuming a total vertical mixing height of 70 m [2] the con-
entrations 20 cm above the sediment surface are approximately
he same as for a 20 m lower stratification layer (Table 6). The
oncentrations at the sea surface, i.e. 70 m above the sediment
urface are negligible at <E-13 �g L−1 for all agents.

Inserting maximum seawater concentrations 20 cm above the
ediment surface (Table 6) as sediment pore-water concentration
t the sediment surface in Eq. (7), the potential maximum sed-
ment concentrations are found; and with insertion in Eq. (8),

otential maximum fluxes to the sediment are found.

For all agents except Adamsite, Clark I, Yperite and tripheny-
arsine, which have relatively long half-lives and high sorption
oefficients (Table 3), the potential maximum sediment con-

Total water depth (70 m)

y dump site Primary dump site Secondary dump site

0.293 0.0618
3.98 0.832
0.811 0.173
0.405 0.0864
0.0514 0.00979
0.565 0.114
0.0561 0.0114
0.0357 0.00589
0.703 0.123
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Table 7
Compound-specific fish community estimated acute HC5 values (�g L−1)

Compound Fish community acute HC5 (�g L−1)

Chloroacetophenone (CAP) 500
Sulphur mustard gas (Yperite) 100
Adamsite 10
Clark I 10
Triphenylarsine 0.5
Phenyldichloroarsine 100
Trichloroarsine 100
Z
M
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yklon B 1
onochlorobenzene 100

entrations are low (<15 �g kg−1). For all other agents than
riphenylarsine, potential maximum fluxes to the sediment (Eq.
8)) are below 1% of the release rates in Table 4.

Triphenylarsine has the highest potential maximum concen-
ration at the sediment surface (1800 �g kg−1) and the lowest
ecline in concentration with depth. The potential maximum
riphenylarsine flux to the sediment is 17% of the release rate in
able 4.

.2. Fish community hazard concentration (HC5)

The statistics for all HC5 SSD were highly significant
p < 0.0001) and had correlation coefficients (r2) ranging
etween 0.93 and 0.97.

The predominating species sensitivity rank among
he fishes is: Atlantic salmon > Coho trout > Cutthroat
rout > Largemouth bass > Rainbow trout > Perch > Fathead

innow > Catfish. Yperite, phenyldichloroarsine, trichloroar-
ine, and monochlorobenzene have overlapping toxicities
owards the fish species that are well within the uncertainty
imits of the estimation; hence they have conservatively been
scribed the same average SSD and HC5 of 100 �g L−1,

nd similarly Adamsite and Clark I have been ascribed the
ame value at 10 �g L−1. Based on the figures above we have
ompiled Table 7 with the compound-specific estimated HC5
alues below (Fig. 2).

s
s
C
b

able 8
oxic units (TU) for chronica toxicity, primary and secondary dump-site areas and ve

20 m

Primary dump site Secondar

hloroacetophenone (CAP) 5.3 0.65
ulphur mustard gas (Yperite) 360 44
damsite 740 90
lark I 370 45
riphenylarsine 1050 130
henyldichloroarsine 52 6.4
richloroarsine 5.2 0.64
yklon B 380 47
onochlorobenzene 72 8.9

um (TU) 3030 370

a Acute TU values are a factor of 10 lower.
us Materials 154 (2008) 846–857 853

.3. Chronic toxicity

Quantitatively, the average Acute to Chronic Ration (ACR)
or narcotic mode of action compounds is conservatively set at
0 [7], resulting in chronic community HC5s 10-fold lower than
eported for the acute HC5s in Table 7. Qualitatively, we grouped
he compounds into four classes of chronic toxicity severity and
ikelihood based on QSAR estimates and HSDB data. In the most
azardous class we find Yperite which is cytotoxic (are used
s antineoplastic drugs), mutagenic, and carcinogenic. Class
I comprises the organoarsenic CWAs: Adamsite, Clark I, and
riphenylarsine – these compounds are mutagenic and carcino-
enic. CAP and monochlorobenzene are found in class III – CAP
s not mutagenic but a known carcinogen, while monochloroben-
ene is mutagenic in mouse lymphoma and micronucleus tests.
yklon B, in class IV, is not measured or predicted to be either
utagenic or carcinogenic.

.4. Environmental screening level risk assessment

.4.1. Exposure scenario (A)
The toxic units (TU = PEC/HC5), derived from

ables 6 and 7, are shown in Table 8 for chronic toxicity.
The risk duration time, tcrit, from Eq. (3), where the respective

C5 values will be exceeded, is shown in Table 9.
Calculations are made for primary and secondary dump site

reas and vertical mixing depths of 20 and 70 m, respectively.

.4.2. Exposure scenario (B)
The maximal chronic TU under scenario (B) with maximum

ECs at a depth of 20 cm above sediment surface are depicted
n Table 10.

.4.3. Overall risk assessment (exposure scenario A and B)
The most realistic assessment result is scenario (B): 70 m;
econdary dump site; chronic toxicity; at 0–20 cm above the
ediment, with a total mixture TU of 0.62. Triphenylarsine is the
WA with the highest realistic risk profile at 0.2 TU, followed
y Adamsite at 0.17, Clark I at 0.086 and Yperite at 0.083 TU.

rtical mixing depths of 20 and 70 m

70 m

y dump site Primary dump site Secondary dump site

1.5 0.19
100 13
210 26
110 13
300 37

15 1.8
1.5 0.18

110 13
21 2.5

865 106
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Fig. 2. CWA Fish Community Acute HC5 values.

Table 9
Risk duration time, tcrit (days), where fish community HC5 values for acute and chronic toxicity are exceeded in scenario (A)

20 m 70 m

Primary
acute

Primary
chronic

Secondary
acute

Secondary
chronic

Primary
acute

Primary
chronic

Secondary
acute

Secondary
chronic

Chloroacetophenone
(CAP)

NAa 280 NA NA NA 69 NA NA

Sulphur mustard gas
(Yperite)

290 480 120 310 190 380 20 210

Adamsite 7700 11,900 4000 8100 5500 9600 1700 5800
Clark I 1600 2600 660 1700 1000 2000 110 1100
Triphenylarsine 47 70 26 49 34 58 13 36
Phenyldichloroarsine 5 11 NA 5 1 8 NA 2
Trichloroarsine NA NA NA NA NA NA NA NA
Zyklon B 16 26 7 17 10 20 1 11
Monochlorobenzene 11 25 NA 13 4 17 NA 5

a NA, not applicable as TU never exceeds 1.
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Table 10
TU for chronic toxicitya, primary and secondary dump site areas and vertical mixing depths of 20 and 70 m, respectively

20 m 70 m

Primary dump site Secondary dump site Primary dump site Secondary dump site

Chloroacetophenone (CAP) 0.0059 0.0012 0.0059 0.0012
Sulphur mustard gas (Yperite) 0.40 0.083 0.40 0.083
Adamsite 0.81 0.17 0.81 0.17
Clark I 0.41 0.086 0.41 0.086
Triphenylarsine 1.03 0.20 1.03 0.20
Phenyldichloroarsine 0.057 0.011 0.057 0.011
Trichloroarsine 0.0056 0.0011 0.0056 0.0011
Zyklon B 0.36 0.059 0.36 0.059
Monochlorobenzene 0.071 0.012 0.070 0.012
S 2
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um (TU) 3.1 0.6

a Acute TU values are a factor of 10 lower.

he horizontal and vertical extent of potential risk is illustrated in
ig. 3A and B where the summed toxic unit (TU) concentrations
risk areas) in the seawater are depicted for the primary and
econdary dump sites, respectively. The qualitative profile is
rincipally identical for all agents (see, Section 2.3). The risk
olume increases in the direction of current as long as there is a
elease, and the greatest risk occurs at the outer boundary of the

ump site.

In Fig. 3A and B the risk volumes for the mixture of dumped
gents along the direction of sea current are shown for the pri-

ig. 3. (A and B) Total CWA mixture risk (TU) volume in seawater in primary
nd secondary dump sites.
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ary dump site, with continuous release in the first 10 km, and
or the secondary dump site, with continuous release in the first
8 km. Not surprisingly, the greatest risk volumes are identi-
ed for the less likely primary dump site in accordance with
able 10. Based on the primary dump site conditions, the risk
olume (TU > 1) is <2.5 m above sediment and <23 km down
urrent. Risks are not predicted for the secondary dump site;
owever, with an increase in the margin of exposure to a mini-
um of five (TU < 0.2) the risk boundaries would be <4 m above

ediment and <58 km down current.

. Discussion

The most realistic, and at the same time conservative assess-
ent result is scenario (B): 70 m; secondary dump site; chronic

oxicity; at 0–20 cm above the sediment, with a total mixture
U of 0.62. Triphenylarsine is the CWA with the highest real-

stic risk profile at 0.2 TU followed by Adamsite at 0.17, Clark
at 0.086 and Yperite at 0.083 TU. This assessment result does
ot include an assessment factor, which typically ranges from
to 5 for assessments based on species sensitivity distributions

19]. Hence, the low margin of exposure (<2) would suggest
hat a more detailed risk assessment is warranted to evaluate
he environmental risks of CWAs dumped in the Baltic Sea.
his assessment does not include potential indirect effects (e.g.

eduction in prey due to toxic responses).
The spatial distribution of the contaminated water volume

ith the sum of CWAs has a spherical shape moving with the
urrent and becoming less toxic with time due to dissipation.
or viscous Yperite the effect of pinhole leaks is negligible and
o agent is released until the entire munition shell is essentially
ompletely corroded [11]. The instant release of viscous Yperite
ill probably not result in plumes, but due to the low solubility

nd high density, viscous Yperite will spread as lumps along the
ea floor [11]. The influence of density of agents is small for
ransport in seawater, since the gravitational force on solutions
s negligible compared with turbulence.
In 1971/72 munitions dumped in 1947/48 were recovered in
he southern Little Belt, west of the Baltic Sea in Danish waters.
ome of the shells had sunk 50 cm in to the sediment/mud, and
ost of the shells were corroded [2]. Tørnes et al. [9] on the
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ther hand found both corroded and non-corroded shells in the
kagerrak as well as traces of Yperite in the sediment. Thus,

he state of munition shells, release and presence of CWAs, and
hereby potential environmental risks, are uncertain and context
ependent.

Solubility of agents appears to be of minor importance since
he seawater concentration is always below the solubility limit
f the CWAs at 25 ◦C—again viscous Yperite is an exception.
owever, it has been argued that at temperatures from 0 to
◦C the solubility of the compounds is significantly decreased,

eading to preliminary conclusion that Adamsite and CAP are
nsoluble in seawater and that they will remain as solid sediment,
hus not causing any risk [3]. Since monochlorobenzene has
omparable physicochemical properties to CAP it is assumed
hat the same conclusion would be made for monochloroben-
ene. Moreover, all the Arsine oil constituents and Yperite are
xpected according to HELCOM [3], to remain as jelly-like
umps at the seabed. Zyklon B is highly soluble and hydrolyz-
ble resulting in an expected rapid dissipation (DT50 = 3 days)
3].

The relationship between solubility and temperature (as well
s time and salinity (and other electrolytes)) is complex and
annot always be described by simple relationships. For some
ydrophobic compounds contradictory relationships can be
bserved within different temperature ranges for the same com-
ound [20]. Increasing solubility with decreasing temperature
s common for hydrophobic organic compounds at environmen-
ally relevant temperatures [20,21]. Muribi [22] and Waleij [23]
ound that the acute toxicity of Clark I and II decreased with
ecreasing temperature. This suggests that increased solubil-
ty by way of decreased temperature can increase the amount
f the compound in solution and bring about the toxic effect
21]. On the other hand, the EU Technical Guidance Document
2003) refers to a default factor of decreased water solubility
f compounds in saline waters of 1.36 [24]. Personal com-
unication with Bornholm fishermen report that they have

aught lumps of both viscous and brittle CWAs, likely Yper-
te and Adamsite. Moreover, they report that all bombshells
hey have caught over the past 20 years were >50% corroded,
hus suggesting that fish exposure to these two CWAs (and
ossibly others) might at the moment be limited. Hence, at a
creening level basis, exposure and potential risks cannot be
uled out but must be evaluated in a site-specific risk assess-
ent.
Previous studies at a dump site in the Mediterranean Sea by

mato et al. [25] found significantly higher incidents of his-
ological lesions recorded in fish species from a CWA dump
ite compared with the reference site, indicating a chronic state
f illness presumably from exposure to blistering agents and
uggesting a continuous release and/or persistence of these mate-
ials. Garnaga and Stankevicius [5] performed a preliminary
nvironmental risk assessment at a dump site in the Lithuanian
conomic zone of the Baltic Sea not far from the Bornholm

asin. They found that parameters such as, arsenic contamina-
ion; arsenic tolerating bacteria; and zooplankton did not give
ell-defined responses concerning potential risks. Moreover,

hey concluded that further determination of individual CWAs
us Materials 154 (2008) 846–857

t dump sites was needed to evaluate potential environmental
isks.

. Conclusions

Environmental risks towards the fish community in the Born-
olm basin from dumped CWAs cannot be ruled out based on
his screening level assessment, hence further empirical risk
ssessment is warranted.

The release of CWAs is expected to peak over the next
ecades, and the potential risk volume for the most realistic
cenario (B) would be <4 m above sediment and <58 km down
urrent, when the margin of exposure is set at a minimum of
ve (TU < 0.2). Hence, primarily sediment active species, such
s sole and omnivorous fish, e.g. cod, would be potentially at
isk, whereas more pelagic species (e.g. salmonids) would be at
ower risk.

Triphenylarsine, a constituent of arsenic oil, is the CWA with
he greatest initial realistic risk profile, followed by Adamsite,
lark I and Yperite. However, Adamsite is more persistent and
ould thus constitute a risk for a longer period than triphenylar-

ine.
Absence of risks based on assumptions of extremely low sol-

bility of CWAs influenced by temperature and salinity cannot
lone dismiss potential environmental risks. For hydrophobic
ompounds with limited solubility, a decrease in solubility might
n fact increase the risk of ecotoxicological effects due to the
ydrophobic effect—i.e. the affinity for these compounds to
ccumulate in interfaces between water and non-aqueous matri-
es. Moreover, extremely long time periods (years) in which
ompounds can dissolve may propagate the solution of other-
ise relatively insoluble CWAs in water over time.
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