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Preface
1915 was the year where chemical warfare weapons were used in large
scale in the field of Flanders near the village Ypres in Belgium against
Canadian troops. It was decided that these weapons of mass destruction
should be eliminated from the face of the Earth. Weapons were however
stockpiled by the German forces with the intent of potential use against
the Soviet army in Leningrad, luckily they were never used. After the
Second World War end Germany was de-militarized and in this process
their stock-piled chemical warfare agents were dumped at sea in 1947.
Similarly elsewhere in the world chemical warfare weapons were also
disposed of at sea before this was made illegal. The dumping of these
weapons has caused concern for the environment when the munition
shells corrode and their content is released to the sea. The seafloor nowadays is extensively used for various purposes such as fixed installations
e.g. power cables and gas pipeline. This report addresses the environmental risks installation of the Nord Stream AG twin gas pipeline 20082012.
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Summary
Following the end of the Second World War Germanys approximately
65,000 tonnes stockpiled Chemical Warfare Agent (CWA) munitions
were ordered by the allied forces to be destroyed during the second half
of 1947 as a result of the Potsdam Conferences. The Russian forces undertook the major part of this task during the summer of 1947 with German
barges and crews. The Bornholm basin in the Baltic Sea received more
than half of Germanys CWA arsenal with dumping of approximately
11,000 tonnes active CWA chemical substances. There are significant uncertainties and confounding factors to consider when assessing the risk of
CWA towards human and environmental health.
Here we assess the potential added indirect human and fish community
risks associated with construction of the planned Nord Stream gas pipelines along the S-route in the risk area 3 in the Bornholm basin was modelled using conservative screening level risk methods and assumptions in
a desk-top assessment. Risk may arise from perturbation of sediment
containing traces of chemical warfare agents (CWA) dumped after the
Second World War. Two different risk scenarios (A & B) were developed.
In scenario A we assumed a homogeneous distribution of the entire
available CWA across the entire area around Bornholm.
Subsequently we found based on measured data that the arsenicals
measured along the route do not correlate with total CWA concentrations
(r2 = 0.01). Therefore the predominant part of the arsenic in the sediment
has other anthropogenic and potential natural sources than CWA. The
fish community risk relative to the toxic forms of As is generally low
along the S-route. The total As levels found along the S-route are close to
the background levels for the Bornholm Deep. Mean arsenic concentrations in sediments range from 5 to 3000 mg/kg, with the higher levels occurring in contaminated areas (IPCS, 2001). The observed average sediment concentration, averaging at 11 mg/kg DM, found by Fauser et al.
(2013) is comparable to the average total As in the Bornholm Deep of approximately 20 mg/kg reported by Garnaga et al. (2006). Arsenic concentrations in sediment in the Baltic Sea are quite variable and primarily dependent on the geology and grain size (Emelyanov, 1996).
Further, the statistical analysis suggests that biological abundance is better described by physical parameters than As and CWA contamination
levels. There are no strong correlations between the CWA and the biological observations. The ratio between CWA munitions above and below
the sediment is unknown; hence special caution should be exercised in
connection with laying anchors, since these sink furthest into the sediment and may disturb buried munitions shells when installing the pipelines.
In summary from 2008-2012, re-suspension of CWA-contaminated sediment will cause a maximum added risk corresponding to a risk quotient
of 0.0001 at the highest risk location (CWA 22.81) (in comparison to the
max. RQs found in 2010 of 0.00107, and 0.003 in 2011), towards the fish
community. Compared to the total risk quotient from the prevailing quasi steady-state CWA residues concentrations in the pore water of up to
6

0.0037 (0.025 in 2010; and 0.17 in 2011), this indicates no significant additional risk from pipe laying activities.
We moreover, collected qualitative data from interviews with local experts and reviewed the historical archives covering the dumping, these
suggested low current risk.
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Sammenfatning
Denne rapport sammenfatter risikoanalyser af kemiske våben, der blev
dumpet ud for Bornholm efter Anden Verdenskrig. I 1947 blev i alt ca.
65.000 tons kemiske våben, indeholdende 11.000 tons kemiske kampstoffer, dumpet udfor Bornholm i Bornholmerdybet på 70-100m vand, da
Tyskland blev demilitariseret. Dumpningerne blev fortrinsvis foretaget af
de russiske styrker på tyske skibe og med tysk besætning.
Arbejdet omhandler især den øgede miljørisiko som følge af en ophvirvling af rester af de kemiske våbens indholdsstoffer i forbindelse med installationen af to gasrørledninger mellem Rusland og Tyskland som
Nord Stream AG står for. En række modeller er udviklet og data er indsamlet for at belyse dette og er gengivet i denne samlede rapport. Udover
disse kapitler er der en række artikler som er tilgængelige i den videnskabelige litteratur, især i tidsskriftet Journal of Hazardous Materials.
Det er fundet at koncentrationen af arsenikforbindelser, der er målt langs
rørlægningsruten, som ikke korrelerer med den totale målte mængde
kemisk kampstof (CWA) (r2 = 0.01). Den overvejende del af arsenik i sedimentet har derfor andre antropogene og potentielle naturlige kilder, da
koncentrationerne er i samme størrelsesorden som baggrundsværdierne i
Bornholmerdybet. Desuden er risiko af de giftige former af arsenik overfor fisk generelt lav. De statistiske analyser viser, at den biologiske forekomst beskrives bedre ved fysiske parametre end ved arsenik- og CWAkoncentrationer.
Fordelingen af våben med krigsgasser over og under sedimentoverfladen
kendes ikke, derfor skal der udvises speciel opmærksomhed ved lægning
af ankre, da disse kan synke dybere ned i sedimentet og forstyrre begravede intakte våben.
Sammenfattende kan det konstateres, at rørlægningen ikke udgør et signifikant bidrag til en i forvejen minimal akut miljørisiko for fiskebestanden omkring Bornholm som følge af rørlægningsaktiviteter.
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1

Risk screening of chemical warfare
agents towards humans and the fish
community resulting from sediment perturbation from construction of the
planned Nord Stream offshore pipelines
through risk area 3 (S-route) in the Baltic
Sea

Hans Sanderson & Patrik Fauser

1.1

Summary

The potential added indirect human and fish community risks associated
with construction of the planned Nord Stream gas pipelines along the Sroute in the risk area 3 in the Bornholm basin was modelled using conservative screening level risk methods and assumptions. Risk may arise
from perturbation of sediment containing traces of chemical warfare
agents (CWA) dumped after the Second World War. Two different risk
scenarios (A & B) were developed. In scenario A we assumed a homogeneous distribution of the entire available CWA across the entire area of
risk area 3. Scenario B we assumed that the majority of the CWA was actually dumped in the designated dumping areas 1 and 2, resulting in
17 % of the total available amount spread homogeneously across the risk
area 3. Both are conservative worst-case assumptions, where it is assumed that the entire available CWA amount is released instantaneously
upon construction of the pipeline. Scenario B is the more realistic of the
two scenarios. The results indicate low risk towards humans and the fish
community. The margins of safety for the fish community ranges from
333 to 2000 for Scenario A and B, respectively, and that the margin of exposure for human health ranges from 50 to 300 per constructed pipeline.
The final assessment of the risks should be based on measured data to
elucidate the inherent uncertainties in the above assumptions.

1.2

Introduction

Following the end of the Second World War Germanys approximately
65,000 tonnes stockpiled Chemical Warfare Agent (CWA) munitions
were ordered by the allied forces to be destroyed during the second half
of 1947 as a result of the Potsdam Conferences. The Russian forces undertook the major part of this task during the summer of 1947 with German
barges and crews. Initially the intended dump site was outside the Faroe
Islands but these plans were changed to meet the deadlines and financial
restrictions. The Bornholm basin in the Baltic Sea consequently received
more than half of Germanys CWA arsenal with dumping of approximately 11,000 tonnes active CWA chemical substances (HELCOM, 1994).
With the Potsdam agreement after the war there followed an international moratorium upon the revealing of the nature and location of the
dumping locations (Brewer and Nakayama, 2008). In 1997 the U.S.A. and
Great Britain prolonged their moratorium for another 20 years, whereas
the Russians, as a part of their Glasnost policy and end of the cold war,
disclosed their CWA dumping activities in the Baltic Sea in the early
1990s to HELCOM. It is known but associated with both secrecy, uncer-
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tainty and lack of knowledge that Great Britain also dumped CWA in the
Baltic Sea mainly west of Bornholm, and that East-Germany in 1962 with
operation Hanno dumped CWA east of Bornholm. These amounts are
expected to be significantly less than the amounts dumped by the Russians by international orders east of Bornholm. Table 1 is a list of the confirmed and known dumped active CWA from Russian reports.
Table 1 Confirmed dumped chemical warfare agents in Bornholm basin (HELCOM,
1994)
Compound
Chloroacetophenone (CAP)

1
2

Sulphur mustard gas (Yperite)
3

CAS number

Dumped CWA (tonnes)

532-27-4

515

505-60-2

7027

Adamsite

578-94-9

1428

Clark I3*

712-48-1

711.5

Triphenylarsine3*

603-32-7

101.5

Phenyldichloroarsine3*

696-28-6

1017

7784-34-1

101.5

74-90-8

74

3*

Trichloroarsine

Other (Zyklon B)

4
5

Monochlorobenzene
1)

Riot control agent;

2)

108-90-7
Blistering agent;

3)

Organoarsenic blistering agent;

1405
3*)

Arsine oil

constituents - organoarsenic blistering agent; 4) Blood agent; 5) Additive.

The exact locations of the dump sites are ambiguous. The primary, and
designated, dumping was conducted in a circular area with a radius of 3
nautical miles, with the centre coordinates at 55oE21"N and 15oE37'02"E
covering an area of 99 km2. However, not all CWA was dumped at the
designated site, hence a secondary, and more realistic dump site is located roughly at 55º10"N to 55º23"N and 15º24"E to 15º55"E, covering 892
km2. Lastly, there is a third dump site area covering 9104 km2 (Figure 1).

Figure 1 Primary dump site (circle) within in the secondary dump site box, and the
larger tertiary dump site, the entire lined box. The thick black line is the S-route under
investigation.
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The waters in the Bornholm basin can be divided into an upper and a
lower layer. The upper layer (depth of 50 to 70 m) consists primarily of
brackish water flowing in from the northern and eastern parts of the Baltic Sea flow slowly out of the Baltic Sea towards the North Sea. The lower
layer (< 20 m above sediment) originates in the North Sea and is on its
way into the Bornholm basin. There is a weak south-easterly bottom water current of 5 cm/s causing an advective transport of agent, a vertical
dispersion coefficient of 0.2 cm2/s (Stigebrandt, 1982), which induces a
turbulent mixing of the near bottom bulk water, sedimentation, diffusion
to sediment, degradation (hydrolysis) and accumulation in sediment,
which will all be taken into account in the exposure calculations.

1.3

Methods

1.3.1 Chemical Warfare Agents
The munitions have been resting on the seabed and in the sediment of the
Baltic Sea for more than sixty years and the extent of corrosion of the
shells, and thus release, of the toxic chemicals into the marine environment is poorly understood, some shells will have leaked their content
whereas others might still be intact. The ratio between corroded and
empty munitions versus intact munitions is not known, it is however
clear that oxygen is needed for corrosion of the munitions iron walls, and
that munitions situated in anoxic sediments will be better conserved than
munitions exposed to oxygen in either the sediment or water. Hence, the
ratio corroded and potential empty munition versus intact potential full
munitions to a large extend is the ratio of the munitions above and below
sediment.
The human and environmental toxicity along with most physicochemical properties of CWAs have not been thoroughly investigated
with modern methods and reported in the public literature, hence modelling of these properties are warranted to derive comparable datasets
(Sanderson et al. 2007, 2008ab), see Sanderson et al. (2007) for individual
CWA parent and primary metabolite physico-chemical properties (Table
2).
Table 2 Substance-specific physicochemical parameters (dissipation half life (DT50);
water solubility (Water sol.); hydrophobicity (Log Kow); and sorption coefficient (Koc))
(Sanderson et al. 2008a).
Compound
Chloroacetophenone (CAP)
Yperite
Adamsite

DT50 (days) Water sol. (mg L-1)

Log Kow

Koc
89

114

1635

1.93

56

1)

2.41

275

0.4

4.05

5000

1247

605 and 0.8

Clark I

18

3

4.53

19,000

Triphenylarsine

17

0.089

5.97

440,000

Phenyldichloroarsine

19

639

3.06

817

Trichloroarsine

20

2291

1.61

35

Zyklon B

3

95,000

-0.69

2.7

Monochlorobenzene

4

400

2.64

268

1)

For viscous Yperite that constitutes 20 % (1405 tonnes) of the total Yperite mass.

The potential for biomagnification in the marine foodweb and thus also
indirect exposure towards humans consuming potentially contaminated
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fish plus the toxicity of the CWAs towards the fish community and humans (Opresko et al. 2001) are outlined in Table 3. The HC5 is the statistically calculated concentration where 95 % of the species will not be impacted. The oral RfD is the measured and predicted safe human exposure
concentration.
Table 3 CWA bioconcentration faction (BCF) and biomagnification factor (BMF), fish
community and human health toxicities (Sanderson et al. 2008b)
Compound
CAP
Yperite

BCF/BMF
0.8/1

Fish community

Oral RfD

HC5 (mg/L)

(mg/kg BW/d)

0.5

0.005

14.3(.3)*/1

0.1

0.000007

Adamsite

262/1

0.01

0.0003

Clark I

600/1

0.01

0.0003

7901/10

0.0005

0.0003

45.6/1

0.1

0.0003

3.5/1

0.1

0.0003

3.2/1

0.001

0.002

30.7/1

0.1

0.002

Triphenylarsine
Phenyldichloroarsine
Trichloroarsine
Other (Zyklon B)
Monochlorobenzene

* The BCF of 0.3 in brackets is a measured value in 1985, but the reliability the study
has been questioned, hence to be conservative and consistent we use the value of
14.3 in the analysis.

1.3.2 Risk assessment
There are recognized uncertainties concerning the exact location of the
dumping and to a lesser degree the amounts dumped we make conservative assumptions concerning the presence of chemical warfare munitions
and CWA. This in order to perform a screening level indirect human
health and fish community risk assessment, for the risks associated with
the construction of the planned Nord Stream pipelines. The methodologies adhere to the European Union’s Technical Guidance Document (EU
TGD, 2003) for marine and indirect human risk assessment from consuming potentially contaminated seafood and are detailed in Sanderson et al.
(2008ab). The human risk quotient is based on the water concentration
and the conservative default values of 70 kg body weight (BW) and a daily fish intake of 0.115 kg/person, and the safe oral reference doses for all
the CWAs. We can calculate the indirect human health risk quotient
based on the EU TGD (2003) from equation (1):

RfD(ng/kgBW/d)
Water concentration (ng/L)*BCF*BMF * 70 (kg BW)*0.115 (kg fish/d)
We applied the following conservative exposure assumptions related to
construction of one gas pipeline, hence if e.g. two gas pipelines are constructed the overall risk at a screening level will be doubled. We developed two different conservative risk scenarios, A) which is very conservative and less probable, and B) which is still very conservative but
more probable than A). Assumptions:
•
•
•
•
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Total risk area 3 = 9104 km2
Total pipeline length = 104 km
Pipeline diameter = 0.00126 km
Pipeline anchor corridor = 2.040 km of which 2 % of the sediment surface is perturbed (Rambøll, 2008)

• Total area of perturbed sediment per gas pipeline constructed along Sroute = 4.3742 km2
• All CWA is in its parent form and released instantaneously upon construction of the pipeline in the area described above
• The relative risk of each CWA and the total risk assuming additivity is
calculated
• Risk scenario A: Conservative assumption that all CWA dumped
(Table 1) is homogeneously distributed across the entire risk area 3
Risk scenario B: A more realistic but still very conservative assumption is that the majority (50 %) of CWA was actually dumped in the
designated primary dump site. Of the remaining amount 2/3 were assumed dumped in the secondary dump site (33 %) and one third
(17 %) in the tertiary dump site.

1.4

Results

1.4.1 CWA exposure concentrations
CWA concentrations were found from finite difference solutions of the
diffusion-advection model Sanderson et al. (2008a). The results of the calculated CWA exposure concentrations following an instantaneous release
of the entire CWA potential for Scenario A & B was calculated for the
near bottom water (at 20 cm above seafloor) and 20 m above the sediment
within the lower water layer (Sanderson et al. 2008a).
Table 4 Water exposure concentrations for Scenario A & B at 20 cm above sediment
and at 20 m above sediment in ng/L.
Compound

A at 20 cm

B at 20 cm

A at 20 m

B at 20 m

(ng/L)

(ng/L)

(ng/L)

(ng/L)

CAP

3.13E+00

5.01E-01

8.35E-04

1.34E-04

Yperite

4.24E+01

6.78E+00

1.06E-02

1.69E-03

Adamsite

8.64E+00

1.38E+00

2.16E-03

3.46E-04

Clark I

4.31E+00

6.9E-01

1.08E-03

1.72E-04

Triphenylarsine

5.47E-01

8.75E-02

1.09E-04

1.75E-05

Phenyldichloroarsine

6.01E+00

9.62E-01

1.0E-03

1.6E-04

Trichloroarsine

5.97E-01

9.55E-02

9.95E-05

1.59E-05

Other (zyklon B)

3.8E-01

6.08E-02

2.85E-05

4.56E-06

Monochlorobenzene

7.5E+00

1.2E+00

7.5E-04

1.2.-04

73.5

11.8

0.016

0.0026

Total

The water concentrations in Table 4 result in the following total fish concentrations assuming that the fish is 5 % of its life time at 20 cm above the
seafloor and 95 % of its life time at 20m depth above the seafloor in accordance with Sanderson et al. (2008a).

13

Table 5 CWA concentration in fish in ng/kg.
Compound

A (ng/kg)

B (ng/kg)

CAP

1,26E-01

2,01E-02

Yperite

3,04E+01

4,87E+00

Adamsite

1,14E+02

1,82E+01

Clark I

1,30E+02

2,08E+01

Triphenylarsine

2,17E+03

3,47E+02

Phenyldichloroarsine

1,38E+01

2,20E+00

Trichloroarsine

1,05E-01

1,68E-02

Other (zyklon B)

6,09E-02

9,74E-03

Monochlorobenzene

1,15E+01

1,85E+00

2469,31

395,09

Total

1.4.2 Risk assessment
With the safe fish community HC5 values (hazardous concentration
where 95 % of the fish community will not be affected) in Table 3 and the
CWA water exposure concentration in Table 4 we can derive the risk
quotient (Predicted Environmental Concentration (PEC) / Predicted No
observed Effect Concentration (PNEC)) for the fish community (Table 6).
Table 6 Fish community risk quotient for Scenario A and B.
A

B

CAP

6.26E-06

1.0E-06

Yperite

4.24E-04

6.78E-05

Adamsite

8.64E-04

1.38E-04

Clark I

4.31E-04

6.9E-05

Triphenylarsine

1.09E-03

1.75E-04

Phenyldichloroarsine

6.01E-05

9.62E-06

Trichloroarsine

Compound

5.97E-06

9.55E-07

Other (Zyklon B)

3.8E-04

6.08E-05

Monochlorobenzene

7.5E-05

1.2E-05

0.003

0.0005

Total

The relative fish community risk contributions of the different CWAs are
represented in Figure 2.

Figure 2 Risk towards fish, one pipeline. Total risk = 0.003 (A). Total risk = 0.0005
(B).

We can moreover with the indirect CWA concentrations via fish and Eq
(1) calculate the conservative screening level human health risk quotient,
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which can then be converted into a margin of exposure (MOE) as the reciprocal (1/human PEC/PNEC) value (Table 7).
Table 7 Indirect human health MOE.
A

B

2,42E+07

1,51E+08

Yperite

1,40E+02

8,75E+02

Adamsite

1,61E+03

1,00E+04

Clark I

1,41E+03

8,78E+03

Triphenylarsine

8,42E+01

5,26E+02

Phenyldichloroarsine

1,33E+04

8,30E+04

Trichloroarsine

1,74E+06

1,09E+07

Other (zyklon B)

2,00E+07

1,25E+08

Monochlorobenzene

1,05E+05

6,59E+05

49

306

Compound
CAP

Total

Figure 3 Human risk, one pipeline. Total risk = 0.02 (A). Total risk = 0.003 (B).

The relative indirect human health risk contributions of the different
CWAs are represented in Figure 3 for Scenario A and B.

1.5

Discussion and conclusions

It can be concluded that based on this screening level risk assessment of
the fish community and the indirect human health risks are low. The
margins of safety for the fish community ranges from 333 to 2000 for Scenario A and B, respectively, and that the margin of exposure for human
health ranges from 50 to 300. Scenario B is more probably than Scenario
A, the dumping was not uniform across the entire risk area 3, the majority was dumped in the designated primary dump site or in the adjacent
secondary dump site.
There are a number of worst-case assumptions integrated in to this analysis as mentioned above. In relation to the CWA exposure component,
the solution to the diffusion-advection model assumes a semi-infinite
space, which is appropriate for modelling transport of substance released
over a large area. The pipeline corridor makes up a patchwork of smaller
disturbed sediment areas, which causes a dilution with bulk water over
adjacent non-disturbed, and thus not CWA emitting, sediments. Overall
this makes the model results conservative, which is in line with the
worst-case approach applied for screening level assessments. Measurements in the Bornholm basin have shown a near-bottom boundary layer
15

2-3 m thick with an eddy diffusivity a factor of 2000 larger than the one
used in the model. Zhurbas (2008) has shown that the inclusion of such a
high diffusivity bottom boundary layer results in a 45 % decrease of the
maximum PEC estimates for the short-living CWAs, i.e. Zyklon B and
Monochlorobenzene, and a 7 % decrease of the long-living Adamsite. An
exclusion of a high diffusivity bottom layer thus yields a conservative estimate.
It is moreover unlikely that all the potential CWA will be instantaneously
released in its parent form upon pipeline construction, furthermore a significant fraction of the CWA may be buried more than 10 cm below the
sediment surface and are thus not perturbed by the construction. The
munitions in contact with water will most likely be corroded and will
thus potentially already have leaked their content - or the content may is
still be within the shell but in a less hazardous hydrolysed form. These
qualitative factors will further decrease the potential for risk.
As this is a model based screening level assessment the conclusions hereof should be investigated based upon measured exposure concentrations
collected along the designated pipeline route in order to accurately asses
the added potential CWA related risks towards human health and the
environment.
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2

Historical and qualitative analysis of the
state and impact of dumped chemical
warfare agents in the Bornholm basin
from 1947-2008

Hans Sanderson & Patrik Fauser

2.1

Summary

There are significant uncertainties and confounding factors to consider
when assessing the risk of CWA towards human and environmental
health. Hence collection of qualitative data from interviews and historical
archives, with respect to the following issues, are needed;
• The spatial scale - potential CWA contamination of up to >9000 km2 at
depths as deep as >100m in the Bornholm basin
• The time scale - inaccurate information concerning the dumping activities occurring for the past 60 years
• Corrosion state of the munitions - not only those retrieved but also
those embedded in sediment
• The high chronic toxicity of the compounds especially mustard gas
The main results of the interviews with local experts and the analysis of
the newspaper articles can be summarized to:
• Dumping was secret and it started during the summer of 1947 and
ended Dec 27 1947, some 12,000 tonnes active CWA was dumped in
the Bornholm basin. The historical records are not complete.
• Different types of CWAs were dumped, primarily mustard gas and
other blistering agents but also a small amount of nerve agents
• The dumping caused effects on the fish stock in 1947
• There are plenty of fish at dump site depending upon the oxygen levels and the fish go all the way to bottom. Fishing is restricted at primary dump site and not recommended at secondary dump site
• No extraordinary frequency of lesions on fish from the dump site are
reported
• Munitions above the sediment (with access to oxygen) are completely
corroded and mustard gas lumps are solid, Adamsite is still sticky
• Munitions in the sediment are likely intact due to anoxic conditions
preventing corrosion. The relative amounts of buried (intact) CWAs
and CWAs at the sediment surface (corroded) are not known
• The munitions are not ‘live’ as the detonator is not inserted
• No reports of caught nerve agents
• Munitions are disperse due to inaccurate dumping and trawling and
drifting of munition boxes
• No reports of munitions or CWA lumps washing ashore
• There are wrecks at the dump site but uncertainty about sinking of
munitions ships
• Some 200 fishermen have been injured since 1947 from direct contact
with the gas, there are no records of potential chronic illness sustained
• There are generally limited environmental concerns but interest in the
topic from the local stake holders
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2.2

Introduction

Chemical Warfare Agents (CWA) must be viewed within their complicated societal and environmental context. CWA is often surrounded by
secrecy, suffers from lack of recent data and is associated with security issues of a personal and national character. CWAs have been used for centuries but are still quite poorly described in terms of their environmental
hazard characteristics. Moreover, analytical methods for detection of
CWA in the environment and controlled exposure in the laboratory need
to be developed. CWA cover a broad spectrum of roughly 70 chemicals.
CWA was first used in significant amounts during World War I on the
battlefields near the city of Ypres in Belgium in 1915. They proved to be
powerful weapons in World War I trench warfare and, during the course
of the war, ended up killing and injuring more than 1.4 million people. In
1925 the use of CWA was declared illegal with the Third Geneva Convention and, therefore, was not used in combat either by Germany or the
Allied Forces during World War II. However, both sides did stockpile
somewhere between half and one million tons of chemical munitions and
CWA in total. Following the end of the Second World War Germanys
approximately 65,000 tonnes stockpiled Chemical Warfare Agent (CWA)
munitions were ordered by the allied forces to be destroyed during the
second half of 1947 as a result of the Potsdam Conferences. The Russian
forces undertook the major part of this task during the summer of 1947
with German barges and crews. Initially the intended dump site was outside the Faroe Islands but these plans were changed to meet the deadlines and financial restrictions. The Bornholm basin in the Baltic Sea was
chosen as the deepest location (100m) near the German harbour from
where the munitions were shipped out, and consequently received more
than half of Germanys CWA arsenal with dumping of approximately
11,000 tonnes active CWA chemical substances (HELCOM, 1994). With
the Potsdam agreement there followed an international moratorium upon the revealing of the nature and location of the dumping locations
(Brewer and Nakayama, 2008). In 1997 the U.S.A. and Great Britain prolonged their moratorium for another 20 years, whereas the Russians as a
part of their Glasnost policy and end of the cold war disclosed their CWA
dumping activities in the Baltic Sea in the early 1990s to HELCOM. It is
known but associated with both secrecy, uncertainty and lack of
knowledge that Great Britain also dumped CWA in the Baltic Sea mainly
west of Bornholm, and that East-Germany in 1962 with operation Hanno
dumped CWA east of Bornholm. These amounts are expected to be significantly less than the amounts dumped by the Russians by international
orders east of Bornholm. During the Cold War further development,
stockpiling and replacement of CWA continued until 1993, at which
point the multilateral Chemicals Weapons Convention (CWC) was
adopted, augmenting the Geneva Convention. The CWC, to which 183
countries currently are signatories, entered into force in 1997 and is managed by the Organization for the Prohibition of Chemical Weapons
(OPCW) in The Hague, Netherlands. According to the CWC all CWA
must be completely eradicated by the year 2012, mostly by conversion to
chemicals for peaceful purposes or by incineration.
The exact locations of the dump sites and thus associated risk areas are
ambiguous (Brewer & Nakayama, 2008) Figure 1 show the most probable
dump sites and risk areas near Denmark.
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Figure 1 CWA dumping areas near Denmark. A is the Gotland dump site; B is the Bornholm dump site; C is the
Lille-belt dump site; D & E are the Skagerrak dump sites (HELCOM, 2002).

The primary, and designated dumping site in the Bornholm basin (area
B), is a circular area with a radius of three nautical miles, with the centre
coordinates at 55oE21"N and 15oE37'02"E covering an area of 99 km2.
However, not all CWA was dumped at the designated site, hence a secondary, and more realistic dump site is located roughly at 55º10"N to
55º23"N and 15º24"E to 15º55"E, covering 892 km2, the red area. The
dumping zone west of Bornholm is less well described and was conducted by the United Kingdom after the war. The yellow box indicates the
risk area in the Bornholm basin covering more than 9000 km2 and has
been expanded with the likely sail routes of the ships conducting the
dumping and assuming en route dumping (Figure 1). Figure 2 is an approximate representation of the entire Bornholm risk area, with the designated primary dump site in the circle, the more likely secondary dump
site (the box) and the entire tertiary risk area. Dump site is where the
munitions were dumped (primary), and where they probably were
dumped (secondary), and the risk area is the area where there might be
munitions (tertiary).
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Bornholm

Figure 2 Approximate primary dump site (circle) within in the larger and more probable secondary dump
site box, the larger tertiary risk area (the entire mapped area here), and the S-route and the Bornholm
basin bathymetry.

The munitions have been resting on the seabed and in the sediment of the
Baltic Sea for more than sixty years and the extent of corrosion of the
shells, and thus release, of the toxic chemicals into the marine environment is poorly understood, some shells will have leaked their content
whereas others might still be intact. The ratio between corroded and
empty munitions versus intact munitions is not known, it is however
clear that oxygen is needed for corrosion of the munitions iron walls, and
that munitions situated in anoxic sediments will be better conserved than
munitions exposed to oxygen in either the sediment or water. Hence, the
ratio corroded and potential empty munition versus intact potential full
munitions to a large extend is the ratio of the munitions above and below
sediment. Due to the national security issues and hence secrecy concerning both the location and environmental properties of CWA there have
been performed very few qualified site specific environmental risk assessments of CWA in and around dump sites at all. Screening level risk
assessments towards the humans consuming fish caught in the dumping
areas in the Bornholm basin cannot rule out potential risks towards the
consumer as the total margin of exposure (MoE) for the total CWA mixture = 0.5 to 2.6, for the primary and secondary dump site, respectively,
warranting further investigation to accurately evaluate the potential risk
(Sanderson et al. 2008b). Similarly, the more realistic worst-case risk scenario towards the fish community has been screened which yielded a total CWA mixture margin of safety (MoS) of less than 2 also warranting
further investigation for the primary and secondary CWA dump area
(Sanderson et al. 2008a). The added CWA risk towards both human
health and the health of the fish community as a consequence of the proposed gas pipeline along the S-route in the tertiary risk area has been
screened, and it was concluded that the human health MoE ranged from
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50 to 300 and the MoS towards the fish community ranged from 333 to
2000 per constructed pipeline in the tertiary risk area. Due to the high
toxicity of the CWA and the scientific exposure uncertainties it was concluded that despite the high safety margins towards humans and the fish
community empirical evidence is needed to assess the potential added
risk from construction of a gas pipeline through the tertiary risk area
(Sanderson and Fauser, 2008c). As evident from the historical context of
secrecy for CWA, and lack of updated property information and the
sheer size of risk area 3, of more than 9000 km2, and the evident potential
risks and severity of the CWA toxicological properties warrant further
investigation. These should be both quantitative but also quality in nature, as the overall assessment of risks will be based both on the measured and modelled data but also on the qualitative local expert experience generated over decades among fishermen, the navy and other local
stake holders on the island of Bornholm.
Hence, the aim of this report is to supplement the ongoing empirical scientific investigations with qualitative investigations of the publicly available records concerning the dumping of CWA munitions in the Bornholm basin as well as reporting the experience of local experts in relation
to the state and impact dumped chemical munitions may have.

2.3

Methods

2.3.1 Qualitative analysis – interviews
The rationale for conducting qualitative interviews with local experts is
to support lines-of-evidence to the scientific data and the historical analysis. Qualitative interviews were performed during the last week of April
2008 with the following stake-holder groups on Bornholm:
• Bornholm Fishermen’s association (Bornholms Fiskeriforening)
• Local municipal authority (Bornholms Regionskommune)
• Local Natural Conservation Society (Danmarks Naturfredningsforening, Bornholm (DN Bornholm))
• The Naval District of Bornholm (Marine Distrikt Bornholm)
• Local professional deep-sea divers
• Local media (Bornholmstidende)
• Bornholm’s Museum
The respondent’s identity are kept anonymous but known to NERI. The
main results of the interviews will be summarized in this report.

2.3.2 Qualitative analysis – news articles
Accurate and full disclosure of the dumping of CWA after WWII has
been impaired first by the 50 years international secrecy moratorium
(Brewer & Nakayama, 2008) allowing the information to withhold and
subsequently by the cold war following WWII. Information on the major
dumping of CWA in the Bornholm basin, performed by the Russian authorities, was held secret from 1947 until 1993. During these almost 50
years important pieces of information may have been lost, moreover, the
scientific accuracy and completeness of the disclosed information provided by the Russian authorities to HELCOM in 1993 can be questioned. We
therefore obtained copies of newspaper articles, especially from Bornholm newspapers, from the beginning of the dumping in August 1947
until the end of 1992 in association with Bornholm’s Museum who gra22

ciously provided NERI with the documentation, see annex 1 for samples
of the newspaper articles. More than 900 news articles were uncovered
for the period. These represent the significant portion of the Danish public record concerning the dumping of CWA munitions near Bornholm.
The articles were analysed with special emphasis on when, where, how
much, how and by whom the munitions were dumped. They were moreover analysed for potential impacts reported both towards human and
environmental health. Combined they make up a series of qualitative
lines-of-evidence supporting the scarce quantitative scientific and empirical evidence.

2.4

Results

2.4.1 Interviews
The main message results of the interviews are summarized below for
the various respondents.
Bornholms Regionkommune (Municipality):
• They do not collect samples or monitor impacts of CWA on the marine environment
• They do not receive inquiries by concerned members of the public as
there is in general very limited public and media concern
• Lumps of gas and munitions are less frequently reported now relative
to for 20-30 years ago due to less fishing activities
• There are no reports of exposure (wash ashore) or contact/effects on
people bathing
• They do not believe that the currents and waves are strong enough to
transport munition to the shore
• They do not consider there to be a significant environmental and human health threat and that the munitions are best left alone
Bornholms Fiskeriforening (Fishing association)
• There are high abundances of fish at the dump site when there is influx of oxygen (e.g. plenty of oxygen in 2003 and 2007) all the way to
the seafloor (cod, sole, sprat, herring and other fish are found). They
follow preys in diurnal cycles in the water column and seek refuge
near the wrecks. They see no lesions on any fish. Fish only have contact with CWA in the net and the catch is then discarded
• They only catch lumps of hard gas nowadays (ranging from tennisball size to large lumps of up to 50kg. Twenty to thirty years ago the
lumps were greasier and like honey
• All the gas munitions shells they catch now are very corroded and
they are caught over large areas
• They have not caught any other weapons than German gas bombs
• They catch fewer lumps nowadays and they do not consider there to
be threat and that the munitions are best left alone
Professional deep sea diver
• There are plenty of fish at the dump site. There are also fishes with lesions up to 5cm in diameter at higher frequency in the dump site than
in the surrounding areas
• Munitions are more disperse now due to trawling and re-dumping
• Munitions in the sediment (anoxic) are largely intact with paint and
all. The mud can be very deep and soft and munitions shells can thus
be buried
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• There are heaps of munitions and plenty of wrecks but not wrecks
with munitions to his knowledge
• Debris and munition is spread over large areas
Bornholms Marine District
• They have had 720 cases of caught munitions since 1960 – mostly
mustard gas, Adamsite and CAP – never nerve agents
• Most munitions have been KC250 with 2.5 cm iron casing, they are not
armed but have a small amount (3 kg)of explosives to disperse the gas
typically 100kg mustard gas in liquid form (Figure 3)

Figure 3 Mustard Gas Bomb type KC 250 (Bornholms Marine District).

• CAP was dumped later than the 1947 dumping, CAP and Adamsite
was primarily dumped in wood casing
• Since 1992 all the caught munitions have been either empty or completely corroded and now they only get free lumps of gas
• No sinking of ships occurred during the dumping in 1947 with munitions at the Bornholm site
• Over recent years the mustard lumps are solid all the way through –
previously (>10 yrs ago) there could be liquid in side but not any
longer (Figure 4). Adamsite are still sticky lumps

Figure 4 Navy personnel in protective ABC suit with a lump of mustard gas (Bornholms Marine District).
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• Lumps vary in size and the annual total amount caught is less than
1000 kg (typically around 100 kg roughly)
• The dumped munitions are wide spread. Caught gas with explosives
are re-dumped for safety concerns, those without explosives are
brought in and incinerated
• Fishing is illegal in the primary dump site and not recommended in
the secondary dump site – there are plenty of healthy fish at dump
site
• There are also surprises such as 1000 kg container with adamsite on
the harbour of Nexø dumped after 1960 of eastern European origin
Bornholmstidende (journal), Bornholms Museum, Danmarks Naturfrednings forening (Environmental NGO), Bornholm
Common for these respondents was that they have no or very little specific information concerning the state, impact and risks of the dumped
chemical munitions but are interested in receiving information on the
topic. Their organizations and memberships and stake-holders do not report significant human and environmental concerns but interest in the research being conducted in relation to the risk assessment.

2.4.2 Historical analysis (news articles)
The dumping started summer approx. July 1 1947 and ended December
30 1947. The first public report in the news was on August 14 1947 where
the miner ‘Elbing VIII’ of Lybäk started dumping at 55”20N and 15”37Ø
3 nautical miles radius. With up to 2000 gas munitions per trip and many
of them leaking, the ship reeks of gas. Dumping was conducted by the
Russian navy in secrecy in international waters. August 15 1947 dead fish
wash ashore due to leaking bombs, and August 18 1947 bombs are
caught during fishing in the Bornholm basin, four fishermen get sick. On
August 19 more than 25 bomb chests with munitions washed ashore. A
few days later > 50 chests wash ashore all along the island coastline (Figure 5). The munitions so to speak ’sailed’ ashore in their wooden chests
after been thrown overboard.

Figure 5: Washed/sailed ashore KC250 aerial mustard gas munitions shell in its original wood chest (Bornholm’s Museum).

After becoming aware of the dumping the Danish ship MR 242 starts to
oversee the dumping in the Danish territory from time to time. There are
expressions of fear among the Bornholm tourist association on August 23
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1947 due to dumping of 200.000 tonnes munitions. Sept 4 1947, four ships
are now dumping; three German and one Russian (Christian, Odamunde, Brake, Elbing), roughly 2-300 tonnes are thrown overboard per day.
Commander Capt. Terzkoff gives orders to shooting of drifting chests after reports of these washing ashore in Bornholm, Sweden and Poland.
The munitions were luckily not ‘live’, the chock sensitive detonator device for the explosives was not inserted into the munitions, hence the
munitions did not explode when washing ashore along the rocky coast of
Bornholm. Empty TNT holsters wash ashore Dec. 8 1947. Adamsite and
arsenic oils are observed in wooden chests and barrels only. There are
rumours that some of the munitions were emptied of gas before dumped
(March 1 1948). Sweet smelling greenish crystals in a tin can wash ashore
in Sweden labeled ‘Gift’ (poison), there are concerns that this might be
Zyklon B. June 6 1948 further reports that nerve agents is dumped and
drift ashore in Sweden. Poisoned cod eggs from Bornholm sends four
consumers in Copenhagen to the hospital. Over the next days more than
ten people get sick and there is a ban on selling this product for two
weeks, April 11 to January 25 1948, due to contamination with mustard
gas after contact aboard the ship. April 4 1951 three people get sick again
from eating cod eggs. On April 16 1952 bombs still leaking and hissing in
water when lifted out of the water. No fishing restriction in the dump site
in late 1960s – need further assessments. In 1962 the East Germany navy
is engaged in Operation Hanno. An old wooden barge is filled with CWA
and scuffled near the primary dump site in the Bornholm basin. Figure 6
is a series of pictures of the Operation Hanno.

Figure 6: Operation Hanno 1962. Sinking of vessel filled with CWA munitions (Bornholm’s Museum).

In the later part of the 1960s there are reports of dead fish outside the
Swedish coast due to released CWA from corroded shells. In 1971 there is
an emerging understanding that arsenic oils and mustard gas mixtures in
liquid form are prevalent in the munitions and that the content is liquid
and sticky. The navy reports on Aug. 5 1972, that all munitions are corroded, broken or empty and are present as lumps on the seafloor. January 25 1975 there are reports of cancer lesions on cod that are related to
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gas. In 1977 it is reported that more than 500.000 CWA shells were
dumped. March 27 1984; fishing restrictions in the primary dump site are
put in place. The German archives are opened and the Jäckel-report
comes out on June 15 1985 suggesting that 36-50.000 tonnes German
CWA munitions were dumped during the 1947 operation. In the mid1980s the Danish authorities began operation Pegasus on collection and
destruction of dumped munitions outside Bornholm, this effort was
however abandoned as the costs and related security risks and public
opinion turned against the operation. Citizens in a 2 km wide corridor
along the transportation route to the storage bunker in the center of
Bornholm were handed gasmasks and there was public concern about
truckloads of chemical munitions being transported through Bornholm
cities. Moreover, there were no options to incinerate munition containing
explosives, so the Navy had to manually remove the explosives so the
chemicals could be disposed of separately at the incineration facility
Kommune Kemi. One intact bomb was caught January 20 1988 by Danish
fishermen, which was reported as a rarity. In 1992 the European Parliament decided by more than a 93 % majority vote that the environmental
and human health risks of dumped CWA in the Baltic Sea should be investigated and described in support of deciding further actions relative to
potential remediation needs. The HELCOM organized an ad hoc chemical
munitions working group (CHEMU) that collected information provided
by the Russian authorities in 1993 with regard to the dumping of CWA
during 1947. The HELCOM CHEMU (1994) concluded that the CWA
would either be insoluble or degrade and dilute rapidly so that remediation was not needed. These conclusions were drawn without thorough
scientific investigations. During the second half of the 1990s and early
2000s increased scientific investigations was performed at other dump
sites (Skagerrak and elsewhere) but not at the Bornholm dump site. In
2005 the EU Commission funded through the 6th Framework Programme
the project MERCW (Modelling the Environmental Risks of Chemical
Weapons in the Baltic Sea), which will be concluded November 1 2008.
Preliminary model based screening assessment of MERCW suggest that
CWAs at the primary and secondary dump sites could potentially cause
risks (Sanderson et al. 2008ab), and that measured data are needed to fully evaluate the risks. The preliminary measured CWA concentrations are
highest at the primary dump site in the secondary dump site only metabolites of CWA have been detected in the top 5 cm of the sediments. In total some 200 Danish fishermen have recorded injuries sustained via direct
contact with the munitions, unofficial numbers suggest that most fishermen around Bornholm at some point have been in contact with the gas
with no or minor injuries. Figure 7 depicts the recent number of shells
caught and the tonnage per year for the entire Baltic Sea in the period
1995 to 2006 on a log scale.
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Figure 7: Number and total kg caught CWA munition (1995-2006) (HELCOM,
http://www.helcom.fi/environment2/hazsubs/en_GB/chemu/)

2.5

Discussion and conclusions

There are significant uncertainties and confounding factors plus the high
chronic toxicity of the compounds to consider when assessing the risk of
CWA towards human and environmental health: The spatial scale - potential CWA contamination of up to >9000 km2 at depths as deep as
>100m in the Bornholm basin:
• The time scale - inaccurate information concerning the dumping occurring for the past 60 years
• Uncertainty concerning the corrosion state of all the munitions not only those retrieved
• The high chronic toxicity of the compounds especially mustard
Hence the collection of qualitative data from interviews and analysis of
the history records hereunder the newspaper writings with respect to the
CWA dumping. The main results of the interviews with local experts and
the analysis of the newspaper articles can be summarized to that the
dumping was secret and it started during the summer of 1947 and ended
Dec 27 1947, and that some 12,000 tonnes active CWA was dumped in the
Bornholm basin, and that the historical records are not complete. Different types of CWA were dumped primarily as mustard gas and other blistering agents but also a small amount of nerve agents.
The dumping caused fish kills in 1947. It is important to note that there
are plenty of fish at the dump site and that the stocks fluctuate with the
oxygen levels and the fish go all the way to bottom. Fishing with bottomtrawls are not permitted in the primary dump site and not recommended
at secondary dump site. No extraordinary frequencies of lesions on fish
from the dump site are reported. The munitions that lie on top of the sediment (with access to oxygen) are completely corroded and mustard gas
lumps are solid, while Adamsite is still sticky. Munitions buried in the
sediment are likely intact due to anoxic conditions preventing corrosion.
The relative amounts of buried (intact) CWAs versus the CWAs at the
sediment surface (corroded) are not known. The munitions are not ‘live’
as the detonator is not inserted. There are no reports of fishermen catching nerve agents. Occurrence of munitions is wide spread due to inaccu-
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rate dumping and trawling that have occurred for the past 60 years.
There are no reports of munitions or CWA lumps washing ashore of
Bornholm for the past decades. Munitions did wash ashore in the late
1940s, or rather they ‘sailed’ ashore in their wood chests (see Figure 4)
There are ship wrecks at the dump site but uncertainty about sinking of
munitions ships. There are reports of East Germany scuffling a wooden
barge in 1962 filled with CWA munitions (Operation Hanno).
Some 200 fishermen have been injured since 1947 from direct contact
with the gas, but there are no records of potential chronic illness sustained such as liver cancer or neurotoxic effects. There have not been reports of serious acute occupational accidents for the at least the past decade in Danish media. There are generally limited human and environmental health concerns as a result of the dumped CWA, but interest in
the topic from the local stake holders. Sound risk assessment of very hazardous and intentional harmful compounds such as the CWA with significant uncertainties requires further scientific investigations and site specific information to reach unequivocal risk conclusions.
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3

RAMBOLL OIL & GAS - Nord Stream A/G.
Offshore pipelines through the Baltic Sea
Summary of NERI generated chemical
warfare agent (CWA) analytical data in a
risk context towards the fish community
from construction of the planned Nord
Stream offshore pipelines through risk
area 3 (S-route) in the Baltic Sea

Hans Sanderson & Patrik Fauser

3.1

Summary

The potential risk towards fish communities from dumped Chemical
Warfare Agents (CWAs) following the Second World War is assessed in
association with the construction of the gas pipeline S-route transecting
the CWA dumpsite in the Bornholm Deep in risk area 3. The assessment
is made based on measurements of five arsenic containing CWAs and for
the toxic inorganic form of arsenic, namely AsIII&V. Literature and calculated sorption coefficients are used to transform measured sediment concentrations into the bioavailable pore water fraction. The relatively most
hydrophilic CWA Trichloroarsine has the highest pore water concentration and risk towards the fish communities.
The overall total risk of CWA along the S-route towards the fish community is low, with sample stations 16 & 19 as the potentially highest risk
areas.
There is a low risk for the sum of AsIII&V in the pore water and considering that the potential contribution of all CWAs to the total arsenic concentration is insignificant compared to the measured total arsenic concentrations, the predominant part of the arsenic in the sediment has other
anthropogenic and natural sources than CWA.
Further analysis of CWA degradation products and Yperite should be
analyzed in a risk context together with presented data by Bossi et al.
(2008) and the collected in situ fauna investigations, to derive the final
conclusion regarding risk.

3.2

Introduction

Following the end of the Second World War Germanys approximately
65,000 tonnes stockpiled Chemical Warfare Agent (CWA) munitions
were ordered by the allied forces to be destroyed during the second half
of 1947 as a result of the Potsdam Conferences. Significant amounts were
dumped in the Bornholm Deep. There are concerns that environmental
risks may arise from perturbation of sediment containing traces of
dumped chemical warfare agents (CWA) in connection with building gas
pipelines in the Bornholm Deep. First tier model based screening risk assessment performed by Sanderson & Fauser (2008a) suggest a low indirect risk towards humans and the fish community associated with the
construction of the proposed gas pipelines. Semi-qualitative interviews
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with local experts and review of contemporary local newspaper articles
and interviews with responsible officers and seamen, further suggest low
potential for risk. No extraordinary frequencies of lesions on fish from
contact with CWA blistering agents from the dump site are reported.
Munitions above the sediment (with access to oxygen) are completely
corroded. Munitions in the sediment are likely intact due to anoxic conditions preventing corrosion. The relative amounts of buried (intact) CWA
munitions and CWA munitions at the sediment surface (corroded) are
not known for the dump site. Rambøll has surveyed the entire surface
and subsurface sediment along the S-route for munition related anomalities and found no chemical related munitions. The CWA munitions are
not ‘live’ as the detonators are not inserted. Munitions are dispersed due
to inaccurate dumping, trawling and drifting of munition boxes (Sanderson & Fauser, 2008b). The first tier risk screening and the qualitative and
historical analyses needed further investigation supported by chemical
analysis of actual measured sediment and pore water concentrations of
CWAs along the proposed S-route. Hence, a cruise was designed along
the S-route where a total of 95 sediment samples and 11 pore water samples were collected for chemical analyses at NERI (Bossi et al. 2008). The
aim of this report is summarize these results in a risk context.

3.3

Methods

The results for the analysis of total arsenic, organoarsenic compounds
and some of their degradation products in sediment samples and sediment pore water samples from the Baltic Sea were performed by the Danish National Environmental Research Institute, Aarhus University. The
methods are described by Bossi et al. (2008). The following compounds
have been included in the analytical program:
Arsenic compounds: Total arsenic (Astotal), sum of arsenite As(III), arsenate As(V), monomethylarsonic acid (MA), dimethylarsonic acid (DMA),
trimethylarsine oxide (TMAO), tetramethylarsonium ion (TETRA), arsenobetaine (AB). The concentration of As (III) and As (V) is given as the
sum as the oxidation and the reduction of As (III) and (V) respectively
during sampling, storage, preparation and analysis cannot be controlled.
The individual concentrations are therefore not reliable. AsV is however
thermodynamically more stable hence one would expect the majority of
the inorganic As to be arsenate. From a toxicological perspective the sum
of AsIII&V presenting primarily the more toxic inorganic fraction of the total As is of most interest.
Organoarsenic warfare agents and their main degradation products:
Adamsite, Clark I, triphenylarsine (TPA), phenyldichloroarsine (PDA),
trichloroarsine (TCA).
Sampling was carried out late May 2008. The samples were received by
NERI as frozen and kept at -18° C until analysis. Sediment samples for
chemical analyses were taken with a Haps core sampler at the 35 stations
along the planned pipeline route going south of the island of Bornholm.
At 11 main positions additional samples were taken for pore water from
the upper 5 cm of the core and 2 samples per station. In addition 2 samples were taken from the middle and 2 samples from the bottom of the
core. At 10 positions 4 stations were sampled perpendicular to the pipeline route. The distance of these stations were 500m north, 250m north,
250m south and 500m south of the main station. The total number of
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sampling positions was 75 (Figure 1). At all stations 2 samples were taken
from the upper 5 cm of the core. A total of 95 sediment samples and 11
pore water samples have been collected for chemical analyses. Each sample was equally divided and marked with A and B. The samples were
frozen immediately after sampling. Samples labelled A were analyzed by
NERI, while B samples have been shipped to VERIFIN, Finland for additional analysis of other types of CWAs and their degradates (Bossi et al.
2008), these results were not included in this report.

Figure 1 Sampling stations along the S-route near Bornholm.

3.3.1 Data analysis
The munitions have been resting on the seabed and in the sediment of the
Baltic Sea for more than sixty years and the extent of corrosion of the
shells, and thus release, of the toxic chemicals into the marine environment is poorly understood; some shells will have leaked their content
whereas others might still be intact. During the past 20 years all the recovered munition shells at the sediment surface have all been broken and
heavily corroded with no or completely oxidised yperite lumps (Sanderson & Fauser, 2008b). The ratio between corroded and empty munitions
versus intact munitions is not known. The environmental toxicity along
with most physico-chemical properties of CWAs have not been thoroughly investigated with modern methods and reported in the public literature, hence modelling of these properties are warranted to derive
comparable datasets (Sanderson et al., 2008c). For chemicals to be incorporated into organisms such as fish and exert toxicity they generally need
to be in solution, hence the sediment concentrations, Cs (mg/kg DM),
will be used to calculate pore water concentrations, Cpw (mg/L), for all
the samples based on adapted equilibrium partitioning (DiToro, 1991 and
Sanderson et al., 2008c), cf. Eq. 1.
Cs = Cpw * Rs/Xs = Cw * (θ + Kd * Xs) /Xs
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(Eq. 1)

Where; Rs = (θ + Kd * Xs) is the retention factor, θ is the pore volume
fraction in the sediment 0.55 (Forster et al., 2003), Kd = foc * Koc is the
partitioning coefficient between dry matter and water in L/kg DM, foc =
0.0775 is the fraction of organic carbon in particulate matter (Emelyanov,
1996), Koc is the partitioning coefficient (sorption coefficient) between
organic matter and water (L/kg OM) and Xs is the density of sediment
1.2 kg DM/L (Forster et al., 2003).
Table 1 Sorption coefficient between organic matter (OM) and water and calculated
retention factor (Rs) from Eq. 1. (Sanderson et al. 2008c)
Compound

Koc (L/kg OM)

Adamsite
Clark I
Triphenylarsine (TPA)

Rs

5000

470

19,000

1770

440,000

40,920

Phenyldichloroarsine (PDA)
Trichloroarsine (TCA)

817

77

35

3.8

The measured and calculated pore water concentrations will be used as
the worst case predicted biota CWA exposure concentration (PEC). Kd
values for AsIII&V are not available from the literature and US EPA (2004)
emphasises that partition coefficient values measured at site-specific
conditions are absolutely essential. In this work Kd values are derived
based on the 11 site-specific measurements of AsIII&V sum concentration
in the pore water and sediment, according to Eq. 2.
Kd = Cs/Cpw - θ/Xs = 300 (± 226SD) L/kg DM

(Eq. 2)

Assuming constant sediment properties throughout the sampling area
Koc = 3880 (± 2910SD) L/kg OM and the mean value for the retention
factor is Rs(AsIII&V) = 361. The PECs will be compared with toxicologically acceptable exposure concentrations towards the fish communities as
reported in Sanderson et al. (2008c) with fish community extrapolated
HC5 value. The HC5 represent the concentration where 95 % of the fish
species LC50 in the community is not exceeded. The toxicity of AsIII&V
was derived from the US National Library of Medicine Hazardous Substances Data Base
(HSDB: http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB) for arsenic compounds the data was used to derive a species sensitivity distribution (SSD) for 17 aquatic organisms. The resulting HC5 value (protective of 95 % of the community) equals 0.29 mg/L (Figure 12). Due to the
lack of in situ sediment dwelling organisms and recognized general low
oxygen levels in the sediment, pore water, and near bottom water there is
currently little documentation for specific sediment toxicity hence the
measured and calculated pore water concentrations will be used as the
PEC of toxicological relevance.

3.4

Results

3.4.1 Measured CWA in sediment
Figure 2 illustrate the measured CWA in sediment dry weight. The dry
weight (DW) analysis is more robust than the wet weight and the DW
CWA concentrations were thus used to derive the calculated pore water
concentrations. The mean concentrations of the CWAs and their standard
deviation are reported together with detection frequencies. Figure 4
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shows the relative distribution of the CWA in the sediment column, because of the variable sample size (0-5cm n = 75; 5-50cm n = 15; 50-100cm
n = 4) the statistical difference are not evident. There were no detects of
CWA at 50-100 cm depths and higher frequency and levels in the top 5
cm of sediment.. Detection frequencies are 0 %, 13 %, 5 %, 43 % and 40 %
for Adamsite, TCA, TPA, PDA and Clark I, respectively. The spike in
PDA at station 16 is 250m south of the S-route.

Figure 2 CWA in sediment (DW).

Figure 3 CWA distribution in sediment (DW).
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3.4.2 Measured and modelled CWA in pore water
There were, not surprisingly, relatively few detections of CWA in the
pore water due to the relatively high hydrophobicity of the compounds.
Pore water concentrations are however, the primary direct exposure
route to fish and other none sediment dwelling organisms, and the pore
water concentrations are therefore of primary risk concern. Hence, the
scarce measured pore water concentrations were bolstered with calculated CWA pore water concentrations based on equilibrium partitioning
(EqP) modelling as described in the methods. Table 2 contains the measured pore water concentrations typically ranging between the level of detection (LOD) (Bossi et al. 2008) and 0.003 mg/L.
Table 2 Measured CWA in pore water (mg/L).
TCA
PDA
Clark I
Sampling
station

TPA

Adamsite

2

<LOD

<LOD

<LOD

<LOD

<LOD

5

<LOD

<LOD

<LOD

<LOD

<LOD

8

<LOD

<LOD

<LOD

<LOD

<LOD

12

<LOD

<LOD

<LOD

<LOD

<LOD

15

<LOD

<LOD

<LOD

<LOD

<LOD

16

<LOD

<LOD

<LOD

<LOD

<LOD

19

<LOD

<LOD

<LOD

<LOD

<LOD

22

0.003

0.002

0.002

0.002

<LOD

25

0.002

0.002

0.002

0.002

<LOD

29

0.002

<LOD

0.002

<LOD

<LOD

33

<LOD

<LOD

<LOD

<LOD

<LOD

27 %

18 %

27 %

18 %

0%

Detection
frequency

The modelled pore water concentrations are shown in Figure 4. TCA having a lower Rs value than the rest of the CWAs dominates the calculated
fraction predicted in the pore water, followed by Adamsite and PDA,
both with relatively low Rs values and relatively higher measured sediment concentrations.
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Figure 4 Modelled CWA pore water concentrations.

3.4.3 Measured arsenicals in sediment
Figure 6 includes the measured arsenicals in sediments along the S-route,
the mean values and SD are reported in the box below the graph. It is notable that only DMA was detected above the LOD among the organic arsenicals. The most relevant value is the sum of AsIII&V as this represents
the more toxic inorganic fraction of the measured arsenicals. Detection
frequencies are 100 % for total As and the sum of AsIII&V, and 72 % for
DMA.

Figure 5 Arsenicals in sediment.

Figure 6 represents the vertical distribution of arsenicals in the sediment,
again the direct comparison is impaired due to asymmetrical sample size,
however, there does not appear to significant differences to report.
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Figure 6 Distribution of Arsenicals in sediment (DW).

There is no correlation between total As and the total organoarsenic
CWA levels in the sediment as evident from Figure 7. The potential cumulative contribution of CWA to total As in the sediment is not significant compared to the measured As concentrations, which implies that the
variation in total As in the sediment has other natural and anthropogenic
causes than CWA.

Figure 7 Total As vs. total CWA in sediment (DW).

3.4.4 Measured and modelled inorganic arsenicals in pore water
The content of inorganic AsIII&V varies by a factor of 7 between the lowest
and highest measured values, which is also obvious from the SD of the
mean value. The detection frequency is 100 %.
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Figure 8 Sum of ASIII & V in pore water.

The derived Kd values for AsIII&V are used to calculate the concentration
of AsIII&V in pore water and is shown in Figure 9. The measured data
points are inserted in red. There is an overall good agreement between
the measured and modelled AsIII&V values. The modelled concentrations
are conservative relative to the measured data.

Figure 9 Modelled sum of ASIII & V in pore water.

3.4.5 Pore water risk estimates of CWA and AsIII&V
Pore water risk estimates of CWA
Figure 10A-F shows the risk quotient of CWAs towards the fish community as a PEC/HC5(PNEC) ratio. The HC5 is derived from Sanderson et
al. (2008c) and is used as a surrogate for the predicted no observed effect
concentration (PNEC). The assessment factor for associated with SSD derived PNECs typically range between 1 and 5 (Sanderson et al. 2008c).
The assessment factor associated with HC5 values derived by species
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sensitivity distributions (SSD) ranges between 1 and 5, and has not been
included in this analysis as the determination hereof is subjective matter
of negotiation between the decision-maker and stake-holder.
Figure 10E represents the cumulative CWA risk based on additivity of
the CWAs toxic units (TU), without an assessment factor. It is quite evident that the risk is generally low.
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Figure 10A-E CWA risk estimates towards the fish community.

Pore water risk estimates of AsIII&V
The overall mean of the measured sum of AsIII&V in pore water is 0.016
mg/L (±0.011SD) and the ditto for the modelled AsIII&V is 0.016 mg/L
(±0.012SD). The acute HC5 for arsenic compounds is 0.29 mg/L, (Figure
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11) based on acute toxicity data for 17 tested species derived from the
HSDB database.

Figure 11 ASIII & V SDD.

Figure 12 below suggest a low risk towards the fish community based
upon the HC5 value. Arsenical are natural and ubiquitous elements, the
typical levels of total As in ocean water and in Danish inland lakes is
0.001 mg/L The safe drinking water limit in Denmark for As is 0.005
mg/L, or roughly a factor 3 lower than the mean predicted and measured
As, in the U.S. the limit is 0.01 mg/L. The observed sediment concentrations are moreover, not compared to the average total As in the Bornholm deep of 25 mg/kg (Garnaga et al. 2006) relative to the average of 710 mg/kg found in this study (Figure 6). This suggests that the As found
in the pore water and sediment along the S-route does not pose an extraordinary immediate risk towards the fish community and that the contribution of total As from dumped organoarsenic CWAs are not significant.

Figure 12 Sum ASIII & V risk quotient.
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3.5

Conclusions

The present data material indicates generally a low risk of CWA towards
the fish community along the S-route.
The arsenicals measured along the S-route do not correlate with total
CWA concentrations (r2 = 0.01). Therefore the predominant part of the arsenic (arsenicals?) in the sediment has other anthropogenic and natural
sources than CWA.
The fish community risk relative to the toxic forms of As is generally low
along the S-route.
The total As levels found along the S-route are close to the background
levels for the Bornholm Deep.
Further analysis of CWA degradation products and Yperite should be
analyzed in a risk context together with presented data by Bossi et al.
2008 and the collected in situ fauna investigations.
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RAMBOLL OIL & GAS - Nord Stream A/G.
Offshore pipelines through the Baltic Sea
- Analysis of additional risk to the fish
community from chemical warfare
agents (CWA) associated with construction of the planned Nord Stream route
south of Bornholm

Hans Sanderson, Patrik Fauser & Marianne Thomsen

4.1

Introduction

Following the end of World War II and as a result of the Potsdam Conferences, the Allied Forces ordered the destruction of Germany’s approximately 65,000 tonnes of stockpiled chemical warfare agent (CWA) munitions during the second half of 1947. Significant amounts of these munitions were dumped in the Bornholm Deep. Concerns have been raised
with regard to the environmental risks associated with perturbation of
sediment containing traces of dumped CWA during the building of the
planned Nord Stream gas pipelines in the Bornholm Deep. Risk assessment performed by Sanderson & Fauser (2008a) comprising first-tier
model-based screening suggests a low, indirect risk towards humans and
the fish community in relation to the construction of the proposed gas
pipelines. Semi-qualitative interviews with local experts as well as review
of contemporary local newspaper articles and interviews with responsible officers and seamen further suggest low risk potential (Sanderson &
Fauser, 2008b).
The Nord Stream Route transects the CWA dumpsite in the Bornholm
Deep in what is known as Risk Area 3. During a sampling campaign
along the Nord Stream route during the spring of 2008, a total of 95 sediment samples and 11 pore water samples were collected for chemical
analyses at NERI (Bossi et al. 2008) and VERIFIN (2008). Literature-based
and calculated sorption coefficients were used to transform measured
sediment concentrations into bioavailable pore water concentration for
fish. The potential direct environmental risks towards fish communities
from CWA dumped following World War II associated with the construction of the proposed Nord Stream gas pipeline are assessed.
The assessment is based on all the measured compounds (see Annex 1),
hereunder measurements of five arsenic-containing CWAs (Adamsite,
Clark I, triphenylarsine (TPA), phenyldichloroarsine (PDA), trichloroarsine (TCA)) and a speciation of the arsenic present as ultimate degradation products of these CWAs (total arsenic (Astotal), sum of arsenite
As(III), arsenate As(V), monomethylarsonic acid (MMA), dimethylarsonic acid (DMA), trimethylarsine oxide (TMAO), tetramethylarsonium ion
(TETRA) and arsenobetaine (AB)). The concentrations of As (III) and As
(V) are given together as one, as the oxidation and the reduction of As
(III) and As (V), respectively, during sampling, storage, preparation and
analysis cannot be controlled. The individual concentrations are therefore
not reliable. AsV, however, is thermodynamically more stabile; therefore,
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one would expect the majority of the inorganic As to be arsenate. From a
toxicological perspective, AsIII&V, presenting primarily the more toxic inorganic fraction of the total As, is of most interest (Bossi et al. 2008). In
addition, all other potentially dumped CWA, according to HELCOM
(1994), were analysed by the institute VERIFIN; hereunder, sulphur mustard gas (yperite), chloroacetophenone, Lewisite I & II, Tabun. VERIFIN
also analysed for Adamsite (DM), Clark I (DA), triphenylarsine (TPA)
and phenyldichloroarsine (PDA), as reported by Bossi et al. (2008). Finally, VERIFIN analysed for the two most common metabolites of sulphur
mustard gas Thiodiglycol (TGD) and Thiodiglycol sulfoxide (TGDS)
(VERIFIN, 2008). All of the above compounds were assessed relative to
their direct risk potential towards the fish community.
Table 1 Confirmed dumped chemical warfare agents in the Bornholm basin dumpsite
east of the Nord Stream route in tonnes (HELCOM, 1994).
Compound

CAS number

Dumped CWA (T)

532-27-4

515

Chloroacetophenone (CAP)1
2

Sulphur mustard gas (Yperite)

505-60-2

7027

Adamsite3

578-94-9

1428

Clark I3*

712-48-1

711.5

Triphenylarsine (TPA)3*

603-32-7

101.5

696-28-6

1017

7784-34-1

101.5

74-90-8

74

108-90-7

1405

Phenyldichloroarsine (PDA)
Trichloroarsine (TCA)

3*

3*

Other (nerve agent)4
5

Monochlorobenzene
1)

Riot control agent;

2)

Blistering agent;

3)

Organoarsenic blistering agent; 3*) Arsine oil

constituents - organoarsenic blistering agent; 4) e.g., Tabun; 5) Additive.

Fish community sensitivity is based on species sensitivity distribution
(SSD) analysis for each CWA and arsenical. The sensitivity is then compared with the measured environmental concentration (primarily the calculated pore water concentration) at each sampling station to assess the
risk of effects.
The measured exposure concentrations and thus predicted risk towards
the fish community will also be evaluated using multivariate statistical
analysis to identify any correlations and patterns in the in situ observation on benthos and background variables (Mortensen, 2008).

4.2

Methods

4.2.1 Data generation
Sampling of CWAs, arsenicals, benthos and background parameters was
carried out May 2008. Sediment samples for chemical analyses were taken with a Haps core sampler at the 35 stations along the planned pipeline
route south of the island of Bornholm. At 11 of the 35 main positions, additional duplicate samples were taken for pore water from the upper 5
cm of the core per station. In addition, two samples were taken from the
middle of the core and two samples from the bottom at each station. At
10 positions, four stations were sampled perpendicular to the pipeline
route. The locations of these stations were 500 m north, 250 m north, 250
m south and 500 m south of the main station. The total number of sampling positions was thus 75 (Figure 1). At all stations, two samples were
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taken from the upper 5 cm of the core. A total of 95 sediment samples
and 11 pore water samples have been collected for chemical analyses
(Bossi et al. 2008).
Moreover, sediment samples were collected for analysis of macrozoobenthos, to measure near-bottom water dissolved oxygen levels, salinity,
temperature, depth and turbidity at 28 stations. A Van Veen grab sampler (0.1 m2) was used to collect the samples (Mortensen, 2008). The sediment characteristics for each of the sampling locations were also reported, and video recording of the bottom at the sampling stations was performed. Of the 28 stations (Mortensen, 2008), 22 biological sampling stations (B2-B23) were identified as closest to the chemical sampling stations. As such, the biological measurements are assumed to be representative of the closest sampling areas of chemical measurements as described above. Uni- and multivariate data analysis was performed on a
subset of sampling station areas for which biological and chemical measurements were available. Correlation analysis as described in Section 3.8
is based on average and log-transformed measurements within each
sampling station area within a radius of 500 m from the main sampling
stations (Mortensen, 2008).

Figure 1 Chemical sampling stations along the Nord Stream route near Bornholm.

For a detailed description of the chemical analytical methods for the
CWA analysis as well as biota and physico-chemical characterisations,
the reader is referred to the reports by VERIFIN (2008), Bossi et al. (2008)
and Mortensen (2008).

4.2.2 Measured and predicted environmental concentrations (PEC)
of CWAs
The environmental toxicity associated with most physico-chemical properties of CWAs has not been thoroughly investigated with modern methods and reported in the public literature; hence modelling of these properties is warranted to derive comparable datasets (Sanderson et al.,
2008c). For chemicals to be incorporated into organisms, such as fish, and
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exert toxicity they generally need to be in solution. Therefore, sediment
concentrations (mg/kg dry matter (DM)) will be used to calculate pore
water concentrations (mg/L) for all the samples based on adapted equilibrium partitioning (Sanderson & Fauser, 2008). The measured and calculated pore water concentrations will be used as the worst-case predicted fish community CWA exposure concentration (PEC) for the steadystate risk analysis, where it is assumed that the fish water exposure concentration equals the pore water concentration.
Partitioning values (Kd values) for AsIII&V are not available from the literature and US EPA (2004) emphasises that partition coefficient values
measured at site-specific conditions are absolutely essential. In this work,
Kd values are derived based on the 11 site-specific measurements of
AsIII&V sum concentration in the pore water and sediment, according to
Eq. 1:
Kd = Cs/Cpw - θ/Xs = 300 (± 226SD) L/kg DM

(Eq. 1)

where Kd is the partitioning coefficient of AsIII&V between sediment and
pore water, Cs is the sediment concentration, Cpw is the pore water concentration, θ is the pore volume fraction in the sediment (0.55), Xs is the
sediment density (1.2 kg/L), assuming constant sediment properties
throughout the sampling area Koc = 3880 (± 2910SD) L/kg organic matter
(OM) and the mean value for the retention factor is Rs(AsIII&V) = 361
(Sanderson & Fauser, 2008). First, the steady-state potential fish community risk based on the measured and derived exposure concentrations is
estimated.
Thereafter, the added risk from sediment agitation from installing the
pipelines based on assumptions related to the construction of one gas
pipeline is calculated. So, in addition to the quasi steady-state concentration of CWAs in the bottom boundary layer originating from the dumped
CWAs, there is a contribution from the release of sediment particles during the following pipeline activities:
1) Trenching of a 10 km section (West Pipeline) and 15 km section (East
Pipeline) by plough east of Bornholm. Disturbance and spreading of sediment material is estimated to be 6.9 m3/m pipeline, corresponding to
2,160 tonnes (West Pipeline) and 3,240 tonnes (East Pipeline) suspended
sediment, respectively (Rambøll, 2008b). The estimated area with concentrations higher than 10 mg/L in bulk water between 0-10 m above the
seabed is 5.9 km2 (West Pipeline) and 8.9 km2 (East Pipeline), respectively
(Rambøll,
2008b).
A
worst-case
sediment
concentration,
Cw(sed,trenching) in the bulk water between 0-10 m above the seabed is
found to be:
Cw(sed,trenching) = 3,240 tonnes/(8,9*106m2*10m) = 36 mg sediment/L

(Eq. 2)

The average duration of elevated concentrations is three hours. Trenching of the two pipelines is performed one year apart, so there should be
no additivity of the sediment concentration in overlapping areas.
2) Pipe-laying directly on the seabed. Only small amounts of sediment,
around 300 kg/km, have been found to be suspended during pipe-laying
directly on the seabed for worst-case scenarios where the pipeline is
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placed on soft clay. Sediment suspension during pipe-laying is negligible
compared with suspension during trenching and is therefore not accounted for in the modelling of spreading and sedimentation (Rambøll,
2008b).
3) Handling of 12 anchors, each weighing 25 tonnes, causes sediment
suspension from laying anchor, lifting anchor and sweeping anchor wires
across the seabed. The sweeping process is most predominant with respect to sediment disturbance, and the total release to the bulk water is 10
- 38 tonnes sediment/km of the pipeline in areas with soft sediment
(Rambøll, 2008a). The release area is approximately 2 % (0.04 km2/km) of
the anchor corridor. This gives a sediment concentration in the release area and lower 10 m (release water volume) of Cw(sed,sweeping) = 25 - 95
mg sediment/L. When assuming that sediment particles from the release
area are spread to the total anchor corridor area, the average sediment
concentration is approximately 0.5 - 2 mg/L (Rambøll, 2008a).
The worst-case scenario for additional concentration in bottom-layer bulk
water from pipeline installations assumes that once sediment particles
are suspended to the bulk water all the sorbed CWAs are instantaneously
released and mixed within a release area of approximately 2 % (0.04
km2/km) of the anchor corridor. This gives a sediment concentration in
the release area and lower 10 m (release water volume) of: Cw(sed) = 95
mg sediment/L, from sweeping, and Cw(sed) = 131 mg sediment/L,
from sweeping and trenching. Sweeping occurs along the entire pipeline,
whereas trenching occurs only at sampling stations S14, S15 and S16.
The worst-case CWA concentration in the release water volume,
Cw(CWA) in mg CWA/L, is thus:
Cw(CWA) = Cw(sed) x Cs(CWA)

(Eq. 3)

Where Cs(CWA) is the highest measured CWA concentration in sediment, in mg/kg DW. The worst-case concentration is calculated for single
CWAs, As(III & V) and sum of CWAs. As mentioned, these calculations
are conducted for each pipeline.

4.2.3 Predicted CWA HC5 fish community concentrations
The PECs will be compared with toxicologically acceptable exposure
concentrations towards the fish communities as reported in Sanderson et
al. (2008c), using the fish community extrapolated HC5 value. HC5 (hazard concentration 5 %) represents the concentration where 95 % of the
acute LC50 of the fish species in the community is not exceeded; or, in
other words, a potential risk for the community of 5 % is accepted. The
toxicity of AsIII&V was derived from the US National Library of Medicine
Hazardous Substances Data Base (HSDB: http://toxnet.nlm.nih.gov/cgibin/sis/htmlgen?HSDB). For arsenic compounds, the data was used to
derive a species sensitivity distribution for 12 fish species (adult and juvenile). The resulting acute HC5 value (protective of 95 % of the community) equals 0.29 mg/L (Sanderson & Fauser, 2008). The relative risk of
each CWA and the total risk-assuming additivity of the CWAs are calculated for the fish community. The assessment factors associated with HC5
values derived by SSD range typically between 1 and 5, and have not
been included in this analysis, as determination of the size of the factor is
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a subjective matter of negotiation between the decision-makers and
stakeholders, derived on a case-by-case basis.

4.2.4 Statistical analysis
We applied multivariate statistical analysis, principle component analysis
(PCA), to determine the overall covariance of all the measured and calculated parameters. Briefly described, PCA is performed by projecting information carried by a number of original variables onto a smaller number of underlying (‘latent‘) variables called principal components. The
first principal component (PC) covers as much of the variation in the data
as possible. The second PC is orthogonal to the first and covers as much
of the remaining variation as possible, and so on. The interrelationships
between different variables may be visualised graphically by plotting the
PCs. PC plots may be used to detect and interpret sample patterns,
groupings, similarities or differences in samples (see Figure 8 and Figure
9).

4.2.5 Summary conclusions
There are three lines of evidence in this direct CWA-related fish community risk analysis: 1) the quasi steady-state before pipeline construction;
2) the added risk from construction of the pipelines related to the suspension of sediment containing CWAs; 3) the statistical analysis of all the
measured variables with an emphasis on CWA risk and macrozoobenthos. These three lines of evidence will be evaluated in the overall conclusion, with an emphasis on the last two aspects, added risk (2) and correlations (3).

4.3

Results

4.3.1 Arsenicals in the sediment
The average total As concentration found was 10.6 ±7.4SD mg/kg DM,
and the highest concentration was observed at station S8 at 26.9 mg/kg
DM. The highest concentration of the most ecotoxicologically relevant
fraction of the measured arsenicals is the inorganic AsIII&V at 12.3 mg/kg
DM at station S12. It is notable that only DMA was detected above the
limit of detection (LoD) among the organic arsenicals. (Annex 1, Table 1a)
(Sanderson & Fauser, 2008).

4.3.2 Measured and modelled inorganic arsenicals (AsIII&V) in pore
water
The content of inorganic AsIII&V varies by a factor of 7 between the lowest
and highest measured values, which is also obvious from the standard
deviations (SD) of the mean value. The derived Kd values for AsIII&V are
used to calculate the concentration of AsIII&V in pore water and are shown
in Figure 2. The measured data points are inserted as red stars. Overall,
there is good agreement between the measured and modelled AsIII&V values. The modelled concentrations are comparable to the measured data.
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Figure 2 Measures and modelled sum of AsIII&V in pore water.

4.3.3 Quasi steady-state fish community risk estimates of AsIII&V
The overall mean of the measured sum of AsIII&V in pore water is 0.022
mg/L ±0.02SD, and the mean modelled pore water concentration of
AsIII&V is 0.016 mg/L (±0.012SD). Reflecting the measured and calculated
risk quotients (RQ) (PEC/HC5), Figure 3 below suggests a low steadystate risk towards the fish community. A risk quotient greater than 1 indicates a potential risk towards the fish community.

Figure 3 Sum AsIII&V steady-state fish community risk quotient.

Arsenicals are natural and ubiquitous elements; the typical levels of total
As in ocean water and in Danish inland lakes is 0.001 mg/L. The safe
drinking water limit in Denmark for As is 0.005 mg/L, or roughly a factor 3 lower than the mean predicted and measured As. In the US, the limit is 0.01 mg/L. The observed sediment concentrations (averaging 7-10
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mg/kg) found in this study are comparable to the average total As in the
Bornholm Deep of approximately 20 mg/kg reported by Garnaga et al.
(2006). The sediment concentration of As in the Baltic Sea is quite variable
and dependent on the geology and grain size, among other factors
(Emelyanov, 1996). In this light, the observed As concentrations in the
present study are relatively close to the values reported by Garnaga et al.
(2006). This suggests that the As expected to be found in pore water and
sediment along the Nord Stream route does not pose an extraordinary
immediate steady-state risk towards the fish community.

4.3.4 Measured CWA in sediment
Table 1a in the annex summarises the measured CWA concentrations in
the sediment. The highest concentrations of CWAs are typically found at
sampling station S16. Among the active CWAs, only Adamsite and Clark
I were detected, with frequencies of 3.5 % and 19.5 %, respectively. The
most frequent arsenic oil constituent detected was PDA at 26 %. PDA also recorded the highest concentration at 0.6 mg/kg DM (Annex 1, Table
1A).

4.3.5 Measured and modelled CWA in pore water
Not surprisingly, there were relatively few detections of CWA in pore
water due to the relatively high hydrophobicity of the compounds. Pore
water concentrations, however, are the primary direct exposure route to
fish and other non-sediment dwelling organisms. Hence, the scarce
measured pore water concentrations were bolstered with calculated
CWA pore water concentrations based on equilibrium partitioning (EqP)
modelling (Sanderson & Fauser, 2008). Figure 4 shows the calculated
pore water concentrations and the measured pore water concentrations
(coloured stars) on a log axis.

Figure 4 Modelled CWA pore water concentrations.

These values were used as the PEC for the fish community risk assessment.
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4.3.6 Quasi steady-state fish community CWA risk estimates
The total direct quasi steady-state risk towards the fish community is illustrated in Figure 5 below. The potential risks are greatest at sampling
stations S16 and S19. At S16, the risk is driven by PDA with a risk quotient (RQ) of 0.1 and Adamsite with a risk quotient of 0.05. The remaining
CWA as a whole is associated with a minor risk contribution. The predicted risk at station 19 is driven almost entirely by TCA. The risks at all
the other sampling stations are miniscule. Again, a risk quotient greater
than 1 indicates a potential risk towards the fish community.

Figure 5 Total CWA fish community steady-state risk.

Figure 6 below plots all reported chemical munitions caught by Danish
fishermen up until 1985 as red dots (Rambøll, 2008a). The larger yellow
dots are potential CWA re-dumping sites. The yellow box and the large
red circle are the designated post-World War II chemical munitions
dumpsites. The blue line indicates the Nord Stream route.
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Figure 6 CWA caught by Danish fishermen.

Based upon Figure 6, one would expect to observe the most frequent and
highest CWA concentrations between the two red bars between sampling
stations S8 and S26. The potentially more risky steady-state sampling stations S16 and S19 are indicated on the map.

4.3.7 Additional risk from pipeline construction
The total added risk both from CWAs and arsenicals from construction of
each pipeline is illustrated in Figure 7, below. The major risk contributor
is the arsenicals (sum AsIII &V). The perturbed sediment amounts are significantly lower compared with those in the conservative quasi steadystate modelling, hence the overall risk from perturbation of CWA containing sediment is also lower. Less than 5 % of the sediment area will be
directly perturbed by the construction. The predicted risk is low all along
the Nord Stream route, ranging between 0.0005 and 0.0062.

Figure 7 Total CWA related fish community risk.
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4.3.8 Multivariate data analysis
Pattern recognition was performed by means of principal component
analyses (PCA); the results are shown in Figure 8 and Figure 9. The purpose of the PCA is to interpret the correlation patterns from a data subset
for which biological and physico-chemical measures are available. As the
biological and physico-chemical data collected/available has been at a
less detailed scale compared with that for the chemical measures, the dataset included in Figure 8 is reduced to include sampling stations for
which a high degree of completeness regarding chemical, biological and
physical characteristics was available. An average of the amounts of
chemical measured within a radius of 0-500 m of each station was derived, and the biological and physico-chemical parameters of closest distance were included in the data analysis below in Figure 8. The below results are based on average and log-transformed chemical, physical and
biological measured parameters for a subset of 22 main sampling stations
as described in Section 2.1.
PC2
X-loading

1.0

Physical data
Turbinity

Biota and oxygen
0.5

Salinity

Abundance
DO
0

DO

Temp
Depth
AsIII&v
As total

Species richness

Chemicals

Biomass
-0.5

Sum CWA

PC1
-1.0
-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Figure 8 Plot of the second principal component, PC2, versus the first principal component, PC1. The circle to the left represents the highly inter-correlated variables: DO
(dissolved oxygen) and the biological parameters Abundance, Wet Weight, Dry Weight
and Species Richness. The oval to the right represents the physical parameters: Temperature, Salinity, Turbidity and Depth. In the fourth quadrant, the original variable
Sum CWA are positioned, together with the AsIII&V. PC1 explains 79 % of the variance
in sample stations characteristics. Opposite positioned variable; i.e., Physical data,
AsIII&V and CWA exposure variables, with high positive X-loadings, and Biota and DO
variables, with high negative X-loadings, are inverse correlated. PC2 explains 7 % Xvariance only. In PC2, the variable sum CWA and Turbidity have highest X-loadings,
i.e., explanatory capacity, and are inverse correlated.

The variation in sample characteristics follows the X-loadings. As such,
the X-loading may be used to interpret sample characteristics. Samples
with high negative score values in PC1 are characterised by having high
values on variables with high negative X-loadings in PC1.
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Figure 9 Score plot showing the similarities and dissimilarities within and between
samples along the Nord Stream route. Each sampling station is labelled with an acronym; e.g., 16SC should be read as station 16 with sand-clay sediment type. Other
sediment types are labelled as follows: SSi for sand/silt, GMS for gravel-mud-sand,
SSt for sand-stones, SSiC for sand-silt-clay, SC for sand-clay, S for sand and M for
mud. As marked by the circle, all muddy sediment samples are positioned to the right
in the score plot, while all sandy sediments are positioned to the left.

In general, the high sampling numbers have high negative score values,
while low sampling numbers have high positive score. There is a tendency for the high-numbered sampling stations (sampling stations with negative PC1 score values) to have high biological life status and abundance,
while 1, 2, 4, 6, 7, 9, 11, 12, 19, and to a lesser extent 17 and 21, have low
biological health status and oxygen content in the water and the highest
CWA exposure and risk.
As may be observed by the ending letters of the sampling stations in the
score plot, all muddy sediments, ‘M’, are high-contamination sediments,
with low biological abundance and oxygen concentration in the water;
having positive score values in PC1. All types of sandy sediments have
negative score values in PC1 characterised by high biological abundance,
species richness and high oxygen content of the water.
In the direction of PC2, i.e., vertical direction, samples with high positive
score value are characterised by having low CWA concentration compared with samples with high negative score values. The variables Turbidity and sum CWA are inversely correlated in PC2, accounting for 7 %
X-variance.
The two variables, Turbidity and sum CWA, have lower positive Xloadings in PC1 compared with the remaining variables. This may indicate that PC1 mainly explains the inverse relationship: high biological life
status and abundance accompanied by lowest depths, salinity, temperature, AsIII&V and sum CWA vice versa.
Results for simple regressions of biological abundance and AsIII&V as
function of sum CWA are given Table 2.
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Table 2 Results of the linear regression analysis. The variables were log transformed
to reduce skewness. The p-values express the probability for a slope of an opposite
sign than estimated.
Y(X)
1. AsIII&V(sum CWA)

Slope

p

Intercept

R2

0.9

0.0006

2.2

0.64

2. Biological abundance(sum CWA)

-1.3

0.02

0.3

0.42

3. Biological abundance(AsIII&V)

-1.8

0.000005

3.6

0.73

3.3

0.00004

-0.7

0.71
0.89

4. Biological abundance(DO)
5. Biological abundance(Temp)

-10.8

0.00000004

10.3

6. Biological abundance(Turbidity)

-0.6

0.04

2.5

0.26

7. Biological abundance(Depth)

-7.3

0.00000002

15.2

0.86

Table 2 shows that total arsenic compounds are better predictors of
macrozoobenthos abundance than sum CWA; both in terms of the probability for an opposite sign of the slope (lower p value for 3 compared
with 2) and the squared correlation coefficients. Overall, is it seen that biological abundance is best described by temperature (lowest p value and
highest R2). Biological abundance is furthermore most sensitive towards
changes in temperature (highest numerical value of the slope). The potential for influencing biological abundance is as follow in decreasing order: Temperature, Depth, Dissolved oxygen, total AsIII&V, sum CWA and
Turbidity. This implies that biological abundance is more sensitive towards physical parameters compared with chemical exposure. All the biological parameters are highly inter-correlated, and the abundance is
thus representative of the biota responses.

4.4

Discussion

This section briefly describes the limitations and overall recommendations with regard to the risk analysis.
The assessment report addresses the direct and acute risks to the fish
community from CWA and arsenicals exposure due to construction of
one pipeline along the Nord Stream route. Therefore, the impact of two
pipelines is, ceteris paribus, twice as large. However, the pipelines will be
constructed one year apart, so there should be no additivity of the sediment concentration in overlapping areas. This assessment does not address indirect risks (e.g., failed food sources), chronic risks (reproduction
and health), nor does it address potential risks towards other organisms
(e.g., benthos). The measured exposure concentrations (primarily total
sediment concentration) are converted into the bioavailable fraction in
the pore water, and the fish are assumed to be exposed entirely to the
pore water concentration, to err on the side of caution. These are the conditions for both the quasi steady-state and the added risk analysis. The
report first assesses the quasi steady-state condition before any sediment
perturbation occurs. This analysis addresses only the relative background
risk conditions at the time of the sampling.
The more relevant risk analysis is the added risk scenario when the pipeline is actually being constructed and sediments are disturbed. The analysis is based upon the assessment and modelling by Rambøll (2008a and
2008b) with regard to suspended amounts and concentration of sediment
in bulk water. Under these conditions, re-suspension of CWAcontaminated sediment will cause only minor risks towards the fish
community. It is recommended, however, that special care is taken, and if
possible, a priori analysis of potentially deeply buried CWA munitions
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shells in the soft sediments where the anchors are placed, since this activity likely will penetrate furthest into the sediment layers and may disturb
any buried, intact munitions shells.
It is noticeable that depth, salinity, temperature are co-variants and that
they are strongly inversely correlated with the macrozoobenthos data (r =
-0.86 to -0.94). On the other hand, DO is strongly positively correlated
with the measured biota (r = 0.84 to 0.86). The total CWA risk is moderately to strongly negatively correlated with biota (r = -0.55 to -0.73). The
sum of AsIII & V is strongly negatively correlated with biota (r = -0.75 to 0.88). The total concentration of CWA is strongly positively correlated
with the total As and sum of AsIII & V (r = 0.8) (Annex 2).
In other words, based on the statistical relationships the observed biota is
primarily affected by the availability of DO, which is a function of water
depth; i.e., greater depth, less DO and less biota. One can expect to find
slightly elevated As concentrations where the total CWA concentrations
are also elevated. Likewise, according to the multivariate analysis, there
is a probability of observing reductions in biota where the total CWA risk
is predicted to be elevated. Elevated DO levels suggest lower CWA concentration (r = 0.52) due to more effective oxidation and degradation of
the CWA (Annex 2).
If we focus on the steady state risks predicted in Figure 5, sampling station 16 and station 19 predict an elevated risk towards the fish community. The biota data nearest this station is on par with the average, and the
habitat conditions are also relatively good with sandy/clay substrate, DO
at 12.18 mg/L and low turbidity at 0.14 FTU, hence the predicted risk
towards fish is not in full agreement with the observed biota, which may
be due to local variation in measured concentrations. It should be noted
in this connection that a significant risk contributor at S16 was Adamsite;
however, the concentration used to predict risk was 100 times higher
than at other S16 sampling stations, and the sum of oxidation and hydrolysis products was used/applied and not solely parent Adamsite.
Hence the 0.2 mg/L Adamsite sample value is potentially an outlier. The
other sample station with elevated relative risk is station S19. This station
is characterised by low biota measurements, high turbidity, mud and acceptable DO (8.9 mg/L). The risk at S19 is driven by TCA at 0.09 mg/L,
which was used in the conservative analysis, while the average of TCA
for the five samples taken from station 19 is 0.027 (±0.037SD) – suggesting
that the risk could be a factor of three lower. Physical parameters of high
importance for biota have been shown to be in a critical state in association with muddy sediments characterised by high contamination level.

4.5

Conclusions

The steady state risk to the fish community associated with the toxic
forms of As result in RQs < 0.2 along the Nord Stream route.
The total As levels found along the Nord Stream route are close to the
background levels for the Bornholm Deep.
The conservative, quasi steady-state risk to the fish community with
peaks from CWA exposure at station 16 and station 19 RQ = 0.2 - 0.3.
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The more relevant fish community risk estimate for the construction of
each pipeline is lower than the quasi steady-state risk, since the amount
of sorbed CWA on perturbed sediment is low due to the small scale of
the affected area (RQ < 0.0063).
The statistical analysis suggests that biological abundance is better described by physical parameters than As and CWA contamination levels.
There are no strong correlations between the CWA and the biological observations.
The ratio between CWA munitions above and below the sediment is unknown; hence special caution should be exercised in connection with laying anchors, since these sink furthest into the sediment and may disturb
buried munitions shells.
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4.7

Annex 1. Summary of measured concentrations

Table 1a Summary of measured CWAs and arsenicals in sediment from 35 sampling
stations along the Nord Stream route (VERIFIN and NERI data combined).
Max.

Mean ±SD

Detection

(mg/kg DM)

(mg/kg DM)

frequency (%)

station

0.2

0.032 ±0.074

3.5

S16 (250S)

Compound
Adamsite1
Clark I1

Max. sampling

0.051

0.016 ±0.012

19.5

S16 (250S)

Lewisite I1

< LoD5

-

0

-

Lewisite II1

< LoD

-

0

-

Yperite1

< LoD

-

0

-

CAP1

< LoD

-

0

-

Tabun1

< LoD

-

0

-

TPA2

0.017

0.01 ±0.005

2.5

S16 (500N)

PDA2

0.606

0.036 ±0.089

26

S16 (250S)

2

0.09

0.019 ±0.023

12,5

S19 (250N)

TGD3

< LoD

-

0

-

TGDS3

< LoD

-

0

-

26.9

10.6 ±7.4

100

S8
S12 (250N)

TCA

Total As4
Sum AsIII&V4

12.3

4.7 ±3.6

100

MMA4

< LoD

-

0

-

DMA4

0.23

0.147 ±0.05

72

S3

< LoD

-

0

-

TETRA

< LoD

-

0

-

AB4

< LoD

-

0

-

TMAO4
4

1) Active parent CWA compound; 2) Arsenic oil constituent; 3) Yperite degradation
product; 4) Arsenical (potential ultimate degradation product of organoarsenic CWAs);
LoD =limit of detection.
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Table 1b Summary of measured CWAs and arsenicals in pore water from 11 sampling stations along the Nord Stream route (VERIFIN and NERI data combined).
Max.

Mean ±SD

Detection

Max. sampling

(ml/L)

(ml/L)

frequency (%)

station

Compound
1

Adamsite

5

-

0

-

0.002

0.002 ±0

27

S22

< LoD5

-

0

-

< LoD

-

0

-

< LoD

Clark I1
Lewisite I1
1

Lewisite II
1

Yperite

< LoD

-

0

CAP1

< LoD

-

0

-

Tabun1

< LoD

-

0

-

TPA2

0.002

0.002 ±0

18

S22

2

PDA

0.002

0.002 ±0

18

S22

TCA2

0.003

0.002 ±0

27

S22

TGD3

< LoD

-

0

-

TGDS3

< LoD

-

0

-

Total As

4

< LoD

-

0

-

Sum AsIII&V4

0.036

0.022 ±0.02

100

S22

MMA4

< LoD

-

0

-

DMA4

< LoD

-

0

-

4

TMAO

< LoD

-

0

-

TETRA4

< LoD

-

0

-

AB4

< LoD

-

0

-

1) Active parent CWA compound; 2) Arsenic oil constituent; 3) Yperite degradation
product; 4) Arsenical (potential ultimate degradation product of organoarsenic CWAs);
LoD = limit of detection.
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Adamsite – DM conc

-0.19

1.00

Triphenylarsine – TPA conc

-0.61

0.94

1.00

Phenyldichloroarsine – PDA conc -0.57

0.96

1.00

1.00

Trichloroarsine – TCA conc

-1.00

0.87

0.71

0.76

1.00

Sum CWA conc

-0.93

0.85

0.95

0.94

0.74

1.00

As total conc

-0.46

0.76

0.77

0.78

1.00

0.80

1.00

As sum 3&5 conc

-0.37

0.70

0.65

0.67

0.97

0.71

0.96

1.00

0.23 -0.20 -0.46 -0.46

0.95 -0.45

0.16

0.16

1.00

Depth (m)

0.04

0.85

0.66

0.68

0.50

0.66

0.85

0.82

0.23

1.00

Salinity (‰)

-0.30

0.87

0.62

0.65

0.55

0.64

0.84

0.81

0.20

0.98

1.00

Temp

-0.21

0.83

0.61

0.63

0.54

0.61

0.83

0.81

0.30

0.96

0.99

DO (mg/L)

-0.50 -0.71 -0.66 -0.67 -0.31 -0.52 -0.77 -0.73 -0.42 -0.92 -0.88 -0.91

Turbidity (FTU)

-0.36

0.39

0.22

0.25

0.34

0.28

0.56

0.57 -0.11

0.57

0.64

Risk Total CWA

Risk TCA

Risk PDA

Risk TPA

1.00
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Annex 3. PC1 and PC2 of PCA including
individual CWAs
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The figures above visualises patterns analogue to Figure 8 and Figure 9, Section 3.2 in the main report; with one exception that the single CWA concentration have been included in the PCA. The upper figure shows patterns in
samples characteristics as explained by variable loadings in PC1 and PC2, as
shown in the below figure. The pictures give the overall message that samples are explained by the loadings in PC1 corresponding to 68 % X-variance.
The contamination levels of samples in general decrease from the left towards the right, and the pattern is inversely correlated to the biodiversity
pattern. The plots show that the explained pattern of increasing biodiversity
and decreasing contamination from the left towards the right in the score
plots is accompanied by increasing oxygen and decreasing temperature and
salinity. It is apparent that the muddy samples dominate in the first and
fourth quadrant and seem to be characterised by high contamination, low
oxygen, high salinity, temperature and turbidity. It is believed that high turbidity and low oxygen, which are characteristic for all muddy sediments, influence the conditions for biota. Sample 16 differs from the remaining CWA
contaminated samples by having high concentration of Adamsite but low
contamination level of the remaining CWAs. Therefore, sample station 16
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differs from the muddy samples. Samples 17 and 21 have relatively high
contamination levels but also high concentrations of dissolved oxygen,
which is the reason for their position in the score plot having lower positive
scores compared with the remaining sample stations with positive scores
values in PC1. Sampling station 19 has a high concentration of TCA, which is
correlated to DA and PCA compared with the sampling stations positioned
in the first quadrant.
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RAMBOLL OIL & GAS - Nord Stream A/G.
Offshore pipelines through the Baltic Sea Analysis of fish community risk due to exposure to chemical warfare agents (CWAs)
perturbed sediment during the placement
of the gas pipeline east of Bornholm

Hans Sanderson & Patrik Fauser

5.1

Summary

The potential risk towards fish communities from dumped Chemical Warfare Agents (CWAs) following the Second World War is assessed in association with the construction of the gas pipeline S-route transecting close to the
CWA dumpsite in the Bornholm Deep in risk area 3. The assessment is made
based on measurements of CWAs and their primary degradation products
measured in the sediment. Calculated sorption coefficients are used to transform measured sediment concentrations into the bioavailable pore water
fraction and the re-suspended fraction as a function of trenching section for
placing of the pipelines. A degradation product of phenyldichloroarsine
(PDCA [SPr]) and a degradation product of lewisite (L2[ox]) were detected
in two out of 98 samples. The detection frequencies and overall exposure
levels analyzed by VERIFIN are comparable between the 2008 assessments
and this analysis. The total CWA related exposure is 0.8 µg/L, and the total
fish community risk quotient (RQ) is 0.026, indicating a negligible risk. The
added exposure contributed by the trenching alone is 0.039 and 0.0019 µg/L
for PDCA[SPr] and L2[ox], respectively. These exposures represent an added CWA related RQ towards the fish community from installation of the
pipelines of 0.00107 - an insignificant risk. It was not possible to directly
compare the CWA related risks to the analysis of the benthos analysis since
benthos was not sampled in the two locations where CWA residues were detected. However, the habitat and the dissolved oxygen (DO) conditions at
these two locations suggest that benthos would be limited due to these factors rather than the CWA residue exposure, as also shown by Sanderson et
al. (2008).

5.2

Introduction

Following the end of the Second World War Germanys approximately
65,000 tonnes stockpiled Chemical Warfare Agent (CWA) munitions were
ordered by the allied forces to be destroyed during the second half of 1947 as
a result of the Potsdam Conferences. Significant amounts were dumped in
the Bornholm Deep. There are concerns that environmental risks may arise
from perturbation of sediment containing traces of dumped chemical warfare agents (CWA) in connection with building gas pipelines in the Bornholm Deep. An initial risk assessment performed by Sanderson et al. (2008)
based on 95 sediment and 11 pore water samples collected in May 2008
along the pipeline s-route. CWA concentrations, benthos assessment and
habitat and sediment quality and characteristics, and phys/chem. were
measured and correlated. The study showed that the suspended CWA residues did not constitute a significant risk to the fish community, moreover,
that the benthos community was limited by habitat and dissolved oxygen
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levels and not CWAs (Sanderson et al. 2008b). The present study builds upon the 2008 study using similar methods and approximately the same number of sediment samples (98) collected during the summer of 2010.

5.3

Methods

Sampling was carried out late July 2010. Samples for CWA analysis were
taken from the upper 5 cm of the core, as it was shown in the previous study
by Sanderson et al. (2008) that CWA are primarily found in the upper 5 cm
of the sediment. It was moreover shown in the study that the CWAs primarily were found in the sediment and not in the pore water, hence this sampling campaign concentrated on sediment concentrations. A total of 98 sediment samples along 23 sampling stations and 6 transects of 15 stations perpendicular to the lines (Figure 1) were collected.

Figure 1 Sampling stations along the S-route and on six transects near Bornholm.
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The samples were frozen immediately after sampling. The samples were received by the analytical lab, VERIFIN, as frozen and kept at -18° C until
analysis a few weeks later. Sediment samples for chemical analyses were
taken with a Haps core sampler at the sampling stations along the planned
pipeline route going south of the island of Bornholm (DHI, 2010). The list of
10 target CWAs for analysis are shown in Table 1. A total of 21 degradation
products were analysed (DHI, 2010).
Table 1 Target CWA related analytes (VERIFIN, 2010).
CAS #

Compound

505-60-2

Sulphur mustard gas and its main degradation products

578-94-9

Adamsite and its main degradation product

712-48-1

Clark I and its main degradation products

603-32-7

Triphenylarsine

532-27-4

Chloroacetophenone

696-28-6

Phenyldichloroarsine and its main degradation products

7784-34-1

Trichloroarsine and its main degredation products

77-81-6

Tabun

541-25-3

Lewisite I and its main degradation products

40334-69-8

Lewisite II and its main degradation products

The compounds were analysed by GC-MS and LC-MS/MS, with the aim of
a minimum Limit of Quantification (LoQ) of 100 µg/kg (ppb) dry weight
(DW) sediment. The actual measured LoQ ranged from 3.7 to 39 µg/kg
(DW), with an average of 14.5 µg/kg (DW) for the analysed compounds.
Clark I was an outlier at 156 µg/kg (DW) due to its rapid degradation and
instability in the lab (VERIFIN, 2010).
In addition background variables; salinity, dissolved oxygen (DO), and sediment characterization and photo documentation was performed on-site
(DHI, 2010). Moreover, the benthos community was assessed in the lab
based on the samples collected at transects B 10, 11, and 29 corresponding to
transects CWA 10, 11 and 29, respectively. However, quantitative sediment
sampling had to be given up at transect B 29 (CWA 29) due to hard surface,
however the mid station was taken from this transect (CWA 29.68) (DHI,
2010).

5.3.1 Predicted Environmental Concentrations (PEC) towards fish
The munitions have been resting on the seabed and in the sediment of the
Baltic Sea for more than sixty years and the extent of corrosion of the shells,
and thus release of the toxic chemicals into the marine environment and the
exposure to organisms need site specific investigation.
The environmental toxicity along with most physico-chemical properties of
CWAs have not been thoroughly investigated with modern methods and
reported in the public literature, hence modelling of these properties are
warranted to derive comparable datasets (Sanderson et al., 2008). For chemicals to be incorporated into organisms such as fish and exert toxicity they
generally need to be in solution, hence the sediment concentrations, Cs
(mg/kg DM), will be used to calculate pore water CWA concentrations
which are bioavailable to the fishes, Cpw (mg/L), for all the samples based
on adapted equilibrium partitioning (DiToro, 1991 and Sanderson et al.,
2008), cf. Eq. 1.
Cs = Cpw * Rs/Xs = Cpw * (θ + Kd * Xs) /Xs

(Eq. 1)
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Where; Rs = (θ + Kd * Xs) is the retention factor, θ is the pore volume fraction in the sediment 0.55 (Forster et al., 2003), Kd = foc * Koc is the partitioning coefficient between dry matter and water in L/kg DM, foc = 0.0775 is the
fraction of organic carbon in particulate matter (Emelyanov, 1996), Koc is the
partitioning coefficient (sorption coefficient) between organic matter and
water (L/kg OM) and Xs is the density of sediment 1.2 kg DM/L (Forster et
al., 2003).
Thereafter, the added CWA risk from sediment agitation from installing the
pipelines based on assumptions related to the construction of one gas pipeline is calculated. So, in addition to the quasi steady-state concentration of
CWAs in the bottom boundary layer originating from the dumped CWAs,
there is a contribution from the release of sediment particles during the following pipeline activities:
1) Trenching of a 11.35 km section (West Pipeline) and 9.49 km section (East
Pipeline) by plough east of Bornholm. Disturbance and spreading (spill) of
sediment material is estimated to be 2,200 tonnes (West Pipeline) and 1,840
tonnes (East Pipeline), respectively (Rambøll, 2011). The estimated area with
concentrations higher than 10 mg/L in bulk water between 0-10 m above the
seabed has not been estimated for the second study, however, based on the
calculations for the first study there is assumed a proportionality with the
trench-length. A worst-case sediment concentration in the bulk water between 0-10 m above the seabed is thus:
Cw(sed,trenching) = 2,200 tonnes/(5,9*106m2*1.135*10m) = 33 mg sediment/L

(Eq. 2)

The average duration of elevated concentrations is three hours. The time between trenching of the two pipelines exceeds the average duration of elevated concentrations so there should be no additivity of the sediment concentration in overlapping areas.
2) Pipe-laying directly on the seabed. Only small amounts of sediment,
around 300 kg/km, have been found to be suspended during pipe-laying directly on the seabed for worst-case scenarios where the pipeline is placed on
soft clay. Sediment suspension during pipe-laying is negligible compared
with suspension during trenching and is therefore not accounted for in the
modelling of spreading and sedimentation (Rambøll, 2008b).
3) Handling of 12 anchors, each weighing 25 tonnes, causes sediment suspension from laying anchor, lifting anchor and sweeping anchor wires
across the seabed. The sweeping process is most predominant with respect
to sediment disturbance, and the total release to the bulk water is 10 - 38
tonnes sediment/km of the pipeline in areas with soft sediment (Rambøll,
2008c). The release area is approximately 2 % (0.04 km2/km) of the anchor
corridor. This gives a sediment concentration in the release area and lower
10 m (release water volume) of Cw(sed,sweeping) = 25 - 95 mg sediment/L.
When assuming that sediment particles from the release area are spread to
the total anchor corridor area, the average sediment concentration is approximately 0.5 - 2 mg/L (Rambøll, 2008c).
The worst-case scenario for additional concentration in bottom-layer bulk
water from pipeline installations assumes that once sediment particles are
suspended to the bulk water all the sorbed CWAs are instantaneously released and mixed within a release area of approximately 2 % (0.04 km2/km)
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of the anchor corridor. This gives a sediment concentration in the release area and lower 10 m (release water volume) of: Cw(sed) = 95 mg sediment/L,
from sweeping, and Cw(sed) = 128 mg sediment/L, from sweeping and
trenching. Sweeping occurs along the entire pipeline, whereas trenching occurs only at a few mid-section sites.
The worst-case CWA concentration in the release bulk water volume,
Cw(CWA) in mg CWA/L, is thus:
Cw(CWA) = Cw(sed) x Cs(CWA)

(Eq. 3)

Where, Cs(CWA) is the highest measured CWA concentration in sediment,
in mg/kg DW. The worst-case concentration is calculated for single CWAs
and sum of CWAs.
The calculated pore water concentrations will be used as the worst case predicted biota CWA exposure concentration (PEC).

5.3.2 Predicted No observed Effect Concentration (PNEC) towards fish
The PECs will be compared with toxicologically acceptable exposure concentrations towards the fish communities as reported in Sanderson et al. (2008)
with fish community extrapolated HC5 value. The HC5 (Hazard Concentration 5 %) represent the concentration where 95 % of the fish species’ acute
LC50 in the community is not exceeded, or in other words accepting a potential risk for 5 % of the community. The fish community toxicity value of detected organoarsenic CWA residues was derived from the US National Library of Medicine Hazardous Substances Data Base (HSDB:
http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB) for arsenic compounds, as it is recommended as a precautionary, and data quality measure,
to use the well documented high toxicity of inorganic arsenic as a surrogate
for compounds containing organic arsenic but with uncertain ecotoxicity.
The measured acute toxicity data used to derive a species sensitivity distribution (SSD) for 12 fish species (adult and juvenile) was derived from the
HSDB database. The resulting acute HC5 value (protective of 95 % of the
community) equals 29 µg/L (Figure 2). To derive a PNEC the HC5 value is
assigned an assessment factor. The assessment factor associated with HC5
values derived by species sensitivity distributions (SSD) ranges between 1
and 5, and has not been included in this analysis as the determination hereof
is subjective matter of negotiation between the decision-maker and stakeholder.

75

Fathead minnow

100

Sunfish

HC5 = 29 μg/L

Cummulative probability

90

Sunfish juv
Shiner

80

Goldfish

70

Bluegill

60
Fathead minnow juv

50

Brook trout
Salmon

40
30

Rainbow trout
Goldfish embryo

20
10
Bluegill juv

0
0,1

1

10

100

LC50 (mg/L)
Figure 2 Organoarsenic CWA species sensitivity distribution and HC5.

5.4

Results

5.4.1 Measured CWA in sediment
Among the 99 samples collected and analysed for all the targets in Table 1,
only two samples had CWA residues that exceeded the LoQ (Table 2), in
other words a detection frequency of just below 2 % for the total number of
CWA related compounds measured in all samples. No parent CWA compounds were detected. Both of the positive samples were obtained at sampling station 5 (CWA5.1 and CWA 5.14), which is the sampling station most
close to the circular primary CWA dump site (Figure 1).
Table 2 Summary of detected CWA residues in sediment (µg/kg (DW)).
Compound
Lewisite II (L2[ox])
Phenyldichloroarsine

CAS#

Sample id

Concentration

157184-21-9

CWA5.1

15 ±5.4

1776-69-8

CWA5.14

306 ±24

(PDCA[SPr])

Both of these are degradation products, bis(2-chlorovinyl)arsenic acid
(L2[ox]) and dipropylphenylarsonodithioite (PDCA[SPr]), which may stem
from organoarsenic CWAs. L2[ox] is a degradate originating from at least
divinylarsinic acid, which again can originate from Lewisite II. PDCA[SPr]
originates from at least phenylarsonic acid and phenylarsonous acid, which
again may be degradates of the arsenic oil constituent phenyldichloroarsine
(VERIFIN, 2010).

5.4.2 CWA related PEC towards the fish community
Pore water concentrations are the primary direct exposure route to fish and
other none sediment dwelling organisms. In order to extrapolate from
measured sediment concentrations to bio-available pore water concentrations Eq. 1 is employed, which requires estimation of the sorption coefficient
between organic matter and water (Table 3).
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Table 3 Sorption coefficient between organic matter (OM) and water and calculated retention factor (Rs) from Eq. 1. (Sanderson et al. 2008).
Compound

Koc (L/kg OM)

Lewisite II residue (L2[ox])
Phenyldichloroarsine residue (PDCA[SPr])

Rs (Eq. 1)

307.3*

29

28,010*

2600

*) Based on Molecular Connectivity Index (MCI) in KOCWIN v2.00.

The measured sediment concentrations represent quasi steady-state concentrations and as a worst-case scenario it is assumed that the concentration in
the immediate bulk water boundary layer is equal to the pore water concentration, whereas the added bulk water concentration is the re-suspended
CWA from the installation of the pipeline. Adding these two concentrations
produces the total water concentration. The fishes are thus exposed to the
sum of quasi steady-state concentrations and added concentrations from
pipe laying (Table 4).
Table 4 Calculated worst-case CWA residue concentrations (µg/L).
Compound

Pore water

Added bulk water

Total water con-

concentration

concentration

centration

Lewisite II residue (L2[ox])

0.62 ± 0.22

0.0019 ± 0.0007

0.62 ± 0.22

Phenyldichloroarsine

0.14 ± 0.011

0.039 ± 0.0031

0.18 ± 0.011

residue (PDCA[SPr])

5.4.3 CWA related fish community risk assessment
The HC5 value without an assessment factor for both these organoarsenic
CWA degradates is 29 µg/L (Figure 2). The total calculated exposure is 0.62
and 0.18 µg/L, respectively for L2[ox] and PCDA[SPr], and thus the total
CWA related exposure is 0.8 µg/L. This results in a risk quotient without assessment factor (RQ = PEC/HC5) of 0.02 and 0.006, respectively, for L2[ox]
and PCDA[SPr] for the sum of quasi steady-state concentrations at the sediment boundary layer and the re-suspended sediment at the two sites, hence
the total CWA related RQ = 0.026 (Table 5).
Table 5 Risk quotients (RQ) towards fish.
Compound

RQ Pore

RQ Added

water

bulk water

Total RQ

Lewisite II residue (L2[ox])

0.02

0.00007

0.02

Phenyldichloroarsine residue (PDCA[SPr])

0.005

0.001

0.006

Total CWA residue

0.025

0.00107

0.026

5.4.4 Habitat and sediment quality
We know from the correlation assessment in the previous report that the water depth, DO, Temp, and sediment characteristics to a greater degree than
CWA residue exposure govern the observed abundance and diversity of
benthos along the pipeline route (Sanderson et al. 2008). Figure 3 illustrates
the observations made at the two CWA residue positive samples, CWA5.1
and CWA 5.14, respectively.
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Figure 3 Description of samples CWA 5.1 and CWA 5.14 (DHI, 2010).

The samples were collected less than 1000m apart (Figure 1), and display
similar poor sediment characteristics (very soft) from a diverse benthic invertebrate community perspective. The DO is very low (0.29 mg O2/L) 1 m
above sediment at CWA5.1, which would be at the very lower level to support benthic communities, whereas CWA5.14 with 2.55 mg O2/L should be
able to support a benthic community. It is, based upon previous analysis
(Sanderson et al. 2008), unlikely that effects on the benthic community from
exposure to L2[ox] and PCDA[SPr] would be discernible, as the physical and
chemical properties and habitat characteristics would govern the probable
low abundance and diversity of benthos at these two sites rather than occurrence of L2[ox] and PCDA[SPr].

78

5.5

Discussion and conclusions

The 2010 sampling effort detected two CWA related compounds (L2[ox] and
PDCA[SPr]) they are secondary degradation products of Lewisite and Phenyldichloroarsine, respectively. They can originate from degradation products from Lewisite and Phenyldichloroarsine, but they can also originate
from transformation of other organoarsenicals. PDCA[SPr] can e.g. originate
from phenylarsonous acid and phenylarsonic acid. Phenylarsonic acid
(CAS# 98-05-5), has multiple uses e.g. as a buffering agent and precursor to
other organoarsenic compounds, some of which are used in animal nutrition, e.g. 4-hydroxy-3-nitrobenzenearsonic acid. L2[ox] can also originate
from divinylarsinic acid (CAS# 157184-20-8) the industrial usage of this
compound is rarer than the usage of phenylarsonic acid. However, due to
the fact that L2[ox] and PCDA[SPr] was only found in the samples taken
most close to the primary CWA dump site we assume that they originate
from the organoarsenic CWAs Lewisite and Phenyldichloroarsine.
The present exposure and risk analysis is based upon the assessment and
modelling by Rambøll (2008a, 2008b, 2008c and 2011) with regard to suspended amounts and concentration of sediment in bulk water. Under these
conditions, re-suspension of CWA-contaminated sediment will cause an
added risk corresponding to a risk quotient of 0.00107, towards the fish
community. Compared to the risk quotient from the prevailing quasi steadystate CWA residues concentrations in the pore water of 0.025, this indicates
no significant additional risk from pipe laying activities. It is not possible to
compare the CWA related risks to the analysis of the benthos since benthos
were not sampled and analysed in the two locations where CWA residues
were detected. However, the habitat and DO conditions at these locations
suggest that benthos would be limited due to these factors rather than the
CWA residue exposure, as also shown by Sanderson et al. (2008).
Sampling and assessments along the same route in 2008 (Sanderson et al.
2008) by VERIFIN showed traces of total PCDA in 4.2 % of all the collected
sediment samples. In the current assessment only one sample exceeded the
LoQ of 19 µg/kg (DW) with a resulting the detection frequency of 1 %. This
suggests that the detection frequencies of PCDA related compounds are
lower in the 2010 sampling regime than in the 2008 sampling regime. In the
2008 sampling Lewisite II or its degradation products (e.g. L2[ox]) were not
detected above LoQ in any of the samples (Sanderson et al. 2008), whereas
L2[ox] was found in one sample in the 2010 sampling effort. Comparing the
two sampling rounds would suggest that the detection frequencies are comparable between the two years, and that the potential CWA related risks towards the fish and benthic communities are also comparable or maybe
slightly lower in 2010 than in 2008 due to the overall slightly lower exposure
potential based on the VERIFIN analysis.
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6

Nord Stream A/G. Offshore pipelines
through the Baltic Sea - Analysis of fish
community risk due to exposure to Chemical Warfare Agents (CWAs) from perturbed
sediment along and between the two gas
pipelines east of Bornholm

Hans Sanderson, Patrik Fauser

6.1

Preface

This report is part of an ongoing assessment of the environmental risks suspension of chemical warfare agents from the sediment may represent in the
Bornholm Deep in the Baltic Sea. This report assesses the risks in 2012 and
compares to the baseline study in 2010 and the risk assessment from 2011
from the same area. The work was funded by Ramboll Oil and Gas (contact
person: Jørn Bo Larsen).

6.2

Summary

The aim of this report is to assess the predicted risk towards fish communities from dumped Chemical Warfare Agents (CWAs) following the Second
World War in association with the gas pipeline S-route (South route) running close to the CWA dumpsite in the Bornholm Deep in the Baltic Sea.
And to compare the findings in this study (2012) with the findings of the
baseline study in 2010 and the findings in 2011 from the same locations and
with the same methods. Moreover, the correlation between CWA exposures
and benthic infauna is also analysed. The assessment is made based on
measurements of CWAs and their primary degradation products in sediment. Sorption coefficients estimated from Molecular Connectivity Index are
used to transform measured sediment concentrations into the fish bioavailable pore water fractions for the risk estimation. Ninety-eight samples were
collected along the 28 sampling locations (CWA 1-28), plus six transects perpendicular to the pipelines. The sampling and results of the sediment conditions, background variables, benthic infauna, and CWA exposures in 2012
are directly comparable to the measurements in the 2010 baseline study and
the 2011 study. No parent CWAs were detected in the sediments, however,
nine out of the 98 samples had one or more residues of CWA (degradation
products of Adamsite, Clark I, phenyldichloroarsine, trichloroarsine), total
detection frequency = 10.2 %. In the 2010 sampling only two out of 98 samples contained residues (phenyldichloroarsine and Lewisite II), in 2011 10
samples had traces of CWA residuals (degradation products of Adamsite,
Clark I, phenyldichloroarsine, trichloroarsine and Lewisite II). The maximum total calculated fish community exposure concentration was 0.108 (±
0.029) µg/L at sampling station CWA 22.81 (residues of TCA (SPr)). The total risk quotient (RQ) for individual CWA residues ranges between 0 to
0.0037 for TCA(SPr) with station CWA 22.81 as the highest suggesting a negligible CWA risk. The added risk from sediment disturbance in relation to
installation of the pipelines represents less than 1 % of the total risk in the
area (RQ = 0.0001), the comparative risk in 2010 and 2011 was calculated to
be 0.0017 and 0.003 (RQ), respectfully. The risks are insignificant and hence
the difference between them is also insignificant. The analysis of infauna

81

corroborate the finding of low risk as the abundance, biomass, and diversity
of the biota were quite similar compared to the other locations, moreover,
biota is governed by other factors (e.g. total organic carbon, dissolved oxygen (DO), depth, sediment characteristics) than predicted the CWA risk at
sites CWA 22.81.
When comparing the 2010 and 2011 measurements with the 2012 measurements it is clear that; no parent CWA were detected; the exposure concentrations are predicted not to represent a risk towards the fish community; the
detection frequencies are comparable (2 and 10 %) noting the patchiness of
detections and hence sample variability; that the pipeline installation only
contribute less than 1 % of the steady-state background risk (0.0001 (2012);
0.003 (2011); and 0.0017 (2010)), and that this risk is insignificant towards the
fish community and that the CWA residue risks are not reflected in the biota
measurements.

6.3

Introduction

Following the end of the Second World War Germanys approximately
65,000 tonnes stockpiled Chemical Warfare Agent (CWA) munitions were
dumped in the Bornholm Deep. There are concerns that environmental risks
may arise from perturbation of sediment containing traces of dumped chemical warfare agents (CWA) in connection with the construction and establishment of the gas pipelines on/in the seabed in the Bornholm Deep in the
Baltic Sea within the Danish territorial area. An initial risk assessment was
performed by Sanderson et al. (2008) based on 95 sediment and 11 pore water samples collected in May 2008 along the pipeline S-route. CWA concentrations, benthos assessment and habitat and sediment quality and characteristics, and background physical/chemical parameters were measured and
correlated. The study showed that the suspended CWA residues did not
constitute a significant risk to the fish community, moreover, that the benthos community was limited by habitat and dissolved oxygen levels and not
by CWAs (Sanderson et al. 2008). The 2010 study expanded the number of
analytes to include more degradation products. In 2010 the study confirmed
the findings for 2008; as only two positive CWA samples were found it is unlikely that effects on the benthic community from exposure to L2[ox] and
PCDA[SPr] would be discernible, as the physical and chemical properties
and habitat characteristics would govern the probable low abundance and
diversity of benthos at these two sites rather than occurrence of L2[ox] and
PCDA[SPr]. The present study in 2012 builds upon the 2008 and particularly
the 2010 baseline study using similar methods and the same number of sediment samples (98) to ensure comparability.

6.4

Methods

All methods and analysis replicated the baseline study of 2010 to ensure
comparability. Sampling was carried out June 2012. Samples for CWA analysis were taken from the upper 5 cm of the sediment core, as it was shown in
the previous study by Sanderson et al. (2008) that CWA are primarily found
in the upper 5 cm of the sediment. It was moreover shown in the 2008 study
that the CWAs primarily were found in the sediment and not in the pore
water, hence this sampling campaign focussed on sediment concentrations.
A total of 98 sediment samples along 23 sampling stations and six transects
of 15 stations perpendicular to the lines (Figure 1a & Figure 1b) were collected.
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Figure 1a Sampling stations along the S-route and transects near Bornholm (DHI, 2012).

83

Figure 1b Sampling stations along the S-route and transects near Bornholm (transect CWA
29 had to be omitted), biota was sampled for transect CWA 10 and 11 (DHI, 2012).

The samples were frozen immediately after sampling. The samples were received by the analytical lab, VERIFIN, as frozen and stored at -18° C until
analysis a few weeks later. Sediment samples for chemical analyses were
taken with a Haps core sampler at the sampling stations along the planned
pipeline route going east and south of the island of Bornholm (DHI, 2012).
The list of 10 target CWAs for analysis are shown in Table 1. A total of 21
degradation products were analysed (VERIFIN, 2012).
Table 1 Target CWA related analytes (VERIFIN, 2012).
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CAS #

Compound

505-60-2

Sulphur mustard gas and its main degradation products

578-94-9

Adamsite and its main degradation product

712-48-1

Clark I and its main degradation products

603-32-7

Triphenylarsine

532-27-4

Chloroacetophenone

696-28-6

Phenyldichloroarsine and its main degradation products

7784-34-1

Trichloroarsine and its main degradation products

77-81-6

Tabun

541-25-3

Lewisite I and its main degradation products

40334-69-8

Lewisite II and its main degradation products

The compounds were analysed by GC-MS and LC-MS/MS, with the aim of
a minimum Limit of Quantification (LoQ) of 100 µg/kg (ppb) dry weight
(DW) sediment. The actual measured LoQ ranged from 3.3 (for Adamsite oxidation product) to 32 µg/kg (PDCA residues). Adamsite was only measurable as its oxidation product. The LoQs for the LC-MS/MS analytes were
similar to the LoQs from 2011 and 2010, whereas the LoQs for the GC-MS
analytes were 2 to 10 times lower than in the 2010 study (VERIFIN, 2012).
In addition background variables; salinity, dissolved oxygen (DO), and sediment characterization and photo documentation was performed on-site
(DHI, 2012). Moreover, the benthos community was assessed in the lab
based on the samples collected at transects B 10, 11 corresponding to transects CWA 10, 11, biota transect CWA 29 had to be omitted due to hard sediment (DHI, 2012).

6.4.1 Predicted Environmental Concentrations (PEC) towards fish
The munitions have been resting on the seabed and in the sediment of the
Baltic Sea for more than sixty years and the extent of corrosion of the shells,
and thus release of the toxic chemicals into the marine environment and the
following exposure to organisms need site specific investigation.
The environmental toxicity along with most physico-chemical properties of
CWAs have not been thoroughly investigated with modern methods and
reported in the public literature, hence modelling of these properties is warranted to derive comparable datasets (Sanderson et al., 2008). In order for
chemicals to be incorporated into organisms such as fish and thereby exert
toxicity they generally need to be in solution. Hence, the sediment concentrations, Cs (mg/kg DM), will be used to calculate pore water CWA concentrations, Cpw (mg/L), which are bioavailable to the fishes, for all the samples
based on adapted equilibrium partitioning (DiToro, 1991 and Sanderson et
al., 2008), cf. Eq. 1.
Cs = Cpw · Rs/Xs = Cpw · (θ + Kd · Xs) /Xs

(Eq. 1)

Where; Rs = (θ + Kd * Xs) is the retention factor, θ = 0.55 is the pore volume
fraction in the sediment (Forster et al., 2003), Kd = foc · Koc is the partitioning
coefficient between dry matter and water in L/kg DM, foc = 0.0775 is the
fraction of organic carbon in particulate matter (Emelyanov, 1996), Koc is the
partitioning coefficient (sorption coefficient) between organic matter and
water (L/kg OM) and Xs = 1.2 kg DM/L is the density of sediment (Forster
et al., 2003).
Thereafter, the added CWA risk from sediment agitation from installing the
pipelines based on assumptions related to the construction of one gas pipeline is calculated. The conditions for estimating the re-suspension of sediment particles in the lower bulk water are similar to the previous assessment
for 2010; this ensures maximum comparability and worst-case conditions
(DHI, 2011).
Accordingly, in addition to the quasi steady-state concentration of CWAs in
the bottom boundary layer originating from the dumped CWAs, there is a
contribution from the release of sediment particles during the following
pipeline activities:
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• 1) Trenching which occurs at two sections, and comprises sampling stations 10, 11 and 16. At these stations the increase in sediment concentration in the bulk water between 0 and 10 m above the seabed is
Cw(sed,trenching) = 33 mg sediment/L, as shown in Sanderson and Fauser
(2011).
• 2) Pipe-laying directly on the seabed. Only small amounts of sediment,
around 300 kg/km, have been found to be suspended during pipe-laying
directly on the seabed for worst-case scenarios where the pipeline is
placed on soft clay. Sediment suspension during pipe-laying is negligible
compared with suspension during trenching and is therefore not accounted for in the modelling of spreading and sedimentation (Rambøll,
2008b).
• 3) Handling of 12 anchors, each weighing 25 tonnes, which causes sediment suspension from laying anchor, lifting anchor and sweeping anchor
wires across the seabed. The sweeping process is most predominant with
respect to sediment disturbance, and the total release to the bulk water is
10 - 38 tonnes sediment/km of the pipeline in areas with soft sediment
(Rambøll, 2008c). The release area is approximately 2 % (0.04 km2/km) of
the anchor corridor. This gives a sediment concentration in the release area and lower 10 m (release water volume) of Cw(sed,sweeping) = 25 - 95 mg
sediment/L. When assuming that sediment particles from the release area are spread to the total anchor corridor area, the average sediment concentration is approximately 0.5 - 2 mg/L (Rambøll, 2008c).
The worst-case scenario for additional concentration in bottom-layer bulk
water from pipeline installations assumes that once sediment particles are
suspended to the bulk water all the sorbed CWAs are instantaneously released and mixed within a release area of approximately 2 % (0.04 km2/km)
of the anchor corridor. This gives a sediment concentration in the release area and lower 10 m above the sediment (release water volume) of: Cw(sed) = 95
mg sediment/L, from sweeping, and Cw(sed) = 128 mg sediment/L, from
sweeping and trenching. Sweeping occurs along the entire pipeline, whereas
trenching occurs only at sections 10, 11 and 16.
The worst-case CWA concentration in the release bulk water volume,
Cw(CWA) in mg CWA/L, is thus:
Cw(CWA) = Cw(sed) · Cs(CWA)

(Eq. 2)

Where, Cs(CWA) is the highest measured CWA concentration in sediment, in
mg/kg DW. The worst-case concentration is calculated for single CWAs and
sum of CWAs. The calculated pore water concentrations will be used as the
worst case predicted CWA exposure concentration (PEC) of biota (Sanderson et al. 2012).

6.4.2 Predicted No observed Effect Concentration (PNEC)
towards fish
The PECs is compared with toxicologically acceptable exposure concentrations towards the fish communities as reported in Sanderson et al. (2008)
with fish community extrapolated HC5 value (Hazard Concentration 5 %).
The HC5 represent the concentration where 95 % of the fish species’ acute
LC50 in the community is not exceeded, or in other words accepting a potential risk for 5 % of the community. The measured fish toxicity values of detected organoarsenic CWA residues were derived from the U.S. National Library of Medicine Hazardous Substances Data Base (HSDB:
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http://toxnet.nlm.nih.gov/cgi-bin/sis/htmlgen?HSDB). For arsenic compounds, it is recommended, as a precautionary and data quality measure, to
use the well documented high toxicity of inorganic arsenic as a surrogate for
compounds containing organic arsenic lacking ecotoxicity data. The measured acute toxicity data used to derive a species sensitivity distribution
(SSD) for 12 fish species (adult and juvenile). The resulting acute HC5 value
(protective of 95 % of the community) equals 29 µg/L (Figure 2). To derive a
predicted no effect concentration (PNEC) the HC5 value is assigned an assessment factor. The assessment factor associated with HC5 values derived
by species sensitivity distributions (SSD) ranges between 1 and 5, and has
not been included in this analysis (Sanderson and Fauser, 2011; Sanderson et
al. 2012).
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Figure 2 Organoarsenic CWA species sensitivity distribution and HC5 (from Sanderson
and Fauser, 2011).

6.5

Results

6.5.1 Measured chemical warfare agents in sediment
Among the 98 samples collected and analysed for all the compounds listed
in Table 1, nine samples had CWA residues that exceeded the LoQ (one
sample had two CWA residues) (Table 2), in other words a detection frequency of approx. 10 % for the total number of CWA related compounds
measured in all samples. No parent CWA compounds were detected (Table
1).
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Table 2 Detected CWA residues in sediment (µg/kg (DW)) in June 2012. Name of residue is given in parenthesis after parent CWA
Compound

Concentration

Sampling station

(µg/kg DM)
Adamsite (DM[ox])

7.7 ±0.92

Adamsite (DM[ox])

10 ±1.2

CWA 11.51
CWA 12

Clark I (DA[ox])

5.5 ±0.66

CWA 10.37

Clark I (DA[ox])

8.8 ±1.1

CWA 13

Phenyldichloroarsine (PDCA[SPr])

88 ±27

CWA 10.33

Phenyldichloroarsine (PDCA[SPr])

40 ±12

CWA 22.80

Trichloroarsine (TCA[SPr])

28 ±8.0

CWA 17

Trichloroarsine (TCA[SPr])

28 ±8.1

CWA 22.80

Trichloroarsine (TCA[SPr])

39 ±11

CWA 22.81

Trichloroarsine (TCA[SPr])

32 ±9.3

CWA 24

All detected compounds in Table 2 are degradation products, which can
originate from parent CWAs. They can be primary degradation products via
natural oxidation of parent CWA and/or secondary degradation products
via initial hydrolysis followed by oxidation (VERIFIN, 2012). See Annex 1
for a complete list of detected CWA residues in sediment (2008-2012). Interestingly, CWA residues were only found in the vicinity of pipeline 1.

6.5.2 Chemical warfare agents related predicted environmental concentration towards the fish community
Porewater concentrations are the primary direct exposure route to fish and
other none sediment dwelling organisms. In order to extrapolate from
measured sediment concentrations to bio-available pore water concentrations Eq. 1 is employed, which requires estimation of the sorption coefficient
between organic matter and water (Table 3).
Table 3 Sorption coefficient between organic matter (OM) and water (Koc based on Molecular Connectivity Index (MCI) in KOCWIN v2.00) and calculated retention factor (Rs)
from Eq. 1. (Sanderson et al. 2008).
Compound

Koc (L/kg OM)

Rs (Eq. 1)

4401

410

Clark I (DA[ox])

22830

2124

Phenyldichloroarsine (PDCA[SPr])

28010

2605

4815

448

Adamsite (DM[ox])

Trichloroarsine (TCA[SPr])

The measured sediment concentrations represent quasi steady-state concentrations and as a worst-case scenario it is assumed that the concentration in
the immediate bulk water boundary layer is equal to the pore water concentration, whereas the added bulk water concentration is the re-suspended
CWA from the installation of the pipeline. The sum of these two concentrations equals the total water concentration. The fish are thus exposed to the
sum of quasi steady-state concentrations and added concentrations from
pipe-laying (Table 4).
Sorption and partitioning of compounds is context dependent and hence
complex, and different assumptions and models impact the outcome (US
EPA, 2004). Herein we used the US EPA model KOCWIN v2.00 and the MCI
result to be consistent between the 2010, 2011 and 2012 sampling to ensure
comparability.
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Table 4 Calculated worst-case CWA residue concentrations (µg/L) (± standard deviation). Sampling stations for max. total CWA water concentrations are as in Table 2.
Compound
Adamsite (DM[ox])
Adamsite (DM[ox])

Pore water

Added bulk water

Total water

concentration

concentration

concentration

0.023 ±0.0027

0.0010 ±0.00012

0.024 ±0.0027

0.029 ±0.0035

0.00095 ±0.00011

0.030 ±0.0035

Clark I (DA[ox])

0.0031 ±0.00037

0.00072 ±0.00009

0.0038 ±0.00038

Clark I (DA[ox])

0.0050 ±0.00062

0.00084 ±0.0001

0.0058 ±0.00063

0.041 ±0.012

0.012 ±0.0035

0.052 ±0.013

0.018 ±0.0055

0.0038 ±0.0011

0.022 ±0.0056

0.075 ±0.021

0.0027 ±0.00076

0.078 ±0.021

0.075 ±0.022

0.0027 ±0.00077

0.078 ±0.022

0.104 ±0.029

0.0037 ±0.0011

0.108 ± 0.029

0.086 ±0.025

0.0030 ±0.00088

0.089 ±0.025

Phenyldichloroarsine
(PDCA[SPr])
Phenyldichloroarsine
(PDCA[SPr])
Trichloroarsine
(TCA[SPr])
Trichloroarsine
(TCA[SPr])
Trichloroarsine
(TCA[SPr])
Trichloroarsine
(TCA[SPr])

The maximum total calculated water concentrations (exposures) are derived
from the measured sediment concentrations (Table 2) and Eq. 1, as explained
above, and are found to be 0.108 (±0.029 SD) for TCA[SPr] at sampling location CWA 22.81.

6.5.3 Chemical warfare agent related fish community risk assessment
The HC5 value without an assessment factor for all organoarsenic CWA
degradates is 29 µg/L (Figure 2). This results in maximum summed risk
quotients without assessment factor (RQ = PEC/HC5) of 0.108/29(±0.029
SD) = 0.0037 at sampling station CWA 22.81. This RQ represent the sum of
the quasi steady-state CWA residue concentration at the sediment boundary
layer and the re-suspended sediment exposures at the site. Table 5 provides
the RQs for all sites.
Table 5 Risk quotients (RQ) towards fish calculated from Table 2 and the fish community
HC5 of 29 µg/L. Total RQ = steady-state RQ + added RQ
Compound
Adamsite (DM[ox])
Adamsite (DM[ox])

Total RQ

Added RQ Sampling station

0.00081

0.00003

CWA 11.51

0.0010

0.00003

CWA 12

Clark I (DA[ox])

0.00013

0.00002

CWA 10.37

Clark I (DA[ox])

0.00020

0.00003

CWA 13

Phenyldichloroarsine (PDCA[SPr])

0.0018

0.0004

CWA 10.33

Phenyldichloroarsine (PDCA[SPr])

0.00077

0.0001

CWA 22.80

Trichloroarsine (TCA[SPr])

0.0027

0.00009

CWA 17

Trichloroarsine (TCA[SPr])

0.0027

0.00009

CWA 22.80

Trichloroarsine (TCA[SPr])

0.0037

0.0001

CWA 22.81

Trichloroarsine (TCA[SPr])

0.0031

0.0001

CWA 24

The calculated added CWA risk from suspended sediment with CWA residues during the installing the pipelines were also calculated to be highest at
location CWA 22.81with a RQ = 0.0001.

89

6.5.4 Habitat and sediment quality
We know from the correlation assessment in the previous report that the water depth, dissolved oxygen (DO), temperature, and sediment characteristics
and total organic content to a greater degree than CWA residue exposure
govern the observed abundance and diversity of the benthic infauna/biota
along the pipeline route (Sanderson et al. 2008).
The background and sediment conditions were analysed for CWA 10 and 11
sampling locations. The biota data are especially interesting relative for the
location CWA 10.33 as the RQ of 0.0018 is a factor ten higher than the other
sites with biota measurements (CWA 10.37 (RQ = 0.00013) and CWA 11.51
(RQ = 0.00081)) – is this predicted risk reflected in the measured biota?
Station CWA 10.33: This location has a depth of 57 m, with above average
(for CWA 10 locations) background conditions (temperature and oxygen).
The location has a higher than average total organic carbon content of 1.9 %
dry weight. The distribution of important species shows that the site has the
highest abundance of the polycheate Scoloplos armiger among all the collected
samples and the highest abundance of another polycheate Pygospio elegans.
Regarding the bivales the site had the highest abundance and biomass of
Macoma balthica.
The species abundance similarity to the other sites was 77.1 % for CWA
10.33 with Scoloplos armiger as the main contributing species. Site CWA 10.33
had a similarity and average biomass with the sites that were analyzed at
73.8 %, again with the sea worm (polycheate) Scoloplos armiger as the species
contributing most to the similarity, as was the case for the majority of CWA
10 sites. The overall biomass was however lowest at CWA 10.31; 32 and 33
locations in the CWA 10 transect mainly due the fact that the otherwise
abundant bivalve Astarte borealis was not detected in large numbers at the
sites, which drove the biomass in the other samples. The relatively low organic carbon content could also explain the lower biomass and abundance
and species richness per square meter at the sites (CWA 10.32 had the lowest
counts - and no CWA detects) (DHI, 2012).
In conclusion, there is no clear evidence that the CWA predicted risk is reflected in the biota measurements at CWA 10.33. Biota was not measured at
location CWA 22.81, which had the highest predicted risk, but the sediment
was described at brown coarse sand, with an oxidized surface layer, no
smell of H2S and a dissolved oxygen level 1 m above the sediment surface of
1.57 mgO2/L suggest good living conditions for benthos.
Background variables such as habitat/sediment quality, dissolved oxygen,
and total organic content are more determining for the biota data than CWA
exposures in this study, which has also been shown in other studies (Sanderson et al. 2012). Natural variations and sampling variability, ecological niches and competition, plus other un-quantified biotic and abiotic factors which
affect the abundance, diversity and biomass of biota may further explain any
biota differences between the stations.

6.6

Discussion and conclusions

The present exposure and risk analysis are based upon the assessment and
modelling by Rambøll (2008a, 2008b, 2008c and 2011a) with regard to suspended amounts and concentration of sediment in bulk water. Under these
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conditions, re-suspension of CWA-contaminated sediment will cause a maximum added risk corresponding to a risk quotient of 0.0001 at the highest
risk location (CWA 22.81) (in comparison to the max. RQs found in 2010 of
0.00107, and 0.003 in 2011), towards the fish community. Compared to the
total risk quotient from the prevailing quasi steady-state CWA residues concentrations in the pore water of up to 0.0037 (0.025 in 2010; and 0.17 in 2011),
this indicates no significant additional risk from pipe laying activities.
The 2010 sampling effort detected two CWA related compounds (L2[ox] and
PDCA[SPr]) with a total CWA related exposure of 0.8 µg/L, resulting in a
negligible total CWA risk estimate towards the fish community of 0.026 at
sampling station CWA 5.1 and CWA 5.14. It was not possible to compare the
predicted risk to biota since there were no biota data for the two locations in
2010. In 2011 only one compound was found at the CWA 5 transect, i.e. Adamsite (DM[ox]) (0.03 µg/L with a resulting RQ of 0.001) at CWA 5.11 (see
Annex 1).
In 2011 the calculated maximum summed risk quotients was 0.17 and 0.15 at
CWA 10.45 and CWA 11.60, respectively. Both sampling stations are nearest
the dumpsite in their respective east-west transects. The CWA 10.45 RQ was
dominated by Lewisite II (L2[ox]) and Phenyldichloroarsine (PDCA[ox])
with RQs of 0.078 and 0.056, respectively. The CWA 11.60 RQ was dominated by Phenyldichloroarsine (PDCA[ox]) with RQ=0.146. The highest added
risk from the installation of the pipelines due to sediment disturbance (laying; trenching; sweeping) was calculated to be 0.003 at CWA 10.45. This
added risk is less than 1 % of the background steady state CWA related risk
in the area.
The results of the 2012 sampling and risk calculations resulted in similar results as in the previous years, with no parent CWAs detected, concentration
ranges between LoQ and 100 µg/kg dw in the sediment, and low fish community risk quotients RQ = 0.0037 under quasi-steady state, and RQ = 0.0001
from the sediment re-suspension, suggesting a negligible fish community
risk. There were no biota measurements from the highest exposure site.
However, the biota and background parameters from the CWA 10.33 site
with the highest predicted risk (by a factor of ten among the sites with biota
measurements) did show reduced biota counts. These reductions were driven by the lack of the bivalve Astarte borealis and, likely due to the relatively
reduced organic carbon content in the sediment resulting in reduced grazing
potential for benthos and thus lower biomass and abundance, as the diversity was on par with the average for all sites.
The implications of altered level of quantification (LoQs) on comparability of
measured sediment concentrations between 2010 and 2011 & 2012 was examined by identifying findings in 2012 that would not have been identified
in 2010 or 2011 given the higher LoQs. One finding of DA [ox] = 5.5 and 8.8
µg/kg dw at CWA 10.37 and CWA 13, respectively, would not have been
found in the 2010 sampling round. Moreover, the measurement of TCA [SPr]
of 22.1 µg/kg dw in CWA 27 in 2011 would not have been detected in 2012.
The 2010; 2011 and 2012 data sets are therefore overall directly comparable
with respect to detection frequencies and concentration levels.
No conclusions can be made regarding increasing concentration gradients
along transects towards the dumpsite, in 2012 the highest exposures were
detected at one of the sampling locations (CWA 22.81) furthest away from
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the primary dump site. In 2010 and 2011 most of the detections were done
closer to the dump site than in 2012. Moreover, interestingly, the detections
in 2012 were all in the vicinity of pipeline 1.
The conclusions relative to exposure for 2010, 2011 and 2012 is that no parent
CWA was found; that the exposure concentrations are predicted not to represent a risk towards the fish community; compared to the 2008 data that biota is not governed by CWA exposures but rather other background parameters (such as DO; total organic content, depth, sediment characteristics)
(Sanderson et al. 2012); the detection frequencies are comparable (2 and
10 %) noting the patchiness of detections and hence sample variability; improvement of limits of detection between the years does not explain the difference in detection frequency.
Comparing the sampling rounds (2008; 2010; 2011; 2012) would suggest that
the detection frequencies and levels of CWA residues are comparable between the years, and that the potential CWA related risks towards the fish
and benthic communities are also comparable and low.

6.7

Annex 1 - Summery of sediment CWA residue
concentrations: 2008-2012(μg/kg dw)

Results of CWA analyses in sediment samples, which showed a content of
CWA dissipation products. The year 2008 is based on centrifuged samples.
Where two results are given as 53.1/66.8, the first figure is from the GC-MSanalysis, the second from the LC-MS/MS-analysis (Rambøll, 2012; VERIFIN
2012). See table next page.
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Sediment
sample year

Adamsite
(DM[ox])

Clark I

Lewisite II

Phenyl-

(DA[ox]) (L2[SPr&ox]

dichloroarsine

arsine

) (PDCA[SPr&ox])

(TCA[SPr])

and station

Trichloro-

2008:
S8

2.6

S 12

10

S 13

2.4

S 16

1.7

2.3

S 16-250N

1.4

1.8

S 16-250S

200

S 17

3.2

S 19-250S

1.9

2.5

9.6

2010:
CWA 5.1

-* / 15

CWA 5.14

306 / - *

2011:
CWA 5.11

9.47

CWA 10.32

8.19

CWA 10.45

177

CWA 11.46

9.76

CWA 11.53

15.9

CWA 11.60

53.1 / 66.8
70.3 / 54.9

140

170 / 126

116 / 327

CWA 12

34.1 / -*

CWA 13

29.9 / -*

CWA 16

43.5 / - *

CWA 27

22.1

2012:
CWA 10.33

88

CWA 10.37

5.5

CWA 11.51

7.7

CWA 12

10

CWA 13

8.8

CWA 17
CWA 22.80

28
40 / -*

CWA 22.81
CWA 24

28
39

32

-* : Not found above the limit of quantification.
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7

Qualitative evaluation of the sources to selected organoarsenicals along the NordStream pipeline route in the Bornholm
Deep

Hans Sanderson (DCE-AU); Stephen Mudge (Exponent); Patrik Fauser
(DCE-AU); Anders Johansen (DCE-AU)

7.1

Background

Chemical weapons in the form of shells and bombs were disposed of after
World War II into a designated area of the Bornholm Deep (Sanderson et al.
2010). Subsequently, Nord-Stream AG laid gas pipelines to Europe around
the edge of the site. Samples from the adjacent area and along the pipeline
route near the dump site (Sanderson et al. 2012) had positive results for a
limited number of parent and dissipation products of the chemical weapons
agents (CWAs); greater than 98 % of the positive samples have traces of dissipation products in the form of organoarsenicals (OAs). These OAs may
originate from CWAs but could they also have other sources, and could this
be qualified and later on quantified? This has never been investigated.
The answer to this question is of critical importance to enable the accurate
assessment and management of the environmental risks of the historically
dumped chemical munitions. In terms of accurate risk perception, sustainable exploitation of the sea-floor, and consideration of potential risk remediation actions in the Bornholm Deep, accurate answers to the above questions
are vital.

Arsenic and OAs has for a long time been a top priority chemical on the US
Agency for Toxic Substances & Disease Registry (ATSDR) and US EPA
Comprehensive Environmental Response, Compensation, and Liability Act
(CERCLA) lists, which prioritized the chemicals with the most significant
potential threat to human health due to the known toxicity and exposure to
humans and the environment
(http://www.atsdr.cdc.gov/SPL/index.html). Arsenic is the 20th most
abundant element in the earth’s crust (Tarvainen et al. 2013) and may also
enter the environment from anthropogenic sources and activities. There has
been an effort to differentiate between natural and anthropogenic impacts,
particularly in areas where expansion and development is occurring and
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with limited drinking water supplies (e.g. Li et al., 2011; Uddin et al., 2011).
There is also a growing appreciation of the regional nature of residual arsenic contamination from agricultural and other anthropogenic sources such
as copper and sodium-based arsenicals from herbicides and pesticides – but
these are of course very site specific.
Due to the apparent lack of research in this area, the remaining research
challenges and the need to apply site specific assessments, the aim of this
study is to:
• Qualitatively assess the potential sources to OAs in the Bornholm Deep,
both from natural and anthropogenic sources
• Assess the technical possibilities of quantifying the different sources - i.e.
quantify the contribution from all other sources combine vs. the contribution from CWAs
• Recommend the next steps of research in this area based on a feasibility
assessment of the work needed on the positive samples already collected
by Nord-Stream AG and stored by VERIFIN considering the qualitative
power of the assessment and the effort needed to differentiate the OA
sources (CWA vs. all other)
The product of the work will be a brief mainly qualitative report outlining
the potential resource needs for forensic elucidation of the detected organoarsenicals along the Nord-Stream AG pipeline route near Bornholm
based on the existing positive sediment samples stored at VERIFIN. The project serves only scientific purposes and is not an assessment or evaluation of
environmental effects of the Nord-Stream AG pipeline. The joint draft final
report was submitted to Nord-Stream mid-July 2013, to be finalized in early
Sept. 2013 after Nord-Stream AG review.

7.2

Approach

A screening level desk-top assessment will be performed to assess the environmental exposure pathway as a result of the many natural and anthropogenic sources; these may have emissions to air, water and soil as arsenic is a
ubiquitous element in the environment. A conceptual site model (CSM) will
be developed to show the potential for natural or anthropogenic arsenic
sources (other than CWAs) to contribute organoarsenicals to the Baltic Sea.
We will:
• Review organoarsenicals in marine sediments near Bornholm, mapping
what is known about potential sources of arsenicals (and specifically organic forms of As) in the environment
• Research and map known natural releases and deposits in the Baltic, currents in the area (if transport from external sources is a possible route),
stability of different chemical species, local sediment conditions (toxic,
pH etc.), and the local geology
• Conduct a literature study looking in to industrial activities in the greater
Baltic area and identify potential anthropogenic arsenic emitters. All reported significant arsenic (with a focus on the measured OAs) emissions
from these industries to water and air will be retrieved. In this work we
will also do a literature screening of previous studies on arsenic emission
to sea water and air in the area and on measured elevated concentrations
in water and sediment
• Assess possible other sources to arsenic emissions on land, e.g. landfills
and historic mining sites, and sea, e.g. dumping of (CWA) waste.
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•
• Lastly, we will address the biotransformation of organoarsenicals by marine microorganisms
For the feasibility assessment of the efforts needed to quantify the contributions from CWA vs. all other sources we have:
• Supplemented the assessment of what is needed, from an analytical perspective, to separate the CWA organoarsenicals from other sources of
OAs.
• Hosted a workshop in Roskilde at DCE-Aarhus University to review and
finalize the draft report on July 4th 2013

7.3

Findings

7.3.1 Arsenicals
Arsenic is present in more than 200 mineral species and the primary natural
sources of releases to the environment are hot springs (geothermal), igneous
rock (basalt), sedimentary rock (organic/inorganic clays, shale), metamorphic rock (slate), seawater, mineral deposits, and volcanoclastic materials/releases. About one-third of the atmospheric flux of arsenic is estimated
to be of natural origin (Fauser et al. 2013). The primary anthropogenic
sources of arsenic releases to the environment include wood preserving, pesticide/herbicide use, historic mining sites, refining operations, combustion
by-products from burning fossil fuels, animal feeds/waste by-products, medicinal uses, fertilizer use, landfill leachate, glass production, and tanneries.
It has been estimated that 70 % of the world arsenic production is used in
timber treatment as copper chrome arsenate (technically chromated copper(II) arsenate or CCA – the chromium “fixes” the copper arsenate to the
wood), 22 % in agricultural chemicals, and the remainder in glass, pharmaceuticals and non-ferrous alloys and small amounts in chemical warfare
weapons. Case studies show that arsenic wastes that have been treated to
U.S. regulatory standards are found to leach out of landfilled waste. Work
has therefore been done to investigate the possibilities for effective treatment
and stabilization of arsenic wastes to minimize risk to health and the environment. Arsenic wastes are generated from several industries such as mining and smelting operations (US EPA, 2012). Hence, the sources, forms and
levels of arsenicals can vary greatly necessitating a site specific assessment
as also evident from the USEPA (CERCLA) lists priority ranking of As.
The natural and anthropogenic sources combine in the environment and
lead to the distribution in the soils of Europe seen in Figure 1. In general, the
concentrations are low in the Scandinavian countries and higher in the metal
extractive regions such as Cornwall in the UK.
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Figure 1 Surface As concentrations in soils in Europe (Tarvainen et al. 2013).

There are three biologically important arsenic valence states: elemental arsenic As(0), As(III) and As(V). The chemical nature of arsenic compounds, in
particular their tendency to change valence states or chemical form under a
wide range of pH and redox conditions, makes it difficult to assess their fate
and mobility in the environment. Under reducing conditions, As (III) is the
dominant species. As (V) is generally the stable species in oxygenated environments. Inorganic compounds exhibit a wide range of solubilities depending on pH and the ionic environment (Schnoor, 1996). As(V) absorbs to particles more effectively at low pH values and will have a low mobility in acid
soils or sediments with a high clay or oxide content (Tijhuis et al. 2007) (Table 1).
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Table 1 Parent CWA and other potential sources of arsenic to the Baltic Sea around Bornholm.
Trivial Name
Systematic name
Usage and emission sources
CAS number Water Solubility
(g/l)
Clark I (DA or
DPA)

Diphenylchlorarsine Mask breaker, vomiting agent, CWA

712-48-1

2

Clark II

Diphenylcyanorarsine

Vomiting agent, CWA

23525-22-6

2

Adamsite (DM)

Diphenylaminechlorarsine

Vomiting agent; In the formulation of wood treating
solutions against marine borers and similar pests,
CWA

578-94-9

0.002

Lewisite I (L1)

2chloroethenylarsonous dichloride

Vesicants, CWA

541-25-3

0.5

Lewisite II (L2)

2chloroethenylarsinous
chloride

Vesicants, CWA

40334-69-8

0.5

TPA

triphenyl arsine

Blister agents, CWA

603-32-7

0.0001

TCA

trichloroarsine

Lacrymator poison gas; solvent for diphenylcy7784-34-1
anoarsine. Ceramics industry. Arsenic pharmaceuticals. Insecticides, CWA

PDCA (PD)

phenyldichloroarsine

Vesicants , medication, security agent

696-28-6

PDCA(ox)

phenylarsonic acid

Reagent for tin. Precipitant in niobium analysis

98-05-5

MSMA

Monosodium
methyl arsenate

Herbicide (golf courses)

2163-80-6

1000

DSMA

Disodium methyl
arsenate

Herbicide

144-21-8

1000

CCA

Chromated copper
arsenate

Wood preservation

7778-41-8

Insol.

Cacodylic acid
(DMA)

Dimethylarsinic
acid

Herbicide

75-60-5

667

Lead arsenate

Lead hydrogen
arsenate
(PbHAsO4)

Insecticide

7784-40-9

848

Paris Green

Copper acetoarsenite

Insecticide / Pigment

12002-03-8

Insol.

Calcium arsenate

Calcium arsenate

Herbicide / insecticide

7778-44-1

NA

As(0), As(III), As
(V) and inorganic and organic
arsenic compounds

7440-38-2
Component of alloys and electrical devices. In
metallurgy for hardening copper, lead, nonferrous Elemental
alloys. Automotive body solder. In semiconductor arsenic (v0)
materials. In the manufacture of low-melting glass.
Wood preservative. Herbicide, pesticide (former
use). To make gallium arsenide for dipoles and
other electronic devices. Doping agent in germanium and silicon solid state products. Special
solders. Medicine (also veterinarian). As radioactive tracer in toxicology. Used as a catalyst in the
manufacture of ethylene oxide. In the manufacture
of chemicals. In the manufacture of photoreceptor
arsenic-selenium alloys for xerographic plain
paper copiers. In III-V compounds, such as InAs,
GaAs, AlAs, etc. Used in semiconductor devices.
Emissions occur from tobacco smoke, metal
smelting, coal burning, and other industrial activities

0.6

variable

Table 2 below summarizes the OAs detected since 2008 along the pipeline
route, their CAS numbers; which sampling year they were detected, and
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their overall detection frequency (DF%), as well as which parent CWAs they
are assumed to originate from.
Table 2 Dissipation products found between 2008 (year 1), 2010 (year 2), 2011 (year 3)
and 2012 (year 4).
CAS#

Year

DM(ox): 5,10-dihydropheno-arsasin-10-ol 10-oxide1

4733-19-1

1,3,4

3.5

DPA(ox): diphenylarsinic acid2

4656-80-8

1,3,4

19.5

L2(ox): bis(2-chlorovinyl)arsinic acid3

157184-21-9

2,3

2

L2(SPr): propyl bis(2-chlorovinyl)-arsinothioite3

677355-04-3

3

2

Name

PDCA(ox): phenylarsonic acid4

DF (%)

98-05-5

1,3

2

PDCA(SPr): dipropyl phenylarsonodithioite4

1776-69-8

2,3,4

26

TCA(SPr): tripropyl arsonothioite5

5582-57-0

3,4

13.5

Parent CWAs: Adamsite1; Clark I2; Lewisite II3; PDCA4; TCA5.

Table 3 below outlines the dissipation pathways the compounds in Table 2
may have from CWA origins via hydrolysis and oxidation. In essence the
aim of this report is to investigate if there are other plausible and quantifiable pathways to develop the same compounds – from natural or anthropogenic stating materials other than the CWAs.

100

Table 3 Tabulation of dissipation pathways of organic arsenicals (OAs) from CWAs (VERIFIN; 2010-2012).

Adamsite (DM-ox)

Clark I (DPA-ox)

Lewisite II (L2-ox + SPr)

PDCA (PDCA-ox + SPr)

TCA (TCA-SPr)

7.3.2 Conceptual site model
The potential sources of arsenic containing compounds to the Bornholm
Deep close to the dump site (location of the disposal site and Nord-Stream
pipelines can be seen in Figure 2) have been investigated.
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Figure 2 Pipeline route and area for the conceptual site model.

The conceptual site model is a graphical representation of the potential
sources of OAs to the study area in the Bornholm Deep (Figure 3). The model is qualitative and will be qualified in the results section.

Figure 3. Conceptual Site Model showing the potential pathways by which arsenic may reach the Bornholm Deep disposal site.

This figure 3 highlights the potential routes by which arsenic may enter the
Bornholm Deep. The pathways include:
• Terrestrial runoff from agricultural systems where arsenicals may have
been used as a herbicide or pesticide. Leachates arising from landfills
may enter surface or ground waters and enter the marine environment.
Effluents from pig and poultry farming (Waeles et al. 2013). Mining and
metal processing (e.g. Svartliden gold mine, Sweden).
• Municipal wastewaters containing a range of arsenicals. Some sewage
sludge is applied to land and may lead to bacterially-mediated transfor-
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•

•
•
•

•

•

•
•

•
•

mations and runoff in the dissolved phase or with the particulate load.
Incineration of waste may lead to arsenicals in atmospheric phase. Pulp
and paper discharges. Glass production.
Inflow from rivers with surface runoff containing atmospheric dry and
wet depositions from various anthropogenic emissions and non-marine
wastewater treatment plant effluents etc. This pathway is a mixture of
diffuse exposure pathways/sources on land which at some point reach
the Baltic Sea.
Ship emissions from the combustion of fuel and marine disposal of
wastes.
Emissions from dumped waste lying on the sea floor apart from munitions.
Natural and anthropogenic arsenicals which may be volatilised from soil.
As contained in coal (1 – 4 mg/kg) and peat (28 mg/kg) from Denmark.
Entry through ash and volatilisation from thermal energy production and
incineration. The burning of fossil fuels and biomass for transport and
home heating may also contribute to the atmosphere.
CCA – chromated copper(II) arsenate used as a wood preservative. Often
used in marine environments and some terrestrial. When burned, arsenicals may enter the atmosphere. Can also enter atmosphere when treated
wood is worked.
Due to surface area and organic matter effects, arsenical concentrations
are likely to be higher in fine-grained organic sediments such as muds
and clays. Interaction between As(V) and As(III) depending on redox and
oxygen content. Bacteria-mediated transformations in anaerobic sediments.
Some exchange between the basement geology of the zone and surficial
sediments.
Advection of surface water from NE bringing dissolved and suspended
particles of arsenicals from the rest of the Baltic Sea. Anthropogenic inputs from industries bordering the Baltic Sea to the NE of Bornholm.
Copper (e.g. Falun, Sweden) and gold production (e.g. Svartliden). Gulf
of Bothnia particularly affected by arsenicals from metal processing in the
last 50 years.
The advection of particles along the sea floor from the NE.
Phytoplankton is known to form a range of small organoarsenicals, especially arseno-sugars. Carnivorous zooplankton and fish form arsenobetaine. There will be some settling of these materials with settling particles.

7.3.3 Data Sources
The basis for the data collection was a screening of the core scientific literature databases (Web-of-Science; Sci-Finder; SCOPUS; Google Scholar) and
the production and emissions databases such as USEPA Hazardous Substances Database (HSDB) and the European E-PRTR (2011) database and the
EMEP/EEA emission inventory guidebook 2009 for international navigation, national navigation, national fishing (EMEP/EEA, 2011) to derive production and emission information.

7.3.4 Arsenic chemistry and background
Arsenic is released into the atmosphere primarily as As2O3 and exists mainly
adsorbed on particulate matter. These particles are dispersed by the wind
and water and are returned to the ground and bottom sediment by deposition.
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Arsenicals released from microbial sources in soils or sediments undergo oxidation in the air, reconverting the arsenic to non-volatile forms, which settle
back to the ground. Dissolved forms of arsenic in the water column include
As(III), As(V), monomethylaronic acidc (MA) and dimethylarsinic acid
(DMA). In well-oxygenated water and sediments, nearly all arsenic is present in the thermodynamically more stable As(V) state. Some arsenite and
arsenate species can interchange oxidation state depending on redox potential (Eh), pH and biological processes.
Some arsenic species have an affinity for clay mineral surfaces and organic
matter and this can affect their environmental behaviour. There is potential
for arsenic release when there is fluctuation in Eh, pH, soluble arsenic concentration and sediment organic content. Weathered rock and soil may be
transported by wind or water erosion. Many arsenic compounds tend to adsorb to soils, and leaching usually results in transportation over only short
distances in soil. Three major modes of arsenic biotransformation have been
found to occur in the environment: redox transformation between arsenite
and arsenate, the reduction and methylation of arsenic, and the biosynthesis
of organoarsenic compounds. There is biogeochemical cycling of compounds formed from these processes.
Due to the many natural and anthropogenic sources and their emissions to
air, water and soil arsenic is a ubiquitous pollutant in the environment.
There is an increasing focus on arsenic both with respect to the use and release to the environment, but also on the mobility and fate once present in
the environment, which will determine the availability and accumulation of
arsenic in organisms. If arsenic is present predominantly in the particulate
phase it will only have limited potential accumulation in e.g. sea food and
furthermore the occurrence in drinking water will be limited. It is important
to understand the key processes controlling the contaminant fate. For example where high contaminant concentrations prevail or steep pH or redox
gradients exist, which can be the case near point sources, emissions, advection, precipitation are more likely to be of importance, whereas sorption can
be the key process in areas where chemical steady-state exist (US EPA, 2004),
such as the sediment phase in the Bornholm Basin where there are no immediate point sources. The present concentrations are thus representative of
marine sediments influenced mainly by natural sources, i.e. geology, as opposed to sites with considerable anthropogenic sources.

7.3.5 Industrial uses of organoarsenicals in the Baltic region
The following CWA parent compounds have uses other than as CWAs:
• Adamsite: in formulation of wood treating solutions against marine borers and similar pests,
• PDCA: medication,
• TCA: ceramics industry, arsenic pharmaceuticals; insecticides,
• PDCA(ox): reagent for tin, as precipitant in niobium analysis.
Comparing the list of compounds (Table 2) detected in the sediments and
the preliminary list of compounds with other anthropogenic uses (based on
the USEPA Hazardous Substances Data Base (HSDB)) only PDCA(ox) is
used directly and the others are derivatives. This means that six identified
compounds (derivatives of Adamsite, PDCA, TCA, Clark I and L2) do not
have other anthropogenic origins except CWA. The exact quantities used are
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not known but the usage is likely to be less than 1000kg per year and TCA
may be the most important.

7.3.6 Total arsenic discharges
The EU collates emissions from a range of industries of potentially hazardous chemicals. Arsenic is included within this database, the most recent information recorded is for 2011 (see Tables 4 and 5).
Table 4 The notified released of arsenic to AIR from the E-PRTR for 2011 (quantities in kg/yr).
Country

Thermal

Oil &

Ferrous

Pig

Non-

Power

Gas

industry

Iron

Ferrous

Sweden

68.1

Finland

1040

Estonia

10600

31.2

Mining

Phosphate

Landfill

Glass Incineration

production

322
75.5

146

Latvia
Lithuania
Poland

1030

Germany

1420

Denmark

23.1

985
64.4

176

89.5

32.8

203

711

105
108

The major source to the air is through the combustion of coal and oil used to
generate electrical power. Other mining and metal processing industries
make up the majority of the remainder.
Table 5 The notified releases of arsenic to WATER from the E-PRTR for 2011 (quantities in kg/yr).
Country

Oil &

Ferrous

Pig

Non-

Power

Gas

industry

Iron

Ferrous

11.2

5.64

14.3

456

5.3

29

215

428

25.1

301

7

15

937

551

Sweden
Finland

7.97

Estonia

32.6

Mining

Chemical

Waste water Paper

Thermal

Industry

Food

treatment plant

223

Latvia

8.2

Lithuania
Poland

130

95

33.2

2210

Germany

587

157

34.3

103

Denmark

144

1970

515

730

165

19

30.9
58.7

The liquid discharges for the circum-Baltic Sea countries are shown in Table
5 and in Figure 4. Although these discharges may have receptors other than
the Baltic Sea, it is seen that many emission sites are along the Baltic shore
line. For conservative assumptions, all are assumed to reach the Baltic Sea
through rivers. Here, the discharges associated with wastewater treatment
make the largest component with metal mining and processing making the
second major contribution.
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Figure 4 Annual contributions to the Bornholm expanded CWA dumpsite based on a 1 % area of the Baltic Sea which has
been enhanced to account for the depositional nature of the location.

Atmospheric contributions have been estimated from the data of Andreae et
al. (1984) for the whole of the Baltic Sea. This was estimated to be 280
tonnes/year and a conservative 1 % values has been ascribed to this location.
The riverine contribution was estimated to be 6.5 tonnes per year to this location (Andreae et al., 1984). The bulk of this will be inorganic natural compounds derived from the weathering of rocks. There will be supplemental
inputs from anthropogenic compounds used in the terrestrial environment
which have leached into the river systems. This will include pesticides and
herbicides.
The sum of the wastewater treatment plant discharges across the Baltic Sea
countries is relatively small at 41 kg per year (Table 5). This also assumes
that all discharges are made to the Baltic Sea and that 1 % of these can be
found in the Bornholm dumpsite. The majority of the arsenic will be as inorganic species with smaller amounts of simple organic molecules derived
from microbial synthesis of methylated forms in reducing environments.
Ship emissions are estimated in the national reporting to UNFCCC, Kyoto
and EU, but spatial assignment of ship emissions cannot be derived from
these inventories. The EMEP/EEA (2011) emission inventory guidebook has
the following emission factors for international navigation, national navigation, national fishing and military shipping:
• Emission factor for ships using bunker fuel oil: 0.68 g As/tonnes fuel
• Emission factor for ships using marine diesel oil/marine gas oil: 0.04 g
As/tonnes fuel
If we assume 100 ships traversing the designated secondary CWA dumpsite
daily, each using 1 tonne of bunker fuel per ship, this only contributes 25 kg
per year to the location. Although the Baltic Sea has intense ship traffic the
arsenic emissions are small in comparison to other potential sources.
Advected seawater inflow from the North Sea and Atlantic is around 170
tonnes per year (Andreae et al., 1984); this will not be homogeneously
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spread across the Baltic Sea with higher contributions near the point of exchange. If we again assume 1 % is contributing to the location of interest, this
leads to an addition of 1.7 tonnes of arsenic per year.
With an estimated sediment deposition rate in the Baltic of 74 x 1012 g/year
and an arsenic content of 15 ppm the annual net arsenic sedimentation to the
seafloor is 11.1 tonnes per year (Andreae et al., 1984), again assuming 1 %
contribution in the dumpsite.

7.3.7 Bacterial processes
In general, arsenic is toxic to organisms, although some microorganisms
have developed mechanisms to tolerate high concentrations in arsenic-rich
environments. Microbial strategies for detoxifying arsenic often leads to biomethylated volatile compounds (like trimethylarsine produced by bacteria
and fungi) from where a range of organoarsenic compounds may be produced (Slyemi and Bonnefoy 2012). These may be utilized by some bacteria
for energetic purposes to produce inorganic arsenic again. In the scientific
literature, it is possible to find several examples of bacteria able to degrade
organoarsenic warfare agents. They are often isolated from soil or groundwater habitats contaminated with these agents. As an example, it has been
demonstrated that diphenylarsinic acid (degradation product of Clark I)
were degraded further by microbial activity in different soils and at both
aerobic and anaerobic conditions, but without final transformation into inorganic arsenic. Hempel et al. (2009) demonstrated that phenylarsenic acid
was degraded by microorganisms derived from contaminated groundwater/sediments. However, it has not from the literature been possible find evidence that microbes or microbial processes are able to form organoarsenic
compounds which resembles chemical warfare agents (Clark I, Lewisite I) or
their first natural degradation products. This, however, may reflect that scientific interests have focused on bioremediation of contaminated environments– not the possibility that microorganisms might produce such compounds.
It is less likely that the above mentioned processes could be reversible due to
the complexity of the compounds and the resulting significant numbers of
enzymatic systems - and hence significant energetic investment required by
the organisms needed for them to synthesize the compounds from a basis of
methylarsene. There may, however, be specific microorganisms able to synthesize aromatic organoarsenicals, e.g. as a way to combat other competing
microorganisms. However, this is largely unknown at this stage.
The CWA trichloroarsine (TCA) is, however, a simpler compound degraded
to arsenic or arsenous acids by oxidation or hydrolysis, respectively. Arsenic
acid (also in the form of arsenate) is commonly found in the environment
probably as a degradation product from naturally occurring organoarsenic
compounds like demethylarsinic acid or arsinobetaine. An Arsenous acid (or
arsenite) is probably formed from arsenic acid (and vice versa) in microbial
processes commonly occurring in the environment (Turpinen et al., 2002).

7.3.8 Geological setting
The basement (bedrock) geology of the Baltic Sea around Bornholm can be
seen in Figure 5. The Bornholm Deep to the east of the island of Bornholm is
typified by Cretaceous limestones and chalks of biogenic origin, PreCambrian crystalline and metamorphic rocks and some undifferentiated
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Paleozoic sedimentary rocks. Inorganic arsenic may be present in these geological units as several minerals contain arsenic including arsenopyrite. It is
likely, however, that as a source these forms will be entirely inorganic rather
than organic.

Figure 5 Bedrock Geology - The Baltic Sea – geology and geotourism highlights, NGO GEOGuide Baltoscandia, source:
www.centralbalticgeotourism.eu/.../baltic_sea_100dpi

The surface drift or overlying surface sediments of the basement rocks is
typically sand or fine-grained mud (Figure 6) in the deep parts. In this figure, the sediments to the east of Bornholm are principally muds or clays.
This is the normal state for basins that tend to infill with soft sediments. The
site specific sediment types along the pipeline route are outlined in the reports by DHI (2010). The sediment at the deeper part is typically muddy and
soft, whereas at the less deep areas the sediment is coarse sandy/gravel and
stones.

108

Figure 6 Surface sediment types (grain size) around Bornholm from Emeljanov et al.1993.

The typical level of total arsenic in open sea water is 0.001 – 0.002 mg/L
(IPCS, 2001) and for the Baltic Sea, levels around 0.001 have been found with
some seasonal variation (Stoeppler, 1986). Arsenic is widely distributed in
surface freshwaters, and concentrations in rivers and lakes are generally below 0.01 mg/L, although individual samples may range up to 5 mg/L near
anthropogenic sources. Arsenic levels in groundwater average about 0.001–
0.002 mg/L except in areas with volcanic rock and sulphide mineral deposits
where arsenic levels can range up to 3 mg/L. In Danish inland lakes the arsenic concentration is typically 0.001 mg/L and in 2003 the average arsenic
concentration in groundwater was 0.003 mg/L where 16 % of the measurements were above 0.005 mg/L (Kristiansen et al., 2005). The average sediment pore water concentration found by Fauser et al. (2013) in the Bornholm
Deep is 0.016 mg/L, which is considerably higher than open sea water concentrations but may be representative of sediment-bulk water boundary layer concentrations. Mean arsenic concentrations in sediments range from 5 to
3000 mg/kg, with the higher levels occurring in contaminated areas (IPCS,
2001). The observed average sediment concentration, averaging at 11 mg/kg
DM, found by Fauser et al. (2013) is comparable to the average total As in
the Bornholm Deep of approximately 20 mg/kg reported by Garnaga et al.
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(2006). Arsenic concentrations in sediment in the Baltic Sea are quite variable
and primarily dependent on the geology and grain size (Emelyanov, 1996).

7.3.9 Currents in the Baltic Sea
The predominant current circulation in the Baltic Sea is anti-clockwise with
the currents travelling towards the south west down the coast of Sweden.
This means that discharges to the NE of the Bornholm Deep may be carried
towards the deposition site (Figure 7).

Figure 7 The currents in the Baltic Sea.

The currents mean that sources of arsenic in the Gulf of Bothnia may contribute to the Bornholm Deep inventory (Figure 7) from Hallberg 1979.
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Figure 8 Arsenic in the Gulf of Bothnia (ppm) from Hallberg 1979. Skellefteå has a large
gold mining industry.

7.3.10 Conclusions and recommendations
The background and overall aim of this desktop based screening report was
to assess if the observed OAs could have other sources than CWAs. There
are at least two important aspects to this: the quality (could they have other
sources), and secondly the quantitative: would these sources amount to anything comparable to the CWA source? We set up three aims of the study in
the first section of the report (p. 3), which are addressed in the below and in
Table 6. In section 2.0 (Approach) we highlighted five research areas that we
would address to derive the overall conclusions relative to the overall aim of
the report. The responses to these are illustrated in the figures 3-8 and accompanying text. Below are the conclusions based on the findings from section 3 of the report.
The review of the available literature suggests that the vast majority of the
arsenic that enters the Baltic Sea from all sources will be in an inorganic form
rather than an organic form. This is partly due to the lack of biological function of the metal even though some organisms can immobilize arsenicals in
an organic complex.
There are multiple diverse continuing sources of arsenic to the Bornholm
Deep dumpsite region. The major source is the terrestrial environment with
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direct and indirect pathways with river transport making the largest contribution and the atmospheric fallout of dusts also significant. The basement
geology does not appear to make any significant contribution in this location.
Some pathways were identified during this study for which no data were
available at the time of review; these include the disposal of waste from
sources other than chemical weapons and the bottom transport of particulate
matter from outside of the dumpsite.
The data suggest a deposition of arsenic to the 800 km2 extended dumpsite
(Sanderson et al. 2010) of around 11 tonnes per year. This is based on realistic sedimentation rates and particle concentrations with an increase in the
accretion rate since this is a muddy zone where sediments are accumulating
rather than eroding. This value of 11 tonnes can be compared to the total of
1000 tonnes of arsenic deposited during the disposal of the chemical weapons.
The amount of arsenic deposited as CWA is roughly equivalent to around
100 years’ worth of annual deposition although the data from VERIFIN suggest the arsenic is constrained to a relatively small number of hot spots and
the arsenic has not been distributed within the sediments to any great extent.
This is in contrast to the annual deposition which would have a homogeneous distribution over the entire 800km2.
There is the potential for microbial transformations of inorganic arsenic
within the sediments; this may lead to the formation of organic arsenic compounds similar to the degradation products of some of the CWA (namely
TCA). There is no evidence of microbial production of compounds in chemical weapons themselves. The most likely organic compounds to be formed
by the in situ microbial assemblage will be related to the TCA degradation
products.
Of the compounds of interest detected in the extended dumpsite region, the
TCA degradation products were more frequently found outside the
dumpsite (Sanderson et al. 2012) and they were also measured at higher
concentrations at these external sites. This pattern of occurrence may be indicative of an alternative source unrelated to CWA and may be part of a
natural microbial pathway.
Degradation products of PDCA and DM were found at equal concentrations
both inside and outside of the dumpsite although the detection frequency
was greater inside the designated box. All other compounds of interest were
found at a higher concentration and at high frequencies inside the designated dumpsite rather than outside it (Sanderson et al. 2012). These data may
support potential non-CWA sources for the oxidation products of PDCA;
PDCA-ox; TCA; DM. The other compounds are likely to have solely CWA
sources. This is summarised in Table 6.
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Table 6 Likely formation and sources for compounds of interest in the Bornholm Deep extended dumpsite area. This is the result of screening and expert judgment but will have uncertainties due to the absence of data at
this time.
Compound

Abiotic production

Biotic Production

Alternate anthropogenic
(non-CWA) sources

DM

÷

÷

DM[ox]

÷

÷

+
÷

PDCA

÷

÷

+

PDCA[ox]

÷

÷

+

TCA

÷

?

+

TCA degradation

÷

+

÷

Compound + degradation products
DA

÷

÷

÷

L1

÷

÷

÷

L2

÷

÷

÷

TPA

÷

÷

÷

+ = Yes; ÷ = No; ? = maybe.

From the above it is clear that from a qualitative point of view it seems like
that DM; PDCA and TCA could have other sources than CWA – primarily
anthropogenic but also natural (TCA). However, the annual quantities seem
significantly lower than from the CWA point sources – however, these
sources are continual over potentially very many years. Moreover, it is important to note the patchy detection of the compounds, and that some of
these compounds are found as or more frequent out-side the dump site as
inside and at comparable mean concentrations (bullets 7 & 8 above). There
are still some uncertainties remaining which would require additional experimental work to elucidate (see section 4.1).

7.3.11 Recommendations and analytics
There are some obvious data gaps regarding the sources and pathways of
arsenic in the Baltic Sea. However, the screening completed here has indicated that these may not greatly enhance our conclusions regarding the potential for other non-CWA sources of arsenic. What is lacking, however, are data on the context and specific transport pathways from known sources. We
hosted the workshop on July 4th and also toured the laboratories at DCE-AU
and found that the labs are equipped and adequate for the remaining potential analyses needed.
Context. The studies to date have been conducted solely in the vicinity of the
designated CWA disposal site. These data do not provide information about
the quantity of similar compounds at other sites in the Baltic Sea which may
have been derived from alternative sources. In this regard, there is a known
significant point source of inorganic arsenic in the Gulf of Bothnia (Figure 8)
and the local conditions may favour the microbial production of organic derivatives. The current flow in the Baltic Sea is such that materials would be
transported from this location towards the dumpsite. To provide the best
possible chance of determining the contribution of remote non-CWA
sources, a surface sediment sampling campaign is recommended to characterize the environmental conditions (what conditions may lead to the formation of these compounds?) and the full suite of CWA and their degradation products through established LC-MS/MS methods along a transect
from the Gulf of Bothnia to the designated dumpsite.
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To conduct such a study, surface sediments and cores would be collected at
several locations (~100 based on the detection frequency of compounds in
the VERIFIN data) in the Baltic Sea with good spatial coverage. Cores would
be taken in the soft sediments to determine the vertical distribution which
would show if arsenic was entering the sediments from the water column or
vice versa. Surface sediments would be collected from several grab samples
at each location and pooled to avoid the patchy nature of the distribution
shown in the VERIFIN data. All chemical analyses would be conducted using standard LC-MS/MS methods.
Sediment Deposition. Published data suggest an annual deposition of
around 15 mg of arsenic (in many different chemical forms) per square meter of the seafloor in the Bornholm Deep. This arsenic will originate from
non-CWA sources although there is a small potential for localized resuspension of deposited sediments if disturbed. To determine the non-CWA
derived arsenic deposition to the site, near bottom suspended sediment
traps could be deployed which would intercept depositing material raining
out of the water column. These sediment traps can collect sediment for specified periods (e.g. monthly) and then rotate a new sampling jar into position
and continue to collect for extended periods. Samples could be analysed for
all potential CWA compounds and their degradation products through LCMS/MS together with total and inorganic arsenic to provide real measures
of the deposition rate and arsine speciation to this area. This will unambiguously show if CWA and their degradation products are depositing in the
dumpsite from external sources.
A small number of samplers would be deployed from a ship in the dumpsite
and in similar depositional areas near Bornholm Island. These would be recovered after an appropriate period of time and the samples analysed as before for inorganic and organic arsenic compounds.
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ENVIRONMENTAL ASSESSMENTS OF
SEA DUMPED CHEMICAL WARFARE AGENTS
CWA report
This is a report on the information gathered during work
related to sea dumped chemical warfare agents. It mainly
reviews the work conducted in relation to the installation
of the two Nord Stream gas pipeline from 2008-2012. The
focus was on the weight-of-evidence risk assessment of disturbed CWA residues in connection with the installation of
the pipelines. Novel exposure and toxicity assessments are
presented and the risk is assessed. The overall conclusion is
that there is a negligible acute added CWA risk towards the
fish community from the installation of the pipelines.
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