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1 M o n i t o r i n g  o f  o r g a n i c  m i c r o - c o n t a m i n a n t s  i n  t h e  m a r i n e  

e n v i r o n m e n t : p r i n c i p l e s ,  p r o g r a m m e s  a n d  p r o g r e s s  m a d e '

1.1 G enera l introduction

A fter the Second W orld W ar, m odern society  rapidly evolved through a  technological 

progress that seem ed lo open virtually unlim ited opportunities. It w as especially  the 

chem ical industry, w hich delivered  new  products at a  breathtaking pace. U nfortunately, 

this grow ing econom y also caused increasing and w idespread pollutant em issions, a 

problem  that w as previously m ostly lim ited to  the im m ediate v icin ity  o f  em ission sources. 

T he general aw areness o f  the potential danger o f  large-scale contam ination  increased, as a 

num ber o f  incidents gave g lobal prom inence to the potential dangers o f  th is evolution. In 

M inam ata. Japan (1961) a crippling, som etim es fatal, disease w as found to be related to 

industrial m ercury discharges. Scientists discovered that even in the open ocean, big fish 

som etim es contained high concentrations o f  m ercury. In about the sam e period, the 

pesticide D DT proved to be responsible for the decline o f  bird o f  prey populations, such 

as the bald eagle in N orth A m erica [I ]  and the w hite-tailed eagle in the Baltic [2]. A ided 

by novel analytical techniques such as gas chrom atography, scientists started 

investigating their environm ent for the presence o f  D DT and its degradation products. In 

1966 Sören Jensen [2], w hile m easuring D D T, identified a num ber o f  unknow n peaks in 

his chrom atogram s as polychlorinated b iphenyls (PC B s). The sam e com pounds w ere 

found to be the actors in the Y usho incident in Japan, in 1968, wrhere a m assive accidental 

exposure o f  hum ans to PCBs and trace levels o f  PCDFs (polychlorinated  dibenzofurans) 

occurred, caused by ingestion o f  a com m ercial brand o f  rice oil contam inated w ith these 

chem icals. A s a  result, about 1800 patients show ed clinical sym ptom s such as acneiform  

eruptions, pigm entation o f  the skin, nails, and conjunctivas, increased discharge from  the 

eyes, and num bness o f  the lim bs [4]. Later w ork show ed that these, and m any other, 

xenobiotics are present in all com partm ents o f  the environm ent, even in regions far away 

from know n sources, such as the A rctic and A ntarctic [5]. In th is w ay it becam e apparent 

that these m odem  chem icals, their breakdow n products and by-products generated during 

their production, can threaten the m arine environm ent.

For a  glossary o f  the m ost im portant abbreviat ions used, see 1.6 end  o f  chapter.
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Soon after having realized the extent o f  the potential danger, governm ents started to  take 

m easures to reduce or elim inate the release o f  contam inants to  the environm ent. Lim iting 

ourselves to the above exam ples, today the EU has extensive legislation concerning 

m ercury and its com pounds, w hich includes restrictions on m arketing and use, a ban on 

use o f  certain  products and applications, regulations concerning em issions to  a ir and 

w ater, and w aste treatm ent legislation [6], S im ilar m easures have been taken in the US 

[7], As a  result o f  the link betw een thin eggshells and D DT concentrations in eggs. D DT 

w as banned in the US in D ecem ber 1972 [8], In Europe, D D T w as partly  banned for 

agricultural uses in D ecem ber 1978 (D irective 79/117/E EC ) w hile a total ban for 

agricultural uses occurred in M arch 1983, w ith D irective 83/131/EEC . Today, D D T is 

only  used in the EU as an interm ediate in the production o f  the pesticide dicofol, w here it 

is handled in closed production system s. In 1976 the Toxic Substances C ontrol Act led to 

a ban on the production o f  PCBs in the US. The use o f  PCBs in open applications such as 

printing inks and adhesives w as banned in the European C om m unity  in 1976 under 

D irective 76/403/EEC . The use o f  PCBs as a raw  m aterial o r chem ical interm ediate w as 

banned in the EU in 1985 (85/467/E E C , 6th am endm ent lo D irective 76/769/EEC ).

Tahlc 1.1: Overview o f  major long-tenn monitoring programmes, and 
matrices measured.

the contaminants and

Organisation  
or programme

Start o f the 
programme

Parameters2"' Sample type

AMAP 1978 HM, PCBs. PAHs. OCPs biota, sediment, water

HELCOM 1979 HM. PCBs. PAHs. OCPs. OTINs biota, sediment

NS&T 1986 HM, PCBs. PAHs. OCPs biota, sediment

IM W 1 1965 HM. PCBs. PAHs. OCPs biota (molluscs)

OSPAR 1978 HM, PCBs, PAHs, OCPs, OTINs biota, sediment

' The IMW actually started in 1991-1992, but data were already available from earlier programmes 
with a different name as early as 1965. JNot all parameters measured during entire period; 1 HM, 
heavy metals; PCBs. polychlorinated biphenyls; PAHs. polycyclic aromatic hydrocarbons; OCPs, 
organochlorine pesticides; OTINs, organotins.

T he realisation  o f  the potential danger o f  certain, o r rather, m any chem icals did not only 

result in a call for m easures to regulate their input into the seas, but also  in a call for long­

term  m onitoring. N ational and international w orkshops and study groups w ere convened 

to  discuss the m onitoring and assessm ent o f  m icrocontam inants and to  outline strategies 

for terrestrial and aquatic program m es [9],M onitoring has now  been ongoing for several
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decades and has revealed the ubiquitous presence o f  trace organic m icrocontam inants and 

heavy m etals in all com partm ents o f  the environm ent. Table 1.1 gives an overview  o f  

som e w ell-know n, long-term m arine m onitoring program m es and the principal 

contam inants that are being m easured. They w ill be discussed in greater detail below .

Although heavy m etals are im portant contam inants o f  the m arine environm ent, in the 

present chapter w e w ill prim arily discuss organic m icropollutants (O M Ps). The O M Ps 

still are a m ajor cause o f  concent for the m arine environm ent, despite the m easures that 

have been taken to  reduce their input and/or use. For exam ple, in the O SPA R  Q uality 

Status Report 2000, Region II G reater N orth Sea [IO], next to fisheries and nutrients, the 

O M Ps are considered as a firsl-priority-class hum an pressure on the North Sea. A lthough 

the concentrations o f  som e pollutants are decreasing, an increasing num ber o f  xenobiotics 

can be detected [IO], There is, how ever, a general lack o f  data on the presence o f  organic 

hazardous substances in the m arine environm ent. The report recom m ends that steps 

should be taken to  close the gaps in know ledge, “ . . .  in particular regarding the occurrence 

and effects o f  hazardous substances in the m arine environm ent” . The main reasons why 

know ledge on the occurrence o f  O M Ps is patchy, are that ( I ) m ost projects focus on ju s t a 

single group o f  chem ically  related pollutants; (2 ) all relevant com partm ents w ithin a study 

area are not alw ays investigated; (3) selection o f  sam pling sites is not coordinated in most 

m onitoring program m es and (4) analytical m ethods are not alw ays developed to the level 

that allow s m easurem ent o f  the target com pounds in m arine field sam ples at suitably low 

concentrations [10, 63].

This chapter aim s at g iv ing an overview  o f  the m onitoring activities that have been 

carried ou t in the fram ew ork o f  m arine pollution by organic com pounds. The 

program m es, their efforts, successes and shortcom ings w ill be discussed. W hen referring 

to 'm o n ito rin g ', the O SPA R  definition [ I I ]  w ill be applied: "the repeated m easurem ent o f

(1) the quality  o f  the m arine environm ent and each o f  its com partm ents, viz. w ater, 

sedim ent and biota; (2) activ ities o r natural and anthropogenic inputs w hich m ay affect 

the quality o f  the m arine environm ent; (3) the effects o f  such activities and inputs."

As regards ‘po llu tion’, this is defined by O SPA R  as "the introduction by m an, d irectly  or 

indirectly, o f  substances o r energy into the m aritim e area w hich results, o r is likely to 

result, in hazards to  hum an health, harm to living resources and m arine ecosystem s.
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dam age to  am enities o r interference w ith o ther legitim ate uses o f  the sea" [I I], The EU 

definition is “the d irect o r indirect introduction, as a result o f  hum an activity, o f  

substances o r heat into the air, w ater o r land w hich m ay be harm ful to hum an health or 

the quality o f  aquatic ecosystem s or terrestrial ecosystem s directly  depending on aquatic 

ecosystem s, w hich result in dam age to m aterial property, o r w hich im pair o r interfere 

w ith am enities and o ther legitim ate uses o f  the environm ent” [1 2 1.

The discussion w ill m ainly focus on m onitoring activities in the northeast A tlantic and, 

m ore specifically , the N orth Sea. W here appropriate, o ther areas w ill be discussed.

1.2. M onitor ing  p ro g ra m m es for the m arine en v iron m en t

It is not the intention to g ive an exhaustive overview  o f  all m onitoring program m es for 

O M Ps that are currently  active, but to briefly describe a  num ber o f  m ajor program m es (cf. 

Table 1.1 and see Figure 1.5 below ) and to  consider both com m on aspects and mutua! 

differences. The program m es that are relevant to r the northeast A tlantic and the N orth 

Sea w ill be discussed in g reater detail. In essence, m onitoring is about gathering 

inform ation -  inform ation that allow s authorities to  tentatively  assess the quality  o f  the 

environm ent, to  recognise threats posed by hum an activities and to assess w hether earlier 

m easures have been effective. It is precisely here that lays the challenge for a m onitoring 

program m e: will the data that have been obtained, be practically  useful.

1.2.1. M onitoring program m es for the N orth Sea arca

The Oslo and Paris Commission and the Joint Assessment and Monitoring Programme 

W hen m onitoring and assessm ent o f  the quality  o f  the m arine environm ent in the 

northeast A tlantic are being review ed, it cannot be done w ithout taking its c h ie f ac to r into 

consideration, the O slo and Paris C om m ission (O SPA R ).

In 1974, the 1972 O slo  C onvention also called the C onvention to r the Prevention o f  

M arine Pollution by D um ping from Ships and A irplanes, entered into force. The 

C onvention  regulated dum ping operations involving industrial w aste, dredged material 

and sew age sludge (N orth Sea Task Force, 1993). The C onvention w as signed by BE, 

DK, FI, FR. DE, IS, IE, N L, N O , PT, ES, SE and the UK (ISO  3166 codes for countries). 

A lthough m ost o f  the activities m entioned in the initial convention , such as w aste disposal
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and com bustion at sea, have been discontinued, the guidelines and approach paved the 

w ay for further w ork. The Paris convention, o r C onvention for the Prevention o f  M arine 

Pollution from  Land-B ased Sources w as established in 1974 and cam e into force in 1978, 

BE, DE, DK, ES, FR, IE, IS, N L, N O , PT, SE, UK, and the C om m ission o f  the European 

C om m unities (E C ) signed the C onvention. Its principal aim  w as to prevent, reduce and, if  

necessary, elim inate pollution o f  the C onvention area from land-based sources, w hich are 

d ischarges from  rivers, pipelines, the coast, but also offshore installations and the 

atm osphere [13],

T he tasks set forth in both C onventions w ere originally  handled by  tw o individual 

com m issions (O slo  com m ission and Paris com m ission). In 1978, both com m issions 

established a Joint M onitoring Program m e, the JM P, oblig ing contracting parties to 

initiate m onitoring activities for a num ber o f  param eters in their w ater bodies. A m ong 

these param eters w ere heavy m etals and PCBs. The results o f  the m easurem ents w ere to 

be reported to  the Internationa! C ouncil fo r the Exploration o f  the Seas, ICES, w here they 

w ould be processed and statistically  analysed.

ICES, established in 1902, claim s to be the oldest intergovernm ental organization in the 

w orld concerned w ith m arine and fisheries science [14]. ICES is a leading scientific 

forum  for the exchange o f  inform ation on the sea and its living resources, and fo r the 

prom otion and coordination o f  m arine research by scientists in its m em ber countries. 

S ince the 1970s, a m ajor area o f  ICES w ork has been to  provide inform ation and give 

advice to  m em ber country governm ents (BE, CA, DE, DK, EE, ES, FI, FR, IE, IS, LV, 

N L, N O , PL, PT, RU, SE, UK, and the US) and international regulatory com m issions on 

the protection o f  the m arine environm ent and for fisheries conservation. In support o f  

these activities, the ICES Secretariat in D enm ark m aintains three databanks -  the 

oceanographic databank, the fisheries databank and the environm ental (m arine 

contam inants) databank. The A dvisory  C om m ittee on the M arine E nvironm ent (A C M E) 

is the C ouncil's official body fo r the provision o f  scientific advice and inform ation on the 

m arine environm ent, including m arine pollution, to m em ber countries, o ther bodies 

w ithin IC ES, and relevant regulatory com m issions.

In the eighties, the policy o f  the O slo  and Paris C om m issions evolved w ith the general 

evolution o f  environm ental policy in W estern Europe, voiced at the M inisterial
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C onferences fo r the Protection o f  the N orth Sea [15]. For instance, at the 1987 conference 

in London, all N orth Sea states accepted  the ‘precautionary princip le’, w hich says that 

"the basis o f  action in regard to the reduction o f  inputs o f  substances that are persistent, 

toxic and liable to bioaccum ulate should be based on the principle o f  'p recau tionary  

ac tio n '"  and that such inputs should be lim ited "by the use o f  the best available 

technology and o ther appropriate m easures”. The Paris C om m ission adopted this 

precautionary principle in 1989 and the principle o f  ‘best environm ental p rac tice ' for 

diffuse sources in 1991. It w as soon recognised that the existing  O slo  and Paris 

C onventions did not adequately control som e o f  the many sources o f  pollution, and that a 

revision w as w arranted. This should  address all sources o f  pollution o f  the m arine 

environm ent and the adverse effects o f  hum an activities upon it, taking into account the 

p recautionary  principle and strengthening regional cooperation. T his resulted, not in a 

revision o f  the initial conventions, but m ore im portantly , in the m erger o f  both 

com m issions into a new convention, the C onvention for the Protection o f  the M arine 

Environm ent o f  the N orth-East A tlantic o r O SPA R  [16],

Figure 1.1 : OSPAR Convention area and member countries
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The new  C onvention was opened for signature at the M inisterial M eeting o f  the O slo and 

Paris C om m issions, Paris, 21-22 Septem ber 1992. The C onvention has been signed by all 

contracting  parties (C Ps) to the O slo and to the Paris C onventions (BE, CH, DE, DK, ES, 

FI, FR. IE, IS, LU, N L, N O . PT. SE, UK. and the EC). A fler the ratification by all above- 

m entioned states and the EC, the C onvention entered into force on 25 M arch 1998. The 

convention area is show n in Figure 1.1.

It is w orthw hile to m ention som e fundam ental principles that are recognised by the 

C onvention and therefore, all CPs. These include:

the vital im portance to all nations o f  the m arine environm ent and the fauna and 

flora w hich it supports,

the inherent value o f  the m arine environm ent o f  the N orth-East A tlantic and

-  the necessity  for providing coordinated  protection for it,

the essential im portance o f  concerted  action at national, regional and global levels 

to  p revent and elim inate m arine pollution and to  achieve sustainable m anagem ent 

o f  the m aritim e area -  that is. the m anagem ent o f  hum an activ ities in such a 

m anner that the m arine ecosystem  w ill continue to sustain the legitim ate uses o f  

the sea and will continue to m eet the needs o f  present and future generations,

-  the desirability to  adopt, on the regional level, m ore stringent m easures w ith 

respect to the prevention and elim ination o f  pollution o f  the m arine environm ent 

o r w ith respect to the protection o f  the m arine environm ent against the adverse 

effects o f  human activities that are provided for in international conventions or 

agreem ents w ith a global scope, and

-  the danger posed by pollution to the ecological equilibrium  and the legitim ate uses 

o f  the sea.

The CPs, therefore, have the general obligation to  take all possible steps to  prevent and 

elim inate pollution and will take the necessary m easures to protect the m aritim e area 

against the adverse effects o f  hum an activities so as to safeguard hum an health and to 

conserve m arine ecosystem s and, w hen practicable, restore m arine areas w hich have been 

adversely affected. Specifically  w ith regard to  hazardous substances, the objective o f  the 

C om m ission is to:
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"P revent pollution o f  the m aritim e area by continuously  reducing 

discharges, em issions and losses o f  hazardous substances, w ith the ultim ate 

aim  o f  achieving concentrations in the m arine environm ent near 

background values for naturally  occurring substances and close to  zero for 

m an-m ade synthetic substances” .

The key objective o f  the strategy is the “cessation o f  discharges, em issions and losses o f  

hazardous substances by 2020", The convention im poses on the O SPA R C om m ission 

(O SPA R C O M ) duties to define and im plem ent collaborative m onitoring program m es, to 

approve the presentation and interpretation o f  their results and to  carry ou t [quality status] 

assessm ents, including in such assessm ents both an evaluation o f  the effectiveness o f  the 

m easures taken and planned for the protection o f  the m arine environm ent and the 

identification o f  priorities for action. T he O SPA R  C onvention rightly requires the CPs, 

am ongst o ther things, to  “cooperate in carry ing  out m onitoring  program m es”, and to 

develop quality assurance m ethods and assessm ent tools.

To m onitor environm ental quality  throughout the N orth-East A tlantic, a  Joint A ssessm ent 

and M onitoring Program m e (JA M P) has been established, w hich has recently  been 

revised [1 7]. This JA M P has been built upon experiences gained through, am ongst others, 

the form er JM P and the M onitoring M aster Plan o f  the North Sea Task Force. U nder the 

JA M P um brella, new guidelines and assessm ent tools have been, and are being, produced.

The main objectives o f  JA M P are ( 1 ) the preparation o f  environm ental assessm ents o f  the 

status o f  the m arine environm ent, the m aritim e area or its regions, including the 

exploration o f  new and em erging problem s and (2) the preparation o f  contributions to 

overall assessm ents o f  the im plem entation o f  the O SPA R  Strategies, including in 

particular the assessm ent o f  the effects o f  relevant m easures on the im provem ent o f  the 

quality  o f  the m arine environm ent. Such assessm ents w ill help inform  the debate on the 

developm ent o f  further m easures. T hese objectives are supported by the im plem entation 

o f  collective O SPA R  m onitoring, including the developm ent o f  the necessary 

m ethodologies and the preparation o f  environm ental data and inform ation products 

needed to im plem ent the O SPA R  Strategies.
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The above can be illustrated by having a  close look at the C oordinated Environm ental 

M onitoring Program m e or C EM P [18]. The C EM P can be described as that part o f  

m onitoring within JA M P w here the national contributions overlap and are co-ordinated. 

Three elem ents are essential for the realisation o f  C EM P guidelines, quality  assurance 

tools and assessm ent tools. These are presently available for certain  JA M P issues but. 

m ore im portantly, it m eans that com m on guidelines, quality  assurance and assessm ent 

tools have to  be in place before m onitoring is undertaken. A lso, C EM P is continuously 

under developm ent, both w ith regard to the tools and the strategy and w orking schem es 

for particular issues, planning o f  activities in space and tim e, subm ission and m anagem ent 

o f  data and identification o f  gaps in the coverage by CEM P.

In 1999, C EM P w as adopted by O SPA R ; it w as last updated in 2004. It identifies a 

num ber o f  key param eters that are o f  particular concern to the m arine environm ent. So 

far. the list includes the follow ing param eters:

-  m ercury, cadm ium  and lead in biota and sedim ents

-  PCBs in biota and sedim ents

-  PA H s in biota and sedim ents

-  nutrients in seaw ater

-  direct and indirect eutrophication effects

-  PA H- and m etal-specific b iological effects

-  organotins in sedim ents and TB T -specific effects (ffom  2003 onw ards).

H ow ever, this does not im ply that these are the only chem icals that O SPA R  considers to 

be im portant for the m arine environm ent. The entire list and its selection procedure will 

be discussed later in this chapter.

The European Commission and the Water Framework Directive

Early European w ater legislation began in 1975 by setting standards for rivers and lakes 

used for drink ing  w ater abstraction and culm inated in 1980 in setting binding quality  

targets for drinking water. A t that tim e, it included legislation on quality  objectives for 

fish w aters, shellfish w aters, bathing wraters and groundw aters. The main em ission control 

elem ent w as the D angerous Substances D irective (76/464/EEC).
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In 1988 the Frankfurt M inisterial Sem inar on W ater review ed the existing legislation and 

identified a num ber o f  possible im provem ents and gaps. T his initiated the second phase o f  

w ater legislation, resulting in 1991 in the adoption o f  the U rban W aste W ater Treatm ent 

D irective (91/271/E E C ) -  providing for secondary (b iological) w astew ater treatm ent, and 

even m ore stringent treatm ent w here necessary -  and the N itrates D irective 

(91/676/E EC ), w hich addressed w ater pollution by nitrates from agriculture. O ther 

legislative results o f  these developm ents w ere EC proposals for action  on a new  Drinking 

W ater D irective, w hich review ed the quality  standards and, w here necessary , tightened 

them  (adopted in N ovem ber 1998) and a D irective for Integrated Pollution and Prevention 

C ontrol, w hich addressed  pollution from large industrial installations (adopted in 1996).

R ethinking the C om m unity w ater policy started in the m id-nineties with special em phasis 

on the need for a m ore global approach to  w ater policy. W hilst EU actions such as the 

D rinking W ater D irective and the U rban W aste W ater T reatm ent D irective can duly  be 

considered m ilestones, European W ater Policy had to  address problem s in a coherent 

w ay, i.e. not separated into topics such as drinking w ater and w astew ater. This becam e 

the basis for a new' European W ater Policy, w hich w as developed in an open consultation 

process involving all interested parties, i.e. local and regional authorities, w ater users and 

non-governm ental organisations. The outcom e o f  this consultation process w as a 

w idespread consensus that, w hile considerable progress had been m ade in tackling 

individual issues, the current w ater policy w as fragm ented, in term s both o f  objectives 

and o f  means. All parties agreed on the need for a single piece o f  framew'ork legislation to 

resolve these problem s. In response to this, the EC presented a  Proposal for a W ater 

Fram ew ork D irective with the follow ing key aim s:

expanding the scope o f  w ater protection to all w aters, surface w aters and 

groundw ater,

-  achieving ‘good sta tus' for all w aters by a set deadline,

- w ater m anagem ent based on river basins,

-  ‘com bined approach’ o f  em ission lim it values and quality  standards,

-  getting  the prices right,

-  getting  the citizen  involved m ore closely and

-  stream lin ing legislation.
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ln 1997 the EC proposed a European Parliam ent and C ouncil D irective establish ing  a 

fram ew ork for C om m unity action in the field o f  w ater policy, the W ater Fram ework 

D irective or W FD . The D irective, w hich w as adopted in Septem ber 2000 (2000/60/E C 2), 

should “contribute to  the progressive reduction o f  em issions o f  hazardous substances to 

w ater” , the ultim ate aim  being “to achieve the elim ination o f  priority  hazardous 

substances (P IIS ) and contribute to  achieving concentrations in the m arine environm ent 

near background values for naturally  occurring substances’̂  12], In order to achieve this, 

pollution through the discharge, em ission o r loss o f  PHS m ust cease or be phased out. The 

W FD  foresees that the developm ent o f  w ater quality  should be m onitored by the m em ber 

states on a system atic and com parable basts. Therefore, technical specifications should be 

laid dow n in order to assure a com m on approach, e.g. the standardisation o f  m onitoring, 

sam pling and m ethods o f  analysis. A lthough the W FD is designed for surface w ater and 

groundw aters, transitional (bodies o f  surface w ater in the v icin ity  o f  river m ouths which 

are partly  saline in character but m ainly influenced by freshw ater flow s) and coastal 

(roughly  the first m ile o f  territorial w aters) w aters are also included. T he W FD w ill 

therefore start playing a m ajor role in the field o f  m arine environm ental m onitoring and is 

very likely to put an additional burden on laboratories and scientists involved in th is field. 

A lthough the D irective aim s at m aking its contribution to earlier approved agreem ents 

such as O SPA R C O M  (cf. above), H ELCO M  and M ED PO L (see below ), it im poses its 

proper dem ands for m onitoring on m em ber states.

The W FD  identifies three types o f  m onitoring — surveillance m onitoring, operational 

m onitoring and investigative m onitoring. Surveillance m onitoring provides inform ation 

for assessm ent o f  the status o f  a river basin, and for the developm ent o f  future m onitoring 

program m es, and serves to m onitor long-term  changes under natural conditions and 

changes resulting front anthropogenic activity. In practical term s, surveillance m onitoring 

is not continuous (interm ittent periods), but is still very thorough. For the entire set o f  

priority  pollu tants a m onthly sam pling schem e is foreseen for a period o f  one year. 

O perational m onitoring is undertaken to assess the status o f  w ater bodies that are at risk 

o f  failing to m eet the environm ental objectives and to assess changes resulting from 

program m es o f  m easures. O perational m onitoring is continuous and follow s the sam e 

frequency as surveillance m onitoring. A lthough it is only intended for specific cases, it 

has severe im plications both in lim e and effort. F inally, investigative m onitoring  is 

carried  out i f  reasons for non-com pliance w ith threshold levels are unknow n, or
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surveillance m onitoring indicates that the objectives w ill not be met and operational 

m onitoring is not yet established, o r to  investigate the im pact o f  accidental pollution. 

Frequency and tim e o f  m onitoring cannot be com pared w ith both previous types, as this 

w ill be decided on a case-by-case basis.

The priority pollutants in the W FD and their selection procedure w ill be discussed in 

Section 1.3 below.

European Marine Strategy

On 2 O ctober 2002, the EC published a C om m unication to the C ouncil o f  the EU and the 

European Parliam ent entitled "T ow ards a strategy to protect and conserve the m arine 

environm ent" (C O M (2002) 539), w hich sets ou t objectives and related actions [19], The 

C om m ission  C om m unication represents the first step in the increm ental developm ent o f  

the European M arine Strategy (E M S ) for the protection and conservation  o f  the m arine 

environm ent.

T he C om m ission 's intention w as to develop  the EM S in close cooperation  w ith m em ber 

states, candidate countries, the European Parliam ent, European Econom ic A rea (EEA ) 

States (N orw ay and Iceland), the various, m ainly regional, international organisations 

engaged in different sectoral aspects o f  the m arine environm ent (such as O SPA R, ICES 

and  IM O  (International M aritim e O rganisation)), and w ith environm ental non­

governm ental o rganisations and various sectoral industry associations. It is expected that 

C ouncil conclusions w ill be reached in the very near future, thereby establish ing the EU 

political fram ew ork for the further developm ent o f  the EM S and the im plem entation in 

coordination w ith the regional m arine conventions such as O SPA R  -  o f  actions to  achieve 

the objectives already identified in the C om m ission C om m unication o f  2004 [20],

C oordination w ith existing program m es is thus an inherent part o f  the EMS. From  the 

onset, it has been recognised that the Regional M arine C onventions/C om m issions and 

Program m es, illustrated in Figure 1.2, play an im portant ro le at the interface betw een 

m arine research and policy, both in the context o f  regional m arine assessm ents and the 

developm ent o f  m easures for m arine m anagem ent. It has also been recognised that 

m onitoring and assessm ent have a vital role w hen the ecosystem  approach is applied to 

the m anagem ent o f  hum an activities affecting the m arine environm ent. Policy must 

initially be based on an assessm ent o r evaluation  o f  the state o f  the m arine environm ent.
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and the im plem entation o f  the latter m ust be follow ed by observation and assessm ent o f  

w hat has, and has not, been achieved. Tw o w orking groups, the W orking G roup on 

Strategic G oals and O bjectives (SG O ) and the W orking G roup on European M arine 

M onitoring and A ssessm ent (E M M A ), have been created to  develop the EM S. T he SGO 

is, as its nam e suggests, identifying strategic objectives w hile EM M A  has the task to 

develop practical solutions to the latter. O n-going discussions in EM M A  m ake c lear that 

these regional assessm ents w ill play an im portant part in the context o f  pan-European 

assessm ents to  be m ade under the fram ew ork o f  the EMS. W here there ex is t regional-seas 

m onitoring and assessm ent program m es, these should be used as far as possible for new 

developm ents on EU and pan-E uropean levels. L ikew ise, in developing existing EU 

m easures especially  the EC W ater Fram ew ork D irective -  attention should be g iven to 

the links to both the pan-European and the regional-seas level [21.22].

ŒD AMAP

ff l  AMAP&OSPAR

OSPAR

d  HELCOM 

0 0  MEDPOL 

■  BSC

Figure 1.2: Regional Marine Conventions/Commissions and Programmes that are o f  relevance for the 
EMS. The programmes, given by their acronyms, are described in the text.
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1.2.2. O ther global and regional m onitoring program m es

United Nations Environment Programme

M onitoring activities on a global scale are inevitably linked to  the U nited N ations 

E nvironm ent P rogram m e (U N E P). U N E P w as established as a  follow -up to  the 1972 

S tockholm  C onference on the H um an Environm ent, as the environm ental conscience o f  

the UN system  [23], W ith U N EP, a basis w as created for com prehensive consideration 

and coordinated action within the UN on the problem s o f  the hum an environm ent. U N EP 

particularly  attem pts to nurture partnerships w ith both o ther UN bodies and e.g. the 

scientific com m unity and N G O s such as O SPA R.

Arctic

NW  Pacific
Caspian

Red Sea & 
G ttlfo f  Aden

N E Pacific 1 W ider Caribbean

S Asian 
Seas

W &Central
I Africa

E Asian Seas

W Atlantic

Antarctic

E igu re  U i  U N EP regiunal seas

U N EP has several w ater-related program m es. For instance, the R egional Seas Program m e 

(R SP), initiated in 1974 as a globa! program m e, includes 15 regions and m ore than 140 

coastal states and territories (F igure 1.3). It is an action-oriented  program m e and focuses 

not only on the m itigation o r elim ination o f  the consequences, but also on the causes, o f  

environm ental degradation. The focus has gradually  shifted from  protecting  the m arine 

environm ent from pollution to striving at sustainable developm ent o f  the coastal and
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m arine environm ent through integrated m anagem ent. U N EP is also responsible lo r the 

secretariat set up to  im plem ent the 1995 G lobal Program m e o f  A ction (G P A ) for the 

P rotection o f  the M arine Environm ent from  Land-based A ctivities. T he UNEP Fresh 

W ater Program m es com prise structured program m es o f  environm ental inventory, 

analysis, d iagnosis and action planning. Such program m es have been, o r are presently 

being, developed and im plem ented for a num ber o f  large river and lake basins in A frica, 

Asia and South America.

XII

Figure 1.4: The tw elve U N EP POP regions; the A rctic (I), N orth A m erica (II), Europe (III), the M editerranean 
(IV ), Indian O cean (V I), sub-Saharan A frica (V ), central and northeast A sia (V II), southeast A sia and south 
Pacific (V III), Pacific islands (IX ), C entral A m erica and the C aribbean (X ), eastern and w estern South A m erica 
iV It anrl A niarrtira  IX III

U N EP is, furtherm ore, one o f  the im plem enting agencies for the G lobal Environm ent 

Facility  (G EF). This is an independent international financing entity  w ith the long-term  

goal to  ensure progress tow ard global environm ental security . The U N EP portfo lio  o f  

G EF-funded activities in international w aters includes global assessm ents, transboundary 

d iagnostic analyses (T D A s) o f  shared w ater bodies, support for the im plem entation o f  

strategic action program m es for m arine and freshw ater areas, and support fo r integrated 

m anagem ent o f  shared freshw ater bodies. B ecause w ater issues play an im portant and
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increasing role in international developm ent cooperation , G EF has designated 

international w aters as one o f  its four focal areas.

The G lobal International W aters A ssessm ent (G IW A ), led by UNEP and 50%  funded by 

G EF, w ill provide the inform ation needed for G E F ’s w ork in th is particu lar area. The aim 

o f  G IW A  is to  produce a com prehensive and integrated global assessm ent o f  international 

w aters, the eeological status o f  -  and the causes o f  environm ental problem s in -  66 w ater 

areas around the w orld, and to focus on the key issues and problem s facing the aquatic 

environm ent in transboundary  waters. The assessm ent is designed not m erely to analyse 

the current problem s but also to  develop scenarios o f  the fu ture conditions o f  the w orld ’s 

w ater resources and analyse policy options w ith a v iew  to providing sound scientific 

advice to decision  m akers and m anagers concerned w ith w ater resources. In the near 

future, G IW A  activities w ill be linked and coordinated w ith the m onitoring program m es 

described elsew here in th is section, such as, e.g., O SPA R  and HELCOM .

T he S tockholm  C onvention (2001) is a  global treaty to protect hum an health and the 

environm ent from persistent organic pollutants (usually  called U N E P  P O P s) that has 

been signed by 151 governm ents. In im plem enting the C onvention, governm ents will 

have to take m easures to  elim inate o r reduce the release o f  PO Ps into the environm ent 

[24], POPs are chem icals w hich rem ain intact in the environm ent fo r long periods, 

becom e w idely d istributed geographically , accum ulate in the (generally  fatty) tissue o f  

living organism s and are toxic to hum ans and w ildlife. PO Ps circulate globally  and can 

cause dam age w herever they travel. The Stockholm  C onvention has identified a 

som ew hat outdated list o f  tw elve priority POPs, aldrin , ch lordane, D D T, dieldrin , endrin, 

heptachlor, hexachlorobenzene, mirex, PC Bs, polychlorinated  d ibenzodioxins (PC D D s), 

PC D Fs and toxaphene. The S tockholm  C onvention on PO Ps and o ther international 

agreem ents state that m onitoring activities should be established to  verify the effective 

im plem entation o f  the conventions and the decrease o f  environm ental levels o f  persistent 

pollutants. Som e m onitoring activ ities are already in p lace but, as different m ethodologies 

are used, com parison o f  the data often is very  difficult.

W ith support from  G EF, UNEP has recently  started a project called “ Regional assessm ent 

o f  persistent, bioaccum ulating  and toxic substances or PO Ps” [26], The project aim s at 

collecting  as much inform ation as possible on the U N EP POPs for tw elve regions in the
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world (F igure 1.4), and, i f  possible, on m ore com pounds than the ‘tw elve’ quoted above. 

It is a lready clear that inform ation is very sparse for several o f  the regions, and there is an 

obvious need to establish new  m onitoring activities. As w ith the O SPA R  convention, the 

Stockholm  C onvention states that m onitoring activities should be established to  verify the 

effective im plem entation o f  the convention and the decrease o f  environm ental levels o f  

persistent pollutants. U N EP has therefore started another project, called “G lobal N etw ork 

for the M onitoring o f  C hem icals in the E nvironm ent”, w hich aim s at linking national, 

regional and global organisations, laboratories and individuals responsible for, or 

involved in, m onitoring o f  chem icals in m an and the environm ent [27].

Other regional monitoring programmes

A M A P, the A rctic M onitoring and A ssessm ent Program m e, w as established in 1991 to 

im plem ent certain  parts o f  the A rctic Environm ental Protection Strategy (A EPS), 

prim arily "providing reliable and sufficient inform ation on the status of, and threats to, 

the A rctic environm ent, and providing scientific advice on actions to  be taken in order to 

support A rctic governm ents in their efforts to  take rem edial and preventive actions 

relating to  contam inants" [28]. The A rctic C ouncil, established in 1996 by the eight 

A rctic countries (CA , DK, FI, IS, N O , RU, SE, and the U S), coordinates A M A P 

activities. A M A P w as conceived as a p rogram m e w hich integrates both m onitoring and 

assessm ent activities in relation to pollution issues and provides inform ation and reports 

on the state o f  the arctic environm ent. T he A M A P T rends and Effects M onitoring 

Program m e is designed to  m onito r the levels o f  pollutants and their effects in all 

com partm ents o f  the A rctic environm ent. T here are five sub-program m es, w hich deal 

w ith atm ospheric, terrestrial, freshw ater and m arine environm ents, and w ith hum an 

populations w ith respect to  hum an health. The sub-program m es are defined in term s o f  

essential and recom m ended param eters and m edia (m atrices) to be  m onitored  on a 

c ircum polar o r sub-regional leve!. The program m e includes both m onitoring and research 

com ponents, and special studies that yield inform ation w hich is vital fo r the valid 

interpretation o f  m onitoring data. O M Ps w ithin the program m e are PCBs, 

hexachlorobenzene (H CB), d ioxins (PC D D s and PC D Fs), pesticides (aldrin , chlordane, 

dieldrin , D D T, endrin, heptachlor, m irex, and toxaphene), PA Hs, O TIN s, short-chain 

chlorinated paraffins (SSC Ps), polybrom inated diphenyl ethers (PB D Es), 

hexabrom ocyclododecane (H B C D ), tetrabrom obisphenol-A  (T B B PA ), perfluorooctano! 

sulphonic acid and its salts (PFO S) and polychlorinated naphthalenes (PCN s).
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H E L C O M , the Baltic M arine E nvironm ent Protection C om m ission  o r the Helsinki 

C om m ission, is the governing body o f  the C onvention on the Protection o f  the M arine 

Environm ent o f  the Baltic Sea A rea, signed in 1992 [29], H ELC O M 's main goal is to 

protect the m arine environm ent o f  the Baltic Sea from  all sources o f  pollution, and to 

restore and safeguard its ecological balance. The present contracting  parties to  H ELCO M  

are DE, DK, EE, EC, FI, LV, LT, PL, RU and SE. The set-up is very sim ilar to  that o f  

O SPA R , and m any o f  the principles -  such as the ‘best environm ental p rac tices’, ‘best 

available techno log ies ' and ‘the pollu ter pays’ -  are adopted and applied by HELCOM . 

M onitoring and assessm ent are an integral part o f  the convention and according to the 

convention “Em issions from  both point sources and diffuse sources into w ater and the air 

should be m easured and calculated in a scientifically  appropriate m anner by the 

C ontracting  Parties” . Every five years, the C om m ission publishes a "Periodic A ssessm ent 

o f  the State o f  the Environm ent o f  the Baltic M arine A rea" based on m onitoring activities 

going on in the area. The O M Ps in the program m e are v irtually  identical to  those o f  

A M A P and are m entioned in Table l . l .  R ecently, a prioritisation  o f  O M Ps took place, 

taking recent developm ents and existing lists such as those o f  O SPA R , the W FD and 

U NEP POP into account [30], The com plete list is presented in Section 1.3 below.

M E D PO L , the Program m e for the A ssessm ent and C ontrol o f  Pollution in the 

M editerranean region w as initiated in 1975 in Barcelona as the environm ental assessm ent 

com ponent o f  the M editerranean A ction Plan (M A P) and is now  in Phase III [31]. Its task 

is to assist M editerranean countries in the im plem entation o f  pollution-assessm ent 

program m es (m arine pollution trend m onitoring, com pliance m onitoring  and biological 

effects m onitoring). In parallel, M ED POL provides assistance in the form ulation and 

im plem entation o f  pollution control, regional and national action plans addressing 

pollution from  land-based sources and activities. It also form ulates and carries out 

capacity-build ing program m es related to  the analysis o f  contam inants and treatm ent o f  

data and to technical and m anagem ent training. M ED PO L-collected data and inform ation 

d irectly  contribute to  the im plem entation o f  the LBS (land based sources) and D um ping 

Protocols. The countries w hich signed the Barcelona C onvention are AL, DZ, BA, HR, 

CY, EG, ES, FR, G R, 1L, IT, LB, LY, M T, MC, M A, SI, SY, TN , TR and the EU. 

C urrently , the targeted substances include PAHs, PCBs, HCB. TCD D , TCD F, O TIN s, 

heavy m etals and pesticides such as d ieldrin , heptachlor, chlordane and mirex [32],



N
at

io
na

l 
le

ve
l 

In
te

rn
at

io
na

l/r
eg

io
na

l 
le

ve
l 

G
lo

ba
l 

le
ve

l

Monitoring programmes 29

Global level:
UNEP

GIWA
Stockholm
Convention RSP GPA

Regional programmes

IMW
EMS WFD

AMAP HELCOM OSPAR MEDPOL BSC

National programmes

Figure 1.5: The idea o f  a global information flow in marine environmental monitoring. The grey arrow 
indicates the general direction o f  the flow . The black arrows indicate planned or present interactions betw een 
some important conventions and monitoring programmes. For abbreviations, see text
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B SC, the Black Sea C om m ission or the C onvention  on the Protection o f  the Black Sea 

A gainst Pollution w as signed in B ucharest in A pril 1992, and ratified by the legislative 

assem blies o f  all six Black Sea countries (B G , G E , RO, RU, TR  and U A ) in early 1994

[33], T he convention aim s at ( I )  control o f  land-based sources o f  pollution, (2) control o f  

dum ping o f  w aste and (3) establish ing a fram ew ork for jo in t actions in the case o f  

accidents such as oil spills. Specifically for the assessm ent and m onitoring o f  pollutants a 

“S tate o f  Pollution o f  the B lack Sea” report w ill be p repared  and published every Five 

years, beginning in 2006. It will be based on the data collected through the coordinated 

pollution m onitoring and assessm ent program m es. The O M Ps that are considered by the 

program m e are O TIN s, organohalogen com pounds such as D D T, DDE, DDD, PCBs, 

persistent organo-P  com pounds and persistent substances w ith proven toxic carcinogenic, 

teratogenic o r m utagenic properties.

1.2.3. Conclusions

The above overview  is by no m eans com plete but rather focuses on organisations and 

program m es im m ediately  relevant for Europe as a w hole and, specifically , the N orth Sea. 

T here are various o ther regional and international m onitoring  program m es, such as the 

N ational O ceanic and A tm ospheric A dm inistra tion’s N ational Status and T rends 

(N O A A ’s N ST) m onitoring program m e that has been going on since 1986 and covers the 

A tlantic, Pacific and G u lf  coasts o f  the U S, and the International M ussel W atch (IM W ) 

program m e that covers C entral and South A m erica including M exico and the C aribbean

[34]. A  global overview  o f  the regional program m es, their com m on points o f  in terest and 

interactions can be found in G ESA M P (2001). In  essence, the various program m es all 

recognise that organic m icropollutants are an im portant threat to the m arine environm ent, 

w hich should be carefully  m onitored, and, as a m inim um , they  share the follow ing two 

goals: ( 1 ) to study the status o f  the m arine environm ent w ith regard to contam inants and

(2) to detect trends in concentrations. As a positive developm ent, there is the tendency to 

m ake the various program m es m utually supportive rather than  com petitive. Figure 1.5 

illustrates the current idea o f  inform ation flow starting from  national program m es, 

feeding into international/regional and, finally , global program m es. There is aiso a 

general aw areness that the data w hich are produced, should be o f  high and, specifically, 

w ell-defined quality. The em phasis on quality assurance and quality  control (Q A /Q C ) is 

therefore om nipresent and has gained considerable im portance in recent years. A m ongst 

o ther th ings, th is im plies the obligation o f  laboratories to  participate in
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international intercalibration exercises and to  use clearly described m ethodologies in the 

form o f  standard operating  procedures [35],

1.3. C u rren t state  o f  m arine en v iron m en ta l m on itorin g

The previous section show s that a num ber o f  m onitoring program m es are currently  active 

and/or have been so for m any years o r even decades. All early program m es deal w ith the 

industrialised northern hem isphere. The output o f  these program m es has been used to 

identify areas o r  regions o f  concern, estim ate the hazards caused by O M Ps to  man and the 

m arine environm ent and assess the effectivity  o f  the m easures taken.

M ost organisations have published status reports that evaluate the quality  o f  the, m ostly 

regional, m arine area they consider. T his has provided a basic idea o f  the geographical 

d istribution o f  O M Ps in regions such as the A rctic [36], Baltic [37,38] and N orth  Sea 

[10,13], and the A tlantic and Pacific coasts o f  N orth  A m erica [34,39], T hese regional 

program m es also contributed significantly  to  obtain ing an estim ate o f  the global 

distribution o f  O M Ps. The U NEP assessm ent o f  the w orldw ide presence o f  persistent 

toxic substances has, for the m arine environm ent, greatly benefited from the inform ation 

provided by these regional program m es [40]. In this report, sources, pathw ays and 

concentration  ranges for the various com partm ents (w ater, sedim ent/soil, organism s) o f  

both the terrestrial and the aquatic environm ent (m arine and freshw ater) are considered on 

a global scale. In general, the highest concentrations have been reported for D D Ts, m ostly 

DDE, PCBs (as the sum o f  individual congeners) and PAHs w ith concentrations that are 

up to 5-6 orders o f  m agnitude h igher than, e.g., PC D D s/Fs (ng/kg concentrations). M ost 

o ther O M Ps such as HCB, lindane, PBDEs, toxaphene and m odem  pesticides, have 

concentration levels in betw een (pg /kg  concentrations) [40], As an illustration, the global 

concentration  ranges o f  PCBs and D DTs in bivalves reported in the nineties are given in 

Figure 1.6.

T he long-term  m onitoring program m es also dem onstrate changes in the levels o f  O M Ps 

in the m arine environm ent. For instance, m onitoring in the B altic, w hich started in the late 

sixties, clearly  show ed the decline o f  several O M Ps follow ing actions to p revent their 

release [41,42]. This is illustrated in Figure 1.7, but note that concentrations seem  to level 

out in the nineties. D ecreasing PCB concentrations w ere cited in the 1993 N orth Sea
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Figure 1.6: Concentration ranges o f  DDTs (top) and PCBs (bottom) in bivalves (gg/kg ww) reported 
during the 90s (source: UNEP Chemicals. 2003).
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Q uality Status Report for several species and various locations [13]. In the 1998 O SPA R 

assessm ent o f  trends o f  contam inants in organism s, significant dow nw ard trends w ere 

reported for HCB, y-H CH, PA Hs, CBs, D D Ts and dieldrin  [43]. A ssessm ent o f  the data 

collected through N ST and IM W  [34] (see earlier) show ed a general decrease in the total- 

DDT concentrations in m olluscs for the northern part o f  the G u lf  o f  M exico, presum ably 

as a result o f  the ban on D D T in the US in 1972. D ecreasing concentrations w ere also 

found for PCBs, but not for PAHs. Brown et a i [44] found sim ilar results for the Pacific 

coast o f  the US follow ing a seven-year study during the N ational Benthic Surveillance 

Project o f  N ST: PCBs and D DT concentrations w ere decreasing in fish and sedim ent, but 

PAHs show ed no significant dow nw ard trend.
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84 86 88 9072 74 76 78 8070
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Figure 1.7: Decreasing trends o f  total PCBs (mg/kg lipid weight) in Baltic guillem ot (eggs) and 
herring (after Bignert el al. [41]). Note that the absence o f  vertical bars indicating RSD ranges, 
hampers interpretation.

D espite the interesting results o f  the various p rogram m es quoted above, som e prudence is 

called for w hen interpreting the data. F or exam ple, in the ir status reports, m ost 

organisations tend to com bine the contam inants in  groups rather than to p resent the 

concentration o f  individual com pounds. In the exam ples given above (F igure 1.6 ), the sets 

o f  target PC B s and the D D Ts w ere not specified. Particularly  for the PC Bs it is w ell 

know n that, on the one hand, the concentrations o f  the individual congeners are w idely 

different w hile, on the o ther hand, the non-ortho and m ono-ortho congeners are m uch
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m ore toxic than all other congeners [45], In addition , for most o ther classes o f  

m icropollutants, m uch less inform ation is available w hich is, m oreover, essentially 

lim ited to N orth A m erica, the w estern h a lf  o f  Europe, A ustralia and Japan in virtually  all 

instances. T his problem  w as duly recognised in the 2003 U N EP assessm ent [40], In o ther 

w ords, D DTs and PCBs are virtually the only pollutants for w hich it is possible to  attem pt 

m aking tem poral and geographical com parisons [46], This does not m ean that there are 

no data available for o ther chem icals o r for less developed parts o f  the world. H ow ever, in 

regions w here surveillance netw orks are no t operational, the inform ation is generally  the 

result o f  one-o ff surveys and m ore patchy. In addition , the inform ation in the open 

literature is strongly targeted on the ‘classica l’ pollutants such as PC Bs, D D Ts, PAHs, 

O C Ps and PCD D /Fs. Fortunately, the threat posed by o ther contam inants is increasingly 

being recognised by the scientific com m unity and governm ental bodies. For instance, 

M uir et al. [47] recently  noted that there is an overall lack o f  data on PT Ss (Persistent and 

Toxic Substances) in N orth A m erica. T o quote an exam ple, for m ost o f  the 100 priority 

chem icals listed by the C anadian governm ent, there is very lim ited inform ation on their 

current environm ental levels, persistence and/or b ioaccum ulation. A ctually, quite a 

num ber o f  them  have not been studied a t all. O bviously , selection o f  a significantly  w ide 

range o f  relevant chem icals for the m arine environm ent has a high priority . This topic 

(w hich is receiv ing increasing attention in recent program m es and updates o f  o lder 

program m es) w ill be discussed in the next section , w ith em phasis on the situation for the 

N orth Sea.

1.4. S election  o f  p r ior ity  h azard ou s su b stan ces

1.4,1. Introduction

M onitoring w as initially  lim ited to com pounds entered on a ’red ’ list after a catastrophe 

o r  selected after their -  som etim es accidental -  detection in the environm ent (see above). 

In o ther w ords, in the absence o f  w ell-d irected  and/or targeted  program m es, most 

chem icals w ere, and will be, 'm issed ’. O n the o ther hand, it w ill be clear that it is 

im possible to determ ine concentrations o f  the approx. 250,000 m an-m ade chem icals the 

so-called chem ical universe -  in the m arine environm ent [48]. O ver the years this 

aw areness led to the developm ent o f  criteria  that allow  the prediction o f  w hich chem icals 

could be o f  concern for the m arine environm ent. These selection criteria are briefly 

discussed below.
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1.4.2. Selecting priority substances

In 1990, the Joint G roup o f  Experts on the Scientific A spects o f  M arine Environm ental 

Protection and A dvisory C om m ittee on Protection o f  the Sea, G ESA M P [48a], m ade a 

selection based on criteria such as the octanol/w ater partition coefficient or 

b ioconcentration potential, acute toxicity , persistence, production volum e and use o f  a 

chem ical com pound. The resulting  list o f  potentially  harm ful substances contained m ainly 

low -m olecular-w eight (M W ) (C 1-C 3) chlorinated alkanes such as chlorinated m ethanes 

(e.g. d ichlorom ethane, chloroform , tetrachlorom ethane), chlorinated  ethanes (e.g. 1, 1,2 ,2 - 

tetrachloroethane, 1, 1,2-trichloroethane), chlorinated ethenes (e.g. 1, 1,2 ,2 -

letrachloroethylene, 1,1,2-trichloroethylene), and m edium -M W  com pounds such as 

chlorinated  benzenes, phenols and toluenes, PC B s and PC’D Ds/Fs. In addition, an 

extensive list o f  com pounds w as identified for w hich insufficient data w ere available. In 

o ther w ords, next to the three m ost im portant characteristics, persistence, bioaccum ulation 

and toxicity, the production volum e and use w ere also taken into account. T his resulted 

in the selection o f  chem icals such as dichlorom ethane. The sam e or sim ilar approaches 

w ere also used in m ore recent assessm ents, as is exem plified below.

The threat o f  hazardous substances w as recognised at the Third International C onference 

on the Protection o f  the North Sea (1990), w hich resulted in a list o f  38 priority  

substances (A nnex 1A) and an additional list o f  170 potentially hazardous substances 

(A nnex ID ) [49], At the Fourth International C onference on the Protection o f  the N orth 

Sea (1995) o r Esjberg D eclaration (ED ), the need for further developm ent o f  criteria for 

defin ing and prioritising hazardous substances, w hich require action, w as identified [50|. 

In addition, the need to  develop risk assessm ent m ethods and m easurem ent program m es 

for hazardous substances in the m arine environm ent -  specifically  risk assessm ent 

m ethods for com plex m ixtures o f  substances and endocrine disrupters -  w as recognised. 

O S P A R ’s activities on hazardous substances are o f  special relevance to  the North Sea 

C onference w ork, as the O SPA R  C onvention is an instrum ent to im plem ent the ED 

targets. O SPA R 's strategy w ith regard to hazardous substances w as revised and 

im plem ented in 1998 in the ‘Sintra sta tem ent’ [ 5 1].

In response to its strategy concerning hazardous substances, the O SPA R  C om m ission 

developed a dynam ic selection and prioritisation m echanism , D Y N A M EC , to  select 

priority  substances [52]. T he entire process is illustrated in Schem e 1.



A
dv

ic
e 

to 
O

SP
A

R
 

wi
th

 
re

sp
ec

t 
to 

R
an

ki
ng

 
In

it
ia

l 
S

el
ec

ti
on

 
th

e 
se

le
ct

io
n 

of 
su

bs
ta

nc
es

 
fo

r 
 

 
__

__
__

__
__

__
__

__
__

__
__

__
__

__
__

__
36 Monitoring of organic micro-conlaminants in the marine environment

Schem e I : The O SPA R  D Y N A M EC  procedure.
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Scheme 1: Cortld.

Categories o f  priority hazardous substances and cut-off values for PTB criteria according to the OSPAR DYNAMEC 
procedure.

Group D escrip tion A pp lied  PT B  c u t-o ff  v a lues E xam ples

I

Substances o f  very high 
concern (i.e. POP-like 

substances or substances 
w ith PTB profile, 

selection H and indication 
o f  production, use or 

occurrence in the 
environment

P; not inherently biodegradable and

B: log K„w >  5 or BCF >  5000 and

T,,,: acute L(E)Cso< 0.1 mg/1, long-term NOEC 
<0.01 mg/l or Tm„ ]ma[lall: CMR or chronic 

toxicity

2 ,4 ,6 -/rá( 1,1 -dimethylethyl)- 
phenol, dicofol. endosulphan, 

methoxychor, 
octylphenol, EPN, tetrasul, 

m iconazole nitrate, diosgenin, 
trifluralin, clotrimazole

11

Other initially selected 
substances (with less 

severe PTB profile) and 
indication o f  use or 

exposure

P: not inherently biodegradable and

B: log K,,w > 5 or BCF > 5000 and

T ^: acute L(E)Cso<  0.1 mg/l, long-term NOEC 
<0.01 mg/l or T™™,,!™: CMR or chronic 

toxicity

hexamethyldisiloxane,
1,2,3,4,5,5-hexachloro-1,3- 

cyclopentadiene, TBBA, 1,2,4- 
trichlorobenzene, 1,2,3- 
trichlorobenzene, 1,3,5- 
trichlorobenzene, 1 -( 1.1 - 
dimethylethyl)-4-methyl- 
benzene, cyclododecane, 

triphenylphosphine, isododecane, 
chlorpyrifos

III

Substances o f  very high 
concern (i.e. POP-like 

substances or substances 
with PTB profile, 

selection I) with no 
indication o f  use or 

exposure

P: not inherently biodegradable and

B: log K „ ,>  5 or BCF > 5000 and

Taq: acute L(E)C5o< 0.1 mg/l, long-term NOEC 
<0.01 mg/l or Tmammai¡,„: CMR or chronic 

toxicity

heptach loronorbomene, 
flucythrinate, PCNs

IV

Other initially selected 
substances with no 
indication o f  use or 

exposure

fenitrothion, isodrin. 
pentachloroanisole, 

fenpropimorph. diazinon

P: not readily biodegradable and

V

Substances with PTB 
properties but which are 

heavily regulated or 
withdrawn from the 

market

B: log K „, > 5 o r B C F> 5000 and

Tai|: acute L(E)Cso < 1 mg/l, long-term NOEC < 
0.1 mg/l or Tnummaiia,,; CM R or chronic toxicity

DDTs, chlordane, PCTs. aldrin. 
HCB, toxaphene, nitrofen, 

heptachlor

VI

Endocrine disrupters 
which do not meet P or B 

criteria or natural 
hormones

estradiol, estrone, 
diethylstilbestrol, 17- 

ethynylestradiol, butyl phenol

P: persistence, B: bioaccumulation, Tai| : aquatic toxicity with L(E)C50the lethal (L) or effect (E) concentration that affects 50% 
o f  the population, NOEC: no observed effect concentration, mammalian toxicity, BCF: bioconcentration factor;
CMR: carcinogenicity, mutagenicity and adverse effects on reproduction.
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H azardous substances are defined as (groups of) com pounds that are persistent, toxic and 

liable to  bioaccum ulate (PT B ), o r give rise to  an equivalent level o f  concern through, e.g., 

synergistic effects o r degradation into hazardous substances [52],

D uring the initial selection, the follow ing criteria w ere used:

highly hazardous properties resulting in a general threat to the aquatic 

environm ent

strong indications o f  risks for the m arine environm ent

-  w idespread presence in one or m ore com partm ents o f  the m arine environm ent

-  potential t hreat to  hum an health via consum ption o f  seafood and

presence o f  various pathw ays or a diversity  o f  sources to the m arine 

environm ent.

A fter the initial selection, a ranking based on a ranking algorithm  w as made. Final 

selection o f  substances for priority  action w as done by a group o f  experts. As w ith the 

GESA M P criteria quoted above, the selection heavily  relies on the PTB criteria. 

H ow ever, in addition data on direct and indirect effects and production volum es and use 

are also taken into account. C alculated  exposures and m onitored concentrations w ere also 

considered. The initial selection led to a  total o f  80 substances or groups o f  substances, 

d ivided into five categories. Fifteen w ere selected as substances for p riority  action and 

ano ther tw elve as candidates for prioritisation [52], The list o f  substances w as updated in 

subsequent years. A fter the recent additions o f  PFOS, and the (pentabrom o)m ethyl ester 

o f  2-propenoic acid, the list now contains 47 chem icals for priority action  [53], The entire 

list o f  O S P A R ’s priority substances is g iven in T able 1.2. Fourteen o f  these have a low er 

priority  although they have rankings in term s o f  persistency, b ioaccum ulation and toxicity 

that are o f  equal concern as for the o ther substances on the list. H ow ever, because they 

are used exclusively  as an interm ediate in closed system s in the production o f  o ther 

substances or because there is no current production o r use in the O SPA R states, they 

have a low er priority  (T able  1.2).

The O SPA R list played an im portant role during the selection o f  priority  substances for 

the W FD. The basic procedure for the W FD w as the C om bined M onitoring-based and 

M odelling-based Priority Setting (C O M M PS) procedure [54, 55]. S im ilar to O SPA R , 

hazardous substances m eans “substances or groups o f  substances that are toxic; persistent



Selecting priority substances 39

and liable to  bioaccum ulate; and o ther substances or groups o f  substances that give rise to 

an equivalent level o f  concern” . D uring the initial step o f  the C O M M PS procedure, 

priority  substances w ere again selected from  am ong the list o f  hazardous substances, 

based on evidence regarding the intrinsic hazard, w idespread environm ental 

contam ination and o ther proven factors w hich m ay indicate the possib ility  o f  w idespread 

contam ination such as production or use volum e. N ext, exposure indices -  based both on 

surface w ater m onitoring and on m odelling data -  and effect indices w ere calculated, 

w hich finally  led to  a risk-based priority index, essentially  by m ultiplying both previous 

indices. T his list w as then subm itted to  expert judgem ent for the selection o f  priority 

substances. Interestingly, ‘historic po llu tan ts’ such as PCBs w ere elim inated in this step

[55], Finally, the list was checked against the O SPA R list, o ther lists from EC regulations 

and lists resulting  from  international agreem ents, e.g. the Stockholm  C onvention on PO Ps

[56], T he procedure resulted in a list o f  33 priority  hazardous (groups of) substances and 

an additional 10 priority (groups of) substances [57] (Table 1.2).

The O SPA R and EU approaches, w hich clearly  show  m utual influencing, provided the 

basis for priority  setting under H ELC O M  [30], As a result, a  very  sim ilar list o f  42 

(groups of) substances w as identified, w hich is included in T able 1.2. For further 

com parison, the S tockholm  C onvention or U N EP list o f  PO Ps, w hich contains 12 (groups 

of) chem icals, is also show n in Table 1.2.

1.4.3. C om paring the lists

C om parison o f  the lists discussed above clearly  show s that there is m uch overlap, but that 

there are also several strik ing differences. M ost surprisingly, no t a single com pound 

appears on all four lists. T o facilitate further discussion, the priority  substances o f  Table

1.2 have been sub-divided into several categories.

PCBs, O C Ps {e.g. D D Ts, aldrin. d ieldrin) and PC D D /Fs are considered as the ‘o ld ’ 

organochlorines and are also referred to  as the ‘o ld ’ contam inants [58]. The entire U NEP 

POP list consists o f  these substances, w hich m akes it som ew hat outdated; they are also 

priority substances for O SPA R  and H ELCO M . They have been the subject o f  extensive 

study and international regulation in recent decades. It is specifically  because o f  the 

international attention that they are not on the W FD list (w ith the exception  o f  

hexachlorobenzene and H CH s). A lthough the initial C O M M PS selection procedure
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included m ost o f  them  (even as top-ranking substances), they w ere not considered as 

p riority  substances because o f  the fact that there is no current production or usage, o r use 

is strictly regulated or forbidden. E xclusion is therefore not based on toxicological 

properties and/or presence in the environm ent. In contrast, the latter is precisely the 

reason w hy organisations such as O SPA R  and H ELCO M  consider them  as priority 

substances, w hich seem s a sounder approach.

The C B s are a particularly  good exam ple o f  th is category. They have been a m ajor cause 

for concern since their d iscovery in the environm ent by Jensen [3], Large am ounts o f  

technical m ixtures o f  C B s w ere m anufactured by com panies in the US, Japan and several 

European countries betw een 1930 and 1983 w hen their production -  of, e.g., approx. 

36 ,000 tonnes in Europe alone in the period 1981-1984 -  w as discontinued in most 

countries [59], D uring this period but, also, m ore recently , large quantities o f  C Bs reached 

the environm ent through, e.g., large-scale disposal, leakage, evaporation  and accidents 

[60, 61], S ince the early  eighties, C Bs have been routinely m onitored in a variety o f  

m arine sam ples, specifically , o rganism s and sedim ents. M ost m onitoring program m es 

require o r suggest the analysis o f  individual congeners such as the ‘ICES seven’ (C B s 28, 

52, 110, 118, 138, 153, 180). H ow ever, already in the 1980s it becam e clear that several 

CB congeners show ed a d ioxin-like toxicity  [45], particularly  non-ortho, but also m ono- 

ortho  C Bs able to  form a p lanar configuration and therefore bind to  the A h recep tor in a 

w ay very sim ilar to  dioxins. T heir toxicity  is generally  expressed by m eans o f  a toxic 

equivalent factor (TEF: ratio  o f  toxicity  o f  congener and 2,3,7,8-TC D D

(tetrachlorodibenzodioxin)) [62], Total toxicity  is then calculated  as T oxic Equivalent 

Q uotients being TEQ  = £TEF¡ x c¡, for all congeners, i, o f  interest. A lthough the 

concentrations o f  these C B s typically  are 1000-fold less than those o f  the so-called 

indicator C Bs. their toxicity  is som e 1000-fold higher [63], N evertheless, neither non­

ortho nor m ono-ortho C B s are part o f  m ost m onitoring program m es and are, therefore, 

not routinely m onitored, although their im portance is recognised by, e.g., W H O, OSPAR, 

H ELC O M , Q U A SIM E M E  (Q uality  A ssurance o f  C hem ical and Biological Effects 

M easurem ents in M arineEnvironm ental M onitoring) and the EU. O ne exception is the 

A M A P T rends and Effects Program m e w here, next to e.g. DDTs, p lanar C B s, are 

recognised as ‘essen tia l’ in contrast to ‘recom m ended’ param eters for certain m atrices 

such as sedim ent cores, fish liver and blubber o f  m arine m am m als [64],
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Table 1.2: Overview o f  (groups of) substances selected by four international organisations

(Groups of) substances OSPAR W FD HELCOM UNEP POP

'Old' organochlorines

Aldrin X X

Chlordane X X

DDTs X X

Dieldrin X X

Endosulphan X X2

Endrin X X

Heptachlor X X

1 lexahromobiphenyl X

Hexachlorobenzene X2 X

Hexachlorocyclohexane isomers (HCH) X X2 X

bodrio X' X

M irex X X

PCBs X X X

PCDDs X X X

PCDFs X X X

PCNs X'

Polychlorinated terphenyls X

Toxaphene (OSPAR: heptachloronorbomene ) X' X X

‘/Vet*' ' pesticides

Acrylonitrile X

Alachlor X X

Aramite X

Atrazine X2

Chlordecone X

Chlordimefortn X

Chlorfenvinphos X

Chlorpyrifos X2

Dicofol X

Diuron X2

Ethyl 0-(/>-nitrophenyl) phenyl phosphonothionate (EPN) X'

Flucythrinate X'

Fluoroacetic acid and derivatives X

Isobenzane X
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Table 1.2 contd.

(Groups of) substances OSPAR WFD HELCOM  LNF-P POP

Isoproturon X*

Kelevan X

Methoxychlor X

Morfamquat X

Nitrophen X

Pentachlorophenol (PCP) X X

Quintozene X

Simazine X2

2,4,5-T X

Tetrasul X'

Tritluralin X X2

TOCs

1,2,3-T richlorobenzenc X X2

1,2,4-T richlorobenzene X X2

1,2- Di bromomcthane X

1,2-Dichloroethane X

1,3,5-Trichlorobenzene X X2

Benzene X

Dichloromethane X

Trichloromethane X X

PAHs

Anthracene X X2

Fluoranthene X X

Naphthalene X X2

Polyaromatic hydrocarbons X X2 X

‘New ' organohalogens
Brominated flame retardants Y Y J

(W FD: polybrominated biphenyls only)
A A

l,3,5-tribromo-2-(2,3-dibromo-2-methylpropoxy)- benzene X'

Hexachlorobutadiene X2

Hexachlorocyclopentadiene ( HCCP) X

Pentabromoethylbenzene X'

Pentachloroanisole X'
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Tablet, 2 contd.

((•roups » 0  substances OSPAR WFD HELCOM UNEP POP

Pentachlorobenzene X2

2-Propcnoic acid, (pentabromo)methyl ester X'

Short-chain chlorinated paraffins (SCCPs) X X2 X

Tetrabromobisphenol A (TBBP-A) X

Endocrine disruptors

Nonylphenol/ethoxylatcs (NP/NPEOs) and related substances X X2 X

Octylphenol X X2

Phthalates: dibutylphthalate, diethylhexylphthalate (DEHP) X X2 X

Other organic chemicals

1,5,9-Cyclododecatriene X 1

2,4,6-Tri-/e/7-butylphenol X

3,3'-(urcylenedimcthylene)bis(3,5,5-tnmcthylcyclohexyl>-
X'Diisocyanate

4-{dimethylbutylamino)-Diphenylamin (6PPD) X

4-feri-Butyltoluenc X

Clotrimazole X

Cyclododecane X'

Diosgenin X

Hexamethyldisiloxane (HMDS) X

Musk xylene X X

Ncodecanoic acid, cthenyl ester X

Perfluorooctanol sulphonic acid and its salts (PFOS) X

Triphenyl phosphine X

Metals and related compounds

Cadmium X X2 X

Lead and organic lead compounds X X2 X

Mercury and organic mercury compounds X X2 X

Nickel and its compounds X

Organic tin compounds X X2 X

Selenium and its compounds X

1 Lower priority in OSPAR because o f exclusive use as intermediates in closed systems or no current 
production and/or use in the OSPAR a re a :; first-priority hazardous substances.
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T he ‘o ld ’ contam inants rem ain a cause o f  concern because o f  their persistence and 

because o f  continued releases and transport through the atm osphere o f  significant 

quantities o f  these chem icals o r their transform ation products, e.g. />,p’-D D E as a 

transform ation product o f  p.p  -D D T  [35,50,58]. There has long been concern over 

sublethal effects o f  long-term , low -level chem ical exposure, particularly  about the 

possibility  o f  im m unosuppression in m am m als from  both acute and chronic low -dose 

exposures [35]. A lso, sublethal effects should be located at the level o f  critical biological 

processes such as reproduction, developm ent and grow th, w hich are m ostly  horm onally 

driven. R ecent concern about endocrine-disrupting  chem icals has led lo significant new 

research on the horm onal effects o f  persistent (and som e non-persistent) chem icals, 

am ongst w hich are m ost o f  the tw elve U N EP POPs [35], M oreover and controversially , 

the fact that chem icals have already for a long tim e been recognised as im portant 

contam inants does not necessarily  m ean that their presence in the m arine environm ent has 

been am ply dem onstrated. T his is particularly  true for the C D D /Fs. Q uite recently, 

O S P A R ’s Q SR highlighted the lack o f  data for these com pounds in the m arine 

environm ent [ 10], m ainly  due to costs involved in their ultra-trace level determ ination.

PA H s also belong to  the group o f  ‘o ld ’ contam inants. It is quite surprising  that they are 

not on the U N EP-PO P list, since they are recognised as p riority  hazardous substances by 

O SPA R . W FD and H ELCO M . Also, Law [65] estim ated that approx. 230,000 tonnes o f  

PA H s reach the m arine environm ent every  year and are d istributed w orldw ide. For the 

O SPA R  area this is estim ated to be around 8000 tonnes/year for the 'B o m e ff s ix ' [6 6 ]. In 

the m arine environm ent, PA H s tend to adsorb to particulate m aterial as a result o f  their 

hydrophobic nature and to be deposited into the underlying sedim ents [67], They are quite 

persistent, particularly  in anaerobic sedim ents, and can accum ulate to  high concentrations 

[68 ], The highest concentrations are generally  found in coastal areas and in estuaries, w ith 

total PAH concentrations o f  up to  8.5 pg/l for the w ater phase and up to 6 m g/kg (dry 

w eight) for sedim ents [66]. As a result o f  their high persistence and potential carcinogenic 

and m utagenic effects [69,70] PAHs should be considered as high-priority  environm ental 

pollu tants [6 6 ]. In North Sea sedim ents the m ost carcinogenic PAH, benzo( a [pyrene, has 

been detected at concentrations up to 0 .24 m g/kg [10]. PA H s have been routinely 

m onitored since the 1970s. A s is evident from  T able 1.2, m ost m ajor p rogram m es identify 

specific individual PAHs and/or include them  as a class. The m ost com m only  used list o f  

individual PAHs is that o f  the US EPA and contains 16 parent PA Hs. H ow ever, O SPA R
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has a list o f  only ten target PA Hs w hile A M A P, on the other hand, has an additional 23 

(groups of) alkylated PA H s next to the 16 EPA PAHs.

The o ther categories included in Table 1.2 -  w ith the exception o f  m etals, w hich are not 

considered here -  can be considered as ‘new ’ o r em erging contam inants. A  prom inent 

group are the ‘m odem ’ pesticides. A gain, there is much d iscrepancy betw een the lists and 

not a  single pesticide is on all o f  them . The phenylurea pesticides diuron and isoproturon. 

the triazines atrazine and sim azine and the anilide alach lor all belong to the group o f  

sem i-polar pesticides. W ith one exception, alachlor, they show up only on the W FD  list. 

M uch less polar and, typically  fat-soluble pesticides include chlorpyrifos, 

chlorfenvinphos, trifluralin and dicofol. T heir adverse PTB characteristics m ake them 

environm ental hazards. Production volum es can be quite high: trifluralin , a d in itroaniline 

herbicide used to control a w ide spectrum  o f  annual grasses and b road leaf w eeds in 

agriculture, has an annual production volum e o f  6,000 tonnes in the EU and a w orldw ide 

production o f  24,000 tonnes [71]. They have been detected in concentration  o f  up to  20- 

60 pg/l in seaw ater but little is know'n about their presence in sedim ents, fish and m arine 

m am m als. M ost target pesticides are on the W FD list but, surprisingly, dicofol is only on 

the O SPA R  list. This can be explained by the selection procedures. A lthough the initial 

selection w as in all cases based on PTB (cf. above), the individual procedures tended to 

em phasize different criteria in their final selection. For instance. W FD  applies a 

m onitoring-based exposure scoring but relies exclusively  on the freshw ater aquatic 

environm ent for this -  and m ainly on the w ater colum n [55]. M any o f  the above 

com pounds are indeed already m onitored in the freshw ater environm ent, hence their 

selection. This particular criterion is not applied by either O SPA R  or H ELC O M , w hich 

should explain the differences. M ethoxychlor, w hich is only on the O SPA R  list, is 

another good exam ple. A lthough there is no hard evidence on current production and use 

in the O SPA R area, the pesticide is persistent, bioaccum ulates and is very toxic to  aquatic 

organism s. It also has potentially  endocrine-disrupting  properties. Because o f  th is it was 

included by O SPA R in the List o f  C hem icals for Priority A ction in 2000 [72].

M ost o f  the pesticides m entioned above are well know n and much research on them  has 

been conducted in the field o f  freshw ater studies. H ow ever, com pounds such as 

acrylonitrile, aram ite, isobenzane and kelevan (F igure 1.8) all taken from the HELCOM  

list, w ill appear som ew hat exotic to  m ost readers. Again, the selection procedure has to  be
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consulted. For its prioritization procedure, H ELC O M  self-evidently  took the situation in 

the B altic into account, w hich is not done by either D Y N A M EC  o r C O M M PS, w hich are 

not region-specific. In the Baltic, there are certain  physical, chem ical and biological 

features w hich (m ay) increase the vulnerability  o f  th is ecosystem  to anthropogenic 

chem icals, w hich d iffer from  the m arine o r freshw ater environm ents addressed in the 

O SPA R  and EU fram ew ork [30], F or instance, the B altic is a  sem i-enclosed sea w ith a 

large catchm ent area, w hich will have obvious im plications for, e.g., trapping o f  

chem icals, stocking up o f  chem icals in anoxic, deep sedim ents, the occurrence o f  stable 

hot spot sedim entation areas and a high input o f  hazardous substances. There are also 

socio-econom ic factors w hich m ay contribu te  to m arket occurrence and use o f  hazardous 

substances, that significantly  d iffer from those on the EU  m arket, e.g. the chem icals 

m arket and stocks o f  outdated hazardous chem icals in the B altic countries, Poland and 

Russia. O ne exam ple is the use o f  acrylonitrile in synthetic soil blocks as a grain fum igant 

and a pesticide; it w as banned in Estonia only in 1999 [30], T he sam e is true for aram ite, 

an extrem ely efficient m iticide/acaricide used in the protection  o f  fruits, vegetables and 

non-food plant crops from predation by m ites (IRPTC ). For the insecticides isobenzane 

and kelevan essentially  no inform ation is available concerning production , m arketing and 

use -  w hich illustrates a situation typical for the Baltic area.

A c ry lo n itr ile

K elevan ci

a \
a

A ram ite Iso b en zan e

Figure 1.8: Structures o f  some pesticides that are o f  particular importance lo the 
Baltic.



Selecting priority substances 47

A good exam ple o f  ‘n ew ’ organohalogens are the polybrom inated flam e retardants 

(B FR s) w hich have received increasing interest from the com m unity o f  environm ental 

scientists in the last five years [73,74]. B FR s com prise com pounds such as PDBEs, 

TB B P-A  and brom inated cycloaliphatic com pounds such as HBCD. The annual world 

production o f  PBDEs has been estim ated at 40,000 tonnes [75]. The use o f  PB D Es in the 

EU in 1994 w as estim ated at 11,000 tonnes [75] w ith a 75%  contribution o f  deca-B D E. In 

1999, over 9,200 tonnes o f  H BCD  w ere used in the EU [75]. BFRs are persistent, 

b ioaccum ulate and are often transported over considerable distances. So far, m ost efforts 

in this field have been dedicated to  the BDEs. C oncentrations in the various 

com partm ents o f  the m arine environm ent are, today, at least an order o f  m agnitude lower 

than those o f  the CBs. H ow ever, m ost o f  the B D Es are still being produced and 

concentrations in the environm ent are reported  to be increasing, e.g. in hum an m ilk. 

B eluga w hales, guillem ot eggs, m arine m am m als and sedim ents [75,76], A recent survey 

o f  m arine sedim ents in estuaries d ischarging into the N orth Sea show ed deca-B D E 

concentrations from less than 0.5 to 1700 pg/kg dry  wt. The highest level w as detected in 

the M ersey estuary, at a  site form erly used fo r dum ping o f  sew age sludge and an area 

w ith m uch textile industry. T he next h ighest level, 200 pg /kg , w as detected in the Scheldt 

estuary [75], close to  a production site. In m arine m am m als such as the sperm  whale, 

B D E concentrations o f  about 100 pg /kg  w ere found in blubber, w hich indicates that these 

com pounds have reached deep ocean w aters [73] and supports the hypothesis o f  long- 

range transport.

In this category, one should also m ention SCCPs. They are formed by the chlorination o f  

w-paraffins w ith chain lengths o f  10-30 C -atom s and a chlorination degree o f  over 48 wt% 

[77,78], SC CPs are very persistent and adsorb  strongly to sludge and sedim ents and 

rapid ly  accum ulate and b iom agnify in aquatic food chains [79]. They are therefore 

included on the O SPA R  List o f  C hem icals for Priority  A ction and are classed as PHS 

under the W FD . The 25th A daptation to Technical Progress to  the D angerous Substances 

D irective 67/548/E EC  has form ally classified SC C Ps as C ategory 3 carcinogens, and as 

dangerous for the environm ent. Releases o f  SC C Ps to w ater from  production or usage 

sites in the EU w ere estim ated at som e 1,800 tonnes/year, 95%  being from m etal-w orking 

sites [78], In the past decades, SC C Ps have m ainly  been produced for use in m etal­

w orking fluids (70% ), but also  as plasticisers (14% ) and flam e retardants (12% ) [77,78], 

In the m iddle nineties, the annual production  in Europe w as o f  the order o f  15,000 tonnes.
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but has been decreasing since then [78]. SC CPs have been found in a variety  o f  w ater 

bodies and sedim ents, and also in fish and m arine m am m als [80-82], H ow ever, generally 

speaking, there is a  lack o f  environm ental data on SC C Ps w hich reflects the lack o f  

sensitive, quantitative analytical procedures. A ctually , m ost published m ethods are o f  a 

qualitative nature because even sophisticated  capillary GC cannot create sufficient 

separation o f  the very m any congeners. T here also  is a lack o f  su itable standards and, 

consequently , little inform ation on relative response factors o f  individual congeners [82- 

84]. This problem  will be further addressed in Section 1.4.

In view  o f  the current concern about endocrine-disrupting  chem icals, this category -  

w hich is recognised by all program m es except U N EP-PO P also deserves som e 

attention. A lthough m any o f  the ‘old organochlorines' d iscussd earlie r are also suspected 

lo be endocrine disruptors, the alkylphenols have received specific attention  in recent 

years. They are used to produce phenolic resins and alkylphenol polyethoxylates for use 

as surfactants in cleaners, w etting agents and em ulsifiers [85], Pentachlorophenol (PC P) 

is m ainly used as a b iocide in the w ood industry. In the EU, production o f  PCP and its 

sodium  salt w as term inated in 1992. Today, these chem icals are im ported from  the USA. 

Production figures o f  octylphenol (O P), nonylphcnol (N P) and nonylphenol e thoxylates 

(N PE O s) w ere som e 25,000, 75,000 and 120,000 tonnes/year in the late 1990s [86,87], 

A lkylphenols and short-chain alkylphenolethoxylates have fairly high log IC,* values o f  

typically 4-6  and will therefore accum ulate in sedim ent and, also, in m arine b io ta [86-88], 

O P w as detected in w ater with concentrations o f  up to 13 pg/l in estuaries, but only up to 

0.016 pg/l in coastal w aters [86]. As for N PEO s, concentrations up to  9.5 m g/kg dry w t 

w ere found in the livers o f  river fish [87], PCP has been detected in w ater, sedim ents and 

a large num ber o f  aquatic organism s. The E ura  C hlor R isk A ssessm ent for the M arine 

Environm ent (1999) show ed that PCP concentrations are up to 0.8 pg/1 for the N orth Sea, 

coastal w aters and estuaries [89], Recent literature show s that PCP concentrations in 

surface w'ater and the m arine environm ent o f  W estern Europe are decreasing [90],

A lthough persistence and bioaccum ulation are im portant factors in the selection process, 

these are not alw ays decisive: Table 2 features m any V O C s such as benzene, 1,2- 

d ichloroethane, d ichlorom ethane, trich lorobenzenes and trichlorom ethane. T hese well- 

know n atm ospheric contam inants are m ostly im portant industrial com pounds w ith a high 

annual production [91], w hich can be anyw here in the range from several hundred
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thousand tonnes for e.g. letrachlorom ethane, to m ore than 10 b illion tonnes for benzene 

[92-94], The low log KoW values o f  the V O C s -  typically  1-2 -  led to  the general be lief 

that b ioconcentration should be considered insignificant [93], As a consequence, and also 

because o f  the considerable problem s associated w ith the determ ination o f  VOCs, 

specifically  in biota, there is a general lack o f  inform ation. H ow ever, recent studies 

show ed the general presence o f  several V O C s in the tissue o f  m arine organism s from 

d ifferent levels o f  the food chain [95] w ith concentrations in m arine organism s w hich are 

up to  1000-fold h igher than in the surrounding w ater. The b ioconcentration factors 

calculated  from these data w ere generally  h igher than those reported in the literature, 

possibly due to  the continuous exposure o f  the organism s to ( very) low  levels o f  these 

com pounds in the w ater colum n. D eterm ination in the w ater colum n alone is, therefore, 

insufficient.

Finally, am ongst the group o f  m iscellaneous organic chem icals, w hich w as generated 

entirely by the O SPA R  DYNAM EC’ procedure, several entries do not appear to be an 

obvious choice. D iscussion o f  a  few exam ples seem s to be o f  interest. C lotrim azole is a 

pharm aceutical that is m ainly used for treatm ent o f  derm atological and gynaecological 

fungal infections. It w as selected by the O SPA R procedure on the basis o f  its resistance to 

b iodégradation and its toxicity  [96]. H exam ethyldisiloxane (H M D S) is used as an 

interm ediate in the synthesis o f  e.g. polym ers and as an ingredient in personal-care 

products and solvents. In 2000, the total production o f  HM DS in the EU  w as 4025 tonnes 

[97], T he rather high production, and also the persistence o f  H M DS probably effected its 

inclusion in the O SPA R  list. A recent assessm ent o f  the environm ental risk o f  HM DS 

concluded that it poses no risk to  the m arine environm ent on the regional scale, but that 

there is a potential risk on the local scale [97]. Finally, 4-n?rr-butyltoluene is used 

prim arily as a  raw m aterial in the production ofp-rerV -butylbenzoic acid, w hich is utilised 

in the m anufacture o f  unsaturated polyesters and alkyd resins [98], The com pound was 

selected on the basis o f  its ability  to bioaccum ulate and its persistence, although it show s 

a low acute aquatic toxicity  [98],
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T able 1.3: List o f  OM Ps expected to remain and/or become priority target com pounds for the 
North Sea area.

(C ro u p s of) substances P re fe rred  m atrices A nalytical m ethods 
available*

‘Old ' organochlorines

Aldrin sediment, biota GC-M S

Chlordane sediment, biota GC-M S

DDTs sediment, biota GC-M S

Dieldrin sediment, biota GC-M S

Kndosulphan sediment, biota GC-M S, LC-MS

Endrin sediment, biota GC-M S

Heptachlor sediment, biota GC-M S

Hexachlorobenzene sediment, biota GC-MS

H CH s(e.g. lindane) water, sediment, biota GC-MS

Metoxychlor water, sediment, biota GC-M S. LC-MS

Mirex sediment, biota GC-M S

PCBs sediment, biota GC-M S. GC-ECD

PCDDs sediment, biota GC-M S, GC-ECD

PCDFs sediment, biota GC-M S, GC-ECD

PCNs sediment, biota GC-M S, GC-ECD

Toxaphene sediment, biota GC-M S* •

‘New’ pesticides

Alachlor water, sediment, biota GC-M S, LC-MS

Atrazine water, sediment GC-M S, LC-MS

Chlorfenvinphos water, sediment GC-M S, LC-MS

Chlorpyrifos water, sediment GC-M S, LC-MS

Dicofol water, sediment GC-M S, LC-MS

Diuron water, sediment LC-MS

Isoproturon water, sediment LC-MS

Simazine water, sediment GC-M S, LC-MS

Trifluralin water, sediment GC-M S, LC-MS

VOCs

1,2,3-T richlorobcnzene water, sediment, biota GC-M S

1,2,4-T richlorobenzene water, sediment, biota GC-M S
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Table 1.3 contd.

(Groups of) substances Preferred matrices
Analytical methods 

available

1,2-Dichloroethane 

1,3,5-T richlorobenzene 

Benzene

Dichloromethane 

Trichloro methane

water, sediment, biota 

water, sediment, biota 

water, sediment, biota 

water, sediment, biota 

water, sediment, biota

GC-MS

GC-MS

GC-MS

GC-MS

GC-MS

PAHs

Priority set and/or individual PAHs sediment, biota GC-MS, LC-FLU or 
LC-MS

‘New ’ ornanolialogens
BFRs: PBDEs, HBCD. TBBP-A 

Hexachlorobutadiene 

Pentach lorobenzene 

SCCPs

sediment, biota 

sediment, biota 

sediment, biota 

sediment, biota

GC-M S/LC-MS*** 

GC-MS 

GC-MS 

GC-M S *•

Endocrine disruplors

NP/NPEOs and related substances 

Octylphenol

Dibutyl and diethylhexyl phthalate 

PFOS

water, sediment, biota 

w ater, sediment, biota 

water, sediment, biota 

water, sediment, biota

LC-MS

LC-MS

GC-MS***

LC-MS

* ‘M S’ comprises all current techniques, primarily quadrupole, triple quad, ion-trap and lime-of- 

flight MS; • •  adequate analysis is not yet possible: *** analysis has been described but there are 

still problems.

1.5. M onitoring: con clu sion s and trends

1.5.1. Future m onitoring in the North Sea area

M onitoring in the N orth Sea has been already for a long tim e, and still is greatly 

influenced by O SPA R. T his could easily  lead to  the conclusion that the O SPA R  list 

m entioned above will constitu te the list o f  com pounds for future m onitoring in this 

ecosystem . H ow ever, as the W FD  list is legally binding for European U nion countries, 

m any o f  w hich are contracting  parties to O SPA R , and as the European M arine S trategy 

(E M S) is, in a w ay, potentially  extending the W FD into the open sea [22], the list 

proposed by the W FD  w ill, in our opinion, be the main driving force for future
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m onitoring in the North Sea. A ctually, O SPA R has already studied the com patibility  o f  its 

own m onitoring program m e and that o f  the W FD. It also has recently  decided that it 

w ould like to  let the EU take the lead in future decisions on prioritisation o f  hazardous 

substances [22], Furtherm ore, the S tockholm  U N EP-PO P C onvention is a global 

convention and com m itm ents m ade in this fram ew ork supersede all regional obligations. 

This m eans that the agreed, and adm ittedly, list o f  tw elve PO Ps (cf. Table 1.2) should 

becom e part o f  all national and regional surveys -  or that, at the very  least, inform ation 

should be gathered concerning their presence in the environm ent.

In Table 1.3 w e have tried to  sum m arise the above by indicating w hich O M Ps will 

probably be im portant for future m onitoring o f  the North Sea area. O ur selection is 

prim arily based on the W FD list but in contrast to the conclusions o f  the W FD , som e 

additional O SPA R priority  substances and the 'o ld ' organochlorines are still included in 

ou r list, partly because they are on the U N EP-PO P list but also because o f  their 

environm ental relevance. For m ost groups o f  com pounds in this category, it still has to be 

decided w hich congeners or isom ers will have to be m onitored. A lthough several lists o f  

congeners are currently  accepted , they m ay need to be revised. For instance, w e have 

already m entioned that the selection o f  CB congeners is lim ited to a num ber o f  key C B s 

such as the ‘ICES seven’, w hile the highly  toxic p lanar C Bs (non-ortho an m ono-ortho 

C B s) are not included in m ost instances (cf. Section 1.4). It seem s recom m endable that 

these congeners should becom e part o f  future m onitoring activities as is already  the case 

fo r the A rctic M onitoring and A ssessm ent Program m e (A M A P; see Section 1.2). A 

sim ilar decision should be taken for the C C D /Fs -  w ith the seventeen 2 ,3,7,8-substituted 

congeners being an obvious choice -  and the PA Hs, w here the sixteen EPA priority  PA H s 

are a good candidate set. M ore problem s w ill no doubt be encountered w ith the PCNs and 

PBDEs. A nalysis o f  these less exhaustively studied com pound classes does not appear to 

be particularly  difficult, but, until very recently , a lack o f  standards o f  the individual 

congeners and, more im portantly, the paucity o f  PTB data prevents m aking a well- 

founded choice. Toxaphene and the SC CPs -  both com prising  m any thousands o f  

congeners and isom ers -  require still m ore attention. In this case, adequate separation 

has, so far, met with dram atic problem s (see Section 1.5.2),
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As a consequence, the synthesis o f  properly selected congeners and an in-depth study o f  

PTB characteristics is still in its infancy.

Front Table 1.1 in Section 1,1 and the discussion on m onitoring program m es in Section

1.2 it is clear that a substantial num ber o f  the (groups of) com pounds included in Table

1.3 are currently  not being m onitored routinely in the m arine environm ent. H ow ever, this 

should not be taken to im ply that suitable analytical m ethods have not been reported 

and/or that no survey-type inform ation on these com pounds is available at ali. As for the 

form er aspect, w hich will be discussed in som e m ore detail in Section 1.5.2, the right- 

hand side colum n o f  Table 1.3 clearly  indicates that the num ber o f  problem s is lim ited. As 

regards the latter topic, there have been several prom ising, but rather short-term  studies 

conducted by specialized laboratories, for exam ple on m usk xylenes [99,100], on V OCs 

[95.101,102] and also on em erging pollutants such as tri-(4-chlorophenyl)-m ethanol and 

tri-(4-chlorophenyl)-m ethane in flatfish [103], The results o f  such a survey on V O C s in 

eel [101] has prom pted the Flem ish governm ent to consider inclusion o f  these com pounds 

in its eel-m onitoring program m e next to heavy m etals and CBs.

As for the list o f  m atrices included in T able 1.3, our preference is based on both 

experim ental evidence taken form the literature and, m ore sim ply, the generally  observed 

accum ulation o f  hydrophobic com pounds in sedim ent (and biota). H ere it is also o f  som e 

interest to  note that the W FD is currently  in the process o f  proposing the w ater colum n as 

the m ost appropriate m atrix for its list. This is m ainly because environm ental quality 

criteria (based on toxicological tests) are m ostly  available for the w ater phase and cannot 

be converted directly  to  sedim ent o r biota. H ow ever, to  ou r opinion this is not a  fortunate 

choice in view  o f  the m any apolar com pounds listed in T able 1.3. M arine scientists have 

am ply dem onstrated that sedim ents and biota are much m ore suitable sam ple types for 

such analytes, w hile w ater is a proper m atrix  for m ore polar com pounds such as, e.g., the 

'new '’ pesticides, w hich are indeed frequently detected in coastal and estuarine waters.

1.5.2. A nalytical procedures

The analytical strategy generally  used to arrive at the desired outcom e, the concentration 

data o f  the target analytes, is briefly  sketched in Figure 1.9. The sam pling process itse lf is 

not included in the flow  chart. Suffices it to  say  that sam pling at sea is a very  expensive
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and labour-intensive affair w ith, frequently, a substantial reduction  o f  the num ber o f  

sam ples actually  collected com pared w ith that initially  intended, ow ing to bad-w eather 

conditions in the sam pling area and /o r technical difficulties during the cam paign. To 

quote an exam ple, an estim ated 9%  o f  the intended data w ere not received for the Belgian 

sedim ent m onitoring program m e in the N orth  Sea in the period 1990-2003, because o f  the 

conditions at sea, but v irtually  none due to errors m ade during the actual analysis in the 

laboratory.

Sample preparation. As far as w ater sam ples are considered -  and, consequently , the 

m ore polar analytes o f  T able 1.3 such as the m odern pesticides and the N P/N PEO s - 

liquid-liquid extraction (L L E) and solid-phase extraction (SPE) are essentially  the only 

techniques in use. R ather large sam ple volum es of, typically , 5-20 I are co llected  and 

analyte extraction is done on board the ship to  m inim ize analy te degradation  and to 

facilitate transport. D etailed inform ation on a few selected procedures is presented in 

Table 1.4, taken from an extensive recent study by Steen [104]. O ne im portant aspect is 

that on-line filtration and extraction o f  the target analytes from  river and estuarine 

sam ples w ith high suspended-particulate-m atter concentrations and DOC contents may 

well take ten tim es as long as from  relatively  c lea r m arine w aters. T his should be kept in 

m ind especially  w hen consulting  one or m ore recent review s on sam ple preparation o f  

aqueous sam ples for subsequent analysis by G C -M S (off-line and on-line) o r LC-M S 

(usually  on-line): their focus generally  is surface and groundw ater rather than w ater from 

estuaries o r the open sea [113-116], O ne should also  consider that the lim its o f  detection 

(LO D s) that have to be achieved for the m arine environm ent, are m uch low er -  i.e. 1-5 

ng/1 -  than the, typically about 100 ng /1, values quoted in such review s.

The analysis o f  biota and sedim ents requires the use o f  extraction  techniques w hich allow  

the release o f  the analytes from  the m atrix. Soxhlet extraction -  inclusive o f  such 

m odifications as hot Soxhlet extraction, the use o f  binary  non-polar/polar solvent 

m ixtures and sem i-autom ated Soxtec is still the benchm ark and is m ost com m only used 

fo r the extraction o f  v irtually  all (c lasses of) analytes in T able 1.3, even for em erging 

contam inants such as the PBDEs [63,116,117], H ow ever, there have been num erous 

attem pts to find alternative procedures w hich are less tim e-consum ing, use less solvent 

and/or enable m iniaturisation. A m ongst these novel approaches are pressurized liquid 

extraction  (PLE) and related subcritical w ater extraction (SW E), m icrow ave-assisted
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extraction (M A E ), m atrix solid-phase d ispersion (M SPD ) and ultrasound ex traction  (US). 

Supercritical fluid extraction (SFE), an o lder and frequently less appreciated technique, 

should be added to this list because o f  its fat-rem oval potential.

Sampling at sea

Water Sediment Biota

• Filtration 
. Acidification

Sample pretreatment

• Sieving
• Freeze-drying
• Hom ogenisation

• D issection
• Freeze-drying
• Hom ogenisation

E xtraction
LLE
SPE

.  S o x h le t  

.  PLE  

.  MAE 

.  SFE  

.  P&T
.  P&

Clean-up
A dsorption c h ro m a to g ra p h y
S P E
G PC

Instrumental analysis

LC GC

Other LC-MS GC-MS Other
i FLU .  TOF-MS 

.  ITMS/MS 

.  MS/M S

.  M S/M S/M S

, TOF-MS  
. ITMS/MS 
. NCI MS

, ECD  
, GCxGC

Target com pounds
•  M odern/ p o lar  p e s t ic id e s
•  A lkyl p h e n o ls /e th o x y la te s  
.  PAHs
.  TBBP-A  
.  HBCD

.  P C B s  

.  PC D D /Fs  

.  PA H s 

.  P B D E s  

.  O C P s  

.  V O C s

F igur I' 1.9: Analyte strategies for the determination o f  organic micro-contaminants in the 

main marine environmental matrices, water, sediment and biota.
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Table 1.4: Examples o fla rg e  volume extraction methods for the determination o f  pesticides in river and marine

waters from Steen [104].

Compounds W ater sample Sample 
\o lu m e (1)

Extraction teclini(|uc, 
solvent and/or sorbent

Analysis LOD
(ng/1)

Ref.

Acidic compounds river 20 GLSE*; DCM GC-M SD 1-10 [105]

Model substances sea IO SPE; 2 g SDB-1" GC-ITDM S 0.1-0.7 [106]

including pesticides

Triazines, OPPs‘, river/estuarine IO SPE: stacked cartridges GC-MS 0.5-3 [107]

acetanilides 2 -4 g G C B ‘‘ or IO g C IS

Triazines, OPPs, marsh 10 SPE; 90 mm C IS  disks GC-MS 0.05-2 [IOS]

acetanilides, OCPs

Triazines sea 5 SPE; 47 mm CIS disks G C -N PD or 

GC-M S (SIM )

0.02 [109]

Triazines river/estuarine 5 LLE; DCM GC-MS 0.1 [110]

Acidic herbicides, estuarine 5 SPE; 47 mm SDB disks LC-DAD UV 50-100 [ III]

bentazone

Triazines, OPPs, river and 4 SPE; 47 mm C IS  disks LC-DAD UV 10-20 [112]

acetanilides, TPs' simulated sea

"GLSE = Goulden large-sample extractor; on-line filtration-extraction with styrene-divinylbenzene copolymer 

(SDB); 'O PPs = organophosphorus pesticides; dGCB = graphitised black carbon; 'T P s = transformation products.

Due to the low  selectivity  o f  m ost o f  the quoted techniques, the crude extracts usually 

contain  a large num ber o f  interfering com pounds -  frequently in relatively large am ounts 

-  and further clean-up and/or fractionation is required. C onventional and well 

docum ented procedures are solid-liquid  adsorption in open colum ns packed w ith, e.g., 

Florisil, silica o r alum ina and off-line o r on-line SPE on a variety  o f  bonded silicas o r gel 

perm eation chrom atography. Specifically  w hen ultra-trace analysis a t the low ng/kg level 

has to  be perform ed -  as, e .g ., in the case o f  p lanar C B s and the priority  C D D /Fs 

carefully  optim ised m ultistep procedures have to  be applied [63,117-120].

To illustrate the general interest in introducing the novel techniques, a series o f  selected 

applications is sum m arised in Table 1.5. T here is, to  our opinion, little doubt that the 

m odem  extraction techniques will at least partly  replace the traditional m ethods, because 

they enable som e o f  the dem ands m entioned above, to be fulfilled. H ow ever, a  variety o f  

techniques and different sets o f  optim um  conditions w ill alw ays be needed, because o f  the 

highly divergent analyte/m atrix  com binations that have to be considered. C onsequently ,
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there is little need to discuss the quoted, o r o ther sim ilar, exam ples in detail: it is the 

general trend in sam ple preparation that requires our attention. Even so, it is w orthw hile 

to  stress a few aspects o f  interest.

From am ong the techniques m entioned, PLE has -  so far -  been m ost successful, even 

though care has to  be taken that no decom position o f  therm olabile com pounds occurs 

during extraction, Interesting m odifications include in-cell clean-up o f  sam ples by 

blending them  w ith, e.g., F lorisil, alum ina or a chem ical used for extract purification in 

classical procedures [ 121], and the use o f  a sm all carbon colum n in the extraction cell, 

w hich selectively  adsorbs d ioxin-like com pounds (subsequently  isolated by back-flushing 

w ith to luene) [122]. PLE and M AE have the shared advantage over SFE that they are 

m atrix-independent, w hich facilitates m ethod developm ent. SW E essentially  is a PLE- 

type procedure w ith w ater as the extraction solvent. In contrast to  PLE, pressure has no 

e ffect and only the tem perature has to  be optim ised. A dm ittedly, SW E causes extracts to 

be rather diluted but, as w ater is the solvent, (on-line) com bination w ith SPE, LC and/or 

SPM E opens interesting perspectives [121]. Recent years have seen an increased use o f 

ultrasound-based techniques for analyte isolation from solid sam ples. W ith m ost 

applications, extraction efficiency is fu lly  satisfactory, and sonication tim e often is 30 min 

o r less. V olatile and/or therm olabile com pounds can be handled since high tem peratures 

are not used [123],

As far as sam ple preparation is concerned, V O C s are the only  group o f  com pounds in 

T able 1.3 that require a to tally  d ifferent approach. For these com pounds extraction is 

invariably based on their high volatility  and is, therefore, m atrix independent. D ynam ic 

headspace techniques, usually  called  purge-and-trap (P& T), have em erged as the leading 

technique for m arine sam ples [102], O ther techniques such as static headspace, solid- 

phase m icroextraction (SPM E) and m em brane inlet m ass spectrom etry (M IM S) can also 

be applied, but because o f  the low  V OC concentrations (ng/kg range) in m arine sam ples, 

LODs obtained w hen using these m ethods are generally  no t satisfactory. P&T has proven 

to be an exhaustive and reliable technique. U nfortunately, it is also labour-intensive and 

requires rather com plex instrum entation [95,102,151]. H ow ever, if  sam ple volum es can 

be kept sm all (<200 m l), partial autom ation o f  the procedure is possible. No clean-up is 

required and the P& T device can be coupled directly  to  the G C-M S.
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Table 1.5: Selected applications o f  novel extraction procedures for OM Ps in solid matrices.*’**

Compounds Matrix Pre-treatment Clean-up Analysis Ref.

PLE ¡I21,124,125,126/

PAHs mussel freeze-dry GPC GC-MS [127]

PAHs sediment air dry, sieve GC-MS [128]

4-NP sediment freeze-dry, grind, sieve AljOi LVI-GC-MS [129]

PCBs, OCPs fish (CRM) N a2S 0 4 GPC GC-MS [127]

SCCPs fish muscle Na2SO„ GPC, Florisil GC-ECN1-MS [130]

NP/NPEOs marine sediment SPE LC-ESI-MS [131]

PFOS sewage sludge freeze-dry oxidative digestion. LC-MS and -MS/MS [132]

SWE 11211

PAHs marine sediment dry, homogenise

SPE

In-cell SPE GC-MS [133]

PCBs sediment dry, sieve SPME GC-ECD [134]

BFRs sediment dry, homogenize, sieve On line Tenax LVI-GC-ECD [135]

MAE ¡1361

PBDE marine mammals GPC, S i0 2 GC-MS [137]

PCBs, HCHs, DDTs, fish tissue freeze-dry GPC GC-MS [138]

toxaphene

Trichlorobenzenes fish tissue homogenise AI2O j, SiO; , Na2S 0 4 GC-ECD [139]

US 11231

Phthalates

NP/NPEOs

river sediment 

estuarine sediment drying RP-LC

GC-MS

LC-ESI-MS

[140]

[141]

PAHs sewage sludge [142]

SEE 1124,143/

PBDE sediment drying, mixing and Cu GC-MS [144]

PCBs harbour sediment Na2S 0 4 and Cu GC-M S [145]

PCBs, DDTs

(CRM) 

fish muscle freeze-dry GC-M S [146]

NP/NPEO mussels, sediment S i0 2 GC-MS [147]

MSPD*** 1148/

pharmaceuticals, river sediment SPE LC-ESI-and APCI- [149]

NP/NPEOs fish tissue homogenise

MS/MS

LC-FLU [150]

* Step in-between pre-treatment and clean-up; ** For recent reviews, one is referred to the references added to the 
sub-headings; ***MSPD =  matrix solid-phase dispersion.
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T he only serious interference is caused by the considerable am ounts o f  w ater vapour 

generated during purging. This is particularly  so for solid sam ples such as biota and 

sedim ent, w here elevated tem peratures (o f up to 70°C ) are required to force the V O C s out 

o f  the sam ple. O n-line w ater rem oval via a cold  trap then has to  be included. U nder these 

conditions, foam ing is regularly  observed for biota sam ples. This draw back can. how ever, 

easily be solved by add ing  som e n-octanol to the sam ple ( 152).

Instrumental analysis. A lthough it m ay com e as som ething o f  a surprise, there is little 

doubt that, fo r p riority  hazardous substances such as are considered in Tables 1.2 and 1.3, 

G C -based analytical procedures w ill rem ain predom inant in years to com e. A fter all, m ost 

priority com pounds have been selected on the basis o f  their PTB properties and are low- 

polarity  com pounds w hich are ideally suited for analysis by m eans o f  G C -M S. O ne 

exam ple w as already m entioned above, viz. on-line and autom ated P& T-G C -M S o f  

som etim es up to  30-50 V O C s in sedim ent and biota [95,153,154]. G C-M S is, o f  course, 

also the preferred separation technique for the 'o ld ' organochlorines as w ell as m ost 

‘new ’ organohalogens. H ow ever, here the overall picture becom es som ew hat m ore 

com plicated. O n the one hand, detection for screening purposes of, specifically , CI- 

containing target analytes, still is m ost conveniently  done with an electron-capture 

detector (G C -EC D ). For identification and confirm ation, next to conventional G C -M S, 

the use o f  ion-trap w ith its M S2 option -  i.e., increased selectiv ity  -  is receiving increased 

attention. GC-1TM S is a  less expensive alternative to high-resolution m ass spectrom etry 

(H R M S), w hich is com m only used to determ ine PC D D /Fs [155]. For the rest, GC-NC1- 

M S is a highly rew arding technique for organobrom ine com pounds, toxaphene and 

organochlorines that contain more that five chlorine atom s. O n the o ther hand, there are 

also several separation problem s -  som etim es prim arily related to obtaining adequate 

resolution betw een analytes and matrix constituents, and som etim es to  satisfactorily  

separating the analy tes contained in a priority  ‘group o f  substances' from  each other. T his 

aspect is briefly  discussed in the next paragraphs.

Recent years have w itnessed the em ergence o f  so-called com prehensive tw o-dim ensional 

gas chrom atography (G C xG C ) -  a technique that can be used to  considerably  im prove 

analyte/m atrix  as well as analyte/analyte separation. Briefly, a non-polar x (sem i-)polar 

colum n com bination is used, with a conventional 25-30 m long first-dim ension, and a 

short, 0.5-1 m long, second-dim ension colum n. The colum ns are connected  via an
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interface called a m odulator. The latter device serves to  trap, and focus, each subsequent 

sm all effluent fraction from the first-dim ension colum n and, then, to  launch it into the 

second colum n. In order to m aintain  the integrity  o f  the first-colum n separation, every 

peak should be m odulated as 3-4 fractions. C onsequently , the second-dim ension 

separation has to be a very rapid -  and therefore, essentially  isotherm al process w ith a 

duration of, typically , 3-6 sec. T he main advantages o f  the com prehensive approach are 

that the entire sam ple (and not one or a few heart-euts, as in conventional 

m ultidim ensional GC [156]) is subjected to  a com pletely  d ifferent separation, that the 

tw o-dim ensional separation does not take any m ore time than the first-dim ension run, and 

that the re-focusing in the m odulator helps to increase analy te detectability . A most 

interesting additional benefit is that structurally  related com pounds -  such as, e.g., PCB or 

PC D D /F congeners w ith the sam e num ber o f  Cl substituents -  show up as so-called 

ordered structures in the tw o-dim ensional G CxG C  plane. A variety  o f  published papers 

has show n that this is a pow erful tool for the prelim inary identification o f  unknow ns 

[156]. The very rapid second-dim ension separation requires the use o f  detectors with 

sufficiently  high data acquisition rates. Initially, only flam e ionisation detectors could 

m eet this requirem ent. H ow ever, today there is also a m icro-E C D  on the m arket w hich is 

w idely used for G C xG C -pE C D  o f  halogenated com pound classes. Even more 

im portantly , analyte identification can be perform ed by using a tim e-of-fiighl mass 

spectrom eter [157,158] or -  w ith a m odest loss o f  perform ance, but at a much low er 

price -  one o f  the very recently introduced rapid-scanning quadrupole m ass spectrom eters 

[159,160],

M ost studies on ordered structures in the field o f  organohalogen m icro-contam inants deal 

w ith PC Bs and (priority) PC D D /Fs [161-163]. O ne interesting observation  is that, next to 

an ordering on the basis o f  the num ber o f  substituents, there is also -  w ith in  each scries o f  

PCB congeners -  an ordering due to the substitution pattern, w'ith the non- and m ono­

ortho congeners, i.e. the m ost toxic ones, ending at the top o f  the various lines. This 

provides a better separation from o ther analytes and facilitates their recognition. Very 

recently . G C xG C  has helped to dem onstrate the huge problem s still existing in the field o f  

toxaphene and SC CP analysis, already referred to in Section 1.4.3. Partial unravelling o f  

the com position o f  toxaphene -  a technical m ixture of, prim arily, polychlorinated 

bom enes, but also bom anes, cam phenes and cam phanes, has for the first tim e 

unequivocally  dem onstrated the presence o f  series o f  penta- to  undeca-substitu ted
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congeners, w ith  a  total num ber o f  individual constituents o f  over 1,000 [164]. A typical 

G C xG C  chrom atogram  is show n in Figure 1.10 [164].

7C I 8C I6 09 9CI
I0CI3

5C I7 no
e
s
4
3
J
1

0
30 35 4 0 45 50 55 60 65 70 75 80

1“  d im en sio n  re tention  tim e (m in)

Figure 1.10: G CxG C-TO F-M S total ion chromatogram (mlz 45-550) o f  technical toxaphene, The
polygons indicate the congener groups.

A n even m ore com plex situation is encountered w ith the SCCPs. O n-going studies [164a] 

show  that w hat is usually  an essentially  unresolved large hum p in one-dim ensional G C, 

now  fans out into a large num ber o f  substructures. In this case, there is the additional 

com plication that ordering occurs on the basis o f  both the num ber o f  chlorine substituents 

and the carbon skeleton length. In o ther w ords, w hilst indicating that com prehensive 

separation techniques are dem anded to  solve analytical problem s as outlined here, the 

exam ple also show s that m ore effort w ill be required to arrive at a  satisfactory solution, 

viz. the targeted analyses o f  the m ost toxic (groups of) congeners and isom ers in such 

m ixtures.

For most o f  the o ther (groups of) substances included in T able 1.3, there is less need to  go 

into much detail. For exam ple, as regards the m ajority  o f  the m odem  pesticides, the 

phthalate esters and PA H s -  w hich w ill also preferably be determ ined by m eans o f  GC- 

based procedures -  am ple ultra-trace level expertise is available from  surface, w aste- and 

estuarine w ater studies. L im iting ourselves fo r the sake o f  convenience to  the pesticides, 

quite a num ber o f  papers show that these com pounds have been detected down to ca. 1 

ng/1 concentrations in w ater form  rivers and estuaries. LLE (off-line) and SPE (on-line 

and otT-line) com bined w ith G C-M S or m ore pow erful G S-M S2 are all suitable techniques
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and sam ple volum es can often be lim ited to  10-200 ml. A typical advantage o f  these 

analytical procedures and this is also true for m ost o f  the LC-M S m ethods quoted below 

-  is that they have been designed as m ultiresidue approaches. That is, i f  in  the near future 

one or m ore related substances w ill have to be added to  the list, no further method 

developm ent w ill be required, but only som e (M S) param eter adjustm ent.

Today, the role o f  LC -  actually , alm ost exclusively  reversed-phase LC -  for m onitoring 

and quantify ing priority hazardous substances still is fairly m odest, but rapidly becom ing 

m ore im portant. O ne rather exceptional exam ple is PAH analysis, w here LC provides a 

m ore satisfactory overall separation o f  the target analytes than does G C. A n additional 

benefit is that LC-FLU  (fluorescence detection) is a highly sensitive and selective m ethod 

o f  analysis for essentially  all priority PAHs. W ith BFRs such as TBB P-A  and HBCD, 

LC-M S is the preferred approach because the analytes o f  interest easily degrade in GC 

system s -  m ainly  due to interaction w ith liners o r colum n w alls. In addition, GC cannot 

separate the three d iastereom ers o f  HBCD, w hile th is is easily  accom plished on a  Cia LC- 

colum n w ith a  m ethanol/w ater gradient [165]. U nfortunately, there is an about 1000-fold 

loss o f  detectability  com pared to G C -M S. A t present, the m ethod is therefore suitable 

only for highly polluted sam ples such as fatty fish and sedim ents; for o ther applications, 

suitable trace-enrichm ent procedures will have to be applied. Further, from  am ongst the 

m odem  pesticides, phenylureas such as diuron and isoproturon have to be subjected to 

LC-M S or LS-M S/M S analysis because o f  the ir poor therm al stability  and the 

unsatisfactory  nature o f  m ost derivatisation  procedures. Fortunately, published m ethods 

for these pesticides as well as acetanilides, w hich use SPE com bined w ith LC-ESI- 

M S/M S, yield fully satisfactory LODs o f  0.2-2 ng/1 [104],

From  am ong the fluorinated organic m icro-contam inants, notably surfactants, PFO S is 

a ttracting  m ost attention from environm ental scientists. Initially, fluorinated surfactants 

w ere analysed by m eans o f  G C -M S after derivatisation. Today, d irect analysis by m eans 

o f  L C -M S/M S in the ESI m ode is preferred [132,166], The m ethod has been used 

successfully , dow n to the low -ng/g level, for biota, sedim ent and w ater sam ples. In 

seaw ater, PFO S and several related contam inants have even been determ ined dow n to the 

low pg/1 level [167], For ano ther class o f  com pounds, the alkylphenols and alkylphenol 

e thoxylates (O P, N P/N PEO s) a rather sim ilar situation is encountered. E arlier G C -M S 

procedures required derivatisation for all but the most volatile  target analytes (and, then.
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adm ittedly , som etim es yield isom er separations not found in LC [117]), and are now  

being superseded by  LC-ESI-M S and -M S/M S w hich enable the direct determ ination o f  

all analytes o f  interest. In this case both norm al-phase and reversed-phase LC are used: 

the form er technique allow s the separation o f  the N PEO s according to  the num ber o f  

e thylene oxide units, w hilst the latter aim s to d istinguish  the hydrophobic m oieties (alkyl 

hom ologue separation [117,168], An interesting discussion o f  the huge polarity 

d ifferences o f  the various types o f  analytes in the alkylphenol (ethoxylate) c lasses and the 

consequences for the preferred m ode o f  MS detection (ESI vs\ A PCI; positive vs. negative 

ion m ode) is presented by R eem tsm a [169,170], A s w ith the m odem  pesticides (cf. 

above), w ith  the quoted m ultiresidue m ethods structurally  related com pounds can be 

added to  the list w ithout a need for further m ethod developm ent. Specifically  w ith the 

‘em erging po llu tan ts’ discussed here, this is a m ajor advantage.

140 

120 

100 

80
?
>o

60 

40 

20 

0
1962 1984 1986 1908 1990 1992 1994 1996 1998 2000 2002 2004

Year

Figure 1.11: Plots o f  betw een-laboratory  coefficients o f  variation (C V s) plotted against tim e fo r the 

determ ination o f  C B  153, DDE and lindane in various intercom parison exercises (de Boer and Law, 2003).

1.5.3. Q uality  A ssurance

The quality  assurance o f  analytical m easurem ents is, today, receiving increasing attention 

and w ill continue to be a m ost im portant aspect in the future. To quote an exam ple, a few 

years ago -  i.e. during the 1998 O SPA R assessm ent o f  trends in the concentrations o f
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som e m etals, PA H s and o ther organic m icro-contam inants in the tissue o f  various fish 

species and m ussels -  som e 30%  o f  the data had to  be rejected because o f  a lack of, o r the 

insufficiency of, the quality  assurance (Q A ) inform ation [43], Fortunately, m ost m arine 

laboratories now adays are routinely looking at procedural blanks, analysing reference 

m aterials and participating in intercom parison exercises. H ow ever, this does not 

invariably m ean that the analytical perform ance o f  those laboratories has increased as 

m uch as one w ould expect in the past decade. On the o ther hand, the increased attention 

to  QA does im ply that the analytical perform ance is under control and scientists can, 

consequently , identify problem s and quantify  the perform ance. R ecently , de Hoer and 

Law [63] review ed the analytical perform ance o f  laboratories for selected 

organochlorines and PA H s in  the QUAS1M EM E Laboratory Perform ance schem e (LPS) 

and o ther intercom parison exercises. In th is case, the im provem ent in analytical 

perform ance expected because o f  the evolution o f  the various analytical techniques could 

not really  be observed. T his is illustrated in Figure 1.11 w here th e  betw een-laboratory  

coefficient o f  variation (C V ) is p lo tted  against tim e for som e typical O M Ps. Even for a 

w ell-know n com pound such as C B  153, the analytical perform ance has not greatly 

im proved in the last decade and the situation is even w orse fo r lindane. As is w ell-know n, 

there is an inverse relation betw een the concentration o f  the analytes and the CVs. de 

B oer and Law [63] therefore attributed the lack  o f  im provem ent to  a general decrease in 

the concentrations o f  m icro-contam inants in the environm ent and, consequently , in the 

test sam ples. H ow ever, the question is if  concentrations have changed all that m uch in the 

recent past. [To our opinion this is not so, as indicated by e.g. data on CB levels in cod, 

flounder, m ussel and shrim p for the period 1983-1993 [171] and in cod liver from  the 

N orth Sea [172]] The authors also stated that, in the past, test sam ples w ere often not 

representative as they had too high concentrations and w ere therefore  less difficult to 

analyse. For instance, in tercom parison exercises for C Bs in biota w ere often run using 

fish oils that had much higher CB concentrations than fish tissue and are easier to  process 

prio r to analysis. This is a m ore valid argum ent because the Q U A SIM EM  E LPS has 

sw itched lo real tissue sam ples in recent years. For lindane this is indeed m ost probably 

the m ajor factor contributing  to  the lack o f  im provem ent. The au thors also m ention that 

im proved statistical m ethods, w hich reduce the effect o f  outliers such as the recently 

developed C ofino statistics [173], m ay im prove the picture. O n the o ther hand, since 

m arine scientists w ill continually  be confronted w ith  ever-sm aller analyte concentrations.
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the Q A  requirem ents for m any com pounds included in Table 1.3, w ill certainly becom e 

m ore dem anding.

1.5.4. E nvironm ental variability

In addition to  w hat has been said above about challenges in term s o f  sam ple treatm ent, 

instrum ental analysis and m ethod perform ance, there is one o ther item o f  in terest that is, 

possibly, even m ore im portant. Future program m es w ill have to  consider the 

interconnection betw een the frequency o f  sam pling, the spatial distribution o f  sam pling 

stations and the pow er o f  a program m e to detect, often sm all, changes o f  concentrations -  

i.e. trends -  in tim e and space. Specialized O SPA R , ICES and EU w orking groups are 

currently  d iscussing these types o f  questions, bu t clear advice on e.g. the desired  degree 

o f  spatial and tem poral d istribution  is still not available. Yet, such inform ation is 

extrem ely im portant. For instance, trend detection program m es in O SPA R  -  and therefore 

also the statistics -  are based on an annual sam pling program m e for a g iven region 

[174,175], N icholson et al. [176] studied the effect o f  both environm ental and analytical 

variability  on the possibility  to  detec t trends o f  contam inants in m arine m atrices. They 

estim ated the perform ance o f  a tem poral trend program m e by calculating  the detectable 

trend, i.e. the log-linear trend that w ould be detected after 10 years w ith a pow er o f  90%  

using a test at the 5%  significance level. [To quote an exam ple, over a 10-year period a 

detectable trend o f  10% corresponds w ith an increase o f  146% or a decrease o f  60% .] 

T his is illustrated in Table 1.6 for w hat can  be called low, m edium  and high 

environm ental variability. The environm ental variabilities in T able 1.6 w ere based on 

actual field data on m ercury in fish liver for the O SPA R  area and include the natural 

variability  as well as variabilities caused by e.g. the sam pling program m es them selves.

Table 1.6: Trend detectability for varying degrees o f  analytical and environmental variability
(Nicholson et at.. 2001 ).

Environmental variability Detectable trend (% ) for analytical RSDs of:

Group RSD (%) 0% 12.5% 25%

Low 9.7 3.9 6.5 11.2

Medium 26.2 11 12 15

High 52.4 21 22 24
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The authors concluded that i f  the level o f  environm ental variability  is high, trend 

detection is poor regardless o f  the level o f  analytical variability. It is instructive to see that 

w hilst im provem ent o f  the analytical perform ance has a significant effect on trend 

detectability  at low environm ental variability , there is essentially  no effect in the m edium - 

to-high range. The m edium  environm ental variability  calculated  here equals the m edian 

o f  that o f  the m ercury data set in the O SPA R  database and it is safe to  assum e that very 

sim ilar values will be obtained for m ost areas and contam inants. Indeed, sim ilar 

variabilities w ere already calculated  by de B oer and B rinkm an [177] and could also be 

calculated  in our w ork on B elgian m onitoring data. As a result, one m ay w ell conclude 

that -  even w ith excellent analytical perform ance characteristics -  it w ill be d ifficu lt to 

detect trends o f  less than 10-15%  o v e ra  10-year period.
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F ig u re  1.12: D etectable annual trend (indicated  in bold) fo r the tim e series o f  C B  153 and fluoranthenc in organism s 
(various fish species and m ussels, respectively) from the O SPA R  area, ca lcula ted  for a 10-year dataset [178].

It is in teresting to com pare the above calculations w ith a very recent assessm ent by 

O SPA R  o f  the data from its C EM P program m e (c f  Section 1.2) for tem poral trends and 

spatial d istribution in o rganism s and sedim ents from the O SPA R  area [178], Tw o 

illustrative results are show n in Figure 1.9, viz. for CB 153 in biota and for fluoranthene 

in m ussels; they are based on a 10-year m onitoring study. In both instances, the outcom e 

is seen to agree satisfactorily  w ith the calculations, w ith the percentages o f  ca. 60%  (less 

than 15%/year) and ca. 40%  (less than 10% /year) for both analytes actually  being 

som ew hat better than expected. Since w e know  that the perform ance o f  the analytical 

procedures has not im proved spectacularly  in the recent past [63], one tentative
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conclusion m ight be that the environm ental variability  was ‘low ’ in a large part o f  the 

sam pling area.
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F ig u re  1.13: D electable annual trend fo r the tim e series o f  iluoranthene in sedim ent; (A ) not norm alised; (B) 
normalised! for C ^ ;  (C ) norm alised fo r and FS all calculated for a 10-year dataset.

For the rest, there clearly  is a  need to study the environm ental variability  in m ore detail. 

From  the literature [171,172,179] it is well know n that cofactors such as age, sex, fat 

content, grain-size d istribution, organic m atter content, seasonal variations and /or local 

situations can all contribute to the total variability. In this context, it is slightly  surprising 

that there is, in Figure 1.12, so little difference betw een the data for CB 153, w here data 

from d ifferent organism s w ere com bined as ‘b io ta ’ and for the much m ore targeted study 

on fluoranthene, w hich w as essentially  for m ussels only. O n the o ther hand, the beneficial 

influence o f  norm alisation w as clearly  observed in the sam e O SPA R -C E M P assessm ent 

for, e.g., fluoranthene in sedim ents (F igure 1.13). Figure 13A show s that, as w ith  the 

organism s, about 40%  o f  the tim e series allow s trends o f  less than 10% to be detected 

(again, a som ew hat better results than expected on the basis o f  the data o f  T able 1.6).

Detectable Irend (%] 
24
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H ow ever, i f  the tim e series w ere norm alised for the organic carbon content, C Drg, and/or 

the fine fraction (FS) — i.e. the fraction <63 pm  isolated by sieving -  the figures increased 

considerably, viz. to ca. 55%  (F igure 1.13 B and C). W ith the com bined Co^ + FS 

norm alisation, an annual trend o f  15% or less can even be detected in three quarters o f  all 

tim e series. To the best o f  our know ledge this is the first tim e that environm ental 

scientists have been confronted with sufficiently long and Q A -assured tim e series 

collected over a w ide area and in an international setting w hich offer the possibility  to 

study the environm ental variability  and the effect o f  norm alisation in som e detail [178], 

C onsequently , publication o f  the detailed report o f  the O SPA R  assessm ent is eagerly 

aw aited.
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1.5.5. In sum m ary

-  T oday there is a large -  and to the outsider som etim es bew ildering -  num ber o f  

international organizations, national, international, regional and som etim es global 

m onitoring program m es, and increasing activity  aim ed at cooperation and quality 

assessm ent, w hich all deal with the study (prim arily the m onitoring) o f  O M Ps in the 

m arine environm ent. There is a tendency to move tow ards m utually supporting 

program m es, but im plem entation o f  this concept is still in its infancy.

-  G enerally  speaking, the (g roups of) com pounds considered priority hazardous 

substances in m ost program m es are the ‘o ld ’ organochlorines, the PA H s and several 

m etals and their com pounds. [For the organic pollutants, this em phasis can no doubt 

be explained on the basis o f  their adverse PTB characteristics.] In other w ords, long­

term inform ation is lim ited to these groups. Fortunately, in recent years new  and 

extended lists o f  O M Ps have been published, w ith new ly em erging organohalogens, 

a lim ited num ber o f  m odern pesticides, V O C s, a lkylphenols and alkylphenol 

ethoxylates, SC C Ps and PFOS getting  a more prom inent place. A n attem pt at 

‘harm onising’ several o f  such lists to arrive at a tentative O SPA R /N orth Sea area 

priority  list is included in this review (cf. T able 1.3).

-  A s regards the trace-level determ ination o f  the various groups o f  target com pounds 

in w ater, sedim ent and/or biota, a rapid search o f  the literature reveals that the 

num ber o f  pressing problem s is lim ited. Still, several aspects should be em phasized. 

W hile the pre-treatm ent o f  aqueous sam ples is essentially  standardized (SPE or LLE 

approaches), there is m uch innovation in the field o f  solid-sam ple analysis (cf. Table 

1.5) and further work in this area is recom m ended. Instrum ental analysis is 

essentially  lim ited to  G C-M S (w ith G C-EC D  as a  robust alternative for screening o f  

organohalogens) and LC-M S techniques. Specifically  the rapid progress in the field 

o f  M S-based detection -  as m anifest from  the increasing use o f  ion-trap, triple- 

quadrupole and tim e-of-flight M S — has helped to so lve m any analytical problem s. 

W hat w ill require special attention, next to the ultra-trace-level determ ination o f  the 

priority  ortho- and m ono-ortho C Bs and CD D /Fs, is the analysis o f  toxaphene (a 

m ixture contain ing at least 1,000 individual congeners and isom ers) and the SCCPs. 

In both substances, no know n GC technique provides the required resolution and 

com prehensive G C xG C -T O F-M S w ill have to  be used to arrive at som ething close 

to a satisfactory  solution.
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O ne positive aspect o f  the recent w ish to  start m utually  supporting  program m es and 

to pay m ore attention  to data quality , is that intercom parison exercises, quality  

assurance and proper statistical evaluation  o f  the experim ental findings are 

highlighted in all current activities. As a  spin-off, the effects o f  environm ental 

variability  on data interpretation, e.g., in trend analysis and for norm alization 

purposes, are being studied m ore carefully.

Finally, governm ent bodies, policy m akers and experts involved in setting up 

program m es as discussed in this review  should  be aw are that m onitoring  o f  the 

m arine environm ent is an expensive business. T his is true because o f  the large cost 

o f  sam pling at sea but, much more so, because calculations as given above, indicate 

that in o rder to detect an annual trend o f  10% (a rather high figure in real life), a ten- 

year sam pling program m e is required. To add to the w orries o f  those in the office, 

the O SPA R -C E M P program m e w as conceived in the early  nineties as the result o f  a 

d iscussion that took several years — and it w as based on an earlier program m e that 

ran for m ore than a decade. The O SPA R -C E M P program m e, w hich w as m odified 

several tim es over the years, has been running since then and has now yielded the 

extensive data set briefly  discussed in Section 1,5. That an inception phase o f  some 

fifteen years is not unusual is dem onstrated by HELCOM . In this case, the 

convention w as signed in 1974. but cam e into force only  in 1980. M onitoring was 

then started im m ediately, but it required  ano ther seven years before, in 1987, the 

first assessm ent o f  the 5-year period (1980-1985) could be m ade thirteen years 

after the signing o f  the convention.
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1.6 G lossary

ACME Advisory Committee on the Marine Environment
AEPS Arctic Environmental Protection Strategy
AMAP Arctic Monitoring and Assessment Programme
BSC Black Sea Commission
CEM P Coordinated Environmental M onitoring Programme
COM M PS Combined M onitoring-based and M odelling-based Priority Setting
DYNAM EC Dynamic selection and prioritisation mechanism
EAA European Economic Area
ED Esjberg Declaration
EMMA European Marine Monitoring and Assessment
EMS European Marine Strategy
EPA Environmental Protection Agency
FAO Food and Agricultural Organisation
GEF Global Environment Facility
G ESA M P Joint Group o f  Experts on the Scientific Aspects o f  Marine Environmental

Protection
G1WA Global International Waters Assessment
GPA Global Programme o f Action
HELCOM Baltic Marine Environment Protection Commission or Helsinki Commission
IAEA International Atomic Energy Agency
ICES International Council for the Exploration o f  the Seas
IMO International Maritime Organisation
[MW International Mussel Watch
IOC Intergovernmental Oceanographic Commission
JAM P Joint Assessment and Monitoring Programme
JM P Joint Monitoring Programme
MEDPOI, Programme for the Assessment and Control o f  Pollution in the Mediterranean

Region
MON OSPAR Working Group on Monitoring
NGO Non-Governmental Organisation
NOAA National O ceanic and Atmospheric Administration
N S& T or NST National Status and Trends programme
OSPAR Oslo and Paris Commission
OSPARCOM OSPAR Commission
PHS Priority Hazardous Substances
P O P s  Persistent Organic Pollutants
PTB Persistent Toxic and Bioaccumulating
QSR Quality Status Report
QUASI M EME Quality Assurance o f  Chemical and Biological Effects Measurements in Marine

Environmental Monitoring 
RSP Regional Seas Programme
SGO Strategic Goals and Objectives
UNEP United Nations Environment Programme
UNESCO-IOC United Nations Educational Scientific and Cultural Organisation -

Intergovernmental Oceanographic Commission
WFD W ater Fram ew ork D irective
WGSAEM ICES Working Group on Statistical Aspects o f  Environmental Monitoring
W HO W orld Health Organisation
W MO World Meteorological Organisation
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1.8 S cop e  o f  the thesis

M onitoring p lays a vita! role in the assessm ent o f  hum an activities w hich affect the 

marine environm ent, particularly w ith regard to so-called hazardous substances in this 

study, organic m icropollutants {OM Ps). On the one hand, any policy regarding the m arine 

environm ent should initially be based on an evaluation o f  the state o f  that environm ent. 

O n the o ther hand, the im plem entation o f  a policy must be follow ed by observing and 

assessing  the evolving situation in the field, as this can have im plications for further 

policy developm ent o r adjustm ent. It is precisely in th is context that the w ork described in 

th is thesis is situated. It d eals w ith three aspects o f  the activities o f  a  m arine chem istry 

laboratory:

-  developing and im proving analytical procedures that can detect trace levels o f  

m icro-contam inants in the m arine environm ent

-  perform ing baseline studies to  assess the potential im pact o f  em erging 

contam inants

-  observing and evaluating the evolving situation o f  target contam inants in the field.

The general approach and the types o f  activ ity  used in m onitoring studies for the risk 

assessm ent o f  O M Ps is illustrated in Figure 1.14 w hich also  indicates the contributions 

m ade to th is field by the present author.

C h a p te r  I discusses the various incentives for and the present fram ew ork o f  m arine 

environm ental m onitoring. W hen the w idespread pollution by O M Ps becam e globally 

recognised, m onitoring program m es w ere initiated at both national and international 

levels. Several im portant program m es are briefly introduced. These include HHLCOM 

(Baltic area), A M A P (A rctic region) and the global program m es U N EP-PO P (the 

Stockholm  C onvention), RSP (the Regional Seas Program m e) and G IW A  (the G lobal 

International W aters A ssessm ent). Special attention  is devoted to  program m es dealing 

w ith the N orth Sea, viz. the O SPA R  Joint A ssessm ent and M onitoring Program m e 

(O SPA R JA M P) and the W ater F ram ew w k D irective (W FD ). The recently  adopted W FD 

is expected to  play an im portant role in coastal m arine environm ental m onitoring in the 

near future. The review  also d iscusses the prioritisation m echanism s used to select 

hazardous and potentially  hazardous substances. On the basis o f  the available evidence.
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O M Ps w hich are considered to rem ain and/or becom e im portant for the North Sea area, 

are highlighted. Several deficiencies o f  current m onitoring program m es are indieated. and 

im provem ents are suggested. Due attention is paid to  the state-of-the-art o f  sam ple 

preparation and instrum ental analysis (alm ost exclusively  gas o r liquid chrom atography 

w ith m ass spectrom etric detectors), and prom ising approaches to solve rem aining 

problem s are indicated.

Maybe Yes
Risk?

N o

ResultsResults

Measures

N o  action

Risk assessm ent

Baseline
monitoring

Field studies 
(h . 3

Com pliance  
m onitoring 

Ch. 4

Method 
developm ent 

Ch. 2.1

M ethod  
improvement 

Chs. 2.2, 2.3

Incentive: 
pollution by OM Ps

Figure 1.14: General approach and the types o f  activity used in monitoring studies for the risk assessment 
o f  OM Ps. including the contributions made by the present author to this field.

Analysis
For many O M Ps identified by the prioritisation m echanism s m entioned above, little o r no 

inform ation is available concerning their presence in the m arine environm ent. The 

volatile  organic com pounds (V O C s) are a case in point. A fter the need to obtain 

experim ental evidence on the presence o f  V OCs in the m arine environm ent and the 

potential risks for m arine w ildlife had been voiced, a G C -M S-based analytical procedure
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w as developed that allow s the sim ultaneous determ ination  o f  chloroform , 

tetrachlorom ethane, 1,1-dichloroethane, 1 ,2-dichloroethane, 1 ,1,1-trichloroethane, 

trichloroethene and tetrachloroethenc, and the BTEX com pounds in m arine biota. 

C hapter 2.1 discusses how a standard purge-and-trap set-up had to be adapted and re­

designed. Particular attention w as paid to contam ination problem s and the general 

robustness o f  the P& T-G C -M S m ethod. T he new ly developed m ethod w as used to 

determ ine the 13 priority V O C s m entioned above in tw o fish species from the N orth Sea. 

Further technical im provem ents and the use o f  a m ore suitable GC colum n subsequently  

allow ed the procedure to be applied to som e sixty V O C s (C hapter 2.2).

A nalytical chem istry is a rapidly evolving field  and new  instrum entation constantly  

becom es available. It is a m ajor task for a  m arine chem istry laboratory to keep up to date, 

i.e. to be aw are o f  the potential o f  evolving m ethodologies and to im plem ent these 

w henever appropriate. A  good exam ple o f  this is given in C hapter 2.3, w here a novel 

benchtop high-resolution tim e-of-flight m ass spectrom eter (TO F M S) w as evaluated for 

the determ ination o f  key organic m icrocontam inants. The m ajor advantage o f  the TOF 

M S proved to be the high m ass resolution o f  about 0.002 Da (10 ppm ). C onsequently , the 

detectability  o f  polar pesticides, po lynuclear arom atic hydrocarbons and polychlorinated 

b iphenyls is excellent, and detection lim its are in the order o f  1-4 pg injected mass. The 

high m ass resolution is especially  useful because it im proves the analytical perform ance 

w hen analyzing target com pounds in com plex sam ples, and helps to  prevent false-positive 

identifications.

Baseline moniloring

O nce a problem  has been identified and analytical m ethods have becom e available, a 

baseline survey o f  concentration  levels in the environm ent is required to  help authorities 

to assess the scope o f  the problem . For the V OCs m entioned above, initial results already 

show ed that their concentrations in both fish species w ere at least 100-fold h igher than in 

the surrounding w ater. M oreover, the highest concentrations detec ted  in these fish w ere at 

least ten tim es h igher than those o f  prom inent CB congeners such as CB 153. T his caused 

a m ore extensive baseline study to be conducted: the results o f  a 4 -year m onitoring 

cam paign are discussed in C h a p te r  3.1. D uring this cam paign, the concentrations o f  the 

sam e set o f  priority V OCs w ere determ ined in tw o species o f  vertebrates and four species 

o f  invertebrates from six sam pling stations in the southern N orth Sea. The initial findings
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w ere confirm ed: V OCs w ere found to  be present in all species and at levels w hich w ere 

o f  the sam e order o f  m agnitude as previously reported. T he concentrations o f  the 

chlorinated  hydrocarbons (w ith the exception o f  chloroform ), seem  to be low er than those 

o f  the m onocyclic arom atic hydrocarbons. The data for the latter group o f  com pounds 

could be linked w ith the use o f  fossil fuels. C om parison o f  the observed concentrations 

w ith proposed safety levels show ed that the current levels o f  V O C s will probably pose no 

acute threat to e ither man or the fish itself. H ow ever, the danger o f  continuous exposure 

to these low concentrations o f  V OCs requires further study. W ork reported in C hapter  

3.2 revealed that V OCs generally  are not present in sedim ents from the sam e area, w hich 

confirm s that organism s are contam inated  through the w ater colum n. H ow ever, high local 

concentrations o f  up to 900 pg/g wwt such as observed in the industrialised area o f  the 

port o f  A ntw erp, may be a cause o f  concern.

The above findings suggest that o rganism s can be used to m onitor the presence o f  VOCs 

in the m arine environm ent. A follow -up study in eel from various freshw ater bodies 

illustrates the potential o f  using organism s as a biom onitor (C h a p te r  3.3). The 

concentrations in eel are, indeed, a reflection o f  the actual concentrations in their 

environm ent. For fish from the sam e location sim ilar patterns and concentrations w ere 

found, w ith concentrations that agree with w hat can be expected from those o f  the w ater 

colum n. The observed levels could again  be linked to  the m ajor em ission sources and new- 

evidence w as presented to  show  that com bustion o f  fossil fuels is a m ajor source o f  

BTEX  in the environm ent.

Compliance monitoring

In the final chapter o f  the thesis it is show n how the results o f  a long-term  m onitoring 

program m e can be used for scientific purposes. In C hapter 4.1 CB concentration data for 

cod, flounder, m ussel and shrim p, covering a  ten-year period (1983-1993), are assessed 

for tem poral trends and their relation to  biological param eters. T he study indicates that 

the lipid content should be taken into account in tem poral trend studies because this 

reduces the d ifferences in CB levels betw een the organism s and betw een different tissues 

w ithin the organism s. The data also show  that there is a general dow nw ard trend for CB 

levels on the Belgian continental shelf. In C hapter 4.2 a sim ilar assessm ent is m ade for 

the concentrations and patterns o f  C B s in sedim ents o f  the B elgian part o f  the southern 

N orth Sea and the Scheldt estuary, in this case for the period 1991-2001. Special attention
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was paid to  the evaluation o f  the long-term  analytical perform ance. The study show s how 

the C B  patterns in the fine fraction (<63 pm ) o f  the sedim ent are closely  sim ilar 

throughout the investigated area. T he isolation o f  the fine fraction by sieving can be 

regarded as a physical norm alisation to reduce d ifferences in sedim ent granulom etric 

com position. As a consequence, there is a better understanding o f  CB distribution and 

patterns and trend analysis is im proved, in contrast to  the findings reported in C hapter

4.1 no significant dow nw ard trends w ere observed at any o f  the tw enty-eight sam pling 

stations. T his suggests that CB levels have no t been changing in the area o f  interest in the 

past decade -  at least not in sedim ents. Since the tim e periods are about ten years apart, 

and biota and sedim ents arc known to respond differently  to pollution, no further 

conclusions can be draw n by com paring the experim ental findings o f  C hapters 4.1 and

4.2.
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2.1 D eterm ination  o f  volatile  organ ic  com p ou n d s  in m arine biota*

70006
S u m m ary

A method was developed that allows the simultaneous determination o f the volatile 
organochlorines (VOCs) chloroform, tetrachloromethane, 1,1-dichloroethane, 1,2-dichloroethane, 
1,1,1-trichloroethane, trichloroethene and tetrachloroethene and the volatile aromatics benzene, 
toluene, ethylbenzene and the xylenes (BTEX) in marine biota. The biological tissue is first 
homogenised (at 0°C) using an ultra-turrax blender and transferred lo a 25-ml EPA vial. After 
addition o f 15 ml o f water and internal standard (1,1,1-trifluorotoluene), the homogenate is treated 
in an ultrasonic bath (20 min at 0°C) to further disrupt the tissue. The glass vessel is then 
connected to a Tekmar LSC 2000 purge and trap apparatus coupled to a gas chromatograph-mass 
spectrometer (GC-MS). The volatiles are forced out o f the tissue by purging w ith a stream of 
helium gas while heating at 70°C and trapped onto a Vocarb 4000 sorbent trap. After purging, the 
trap is backflushed while being rapidly heated to 250°C and the analytes are desorbed and, next, 
trapped in a cryofocusing module (-120°C) connected to the analytical column (Restek, RTx-
502.2, 60 m, 0.32 mm i.d., 1.8 pm film). The analytes are injected into the column by rapidly 
heating the module (from -120°C to 200°C in 0.75 min). Identification and quantification were 
performed with the mass spectrometer operated in the electron impact mode. The method allows 
detection limits between 0.005 ng/g (1,2-dichoroethane, 1,1-dichloroethane and 
tetrachloromethane) and 0.2 ng/g wet weight (chloroform) depending on the background levels 
and the amount o f sample. The reproducibility varies between 8.4% for toluene and 36% for 
chloroform and the recoveries range from 63% for trichloroethene to 115% for dichloroethane. 
The method was used to determine the concentrations o f  VOCs in Limanda limanda (dab) and 
Merlangius merlangus (whiting) collected at two sampling stations located on the Belgian 
continental shelf. Liver and muscle tissue were individually analysed in order to determine the 
interspecies and interspecimen variability. The results show a considerable variability within 
tissues o f  the same species (CV, 50-200%). In most cases, the concentrations o f the VOCs 
appeared to be normally distributed. Although the levels are generally low (low ng/g range), up to 
572 ng/g o f  tetrachloromethane was detected in the liver o f whiting.

‘From  J. Chromalogr. A. 799  (1998) 233-248.
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2.1.1 In tro d u c tio n

O ceans and seas are w ithout question the fina! destination o f  the g reater part o f  the 

atm ospheric pollutants. Several studies have been dedicated to  research concerning the 

transport, distribution, prediction or m easurem ent o f  fluxes, and adverse environm ental 

effects o f  im portant pollutants such as polychlorinated b iphenyls, arom atic hydrocarbons 

and heavy m etals. H ow ever, m uch less is know n about the fate o f  the m ore volatile 

species such as benzene, toluene, ethylbenzene, the xylenes and the volatile 

o rganochlorines tri- and tetrachloroethylene, di- and trichloroethane and tri- and 

tetrachlorom ethane. The latter, w hich constitu te the target com pounds o f  this study, are 

nevertheless im portant atm ospheric pollutants. They are also part o f  the group o f  

com pounds that have a high research priority  according to  a num ber o f  international 

o rganisations [1,2].

Several m ethods for the determ ination o f  volatile organic com pounds (V O C s) in biota 

have been reported in literature. Pearson and M cC onnel [3] used a D ean and Stark 

d istillation apparatus and n-pentane for the extraction o f  volatile chlorinated  com pounds 

from biological tissues. A nalysis w as then carried out using a gas chrom atograph (G C ) 

equipped w ith a 63N i electron capture detec tor (ECD ). G otoh et al. [4] crushed the frozen 

biological m aterial w ith a m ortar and pestle and extracted the volatiles w ith a m ixture o f  

w ater-n-hexane (50/50). The extract w as further cleaned up on a m icro-F lorisil colum n 

and analysed by m eans o f  G C-EC D . In both cases, the authors reported  detection  limits 

in the low er ng/g  range w hich w ere solely  due to the high sensitiv ity  and selectiv ity  o f  the 

ECD  for halogenated com pounds. It w ould be im possible to reach sim ilar detection limits 

using the sam e techniques for non-halogenated com pounds such as benzene and toluene.

O gata et al. [5] heated the sam ple in a gas-tight container at controlled tem peratures and 

sam pled the headspace w ith a heated gas-tight syringe (static headspace technique). The 

tem perature causes the volatilisation o f  the contam inants from the m atrix  to the headspace 

above the m atrix. The gas sam ple is then injected into a G C. As w ith the previous 

technique, detection lim its often w ere not satisfactory. The difficulty  in applying this 

technique is also that it relies on the equilibrium  partitioning o f  the analytes betw een the 

m atrix o f  interest and the headspace and, thus, relies on the gas/sam ple partition 

coefficients. The method should therefore be calibrated for each m atrix, w hich o f  course 

is im practical for environm ental analysis w ith its w ide variety o f  sam ples.
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M urray and Riley [6] w ere am ong the first to report the determ ination o f  V O C s in biota 

w ith a dynam ic headspace or purge and trap (P& T) technique. Both sedim ent and biota 

sam ples w ere heated to  200°C  in an oven under a stream  o f  purified nitrogen. V O C s w ere 

sw ept aw ay by the nitrogen and trapped on a colum n packed w ith 3%  silicone oil (SE 52) 

on C hrom sorb  W  and cooled to -78°C . N ext, the trap w as allow ed to w arm  to room  

tem perature and the trapped V O C s w ere injected into the GC with a stream  o f  argon. 

H iatt [7] developed a m ethod based on vacuum  distillation. The analytes w ere vaporised 

from the sam ple in an ultrasonic bath at 50°C  under vacuum  and trapped in a super­

cooled  trap (-196°C ) w hich w as essentially  a 25-m l purge tube. The concentrator trap  was 

then transferred to a P& T apparatus and desorbed. A m ajor draw back o f  this system  is 

that it requires the transfer o f  the purging tube to  the P& T apparatus (off-line system ). 

H iatt [8] further developed the above technique and designed an on-line distillation 

apparatus. The sam ple w as treated as described above but the cryogenic trap  w as directly 

connected to a gas chrom atograph-m ass spectrom eter (G C -M S) system  through a  double 

6 -port valve. A fter purging the cryogenic trap is allow ed to w arm  to room  tem perature 

and the analytes are transferred with the carrier gas to a sam ple loop held at -196°C. The 

latter is then rapidly heated to  150 °C  and the analy tes are transported to  the GC colum n 

by the carrier gas. T his technique w as further m odified [9] by inserting a condenser coil 

after the sam ple cham ber. T his set-up elim inated the need to use a series o f  tem perature 

baths and facilitated tem perature control. Y asuhara and M orita [10] also used steam 

distillation, in a w ay sim ilar to H iatt (1983), for the determ ination o f  V O C s in m ussel. 

Easley et aí. [11] reported a m ethod based on procedures used for w ater analysis. They 

developed a purge vessel consisting  o f  a 25-m l glass sam ple vial and a glass im pinger 

connected to each other by a W heaton connector. The volatiles w ere forced ou t o f  the 

tissue by heating the sam ple to  70°C and purging w ith a constant flow o f  helium . The 

analytes w ere trapped on a sorbent consisting o f  equal volum es o f  T enax, silica and 

activated charcoal. A fter purging, the trap w as backflushed w ith helium  and 

sim ultaneously heated, and the analy tes w ere transferred  to  a  G C-M S system . Ferrario et 

al. [12] used a system  w ith nitrogen as the purge gas and a T enax/silica sorbent trap 

(80/20). R einert et al. [13] described the use o f  an in-house P& T apparatus. The sam ples 

w ere heated to 50°C  by m eans o f  a w ater m antle, purged w ith a stream  o f  He gas and 

trapped on an activated carbon trap. The volatiles adsorbed on the carbon trap w ere then 

desorbed into a vial contain ing som e carbon disulphide and injected into a G C  equipped 

w ith a FID  (flam e ionisation detector). The sam e authors com pared this m ethod to a
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p rocedure involving the use o f  a grinder/purging apparatus that allow ed the g rinding o f  

b iological tissue and served as the purge vessel at the sam e tim e. The tissue w as first 

ground to fine particles in the presence o f  sodium  sulphate. The grinding rod w as then 

lifted to the upper portion o f  the apparatus and sealed in place w ith a PTFE O ring. The 

volatiles w ere subsequently  purged out o f  the tissue by purging w ith He at a flow o f  100 

m l/m in for 1 h and trapped onto an activated carbon trap. The latter w as then treated in 

the sam e w ay as above.

F or this study, w e aim ed at develop ing  a m ethod that allow s the sim ultaneous 

determ ination o f  halogenated and non-halogenated V OCs in m arine b io ta w ith a detection 

limit (L O D ) o f  100 pg/g or better and w ith recoveries and a repeatability  as good as or 

be tter than those reported in literature. Such LO D s w ere, thus far, only reported by 

authors using an ECD [4] and therefore only for halogenated com pounds. U sing G C-M S, 

Easley et al. [11] and Hiatt et aí. [9] reported LODs betw een 1 and 10 ng/g for both 

halogenated and non-halogenated com pounds and. based  on the results and the 

m ethodology, it can be expected that Fenrario et al. [12] obtained sim ilar LOD s. A lthough 

all m ethods could serve as a basis for developm ent, the approach o f  Easley et al. [ I I ]  w as 

preferred over the m ore com plicated set-up o f  and Hiatt et al. [9] and the m ore tim e- 

consum ing m ethod o f  Ferrario  et al. [12], A s Easley et al. [11] used a sparging vessel 

sim ilar to the fritless sparger o f  ou r T ekm ar L SC -2000 P& T apparatus, the m ethod could 

be readily adapted to fit the available equipm ent. F or our w ork, the sam e type o f  sparger 

w as purchased and either coupled to  the T ekm ar (on-line analysis) o r used as a stand­

alone purging vessel (o ff-line analysis) or, in o ther w ords, the P& T apparatus w as used 

both as an on-line P& T  system  and as a desorption unit for o ff-line P&T. A fter 

optim isation, the m ethod w as applied to the determ ination o f  V OCs in tw o fish species 

from  the Belgian continental shelf.

2.2.2 E xperim ental

Materials

Alt m aterials used for the various experim ents and analyses w ere o f  research-grade 

quality. The chlorinated hydrocarbons (C H C s) chloroform , tetrachlorom ethane, 1,1- 

d ichloroethane, 1,2-dichloroethane, 1,1,1-lrichloroethane, trichloroethene and 

tetraehloroethene and the m onocyclic arom atic hydrocarbons (M A H s) benzene, toluene.



Determination o f  VOCs in biota 89

ethylbenzene and the xylenes w ere all from  M erck (D arm stadt, G erm any). They w ere 

used w ithout further purification. M ethanol (B aker. Instra-analysed, Phillipsburg, U SA ) 

w as used as solvent for the preparation  o f  standard solutions. 1,1 ,1-Trifluorotoluene 

(A ldrich, M ilw aukee, U SA ) w as used as internal standard (IS). V ocarb 4000 traps (8.5 cm 

C arbopack C. IO cm  C arbopack B, 6 cm C arboxen 1000 and 1 cm  C arboxen 1001) w ere 

obtained from Supelco (B ellefonte, U SA ) and used as adsorption traps (1/8” O D). W ater 

used for the preparation o f  blanks and standards w as obtained from Baker. A ntifoam  (V el, 

Leuven. B elgium ), tungstophosphoric acid  hydrate (M erck), sodium  chloride (M erck) and 

I -octanol (M erck) w ere used to test the reduction o f  sam ple foam ing.

Apparatus

A  m icroprocessor-contro lled  P& T  system , the Tekm ar L SC -2000 (Tekm ar, C incinatti, 

U SA ), w as coupled to a G C-M S (F innigan M agnum  Ion T rap M S, Finnigan, San José, 

U SA ) v ia  a heated transfer line term inating in a cryogenic focuser at the G C  end. The 

P& T  system  w as provided w ith a 25-m l fritted sparger and a m oisture control m odule 

(M C M ) as w et trap. The internal lines o f  the P& T  are constructed from  glass-lined 

stainless steel, and the transfer line and internal lines are connected via a heated  6-port 

sw itch valve. The sam ples w ere purged using an im pinger (A lltech, D eerfield, USA) 

connected to the purge gas outlet and the 25-m l frit sparger o f  the Tekm ar. Prior to 

analysis, sam ples w ere stored in 24-m i sam ple v ials (A lltech). For analysis, they w ere 

coupled to the im pinger via a W heaton connector (W heaton, M illville, U SA). Sam ples 

w ere hom ogenised w ith a  Janke & Kunkel (Staufen, G erm any) sharing b lender and the 

tissue w as further d isrupted  in a B ransonic (B ranson, D anbury, U SA ) ultrasonic bath.

Sampling and storage

Fish  w ere caught by the B elgian oceanographic research vessel ‘B elg ica’ a t tw o d ifferent 

locations using beam -traw ling and processed as sw iftly as possib le to avoid 

contam ination and losses. Sam pling w as done in accordance w ith the guidelines o f  

O SPA R C O M  (O slo and Paris C om m issions) [14], Im m ediately after sam pling, the fish 

w as stored, undissected, at -28 °C  in closed containers.

Analytical procedure

Preparation o f  blanks W ater specially prepared  for the analysis o f  V O C s (B aker) w as 

used to prepare blanks and standard solutions (see below ). The w ater w as pre-treated by
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heating to  90°C  w ith sim ultaneous purging w ith helium  (N 7.0, l 'A ir  L iquide, L iège, 

B elgium ) o r nitrogen (N  6.0, l ’A ir L iquide) in a glass sparger. A s a routine, w ater used 

for preparations w as continuously  purged during storage w ith the gases m entioned above. 

For the preparation o f  blank sam ples, 15 ml o f  the treated w ater w ere draw n up in  a  100- 

ml syringe and 4 pi o f  the internal standard w ere added by inserting  a  10-pl HPLC 

syringe in the opening o f  the 100-mi syringe. The w ater sam ple w as then run through the 

entire analytical procedure, i.e. including hom ogenisation, treatm ent in the ultrasonic 

bath, on-line P& T  concentration and G C -M S analysis.

Preparation o f  standard solutions M ethanol w as chosen as so lvent for the preparation o f  

standard solutions. An initial standard solution (stock solution) w as m ade by d iluting 1 ml 

o f  the various target com pounds in  100 ml o f  m ethanol as follow s: a sm all quantity 

(approx. 20 m l) o f  solvent w as introduced into a volum etric flask and the w eigh t w as 

recorded. 1.00 ml o f  each o f  the target com pounds w as added to the m ethanol and after 

each addition the w eight w as recorded. F inally , the volum e w as brought to 100 ml and the 

w eight w as again recorded to  allow  correction for possible losses. The procedure enables 

calculation o f  the concentration on both a volum e and a w eight basis. R eporting and using 

standard solutions on a w eight basis is recom m ended for analytical purposes [15], 

H ow ever, i f  volum es are accurately  know n at the start, concentrations and dilu tions can 

be rapidly calculated. From  the stock solution, d ilution series w ere m ade by dissolving 

know n quantities in m ethanol, again on a w eight basis. S tandard solutions w ere kept in 

stoppered erlem eyers under m ethanol. B ecause o f  the high volatility  o f  the analytes, 

frequent renew al o f  standard solutions is recom m ended. The d ilu ted  solutions w ere 

continuously  (every 2-3 days) m onitored to detect concentration  changes. A s a rule, no 

changes o f  concentration should be allow ed that exceed the analytical variability .

For calibration  o f  the procedure, 4 pi o f  a m ethanolic solution con tain ing  betw een 0.4 and 

0.8 ng/pl o f  the various target com pounds w ere injected w ith a 10-pl syringe in an 100-ml 

syringe contain ing  15 m l o f  b lank w ater (see above). A fterw ards, another 4  pi o f  a 

m ethanolic solution contain ing the internal standard (about 0.4 ng /p l) w ere also 

introduced into the 100-ml syringe with another 10-pl syringe. The w ater w as then 

injected into a 24-m l sam ple vial and the sam ple vial connected  to  the on-line P& T set­

up, pre-concentrated and analysed by G C-M S.
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T able  2.1.1: Retention windows and selected masses o f  the target compounds.
C om pound R etention  w indow  (m in) Selected m ass
1,1 -Dichloroethane 4:30-4:50 63,64
Chloroform 6:10-6:30 83,85
Trichloroethane 6:40-6:60 61,97,99
Tetrachloromethane 7:00-7:20 117,119
1,2-Dichloroethane 7:10-7:30 62
Benzene 7:10-7:30 78
Trichloroethene 8:00-8:20 60,130
Trifluorotoluene 8:15-8:35 94,129,166
Toluene 9:45-9:65 91
T etrachloroethene 10:40-10:60 91,105
Ethylbenzene 12:00-12:20 91,106
m&p-Xylene 12:05-12:25 91,106
o-Xylene 12:45-12:65 91,106

Sample pre-treatment and analysis

T he frozen fish sam ples w ere thaw ed in their recip ients and the edible tissue and liver 

w ere isolated from  the fish. The b io logical tissue w as first hom ogenised a t 0° C using an 

ultra-turrax b lender (Janke and K unkel) and transferred to a 24-m l sam ple vial. A fter the 

addition o f  10 m l organic-free w ater and internal standard (1 ,1 ,1-tritluoroto luene) the vial 

w as closed with a PFT E-lined screw  cap and the hom ogenate w as treated in a ultrasonic 

bath (20 m in at 0°C ) to further disrupt the tissue. The glass vessel w as then coupled to an 

im pinger connected to  the P& T system . The volatiles w ere forced ou t o f  the tissue by 

purging the sam ple for 30 m in with a stream  o f  helium  at 10 m l/m in a t 70°C  (w ater bath). 

The analytes w ere trapped onto  a V ocarb 4000 sorbent trap  m ounted in the P& T 

apparatus at a tem perature o f  45 °C. A fter purging, the trap w as backflushed w hile being 

rapid ly  heated to  250 °C and the analytes w ere desorbed into a cryofocusing m odule 

cooled to  -120°C  and connected  to the analytical colum n. The analytes w ere injected into 

the colum n by rapidly heating  the cryofocusing m odule from -120°C  to 200 °C in 0.75 

min. Separation w as achieved using a  60 m x 0.32 mm i.d. (1.8 pm  film ) R estek, RTx-

502.2 colum n. Tem perature program m ing o f  the GC and data acquisition  w ere started 

sim ultaneously. The tem perature o f  the GC oven w as held  at 40 °C  for 2 min and then 

increased from 40 °C to 200 °C at 10 °C/min. This tem perature w as then held for 5 min. 

Helium w as used as the carrier gas with an inlet pressure o f  16 psi. The target com pounds 

w ere identified on the basis o f  their retention times and mass spectra and quantified using the 

total mass o f  selected ions (2.1.1). The ion trap detector w as operated in the electron
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ionisation (E l) mode with the m ultiplier voltage set at 2550 V, the axial modulation (A /M ) 

am plitude at 4.0 V and the emission current at 13 pA . The manifold tem perature was set at 

220 ° C. The mass range w as between 50 - 250 ainu and the scan rate 1000 ms. The 

filament delay w as 180 s, and a m ass defect o f  50 mmass / 100 ainu and a background mass 

o f  45 am u w ere selected.

Analytical quality’ assurance

A blank sam ple w as run with each series o f  sam ples. The peak heights o f  the analytes in 

the blank w ere com pared w ith those in the standard solution used for calibration. Peak 

heights in the blank should be ten tim es low er than those in the standard solution 

(w arning lim it) and never be less than five tim es low er (control limit),

A second m easure (Q A ) w as to  m onitor the response factors o f  the d ifferent V OCs during 

the analysis o f  the standard solutions used for calibration. D eviations o f  over 30%  from 

the m edian response factor w ere considered as out o f  control. W hen the results o f  a test 

w ere out o f  control, a standard solution w as selected and treated as a sam ple and, thus, 

analysed as an internal reference m aterial (ÏRM ). The test provides a w ay to  determ ine 

w hether the problem  is MS o r P& T related.

Statistical analysis

A K olniogorov-Sm im ov test w as executed to determ ine w hether a d istribution is norm al. 

The P value o f  the test w as obtained w ith the D allai and W ilk inson’s approxim ation  to 

L illie fo rs’ m ethod [16].

2.1.3 Results and discussion

System blank and removal o f  excess water.

A fter the first series o f  5-ml blank w ater sam ples, consisting o f  5-m l w ater p re-treated  as 

described above, had been analysed, it becam e ev ident that traces o f  chloroform , 

trichloroethene, benzene, to luene, ethylbenzene and the xylenes w ere present in the w ater 

o r  in the system , with concentrations ranging from  1 to  20 pg/m l. N either using different 

types o f  w ater no r extending the pre-treatm ent procedure o f  the w ater (by boiling, 

extended purging, extraction w ith hexane or elution over activated carbon) resulted in 

significant im provem ents. D esorbing the trap w ithout a prelim inary purging step show ed 

the presence o f  a small quantity  o f  benzene that w as thought to originate from the trap



Determination o f VOCs in biota 93

itself. R econditioning o f  the trap by baking it overnight at 180 °C indeed resulted in a 

decrease o f  the benzene level. T his indicated that the w ater w as not the cause o f  the 

problem  and that the equipm ent w as a m ore probable source. H owever, neither thorough 

cleaning o f  the system  (gas lines, purging device) nor replacing vital com ponents resulted 

in significant im provem ents. Running the analytical procedure w ith an em pty sparging 

vessel gave sim ilar levels o f  contam ination as above, w hich suggested that the laboratory 

air m ight be causing the problem s. T his w as confirm ed by the fact that the use o f  

chloroform  in another part o f  the build ing  resulted in increased concentrations o f  this 

com pound in the blanks. As the purging vessel has to be opened to  introduce the sam ple, 

contam ination by laboratory air could not be avoided.

o  Chloroform  
□ Trichloroethane  
<> Tetrachlorom ethane  
a  1 ,2-D ich loroethane
•  B en ze n e
■ T rio h loroethylene
♦  T oluene
a Tetrachloroethylene  
+ Ethylbenzene
*  m&p-Xylene 
+ o-X ylene
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F ig u re  2.1.1: A nalyte concentrations in w ater blanks recorded over a period o f  one w eek.

For a m ore detailed study o f  the background levels and their variability, a series o f  tests 

w as run, that consisted o f  analysing a series o f  blank w ater sam ples and the concentration 

in the laboratory a ir over a period o f  one week. F or the w ater blanks, internal standard 

w as injected into a luer lock syringe filled w ith blank w ater (5 m l) and analysed according 

to Easley et al. [ I l  ]. T he background concentrations in a ir w ere determ ined by analysing 

the air in  an em pty sparging vessel o f  the Tekm ar, as above.
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F ig u re  2.1.2: V ariability o f  the background concentration  in laboratory a ir over a period o f  I week.

The results o f  these tests are show n in Figures 2.1.1 and 2.1.2. As regards the w ater, 

background levels seem  to be below  200 pg/m l, with som e high values for benzene, 

to luene and tetrachloroethylene as exceptions. Levels reported for drinking w ater are 

generally  at o r above these concentrations [17], No background levels (i.e. below  10 

pg/m l) w ere found for 1 ,2-dichloroethane and tetrachlorom ethane. The relative standard 

deviation (R SD ) o f  the experim ental results for the various com pounds ranged from  20 to 

120% w hen the outly ing  values (sequence num bers I and 9) w ere excluded. The w ithin- 

day variability  (sequence num bers 11-14) ranged from 20 to 70% . If  the background 

should be due to contam ination by laboratory air, the concentrations plotted in Figure

2.1.1 should be divided by 4 or, in other w ords, the headspace concentrations should be 

below  50 pg/cm 3. The results o f  Figure 2.1.2 indeed indicate that the levels in laboratory 

a ir are around that level w ith average concentrations ranging from  10 to 70 pg /cm 3. Frank 

el al. [18] reported levels o f  C H C s in a ir ranging from 20 to 300 pg/cm 3 at the A tlantic 

coast o f  Portugal, w hile B ianchi and V arney [19] reported levels up to 16 ng/cm 3 over the 

Southam pton Estuary. Levels for M A H s in a ir at the B retagne coast (France) ranged from 

20 to  600 pg/cm 3 [20] and from 1 to  200 ng/cm 3 in the Southam pton Estuary [19], It can 

therefore be assum ed that the presence o f  volatiles in laboratory a ir is largely responsible 

for the observed background levels. This indicates that the contact tim e betw een sam ple
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and laboratory air and the headspace above the sam ple should be kept at a m inim um . It 

also m eans that background concentrations m ust be constantly  m onitored by perform ing a 

b lank analysis each day.

Prolonged operation o f  the system  also show ed that the equipm ent itse lf w as prone to 

contam ination by sam ples containing high am ounts o f  V O C s. To our opinion the 

sw itching valve and the autom atically  contro lled  opening valves serve as sources o f  

adsorption and, consequently , contam ination that can never be  entirely  elim inated w ith 

the present equipm ent. D uring these initial tests, it also becam e evident that the M CM  o f 

the P& T did not succeed in retaining all the w ater vapour released during purging at 

elevated tem peratures (70 °C). The ion trap becam e saturated w ith excess w ater that could 

only originate from  the P& T  device. E lim inating the w ater vapour form ed during purging 

w as therefore a prerequisite  for a p roper analysis. To rem edy the problem , the purge gas 

w as passed through a glass cooler kept at - 1 0  °C. H ow ever, this had the d isadvantage o f  

frequent clogging o f  the line due to the form ation o f  ice. As an alternative, the sparger o f  

the Tekm ar w as filled w ith w ater kept at room  tem perature, in order to condense the 

w ater vapour present in the purge gas. W ater w as then further elim inated in the M CM . 

A lthough th is procedure turned out to  be successful, operation during extended periods o f  

tim e som etim es resulted in the breakthrough o f  w ater. The system  w as then purged 

overnight at elevated tem perature.

Sample treatment andfoaming

Sam ple treatm ent involves d issection  o f  the organism  to obtain  the edible tissue and 

processing  o f  the tissue. Sam ple treatm ent described in the literature involves 

hom ogenisation [3,8,10], u ltrasonication [11] o r a com bination  o f  both  [12]. Sam ples are 

generally  treated at low tem peratures (from  4 °C  to  cooling  w ith liquid nitrogen). 

H om ogenisation o f  the tissue im proves passage o f  the purge gas and thus, volatilisation  o f  

the analytes, but increases the risk o f  losses o f  those analytes and, contam ination. 

U ltrasonication causes an  in tense cell disruption and is thought to enhance the release o f  

trapped volatiles in the cells w hile they  still rem ain in the m atrix [ I I ] ,  F o r our w ork, a 

com bination  o f  tissue hom ogenisation w ith a sharing b lender at 0 °C and treatm ent in an 

u ltrasonic bath gave the best results. C om paring the above com bination w ith 

ultrasonication alone show ed a sim ilar analyte yield fo r m ost V OCs, but m uch better 

RSDs for the form er procedure (Table 2 .1.2). M oreover, trichloroethylene could
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apparently  only  be purged out o f  the tissue after hom ogenisation and there w as a m uch 

higher yield for chloroform .

T able 2.1.2: Effect o f  homogenisation on the analysis o f  fish tissue samples.
Compound Not homogenised (n=5) Homogenised (n=5)

Average (ng/g) RSD% Average (ng/g) RSD%

Chloroform 3.2 43 13.62 21
Trichloorethane 0.19 47 0.05 18
Tetrachloromethane <0.005 - <0.005 -

Benzene 1.9 14 2.89 20
Trichloorethylene <0.02 - 5.53 10
Toluene 2.5 57 1.20 28
T etrach loorethy lene 5.3 45 2.07 19
Elhylbenzene 2.4 50 1.70 9
mcSp-Xylene 2.5 25 2.96 15
o-Xylene 1.4 53 1.44 13
n = number o f  analyses, RSD = relative standard deviation.

Initially, severe sam ple foam ing w as observed. T his is the result o f  dénaturation  o f  

p ro teins at the elevated tem peratures used during  purging and can cause deactivation o f  

the trap  and or contam ination due to  the introduction o f  therm al decom position products 

from  labile, non-volatile m aterials. Sam ple foam ing can be reduced by decreasing the 

purge flow  or by inserting a m echanical barrier, such as g lass w ool in the purge vial. 

Easley et at. [11] observed no foam ing at flow  rates o f  40 m l/m in and w ith the equipm ent 

they used. H ow ever, using sim ilar conditions, a glass wool barrier could not contain in  the 

severe sam ple foam ing in ou r w ork w hich agrees with the findings o f  M ichael et al. [21]. 

U sing an antifoam ing agent as an alternative w e observed the occurrence o f  a num ber o f  

unknow n interfering peaks in our chrom atogram s as has also  been observed for a sim ilar 

antifoam ing agent (D ow  C om ing  antifoam  [21]). The use o f  up to 10 w t.%  

tungstophosphoric acid hydrate in w ater did not effect a sufficient reduction  o f  sam ple 

foam ing and the use o f  a heatgun [22] w as neither efficient nor practical. F inally , the 

purge flow  w as gradually  reduced to a  rate that gave little o r no sam ple foam ing, w ith a 

purge flow  o f  10 m l/m in giving good results. In com bination  w ith g lass w ool as a 

m echanical barrier this eventually  turned out be the best w ay to p revent foam  from 

reaching the trap.
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U nfortunately, reducing the purge flow  had serious im plications w ith regard  to  the tim e 

needed to force the analytes ou t o f  the sam ple. M ost authors report purge flow s above 30 

m l/m in and purge tim es that vary betw een 12 min and 2 hours w ith the actual values 

depending on the volum e o f  the purging device [11,12,13]. in  order to  optim ise the purge 

tim e and flow conditions, a  hom ogenised w hiting m uscle sam ple w as u ltrasonicated for 2 

min and purged w ith a flow  o f  IO m l/m in (cf. above) using increasing purge tim es. Real 

sam ples w ere preferred over spiked ones, because the form er w ould g ive a m ore realistic 

picture o f  the am ount o f  analytes forced out o f  the tissue. Peaks w ere considered 

significant w hen their height exceeded tw ice that o f  the analytical b lank. T he experim ents 

revealed that a  significant proportion o f  all analytes w as released w ithin 20 w ith  an 

optim um  around 40 min fo r the M A H s and around 30 m in for the C H C s (F igure 2.1.3). 

For the sim ultaneous determ ination o f  both groups o f  com pounds a purge tim e o f  30 min 

was selected.
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Figure 2.1.3; Dependence of recovery on purge time.
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Comparison between off-line and on-line determination

All analyses w ere initially  perform ed off-line. To study the feasibility o f  on-line P&T, the 

vessel used for the off-line determ ination w as coupled to the sparger o f  the T ekm ar 

(F igure 2.1,4). Since this is the only change in the set-up, the experim ental conditions 

could be kept the sam e. The main focus w as therefore on the background obtained w ith 

the on-line system . To this end, a b lank w ater sam ple w as analysed several tim es using 

both set-ups. The experim ental results are show n in T able 2.1.3; the peak areas o f  the 

internal standard were the sam e in both m ethods. The blank values are in general 

significantly  low er w hen using the on-line m ethod, w ith the exception o f  benzene, w hich 

originates from  the trap (cf. above), and trichloroethylene. H ow ever, the peak area o f  the 

latter w as very  sm all and the com pound w as only  detected  on tw o occasions, with one 

high value explaining the dram atic RSD value for the on-line method. For all other 

analytes, the precision was the sam e or m uch better w ith the on-line set-up. As a result, it 

w as selected for all further work.

P u rg e  gas 10 m l/m in

1/8 “  te llon  tub ing

T ekm ar
LSC-2000 1/8 “  te flon

W heaton  co n n e c to r —

P u rg e  vial 25 ml

W a te r  15 m l + 
in te rn a l s ta n d a rd  

W a te rb a th  70°C
T e k m a r  25 ml 

p u rg e  vessel w ith 
5 m l o f  w a te r  to 
condense  w a te r  

v a p o u r

H om ogenised  
fish tissue

F ig u re  2 .1 .4 : Schem atic o f  the on-line set-up.
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T able 2.1.3: Average peak height, relative standard deviation (RSD) and ratio between the
averages o f  analyses blank water with the off-line and on-line set-up.
Compound Off- line (n=6) On-line (n=5) Ratio

Average RSD% Average RSD%

Chloroform 210000 37 1900 36 114
Trichloroethane 2900 14 0 - »
Tetrachloromethane nd - nd - -

Benzene 265000 41 349242 16 0.7
Trichloroethylene 1600 26 1044 127 1.5
Toluene 183000 37 20603 12 9
T etrachloroethy lene 48700 36 nd - »
Ethylbenzene 196000 30 4993 12 39
fWifep-Xylene 284000 26 11037 17 26
o-Xylene 66000 25 1413 20 47
n = number o f  analyses, ratio = average off-line/average on-•line, nd =  not detected

Analytical data

T he lim it o f  detection (L O D ) o f  the V O C s w as calculated using tw o methods. 

C onsidering the variability  o f  the daily  blank values, the lim it o f  detection w as defined as 

the am ount corresponding to  the blank plus three SDs o f  the blank. Since, in practice, the 

R SD s o f  the blank are around 30% , the LO D  w as set at tw o tim es the b lank value. A 

sim ilar approach w as previously  reported [23], For the com pounds for w hich no 

significant blank levels w ere observed, the LOD w as set equal to a signal-to-noise (S/N ) 

ratio  o f  3:1. LO D s calculated for a sam ple size o f  IO g  are presented in Table 2 .1.4. They 

range from 5 to 200 pg/g. T his w ork aim ed at a detection limit o f  100 pg/g wet w eight or 

better. W ith one exception this goal w as obtained, w ith h a lf  o f  the values being even 5- 

20-fo Id lower.

In order to determ ine the repeatability  o r the short-term  variation  o f  independent analyses 

o f  the total procedure, a hom ogenised fish m uscle tissue sam ple w as prepared and five 

separate analyses w ere perform ed w ith the on-line m ethod. The test w as lim ited to the 

repeatability  o f  the sam e sam ple. Five sam ples is the average num ber o f  sam ples that can 

be analysed in one day. A  day to day approach is to be preferred because varying 

background levels w ill largely influence the long-term  reproducibility . Sam ples were 

therefore processed batchw ise in such a  w ay that each batch could be analysed in one day, 

together w ith the required blank and standard runs. The results are given in Table 2.1.4. 

The RSD values varied betw een 8% and 25%  for all V OCs except chloroform  (36% ). 

RSDs reported in the literature for the various m ethodologies vary betw een 2 and 30% ,
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and, specifically  for purge and trap techniques, RSDs are betw een 5 and 20% . The rather 

c lose sim ilarity , betw een the various sets o f  R SD s strongly suggests that they are the best 

available for P&T techniques today. Since the results m oreover com ply w ith the goals set 

at the beginning o f  this w ork, no further effort w as m ade to  im prove the repeatability .

Table 2.1.4: LODs, within day precision and recovery for the analysis o f  VOCs 
in 10 g marine biota samples.
Compound LOD

(Pg/g)
RSD (%) 

(n=5)
Recovery <%) 

(n=5)
Chloroform 200 36 95 ±36
1,1,1-Trichloroethane 6 24 66 ±24
Tetrachloromethane 5 24 70 ± 2 4
Benzene 80 16 80 ± 18
Trichloroethylene 20 16 63 ± 17
Toluene 80 8 115 ± 11
Tetrachloroethylene 60 11 74 ± 11
Ethylbenzene 20 II 72 ± 15
m tt/i-Xylene 80 12 69 ± 15
o-Xylene 20 21 77 ± 2 5
1,2-Dichloroethane 5 25 115 ± 2 5
1,1-Dichloroethane 5 25 115 ± 2 5

A 1,1-Dic hloroe thane 
B B cn/cnc 
C  Chloroform 
D 1,2-D ichlorocîhanc 
E Ethyl benzene 
F m & p-X ylene 
G  o-X ylcnc 
H  Tetrachloroclhylcnc 
I Tefcrachloromelhanc 
I  Toluene 
K Trichíoroeíhime 
L Trichkw oethykne

I Maximum 
M inimum 

□  75%
25%

-  M edian

Figure 2,1.5: Background concentrations o f  analy tes o f  interest over a period o f  22  w eeks.
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To determ ine the recovery, a hom ogenised fish m uscle tissue sam ple w as prepared and 

divided into five parts. The hom ogenised sam ples w ere im m ediately transferred to  sam ple 

vials and w ater w as added w hich contained both the internal standard and a known 

concentration (about ! ng/g) o f  the target com pounds. The sam ples w ere stored for 24 

hours at room  tem perature and in the dark prior to analysis. The experim ental results o f  

the analysis are included in Table 2.1.4. The recovery is seen to  vary  betw een 63%  for 

trichloroethylene and 115% for toluene and the dichloroethanes. R ecoveries reported in 

the literature range from 46 to 129% fo r the various techniques and from  60 to 90%  for 

the purge and trap techniques. O r, in o ther w ords, the recoveries obtained w ith the 

d iscussed procedure are sim ilar to those reported by o ther authors. H ow ever, here one 

should consider that, in order to  collect data close to  the LODs aim ed at (cf. above), in 

this study sam ples w ere spiked at concentrations o f  about I ng/g  as against 20 to 2000 

ng/g in earlier w ork. T his helps to  illustrate the good perform ance o f  the present 

procedure.
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Scan n u m b er 
R eten tion  lim e

F ig u re  2 .1 .6 : Selected ion chrom atogram  and  m ass spectrum  for tetrachloroethylene (80 pg/g) in m uscle 
tissue o f  w hiting.
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Analytical quality assurance

A blank analysis accom panied each batch o f  sam ples. The long-term  variability  o f  the 

blank during a period o f  22 w eeks is illustrated in Figure 2.1.5. W ith the exception  o f  

som e extrem es (defined as 3 tim es the difference betw een the 75th and 251'1 percentiles) 

and outliers (defined as 1.5 tim es the difference betw een the 75’h ad 2 5 th percentiles) the 

concentrations o f  the blanks generally  w ere below  100 pg/g and even below  50 pg/g for 

the C H Cs. For 1,1-dichloroethane, 1 ,2-dichloroethane and tetrachlorom ethane, the blank 

values generally  w ere below the detection limit. In o ther w ords, as a concentration  o f  

about I ng/g is conventionally  used for calibration purposes, the background 

concentrations typically  w ere m ore than ten tim es lower. The h igher values found for the 

M A Hs can probably be attributed to  the T ekm ar P& T apparatus w hich is prone to 

becom ing contam inated with M AHs. The h igher values for chloroform  com pared w ith the 

o ther C H C s w ere no doubt due to the frequent use o f  this so lvent in o ther parts o f  the 

building.

Positive identification o f  the target com pounds w as perform ed using both their retention 

tim es and MS spectra. The high sensitiv ity  o f  the ion trap M S allow s full-scan spectra to 

be recorded even at low concentrations. T he procedure for the identification and 

quantification o f  the target com pounds w as as follow s. First the absence / possible 

presence o f  a com pound w as established by observing the absence /  presence o f  a peak in 

the pertinent retention w indow  using the selected ions o f  T able I . I f  a  peak w as detected, 

the full-scan m ass spectrum  w as com pared w ith  that in a hom e-m ade library (Figure 

2.1,6). F o r our purposes, the m inim um  fit (scale 0-1000) w as set at 700. Sm all mass 

fragm ents are alw ays present in the full-scan spectra o f  environm ental sam ples. The latter 

influence the fit value and a m inim um  fit o f  700 therefore seem ed appropriate. H ow ever, 

in about 90%  o f  all cases in w hich an analyte w as detected  on the basis o f  its retention 

tim e, the fit w as 800 or above (F igure 2.1.6). There w ere tw o types o f  exception, distorted 

m ass spectra as a resu lt o f  w ater breakthrough (99% ) and co-elu ting  com pounds (1% ). 

T he presence o f  w ater in the ion trap o f  the MS w ill cause chem ical ionisation. The effect 

w ill be observed at the level o f  the m olecular m ass ion (M ) and will result in the presence 

o f  a strong M -l m ass ion peak. A s quantification  is based on the m ost prom inent m ass 

ions (Table 2.1 .1), a shift w ill m ake accurate calculation o f  the concentration  im possible. 

I f  such an untow ard event occurred, the analysis w-as halted and the system  w as purged 

overnight at elevated tem perature (250 °C). R e-running the sam ple afterw ards invariably
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led to positive identification. In a very few cases, additional m asses w ere detec ted  in the 

spectrum . T he ratios betw een the m ost prom inent m asses o f  the target com pound w ere 

then used to determ ine w hether a coeluting com pound w as present o r the peak should be 

considered as a false positive. Positive identification, i.e. quantification, w as m ade only if  

the relevant peak ratios m atched those o f  the library spectrum  w ith in  20% . T he present 

on-line procedure w as used to  determ ine V O C s in m arine biota. Tw o fish species, w hiting 

(roundfish) and dab (flatfish), w ere collected at two sam pling stations on the Belgian 

continental shelf. A bout 25 specim ens o f  the sam e length class w ere collected for each 

species and analysed individually. A part from  th is being a  field test for the procedure, the 

m onitoring operation provided a way to establish  the concentrations o f  V O C s actually 

p resent and the range o f  concentrations w ithin a  population. The results are illustrated in 

Figure 2.1.7, A lthough, the range o f  concentrations w ithin a  tissue w as considerable, with 

coefficients o f  variation  (C V s) varying betw een 20 and 200% , the concentrations o f  the 

various V O C s appeared to be norm ally distributed in the tissues o f  specim ens orig inating  

from the sam e population (T able 2.1.5). The latter can be explained on the basis o f  

individual specim ens w ithin the sam e population being affected by the sam e source. Since 

they can be expected to  accum ulate o r elim inate the chem ical in sim ilar w ays, the net 

result w ould therefore be a norm a! d istribution  w ithin in a population. A distinct 

d ifference w as noted betw een the results found for liver and m uscle tissue o f  both fishes. 

L iver generally  contained higher concentrations o f  the V O C s than m uscle tissue. T his can 

be explained by the fact that exogenous com pounds are m ainly m etabolised in the liver. 

O nly for chloroform , h igher concentrations w ere found in m uscle tissue. Since both 

species store their lipid reserves in the m uscle tissue and lipid-soluble com pounds that are 

not excreted or m etabolised are m ainly stored in the fat reserves o f  the organism , th is is 

not unexpected. Indeed, a significant relation could be dem onstrated betw een the 

concentration  o f  chloroform  and the fat content o f  m uscle tissue (F igure 2.1.8).

The presence o f  V OCs in biota w as reported as early  as 1975 [3], H ow ever, only  a few 

authors have reported quantitative data. The concentrations found during this study were 

sim ilar to those previously published. For w hiting, average concentrations o f  1 -2 ng/g w et 

w eight (w w t) w ere found for m uscle tissue and around 1 -6 ng/g  wwt for liver tissue.



104 Analysis
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F ig u re  2.1.7: Concentrations o f  V O C s in m uscle tissue and liver o f  w hiting  (top) and dab (bottom ). Values 
below  detection  lim it arc included in the plots.
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T able 2.1.5: Statistical analysis o f  VOCs in muscle and liver o f  whiting and dab and correlation with fat content 
and length._________________________________________________________________________________________________
Parameter n Median

(ng/g)
Mean
(ng/g)

CV (%) KS distance KS P-value

Benzene 13 4.4
W hiting muscle tissue 

4.0 46 0.151 >0.10*
Chloroform 10 42 198 83 0.417 0.062 *
m&p-Xylene 20 6.4 13.9 139 0.372 0.0079
Ethylhenzene 21 5.7 10.8 117 0.322 0.0257
o-Xylene 21 3.1 8.6 126 0.386 0.0039
Tetrachloroethylene 12 0.2 0.3 64 0.244 > 0.10*
Tetrachloromethane 4 0.7 3.2 191 0.418 > 0.10*
Toluene 15 2.6 3.4 63 0.188 > 0 .10*
Trichloroethane 9 1.0 1.2 79 0.268 > 0 .10*
Trichloroethylene 20 4.6 4.6 58 0.127 >0.10 *

Benzene 18 4.9
W hiting liver tissue 

6.0 68 0.146 > 0.10*
Chloroform 11 3.7 4.7 78 0.155 > 0 .10*
m&p-Xylene 23 3.5 4.9 126 0.247 > 0 .10*
Ethylbenzene 19 3.4 6.7 134 0.232 > 0.10*
o-Xylene 21 2.2 3.6 114 0.220 > 0 .10*
Tetrachloroethylene 9 0.89 4.3 203 0.420 0.0839 *
Tetrachloromethane IO 76 154 128 0.283 > 0 .10*
Toluene 12 1.6 2.1 68 0.195 > 0 .10*
Trichloroethane 20 0.22 0.5 103 0.256 >0.10*
Trichloroethylene 16 1.2 29 195 0.411 0.0091

Benzene 16 0.5
Dab muscle tissue

0.54 20 0.158 > 0 .1 0 *
Chloroform 17 1.9 14 126 0.329 0.0502 *
m&p-Xylene 16 0.4 0.52 86 0.187 > 0 .1 0  *
Ethylbenzene 18 1.7 1.71 47 0.145 > 0 .1 0 *
o-Xylene 16 1.0 1.75 43 0.181 > 0 .1 0 *
T etrach loroethy lene 16 0.8 0.77 42 0.111 > 0 .1 0 *
T etrach loromethane 13 0.3 0.62 92 0.315 > 0 .1 0 *
Toluene 12 0.3 0.54 113 0.261 > 0 .1 0  *
Trichloroethane 14 0.7 0.97 53 0.260 > 0 .1 0  *
Trichloroethylene 6 0.5 0.53 39 0.313 > 0 .1 0  *

Benzene 19 5.6
Dab liver tissue

12 116 0.257 > 0 .1 0 *
Chloroform 20 0.8 2.5 136 0.272 > 0 .1 0 *
m&p-Xylene 16 1.0 1.3 78 0.157 > 0 .1 0 *
Ethylbenzene 20 4.9 9.4 95 0.250 > 0 .1 0 *
o-Xylene 20 6.2 10 90 0.201 > 0 .1 0 *
Tetrachloroethylene 20 2.8 4.8 96 0.273 > 0 .1 0 *
Tetrachloromethane 20 0.7 1.3 137 0.273 > 0 .1 0 *
Toluene 8 0.5 0.6 55 0.215 > 0 .1 0 *
Trichloroethane 20 3.0 4.9 77 0.224 > 0 .1 0 *
Trichloroethylene 17 0.3 0.4 69 0.269 > 0 .1 0 *
n = number o f  values used for the calculation (i.e. num ber o f  fish and exclusion o f  values below detection limits). 
CV = coefficient o f  variation. * - significant KS =  Kolmogorov-Smimov.
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Figure 2.1.8: Relationship between chlorotbrm concentration and tai content in muscle tissue tor 
whiting. See text for details.

Sim ilarly, concentrations o f  several C H C s averaging around 5 ng/g w wt w ere reported for 

a related species like cod (Gadus morhua) [3,24]. F or dab, the average CHC 

concentrations w ere betw een 0.3 and 2 ng/g w w t for m uscle tissue and betw een 0.3 and 6 

ng/g w w t for liver tissue. S im ilarly, Pearson and M cC onnel [3] reported concentrations o f  

1-20 ng/g wwt for m uscle tissue and o f  12-30 ng/g w w t for liver tissue. C oncentrations in 

related fish species like plaice (Pleuronectes platessa) and flounder (Platychtis flesus) 

w ere o f  the sam e order o f  m agnitude. The highest concentrations observed during  this 

study w ere over 150 ng/g  wwt for trichloroethylene and over 550 ng/g w w t o f  

tetrachlorom ethane in liver o f  w hiting. S im ilarly high values have been reported in the 

literature in a few exam ples, although m ostly for invertebrates. Y asuhara and M orita [10] 

found 4080 ng/g w w t o f  1 ,2-dichloroethane in m ussel (Mytilus edulis) w hile R einert et al. 

[13] reported 590 ng/g w w t o f  the sam e com pound in grass shrim p (Paleomonetes pugio). 

Pearson and M cConnel [3] found up to  150 ng/g w w t o f  chloroform  in cockle 

(Cerastoderma edule), and 180 ng/g  w w t in crab  (Cancer pagaras). Ferrario  et al. [12] 

reported benzene concentrations up to 1030 ng/g in k illifish (Fundulus sp.). F inally, the 

concentrations reported in this study are o f  the sam e order o f  m agnitude as those found 

for chlorinated b iphenyls (C B s) in fish caught in the sam e area [25]. C Bs have a high
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octanol-w ater partition coefficient and therefore a strong tendency to  bioconcentrate. It is 

generally  expected, how ever, that volatile organic com pounds exhibit little o r no tendency 

to bioconcentrate [ 17].

The sim ilarity betw een the concentrations is therefore surprising  and w ould indicate that 

the organism s are either exposed to  h igher levels o f  V O C s or, at least, m ore frequently to 

low er levels. T his aspect certainly m erits closer attention in future studies.

2.1.3 C onclusions

Even though several sets o f  experim ental data have been quoted above, one m ay well say 

that there is a lack o f  attention with regard to  the presence o f  VO C s in m arine biota. This 

is often attributed to their low bioconcentration and bioaccum ulation potential [3], 

especially  in com parison w ith  hydrophobic com pounds such as CBs. Yet the VOC 

concentrations in both fish species are at least a 100-fold higher than in the surrounding 

water. De w u lf  and V anlangehove [26] reported concentrations ranging betw een 10 and 50 

ng/1 for M A H s and 1 and 20 ng/1 for C H C s in w ater from the sam e area. M oreover, the 

extrem es in the fish species w ere at least ten tim es h igher than those o f  prom inent CB 

isom ers, such as IU PAC Nr. 153 [27], w hich are priority  pollutants. A dm ittedly, m ost 

environm ental pollutants are present at levels that w ill not result in acute toxic effects and 

the current levels o f  V OCs will probably pose no threat e ither to  m an o r the fish itself. 

H ow ever, the danger is the continuous exposure o f  organism s to these com pounds and the 

present concern is indeed focuses on the effect o f  a long-term  exposure to low levels o f  

contam inants [28], V O C s are obviously  present a t such concentrations and a thorough 

know ledge o f  their presence and distribution is m andatory for an accurate risk 

assessm ent. In that respect, a rather rapid and sufficiently  sensitive and selective w ay to 

determ ine both M A H s and C H C s in m arine biota is provided by the current procedure.
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2.2 Im proved  determ ination  o f  V O C s in m arine  biota by using on-line  

purge and tr a p -g a s  c h r o m a to g r a p h y -m a ss  spectrom etry'

70007

S u m m a ry

A Tekm ar LSC-2000 Purge and Trap (P&T) apparatus was further modified in order to improve the on-line 
P&T gas chromatographic determination o f  Volatile Organic Compounds (VOCs) in biological tissue. The 
standard needle sparger o f  the Tekm ar was replaced by a system consisting o f  two needles (purge gas in- 
and outlet) and a moisture trap. This modification allows a rapid throughput o f  samples and minimises the 
risk o f  contamination or losses. Addition o f  I-octanol proved successful in eliminating the severe sample 
foaming that generally occurs when biological material is purged. For separation o f  the analytes a J&W  
DB-VRX column (60 m, 0.25 mm i.d., 1.4 pm  film) was used, which allowed the elimination o f  the 
cryofocusing step prior to injection. The method was tested for 13 priority VOCs and detection limits were 
obtained ranging from 0.003 ng/g (tetrachloromethane) to 0.16 ng/g (m- and p-xylene) using single ion 
monitoring-mass spectrometry. The reproducibility was around 15% for most com pounds and the 
recoveries were better than 80% for all analytes except 1,1-dichloroethane (59%). Although the method was 
originally validated for 13 VOCs, it was found to be applicable for a broader range o f  VOCs and was tested 
on eel from the Scheldt estuary. Apart from the priority VOCs several other VOCs turned up rather 
unexpectedly in these samples. They were identified on the basis o f  their mass spectra and quantified using 
selected ion monitoring.

* From  Analyst, 123 ( 1998) 2167-2173.
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2.2.1 In tro d u c tio n

There is relatively little inform ation on the presence and d istribution  o f  volatile organic 

com pounds (V O C s) in m arine organism s. T his is in part due to  the assum ed low potential 

o f  the V O C s to b ioconcentrate [1] and possibly also to the analytical difficulties that are 

encountered  in this type o f  m onitoring. M ost V O C s are nonetheless im portant 

atm ospheric pollutants and a num ber o f  them  are recognised as com pounds w ith a high 

research  priority  by several international organisations [2-4]. A lim ited num ber o f  authors 

[5-8] have reported the presence o f  V OCs in m arine organism s, som e o f  them  as early as 

1975. Recent w ork revealed the presence o f  V O C s in m arine organism s at levels at or 

above those o f  w ell-know n contam inants such as PCBs [9], So far, the im plications for 

m arine organism s are unknow n. A s for PC Bs the levels are such that there will probably 

be no acute effects for organism s and m an, but the effects o f  long-term  exposure are o f  

som e concern.

V O C s are determ ined in organism s using sam ple-treatm ent techniques such as solvent 

extraction [5,8], static headspace[10], vacuum  distillation [11-13] and purge and trap 

(P & T )[I4 -I6 ]. T he lowest detection lim its are generally  reached w ith those m ethods that 

use dynam ic headspace techniques (vacuum  distillation, P&T). They are less m atrix 

dependent than static headspace techniques and are readily used in com bination with gas 

chrom atography-m ass spectrom etry (G C -M S). U sing such an analytical technique 

detection  lim its (L O D s) better than 100 pg/g  have been obtained [9],

In an on-going effort to study the concentrations o f  V O C s in organism s, a previously 

reported  m ethodology [9] w as further im proved. A lthough the latter w as successfully  

used for the determ ination o f  V O C s in organism s, a num ber o f  shortcom ings gradually  

becam e apparent. The P& T set-up w as prone to leaking, especially  after extended periods 

o f  operation. Furtherm ore, sam ples had to  be exposed to am bient air, although briefly, 

w hen sam ple v ials w ere coupled to the system , w hich alw ays involves a  risk  o f  sam ple 

contam ination  or analyte losses. Even at the low  purge flow s used, excessive sam ple 

foam ing som etim es occurred and inevitably resulted in contam ination o f  the system  and, 

consequently , system  dow n tim e. The current w ork therefore aim s at im proving the 

robustness o f  the method for use in a more routine environm ent. The m ethod w as tested 

by exploring  the possibility  o f  determ ining a larger num ber o f  V O C s in biota. In 

anticipation  o f  a p lanned m onitoring program m e for yellow  eel (Anguilla anguilla), eel
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from  the Scheldt estuary w ere used for this purpose. Eel is regarded as an excellent 

bionionitor for fresh w ater system s because o f  its non-m igratory behaviour, high fat 

content, w ide distribution and absence o f  spaw ning [17],

2.2.2 E x p e rim en ta l

Reagents and chemicals

All m aterials used in this study w ere o f  research-grade quality. The chlorinated 

hydrocarbons (C H C s), chloroform , tetrachlorom ethane, 1 ,1-dichloroethane, 1,2- 

dichloroethane, 1,1 ,1-trichloroethane, trichloroethene and tetrachloroethene and the 

m onocyclic arom atic hydrocarbons (M A H s), benzene, toluene, ethylbenzene and the 

xylenes w ere all from M erck (D arm stadt, G erm any). T hey w ere used w ithout further 

purification. The standard m ixture containing the 60 V O C s o f  EPA m ethod 502.2 w as 

obtained from  A lltech (D eerfield , 1L, U SA ). M ethanol (B aker, Instra-analysed, 

Phillipsburg, NJ, USA) w as used  as solvent for the preparation o f  standard solutions. 

1,1,1-Trifluorotoluene (A ldrich, M ilw aukee, W l, USA) w as used as internal standard 

(IS). V ocarb 4000 traps (8.5 cm  C arbopack C, 10 cm  Carbopack B, 6 cm  C arboxen 1000 

and 1 cm  C arboxen 1001) w ere obtained from Supelco (B ellefonte, W I, U SA ) and used 

as adsorption traps ( 1 /8” OD). W ater used for the preparation o f  blanks and standards w as 

obtained from Baker and 1-octanol used for the reduction o f  sam ple foam ing w as 

obtained from Merck.

Equipment

A m icroprocessor-controlled P& T system , the Tekm ar LSC -2000 (Tekm ar, C incinnati, 

O H , U SA), w as coupled to a  G C-M S (F innigan M agnum  Ion Trap M S, Finnigan, San 

José, CA, U SA ) via a heated transfer line term inating in a cryogenic focuser at the GC 

end. The internal lines o f  the P& T  are constructed from  glass-lined stainless steel, and the 

transfer line and internal lines are connected  via a heated 6 -port sw itch valve. The 

standard needle  sparger o f  the T ekm ar w as replaced w ith a system  consisting o f  two 

needles (purge gas in- and outlet) and a m oisture trap, w hich w as a 40-m! vial cooled to 

- IO  °C (F igure 2.2.1). The 40-m l open w hole screw  cap vials (m oisture trap  and sam ple 

v ials) and PTFE/silicone liners w ere obtained from  A lltech.
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P urge gas 20 ml/inîn 1/8 ‘ s la  in less steel

1/8 1 teflon tub ing

S am ple vial 40 ml

W a te r  15 m l + 
in te rn a l s tan d a rd

Custom-made 
connector for 

LSC-20Ö0

W a te r  ba th  70°C‘‘

S ed im ent sam ple 
± 3 0 g

C ooling m antle

40 ml vial cooled 
a t -10 °C  to 

condense  w ate r 
v ap o u r

Figure 2.2,1: On-line P&T set-up 

Analytical procedure

Preparation o f  blanks W ater specially  prepared for the analysis o f  V O C s (B aker) was 

used to prepare blanks and standard solutions (see below ). W ater w as continuously 

purged during storage w ith nitrogen. For the preparation o f  blank sam ples ! pi o f  the 

internal standard was added to 25 ml o f  the treated w ater w hich w as then treated as a 

sam ple.

Preparation o f  standard solutions A m ore detailed description o f  the preparation o f  

standard solutions is given elsew here [9]. For calibration o f  the procedure, I pi o f  a 

m ethanolic solution containing 0 .4-0 .8 ng/pl o f  the various target com pounds and I pi o f  

a m ethanolic solution contain ing the internal standard (about 0.4 ng /p l) w ere added to 25 

ml o f  blank w ater (see above). The w ater w as then injected into a 40-m l sam ple vial, and 

the sam ple vial connected to the on-line P& T set-up, pre-concentrated and analysed by 

G C -M S. The procedure for spiked sam ples w as identical but had an additional settling 

period o f  24 hours.

Samples, Sample pre-treatment and analysis

Eel, w ith a length betw een 20 and 40 cm, w ere collected in the industrial zone o f  the 

Scheldt estuary  near A ntw erp. A pproxim ately 15 g o f  m uscle tissue from  each eel was



improved determination o f  VOCs 113

hom ogenised w ith an U ltra-Turrax b lender a t 0°C and transferred  to  a 40-m l sam ple vial. 

A fter the addition o f  25 ml organic-free w ater, 1 pi o f  the internal standard (1,1,1- 

trifluorotoluene) solution and 20 pi o f  1-octanol, the vial w as closed w ith an open hole 

screw cap w ith a PFT E-silicone rubber septum  and the hom ogenate treated in a ultrasonic 

bath (20 m in at 0°C ) to  further disrupt the tissue. The g lass vessel w as then  coupled to the 

P& T system  by puncturing the septum  w ith the two needles. The volatiles w ere forced out 

o f  the sam ple by purging the sam ple for 34 min w ith a 20 ml/m in stream  o f  helium  at 

70°C (w ater bath). The analytes w ere trapped onto a V ocarb 4000 sorbent trap m ounted  in 

the P& T  apparatus at a  tem perature o f  45 °C. A fter purging, the trap w as backflushed 

w hile being rapidly heated to  250 °C and the analytes w ere desorbed into a cryofocusing 

m odule connected to the analytical colum n. The cryofocusing m odule w as either cooled 

to -1 2 0  °C , for an analysis involving cryofocusing, o r kept at a constant tem perature o f  

250 °C  for an analysis w ithout cryofocusing.

The analytes w ere injected into the GC colum n by rapid ly  heating the cryofocusing 

m odule from  —I20°C  to 200  °C in 0.75 m in or by direct transfer, i.e. w ithout 

cryofocusing, to the G C  colum n. Separation w as done on a 60 m  x 0.25 m m  ID J& W  DB- 

VRX colum n w ith a film th ickness o f  1.4 pm . Tem perature program m ing o f  the GC and 

data acquisition w ere started sim ultaneously. T he tem perature o f  the GC oven w as held at 

35 °C for 6 min and then linearly increased from 35 °C to 200 °C at 4  °C/min, and finally 

held at 200 °C for 4  min. Helium was used as the carrier gas with an inlet pressure o f  16 psi. 

The target com pounds were identified on the basis o f  their retention times and mass spectra 

and quantified using the total mass o f  selected ions (see Table 2.2.1 below). The ion trap 

detector was operated in the electron ionisation (El) m ode w ith the multiplier voltage set at 

2400 V, the axial m odulation (A/M ) amplitude at 3.5 V and the emission current at 12 pA. 

The manifold tem perature w as set at 220 ° C. The m ass range was 50-250 am u and the scan 

rate 1000 ms. The filam ent delay w as 180 s, and a  mass defect o f  50 mm ass / 100 am u and a 

background mass o f  55 am u were selected.

Analytical quality assurance

A detailed  description o f  the analytical quality  assurance is g iven elsew here [9]. B lanks 

w ere run  w ith each series o f  sam ples and com pared w ith previously recorded blanks and 

the standard solution. Further m easures included m onitoring the response factors o f  the 

standards and treating  a standard solution as a sam ple.
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Table 2.2.1: Sequence number, selected ion masses, retention time and LOD (for 40-g sample) for the 
VOC m ixture determined in the eel samples.__________________________________________________________
C om pound Sequence

nu m b er
Selected*

m asses
R etention  lim e 

(m in)
L O D  for

(Pß/ß)
T richlorofluoromethane 1 101/103/66 4:13 40
1,1 -Dichloroethene 2 61/63/96 4:59 6
Methylene chloride 3 84/86/49 5:56 9
Irans-1,2-Dich loroethene 4 61/96/98 6:26 7
1,1-Dich loroethane 5 63/83/97 6:58 6
cts 1,2-Dichloroethene 6 61/96/98 8:18 5
2,2-Dichloroprane 7 77/79/97 9:03 7
Bromochloromethane 8 130/128/49 8:42 10
Chloroform 9 83/85 8:53 3
1,1,1 -T richloroethane IO 97/61/99 11:15 8
Tetrachloromethane 11 117/119 12:40 4
Dichloropropene 12 39/110/77 12:04 10
Benzene 13 78 12:57 1
1,2-Dichloroethane 14 62/64 10:57 3
Trichloroethene 15 130/95/60 16:28 40
1,2-dichloropropane 16 62/63/76 16:08 20
Dibromomethane 17 174/172/93 15:47 20
Bromodichloromcthane 18 83/85/47 16:41 30
Trifluorotoluene IS 146/127/96 18:24 na
c is -1,3-Dich loropropene 19 75/110/39 20:27 2
Toluene 20 91 24:04 1
Irans-1,3-Dichloropropene 21 75/110/39 22:45 2
1,1,2-Trichloroethane 22 97/61/99 23:13 10
Tetrach loroethene 23 166/129/94 27:08 2
1,3-Tichloropropane 24 76/78/41 24:23 9
Dibromochloromethane 25 129/127/48 25:12 2
1,2-Dibromoethane 26 107/109/27 26:11 3
Chlorobenzene 27 112/114/77 29:58 1
1,1,1,2-Tetrachloroethane 28 131/133/95/122 29:42 3
Ethylbenzene 29 91/105/106 31:03 2
m-Xylene 30 91/105/106 31:55 1
p-Xylene 31 91/105/106 31:55 1
o-Xylene 32 91/105/106 33:24 2
Styrene 33 103/78/51 33:08 2
Bromoform 34 173/171/175 34:13 3
Isopropylbenzene 35 105/125/77 34:54 1
1,1,2,2-Tetrachloroethane 36 83/85/131/133 33:21 6
Bromobenzene 37 158/156/77 35:25 1
1,2,3-T rich loropropane 38 75/110/39 33:53 20
n-Propylbenzene 39 91/100/125 36:35 2
2-Chlorotoluene 40 91/126 36:44 4
1,3,5-T rimethy lbenzene 41 105/125/77 37:55 4
4-Ch!orotoluene 42 91/126 37:03 6
teri.-Butylbenzene 43 91/119 38:45 3
1,2,4-T rimethylbenzene 44 77/105/125 39:18 5
je c .-Butylbenzene 45 134/105 39:36 20
1,3-Dichlorobenzene 46 146/111/75 39:34 10
/j-lsopropyltoluene 47 119/91/39 40:26 10
1,4-Dichlorobenzene 48 148/146/111/75 39:52 10
1,2-Dichlorobenzene 50 146/111/75 41:06 2
1,2-Dibromo-3-chloropropane 51 157/75/57 43:24 4
1,2,4-T richlorobenzene 52 180/145/109 46:59:00 90
Hexachlorobutadiene 53 260/225/190 49:14:00 2
Naphthalene 54 128/102 48:46:00 3
1,2,3-Trichlorobenzene 55 180/145/109 49:29:00 9

na -  not applicable (IS), * In order of relative abundance
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2.2.3 R esu lts und discussion

Analytical data and methodology’

The first m ajor m odification o f  ou r previous P&T procedure [9] w as the elim ination o f  

the spargers w ith W heaton connectors in  favour o f  the system  presented in Figure 2,2.1. 

The spargers w ere prone to leaking after a period o f  intensive use, because the PTFE liner 

o f  the W heaton connector deform ed a t the tem peratures and pressure used. Sam ple vials 

are now  connected to the system  sim ply by puncturing the septa. T his connection 

virtually  elim inated the occurrence o f  leaks during purging. A lso, there is no longer any 

need to open the sam ple v ials in o rder to  connect them  to the on-line P& T, which 

essentially  prevents losses due to  vo latilisation  o f  the analy tes and contam ination by 

laboratory air. The latter is a well know n problem  in the field o f  VOC analysis and w as 

thoroughly discussed in our previous w ork [9]. D uring this w ork, both the blank levels, 

w hich ranged from  1 to 90 pg/m l, and their variability , w hich varied  betw een 10 and 

120%, w ere sim ilar to the earlie r reported  results. In the light o f  these and previous results 

contam ination during hom ogenisation and equipm ent background are still considered to 

be prim ary causes o f  the observed blank levels. The new  set-up also uses larger vials, 

w hich perm it a larger sam ple intake and, consequently , im prove analy te delectability . An 

additional benefit o f  the larger vial is the possibility  to  hom ogenise the biological tissue in 

the vial itself, w hich keeps the sam ple handling, with all its associated  dangers, to a 

m inim um .

In earlier studies, sam ple foam ing caused som e problem s w hen biological tissues were 

purged at elevated  tem peratures [9,18,19], C ontrary to w hat is reported by M ichael et al. 

[18], addition o f  1-octanol to tally  elim inated sam ple foam ing and allow ed an increase o f  

the purge flow to 20 m l/m in. A h igher flow w as im possible due to technical restrictions o f  

the T ekm ar P&T, but in an off-line set-up no sam ple foam ing w as observed at flow s o f  up 

to 40 m l/m in. Such a  h igher flow  w ould certain ly  further decrease the purging tim e by at 

least 50%  and, consequently , reduce the overall analysis tim e. This aspect needs to be 

further investigated.

A s there w ere practically  no changes in the operational param eters o f  the original set-up 

only the purge tim e for the new  volum e o f  40 m l and purge flow  o f  20 ml/m in was 

evaluated. S ince the tw o-fold increase in the sam ple volum e w as com pensated by the 

tw ofold increase in purge flow, it w as assum ed that the original purge flow could be
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m aintained. T his was confirm ed by a recovery test for those V O C s that are considered 

priority  hazardous com pounds [2-4], The results are g iven in  T able 2 .2 .2 . The recoveries 

w ere better than 80%  for all analytes except 1 ,1-dichloroethane (59% ), w hich is the most 

volatile  m em ber o f  the group. These results are fully satisfactory w hen com pared w ith the 

recoveries reported in the literature, w hich vary from 40 to  130% [11-14.16], W ith the 

original m ethod, the recoveries w ere betw een 63 and 115%, how ever, the variability  o f  

the recovery data then w as higher. This indicates the increased robustness o f  the current 

set-up, a conclusion w hich is confirm ed by the precision data now obtained (Table 2). For 

ten out o f  tw elve test analytes, the RSD  values w ere 14-17% w hereas previously  reported 

repeatabilities varied betw een 5 and 30%  [9,11-14,16]. In sum m ary, the analytical data 

for the test set are o f  good quality.

T able 2.2.2: Recovery and repeatability data for the target compounds*.
Compound Concentration

(ng/g)
Recovery (%) 

n=5
RSD 

(%; n=5)
1,1-Dichloroethane 0.49 59 17

Chloroform 0.45 88 16

Trichloroethane 0.52 97 17

Tetrachloromethane 0.29 99 17

1,2-Dichloroethane 0.49 97 23

Benzene 0.29 92 4.3

Trichloroethene 0.54 95 16

Toluene 0.29 86 17

Tetrachloroethene 0.58 92 15

Ethylbenzene 0.29 82 14

W($/>-Xylcnc 0.42 82 14

o-Xylene 0.39 81 14

* P&T-GC-MS analysis o f  spiked sample

Extending the application range

For an exploration o f  the feasibility  o f  analysing a larger num ber o f  V O C s and to 

determ ine the separation pow er o f  the analytical colum n, a standard m ixture o f  V O C s had 

to  be chosen that w ould cover a large num ber o f  V O C s w ith m utually  sim ilar 

physicochem ical properties. To th is end, the standard m ixture o f  60 V O C s specified in 

EPA m ethod 502.2 w as selected. M ethod 502.2 is routinely used for the determ ination  o f  

a large num ber o f  volatile organic com pounds in drinking w ater by P&T. A typical GC- 

MS trace o f  the standard m ixture at the concentrations used in th is study is show n in Fig.
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2.2.2. The current set-up is seen to  allow  the separation o f  most V OCs w ith  the exception 

o f  m- and p-xylene, o-xylene and 1.1,2,2-tetrachloroethane and sec.-butylbenzene and 

1,3-dichlorobenzene. H ow ever, o-xylene and 1,1,2,2-tetrachloroethane have to tally  

d ifferent m ass spectra and the sum o f  their m ost p rom inent peaks (m /z 8 3 ,8 5 ,131,133 and 

m /z 91,105,106 respectively) can be used for quantification , w hile sec.-butylbenzene can 

be d istinguished from 1,3-dichlorobenzene on the basis o f  m/z 146, 148, 75, 109. O r, in 

other w ords, on ly  the m -xylene—plus-p -xy lene  pair could not be d istinguished even w hen 

applying selected ion m onitoring.

100

45/46

54 55

[800
311:00

6(H) 240«
40:01)¡0:00

Scan num ber 
Retention tim e

F igure  2.2.2: Full-scan GC-MS separation o f  56 VOCs on a 60 m x 0.25 mm ID J&W  DB-VRX column 
(film 1.4 pm). For details, see Experimental.

The use o f  the long D B -V R X  colum n requires a high inlet pressure. W ith the norm al inlet 

pressure o f  24 psi, a shift o f  the ion m asses w ith one m ass un it was noted  and attributed to 

an insufficient am ount o f  He entering the ion trap. Increasing the inlet pressure to  28 psi 

indeed solved the problem . The m ost prom inent feature o f  using the D B-VRX  colum n is 

that it allow s analysis w ithout cryofocusing. This w as tested by desorbing the analytes 

from the trap  directly  into the analytical colum n w hile the cryofocusing m odule w as kept 

at 250 °C. Figure 2.2.3 clearly  show s that elim inating the cryofocusing step has no
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influence on the separation, as peak shapes and retention tim es w ere not altered at all. 

Due to a com bination o f  colum n dim ensions, film thickness and oven tem perature the 

analytes w ere sufficiently  focused at the beginning o f  the colum n, w hich makes 

cryofocusing superfluous. T his sim plification further im proves the robustness o f  the 

m ethod, because a constant supply o f  liquid nitrogen is no longer required. W ith the 

previous set-up, the liquid nitrogen supply occasionally  becam e depleted during a run, 

w hich resulted in the loss o f  tim e as well as sam ple.

T able 2.23: VOC detected in eel from the Scheldt estuary and laboratory blanks.

Compound VOC levels (ng/g fresh weight) in: Blank level 
(ng/g)

Sequence
number

Name Eel 1 Eel 2 Eel 3

1 Trichlorofluoro methane 170 396 42 nd

2 1,1-Dichloroethene nd nd 15 nd

3 Methylene chloride 8.3 nd nd nd

9 Chloroform 82 12 4.0 0.15

14 1,2- Dichloroethane 0.39 0.35 0.17 0.004

IO 1,1,1 -T richloroethane 1.6 2.1 1.2 0.005

11 Tetrachloromethane 1.0 1.1 nd 0.006

13 Benzene 2.0 2.4 1.2 0.09

17 Di bromomethane 1.5 l.l 0.74 nd

15 T richloroethene 6.5 7.7 5.1 nd

22 1,1,2-Trichloroethane 0.53 nd nd nd

20 Toluene 3.8 3.2 1.3 0.06

25 Dibromochloromethane 0.29 0.17 0.09 0.003

23 Tetrachloroethene 15 16 11 0.06

27 Chlorobcnzene 0.34 0.41 0.24 0.01

29 Ethylbenzene 0.71 0.71 0.40 0.04

34 Bromoform 1.2 0.70 0.60 nd

30/31 m-Xylene & p-xylene 0.92 0.74 0.41 0.03

33 Styrene 1.2 0.54 0.37 nd

32 o-Xylene 1.1 0.99 0.65 0.02

35 Isopropylbenzene 0.42 0.56 0.36 nd

37 Bromobenzene 0.16 0.13 nd 0.008

40 4-ChIorotoluene nd nd 1.3 nd

41 1,2,4-Trimethylbenzene nd 0.33 nd 0.03

46 1,3-Dichlorobenzene 1.6 nd 0.37 0.06

48 1,4-Dichlorobenzene 3.3 0.82 1.7 0.05

50 1,2-Dichloro benzene 1.6 0.41 0.83 0.03

nd = below detection limit
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u
20:0016:40

R etention  tim e

20:0016:40
R e te n t io n  l im e

F igure  2.2.3: Effect o f eliminating cryofocusing on performance. (A) W ith cryofocusing, (B) without 
cryofocusing. For peak number indentification see Table 2.
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T he com bined results obtained so far indicate that 54 ou t o f  the 60 V O C s routinely 

analysed in w ater with EPA m ethod 502.2, can be determ ined in biological tissue using 

the present procedure. E xceptions are the m ost volatile  com pounds, 

d ichlorodiiluorom ethane. chlorom ethane, v inylchloride, brom om ethane and chloroethane, 

w ith boiling  points in the 29 to 12 °C range, and n-buty I benzene. A lthough insufficiency 

o f  the present procedure for the volatile  com pounds is probably a result o f  the 

m ethodology used, this is not the case for n-butylbenzene. The latter analyte coelutes with 

an interfering peak that w as found to  be invariably present in our P& T-G C -M S system 

and cannot be distinguished from it even w ith selected ion m onitoring.

ino -,

I ¡IHI
20:00

I MM)
.1 0 :0 0

2400
40:00

Scan num ber 
Retention time

F igure  2.2.4: GC-M S chromatogram o f eel no. 1 (cf. Table 3) from the Scheldt estuary (box enlarged as 
insert). For conditions, see Experimenta!.
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Analysis o f  eel samples

Three eel sam ples from ihe Scheldt estuary  w ere used to  test the practicality  o f  the present 

approach. C om pounds w ere identified on the basis o f  their m ass spectra and their 

concentrations w ere calculated  on the basis o f  selected ion m asses. L im its o f  detection 

(L O D s) w ere calculated on the basis o f  a signal-to-noise ratio  o f  3 o r the blank + 3 sd. All 

relevant data are presented in T able 2 .2 .2 . The results show  that all target com pounds o f  

T able 2.2.1 except l.l-d ich lo roe thane  w ere present (Table 2.2.3). A lthough the m ajority  

o f  the other V O C s (i.e. 15 out o f  44) w as not detected in any o f  the sam ples, several 

additional V O C s w ere found such as. e.g. trichlorofluorom ethane, brom inated m ethanes, 

styrene and chlorinated benzenes (Table 2.2.3).

A s an illustration, a  G C -M S trace for eel sam ple No. 1 is showm in Fig. 2.2.4. The m ost 

striking observation is the occurrence o f  trichlorofluorom ethane at concen trations o f  40- 

400 ng/g fresh w eight, especially  since the com pound w as not detected in the blank so 

that contam ination  cannot have played a role. T richlorofluorom ethane o r Freon 11 w as 

prim arily  released to the environm ent w hen it w as used as an aerosol propellant. O ther 

sources o f  em ission include its use as a refrigerant, foam ing agent, so lvent and degreaser 

[I ] . The bioconcentration potential o f  trichlorofluorom ethane is assum ed to  be negligible 

[ 1 ]. D ickson and Riley [6] reported concentrations o f  trichlorofluorom ethane o f  0.1-5 

ng/g on a dry w eight basis in various m arine organism s and 2-20-fold enrichm ent 

com pared to the w ater colum n. The concentrations reported here for eel are much higher, 

w hich certain ly  raises questions about the exposure o f  the eel to  th is com pound. The 

brom inated com pounds found in the eel m ay well be linked to inadvertent formation 

during chlorination o f  drinking w ater [20]. Helz and Hsu [21] delined transfer from  the 

atm osphere, in situ b iosynthesis, in situ chem ical synthesis and industrial o r m unicipal 

w aste discharge as the four m ain w ays in w hich volatile halocarbons are introduced into 

coastal w aters. In th is case the latter can be expected to  be the predom inant source. The 

presence o f  chlorinated  benzenes is probably due to the various industrial processes in 

and around the harbour area. H ow ard [1] quotes concentrations reported by several 

authors for fish and seafood, w hich are generally  in the low ng/g range on a fresh w eight 

basis. The present results are o f  the sam e order o f  m agnitude. S tyrene em issions are 

typically  caused by spillage during production and/or use; styrene is also present in 

autom obile exhausts [1]. H ow ever, although the com pound is one o f  the m ost w idely used
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raw m aterials in the polym er industry [22], concentrations com parable to  those in Table

2.2.3 have not been reported in the literature.

F inally, the average VOC concentrations in eel w ere com pared w ith the average 

concentrations in sedim ent, determ ined by using the sam e procedure, and average 

concentrations for w ater, covering a  period o f  tw o years, w hich w ere reported by D ew ulf 

et al. [2 3 1. Figure 2.2.5 show s that the concentrations o f  the target VOCs are several 

orders o f  m agnitude h igher in eel, w hich again raises questions about the potential to 

bioconcentrate V OCs and the exposure o f  fish to these. All com pounds discussed during 

this study are considered to have a low  tendency to  be b ioconcentrated and arc therefore 

not regarded as a potential threat to organism s. Y et during the present and a previous 

study [9], VOC concentrations occasionally  w ere much h igher than w hat is expected  on 

the basis o f  their b ioconcentration factor fB C F). An overview  o f  calcu lated  and reported 

B C Fs is given in Table 2.2.4. The BCF for chloroform , for instance, is 6 [24], o r in other 

w ords, concentrations in the organism  should be som e 6-fold h igher than concentrations 

in the w ater. Yet the data o f  Table 2.2.4 show an approx. 100-fold difference. S im ilarly, 

the BCFs o f  tetrachlorom ethane and toluene calculated from our data are 40 -fo ld  and 30- 

fold higher, respectively, than published B CF data. For the o ther V O C s the d iscrepancy 

betw een published and calculated  BCFs is sm aller, i.e. 2 - 10-fold. M oreover, one should 

consider that for most o f  the V OCs in Fig. 2 .2.5, the concentration  levels are com parable

1000 10001000

HOO

■  Eel700
□  Sedim ent

600

= 500
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Figure 2.2.5: Comparison o f  VOC the concentrations in water, sediment and eel from the same area.



Improved determination o f VOCs 123

to those o f  w ell-know n contam inants such as individual CB congeners [25]. The observed 

levels will probably not cause acute toxic effects, and therefore pose no im m ediate threat 

to organism s. The danger lies in the continuous, i.e. long-term , exposure o f  organism s to 

low levels o f  contam inants [21]. A ctually, several com pounds detected in the organism s 

are e ither proven or suspected carcinogens [26],

T able 2.2.4 Comparison between calculated (BCFc, fc) and 
________ reported bioconcentration factors (BCFUl).____________
C om pound b c f Ci Ic B C FLit *
Chloroform 620 6.0
Trichloroethane 30 8.9
T etrach loromethane 640 17
Benzene 95 13
Trichloroethene 150 17
Toluene 250 8.3
Tetrachloroethene 105 49
Ethylbenzene 125 15
m&p-Xylene 50 15
o-Xylene 85 2!
1,2-Dichloroethane 25

1.10.24
2.0

2.2.4 C onclusion

To conclude, the environm ental significance o f  low levels o f  V O C s in organism s deserves 

further attention. The present analytical m ethodology o f  P& T com bined on-line w ith G C- 

MS can significantly  contribute in this field because it provides a robust, sensitive and 

highly selective w ay to  determ ine a large range o f  V O C s in biological tissues.
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2.3 E valuating  the use o f  a h igh-resolution tim e-of-f light m ass  

spectrom eter  for the determ ination  o f  selected en v ironm enta l  

contaminants*

7 0 0 0 ?

Sum m ary

A benchtop high-resolution time-of-flight mass spectrometer (TOF MS) was evaluated for the 
determination o f  key organic microcontaminants. The m ajor advantage o f  the TOF MS proved to be the 
high mass resolution o f  about 0.002 Da (IO ppm). Consequently, the detectability o f  polar pesticides, 
polycyclic aromatic hydrocarbons and polychlorinated biphenyls is excellent, and detection limits are in the 
order o f  1—4 pg injected mass. Best mass spectral resolution was obtained for medium-scale peaks. It is a 
disadvantage that the calibration range is rather limited, viz. to about two orders o f  magnitude. The high 
mass spectral resolution was especially useful to improve the selectivity and sensitivity when analyzing 
target compounds in complex samples and to prevent false-positive identifications.

* From J. Chromatogr. A, 970  (2002) 213-223, also  published in J. D allüge, PhD  thesis. Free U niversity, A m sterdam , 
the N etherlands. 2003.
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2.3.1 In tro d u c tio n

Today, three types o f  com m ercially  available m ass spectrom eters (M S) are m ainly used in 

com bination  w ith gas chrom atography (G C ), quadrupole, ion-trap, and sector instrum ents. 

W ith the in troduction o f  re latively  inexpensive and user-friendly  benchtop quadrupole 

and ion-trap instrum ents, MS detection becam e available for routine operation  in GC. 

Both types o f  instrum ent provide unit mass resolution (R <1000), m oderate scan speeds o f  

up to  10 spectra/s and detection lim its in the low -pg range. Sector instrum ents provide a 

m uch higher m ass resolution (R >10.000). U sually , they  are operated in the selected-ion 

m onitoring (S IM ) m ode or used to scan over a narrow  m ass range, and are used for the 

target analysis of, e.g., polychlorinated  d ibenzodioxins and -furans [2], b iphenyls (CBs) 

[3] or toxaphene [4], Sector instrum ents trade sensitivity  for resolution -  the h igher mass 

resolution is obtained by using narrow  slits, w hich allow s only ions in a  narrow  m/z range 

only to pass through [1]. D etectability  is sim ilar to that o f  quadrupole and ion-trap 

detectors in the SIM  m ode at a much higher m ass resolution; how ever, operated in the 

full-scan m ode, the scan speed then is typically  3 scans/s. In addition , they are expensive 

and bulky, and experienced operators are required.

Som e seven years ago, the first com m ercially  available tim e-of-flight m ass spectrom eter 

(TO F M S) w as introduced for analytical purposes. In contrast to the above MS system s, 

w hich use an electrical o r m agnetic field to  separate ions w ith d ifferent m/z values, TO F 

M S instrum ents m easure the lim e an ion needs to travel through a field-free region. The 

ions generated in the ion source, are accelerated  as discrete packages into the field-free 

flight tube by using  a pulsed electrical field. F light times -  w hich are proportional to the 

square root o f  the m/z o f  an ion -  are in the order o f  m icroseconds. C onsequently , TO F 

M S can be operated at very high repetition  rates, typically  5 -3 0  kH z, i.e. 5000-30 ,000  

raw m ass spectra are generated per second. O f  course, fast detec tor e lectronics (which 

w ere not availab le  or too expensive until a few  years ago) are required to record the 

arrival tim es o f  the ions at the end o f  the flight tube. A num ber o f  the raw  m ass spectra 

are added o r averaged and, typically, 10-500 spectra/s are stored in the com puter system . 

[5,6,7]

T he fast scan speed m akes TO F M S very  suitable for fast, flash o r  com prehensive GC. In 

addition, because discrete packages o f  ions are analyzed in the flight tube, analyte 

concentrations do not change during the ‘scan ’ o f  one raw  m ass spectrum ; consequently ,
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TOF MS is not prone to  skew ing. Due to the high repetition rate, a large fraction o f  the 

ions generated in the ion source is pulsed into the flight tube, and during separation in that 

tube, no ions are lost (w hich  does occur with scanning instrum ents such as the quadrupole 

MS), C onsequently  the duty cycle o f  a TO F MS is 20 -30%  as against 0 .1 -1 %  for a 

scanning instrum ent. A s a result, sensitivity  w ill be h igher fo r TOF M S, than  for the o ther 

instrum ents w hen operated in the scanning mode.

In TOF MS, there are today tw o m ore or less com plem entary approaches, w ith 

instrum ents that provide high resolution (5 -1 0  ppm ) [7] but have a m oderate scan speed 

(ca, 10 Hz), and instrum ents that feature a high storage speed of, typically , 100-500  

spectra/s but usually  provide only unit-m ass resolution (or, as actually  should be said , a 

resolution o f  300-1500 ; at 50%  peak-height definition). In the past few  years, high-speed 

instrum ents have repeatedly  been used successfully  as detectors o f  choice for fast and 

com prehensive G C  [6, 8], The LECO  (St. Joseph, MI, U SA ) TOF MS M odel Pegasus II 

is the instrum ent used in m ost o f  these studies. Recently, a  benchtop high-resolution m ass 

spectrom eter has been m arketed by M icrom ass (M anchester, UK). It is, therefore, o f  

d istinct interest to  study the capabilities o f  this instrum ent for the 

identification/determ ination o f  key organic m icropollutants and to briefly  com pare the 

m erits o f  both approaches.

2.3.2 E xperim ental

Materials

All chem icals used w ere o f  research-grade quality. M ethyl acetate w as d istilled  before 

use. A standard containing 40 nitrogen- and/or phosphorus-containing pesticides (code 

N PM -525C ), a PCB standard (EPA  PCB congener calibration  check solution), and a 

m ixture o f  the 16 EPA PA H s w ere obtained from  J.T . Baker (D eventer, the N etherlands).

Methods

Instrumental. A nalyses w ere perform ed on a HP 6890 gas chrom atograph (A gilent 

T echnologies, Palo A lto, C A , U SA ) using a G C T  tim e-of-flight m ass spectrom eter 

(M icrom ass, M anchester, U K ) as detector. T he G CT TO F MS was equipped w ith a 1 

G H z tim e-to-digital converter. Injections w ere done in the on-colum n m ode using a I m x

0.53 mm I.D. retention gap. Pesticides and PAHs w ere separated on a 30 m x 0.25 mm
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I.D . x 0.25 jim  DB-5 MS colum n (J& W , Folsom , CA, USA); the PC B s w ere separated on 

a 40 m x 0.18 mm I.D. x 0.18 pm  DB-5 colum n (J& W ).

The G C T  T O F MS w as operated at a m ulti-channel plate voltage o f  2500 V, a pusher 

interval o f  40 j is  (resulting in 25,000 raw spectra per second), and a scan range o f  m/z 5 0 - 

500. The spectrum  storage rate w as 2 Hz. 2 ,4 ,6 -T ris-trifluorom ethyl-[l,3 ,5 ]triazine was 

used as internal standard for mass calibration w ith  m/z 284.9950 as internal reference 

m ass. D uring analysis, the internal standard w as continuously  introduced into the ion 

source. M assLynx softw are version 3.4 w as used for data processing.

For com parison, a HP 6890 (A gilent Technologies) equipped w ith an O ptic 2 

program m able injector (A TA S, V eldhoven, the N etherlands) and a Pegasus II TO F MS 

(L E C O , St. Joseph, MI, U SA ) w as used. The LECO  TO F MS allow s spectrum  storage 

rates o f  1 -500  spectra per second at m ass-unit resolution. The LECO  TOF MS w as 

operated at a  spectrum  storage rate o f  2 Hz, using a m ass range o f  m/z 4 5 -5 0 0  and a 

m ulti-channel p late voltage o f -2 0 0 0  V. W ith this set-up, I-p i injections w ere perform ed 

in the cold splitless mode. Separations w ere carried out on a 30 m x 0.25 mm l.D . x 0.25 

pm  DB-5 MS colum n (J&W ).

Wastewater. Solid-phase extraction (SPE) o f  the w astew ater sam ples w as perform ed on a 

Prospekt autom ated sam ple preparation system  (Spark  H olland, Em m en, the 

N etherlands). The Prospekt system  consists o f  three six-port valves, an autom ated 

cartridge exchanger and a solvent delivery  unit including solvent selection valves and an 

LC pump. T he solvent for the desorption o f  the SPE cartridges w as delivered  by a 

Phoenix C U 20 syringe pum p (C arlo  Erba S trum entazione, M ilan, Italy).

Sam ples o f  influent w ater from  a m unicipal sew age w ater treatm ent plant w ere first 

centrifuged and, then, filtered through a 0.45 pm  m em brane filter (type HA, M illipore. 

E tten-L eur, the N etherlands). SPE w as carried out as described in [9] using 50 ml o f  

w astew ater. In the final desorption step the analytes wrere eluted with 200 pi o f  methyl 

acetate. The sam ples w ere spiked w ith the pesticide m ixture at levels o f  0 .05-0 .1  pg/l.

Eel samples. PC B  extraction  w as based on total lipid extraction according to Bligh and 

D yer [lOj. The extracted lipids, w hich had been used for the determ ination o f  the lat
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content, w ere redissolved in hexane, and this solution w as cleaned on a  5%  deactivated 

alum ina (M erck, D arm stadt, G erm any) and, next, a 5% deactivated silica (M erck) 

colum n. Prior to the final concentration step, tetrachloronaphthalene (Prom ochem , W esel, 

G erm any) w as added as an internal standard.

2.3.3 R esu lts  a n d  d iscussion

Mass accuracy: dependence on signal intensity

A ccording to  its specifications, the G C T  TO F MS equipped w ith a  1 G H z tim e-to-digital 

converter should be able to  achieve a mass accuracy o f  better than 10 ppm  (above m/z 

200) or 0.002 Da (below  m/z 200), provided that the peak o f  interest has a ‘sufficient 

in tensity ’. The low er relative m ass accuracy (expressed in ppm ) below  m/z 200 is caused 

by lim itations o f  the detec tor electronics, since at these low m asses much sm aller flight­

tim e differences have to  be m easured. A ctually, a further im provem ent viz. to  5 ppm  and 

0.001 Da, respectively, is possible with an optional 3.6 G H z tim e-to-digital converter 

w hich was, how ever, not available to  us. In this section, tw o aspects w ill be studied: (i) 

the influence o f  the signal in tensity  on the m ass accuracy and (ii) the effects o f  a reduced 

m ass accuracy on the peak shape.

Figure 2,3.1 A show s the dependence o f  the m ass accuracy (d ifference betw een calculated 

and m easured mass in ppm ) on the signal intensity for a set o f  40 pesticides in the range 

m/z 200-300 . The data points w ere obtained by exam ining m ore than 80 single m ass 

spectra (a t 2 Hz, i.e. obtained by averaging 12,500 raw  spectra to  achieve high m ass 

accuracy) that w ere acquired  across several chrom atographic peaks. The m ass accuracy 

clearly  im proves w ith the signal intensity. At intensities below  300 counts, an accuracy o f  

better than 10 ppm  w as obtained for only h a lf  o f  the exam ined spectra. C learly , a signal 

intensity o f  about 2 0 00 -3000  counts in a  single m ass spectrum  (at 2 Hz) is required to 

achieve a m ass accuracy o f  better than 10 ppm  for the pesticides. T ranslating  this result 

into the m inim um  m ass o f  an analyte that has to  be injected, tw o typical exam ples m ay be 

quoted: a signal intensity  o f  2000 counts corresponded to  an injected m ass o f  150 pg 

atrazine (at the m/z 215.0938 trace) o r 20 pg pyrene (m/z 202.0783 trace).

The low er mass accuracy at low m ass intensities lim ited the possibility  o f  using narrow  

m ass w indow s when generating selected ion chrom atogram s in trace-level studies o r for 

less intense m asses in the spectrum . In addition, the m ass determ ination on the low er
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slopes o f  a  chrom atographic peak (w ith their low er intensities) w ill be less accurate, as is 

show n in Figure 2,3. IB. C onsequently , in som e instances, the edges o f  a peak w ere ‘cut 

o f f  w hen using too narrow  m ass w indow s because the m asses m easured at the edges 

w ere outside the m ass w indow . T his is dem onstrated  in Figure 2 .3 .1C for a 25 ppm  and a 

10 ppm  m ass w indow , w ith atrazine as an exam ple. Such behaviour w ill result in an 

underestim ation o f  the peak area; a broader m ass w indow  had, therefore, to  be used for 

quantification at trace levels.
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Figure 2.3.1: (A) Dependence o f mass accuracy (in ppm) on signal intensity for low concentrations 
(using 40 test pesticides, mass range m/z 200-300). (B) Mass accuracy across a peak with a low 
intensity. The bars indicate the mass accuracy, the full-drawn line the MS intensity (i.e. peak profile). 
The example is for a 300 pg injection o f atrazine; m/z 215.0938 trace. (C) Influence o f  mass window on 
peak profile at low concentration. Extract ion chromatogram o f atrazine (300 pg); upper trace, 25 ppm 
mass window; lower trace, 10 ppm mass window.

The low er m ass accuracy at these low intensities had, how ever, little consequence when 

the accurate m ass o f  a chrom atographic peak had to  be determ ined. In that case, usually 

the m ass spectrum  at the (in tense) peak apex w as used. I f  required, the m ass accuracy 

could be im proved by com bining (averaging) 3 -5  m ass spectra across the peak apex, 

w hich m eans that betw een about 37,000 and 62,000 raw m ass spectra w ere actually
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com bined. The com bined m ass spectra feature enhanced signal-to-noise and im proved 

m ass accuracy. The algorithm  com bines peaks in the m ass spectrum  w ithin a selected 

m ass w indow  (good results w ere obtained w ith a w indow  o f  0.01 Da) into a single peak. 

To quote an exam ple, w ith analytes for w hich the m ass accuracy obtained a t the peak 

m axim um  w as as poor as 28 ppm , the operation effected a d istinct im provem ent to  better 

than 10 ppm.

T he data acquisition o f  the G C T  uses a so-called tim e-to-digital converter (TD C). The 

TD C  is an ion counting system , w hich can only  record the arrival o f  one ion a t a time. 

A fter recording such an event, the TDC requires a certain dead tim e to recover before it 

can register another ion. A t relatively high analyte concentrations and. consequently , 

h igher ion currents it is m ore likely that one or m ore ions will arrive w ithin the dead tim e 

and, therefore, w ill not be registered. Q uantification w ill then be incorrect, and the 

num ber o f  non-detected ions w ill be higher in the h igher-m/z part o f  a peak in the m ass 

spectrum . T his w ill cause a shift o f  the apex tow ards a low er mass. T he softw are 

autom atically  corrects for these effects via a so-called dead-tim e correction m odel. 

H ow ever, th is dead-tim e correction  does not w ork at high peak intensities, and the 

softw are indicates peaks in the mass spectra that are too intense to use the correction 

m odel by a question m ark. In our study, th is w as observed for all peaks that exceeded an 

intensity o f  about 6000 counts. The accurate m ass can, then, not be  determ ined w ith 

sufficient reliability , i.e. the identification potential is affected.

The influence o f  high signal intensities on the m easured m ass w as studied with phthalate 

esters (m/z 149.0239) as an exam ple, because they w ere present at very high 

concentrations in  som e o f  the sam ples. As show n in Figure 2.3.2A , the m ass accuracy 

clearly  deteriorated at intensities above approx. 50,000 counts. At these high intensities 

the m easured m ass w as clearly  shifted tow ards low er values, as explained above. 

H ow ever, in the 6000-50 ,0000  range a m ass accuracy o f  better than 0.006 Da w as still 

achieved. This suggests tha t accurate m asses can still be obtained in, at least, som e cases 

w here the softw are indicates that the dead-tim e correction  m odel is exceeded. H ow ever, 

the lim ited inform ation now  available does no t yet perm it us to draw  generally  valid 

conclusions.
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As an illustration o f  the decreased m ass accuracy across an intense peak. Figure 2.3.2B  

show s the peak profile and the corresponding m ass accuracy across an intense peak o f  C'B 

153 in an eel extract. The m arked contrast w ith Figure 2 .3 .IB  is obvious: m ass spectra 

should now be obtained from slopes o f  the peak because o f  the h igher m ass accuracy 

there. In o rder to  show  w hat can aiso  happen in such situations. Figure 2.3.2C  

dem onstrates that decreased mass accuracy at the peak apex o f  a very intense peak may 

lead to split peaks when using narrow  m ass w indow s. T herefore, quantification m asses 

should be  chosen such that also at high analyte am ounts, they are still w ithin the dead­

tim e m odel. This may im ply that, in som e cases, a less intense quantification ion has to be 

selected.
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Figure 2.3.2: (A) Dependence o f  measured mass on signal intensity (using m/z 149.0239 mass of 
plithalates as example). (B) Mass accuracy across a peak with a high intensity. The bars indicate the 
mass accuracy, the full-drawn line the MS intensity (i.e. the peak profile). The example is for a 620 pg 
injection o f  CB 153 in eel extract; m/z 357.8444 trace, (C) Influence o f  mass window on peak profile. 
Extract ion chromatogram o f  CB 153 (approx. 620 pg, eel extract); upper trace, 40 ppm mass window; 
lower trace, 20 ppm mass w indow.

Due to the continuous introduction o f  a calibration com pound during each analysis, its 

m ass spectrum  (contain ing m/z 68 .9952, 121.0014, 189.9966, 265.9964 and 284.9949) is 

superim posed on all o ther m ass spectra. These spectra can, therefore, not directly  be used
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for library searching; a background subtraction has to be perform ed prior to the search. As 

an exam ple, Figure 2.3.3A  show s the m ass spectrum  obtained at the peak apex o fC B  66 

in an eel extract. The m ass o f  the ,2C |2H 535C 15 isotope peak at m/z 323.8817 was 

m easured w ith a m ass error o f  5.3 ppm  (theoretical value, m/z 323.8834). The 

com bination o f  four spectra across the peak resulted in an im proved m ass accuracy w ith 

an error o f  only 1.8 ppm (m/z 323.8828, Figure 2.3.3B ). D uring this process, a 

background subtraction w as also perform ed to  rem ove the interfering m asses o f  the 

calibration com pound at m/z 265.9946 and 284.9950 providing a much cleaner spectrum . 

Figure 2 .3 .3C show s the calculated isotope peaks for C 12H5CI5.
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Figure 2.3.3: (A) Part o f  mass spectrum o f CB 66 obtained at peak apex. Peaks indicated with an 
asterisk (*) are masses o f  the calibration compound (mlz 265.9946 and 284.9950), (B) Mass spectrum 
obtained by averaging four spectra across the peak and subtracting the background. (C) Mass spectrum 
generated for isotope cluster o fC ^H sC ls.

O ne final rem ark should be m ade here. W ith m any com plex biological and environm ental 

sam ples, peak overlap  occurs throughout the chrom atogram  and the recorded m ass 

spectra are, consequently , im pure. T his causes no insurm ountable problem s w hen target 

analysis perform ed. If, how ever, non-target analysis is a relevant aspect o f  the study, then 

the autom ated resolution o f  the m ass spectra o f  co-elu ting  com pounds, i.e. obtain ing pure 

spectra by using a deconvolution algorithm , is extrem ely pow erful -  much more than 

m anual subtraction. U nfortunately, this option -  w hich is available on the LECO  Pegasus
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and the T herm o-Finnigan T em pus -  is, as yet, not part o f  the data-processing softw are o f  

the GCT.

Table 2.3.1: LODs (pg) o f  selected analytes using accurate-mass (GCT) or unit-mass
(GCT. LECO) resolution*
Compound Quantification GCT GCT LECO

mass (m/z) at 0.05 Da at 1 Da at 1 Da
Chlorpyriphos 198.9173 2 10 6
Atrazine 200.0703 1 3 4
Prometryn 241.1361 2 3 4
Trifluralin 306.0702 4 4 5
Metolachlor 162.1283 2 4 2
Chrysene 228.0939 1 2 2
Acenaphthylene 152.0626 1 4 0.5

Benzo[a]pyrenc 276.0939 2 5 2.5
*: All experiments at 2 Hz

Detection limits and linearity 

Detection limits
T he detection lim its (LO D s) w ere determ ined by injecting standard solutions with 

concentrations o f  3 and IO pg/pl. They w ere calculated for two different m ass w indow s o f  

I Da and 0.05 Da. Data w ere obtained for 40  pesticides and 16 PA Hs; selected data are 

show n in Table 2 .3 .1. The results w ere com pared with those from  a G C -T O F  MS system  

w ith a  LECO  Pegasus II TOF M S, using the sam e GC colum n and colum n dim ensions 

and tem perature program m e. Both detectors w ere operated at 2 Hz; how ever, the LECO 

Pegasus used a detector (m ultichannel plate) voltage o f  2000 V as against 2500 V for the 

M icrom ass G CT. The LEC O  TO F MS w as only used to  com pare detection lim its because 

the m ain purpose o f  the tw o TO F MS system s used is d ifferent (high speed vs. high 

resolution; cf. above) and an extended com parison is therefore not appropriate. A s for 

Table 2 .3.2, because CB extracts are generally  com plex m ixtures w ith m any closely 

contiguous or even co-eluting congeners, peak heights are often preferred to peak areas 

for quantification, and both m odes o f  calculation  w ere used.

W hen using the G C T  TOF M S, the LODs for the pesticides, PA H s and C B s w ere in the 

order o f  1 -14  pg w hen using a  1 Da m ass w indow . In m ost cases, a narrow er m ass 

w indow  o f  0.05 Da provided better detectability  since noise w as reduced, resulting  in an 

up to  5-fold im proved result. In som e cases, how ever, w here very selective quantification 

m asses w ere used (e.g. m/z 306.0702 for trifluralin), no im provem ent could be achieved.



Evaluation o f a high resolution TOF-MS 135

For the C Bs, there w as no essential difference betw een 

LODs.

T able  2.3.2 : LODs (pg) o f  selected CBs, peak heights (H) or areas 
mass (at 0.05 Da) or unit-mass ( 1 Da) resolution.

peak-height and peak-area based 

(A) for GCT TOF IVIS using accurale-

CB  congener Q uantification LODs at 0.05 Da LO D s a t 1 Da
m ass (m/z) H A H A

CB 28 255.9613 1 1 3 7
CB 52 289.9224 1 1 4 6
CB 77 289.9224 1 1 4 3
CB 101 323.8834 1 1 4 6
CB 105 323.8834 1 1 4 4
CB 118 323.8834 1 1 4 3
CB 126 323.8834 1 1 4 3
CB 138 357.8444 1 1 5 4
CB 153 357.8444 1 1 4 4
CB 180 391.8054 1 1 5 9
CB 209 493.6885 4 3 14 25

In sum m ary, w ith G C T  TOF M S, and especially  w ith a 0.05 Da w indow , analyte 

detectability  is excellent for a  w ide range o f  a  m icrocontam inants. As for the C B s, the 

LO D s w ere at least an order o f  m agnitude better than  those found w ith conventional 

quadrupole system s operated  in the full-scan m ode [11]. O f  course, for this class o f  

com pounds, the ECD  still is the m ost sensitive detector but, in m ost instances, the m uch 

im proved selectivity  o f  the G CT TO F M S w ill fa r outw eigh the loss o f  sensitivity.

Linearity
The linearity  w as tested over tw o or three orders o f  m agnitude in the pg range (injected 

m ass). Representative results for som e selected analy tes are presented in T able 2.3.3. 

W ith the PAHs, linear calibration plots w ere invariably found, but the plots for the 

pesticides and C Bs w ere best described by second-order polynom es. N either w e nor the 

G C T ’s m anufacturers can explain the latter som ew hat unexpected result.

The quantification m asses for the calibration  plots for pesticides and C B s w ere chosen in 

such a w ay that no m ass error occurred at the highest concentration  level (cf. Section 3.1). 

W ith the PA H s th is w as im possible since their m ass spectra show  only  little 

fragm entation and the (intense) m olecular ion had to be used for quantification. A  m ass 

error w as indicated at the highest injected-m ass level o f  the PA H s (300 pg), indicating 

that the peaks w ere too intense to  reliably calculate an accurate mass. N aphthalene is
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included as an exam ple in T able 2.3.3. H ow ever, the data for pyrene and chrysene w ere 

kept included in the calibration plot, because in both cases m ass accuracy w as still better 

than IO ppm  (at intensities o f  6 0 0 0 -9000  counts). G enerally  speaking, the m ass error at 

h igher analyte concentrations lim ited the linearity to  about tw o orders o f  m agnitude.

T able  3.2.3: Correlation coefficients and calibration equations for selected analytes

A nalyte Quantification  
mass (m/z)

R Calibration equation 
(y: area, x: concentration)

Concentration  
ranae (n¡¡/pl)*

Chlorpyriphos 198.0173 0.9996 y -  4.4127* 10 '5 x1 + 0.06204 x 3-1000
Atrazine 215.0938 0.9954 y  =  5.6522*IO'5 x2 + 0.07665 x 10-1000
Prometryn 199.0984 0.9987 y = 3.7864* IO'5 x2 + 0,04429 x 10-1000
Trifluralin 306.0702 0.9958 y =  2.9070* 10 '5 x2 + 0.03167 x 10-1000
M etolachlor 238.0999 0.9958 y = 6.4350* 10 '5 x2 + 0.06157 x 3-1000
Naphthalene 128.0626 0.9998 y =  1.2618 x +  3.115 3 -  100
Pyrene 202.0783 0.9960 y =  1.1135 x + 7.0067 3 -  3(H)
Chrysene 228.0939 0.9982 y = 1.1196 x -  4.2563 3 - 3 0 0
CB 28 255.9613 0.9991 y = -0.240559 * x2 + 90.0592 * x -94.4804 2 - 2 0 0
CB 52 289.9224 0.9953 y =  -0.27345 * x2 + 75.4055 * x - 158.665 2 - 2 0 0
CB 101 323.8834 0.9995 y = -0.122038 * x3 + 36.3936 * x - 29.7716 2 - 2 0 0
CB 118 323.8834 0.9988 y = -0.137872 * x1 +  39.6264 * x - 66.7305 2 - 2 0 0
CB 153 357.8444 0.9975 y  =  -0.123917 * x 2 + 33.278! * x - 65.2652 2 - 2 0 0
CB 180 391.8054 0.9991 y = -0.0959 ! 57 * x2 + 27.1354 * x - 60.1815 2 - 2 0 0
CB 209 493.6885 0.9960 y -  -0.0552169 * x 2 + 14.0631 * x - 31.7155 2 - 2 0 0
*: 5 or ft data points

Applications

The high m ass accuracy is clearly  the m ain advantage o f  the G C T  T O F MS and will be 

especially  useful w hen analyzing com plex sam ples. N arrow er m ass w indow s will provide 

a better separation o f  the analytes from  co-elu ting  com pounds and w ill im prove the 

detectability  [12]. The tw o exam ples o f  F igure 2.3.4 should serve to  illustrate this, with 

w astew 'ater as the sam ple type. The spiking level o f  the extract w as 50 pg/pl.

The exam ple o f  Figures 2.3.4A  and B show s that w hen a m ass w indow  o f  I Da (m/z 215) 

w as used, atrazine could not be com pletely  separated  from a co-eluting com pound (Figure 

2.3.4A , peak at 10.02 m in) and. overall, the baseline w as very  noisy. H ow ever, w hen a 

m ass w indow  o f  0.02 Da w as used, the atrazine peak stood out very clearly  and m ost o f  

the noise had disappeared (F igure 2.3.4B ); th is resulted in a 3-fold im proved LOD. The 

second exam ple is show n in Figure 2.3.4C  w here the quantification  m ass, m/z 198.9173, 

o f  chlorpyriphos in a  1 Da m ass window w as not selective at all: m any peaks show  up in 

the chrom atogram  and several o f  these are at least as prom inent as ch lorpyriphos itself
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(eluting at 10.92 min). N arrow ing the mass w indow  to 0.02 Da had an effect w hich is 

even m ore dram atic than w ith the earlier exam ple: in Figure 2.3.4D  a prom inent analyte 

peak stands out against an em pty background. In this case, the LOD w as im proved 15- 

20-fold.
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F igure 2.3.4: GCT TOF MS chromatograms o f  a wastewater extract (spiked at 50 pg/pl). Extracted ion 
chromatograms are shown for atrazine (windows A and B; m/z 215.0938) and chlorpyriphos (windows 
C and D; m/z 198.9173). The upper chromatograms (A, C) were extracted using a w indow o f  I Da, the 
lower chromatograms (B, D) using a mass window o f  0.02 Da.

Tw o further rem arks should be m ade. For the tw'o exam ples show n, a reduction o f  the 

m ass w indow  to 0.004 Da did not further im prove the S/N ratios because the edges o f  the 

chrom atographic peaks now w ere cut o f f  (cf. Section 3.1). Secondly, as w as earlier 

observed for trifluralin , using a narrow er m ass w indow  did not alw ays enhance the
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detectability . W hen, for exam ple, m etolachlor w as added to the sam e w astew ater sam ple, 

the LO D s w ere the sam e. viz. 15 pg, w ith a I Da and a  0,02 Da w indow . T his can be 

explained by the high selectivity  o f  the m/z 162 quantification  m ass.
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Figure 2.3.5: Influence o f  the size o f  the mass windows on the quality o f  ion chromatograms for an eel 
sample with high concentrations o f  CBs. Chromatogram A (eel extract) was extracted using a mass 
window o f  I Da, chromatograms B (eel extract) and C  (standard solution) using 0.02 Da. All 
chromatograms were extracted using the sum o f  10 quantification masses.

LOD calculations for CB in environm ental sam ples were perform ed w ith an eel extract 

that contained only trace levels o f  these m icrocontam inants. Even though the general 

conclusions regarding the G C T  w ere found to  hold also in th is case, the results differed 

from those found above for the w astew ater in several respects. To quote an exam ple, 

using a narrow er m ass w indow  caused only  little im provem enl in analyte detectability , 

and the LODs (individual data not show n) w ere 1 2 pg for essentially  all C B s, i.e. the 

sam e as found for standard solutions. Still, the m erit o f  narrow -m ass-w indow  recording 

w as clearly  show n for contam inants such as, e.g., C B  52, w hich w as present in another 

eel sam ple. At nom inal m ass resolution, no peak w as found at the retention tim e o f  CB 52 

(due to an, initially  non-recognized, 0.04-m in retention tim e shift; see Figure 2 .3 .5C); 

how ever, tw o peaks w ere found in close proxim ity (Figure 2.3.5A ). O nly a narrow er mass 

w indow  revealed that the peak at 11.41 min indeed w as CB 52 (F igure 2.3.5B ). A sim ilar, 

but m ore serious, problem  is show n in Figure 2.3.6. In the extracted  ion chrom atogram  o f
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another extract recorded a t a 1 Da w indow , the fairly large peak eluting a t the sam e tim e 

as does CB 118 could easily be m istaken fo r that com pound (F igures 2.3.6A  and B, 

respectively). H ow ever, w hen using an appropriately narrow  m ass w indow  o f  0.02 Da 

(F igure 2.3.6C ), no peak w as found at this retention tim e at all, w hich m eans that CB 118 

is present in the extract below  the LOD o f  1 pg injected m ass. In this case, a  false-positive 

identification w as prevented.
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Figure 2 3 .6 : G C T-TO F MS chromatograms o f  the m/z 323.8834 ion traces o f  (A) a CB standard (10 
pg) and (B, C ) an eel extract. Traces A and C  were extracted by using a window o f  0.02 Da, and trace B 
by using a  mass window o f 1 Da. Signal intensities are the same in all three frames.

2.3.4 C onclu sions

The G C T  is the first benchtop TOF MS that offers high resolution. The 

1 G H z instrum ent w hich w as tested, achieved a mass accuracy o f  better than 10 ppm 

(0.002 D a); at h igher analyte am ounts o r w hen com bining spectra, a m ass accuracy o f  

better than 5 ppm w as often obtained. The detection limits for pesticides, PA Hs and C B s 

w ere in the low -pg range. The high m ass accuracy allow ed the use o f  narrow  m ass 

w indow s of, typically, 0.02 Da, w hich substantially  im proved the identification and 

quantification o f  target analytes. H ow ever, the accuracy o f  the m easured m/z values is
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strongly influenced by the signal intensity. It decreases at both too low and too high 

signal intensities, w hich is an aspect that has to be considered  w hen selecting the w idth o f  

the m ass w indow s. T his also causes the practically  useful ranges o f  calibration  plots lo be 

rather limited.

The high m ass resolution o f  the G C T  TOF MS provided excellent selectiv ity  for m any o f  

the analy tes that w ere investigated in this study. T his selectivity  provided im proved 

sensitiv ity  and better identification/confirm ation o f  target com pounds in com plex 

m atrices. In contrast to sector instrum ents, the G C T  alwrays operates in the scan m ode (as 

do all TO F MS instrum ents), providing full m ass spectra for identification  o f  non-target 

analytes. O ne m ay therefore conclude that the h igh-resolution G C T  instrum ent (especially  

once deconvolution  softw are has been developed) can have a role com plem entary to that 

o f  high-speed T O F MS instrum ents w hich are to be preferred for fast GC and G CxG C 

operation.
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3.1 V olatile  organic co m p o u n d s  in various m arine organ ism s from  the  

southern  North Sea"

70010

S u m m ary

The concentrations o f  12 priority volatile organic compounds (VOCs) were determined in two species o f  
vertebrates and four species o f  invertebrates from sampling stations in the Southern North Sea, using a 
modified Tekmar LSC 2000 purge and trap system coupled to GC-M S. In general, concentrations o f  VOCs 
found in this study were o f  the same order o f  magnitude as those previously reported in the literature. The 
concentrations o f  the chlorinated hydrocarbons (CHCs), with the exception o f chloroform, tended to be 
lower than those o f  the monocyclic aromatic hydrocarbons (MAHs). The experimental data were 
statistically evaluated using both cluster and principal component analysis (PCA). From the results o f  
cluster analysis and PCA, no specific groups could be distinguished on the basis o f  geographical, temporal 
or biological parameters. However, based on the cluster analysis and the PCA, the VOCs could be divided 
into three groups, C2-substituted benzenes, CHCs and benzene plus toluene. This division could be related 
to different sources. Finally, it was shown that organisms can be used to monitor the presence o f  VOCs in 
the marine environment and the observed concentrations levels were compared with proposed safety levels. 
The results show that, in no case, the safety levels are exceeded.

"rromMar. Poll. Bull., j/saooj) m&TTmr i ' l " ; —  ~ 1
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3.1.1 In tro d u c tio n

T he potential threat o f  large-production chem icals to  the m arine environm ent has caused 

considerable concern since the deleterious effects o f  som e o f  these, such as p ,p ’-D D T, the 

drins and polychlorinated b iphenyls (PC B s), becam e evident. M uch research has since 

been dedicated to  the study o f  transport m echanism s, environm ental distribution, 

prediction and m easurem ent o f  fluxes, and adverse environm ental e ffects o f  im portant 

c lasses o f  pollutants such as PCBs. arom atic hydrocarbons and heavy m etals [1-5]. Much 

less is know n, how ever, about the fate o f  m ore volatile chem icals, even though volatile 

organic com pounds (V O C s) are w ell-know n atm ospheric contam inants that are frequently 

determ ined in air, drinking w ater, fresh w ater, effluents and soils [6-9], M ost 

representatives o f  the group are im portant industrial com pounds w ith a high annual 

production. T he annual production o f  tetrachlorom ethane, for instance, is estim ated at 

about 300 000 tonnes [10]. In Belgium , the em issions o f  the chlorinated  hydrocarbons 

(C H C s) chloroform , I , ! , 1-trichloroethane, tri- and tretrachloroethylene. exceed those o f  

e.g. lead, lindane, and atrazine. Annual production, together w ith log K„w data, toxicity 

and persistence, w as one o f  the main criteria used by the Jo in t G roup o f  E xperts on the 

Scientific A spects o f  M arine Pollution (G E SA M P) [11] to select potentially  harm ful 

substances for the m arine environm ent. The resulting list contained, am ongst others, 

chloroform , tetrachlorom ethane, 1 ,1,1-trichloroethane, trich loroethylene and 

tetrachloroethylcne. The sam e com pounds are also found on the h igh-priority  com pounds 

list o f  the M inisteria! D eclarations o f  the International C onferences o f  the N orth Sea 

[12,13] and are recognised as com pounds that present an environm ental problem  by the 

N orw egian Pollution C ontrol A uthority  [14]. For o ther im portant V O C s such as the 

m onoarom atic hydrocarbons (M A H s) benzene, toluene, ethylbenzene and the xylenes, the 

need to investigate their presence in the m arine environm ent has been form ulated in the 

M inisterial D eclarations o f  the International C onferences o f  the N orth  Sea [12,13].

D espite the potential hazards posed by V O C s, relatively little is know n about the 

abundance or presence o f  these com pounds in the m arine environm ent, especially  in 

biota, and their behaviour in the m arine ecosystem . In addition , there are no on-going 

m onitoring program m es for V O C s, in contrast to o ther organic pollu tants sueli as PCBs 

[15], Levels reported in the literature are therefore m ostly the result o f  o n e -o ff surveys. 

Pearson and M cConnell [16] w ere am ong the first to report concentrations o f  

trichloroethylene, tetrachloroethyiene, trich loroethane, tetrachlorom ethane and
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chloroform  in various m arine organism s from sam pling locations along the British coast. 

The results show ed that chlorinated V OCs w ere present at all trophic levels. The 

concentrations ranged from 0.02 to 180 ng/g wet w eight. Since that tim e, sim ilar 

concentrations have been reported for different organism s from various m arine locations 

[16-20], A n overview  o f  the reported concentrations for the different trophic levels is 

given in T able 3.1.1. Recent findings agree w ith these earlier observ ations [21 ]. G enerally 

speaking, the concentrations are o f  the sam e order o f  m agnitude as those o f  other 

im portant organic contam inants such as individual PC Bs, chlordanes and individual 

PA H s [22],

Table 3.1.1: Concentrations in ng/g wet weight o f  VOCs in various marine organisms (10,16-
2 1 ).

Organisms CHCs
CHCIj CCL DCE TCE TRCE TECE

Invertebrates 0.02-1040 0.04-114 1-4080 0.03-310 0.05-250 0.05-176
Marine algae 17-236 13-22
Fish 2-851 0.3-209 730-3200 1-26 0.8-479 0.3-176
Seabirds 1.9-65 2.4-29 1.5-39

\1AH s

BENZ TOL EBEN MPBEN OBEN
Shellfish 220-7000 3.4-18 0.8-250 100-360 520
Fish 700-1000
Cl ICli = chloroform, C C f  = tetrachloromethane, DCE = 1,2-dichloroethane, TCE = 1,1,1- 
trichloroethane, TRCE = trichloroethylene. TECE = tetrachloroethylene, BENZ = benzene, 
TOL = toluene, EBEN = ethylbenzene, M PBEN = m&p-xylene, OBEN = o-xylene.

The effects o f  these levels on organism s are at p resen t unknow n. M ost V O C s can be 

considered as narcotic chem icals, i.e. non-electrolyte chem icals that, in the absence o f  

specific effects, have only a  m inim um  o f  toxicity  [23], H ow ever, halogenated aliphatic 

com pounds in general are considered to be potent im m unotoxic agents. Suppression o f  

hum oral and cellu lar im m unity as well as host resistance to  infections has been observed 

both in laboratory anim als and hum ans [24]. A lso, trichloroethylene has been show n to 

produce tum ours in rodents and is a suspected hum an carcinogen [25], Benzene is also  a 

w ell-docum ented im m unotoxic substance. R eported adverse effects on the im m une 

system  are decreases in lym phoid organ w eights, antibody production, cell-m ediated 

im m unity, and host resistance to  infections and to tum ours [24], B enzene is also a know n 

leukem ic agent in hum ans [26-28], Finally, benzene and its m etabolites inhibit both 

nuclear and m itochondrial replication and transcription in m ice [27], M oreover, during
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m etabolisation both benzene and its m etabolites are converted  to reactive species that 

covalently  bind to m acrom olecules like D NA, RNA and proteins [27]. The potential 

danger o f  V O C s to m arine organism s therefore lies m ainly in chronic exposure to  low 

levels, w hich m ay result in im m unosuppression and carcinogenesis.

O nce it has been established that a  given chem ical poses a threat, it rem ains to be 

determ ined w hat levels o f  contam ination are acceptable in the m arine environm ent. Van 

Leeuw en et al. [23] used Q uantitative S tructure A ctivity  R elationships (Q SA R s), 

extrapolation  o f  toxicity data and equilibrium  partitioning for the assessm ent o f  the 

effects o f  narcotic industrial pollutants. T he extrapolation o f  toxicity  data generated  by 

Q SA R s w as used to derive safe levels fo r w ater, sedim ent and biota. A nother, more 

pragm atic, approach is described by M athiessen et al. [29] w ho applied a safety factor o f  

100 to acute toxicity  data to establish  safe levels o f  chronic exposure. W hereas the latter 

approach results in safety levels for the w ater colum n, the form er m odel allow s the 

calculation o f  internal toxic concentrations (ITC s) in fish tissues, w hich is useful for the 

interpretation o f  b i onion i tori ng data. H ow ever, the usefulness o f  the m odel h inges on the 

applicability  o f  the equ ilibrium -partitioning theory  and its relation w ith octanol-w ater 

partitioning.

The present study aim s at determ ining concentrations o f  a  num ber o f  priority  V OCs in 

organism s from the Southern North Sea and at studying the ir possible relation to 

geographical, tem poral and/or b iological param eters. In addition, the use o f  organism s to 

m onitor these com pounds in the m arine environm ent w ill be discussed and the observed 

contam ination levels will be com pared w ith proposed safety levels.

3 .1.2 M a te ria ls  an d  M ethods

Sampling

Sam ples w ere taken on board the B elgian oceanographic research vessel 'Belgica' at six 

d ifferent locations (Fig. 3 .1 .1) using beam -traw ling over a period o f  one year (five 

cam paigns: A pril, M ay, June, O ctober and D ecem ber), Tw o sam pling points (120 and 

780) w ere situated  near the coast (4-15 km), tw o (421 and 435) w ere situated further 

aw ay from the coast (35-40 km), one sam pling station (B 07) w as situated in the m outh o f  

the Scheldt estuary and one (800), at 80 km  from  the coast, w as selected as a reference 

point. Sam ples w ere processed as sw iftly as possib le to avoid contam ination  and losses.



VOCs in marine organisms 147

Sam pling w as done in accordance w ith the guidelines o fO S P A R C O M  [14]. Im m ediately 

after sam pling, the undissected fish and shellfish w ere stored at -28 °C in closed 

containers and in the absence o f  organic solvents. Upon their arrival at the institute the 

sam ples w ere transported  to  an airtight freezer located in a solvent-free area.

435

78(1
421 B07

aw Tnr

Figure 3.1.1: Sampling stations on the Belgian and Dutch continental shelfs.

Analytical methodology

A detailed description o f  the analytical m ethodology is given elsew here [21]. Briefly, 

biological tissue is first hom ogenised (at 0° C ) using an ultra-turrax b lender and 

transferred to  a 25-m l EPA vial. A fter addition o f  15 ml o f  w ater and the internal standard 

( 1,1,1-trifluorotoluene), the hom ogenate is treated in an ultrasonic bath (20 m in at 0°C ) to 

further disrupt the tissue. The glass vessel is then connected to a T ekm ar (Tekm ar, 

C incinatti, U SA ) LSC 2000 purge and trap apparatus coupled  to a gas chrom atograph- 

m ass spectrom eter (G C -M S). The volatiles are forced out o f  the tissue by purging w ith a 

stream  o f  helium  gas w hile heating at 70°C and trapped onto a V ocarb 4000 sorbent trap. 

A fter purging, the trap is backflushed w hile being rapid ly  heated to 250 °C and the 

analytes are desorbed and, next, trapped in a cryofocusing m odule (-120QC) connected  to
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the analytical colum n (R estek, R Tx-502.2, 60 m, 0.32 n u n  i.d„ 1.8 um  film ). T he analytes 

are injected into the colum n by rapidly heating the m odule from  -120°C  to 200 °C in 0.75 

min. Tem perature program m ing o f  the G C  and data acquisition  w ere started 

sim ultaneously. The tem perature o f  the GC oven w as held at 40 °C for 2 min and then 

linearly increased from 40 °C to 200 °C at 10 °C/min. This tem perature was then held for 5 

min. Helium with an inlet pressure o f  16 psi w as used as the carrier gas.

The target com pounds were identified on the basis o f  their retention times and m ass spectra 

and quantified using the total mass o f  selected ions (Fig. 3.1.2). The ion trap detector was 

operated in the electron ionisation (E l) mode w ith the multiplier voltage set at 2400 V, the 

axial modulation (A /M ) am plitude at 3.5 V and the emission current at 12 pA. The manifold 

tem perature w as set at 2 2 0 0 C . The m ass range w as 50*250 am u and the scan rate, 1000 ms. 

The filament delay was 180 s, and a m ass defect o f  50 mm ass / 100 am u and a  background 

mass o f  55 amu were selected. D etection lim its varied betw een 0.005 ng/g w et w eight 

(1 ,2-dichoroethane, 1,1 -dichloroethane and tetrachlorom ethane) and 0.2 ng/g wet w eight 

(chloroform ) depending on the background levels and the am ount o f  sam ple [21],

I IHI

T T 'I ra rh lu rn t 'th )  lent.'

concentration: 80 pg/g 
S/N:209

Toluene

o-Xylenec

In ternal standard

Tel r ac h lo ru e th )  lene

400
6:20

600 1000
16:40

Scan number 
Retention time (min)

Figure 3.1.2: Representative total ion chromatogram o f  VOCs in a shrimp {Crangon crangon) 
sample with the mass spectrum o f toluene (insert a) and the selected ion chromatogram o( 
tetrachloroethylene (insert b).
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Statistical analysis

For the statistical analysis, sam ples w ere separated according to species, tissue, sam pling 

date and sam pling location. Here, the present data set w as com bined w ith a previous one, 

w hich contained concentration  data to r dab and w hiting from  tw o sam pling stations (120 

and 800) [21], F or values below  the detection limits, values equal to  h a lf  these lim its w ere 

used. A total o f  237 statistical cases (a unique com bination o f  concentrations, sam pling 

tim e, location, species and tissue type) w ere considered for all 12 individual V OCs 

(statistical variables). O ccasionally , in order to perform  statistical tests that require a 

norm al distribution, a logarithm ic transform ation o f  the original data set w as used.

The K olm ogorov-Sm irnov test (K S test) w as used to  determ ine w hether a d istribution 

w as norm al. The P value o f  the test w as obtained w ith  the D allai and W ilkinson’s 

approxim ation to  L illiefors’ method [30]. In addition, norm al probability  plots (N PPs) 

w ere used to study the distribution o f  the data.

To distinguish specific groups o f  sam ples, a cluster analysis w as perform ed. T his w as 

done by an average-linkage clustering  (unw eighted-pair group average) with betw een- 

group linkage based on squared Euclidian distances. T o study  underlying relationships 

betw een sam ples, a principal com ponent analysis (PC A ) w as executed. Principal 

com ponents w ere extracted w hen Eigenvalues w ere greater than one.

3.1.3 R esults and discussion

Levels o f  VOCs

CHCs The concentrations o f  the C H C s, w ith the exception o f  chloroform  w ere, in 

general, low er than those o f  the M A H s (Fig. 3.1.3). The 75 percentiles (75P) o f  all C H Cs, 

w ith the exception o f  chloroform , w ere below  2 ng/g w et w eight and the m edians were 

below 1 ng/g for all the species and tissues that w ere analysed. T etrachlorom ethane and

1,1-dichloroethane could no t be detected (<0.005 ng/g w et w eight) in a significant 

num ber o f  sam ples. For the o ther C H C s, except chloroform , the 75Ps varied betw een 0.02 

ng/g for trichloroethylene and 1.5 ng/g for tetrachloroethylene with concentrations 

generally increasing in the o rder 1 ,1-dichloroethane < tetrachlorom ethane < 

trichloroethane < trichloroethylene < tetrachloroethylene < 1,2-dichloroethane. The 75Ps 

for chloroform , on the o ther hand, varied betw een 0.9 and 3.6 ng/g w et w eight. Pearson
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and M e C onnell [16], D ickson and R iley [17], Ferrarlo  et al. [18] and G otoh et al. [20] 

also found that the levels o f  chloroform  w ere generally  h igher than those o f  the other 

CH Cs. The only exceptions w ere eggs o f  m arine birds from the Irish Sea, w here the 

concentrations o f  the o ther C H C s w ere equal to  or even higher than those o f  chloroform  

w ere [16]. The h igher concentrations o f  chloroform  in organism s are m ost likely related 

to h igher concentrations in the w ater. This hypothesis is supported, for the Belgian 

continental shelf, by the findings o f  D e w u lfe / al. [31], These authors indeed found higher 

w ater concentrations o f  chloroform  and suggested that this could be the result o f  biogenic 

production o f  chloroform  by m arine algae. H ow ever, in contrast to the o ther C H Cs, 

chloroform  is also (inadvertently) form ed during chlorination o f  drinking w ater, 

m unicipal sew age and cooling w ater [10]. Therefore, both its use in the chem ical industry 

and the above inadvertent fonnation  m ay well dom inate the natural sources in an 

industrialised region, as is the case for the N orth  Sea.

For the o ther C H C s, concentrations found in this study are sim ilar to those reported in the 

literature (T able 3.1.1). There appear to be no large differences in the concentrations on a 

species o r tissue type basis w ith tw o exceptions: the concentrations o f  tetrachloroethylene 

and 1,2-dichloroethane are significantly  h igher in the liver o f  dab than in m uscle tissue. 

The cause o f  this dependence is not clear but is probably related to the intrinsic properties 

o f  the chem icals and the tissues concerned, and the w ay in w hich the organism  was 

exposed. For instance, 1,2-dichloroethane show ed a preference for liver and adipose 

tissue after oral adm inistration but not after inhalation exposure [32], 

T etrachloroethylene, on the o ther hand, show s a tendency to  accum ulate in lipid-rich 

tissues such as the liver; this uptake is proportional to the exposure levels [33]. H ow ever, 

in general, the concentrations o f  C H C s are thought to  be related to  those in the w ater 

colum n through a process o f  physico-chem ical partitioning and to be, therefore, d irectly  

related to the chem ical properties o f  the com pound o f  interest (see below ).

MAHs For the M A Hs, the 75Ps varied betw een 0.4 ng/g fo r benzene in shrim p and 28 

ng/g for toluene in Mactra stultorum , and the m edian values varied betw een 0.08 ng/g 

w et w eight for benzene and 22 ng/g  for toluene for the sam e species, respectively  (Fig. 

3.1.3). That is, the concentrations w ere at least an order o f  m agnitude h igher than those o f  

the CH Cs. The concentrations o f  the C 2-substituted benzenes in Fig. 3.1.3 show  closely
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related patterns. This suggests that they are correlated, i.e. have a com m on source (see 

below).
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Figure 3.1.3: Concentrations in ng/g wet weight o f  CHCs (top) and MAHs (bottom) in Crangon 
crangon (Ccran), Limanda limanda liver (LimaLi), Limanda limanda muscle (Lima Mu), Mactra 
stultorum (M aci), Merlangius merlangus liver (MerlLi), Merlangius merlangus muscle (MerlMu), 
Mya truncata (Mya), Spisula subtruncata (Spis) and Venerupis pullastra (Vene).
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No such sim ilarity  w as found for benzene and toluene, w hich have concentrations that are 

som etim es higher, and som etim es low er than those o f  the (^ -substitu ted  benzenes. The 

concentrations o f  M A H s in fish liver w ere consistently  higher than in m uscle tissue, 

especially  for dab. These d ifferences are p robably  related to m etabolisation , because 

M A Hs are know n to be readily  m etabolised in organism s [34-37], Furtherm ore, 

e lim ination o f  M A H s from  organism s appears to be fairly rapid once exposure has ceased 

[34-37],
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F igure  3.1.4: Normal probability plot for the trichloroethylene data o f  the present study.

As w ith the C H C s, the observed M A H  concentrations in biota are related to  the 

concentrations in the w ater colum n, as will be discussed below . L iterature data on 

concentrations o f  M A H s in m arine organism s are rather sparse. Ferrario  et al. [18] 

reported  concentrations o f  benzene, toluene and ethylbenzene in c lam s (Rangia cuneata) 

and oysters (Crassostrea virginica) from  the estuary  Lake Ponchartrain (U SA ). B enzene 

exhibited the highest concentrations in both clam  (260 ng/g w et w eight) and oyster (220 

ng/g w et w eight). The concentrations o f  toluene and ethylbenzene w ere significantly  

low er (m axim um , 18 ng/g w et w eight). No explanation w as given for these differences, 

but the authors assum ed that the contam inants w ere from  anthropogenic origin. S ince the 

concentrations in sedim ent w ere also h igher for benzene, the h igher concentrations in the
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invertebrates w ere explained by a higher environm ental load. Y asuhara and M orita [19] 

reported concentrations o f  benzene, ethylbenzene, o-xylene, p-xylene and m -xylene in 

Mytilus edulis (blue m ussel) from tw o coastal locations in Japan. The concentrations 

ranged from  7.34 pg /g  w et w eight for benzene to 0.25 pg /g  w et w eight for ethylbenzene. 

The concentrations reported in the literature are high com pared to those found in the 

present study. W e observed at least 20-fold low er concentrations for benzene in the 

d ifferent species o f  m arine clam s and the concentrations o f  the o ther M A H s generally  

w ere about 10-fold lower.

L I B E N
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Figure 3.1.5: Horizontal hierarchical tree-plot representing the variahle-wise cluster analysis of 
VOCs in marine organisms. (BENZ = benzene, TOL -  toluene, EBEN = ethylbenzene, MPBEN 
m&p-xylene, OBEN = o-xylene, CHCL3 = chloroform, CCL4 = tetrachloromethane. DCE12 = 
1,2-dichloroelhane, TCE =  trichloroethylene, TECE = tetrachloroethylene and TRCE — 
trichloroethylene).

Statistical analysis

The data front the original set d id  not show  a norm al distribution, as w as determ ined by 

the K.S test and the NPPs. H ow ever, after logarithm ic transform ation and resubjeclion o f  

the transform ed data set to the KS test, the data sets for all M A Hs and chloroform  passed 

the test. Further evaluation o f  the d istribution w ith N PPs show ed that for trichloroethane, 

trichloroethylene and tetrachloroethylene, deviations from  the norm al d istribution  w ere
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prim arily  caused by a  few outliers (Fig. 3 .1 .4) and that the d istributions for 1,2- 

d ichloroethane and tetrachlorom ethane w ere m ainly biased because o f  a large num ber o f  

undetectable levels. H ow ever, since earlie r observations show ed that V O C s tend to  be 

norm ally distributed  for species from  one batch [21], a norm al d istribution  w as generally 

assum ed. The data for 1 ,1-dichloroethane w ere om itted from the data set as too few 

results w ere above the lim its o f  detection.

0.8

-n

I
cj

t c e

BENZ

TRCE

•• ecu-

Figure 3.1.6: Three-dimensional plot o f  the factor loadings for the different VOCs after varimax 
rotation.

C luster analysis w as perform ed both case-w ise and variable-w ise. The variable-w ise 

analysis resulted in tw o large clusters, one containing the M A H s and chloroform  and the 

other, the rest o f  the C H C s (Fig. 3.1.5). The clustering is m ost p robably  the result o f  

different concentrations, as is suggested by the h igher levels o f  chloroform  com pared to 

the o ther C H C s. N evertheless, w ith in  th is cluster there is a clear distinction betw een 

chloroform  and the M A Hs. T he latter clustered in tw o separate groups, benzene and 

toluene, and the C V benzenes. The distances for these groups w ere sm all w hich certain ly  

suggests a com m on source. Furtherm ore, a correlation analysis o f  both clusters revealed 

that the concentrations o f  m & p-xylene and o-xylene correlated  significantly  with each 

o ther (r =  0 .87) and w ith ethylbenzene (r =  0.86 and r = 0.82, respectively). T he sam e w as
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true for benzene and toluene (r = 0.63). F or the cluster representing the rest o f  the C H C s, 

only trichloroethylene and telrachloroethylene appeared to cluster and even so not to the 

sam e extent as, for instance, the C2-benzenes. For the rest, analysis o f  this group was 

ham pered by a rather large num ber o f  undetectable levels; this w as especially  true for 

tetrachlorom ethane.

The case-w ise analysis did not allow  specific groups to be d istinguished on the basis o f  

species type, tissue type, sam pling station or sam pling date. A picture sim ilar to  the above 

w as obtained with the PCA. Here, three factors w ere identified with E igenvalues greater 

than 1. They contributed 40, 16 and 12%, respectively o f  the total variance o f  all sam ples. 

From  the factor loading plot a fter varim ax rotation (Fig. 3.1 .6) it w as clear that Factor I 

w as m ainly determ ined by the C^-substituted benzenes, Factor 2 by tetrachlorom ethane, 

trichloroethylene and 1,1,1-trichloroethane, and Factor 3 m ainly by chloroform , 

telrachloroethylene and 1,2-dichloroethane. B enzene contributed to each factor to 

approxim ately the sam e extent, w hile toluene contributed m ainly to  Factors 3 and I . This 

m eans that all individual VOCs, except to luene and benzene, w ere closely  related to only 

one factor. Furtherm ore, the largest variability  in the database (40% ) can be attributed to 

d ifferences in concentration of, especially , ethylbenzene and the xylenes and, to  a lesser 

extent, benzene and toluene. T his first principal com ponent further allow s a d istinction  to 

be m ade betw een M A H s and C H C s, since the latter hardly contribute to  this factor.

W hen the factor scores o f  all sam ples are considered (Fig. 3 .1.7), no d istinct clusters o f  

sam ples could be d istinguished on the basis o f  species type, tissue types, sam pling 

location or sam pling tim e. As for the c luster analysis, the only explanation o f  the 

observed differences w as concentration differences o f  the three groups identified above. 

For instance, the encircled cluster in Figure 3.1.7 (cases 112-115) w ith a high score for 

Factor 2 is characterised by high concentrations o f  tetrachlorom ethane, trichloroethylene 

and, to a lesser extent, 1,1,1-trichloroethane. These are liver tissue sam ples o f  w hiting 

from the sam e location and the sam e date. A lthough they c luster because o f  the high 

concentrations m entioned above, they do not cluster with other sam ples that have the 

sam e characteristics (species type, tissue type, sam pling location and sam pling  time).
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Figure 3.1.7: Factor scores for all samples (Factor 1 vs. Factor 2), with a distinct cluster of 
samples encircled.

A t the outset o f  this study, w e assum ed that a  num ber o f  causes could result in differences 

betw een the sam ples. A m ong these w ere distance to  the coast (influence o f  land-based 

em issions), the vicinity  o f  point sources (such as the Scheldt estuary), seasonal variations 

(such as the increased used o f  fossil fuels in w inter) and biological param eters (such as 

preferential accum ulation in certain tissues, m etabolisation, food w eb effects). Som ew hat 

surprisingly, despite  the large num ber o f  data, neither the c luster analysis nor the PCA 

allow ed the sam ples to be distinguished. H ow ever, the correlation analysis and both 

ordination analyses show  that the concentrations o f  C i-subslilu ted  benzenes are closely  

related to  each other. The largest em ission source o f  e thylbenzene and the xylenes is 

gasoline [10,34,37,38] and the correlation  observed for these chem icals can possibly be 

related to this com m on source. This w ould also mean that the principal source o f  

e thylbenzene and xylenes in m arine organism s is the use o f  fossii fuel. The la tter is also a 

know n source o f  benzene and toluene and m ore than likely explains the grouping 

observed in the cluster analysis and the PCA. A nother possib le source is suggested by 

D ew ulf et at. [31], The authors observed h igher levels o f  M A H s, com pared to the CH Cs, 

in w ater and air sam ples from the sam e region and attributed this to anthropogenic 

em issions from  oil transport in this coastal area. In addition, the fossil fuel source is also
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one o f  the main differences betw een the M A H s and the CH Cs. C hloroform  is, in this 

context, an exceptional com pound as it is inadvertently  form ed during chlorination o f  

w ater (see earlier) and has know n natural sources. C hlorination o f  w ater is potentially  the 

largest source o f  chloroform  for the environm ent [10]. Finally, the lack o f  differences 

betw een the various sam pling stations allow s to suggest that, for all practical purposes, 

the part o f  the Belgian and D utch continental sh e lf considered in this study can be 

regarded as one zone, i.e. an area that is influenced by the sam e sources, as far as V O C  

concentrations are concerned. The absence o f  seasonal d ifferences suggests that the area, 

and therefore the organism s, is subjected to  the sam e sources the year round and that the 

sources are essentially  constant in nature.

s
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Figure 3.1.8: Relationship between the calculated BCFs and K ^ , and comparison with literature 
data. The data from the present study were within the range indicated by the barred line.

Bioconcentration and hazard assessment

In order to evaluate the possib le consequences o f  the VOC concentrations found in 

m arine organism s, described in the previous sections, one can use the hazard assessm ent 

proposed by V an Leeuw en et al. [23]. H ow ever, as w as m entioned earlier, the m odel 

hinges on the applicability  o f  the Equilibrium  Partitioning Theory (EPT). A ccording to 

the EPT, concentrations o f  chem icals, such as V O C s, in organism s originate from those in 

the w ater colum n through a process o f  physico-chem ical partitioning. That is, the EPT
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assum es passive partitioning o f  a chem ical com pound betw een the aqueous phase and a 

lipid o r a lipid-like organic phase [23], The resulting  partition coefficient, w hich is equal 

to  the ratio  o f  the concentrations in the organism  (Corg) and the w ater (C w), is called the 

B ioconcentration  Factor (BCF):

lSCF=Cm /C * ¡ l ] .

This partition coefficient is supposed to  be an intrinsic property o f  the com pound and can, 

as a result, be related to its octanol-w ater partition coefficient, K<,w. N eely et al. [39] and. 

subsequently , several other authors [40-42] dem onstrated that BCF and K„w are linearly 

related according to:

Log BCF = a log K0„+ b [2]. 

w ith a the regression coefficient and b the y  intercept. The data obtained during the 

present study w ere com pared with the average w ater concen trations reported by D ew ulf 

et al. [31 ] for the southern N orth  Sea and BCFs w ere calculated for all V OCs. Plotting the 

logarithm  o f  these BCFs against log K<,w indeed resulted in the linear relationship  (r =

0.42) predicted by Eq. 2. T his becom es especially  ev ident w hen the data fo r h igher K„* 

values reported by N eely  et al. [39] are included in the picture (Fig. 3.1 .8). The larger 

num ber o f  data points, spread over a larger KoW range results in a m uch better eorrelation 

(r = 0.94). M oreover, the observed slope is essentially  the sam e as the one reported by 

these authors. H ow ever, plotting the average o f  the BCFs reported in the literature [10] 

resulted in a slope that is low er than those obtained w ith our data and those o f  N eely et aí. 

[39] (Fig. 3.1.8). This suggests that the BCFs reported in the literature are som ew hat too 

low , especially  for the V O C s w ith a log KoW o f  less than 2.8. O ne explanation could be 

the use o f  nom inal instead o f  actual concentrations. B C Fs reported in the literature are 

often the result o f  laboratory experim ents in open system s and nom inal concentrations 

can easily  be too  high due to  the high volatility  o f  the com pounds o f  interest [37]. Even 

so, the observed relationship  indicates that VOC concentrations in the w ater colum n are 

indeed reflected  in the organism s and suggests that the EPT can be applied.

On the basis o f  the above observations one m ay conclude that the hazard assessm ent o f  

Van Leeuw en et al. [23] can be used. These authors used Q SA R s, the extrapolation o f  

toxicity  data and equilibrium  partitioning to assess the effects o f  narcotic industrial 

pollutants such as the target com pounds o f  th is study. The extrapolation  o f  toxicity  data



VOCs in marine organisms 159

generated by Q SA R s w as used to derive safe levels for water. The Q SA R s in their study 

w ere expressed as:

tog NOEC = a ' log K,m + b ' [3]

w here N O EC  is the no-observed-effect concentration , a ’ the regression coefficient and b ’ 

the y intercept. These concentrations w ere derived from  literature data or, i f  no chronic 

toxicity  data w ere available, estim ated from acute toxicity  data using acute/chronic ratios. 

The safety level w as arb itrarily  set a t 95% . T his im plies that a threshold concentration  is 

calculated w hich is unlikely to cause harm  to 95%  o f  the aquatic com m unity. This 

calculated  concentration, HC5, is the hazardous concentration that w ill affect, at m ost, 5% 

o f  the species. The H C 5W for the w ater colum n w as calculated  from:

HC5W =  CwX ( l  + l.H5xl(r6 Kbk)  [4]

w here H C 5W is the total concentration  in the w ater phase (including suspended m atter) 

and C w the concentration in the w ater colum n for a g iven f w  that is unlikely to  harm  95%  

o f  the population, calculated on the basis o f  the Q SA R s as g iven in Eq.3. The 

proportionality  constant, a ’, relates to the average suspended m atter concentrations in the 

area and their organic carbon content [23], The internal tissue concentration , ITC or 

H C5org, for the organism s w as calculated from

HC5org =  0.05 X HC5k x  Kow [5 ]

w here a lipid content o f  about 5%  wt. in the organism  is assumed.

T able 3.1.2: Comparison o f  the average tissue concentrations in pg/g o f  the present data set and the proposed 
safety level (HC5) with Cran (Crangon crangon). Mactra ( Mactra stultorum), M ya (Mya truncata), Spis (Spisula 
species), Lim Li (Limanda limanda liver), Lim Mu (Limanda limanda muscle tissue), M er li ( Merlangius

C om pound C ran M actra M ya Spis L im  Li Lini Mu M e r Li M er Mu HC5
M A Hs
Benzene 700 2500 550 2000 14000 500 5800 800 5.2* 10*
Toluene 900 21000 3200 1600 4800 950 1500 1000 s ^ ’ io 6
Ethylbenzene 9800 2500 2400 2200 11000 1500 5200 2600 na
m&p-Xylene 9700 3000 3500 2500 11000 1500 6300 3200 6.4* IO6
o-Xylene 4100 1600 1300 1600 6000 700 3600 1500 6.5* IO6

C H C s
1,1-Dichloroethane 40 nd Nd 60 nd 140 5 100 6.7* IO6
Chloroform 1100 700 400 2600 3200 5400 2800 2000 8.1*10*
Tertrachloromethane 8 5 5 20 200 450 43000 70 9.8* IO6
1,2-Dichloroethanc 300 900 300 400 900 300 550 500 6.7* IO6
1,1,1 -T richloroethane 40 20 6 30 200 50 400 100 8.8* IO6
Trichloroethylene 70 80 20 60 200 200 13000 400 8.7* 10s
Tetrachloroethylene 200 200 60 200 1200 500 1300 350 9.7* IO6
nd = not detected, na = not available
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Table 3.1.2 com pares the calculated  HC5org values and the average concentrations in the 

d ifferent organism s and tissues. The results show  that, in 110 case, is the H C5org for the 

M A Hs and C H C s exceeded. M ost probably, this w ould  have been true also for 

ethylbenzene i f  an H C5org had been available. M oreover, the observed averages are 

several orders o f  m agnitude low er than the H C5org. H ow ever, the present results m ay still 

cause concern because the hazard assessm ent does not take into account synergistic  and, 

thus, m ore dam aging effects. D espite the often high results, no definite statem ents can, as 

yet, be m ade concerning long-term  effects such as carcinogenicity  o r im m unosuppression. 

The num ber o f  data is too lim ited and the calculation o f  the HC5 is one approach am ongst 

several and needs to be further evaluated. W hat is clear, how ever, is that additional 

research, especially  w ith regard to the long-term  consequences o f  small doses o f  VOCs is 

urgently  required.
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3.2 M easu rem en t  o f  volatile  organic  co m p o u n d s  in sed im ents  o f  the  

Scheldt estuary  and the southern  North Sea*1

The concentrations and distribution o f  13 priority volatile organic compounds (VOCs) were determined in 
sediments o f  the Scheldt estuary and the Belgian continental shelf, using a modified Tekmar LSC 2000 
purge-and-trap system coupled to GC-MS. The method allows a sample intake o f  up to 50 g wet weight and 
detection limits are between 0.003 ng/g (tetrachloromethane) and 0.16 ng''g (m- and p-xylene). The 
repeatability (n -5) varied between 4%  (benzene) and 17% (toluene) and the recoveries ranged from 59% 
( 1,1-dichloroethane) to 99% (tetrachloromethane). Because o f the nature o f  the contaminants, special 
attention was paid to analyte losses and contamination o f  the samples during storage aboard the research 
vessel. Spiked sediment samples were prepared in the laboratory and stored aboard under the same 
conditions as the environmental samples. The recoveries for these samples varied between 94% and 130%, 
which suggests that storage had no adverse effect on the samples. No detectable VOC concentrations were 
found for most o f  the sampling stations. However, in the Antwerp harbour area, significant concentrations 
o f  VOCs were found. The sorption behaviour as predicted from laboratory equilibrium partitioning 
experiments gives an indication o f  the in situ partitioning behaviour o f  VOCs. Although VOCs in sediments 
should, in general, not be regarded as a major problem in the marine environment, high local concentrations 
may be a cause o f  concern.

Sum m ary

”  From  Water Res., 35 (2001) 1478-1488.
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3.2.1 In tro d u c tio n

T he presence and distribution o f  volatile organic com pounds (V O C s) in m arine and 

estuarine system s have so far received relatively  little attention  from the scientific 

com m unity, as w as recognised by the International C onferences on the Protection o f  the 

N orth Sea [1,2]. V OCs enter the m arine environm ent through their use as so lvents and in 

production processes; their form ation during chlorination o f  drink ing  w ater and 

exploitation and use o f  fossil fuels [3,4], Recent w ork show ed the presence o f  V OCs in 

m arine organism s from the B elgian coastal region at concentrations com parable to  those 

o f  w ell-know n contam inants such as PCBs [5]. The significance o f  these findings for e.g. 

reproductive success and surv ival o f  organism s is at present unknow n. It can be assum ed 

that organism s are m ainly exposed to contam inants through contam inated w ater and by 

the ingestion o f  contam inated particles o r sedim ent and through food. D ew ulf et al. [6] 

determ ined 13 priority V O C s in w ater from the B elgian coastal region and found average 

concentrations ranging from  2.2 to  73 ppt over a period o f  1.5 year. The w ater colum n can 

therefore be regarded as a potential source o f  V OCs for organism s, especially  when one 

considers that these V O C concentrations are approxim ately 1000-fold h igher than those 

of, for instance, individual PCB congeners [7], Tile contribution o f  sedim ents to  the 

presence o f  V O C s in organism s is a t present unknow n. Param eters reflecting the 

equilibrium  partitioning over the d ifferent com partm ents (air, w ater, sedim ent and 

organism s), environm ental degradation  rates and inlercom partm ent exchange velocity 

m odels provide inform ation to establish m odels w hich can predict the environm ental fate 

o f  organic pollutants [8]. A low sorption can be expected because o f  the low Kow 

(oclanol-w ater partitioning coefficient) values o f  most V OCs and the low organic carbon 

conten t o f  m arine sedim ents, since V O C s are thought to be m ainly  associated w ith the 

organic fraction o f  sedim ents [9]. R ecent experim ents seem  to confirm  this and sedim ents 

are, therefore, generally  not regarded as m ajor sinks for V OCs [3,9]. H ow ever, reported 

concentrations in sedim ents tend to be h igher than those o f  the overly ing w ater colum n 

[10,11], M oreover, the nature o f  organic m atter in soils, w hich are com parable to 

sedim ents, can vary substantially . The degree o f  arom aticity  [12] o r the po lar-to-nonpolar 

group ratio  (0 + N )/C  [13] influence the sorption equilibrium . B ecause o f  this and the 

inherent stability o f  V O C s, sedim ents cannot be ruled out as a local source o f  V OCs for 

organism s.
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T here appears to  be no universally recognised and approved method for the determ ination 

o f  V O C s in sedim ent. A variety o f  m ethods w ere reported in the literature w hich are 

based on techniques such as solvent extraction [14,15], vacuum  distillation [16,17] and 

supercritical fluid extraction (SFE) [21], but the m ost com m only used m ethods are based 

on either static [18-20] o r dynam ic [10,11,22-25] headspace techniques. The latter is 

som etim es preceded by a so lvent extraction step, in w hich case the extract itse lf is then 

analysed using a dynam ic headspace or purge-and-lrap (P& T) technique [26.27], Static 

headspace offers the advantage o f  low er cost, easy autom ation and rapid sam ple 

throughput [18]. The main d isadvantage are the relatively high detection limits (LO D s), 

although Bianchi and V arney [20] reported LODs below  0.5 pg/kg dry w eight for V O C s 

in sedim ents. The best LODs are generally  found for m ethods that use P& T techniques. 

For exam ple, A l-Rekabi et al. [ 1 1] reported LO D s o f  40-50 ng/kg wet w eight for various 

V OCs and Bianchi et al. [10] found LODs o f  20-300 ng/kg dry w eight w hen using a 

sim ilar approach. T he latter group determ ined a  large num ber o f  V O C s in the Solent 

estuary (UK). The analyte recoveries and repeatabilities o f  the d ifferent m ethods vary 

considerably and depend on the m ethodology. U sing solvent extraction or SFE, recoveries 

are generally  better than 80%  [14,21] w ith RSDs (R elative Standard D eviations) below  

10%, w hile for vacuum  extraction recoveries varied betw een 50 and 100% [17] and the 

RSDs betw een 20 and 30% . V oice and K olb  [19] obtained recoveries o f  over 70%  and 

RSDs o f  5-10%  w hen using static headspace. These authors also dem onstrated the 

superior perform ance o f  the latter technique com pared to  P&T. T he large variability  in 

both recoveries (30-100% ) and RSDs (1 - >30% ) o f  the P& T techniques is well known 

[10,11,20,23-25]. O perational param eters such as, especially , the purge tem perature, 

influence the overall perform ance. B ianchi et al. [10] showed an im proved perform ance 

o f  their m ethod w hen the sam ples w ere purged at a  tem perature o f  60 °C  rather than 30 

°C. The efficiency o f  the P&T technique appears not to  be influenced by the sam ple 

com position o r sam ple size [24], w hich is a d istinct advantage.

For this w ork, a  P& T m ethod developed for the determ ination o f  13 priority  V O C s in 

biota [28] w as evaluated for the analysis o f  sedim ent sam ples. This study is a  follow  up 

on recent studies on the analysis, concentration and distribution o f  V O C s in w ater, a ir and 

organism s in the Belgian coastal area that w ere initiated in the fram ew ork o f  a national 

research program m e. It w as undertaken in order to  study the im portance o f  sedim ent as a 

source for V OCs in organism s, to  test the applicability  o f  the m ethodology and to



166 Baseline monitoring

establish concentrations in sedim ents o f  the Scheldt Estuary and the Belgian continental 

shelf. In addition the partitioning behaviour o f  V OCs in sedim ent w as further 

investigated.

3.2.2 M a te r ia ls  an d  m ethods

Materials

All m aterials used for the various experim ents and analyses w ere o f  research-grade 

quality. The chlorinated  hydrocarbons (C H C s), chloroform , tetrachlorom ethane, 1,1- 

d ichloroethane, 1,2-dichloroethane, 1,1,1-trichloroethane, trich loroethene and 

tetrachloroethene, and the m onocyclic arom atic hydrocarbons (M A H s) benzene, toluene, 

e thylbenzene and the xylenes, w ere all from M erck (D arm stadt, G erm any). Selection o f  

the V O C s w as based on international priority  pollutant lists [1,2]. T hey w ere used w ithout 

further purification. M ethanol (Instra-analysed. J.T. Baker, Phillipsburg, U SA ) w as used 

to prepare standard solutions. 1,1,1-Trifluorotoluene (A ldrich, M ilw aukee, U SA ) was 

used as internal standard (IS). V ocarb 4000 traps (8.5 cm  C arbopak C, 10 cm  C arbopak 

B. 6 cm C arboxen 1000 and 1 cm C arboxen 1001) w ere obtained from  Supelco 

(B ellefonte, U SA ) and used as adsorption traps (1 /8" OD). W ater used for the preparation 

o f  blanks and standards w as obtained from J.T . Baker, Extra-pure sea sand for blanks and 

calibration w as obtained from  M erck.

Apparatus

A m icroprocessor-controlled P& T system , the Tekm ar LSC -2000 (T ekm ar, C incinati, 

USA), w as coupled to  a G C -M S (Finnigan M agnum  Ion Trap M S, Finnigan, San José, 

USA) via a heated  transfer line term inating in a cryogenic focuser a t the G C  end. The 

internal lines o f  the P& T w ere constructed  from glass-lined stainless steel and the transfer 

line and internal lines w ere connected via a heated 6-port sw itch valve. The standard 

needle sparger o f  the T ekm ar w as replaced w ith a  system  consisting o f  tw o needles 

(purge gas inlet and outlet) and a m oisture trap, w hich w as a 40-m l vial cooled to -1 0  °C 

(R oose and B rinkm an, 1998b). The 40-m l open-hole screw  cap vials (m oisture trap and 

sam ple vials) and PT FE/silicone liners w ere from  A lltech (D eerfield , USA).

Sam pling and storage

Sam ples w ere collected during two periods (M arch 1997 and M arch 1998) aboard the 

B elgian oceanographic research vessel ‘B elg ica’ at different locations (F igure 3.2.1)
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using a V an V een grab-sam pler. Sam pling locations w ere selected from  am ong those o f  

an ongoing sam pling program m e in such a w ay that both  a more rem ote and a more 

coastal location w ere represented and that the salinity  gradient in the Scheldt estuary  was 

covered. Im m ediately after sam pling, the sedim ent sam ples w ere taken from  the central 

portion o f  the grab using all-glass vials, and w ithout a headspace. The vials w ere 

im m ediately  closed with a PTFE-lined screw  cap (A lltech). Sam ples w ere stored  at 4 °C 

in the absence o f  organic solvents. U pon their arrival in the laboratory the sam ples w ere 

stored in an airtight refrigerator located in a solvent-free area in a separate building.

800

T he N e th e rlan d s

S22

Belgium
Nieuw poort

F igure  3.2.1: Sampling locations on the Belgian continental she lf and in the Scheldt estuary.

Analytical procedure

Preparation o f  blanks W ater specially  prepared for the analysis o f  V O C s (J.T. Baker) and 

extra-pure sea sand (M erck) w ere used to prepare blanks and standard solutions (see 

below ). B oth w ater and sedim ent w ere pre-treated by heating to  90°C  w ith sim ultaneous 

purging w ith helium  (N 7.0, 1"A ir L iquide, L iège, Belgium ) or nitrogen (N  6.0, I’Air 

L iquide) in a glass sparger. As a routine, the latter w ere continuously  purged during 

storage w ith helium  or nitrogen. For the preparation o f  blank sam ples, 15 ml o f  the treated
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w ater w ere draw n up in a  100-ml syringe and I pi o f  the internal standard w as added by 

inserting a 10-pl H PLC syringe in the opening o f  the 100-ml syringe. T he w ater was 

added to approx. 30 g o f  the blank sedim ent and the entire sam ple w as then taken through 

the com plete analytical procedure.

Preparation o f  standard solutions and spiked sediment samples A detailed description o f  

the preparation o f  standard solutions is given elsew here [5]. For calibration o f  the 

procedure. I p i o f  a m ethanolic so lu tion  contain ing 0.4-0.8 ng /p l o f  the various target 

com pounds w as injected w ith a 10-pl syringe in a 100-ml syringe contain ing 15 ml o f  

blank w ater (see above). N ext, I pi o f  a m ethanolic solution contain ing the internal 

standard (about 0.4 ng/p l) was also introduced into the 100-ml syringe w ith ano ther 10-pi 

syringe. The w ater w as then injected into a 40-m l sam ple vial tilled w ith approx. 30 g o f  

blank sedim ent and, after an equilibration period o f  I hour, the sam ple vial w as connected 

to the on-line P& T set-up, pre-concentrated and analysed by G C -M S. An identical 

procedure w as used for spiked sedim ent.

Sample pre-treatment and analysis

A pprox. 30 g o f  sedim ent w ere transferred to  a 40-m l sam ple vial. A fter the addition  o f  

15 ml o f  organic-free w ater and internal standard, the vial w as closed w ith a PTFH-lined 

screw cap. The glass vessel w as then coupled to  an im pinger connected to the P&T 

system . The volatiles w ere forced out o f  the sedim ent by purging the sam ple for 30 min 

w ith a 20 m l/m in stream  o f  helium  at 70°C  (w ater bath). The analytes w ere trapped on a 

V ocarb 4000 sorbent trap m ounted in the P& T apparatus, at a tem perature o f  45 °C. A fter 

purging, the trap w as backflushed w hile being rapidly heated to  250 °C and the analytes 

w ere desorbed into a cryofocusing m odule cooled to -I2 0 °C  and connected to the GC 

colum n. The analytes w ere injected into the colum n by rapidly heating the cryofocusing 

m odule from  -120°C  to 200 °C  in 0.75 min. Separation w as done on a 60 m x 0.32 mm

i.d. (1 .8  pm  film ) Reslek, RTx-502.2 colum n. Tem perature program m ing o f  the GC and 

data acquisition w ere started sim ultaneously. The tem perature o f  the G C  oven w as held 

for 2 min at 40 °C and then increased from 40 °C to  200 °C  at 10 °C /m in. The final 

tem perature w as held for 5 min. H elium  w as used as the carrier gas w ith an inlet pressure 

o f  16 psi.
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Table 3.2.1: Retention windows, selected masses, recovery, repeatability and LOD o f the target
compotinds.
Compound Retention

window
(min)

Selected
masses

Recovery1 (%) 

(n=5)

RSD (%) 

(n=5)

LOD2 

(pg/g w wt)

1,1 -Dichloroethane 4:30-4:50 6 3 ,6 4 59 23 4

Chloroform 6:10-6:30 83, 85 88 16 90

Trichloroethane 6:40-6:60 6 1 ,9 7 ,9 9 97 17 4

Tetrachloromethane 7:00-7:20 117, 119 99 17 3

1,2-Dichloroethane 7:10-7:30 62 97 17 20

Benzene 7:10-7:30 78 92 4.3 50

Trichloroethene 8:00-8:20 60, 130 95 16 30

Toluene 9:45-9:65 91 86 17 100

Tetrachloroethene 10:40-10:60 91, 105 92 15 50

Ethylbenzene 12:00-12:20 91, 106 82 14 60

m&p-Xylene 12:05-12:25 91, 106 82 14 200

o-Xylene 12:45-12:65 91, 106 81 14 50

Recoveries for a sediment sample spiked with concentrations ranging from 280 to 580 pg/g 
depending on the compound.
2 LOD calculate for an average sample intake o f  30 g.

The target com pounds w ere identified on the basis o f  their retention tim es and m ass 

spectra and quantified using the total m ass abundance o f  selected ions (Table 3 .2.1). The 

ion trap detector w as operated in the electron ionisation (E l) mode with the m ultiplier 

voltage set at 2550 V, the axial m odulation (A /M ) am plitude at 4 .0  V and the em ission 

current at 13 pA . The m anifold tem perature w as 220 ° C. The m ass range w as 50-250 

am u and the scan rate 1000 ms. The filam ent delay  w as 180 s, and a m ass defect o f  50 

m m ass / 100 am u and a background m ass o f  45 am u w ere selected.

Analytical quality assurance

A blank sam ple w as run w ith each series o f  sam ples. The peak heights o f  the analytes in 

the b lank w ere com pared w ith those in the standard solution used for calibration. Peak 

heights in the blank should at least be ten tim es low er than those in the standard solution 

(w arning lim it) and never be less than five tim es low er (control limit). A second quality 

assurance m easure (Q A ) w as to  m onitor the response factors o f  the d ifferent V O C s during 

the analysis o f  the standard solution used for calibration. D eviations o f  over 30%  (± 2 sd) 

from the m edian response factor w ere considered as out o f  control. W hen the results o f  a 

test w ere out o f  control, a standard solution w as treated as a sam ple and analysed as an
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internal reference m aterial (IRM ). The test provides a w ay to determ ine w hether the 

problem  is MS or P& T related.

F igure  3.2.2: Effect o f  purge time on recovery o f  the analytes given in order o f  elution (n 3).
The error bars represent the standard deviation.

3.2.3 R esu lts

Analytical data

The P& T m ethod developed earlier for the determ ination o f  13 priority V O C s in biota 

[28] w as slightly  m odified, viz. w ith respect to the sam ple preparation  and sam ple intake. 

As there w ere practically  no changes in the operational param eters o f  the earlier set-up, 

only  the purge tim e w as evaluated. T o this end a  spiked sedim ent sam ple w as purged 

under o therw ise identical conditions for different periods o f  time. The results are 

presented in Figure 3.2.2. For the com pounds up to toluene no significant d ifferences 

w ere observed betw een purge lim es o f  14, 24 and 34 min, w ith the exception o f  1,1- 

dichloroethane. T he latter is clearly  affected by longer purge tim es, presum ably because

1,1-d ich loroethane, w ith its high volatility , w ill break through the sorbent under these 

conditions. For the less volatile com pounds such as tetrachloroethene, e thy lbenzene and 

the xylenes, a  substantial difference w as observed betw een a purge tim e o f  14 min and 

purge tim es o f  24 min and 34 min. A purge tim e o f  34 m in w as selected for all further 

w ork. T o further test the m ethod, both the repeatability  (short-term  precision) and the
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recovery w ere determ ined  by analysing five replicates o f  a spiked sedim ent sam ple. The 

results o f  the tests are given in T able 3.2.1. The recoveries varied betw een 80 and 99% , 

w ith one exception, 59% , for the highly volatile 1,1-dichloroethane, w hich can be 

explained by the 34-m in purge tim e (cf. above). The repeatability , calculated as the RSD 

o f  five independent analyses, w as betw een 14 and 17% for all but tw o V OCs. The 

deviating  result for benzene cannot easily  be explained. The m uch higher RSD for 1,1- 

d ichloroethane is due to  its less efficient recovery caused by the prolonged purging. The 

LODs w ere calculated  for a standard sam ple o f  30 g and w ere based on the analytical 

blank (blank + 3 sd) o r a signal-to-noise ratio  o f  3 [5]. C onsidering  that blank values 

range from  0.02 ng/g for tetrachloroethene to  0.08 ng/g  w et w eight for m & p-xylene, the 

m ethod allow s the detection o f  individual V OCs in sedim ents at concentrations varying 

from 0.004 ng/g for trichloroethane, for w hich no background levels w ere found, to 0.2 

ng/g w et w eight for m & p-xylene, w ith the above m entioned background levels.

Sample storage

Because o f  the vo latility  o f  the com pounds o f  interest, analyte losses and sam ple 

contam ination during storage aboard the research  vessel and in the laboratory m ay well 

occur. Both sam pling and storage w ere devised  in such a  w ay that contam ination  and 

losses w ould be m inim ised. To obtain an idea o f  both hazards, spiked sedim ent sam ples 

and blank sedim ent sam ples w ere prepared in the laboratory  and stored aboard under the 

sam e conditions as the grab  sam ples (1997 cam paign). The prepared sam ples w ere then 

transported to and stored in the laboratory together w ith  the sedim ent sam ples, again 

under identical conditions. T he analyte recoveries for the spiked sedim ent sam ples varied 

betw een 94%  and 130% (m edian: 102%); that is, they were w ith in  tw o standard 

deviations o f  the expected 100% recovery w hich proved that storage had no adverse 

effect on the sam ples. This w as further confirm ed by the fact that no significant 

d ifferences w ere found betw een a  laboratory blank and a set o f  blanks that w ere stored 

together w ith the environm ental sam ples aboard and in the laboratory.

Sediment samples

P& T-G C -M S w as used to  analyse the sam ples collected at ten stations on the Belgian 

continental she lf and in the Scheldt estuary during tw o surveys in 1997 and 1998. The 

results o f  the analyses fo r both surveys are given in Table 3.2.2. For m ost o f  the sam pling 

stations no detectable concentrations o f  the target com pounds w ere found in 1997. O nly
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at sam pling station S22, in the industrial region o f  A ntw erp harbour (F igure 3.2.1), a 

m arked presence o f  V O C s could be dem onstrated. Even so, only  the less volatile 

m em bers o f  the group w ere present in the sedim ent but there w as no clear relation 

betw een vapour pressure and sedim ent concentration. As every sam pling station was 

independently  sam pled tw ice and the tw o sam ples w ere analysed individually, an idea o f  

the sam pling variability  could  be obtained. F or obvious reasons this w as only done for 

station S22.

T able 3.2.2: Concentration range and medians between brackets (where applicable) for VOCs in pg/g wet weight for 
the different sampling stations in the period 1997-1998.

C om pound Sam pling station

800 435 SOI S04 S07 S09 S12 S15 S18 S22
1,1-Dichloroethane - - - - - - 10'

Chloroform - loo ' - - - - -

Trichloroethane _ „ _ < 4 - 1 7 0 < 4 - 6 0
(90) (15)

T etrachloromethane - - - 6 ' 4 ' - 50'

1,2-Dichloroethane - - - - - - -

Benzene . - _ 70' 70 ' < 5 0 -  110 < 5 0 -  120 90 -  340
(90) (100) (200)

Trichloroethene - - - - - < 3 0 - 8 0 < 3 0 - 7 0 < 3 0 - 9 0
(40) (50) (60)

Toluene - - - - - <  1 0 0 -7 5 0 2 8 0 - 8 1 0 1 8 0 -9 1 0
(400) (690) (700)

Tetrachloroethene 109' - < 50 -  350 - - - - - < 5 0 - 1 1 0
(240) (80)

Ethylbenzene - - - - - 70' 100' < 6 0 - 1 3 0
(80)

m&p-Xylene - • - - - - - 80 -  230
(150)

o-Xylene - - - - - 30 -  50: - < 5 0 - 1 1 0
(40) (90)

- Below detection limits as given in Table 3 .2 .1
1 Cases where only one sample had levels above the LOD
2 Lower LOD due to lower background levels or higher sample intake

C onsidering that the average repeatability  o f  the analytical m ethod is 15%, the variability 

as a result o f  sam pling w as neglig ib le for com pounds such as to luene (17% ), w'ith 

concentrations well above the detection limit. W hen concentrations are near the detection 

lim its the variability  m arkedly  increased (30-80% ). D uring the 1998 survey, the V OCs 

w ere detected  at the sam pling stations S 12, S 15, S I 8 and S22 upstream  the Scheldt river.
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with the h ighest concentrations being found at stations S I 5 and S 18. D uring this survey 

every  station w as sam pled five tim es and each sam ple w as analysed individually. In 

contrast to the 1997 results, the variability  for the independent grabs w as rather high (20- 

120%), even for a com pound such as to luene w hich w as present at relatively high 

concentrations.

Table 3.2.3: Average VOC concentrations and standard deviations (n=X) in water (Cw), salinity (S), and 
temperature (T) at selected sampling stations.

Sam ple C» (ng/I) S (E/I) T (°C ) log K„„ toE K«.,» log h  IHr, i s  i i i Ios K,
CHC13/S22 300 ± 70 1.45 11.4 1.93 1.81 1.81 1.36

/435 19 ± 9 35 11.0 3.64 3.55
CC14/SI8 12 ± 13 5.38 11.6 2.73 2.04 2.02 1.67
DCE11/S18 21 ±  7 5.38 11.6 1.79 1.10 1.08 0.96

/S04 24 ±  19 24.7 10.2 1.47 1.65 1.60
/S I2 80 ±  61 11.0 11.4 0.60 0.58
/S I5 100 ±  65 8.65 11.8 1.10 1.08
/S I8 158 ± 77 5.38 11.6 0.26 0.24
/S22 63 ±  21 1.45 11.4 1.67 1.67

TRI/S07 12 ±  6 20.8 10.2 2.48 1.85 1.76 1.5
/SI 5 84 ±  55 8.65 11.8 2.14 2.10
/SI 8 163 ±  107 5.38 11.6 0.60 0.57
/S22 266 ±  212 1.45 11.4 0.78 0.77

TCE/S07 18 ± 21 20.8 10.2 2.42 2.34 2.26 1.58
/S 15 67 ±  45 8.65 11.8 1.99 1.96
/S 18 134 ±  66 5.38 11.6 0.94 0.92
/S22 222 ± 60 1.45 11.4 1.83 1.82

TTCE/SO1 5.0 ±  3.5 29.5 10.2 2.88 3.53 3.39 2.14
/800 6.0 ±  7.5 35 10.9 3.97 3.81

BENZ/S07 70 ± 114 20.8 10.2 2.13 2.55 2.47
/S09 36 ±  39 16.4 10.7 3.02 2.97
/S I2 58 ± 72 11.3 11.4 2.21 2.17
/S I 5 55 ± 64 8.65 11.8 2.38 2.35
/SI 8 39 ±  53 5.38 11.6 2.11 2.09
/S22 102 ±  240 1.45 11.4 2.40 2.39

TOL/S07 29 ±  13 20.8 10.2 2.69 3.03 2.96 1.6
/S I2 71 ±  58 11.0 11.4 2.32 2.28
/S 15 66 i  64 8.65 11.8 2.99 2.96
/SI 8 64 ±  35 5.38 11.6 2.37 2.35
/S22 56 ±  43 1.45 11.4 3.23 3.22

ETBEN/S12 35 ±  34 11.0 11.4 3.15 2.16 2.11 2.03
/S 15 32 ±  39 8.65 11.8 2.36 2.32
/SI 8 23 ±  17 5.38 11.6 1.81 1.78

MPXYL/S04 33 ± 38 24.7 10.2 3.19 2.61 2.51
/SI 5 37 ±  37 8.65 11.8 2.47 2.44
/SI 8 34 ±  41 5.38 11.6 1.89 1.87

OXYL/SOI 15 ± 9 29.5 10.2 3.12 2.16 2.02 2.02
/S04 22 ±  13 24.7 10.2 2.62 2.50
/SI 5 31 ± 30 8.65 11.8 2.25 2.21
/SI 8 40 ±  52 5.38 11.6 ± 1.52 1.49

Log Kou, logarithm o f the calculated in situ partitioning coefficient; log K.« logarithm o f  the calculated in 
situ partitioning coefficient at zero salinity; log 1C«, <s-o) and logarithm o f  the equilibrium partitioning 
coefficient for salt water log [9],
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The concentrations o f  V O C s found in sedim ent can be related to  those observed in the 

w ater colum n. In order to study this, the in situ sedim ent/w ater partitioning o f  V O C s was 

com pared w ith equilibrium  partitioning. In 40 cases, concentrations o f  V O C s in the 

sedim ent layer w ere above the limit o f  detection during this study (T able 3.2.2). At the 

sam e sites VOC concentrations in the w ater colum n w ere determ ined in the period 1994- 

1997, as described in previous papers [4,6]. A verage w ater colum n concentrations for 

these sites are presented in Table 3.2.3. From  the experim ental sedim ent layer 

concentration  (Cs.mas), the organic carbon fraction o f  the sedim ent (fw), and the w ater 

concentration  (C w.mcas) Km/sw values w ere calculated  (T able 3 .2.3). K^/sw, the in situ 

partitioning coefficient o f  V O C s betw een the organic carbon fraction o f  the sedim ent and 

salt w ater, is defined as

C C¡y ________ __  or,meas   s.meas f  t  \  ^

*  a-.™ -  7 T -  T i  J o c  O )

w ith Coe,**** the experim entally  determ ined concentration o f  V OCs in the organic carbon 

fraction o f  the sedim ent. Indeed, given that V O C s in sedim ent are m ainly associated  with 

the organic fraction o f  the sedim ent, concentrations o f  V O C s in sedim ent can be 

expressed on the basis o f  the organic carbon fraction.

In the literature in situ partitioning coefficients are often com pared w ith K™ 

(octanol/w ater equilibrium  partitioning coefficient) values [29]. H ow ever for the m arine 

environm ent the in situ partition coeffic ien t Koc/sw cannot be im m ediately com pared with 

Kow because o f  salinity. Indeed, K0w represents the partition behaviour betw een an 

organic phase (octanol) and (deion ised) w ater, w hereas K«:'SW represents a partitioning 

process betw een an organic phase and salt w ater. D ew ulf et al. [9] have show n that K„c,sw 

can be converted into a partitioning coefficient K,w.<s=0), reflecting  the partitioning 

betw een organic carbon and deionised w ater by m eans of: (H /H sv.)

w here H and HSw are the d im ension-less H enry’s law coefficients o f  the com pound o f  

interest for deionized and salt w ater, respectively. By considering the average salinities 

and tem peratures at the different locations, and data for H and Hsw as a  function o f  

tem perature and salinity from  D ew ulf et al. [9], the in situ partitioning coeffic ien t a t zero 

salinity  Koc,(s=0)> can be calculated  and the results are given in Table 3.2.3. In Figure 3.2.3
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Koe, <s=o> is plotted in function o f  K,1W. It is obvious that there is a large scatter in the data 

points, w hich cannot be attributed to  the rather large num ber o f  m easurem ents close to  the 

LOD. Even so, linear regression show s a positive relation betw een log Koc, <s=o> and log 

Ko« data w ith a slope o f  0 .58 and an intercept o f  0.64 w ith r = 0.39 (n  = 40), w hich is 

significant at a  = 0.05 (P  = 0.012). In o ther w ords, although the scatter is large, the log 

Ktm data g ives an indication o f  the in situ partitioning behaviour o f  the volatile  organic 

com pounds. The slope, w ith a value low er than unity, suggests that there is a difference in 

polarity  betw een the organic m atter in the sedim ent and octanol.
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Figure 3.2.3: Relationship between K,™ (saltwater) and the in sini partitioning coefficient K „ 
(S=0), determined with the present data set. (S = salinity)

In a second step, the in situ partitioning coefficients can be com pared with experim ental 

equilibrium  partitioning coefficients in o rder to establish w hether in situ partitioning is in 

equilibrium  or d isequilibrium . In a previous study experim ental equilibrium  partitioning 

coefficients o f  com pounds o f  interest betw een organic m atter in sea sedim ent and 

(deionized) w ater, K.v,t.q, w ere determ ined by D ew ulf et al. [9] during their study o f  the 

sorption o f  VOCs onto m arine sedim ents by using a m iscible displacem ent technique. As 

before, the values w ere extrapolated  to zero salinity to  com pensate for d ifferences in 

salinity (e.g. Scheldt river versus N orth Sea). In Figure 3.2.4, the log K «  <s=o) data are 

com pared w ith experim ental equilibrium  partitioning coefficients a t zero salinity  (K(lc-eq.



176 Baseline monitoring

(s=0))‘ L inear regression now show s a slope o f  0 .89 and an intercept o f  0.63 w ith r 0.33. 

A lthough the linear regression is not significant at a  = 0.05 (P  =  0.076), the value o f  the 

slope show s that the sorption behaviour o f  V O C s onto m arine sedim ents as predicted 

from  laboratory equilibrium  partitioning experim ents (cf. above) can be used to  estim ate 

the in situ partitioning behaviour.

3

2.5

I
J  1 
$

1.3

J3

I

0.5
32 2.5I

t:\pcriikiontaIly determ ined equilibrium  piiriitoning 
L o r K ^ C S -O )

Figure 3.2.4: Relationship between the equilibrium partitioning coefficient K«.«, (S=0), as determined 
by D ew ulf el a i  [9] and the in situ partitioning coefficient K,k.. determined with the present data set. (S= 
salinity)

The role o f  the sedim ent layer as a sink or source for V OCs can be assessed by com paring 

its role in partitioning w ith that o f  the w ater body and the atm osphere. From  mass 

balances and equilibrium  partitioning coefficients the fraction o f  a V O C in the sedim ent 

layer at equilibrium  partitioning can be calculated from

M =  Cw.cq.Vw+C^.Vs+Ca.^.Va, (2)

w ith M the total m ass o f  a g iven V OC in the m arine system , CWiCq, C s.cq, and Ca.«, the 

concentrations at equilibrium  in w ater, sedim ent and air, respectively, and Vw, V s and Va 

the volum es o f  the com partm ents w ater, sedim ent and air. W ith H =  Ca,eq/Cw,cq and IQ.q =
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Cs,eq/Cw,eq, w ith Kcq the equilibrium  partitioning coefficient betw een sedim ent and w ater, 

the m ass fractions o f  the V O C s at equilibrium  in the w ater (fw,eq), a ir (fa,«() and sedim ent 

( f s . e q )  com partm ents can be calculated  from, respectively,

I

L
=  1+ -

K V ,

a,eq

1

H.V. H.V.

(3)

(4)

(5)

Kcq can be calculated from  Kcq =  y-f« .Koc/sw,«, + 9 w ith y the apparent density  o f  the 

sedim ent and 0 the porosity o f  the sedim ent [9] and H enry’s law coefficient is known 

from  D ew ulf et al. [30], C onsidering an area o f  1 km 2 and the sam e sedim ent and 

atm ospheric heights as in the fugacity  model o f  M ackay [31] and M ackay and Paterson 

[8,32,33] (1 cm and 2 km, respectively), and taking into account the depth o f  the w ater 

colum n at the sam pling locations (30, 9 and 10.4 m for sam pling locations 800, S I 5 and 

S22, respectively), the three fractions o f  interest can be calculated from equations 3 - 5. 

The results o f  these calculations are presented for tetrachloroethene in Figure 3.2.5. 

Tetrachloroethene w as selected, because it is the only  V O C  for w hich m easurable levels 

w ere found both in  the sedim ent layer o f  the N orth Sea and o f  the Scheldt estuary.

A lternatively, the in situ partitioning can be studied by considering  the VOC 

concentrations found in the sedim ent layer, the atm osphere and the w ater colum n. By 

substitu ting  the actual concentrations o f  a V O C  in w ater, sedim ent and air in Eq. 2, one 

finds

M  — C W(m e as* V w + C sjn e a S 'V ^ T C a ^ e a S '^ ii ( 6 )

w ith Comeas and Cs,meas as before and Ca,mcas the concentration m easured in  air. The m ass 

fractions in each com partm ent can then be calculated by m ultiplying the concentration  in 

each o f  these com partm ents w ith that com partm ent’s volum e, and d iv id ing the outcom e 

by the total m ass o f  the V OC. T he fractions w ere calculated using the sedim ent
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concentrations from this w ork and the a ir and w ater colum n concentrations from previous 

w ork [6], and using  the sam e volum es o f  the three com partm ents as above; the results are 

presented in Figure 3.2.5.

8 0 0 _____________ SOI_____________ S 2 2
i il---------  i l—    ................... i

EQ IS EQ IS EO IS

Air 0.96 0.76 0.98 0.46 0.97 0.18
fa

W ater 0.04 0.24 0.022 0.54 0.03 0.82
fw

Sedim ent
f. 6E-06 0.002 6 E-06 0.0007 2 E-06 0.0002

Figure 3.2.5: Comparison o f  the calculated fractions o f  tetrachloroethene in air. water 
and sediment at equilibrium (EQ) and in situ (IS) at the sampling locations 800, SOI and 
S22.

3.2.4 D iscussion

A fter m inor m odification, the m ethod used for the determ ination o f  V O C s in m arine 

o rganism s [28] proved to  be equally  successful for the determ ination  o f  V O C s in m arine 

sedim ents. T he repeatability , recoveries and LO D s reported in this paper are sim ilar to 

those reported in the literature (Table 3.2.1). T he repeatability  o f  the current method 

averaged around 15%, w hich is fully satisfactory  com pared to  w hat is reported for sim ilar 

P& T techniques (1-30% ) [1 0 ,1 1], W ith the current m ethod the LO D s ranged from 4 to 

200 ppt, depending on the background concentrations and the characteristics o f  the 

analytes. AI Rekabi el at. [ 1 1] reported LODs betw een 40 and 50 ppt and Bianchi et a!. 

[10] obtained LODs ranging from 20 to  30 ppt using P&T, The analy te recovery generally 

w as above 80% . On the one hand, this is to be expected because a  sandy sedim ent was
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used w hich will not adsorb the V O C s as strongly as a sedim ent with a large clay  or 

organic fraction. O n the o ther hand, C harles and Sim m ons [24] found that neither 

sedim ent com position nor sam ple w eight influenced the outcom e o f  a P& T analysis. In 

any case, th e  choice o f  a sandy sedim ent for this study w as deliberate. M ost sedim ents we 

had to  analyse w ere o f  a sandy nature and losses due to  volatilisation w ere considered to 

be the m ost prom inent danger [19]. B ianchi et at. [10] found com parable results w hen 

using  the sam e approach as in our study, i.e. long purge tim es, a relatively  high purge 

tem perature and a m inim um  o f  sam ple handling. M ost authors report special m easures to 

m inim ise losses during sam pling and storage, bu t the effect o f  these m easures is hardly 

ever discussed. S iegrist and Jenssen [15] discussed the effects o f  several sam pling 

m ethods on the determ ination o f  V O C s in contam inated  soil in detail. The highest 

recoveries w ere obtained w hen the sam ple container w as im m ersed in m ethanol 

im m ediately after sam pling. C ontainer headspace volum e and soil d isturbance contributed 

less to w hat they called negative bias (i.e. m easured value low er than actual). For the 

present w ork, a zero headspace volum e and an additional sealing w'ith Teflon tape was 

applied to m inim ise losses. The analyte recoveries o f  over 90%  obtained after storage o f  a 

spiked sandy sedim ent sam ple certainly illustrate the adequacy o f  these m easures.

The results o f  the environm ental analyses show that VOC concentrations are below  the 

detection lim its at nearly all sam pling stations w ith the exception o f  those in the A ntw erp 

harbour area (Table 3.2.2). A t a  first glance, this is som ew hat surprising because the river 

Scheldt is regarded as being a heavily polluted stream  and the m ajor source o f  

contam ination o f  the Belgian coastal w aters [7]. H ow ever, sedim ents are not w'idely 

regarded as a m ajor source or sink o f  V OCs. A s K„w is low  for m ost VOCs, significant 

sorption is not expected [3,9]. The present experim ental results seem to support this 

thesis. A positive relation w as found betw een log KKi ( s - o) .  determ ined in situ, and log 

K,m. (F igure 3.2.3). This indicates that the in situ partitioning behaviour o f  the volatile 

organic com pounds can  be predicted from  their Kow. The low er-than-unity  slope suggests 

a polarity  difference betw een octanol and the organic carbon fraction o f  the sedim ent, in 

the sense that V O C s apparently  have a low er affinity  for the organic carbon fraction o f  

sedim ent than for octanol.

N o significant relationship betw een K(„;.(s=o) and KiK.eq,(s-oi could be dem onstrated  at a  =  

0.05 (P = 0.076) (Figure 3.2.4). T he value o f  the slope suggests that the sorption
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behaviour o f  V OCs onto m arine sedim ents as predicted from laboratory equilibrium  

partitioning experim ents can be used to estim ate the in situ partitioning behaviour. 

H ow ever, the regression line is found above the bisector. This suggests that the sedim ent 

layer is ‘oversaturated ' by V O C s w hen com pared to  the aqueous layer. In o ther w ords, 

the sedim ent layer m ay ac t as a  source o f  V O C s. The latter can be studied in m ore detail 

by using the m odel o f  D ew u lf [34], w ho developed a dynam ic exchange m odel for V OCs 

in the N orth Sea and the Scheldt estuary and estim ated that only  0 .0006%  o f  the total 

VOC burden is present in the sedim ent fraction. T his conclusion is confirm ed w hen the 

m ass fractions o f  tetrachloroethene in air, w ater and sedim ent are calculated according to 

this m odel {Figure 3.2.5). T he results indeed show that the ro le o f  the sedim ent as a sink 

is o f  m inor im portance. H ow ever, w hen calculating the m ass fractions o f  

tetrachloroethene based on the in situ concentrations [34], the in situ partitioning into the 

sedim ent layer and, especially , the w ater colum n is h igher than expected from equilibrium  

partitioning calculations (F igure 3.2.5). This m ay signify that there are additional sources 

in the sedim ent or in the w ater colum n. A dditional sources are highly likely in the Scheldt 

estuary  and can be attributed lo anthropogenic activ ities a long the river. H ow ever, even 

for the m ore rem ote sam pling location 800, the role o f  the sedim ent layer and w ater body 

are underestim ated. D irect anthropogenic inputs, as in the Scheldt estuary, are rather 

unlikely for this location. H ow ever, several alternatives can be suggested. Firstly, long- 

range aqueous transport from riverine inputs discharged into the N orth Sea can explain 

these relatively  high w ater and sedim ent concentrations. Secondly, in the literature a 

num ber o f  b iogenic m arine sources have been m entioned for tetrachlorocthylene [4j. 

Finally, the history o f  the sedim ent m ay play  a role. F inally, but less likely, the higher 

(local) anthropogenic em issions in m arine w aters may have led to  a relatively high 

accum ulation  in the sedim ent layer, from  w hich the V O C s are, subsequently  slow ly, 

released.

Finally, although the current findings allow  suggesting  that the m arine environm ent as a 

w hole, and m arine organism s in particular, are not threatened by the presence o f  V OCs in 

sedim ent, som e caution is w arranted. The results show that V O C s are m ainly associated 

w ith the organic carbon fraction o f  the sedim ent. C onsidering that this fraction is 

prim arily associated w ith the fine fractions o f  sedim ents, it should be noted that the 

concentrations o f  V O C s norm alised for the fine-fraction content o f  sedim ents are sim ilar 

to those o f  contam inants such as PCBs [35]. The fine fraction is, in addition, the most
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im portant one for organism s. M any conveyer belt species o r funnel feeders prefer 

ingesting and rew orking the finer fraction o f  sedim ents. C ontam inated-deposit-feeding 

organism s m ay significantly  contribute to the dietary uptake o f  toxic chem icals by 

dem ersal fish, w hich w ill result in a food w eb transfer [36], In o ther w ords, V O C s in 

sedim ent could contribute to, o r be a main source of, V O C levels found in fish and higher 

organism s.

3.2.5 C onclu sions

The current analytical m ethodology allow s the determ ination o f  V O C s in m arine and 

estuarine sedim ents w ith  an acceptable recovery and reproducibility. A lthough the VOC 

levels in many sedim ents are a t or below the detection lim its, im proving the detection 

lim it is not urgently required. The current study illustrates that the sorption behaviour o f  

V OCs in sedim ents, determ ined by laboratory experim ents, can be used to estim ate their 

behaviour under environm ental conditions. Because o f  this, it can  be assum ed that the 

concentrations in m arine sedim ents w ill be low and that, in general, V O C s in sedim ents 

should not be regarded as a m ajor problem  in the m arine environm ent. H ow ever, the 

present study also show s that loca! situations cannot solely be explained by an 

equilibrium  partitioning approach and that local high concentrations m ay be a cause for 

concern, especially  w ith regard to  organism s.
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3.3 D eterm in ation  o f  V O C s in yellow  eel from  variou s in land w ater  

bodies in F landers (Belgium )*'

70012

S u m m ary

Twenty eel from various inland water bodies in Flanders (Belgium) were analysed for a total o f  52 VOCs. 
The most prominent VOCs are the BTEX and a number o f  chlorinated compounds such as chloroform and 
tetrachloroethene. The observed levels could be linked to the m ajor emission sources and the present study 
gives new evidence that combustion o f  fossil fuels is a major source o f  BTEX in the environment. The 
concentrations in eel seem to be a reflection o f  the actual concentrations in their environment. For fish from 
the same location similar patterns and concentrations were observed, and the concentrations agree with 
what can be expected from those o f  the water column. Generally speaking, the observed concentrations do 
not seem to pose a threat for organisms. More definite statements will, however, require a larger dataset. 
The study suggests that yellow eel can possibly be used as a biomonitor or sentinel organism for VOCs.

' '  From  J. Environ. Monit., 5 (2003) 876-884.
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3.3.1 In tro d u c tio n

V olatile organic com pounds (V O C s) are w ell-know n atm ospheric contam inants that are 

frequently determ ined in air. drinking w ater, fresh w ater, effluents and soils [1-3]. Most 

representatives o f  the group are im portant industrial com pounds w ith a high annual 

production [4] w hich can be anyw here in the range from several hundred thousand tonnes 

for e.g. tetrachlorom ethane, to m ore than 10 b illion tonnes for benzene [5,6]. In Belgium , 

the em issions o f  the chlorinated hydrocarbons (C H C s) chloroform , 1,1,1-trichloroethane, 

and tri- and tetrachloroethene, exceed those o f  e.g. lead, lindane and atrazine [7], 

M oreover, benzene, toluene, ethylbenzene and the xylenes (B T EX ) are im portant 

additives to unleaded gasoline and are present in crude oil. Several international 

organizations therefore regard V O C s as com pounds w ith a high research priority  [8,9].

The low values o f  the logarithm  o f  the octanol-w ater partition coefficients (log  K„w) o f  

the V O C s, typically , 1 -  2, led to  the general b e lie f that b ioconcentration should be 

considered insignificant [5,10]. A s a result, the presence o f  V O C s in organism s w as 

studied by a lim ited num ber o f  research groups only and there arc few recent findings in 

the literature [11], The considerable analytical problem s associated  w ith the determ ination 

o f  these com pounds in environm ental m atrices, specifically  in biota, can be regarded as 

another reason for the lack o f  inform ation. It w as som ew hat surprising , therefore, that 

recent studies show ed the general presence o f  a num ber o f  im portant V O C s in the tissue 

o f  m arine organism s from different levels o f  the food chain [1 1]. It w as also found that 

the concentrations in m arine organism s w ere up to a thousand tim es h igher than those in 

the surrounding water. The b ioconcentration factors calculated  from  these data w ere 

generally  h igher than those reported in the literature. A possible explanation  is the 

continuous exposure o f  organism s to  low o r even undetectable levels o f  these com pounds 

in the w ater colum n. D eterm ination in the w ater colum n alone is, therefore, insufficient.

A quatic organism s can, and have been, used successfully  to m onitor contam inants in 

various ecosystem s, especially  w hen the concentrations o f  these com pounds in the w ater 

colum n are extrem ely low [12], For an organism  to becom e a potential b iom onitor o r 

sentinel organism , several criteria should be fulfilled. First and forem ost, the organism  

should reflect the actual condition  o f  the surrounding w ater colum n. This im plies that it 

should show  little o r no m igratory behaviour and that the species should com m only occur 

in the area under investigation. T he yellow  eel, Anguilla anguilla L.. appears to be a most
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adequate indicator organism  for the pollution status o f  freshw ater environm ents. Eels are 

benthic fish w hich have a  w idespread geographical distribution. They are carnivorous 

organism s that predate m ainly on insect larvae, w orm s, crustaceae, snails, m ussels and 

fish, in particular sm all bottom -dw elling species. M oreover, yellow  eel has a high 

proportion o f  lipids in its body, w hich facilitates the accum ulation o f  lipophilic 

contam inants. The accum ulation is further prom oted by the fact that no spaw ning occurs 

during the ee ls ' stay in inland w aters. Eel is a lso  essentially  sedentary and norm ally does 

not m igrate [12]. The sam e authors showed that yellow  eel reflects rapid changes in the 

concentrations o f  organic contam inants in the surrounding water.

In this study, a lim ited num ber o f  eel, w hich w ere sam pled as part o f  a routine m onitoring 

program m e, w ere analysed by m eans o f  a previously developed m ethod [13] for their 

VOC content. The study is intended as a screening exercise to get an  im pression o f  the 

concentrations o f  V OCs in yellow  eel, the potential environm ental hazard and the 

possibility  o f  the future use o f  yellow' eel as an indicator organism ,

3.3.2 M a te ria ls  an d  ex p e rim en ta l p ro c e d u re s

Samples and sampling

Eels w ere sam pled by m eans o f  e ither electro fishing along riverbanks, fyke fishing or 

seine netting. Sam ples w ere initially collected in the fram ew ork o f  the fish stock 

assessm ent program m e o f  the Institute for Forestry and G am e M anagem ent, w hich aim s 

at m onitoring fish and the biotic integrity o f  riverine and lacustrine w aters all over 

Flanders. The sam ples w ere subsequently  analysed for their PC B, organochlorine 

pesticide and heavy m etal content, and in the fram ew ork o f  (his study, for the presence o f  

VOCs. Because o f  the lim ited budget and, consequently , the lim ited num ber o f  eel that 

could be analysed, a com prom ise had to be reached: we decided to select sam ples for 

VOC analysis covering a large geographical area rather than study only a few sites in 

som e m ore detail. Pooling w as also not possible because the analysis can only be done on 

individual eel sam ples [13]. An overview' o f  the sixteen inland w ater stations is given in 

T able 3.3.1. The stations can be characterized as rivers (>10 m w idth, 4 stations), brooks 

(<  10 m w idth. 2 stations), canals (8 stations) and enclosed w'ater bodies such as ponds (6 

stations). They are located in rural as w ell as in densely populated industrial areas (Fig. 

3 .3.1). Tw enty  eels w ere selected from  the 30-70 cm  size range (Table 3 .3.1).
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Sam ples w ere w rapped in alum inium  foil and stored at -28°C  in an airtight freezer located 

in a  so lvent-free area.

Lipids w ere m easured by total lipid extraction follow ing the m ethod o f  Bligh and D yer 

[14].

Antwerp
v O o ïic n tfe

France

0 10 JO 30 «  Km

Belgium

The Netherlands

Scheldt es  tu3rv

North Sea

Figure 3.3.1: Sampling locations in the region o f  Flanders (Belgium) (Source: OC Gis Vlaanderen 
and AMINAL, W ater Section; see also Table I).

Analytical methodology

A detailed description o f  the analytical m ethodology is given elsew here [13,15]. Briefly, 

biological tissue is first hom ogenised a t 0°C in an ultra-turrax b lender and transferred  to  a 

40-m l vial. A fter addition o f  25 ml o f  w ater and the internal standard (1 ,1 ,1- 

trifluorotoluene), the hom ogenate is treated for 20 m in at 0°C in an ultrasonic bath to 

further d isrupt the tissue. The glass vessel is then connected to a Tekm ar (C incinnati, OH, 

USA) LSC 2000 purge-and-trap apparatus coupled to a Finnigan M agnum  (F innigan, San 

José, C A , U SA ) gas chrom atograph-m ass spectrom eter (G C -M S). T he volatiles are forced 

out o f  the tissue by purging w ith a stream  o f  helium  w hile heating at 70°C , and trapped 

onto a V ocarb 4000 sorbent trap (Supelco, Bellefonte, PA, USA). A fter purging, the trap 

is backfiushed w hile being rapidly heated to 250°C , the analytes are desorbed and, next,



Table 3.3.1: Overview of sampling stations* and sampled eel.
No L o ca tio n T y p e  o f  

w a te r
S u rro u n d in g s R iv e r  b a s in L e n g th

(cm )
W e ig h t

(g)
L ip id  c o n te n t

(% )
1 Leie, M enen R iver Industria l Leie 65 467 33
2 A lb ertk an aa l, L angerlo C anal In dustria l D em  er 67 6 16 31
3 K anaal van  Leuven to  th e  D ijle , T ild o n k C anal In dustria l D ijle-Z enne 57 3 90 30
4 G roo t Z uunbekkcn , S t.-P ie ters-L eeuw Pond Industria l D ijle-Z enne 55 321 9
5 K anaal van Leuven to  th e  D ijle, T ildonk C anal Industria l D ijle-Z enne 50 251 33
6 G ren sm aas, M olensteen R iver Rural M aas 67 601 26
7 O u d e  Leie O oigem Pond Rural Leie 62 411 24
8 W itte  N ete, Dessel R iver R ural N ete 52 281 16
9 Pond a t R ijksdom ein , H ofstade Pond R ural D ijle-Z enne 65 625 29
10 G ren sm aas, M olensteen R iver R ural M aas 57 365 23
11 Z an d w in n in g sp u t, W eerde Pond Indu stria l D ijle-Z enne 60 385 25
12 A lb ertk an aa l, L angerlo C a n a l In dustria l D cm er 37 5 39 33
13 A , Poppel B rook Rural M aas 45 177 16
14 K anaal B ocholt-H eren tals, B lekerheide C anal In dustria l M aas 51 262 30
15 O u d e  Leie, W evelgem Pond Indu stria l Leie 57 307 25
16 Putten van  N ie i, N iei Pond Indu stria l B eneden scheide 45 181 20
17 K anaal B ocholt-H eren tals, S lu is 

H erentals
C a n a l Industria l N ete 50 262 24

18 W arm beek , A chel B rook R ural M aas 53 277 16
19 D arse, V ilvoorde C a n a l Indu stria l D ijle-Z enne 47 191 31
20 K anaal B everlo , L eopoldsburg C a n a l In dustria l N ete 59 321 21
*A lso  see Fig. 3.3.1
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trapped in a cryofoeusing m odule (-120°C ) connected to  the GC colum n (J& W , Folsom* 

CA, USA, D B-VRX, 60 m, 0.25 mm id, 1.4 pm  film).

The analytes w ere injected into the colum n by rapidly heating the m odule from  -I2 0 °C  to 

200°C in 0.75 mín. Tem perature program m ing o f  the G C  and data acquisition were 

started sim ultaneously. The tem perature o f  the G C  oven w as held at 35°C for 6 m in and 

then linearly increased to  200°C at 4°C /m in. This tem perature w as then held to r 4  min. 

H elium  w ith an inlet pressure o f  16 psi w as used as the carrier gas. The ion-trap detector 

w as operated in the electron ionisation (E l) m ode with the m ultiplier voltage set at 2400 

V, the axial m odulation (A /M ) am plitude at 3.5 V  and the em ission current at 12 pA . The 

m anifold tem perature w as set at 220 0 C . The mass range w as 50-250 am u and the scan 

rate, 1000 ms. T he filam ent delay  w as 180 s, and a m ass defect o f  50 m m ass /  100 am u 

and a background mass o f  55 am u w ere selected.

V O C  concentrations are expressed  on a w et w eight basis throughout the paper.

10CH
90:
sol
70: 

6 0: 

5CH 
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Figure 3.3.2: Total ion count GC-M S chromatogram for eel sample No. 5 and extracted ion 
chromatogram (m/z 16 4+ 165) for tetrachloroethene (bottom).
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T able 3.3.2: Set o f  52 VOCs studied and relevant analytical information.
Sequence
nu m b er

C om pound M asses'
(m/z)

R etention tim e 
(m in)

I.O D 2
(ng/g)

1 Irans-1,2-Dichloroethene 61/96/98 2:24 0.1
2 1,1-Dichloroethane 63/83/97 3:26 0.1
3 cts-l ,2-Dichloroethene 61/96/98 6:04 0.1
4 2,2-Dichloropropane 77/79/97 7:14 0.1
5 Bromochloromethane 130/128/49 6:56 0.1
6 Chloroform 83/85 7:17 0.3
7 1,1,1 -T richloroethane 97/61/99 11:40 0.05
8 Tetrachloro methane 117/119 14:24 0.1
9 Dichloropropene 39/110/77 13:20 0.2
10 Benzene 78 15:04 0.2
11 1,2-Dichloroethane 62/64 11:12 0.01
12 Trichloroethene 130/95/60 20:34 0.5
13 1,2-Dichloropropane 62/63/76 19:45 0.2
14 Dibromomethane 174/172/93 19:57 0.5
15 Bromodichloromethane 83/85/47 20:53 0.4

I.S. Trifluorotoluene 146/127/96 23:00 -

16 cis-1,3-Dichloropropene 75/110/39 25:14 0.05
17 Toluene 91 29:22 0.4
18 trans-1,3- Dichloropropene 75/110/39 27:49 0.1
19 1,1,2-T richloroethane 97/61/99 28:21 0.01
20 Tetrachloroethene 166/129/94 32:33 0.1
21 1,3-Dichloropropane 76/78/41 29:38 0.05
22 Dibromochloromethane 129/127/48 30:28 0.05
23 1,2-Dibromoethane 107/109/27 31:34 0.05
24 Chlorobenzene 112/114/77 35:30 0.1
25 1,1,1,2-T -etrach loroethane 131/133/95/122 35:14 0.02
26 Ethylbenzene 91/105/106 36:36 0.1
27 /»-Xylene 9 1/105/106 37:30 0.2
28 //-Xylene 91/105/106 37:30 0.2
29 o-Xylene 91/105/106 39:02 0.2
30 Styrene 103/78/51 38:48 0.05
31 Bromoform 173/171/175 37:22 0.05
32 lsopropylbenzene 105/120/77 40:34 0.1
33 1,1,2,2-Tetrachloroethane 83/101/131 38:57 0.1
34 Bromobenzene 158/156/77 41:11 0.1
35 1,2,3-T richloropropane 75/110/39 39:32 0.3
36 n-Propylbenzene 91/105/120 42:18 0.3
37 2-Chlorotoluene 91/126 42:28 0.1
38 1,3,5-T ri methylbenzene 105/120/77 43:35 0.1
39 4-Chlorotoluene 91/126 42:49 0.05
40 /m -B utylbenzene 91/119 44:31 0.05
41 1,2,4-T ri methylbenzene 105/77/120 45:01 0.3
42 .vec-Butyl benzene 134/105 45:21 0.2
43 1,3-Dichlorobenzene 146/111/75 45:25 0.2
44 //-I so propyl toluene 119/91/39 46:10 0.1
45 1,4-Dichlorobenzene 146/111/75 45:41 0.1
46 n-Butylbenzene 91/134 47:42 4

47 1,2-Dichlorobenzene 146/111/75 46:58 0.05
48 1,2-Dibromo-3-chloropropane 157/75/57 48:44 0.05
49 1,2,4-T richlorobenzene 180/145/109 53:55 6
50 Hexachlorobutadiene 260/225/190 55:10 0.4
51 Naphthalene 128/102 54:48 4
52 1,2,3-Trich loro benzene 180/145/109 55:33 6

1 In order o f  relative abundance .2 For a 40-g sample with extracted io n s ,1 Internal standard ,4 not determined
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3.3.3 R esu lts  an d  D iscussion

VOC concentrations in eel

The tw enty eel from the various inland w ater bodies w ere analysed for a  total o f  52 VOCs 

w hich are listed in T able 3.3.2. C om pounds w ere identified on the basis o f  their mass 

spectrum  and their concentrations w ere calculated  by using at least two selected ion 

m asses (exceptions: benzene and toluene). As an illustration, a full scan G C-M S 

chrom atogram  and a selected ion chrom atogram  for te trachloroethene in eel sam ple N o. 5 

are show n in Fig. 3.3.2. D etection lim its (L O D s) in the selected-ion m ode for 40 g 

sam ples w ere calculated on the basis o f  a signal-to-noise ratio o f  3 o r 3 tim es the standard 

deviation o f  the blank. They varied betw een 0.01 ng/g w et w eight {1,2-dichoroethane, 

1 ,1-dichloroethane and tetrachlorom ethane) and 6 ng/g w et w eight (trichlorobenzene) 

depending on the background levels and the am ount o f  sam ple.

100 ! ■ ■ ■ ■ ■  1

90

Figure 3,3.3: Percentage o f  positive samples for the detected VOCs in order o f  abundance.

All relevant data are presented in T able 3.3.3. T he results show  that about h a lf o f  the 

target V O C s, i.e. 25 out o f  52, w ere detected  in one or m ore eel sam ples. A detailed 

breakdow n o f  the results is presented in Fig. 3.3.3 w hich show s the percentage o f  sam ples 

that w as positive fo r a given V O C , O ne striking observation is that the BTEX  com pounds
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w ere present in all sam ples. A further five com pounds, chlorobenzene, 1,3- 

d ichlorobenzene, 1 ,2 ,4-trichlorobenzene, naphthalene and chloroform , w ere present in 70- 

90%  o f  all sam ples, and a 35-60%  positive score w as obtained for nine V O C s, 1,3,5- 

trim ethylbenzene, isopropylbenzene, tetrachloroethene, 1,2,4-trim ethylbenzene, 1,2- 

d ichlorobenzene, hexachlorobutadiene, 1,2-dichloroethane, p-isopropyltoluene and 1,2,3 

trichlorobenzene. The o ther V OCs w ere found in 20%  o f  the sam ples o r less.

100
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F igure  4: Box and whisker plot o f  the detected VOCs for all eel samples, with from left to right:
(6) chloroform; (7) 1, 1, 1-trichloroethane; (10) benzene; (11) 1,2-dichloroethane; (17) toluene;
(20) tetrachloroethene; (24) chlorobenzene; (26) ethylbenzene; (27) m-xylene; (28) p-xylene;
(29) o-xylene; (32) isopropylbenzene; (36) n-propy I benzene; (38) 1,3,5-trimethyl benzene; (41) 
1,2,4-trimethylbenzene; (43) 1,3-dichlorobenzene; (44) p-isopropyltoluene; (45) 1,4-
dichlorobenzene; (47) 1,2-dichlorobenzene; (48) l,2-dibrom o-3-chloropropane; (49) 1,2,4- 
trichlorobenzene; (50) hexachlorobutadiene; (51) naphthalene; (53) 1,2,3-trichlorobenzene.

The concentrations o f  the V O C s that w ere detected varied considerably, as is graphically  

illustrated by the box and w hisker plot o f  Fig. 3.3.4. The m edian concentrations typically  

w ere I - 10 ng/g, ranging from 0.5 ng/g for isopropylbenzene to 14 ng/g w et w eight for 

tetrachloroethene. H igh concentrations o f  over 30 ng/g w ere found for tw elve o f  the 

V O C s, w ith a staggering 700 ng/g w et w eight for l,2-d ibrom o-3-chloropropane in eel 

from  the A lbertkanaal, Langerlo, as th e  m axim um . E xtensive statistical testing , such as



Table 3 3 .3 :  Concentrations (ng/g ww) o f  VOCs detected in freshwater eel 1
VOC   Sam pling stations"

1 2 3 4 5 6 7 K 9 10 11 12 13 14 15 16 17 19 20
Chloroform 15 9.4 17 96 30 2.9 3.9 - - 11 9.7 7.4 1.0 - - 10 16 13 23
1,1,1 -Trich lor oelh anc 2.2 - - - - • - - - - 0.5 - 1.5 - - 0.7 -
Benzene 2.6 2.2 7.0 19 10 3.1 2.7 11 4.9 6.9 4.8 3.5 12 8.9 6.0 3.9 4.2 4.2 6.6
1,2-l>ichlorocthane - 1.8 - - - - - 2.5 3.3 3.5 2.4 - 4.9 - 1.4 2.0 2.0 -
Toluene IO 5.2 33 73 47 7.4 41 13 20 13 12 1.9 22 II 11 11 8.5 30
Tetrachloroethene 64 II 42 1.5 89 2.0 - 3.6 - 18 31 6.2 - - - -
Chlorobenzene 0.3 0.3 0.5 - l J 0.3 0.3 0.6 1.1 0.9 0.5 0.1 0.6 0.8 0.6 0.9 0.7 l . l
Ethylbenzenc $.7 5.7 13 21 36 7.9 4.9 10 15 30 20 14 1.2 18 12 12 24 13 29
ffidp-Xylene 7.8 3.1 8.9 35 18 4.0 3.0 8.6 7.8 13 8.2 7.1 0.7 11 6.9 6.2 9.7 5.5 15
ti-Xylene 5.9 2.2 6.6 40 12 2.9 2.1 9.2 4.3 7.1 4.5 4.8 0.6 8.3 4.7 4.1 5.8 3.6 11
Isopropylbenzene 0.5 0.2 0.5 1.2 0.5 0.2 - - - - - 0.7 0.5 0.8 0.5 0.4 -
n-Propyl benzene - - - 5.0 - - - - - - - - - 1.0 2.8 - -
1,3,5-Trim cthylbenzene 7.9 5.4 9 J 13 - 1.2 - - - - - 3.6 6.9 1.7 2.5 1.6 3.9
1,2,4-Trim ethylbenzene 8.8 3.4 4.6 74 • - - * - - • 7.1 14 6.7 9.0 5.4 -
1.3-Dich lorobenzene 5.1 7.7 18 - - 1.2 17 11 11 8.4 3.9 18 18 17 10 8.4 21

/?• 1 sopropyl tol uene - - - - - - - - 1.7 1.7 1.0 * 2.5 0.9 2.7 1.7 36
1,4-Dich lorobenzene 6.9 3.7 4.6 - - - - - - - - - - 7.5 - -
1.2-Dich lorobenzene 41 7.7 1.6 - - 0.9 - - - - - 85 11 l . l 0.4 -
1.2- Dibromo-3-ch loropropanc - 706 265 - 23 30 - - * - - - - - - -
1,2,4-T rich lorobenzene 4.0 8.3 2.9 - 1.0 1.6 0.7 - 0.5 0.2 S.l 31 11 11 24 14 3.6
11 exach l orobu t ad i en e - 0.3 0.3 - - - - 0.2 - - 3.8 12 1.6 5.4 1.5 0.4
N aphthalene 1.9 3.5 2.9 63 1.6 3.3 1.9 4.0 - - 3.1 2.7 1.7 2.3 1.9 2.0
1,2,3-Trichlorobenzene - 3.3 - - - • • - - - - 6.2 5.8 1.7 10 2.3

1 Values below LOD, as given in Table 3.3.2. are reported as - , 1 For locations, see Tabic 3.3
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principal com ponent analysis, seem ed inappropriate because o f  the lim ited num ber o f  

statistical cases. N onetheless, a correlation analysis w as perform ed for the concentrations 

o f  the reported VOCs. W hile no significant correlation w as found for any o f  the o ther 

V O C s, the BTEX com pounds w ere found to correlate extrem ely w ell w ith each other, 

w ith correlation coefficients o f  betw een 0.77 and 0.98, and on average 0.89 better 

(p<0.005, n=20).

The fairly high concentrations found in this study do not com e as a com plete surprise: the 

general picture agrees w ith earlie r observations, w hich , actually , triggered this w ork. The 

earlier studies show ed that various V O C s w ere present in both m arine organism s and in 

eel from the Scheldt estuary [11,13]. In Fig. 3.3.5 the concentrations o f  a num ber o f  

priority  V OCs in m arine organism s from the Belgian coasta! w ater are com pared w ith the 

results o f  this study. The concentrations o f  the chlorinated hydrocarbons (C H C s) are seen 

to be generally  significantly  low er in m arine fish than in eel from inland w aters. This is 

the case even for lipid-rich tissues such as the liver. Literature data on C H C s in eel are 

very  lim ited. An exception is the overview  by H oward [10] w hich reports 

tetrachloroethene concentrations in A m erican eel o f  105 -2 5 0  ng/g  that are at least an 

o rder o f  m agnitude h igher than in m arine organism s. T his is sim ilar to w hat is observed 

here. Especially for this analyte, the observed m edian concentrations are a lot h igher in 

eel than in m arine fish. Tetrachloroethene has a lim ited b ioconcentration capacity  and 

accum ulation  occurs in the lipid-rich tissues o f  both man and anim als [16]. The higher 

observed levels in eel are therefore m ore than likely the result o f  a h igher exposure o f  

freshw ater organism s to  this com pound. The sam e also seem s to apply to the o ther CH Cs, 

although to a  lesser extent. The difference is probably related to  d ifferences in uptake and 

m etabolisation rates and the low er bioconcentration capacity  o f  the o ther CHCs.

In contrast to  the C H Cs, m edian concentrations o f  BTEX  in eel are m ore or less the sam e 

as those found in the liver o f  m arine fish, w ith  the exception  of, perhaps, toluene. In 

contrast to  C H Cs, BTEX  em issions are not so lely  related to industrial processes, i.e. local 

sources. BTEX w ere indeed found at all sam pling locations and the variability  o f  the data 

is som ew hat less than for the o ther V OCs (Fig. 3.3.4). B TEX  are com m on constituents o f  

diesel oil and m any petrochem ical products, and are em itted  in the exhaust gases o f  

com bustion engines [5,10,17]. This fits w ell with the observed correlation betw een the 

BTEX com pounds and is in line w ith our earlier observations on V O C s in m arine
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□  Dab Liver
□  Dab M usde 

Whiting Liver
□  Whiting Muscle 

Eel Muscle

1,1,1-trichloroethane 1,2-dichloroethane chloroform tetrachloroethylene

□  Dab Liver
□  Dab Muscle 

Whiting Liver
□  Whiting Muscle 

Eel Muscle

I
ethyl benzene m&p-xytene o-xylene

F ig u re  3.3.5: Comparison o f  the concentrations o f  selected (a) CHCs and (b) BTEX in tissues of 
marine species and freshwater eel.
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organism s [ I I ] ,  In that study, the observed correlation for these com pounds w as related 

to this com m on source and it w as suggested that the principal source o f  BTEX  in m arine 

organism s is the use o f  fossil fuel, D ew ulf el al. [3] observed higher levels o f  M A H s 

(m onoarom atic hydrocarbons) than o f  CHCs in w ater and air sam ples from  the sam e 

region and attributed this also to anthropogenic em issions from m arine traffic in this 

coastal area. The sam e group also carried out an extended study o f  V OCs in the w ater 

colum n o f  the estuary o f  the Scheldt river and found sim ilar results for B TEX  in the w ater 

colum n [3], T hese authors observed significant correlations betw een the various BTEX 

and a m ore uniform  distribution o f  the concentrations th roughout the estuary com pared to 

C H Cs, B TEX  concentrations in this study w ere also o f  the sam e order o f  m agnitude as in 

the m arine environm ent, w hich w as not the case for CH Cs. These observations support 

the hypothesis that contam ination by BTEX  is o f  a ra ther d iffuse nature w hich, in its turn, 

supports the conclusion that the use o f  fossil fuel in, e.g. traffic, is the m ajor source o f  

BTEX.

T able  3.3.4: Corrélation matrix for BTEX compounds*.
Benzene Toluene Ethylbenzene m&p-Xylene o-Xylene

Benzene 1.00 0.96 0.77 0.90 0.92
Toluene 0.96 t.00 0.77 0.92 0.95
Ethylbenzene 0.77 0.77 1.00 0.90 0.80
m&p-Xylene 0.90 0.92 0.90 1.00 0.98
o-Xylene 0.92 0.95 0.80 0.98 1.00
•Reported coefficients are significant at p<0.05 (n=20)

Spatial distribution o f  VOCs and eel as a biomonitor

The current database is too lim ited to allow  an analysis o f  the spatial d istribution for all 

V O C s included in th is study. Such a com parison is ju stified  only for the m ost prom inent 

VOCs. That is, the com parison w as lim ited to chloroform  and tetrachloroethene, and the 

B TEX  com pounds. The latter are considered as a group based on the correlation 

d iscussed above (Table 3.3 .4), and are represented  by their sum . Fig. 3.3.6 g ives an 

overview  for the selected V OCs per sam pling station and river basin. The patterns for eel 

collected at the sam e locations (A lbertkanaal, G rensm aas, Kanaal L euven-D ijle) are 

closely  sim ilar both with regard to  the concentrations and their ratios. As regards the 

d ifferent river basins, the V O C  concentrations in eel from  highly industrialized and 

populated  regions (D ender, D ijle-Zenne and N ete basins) are higher. This is especially
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true for BTEX . The high concentrations observed at the G root-Zuunbekken station can 

possibly be explained by the fact that this is a pond in a densely  populated  and 

industrialized area, w hich is in the vicinity  o f  a tribu tary  o f  the Z enne river, the 

Z uunbeek, w hich is biologically dead. Probably, w ater form  the brook entering  the pond 

explains the observed results. S ince there is little exchange w ith surrounding w ater 

m asses, V O C s are lost probably only  as a result o f  evaporation. A s this is a dynam ic 

process, it would indicate a constant high level o f  input into that w ater body. In marked 

contrast, eels from rural locations, such as the A at Poppei, show  a significantly  lower 

concentration.

200 

1BO 

160 

140£
I
I  120

f
I  100

I 80 

80 

40

20

y> // y y / '$ y / / y / / / s
f ig u re  3.3.6: Comparison o f  the concentrations o f  tetrachloroethene, chloroform and IB T E X  for the 
various sampling stations.

Recent data for the concentrations o f  the sam e V O C s as w ere studied here in the w ater 

colum ns o f  Flem ish rivers show that these are generally  below  the LO D s o f  the analytical 

techniques used, i.e. 0 .0 5 -2  pg/1. That is, they  are below  the current w ater-quality  criteria 

o f  the Flem ish governm ent, w hich are set a t a  m edian value o f  2 gg/l for total V O C s and 

1 |ig /l for each individual VOC [18]. N ot surprisingly , the V O C s that w ere detected in the 

w ater colum ns, are the sam e as the m ost prom inent ones in th is study and the highest 

concentrations are also found in the D ijle-Z enne basin. Taking into account that the 

bioconcentration factor (B C F), viz. the ratio  o f  the concentrations o f  an analyte in the

M
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Z e n n e
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□  T etrachloroethene 
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□  BTEX
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organism  and the w ater, is betw een 1 and 90 for m ost V O C s [5,19,20], the concentrations 

found in eel are not surprising. For instance, if  the LO D s o f  the BTEX  com pounds in 

w ater are taken as the actual concentrations (0 .2 -0 .4  pg /l), concentrations o f  2 0 -4 0  ng/g 

w ould be expected in eel i f  an estim ated log BCF o f  2 is used [5], As can be observed 

from  Fig. 3.3.4, m edian values o f  approx. 10 ng/g w ere found for the various sam pling 

stations in our study. This leads to  the conclusion that concentrations in eel indeed reflect 

the concentrations in  the w ater colum n. M oreover, the -  adm ittedly, lim ited - inform ation 

presented  above show s that eel sam ples from the sam e location have sim ilar patterns and 

V O C  concentrations. There is evidence to  assum e that once contam inants are stored in 

the lipid, they will not be m etabolised and thus becom e resident. A lso because eel do not 

spaw n during their stay in inland w aters, the observed concentrations are valuable for 

tim e-trend analysis, and, because eel is essentially  sedentary and norm ally does not 

m igrate, concentration data should allow  the com parison o f  different river system s. An 

additional advantage is that yellow  eel are know n to reflect rapid changes in the 

concentrations o f  organic contam inants in the surrounding w ater [12]. In sum m ary, the 

yellow eel Anguilla anguilla L. can be considered as a potential b iom onitor o r sentinel 

organism  for VOCs.

Hazard assessment

In a previous study, the observed concentrations in the m arine environm ent w ere 

com pared w ith proposed safety levels. The approach used w as based on quantitative 

structu re-ac tiv ity  relationships (Q SA R s), extrapolation o f  toxicity  data and equilibrium  

partitioning for the assessm ent o f  the effects o f  narcotic industrial pollutants [21]. The 

extrapolation  o f  toxicity  data generated by Q SA R s w as used to derive safe levels for 

w ater, sedim ent and biota. The m odel allow s the calculation o f  internal toxic 

concentrations (ITC s) in fish tissue, w hich is useful for the interpretation o f  

b iom onitoring data. The safety level w as arb itrarily  set at 95% . This im plies that a 

threshold concentration , the hazardous concentration HC5, is calculated w hich is unlikely 

to cause harm  to m ore than 5% o f  the aquatic com m unity. H ow ever, the usefulness o f  the 

m odel hinges on the applicability  o f  the equilibrium -partitioning theory and its relation 

with octano l-w ater partitioning. The latter seem ed certain ly  the case for m arine species 

and there are no indications w hy it should not be true here. The observed levels w ere 

therefore tentatively  com pared w ith HC5 values calculated during the previous study.
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Table 3,3.5: Com parison between observed VOC concentrations (ng/g) and HC5 values (ng/g) calculated according to  Van Leeuwen et al}2 '
Location Concentrations (ng/g)

benzene toluene p-xylene o-xylene chloroform tetrachloroethene 1,2-dichloroethane 1,1,1 -trichloroethane

HC5: 5200 5900 6400 6500 8100 9700 6700 8800

Leie, M enen (1) 3 11 8 6 15 64 - 2
A lbertkanaal, Langerlo (2) 2 5 3 2 9 11 2 -

K anaal van Leuven naar de Dijle, T ildonk (3) 7 33 9 7 17 42 . -

Groot Zuunbekken. S t.-P ieters-Leeuw (4) 19 73 35 40 96 2 . .

K anaal van Leuven naa r de Dijle, T ildonk (5) 10 47 18 12 30 89 - -

G rensm aas, M olensteen (6) 3 7 4 3 3 2 - -

O ude Leie Ooigem ( 7) 3 7 3 2 4 - - -

W itte Nete, Dessel (8) 11 41 9 9 - . - .

Pond at Rijksdomein. Hotstade (9) 5 14 8 4 - . 3 .

G rensm aas, M olensteen 110) 7 20 13 7 11 4 3 -

Zandvvinningsput, W eerde (11) 5 13 8 5 10 . 4 -

A lbertkanaal, Langerlo (12) 4 12 7 5 7 18 3 1
A, te  Poppei (13) 1 2 1 1 1 . - -

Kanaal Bocholt-Herentals. Blekerheide ( 14) 9 22 11 8 - 31 5 2
O ude Leie, W evelgem (15) 6 11 7 5 - 6 - -

Putten van Niei, N iei (16) 4 11 6 4 10 - 1 .

K anaal Bocholt-Herentals, S luis H ercntals (17) 4 11 10 6 16 . 2 1
W arm beek, Achel (18) 2 4 2 2 . . . .

Darse, V ilvoorde ( 19) 4 9 6 4 13 . 2 .

K anaal Beverlo, Leopoldsburg (20) 7 30 15 12 23 - - -
- Values below LO D  (see Table 3.3.2).

Baseline 
m

onitoring
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T able 3.3.5 show s the HC5 values for som e selected V O C s and their concentrations 

m easured at the various sam pling stations. The results show  that in no case the HC5 is 

exceeded. M oreover, the experim entally  determ ined concentrations are several orders o f  

m agnitude low er than the HC5. O ne may therefore assum e that, in all likelihood, this is 

also true fo r those V O C s for w hich no HC5 data are available. O n the o ther hand, one 

should note that the hazard assessm ent does not take into  account synergistic and, thus, 

m ore dam aging effects. To quote an exam ple, the eel from G root Z uunbekken, w ith the 

highest concentrations o f  V O C s, did have an abnorm ally low lipid content, viz. 9% 

com pared to an average o f  25% . N evertheless, m ore definite statem ents regarding long­

term  effects cannot, as yet, be m ade because the dataset is far too  sm all and the 

calculation o f  the HC5 is only one approach am ongst several and needs to  be further 

evaluated. That is, additional research , especially  w ith regard to  the long-term  

consequences o f  sm all doses o f  V O C s is required and the use o f  eel as sentinel organism s 

for V OCs should be studied in m ore detail.

3.3.4 C onclu sions

A num ber o f  im portant V OCs are present in  eel from Flem ish inland w aters. The most 

abundant V OCs are BTEX  and the chlorinated VOCs, chloroform  and tetrachloroethene. 

In general, the concentrations o f  the chlorinated V OCs are h igher in eel than in the lipid 

tissue o f  m arine fish. H ow ever, this is not true for the B TE X , for w hich the levels are 

com parable to m arine fish; this can be explained by the m uch m ore diffuse nature o f  the 

sources for BTEX.

T he present exercise indicates that the VOC concentrations in eel reflect the actual 

concentrations in the ir environm ent. A lso, i f  the BCFs and  the concentrations in the w ater 

colum n are taken into account, the observed levels are w ell in line w ith expectations. In 

other w ords, eel is a  potential b iom onitor o r sentinel organism  for V OCs and further study 

is justified . This should include extended sam pling at given locations and a m ore in-depth 

study o f  the behaviour o f  VOCs in the organism . For the rest, a follow -up study should be 

sufficiently  w ide-ranging to allow  evaluation o f  the long-term  consequences o f  sm all 

doses o f  V O C s and the ir synergistic effects.
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4.1 P C B s in cod (Gadus morhua), f lounder  (Platichthys flesus), blue  

m ussel (Mytilus edulis) and brow n sh r im p  (Crangon crangon) from  the  

Belgian continental shelf: relation to biological param eters and trend

PCB levels in cod, flounder, mussel and shrimp, covering a ten-year period, were assessed for temporal 
trends and their relation to biological parameters. A significant relation was found between the PCB levels 
on a wet weight basis and the total lipid content. Normalising on the total lipid content reduced the 
differences in PCB levels between the organisms and between different tissues within the organisms. A 
general downward trend was observed for the PCB levels on the Belgian continental shelf.

analysis5*

Abstract

55 From Chemosphere, 37 ( 1998) 2199-2210.
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4.1.1 Introduction

Polychlorinated biphenyls (PC B s) are ubiquitous environm ental contam inants, w hich 

have caused w orld-w ide concern since the d iscovery  o f  the ir presence in the environm ent 

by Jensen [1], T heir w idespread occurrence in the m arine environm ent and their toxic 

potential resulted in a num ber o f  international m onitoring program m es such as the C o­

ordinated M onitoring Program m e o f  the International C ouncil for the Exploration o f  the 

Seas (IC E S) and the Joint M onitoring Program m e (JM P) o f  the O slo and Paris 

C om m issions (O SPA R C O M ) [2], These program m es aim ed to assess the levels o f  PCB 

contam ination  in the m arine environm ent w ith an em phasis on hum an consum ption and 

the overall quality  o f  the m arine ecosystem , and to  investigate possible trends in PCB 

levels.

The B elgian F isheries R esearch Station has been m easuring PC’Bs in m arine sam ples 

since 1978. The data presented here cover an eleven-year period (1983-1993) and form a 

solid basis to investigate tim e trends. T rends in the PCB concentrations in cod, flounder, 

m ussel and shrim p on the Belgian continental sh e lf  in relation  to biological param eters 

such as fat content, age, w eight, length and sex are assessed.

4.1.2 M a te ria ls  an d  M eth o d s

Materials

All m aterials used for this w ork  w ere o f  research grade quality. S tandard solutions w ere 

prepared on a w eight basis from  pure com pounds (>  99%  pure) o r certified  reference 

standards.

Sampling

C od (Gallus morhua), flounder (Platichthys flesus) and shrim p (Crangon crangon) w ere 

collected by the institute, using beam  traw ling, on the Belgian continental sh e lf  from 1983 

to 1993. T w enty-live individuals per fish species were sam pled 2-3 m onths prior to 

spaw ning and divided in five length classes betw een 214 and 905 m m  for cod and 200 

and 450 mm for flounder. M uscle tissue w as analysed individually  but livers w ere pooled 

per length class. Shrim p sam ple sizes com prised 100 individuals. C ooked tail m uscle was 

isolated and divided in five subsam ples. M ussels (Mytilus edulis) w ere harvested on three 

je tties  along the Belgian coast and sorted per length class o f  20-30 mm , 30-40 mm, 40-50 

mm and > 50 mm . Total sam ple sizes w ere betw een 150 and 617 individuals. The m ussels
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w ere left in settled seaw ater at room  tem perature for 24 hours. Subsequently the soft body 

w as isolated for analysis. All sam ples w ere stored at -28 °C prior to analysis.

Chemical analysis

Extraction w as based on total lipid extraction according to  the m ethod o f  B ligh and Dyer 

[3], The extracted  lipids firstly  used for the determ ination o f  the fat content were 

redissolved in hexane, and the resulting solution w as subsequently  cleaned on a Florisil 

colum n [4,5], A nalyses w ere perform ed on a  Carlo Erba 4160 gas chrom atograph 

equipped w ith an electron capture detec tor and a 25 m SE-54 colum n (before 1990) or 

(from  1990 onw ards) a 60 m D B -17 and a 60 m DB-5 colum n (internal d iam eter 0.25 

mm . film thickness 0,25 pm ). Prior to  1989, the PCB concentrations w ere calculated on 

the basis o f  com parison with eight PCB peaks o f  A roclor 1260 [4]. These eight peaks 

corresponded w ith IUPAC nos. 101, 136, 147, 153, 138, 128, 180 and 170 [6]. 

C oncentrations o f  individual congeners, viz. IU PA C nos. 28, 31, 52, 101, 105, 118, 138, 

153, 156 and 180 [6], are determ ined since 1989 [5], Prior to  1990, quality assurance 

consisted o f  the analysis o f  procedural blanks, reproducibility  and repeatability  tests, 

injection o f  standard solutions as unknow ns, and analysis o f  sam ples w ith  known 

concentrations. S ince 1990, the analysis o f  a  certified reference m aterial (BCR CRM  349) 

has been added as a standard procedure.

Conversion o f  data calculated with the Aroclor standard.

Due to the lack o f  individual PCB congener concentrations, before 1989, all statistical 

analyses had to be perform ed on the total PCB concentrations. S ince 1989 individual 

congener concentrations are calculated and sum m ed to express the total PCB 

concentration (EPC B), H ow ever, the resulting  sum  is not equal to  the concentration 

calculated  on the basis o f  A roclor 1260 (A roclor concentration). A conversion or 

recalculation m ethod was therefore developed. The conversion is based on the fact that 

the ratio  betw een the total PCB concentrations calculated w ith both m ethods should 

rem ain constant i f  the PCB patterns are identical and the ratios o f  the individual peaks to 

the total peak pattern are constant. A conversion factor (CF) can then be calculated, w hich 

is given in Equation 1.

I  PCB
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w ith [A roclor] =  concentration based on A roclor 1260 and EPCB  = sum m ed 

concentration  o f  individual PC’Bs

C onsequently  the o lder A roclor concentration  can now be recalculated  to give EPCB 

values. All IP C B  referred to in th is paper are e ither the sum s o f  individual congeners o r 

the concentrations recalculated as described above.

io
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Figure 4.1.1: Ratio between £PCB and CB 153 for shrimp, mussel, cod and flounder in 
the period 1990-1993.

Statistical analysis

All statistical analyses w ere perform ed on EPCB and the level o f  significance w as set at 

95% . C orrelations betw een fat content, length o f  the anim al and PC Bs w ere analysed by 

linear regression. The non-param etric M ann-W ithney test w as used to  investigate the 

relation betw een sex and PCB concentrations, and the non-param etric K ruskall-W allis 

A N O V A  test com bined with D unns' post test w as perform ed to com pare the PCB 

contents o f  liver and m uscle tissues in and am ong species and to  study the influence o f  

the age o f  the anim als on the PC B  content. T im e-trend analysis o f  the PCB concentrations 

(m edian values per year) in cod, flounder and m ussel w ere studied according to  the 

m ethod o f  N icholson et al. [7]. PCB trends in shrim p were analysed by linear regression.
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4 .1 .3  R e s u lt s

Recalculation o f  the Aroclor concentrations

C onverting  the A roclor concentrations to  XPCB by using Equation 1 requires that the 

PCB pattern o f  a given species/tissue is identical and that the ratios o f  the concentration 

o f  individual peaks to the total peak pattern are constant. The ratios betw een XPCB and 

CB 153 w ere calculated for the data obtained since 1990 and are presented by box and 

w hisker plots in Figure 4.1.1. The results show  a narrow  box for cod, flounder and blue 

mussel and prove that the ratio rem ained constant; they  also  allow  to suggest that the PCB 

patterns are sim ilar. H ow ever, the shrim p data show' a different pattern, w hich m ay find 

its origin in the rather sm all data set available. The PC B  concentrations in the sam ples o f  

cod and flounder, taken in 1991, and o f  m ussel and shrim p, taken in 1991-1992, w ere 

then calculated using both  m ethods o f  calculation and for each sam ple the CF was 

calculated according to Equation 1 (Table 4 .1.1). N ext, the A roclor concentrations were 

re-calculated into SPCB.

Table 4.1.1: Conversion factors (CF) for the recalculation o f ‘A roclor’ 

data.

Species CF

Cod 4.20 ±  0.04 (n=25)

Flounder 3.6 ±0.1 (n=25)

Mussel 3.4 ±0 .1 (n=I2)

Shrimp 3.1 ± 0 .1 (n=10)

In principle, the C F value o f  3.1 cannot be used to recalculate the A roclor concentrations 

o f  shrim p, since the experim ental results do not provide the required proof. H ow ever, the 

standard deviation o f  the CF is rather sm all; it is, m oreover, sim ilar to  that o f  the o ther 

species. M oreover, a sim ilarity  betw een PCB patterns in invertebrates has been reported 

in the literature [8,9] and is indeed found for m ussel (cf. above). W e therefore assum ed 

that the PCB patterns in the sam e species o f  invertebrate from the sam e location will be 

essentially  the sam e and used the C F-based procedure also to recalculate the o lder data 

for shrim p.
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Relation between PCB concentrations and total lipid content.

The results o f  the correlation analysis betw een the total lipid content and log (X PC B ) for 

the different species and tissues are given in T able 4.1.2. A significant correlation 

(p<0.05) w as found for the log (Z P C B ) expressed on a w et w eight basis and the total lipid 

content, despite the large variability  o f  the data (F igure 4.1.2), N o  significant correlation 

w as found w hen the concentrations w ere norm alised on the total lipid conten t (Table 

4.1.2).

Flounder: m uscle Flounder: m uscle

■-.s5

r= 0 .417

0 1 2 3 4

* * .i c  •.

Total lipid co n ten t (%)
1 2 2 

Total lipid co n ten t (%)

F igure  4.1.2: Relationship between total lipid content and log (IP C B ) expressed on wet and fat weight 
basis (r, correlation coefficient; dotted line. 95% confidence interval o f  the mean).

The effect o f  lipid norm alisation o f  the PCB data is illustrated in Figure 4.1.3 for all 

species and tissues exam ined. T he results o f  a K xuskal-W allis A N O V A  analysis o f  the 

data indicate significant (p<0.05) inter-tissue and inter-species differences. H ow ever, 

narrow ing this dow n w ith D unn’s post test revealed that the differences betw een cod 

liver, flounder liver, flounder m uscle and blue m ussel (soft body tissue) w ere not 

significant. O bviously , norm alisation on the total lipid content reduces the d ifferences in 

PCB levels betw een the organism s and betw een different tissues w ithin the organism s, 

that is, the results illustrate the im portance o f  lipids as a norm alising factor. PCB 

concentrations are therefore only considered on a fat w eight basis in the rem ainder o f lh is  

paper.
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T able  4.1.2: Results o f  correlation analysis between total lipid content and log (IP C B ) on 
wet and fat weight basis for the different species and tissues._______________________________
Parameter Total lipid content (% ) vs. log Total lipid content (%) vs. log

(EPCB) on wet weight basis (EPCB) on fat weight basis

r P r P

Cod muscle 0.25 <0.05 0.7255

Cod liver - - -

Flounder muscle 0.42 <0.05 0.1392

Flounder liver - - -

Blue mussel 0.50 <0.05 0.7526

Brown shrimp 0.51 <0.05 0.7685

p = p value, r =  correlation coefficient

V
Í

OSS Cod: muscle 
ESES Cod: 'liver 
WM  Flounder: muscle 
m  Flounder: liver 
E 3  Mussel: soft body 
OHO Shrimp: tali muscle

ESSES God: muscle 
E ^ i  Cod: liver

Flounder : músete 
H  Flounder: liver 
E = ) Mussel: soft body 
HEED Shrimp: tail muscle

Species and tissue Species and tissues

F igure  4.1.3: PCB concentrations for cod, flounder, mussel and shrimp, (A) not normalised and (B) 
normalised on total lipid content.

Relations between XPCB and length and sex

The trend analysis o f  N icholson et a!. [7] dictates a d ifferent approach w hen a length 

effect has been established. As regards both fish species, no dem onstrable size effects 

w ere found except in cod liver (Figure 4.1.4). The Z P C B  concentrations w ere in addition 

to body size also related to sex, but no significant relations w ere found.

As a  result o f  the sam pling procedure, no individual size data w ere available for the 

invertebrates. F or m ussel, how ever, sam ples w ere d iv ided into five length classes and the 

X PC B  concentrations w ere com pared. The results are show n in Figure 4.1.5. T he length 

class has, apparently , no effect on the Z P C B  concentrations, w hich w as confirm ed w ith a 

K ruskal-W allis A N O V A  test.
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Flounder: m uscle

•v* •<* i 7!  *V V* •

300 400

Length in mm

C o d : liver

r=0.36

o \

0 250 500 750 1000

Median of th e  length  in mm

Figure 4.1.4: Relationship between length and log (XPCB) expressed on lat weight basis for Bounder 
muscle tissue (left) and cod liver (right) (line illustrates calculated significant trends; r, correlation 
coefficient; dotted line, 95%  confidence interval o f  the mean).
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Figure 4.1.5: Relationship between length class and log (ZPCB) 
expressed on a fat weight basis for blue ntussel (box, median and 25 
and 75 percentiles; whiskers, minimum and maximum).

Temporal-trend analysis

T he observed absence o f  relations betw een the PC B  content and the an im als ' length or 

sex allow ed the analysis o f  tem poral trends in cod m uscle, flounder m uscle and flounder 

liver tissues and in blue m ussel w ithout statistical m odifications, but not fo r cod liver w ith 

w hich a length effect w as found, no r for brow n shrim p for w hich the length effect w as not 

studied. As regards the cod liver data, they w ere subdivided at the m edian into a ‘sm all’ 

and a ‘large’ group and both w ere analysed independently [7], Tem poral trends in brown 

shrim p data w ere analysed by linear regression. The data w ere log transform ed in o rder to
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approach the norma! d istribution. The tem poral trends are illustrated in Figure 4 .1 .6  and 

the lipid norm alised mean and m edian concentrations are given in T able 4 .1 .3 . L ong­

term  changes in the PC B  concentrations w ere only considered as significant w ithin a 95%  

confidence interval. T he results revealed (1) significant year-to-year d ifferences in cod 

and flounder m uscle tissues and flounder liver tissue, (2) a significant dow nw ard non­

linear trend in cod m uscle, (3) a significant dow nw ard linear trend in flounder m uscle, (4) 

no trend in blue m ussel tissue, <5) a significant dow nw ard trend in brow n  shrim p and (6) 

no significant trends in cod and flounder liver tissues.

4 .1 .4  D iscu ssion

For the four species studied the PCB concentrations expressed on a  w et w eight basis 

show a significant correlation w ith the fat content. T his finding agrees w ell w ith previous 

observations. Schaefer et al. [10) dem onstrated that PC B  concentrations per w et w eight in 

different tissues o f  cod rose with increasing lipid content as did Schneider [ I I ] .  G oerke et 

al. [12] found positive correlations betw een PCB concentrations and the fat con ten t o f  

various m arine organism s. Positive correlations betw een PCB concentrations on a dry 

w eight basis and the lipid content o f  various m arine organism s w ere also reported by 

D elbeke et al. [13].

M oreover, inter-species and tissue-type differences decreased when PCB concentrations 

w ere norm alised for the fat content. The correlation betw een fat content and log (Z P C B ) 

illustrates the need for a norm alisation o f  the PCB concentrations on a  fat basis, especially  

w hen a tim e-trend assessm ent is attem pted. The explanation probably is that the natural 

variations in the lipid content o f  an organism  or organ, due to e.g. spaw ning or lack o f  

food, m ay influence the variability  o f  contam inant data w hen these data are expressed on 

a fresh (w et) w eight basis. D elbeke et al. [13] observed a sim ilar reduction o f  the in ter­

species variability  o f  PCB isom er concentrations after norm alisation o f  the data on ‘total 

neutral lip ids’, as determ ined b y  latroscan analysis. U sing this selected class o f  lipids for 

norm alisation proved superior to  using the total lipid content (gravim etrically  

determ ined). The authors concluded that th is kind o f  norm alisation m ay provide a basis 

fo r extrapolation o f  PCB pollution data am ong species. H ow ever, the inter-tissue and 

inter-species variability  o f  our contam inant data is on the sam e order o f  m agnitude as that
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observed by D elbeke et aí. [13]. C onsequently , there m ay be som e doubt w hether 

spéciation o f  the lipids w ould g ive an im provem ent in this case.
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95%  o f the mean).
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T able  4.1.3: Mean and median concentration (gg/g  fat weight), standard deviation (s) and number o f 
samples (n) for the different species in the period 1983-1992._________________________________________

83 84 85 86 87 88 89 90 91 92 93

Cod muscle tissue

Average 0.87 1.8 0.84 1.2 0.64 0.33 2.1 1.3 0.44 0.57 0.43
n 25 18 25 25 25 25 25 25 25 25 25
s 0.34 0.5 0.29 0.5 0.28 0.23 0.9 0.9 0.31 0.54 0.15
Median 0.81 1.9 0.77 1.0 0.58 0.26 2.1 1.2 0.33 0.38 0.40

Cod liver

Average 2.0 3.2 2.5 2.5 1.7 0.64 1.2 2.7
n 5 5 5 5 5 5 5 5
s 0.5 0.9 0.7 0.4 0.6 0.14 0.2 0.9
Median 2.2 2.9 2.1 2.5 1.4 0.69 1.1 2.9

Flounder muscle tissue

Average 3.4 3.1 3.1 3.2 2.5 1.9 3.8 3.3 1.8 2.5 1.7
n 25 20 25 25 25 25 25 25 20 25 25
s 0.8 1.7 1.8 1.2 1.1 1.2 2.4 2.7 0.7 1.8 2.0
Median 3.3 2.4 2.4 2.9 2.0 1.7 3.1 2.1 1.8 2.0 0.9

Flounder liver

Average 4.9 3.3 4.4 3.6 3.3 2.5 4.6 4.9 1.7 2.8 1.8
n 5 5 5 5 5 5 5 5 4 5 4
s 1.8 1.6 0.8 0.45 1.2 1.3 1.9 2.6 0.5 0.6 0.6
Median 5.8 2.3 4.4 3.9 2.8 2.0 4.8 3.9 1.7 2.7 2.0

Blue mussel

Average 2.5 2.3 1.90 2.3 0.85 3.7 1.7 1.6 1.3 1.6
n 4 4 4 4 4 4 4 4 4 4
s 0.3 0.2 0.03 0.4 0.04 0.5 0.1 0.2 0.2 0.1
Median 2.4 2.3 1.91 2.2 0.84 3.6 1.6 1.6 1.3 1.6

Brow n sh rim p
Average 0.50 0.49 0.71 0.35 0.28 0.49 0.21 0.17 0.29 0.26
n 13 5 5 5 5 5 2 5 5 5
s 0.08 0.09 0.21 0.06 0.07 0.18 0.02 0.02 0.03 0.05
Median 0.49 0.47 0.72 0.33 0.26 0.47 0.21 0.18 0.29 0.28

Length and sex had no noticeable effects on the PCB concentrations expressed on a fat 

w eight basis, w ith one exception: PCB concentrations in cod liver significantly  increased 

w ith length. An influence o f  the length o f  cod on the PCB content in the liver was 

previously reported by de Boer [14], w ho dem onstrated a significant concentration



214 Compliance monitoring

difference betw een individuals o f  d ifferent sizes {53-54 cm  and 85-91 cm). S im ilarly , 

K ruse and K rüger [15] m easured h igher D D T levels in liver o f  Baltic cod o f  larger size, 

bu t they did not notice sim ilar trends fo r hexachlorobenzene (H C B ), a -  

hexachlorocyclohexane (a - llC H ) or dieldrin. B ioaccum ulation o f  contam inants such as 

PC B s in biota is the result o f  a com bination  o f  uptake (directly  from  the w ater, ingestion 

o f  contam inated  particles and food) and elim ination  (m etabolisation , excretion, grow th 

d ilu tion , spaw ning). The relative im portance o f  each process w ill, o f  course, depend on 

the species considered and its stage o f  life. An explanation for the size-dependent 

contam inant level in cod liver may be found in the regim e o f  larger cod. Larger cod 

m ainly feeds on fish, w hich is m ore contam inated than  invertebrates that are 

preferentually  consum ed by sm aller fish [16]. The m ajor route o f  PCB uptake in larger 

cod, food, will therefore cause biom agnification. The b ioaccum ulation in m uscle tissue is, 

how ever, not size-dependent; this m ay be related to the fact that lipid deposition  w ith cod 

is m ainly  in the liver. The food consum ption pattern o f  flounder, m ussel and shrim p does 

not change during their life cycle [17], For those species, no significant b iom agnification 

w as found; obviously, the uptake o f  PCBs is com pensated  by elim ination processes.

Significant dow nw ard trends w ere observed in m uscle tissue o f  cod and flounder, and in 

shrim p, but not in m ussel and the liver o f  both fish species. From  am ong these species, 

flounder, b lue mussel and brow n shrim p are excellent indicator organism s w hich clearly 

reflect the quality  status o f  their habitats because o f  no or restricted  m igratory activities. 

C od has a m ore enhanced m igratory behaviour and does not necessarily  reflect the 

condition o f  the area o f  capture. N evertheless, cod is considered to be a suitable 

b iom onitor for spatial and tem poral trend m onitoring. M igration  appears to be sufficiently  

confined and allow s observing differences betw een regions that are som e hundred 

k ilom etres apart [18]. The observed tem poral trends in this study are on the sam e tenor as 

o thers recently  reported. In the 1993 N orth Sea Q uality  Status R eport [2], decreasing  PCB 

contents w ere cited for several species and various locations w ere cited  and recent 

observations revealed decreasing  concentrations o f  low er-chlorinated  PCBs in yellow  eel 

(Anguilla anguilla) from  inland w aters in the N etherlands [19]. PC B  concentrations in 

cod (Gadus morhua) from the N orth Sea have been show n to have decreased 

significantly , although higher chlorinated congeners rem ained at an essentially  constant 

level [19], C onstant PCB contents w ere reported  by S tronkhorst [20] for Mytilus edulis 

and by Solé et al. [21] fo r Mytilus galloprovincialis from the w estern M editerranean. The
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observed trends m ay well indicate that PCB concentrations have reached their m axim um  

values and that the com pulsory  rem edial actions im plem ented by national and 

international organisations to im prove the quality o f  the m arine environm ent gradually 

becom e successful. H ow ever, although PC B  concentrations are show n to decrease 

regionally , a global decline is not expected  in the next few years, because o f  on-going 

inputs into the environm ent caused by, e.g., leakages from  landfills and em issions from 

incinerators [22], T his w as em phasised recently  during the latesi assessm ent o f  the 

O SPA R coordinated environm ental program m e at the M O N  2004 m eeting [23]. 

M oreover, it has been stated that the quantities o f  PC B s still in use, still exceed the 

am ount that has been released into the environm ent to date [22]. A nice illustration  is the 

recent the 'd io x in ' crisis in Belgium  w here poultry  w ere severely contam inated by  PC Bs 

through an illegal addition o f  a PCB contain ing oil to  o ils used for the preparation o f  their 

feed [24],
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4.2. Polych lorinated  biphenyls  in m arine  sed im ents  from the southern  

N orth Sea and Scheldt estuary: a ten-year study o f  concentrations,  

patterns and trends'"

Sum m ary

The paper reports the concentrations and patterns o f  CBs in sediments o f  the Belgian part o f  the southern 
North Sea and the Scheldt estuary for the period 1991 -2001. The long-term analytical performance was well 
within the quality assurance boundaries set at the outset o f  the study and is consistent with the state o f the 
art for this type o f  analysis. The CB concentrations (given as the median o f  the sum o f IUPAC Nos 28, 52, 
101, 118, 138, 153 and 180) vary between 0.1 pg/kg and 50 gg/kg in the total sediment and it could be 
demonstrated that CB patterns in the fine fraction o f  the sediment were closely similar throughout the 
investigated area. Isolation o f  the fine fraction (<63 pm ) by sieving can be regarded as a physical 
normalisation to reduce the differences in sediment granulometric composition. It allows for a  better 
understanding o f  CB distribution and patterns and improves the trend analysis. A significant downward 
trend could not be found at any o f  the stations, which suggests that CB levels have not been changing in the 
area o f  interest in the past decade.

Subm itted to J. Environ Kfonit., 2004.
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4 .2 .t In tro d u ctio n

Polychlorinated b iphenyls o r PC Bs (individual congeners, C B s) have been a m ajor cause 

for concern since their d iscovery  in the environm ent by Jensen [I], Large am ounts o f  

technical m ixtures o f  C Bs w ere m anufactured by com panies in the US, Japan and several 

European countries betw een 1930 and 1983, w hen their production w as d iscontinued [2J. 

D uring this period but, also, m ore recently , large quantities o f  C Bs reached the 

environm ent through, e.g., large-scale disposal, leakage, evaporation and accidents [3]. 

T he w idespread d istribution  o f  these contam inants in the m arine environm ent and their 

high persistence rapidly  raised questions about the hazards posed to m arine life and the 

ecosystem  as a  w hole. This w as recognised early  on by international m arine organisations 

sueli as the O slo  and Paris C om m issions (O SPA R C O M ). As a result, C Bs becam e 

routinely m onitored determ inants in the Join t M onitoring P rogram m e o f  O SPA R C O M  [4] 

and in its follow  up, the Joint A ssessm ent and M onitoring  Program m e (JA M P). N otably, 

in order to identify im pacts o f  concern, hum an pressures on the N orth Sea environm ent 

w ere ranked by O SPA R into four priority classes, w ith the identification o f  organic 

m icrocontam inants belonging to the first priority class [5]. R ecom m endations call for 

stronger efforts in the im plem entation o f  the O SPA R  Strategy on H azardous Substances, 

w hich im plies the prevention o f  pollution o f  the m aritim e area by continuously  reducing 

discharges, em issions and loss o f  hazardous substances, w ith the ultim ate aim  o f  

achieving concentrations in the m arine environm ent close to background values for 

naturally occurring substances and close to  zero for xenobiotics.

Since the early eighties, C Bs are routinely m onitored in a variety o f  m arine sam ples, 

specifically , organism s and sedim ents. A nalysis is alm ost invariably done by capillary  gas 

chrom atography (G C ) with selective, i.e. e lectron-capture (EC D ) or m ass-spectrom etric 

(M S) detectors. In the past tw o decades, a  reduction o f  contam inant concentrations in the 

m arine system  sim ilar to that achieved for em issions, discharges and losses has not been 

observed, certainly no t for sedim ents and biota [5], The general absence o f  decreasing 

trends m ight originate from the fact that m ost tim e series are still too short to  reveal 

reliable inform ation on trends, from a high natural variability  o f  contam inant levels, from 

an insufficient sam pling frequency and/or from  too rigorous statistical requirem ents.

For sedim ents, the influence o f  the natural variability  in sedim ent com position, i.e. grain- 

size d istribution, organic m atter and m ineralogy, has to be taken into account when
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perform ing a trend analysis. O rganic m icrocontam inants such as C Bs show  a much higher 

affinity  to fine particulate m atter com pared to sandy m aterial, because constituents such 

as organic m atter and clay  m inerals contribute to the specific surface area o f  this fine 

m aterial. In areas w ith varying grain-size d istributions, the spatial distribution o f  

contam inant concentrations w ill, therefore, be closely  related to  the distribution o f  fine­

grained sedim ents, and effects o f  o ther sources o f  contam inants, such as anthropogenic 

sources, w ill be at least partly obscured by the effects o f  the grain-size differences [6], 

Fine m aterial, inorganic as well as organic, and associated contam inants are preferentially 

deposited in areas o f  low hydrodynam ic energy, w hile in areas o f  h igher energy, fine 

particulate m atter is m ixed w ith sandy sedim ent particles, w hich are generally  not able to 

bind contam inants, as organic carbon (O C ) is absent. This dilution effect w ill cause low er 

and m ore variable contam inant concentrations in the resulting sedim ent. It is, therefore, 

essential to correct for the effects o f  grain size.

Taking the grain size into account is especially  im portant for the area under investigation. 

The southern part o f  the N orth Sea along the Belgian coast is a highly dynam ic system  o f  

shallow , elongated sandbanks. The sedim ents consist o f  w ell-m ixed fine- to  m edium - 

grain sands. Intensive sedim ent m ovem ents and associated sedim ent transport occur 

frequently, ow ing to w ind-induced currents, tidal m ovem ent and/or w ave action [5], Sea 

sw ell is an especially  effective agent for resuspension. These events lead to changes in 

seabed topography and m ay also  result in resuspension o f  contam inant-contain ing settled 

particulate m atter, its transportation , and deposition elsew here. Due to the nature o f  the 

m aterial and the quite d ifferent w ater flows, the influence o f  wreather conditions, the 

transport and sedim entation o f  suspended particulate m atter and the erosion o f  fine 

sedim ents are difficult to distinguish and to m onitor.

The results evaluated in th is paper com prise the Belgian contribution to O SPA R -JA M P 

for the period 1991-2001. The investigated area is the Belgian part o f  the southern North 

Sea and the Scheldt estuary. The paper reports the concentrations and patterns o f  CBs, 

d iscusses norm alisation, and gives a prelim inary trend assessm ent for C Bs in sedim ents 

along the Belgian coast for the study period.
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4.2.2 M a te ria ls  a n d  m ethods

Sampling

Sam ples w ere collected on board the RV B elgica at the various stations given in Figure 

4 .2.1. The geographical position o f  each station w as carefully  checked during all 

sam pling cam paigns. Sam pling was perform ed according to the princip les and guidelines 

o f  O SPA R C O M  [7], A t each location, the top 10-15 cm o f  the sedim ent w as collected 

w ith a Van V een grab sam pler. The area under investigation is considered to be a 

transportational area, i.e. an area w ithout a net sedim entation or erosion , w here the upper 

15-40 cm reflects the latest quality  status o f  the mud. Subsequent results can be used for 

tim e trend m onitoring [7b], Im m ediately after sam pling, the sam ples w ere stored a t -2 8 °C  

on board ship.
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f ig u re  4.2.1: Geographical position o f  the sampling locations.

Materials

All reagents used for the analysis w ere o f  analytical quality. H exane, iso-octane, acetone, 

isopropano! and diethyl e ther w ere purchased from Prom ochem  (W esel, G erm any).
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Sodium  sulphite, sodium  sulphate, te trabutylam m onium  sulphate, alum inium  oxide and 

silica w ere purchased from Merck (D arm stadt, G erm any).

G ases w ere also o f  analytical quality (alphagas 2; A ir liquide, L iège, Belgium ).

Sample preparation and extraction

Sedim ent sam ples w ere w et-sieved on a 63 pm  sieve and lyophilised prior to analysis. 

Betw een 4 and 20 g o f  dry sedim ent w ere extracted with hexane/acetone (3/1) fo r 6 h in a 

hot Soxhlet apparatus [8], Sodium  sulphite in com bination  w ith tetrabutylam m onium  

sulphate and isopropanol w as added to  rem ove m ost o f  the inorganic sulphur. 

Subsequently , the extract w as concentrated to  a volum e o f  I ml in a rotary evaporator and 

under a stream  o f  nitrogen, and brought onto a glass colum n containing an A IîC b/N aîSO j 

m ixture to  rem ove any rem aining sulphur [9]. The analytes were eluted w ith 25 ml o f  

hexane and the extract w as again reduced to  a volum e o f  I ml. This w as brought onto a 

glass colum n contain ing 5% deactivated  silica; the C Bs w ere eluted w ith  17 ml o f  hexane. 

A fter addition o f  the internal standard, 1 ,2 ,3 ,4-tetrachloronaphthalene in iso-octane 

(w hich acts as a keeper), the m ixture w as again reduced to  a volum e o f  1 m l and 1 pi 

injected on the GC colum n.

GC-ECD analysis

The analyses w ere perform ed on a C arlo E rba (M ilan, Italy) 8000 gas chrom atograph 

equipped w ith a 60 m x 0.25 mm Rtx® -5 MS capillary  colum n (R estek) w ith a film 

th ickness o f  0.25 pm , a splitless injector and a 63N i electron-capture detec tor (EC D ). The 

tem perature o f  the injector w as 235°C and that o f  the detector 310°C. H elium  w as used 

as the carrier gas and argon containing 5%  m ethane as m ake-up gas. T he tem perature 

p rogram m e w as as follows; 90°C  during 2 min, from  90 to  150°C at l5°C /m in , then  at 

3°C/m in to  220°C , and at l°C /m in  to  275°C , with a final hold o f  10 min.

The G C  system  w as calibrated by using a  series o f  standard solutions w ith  CB 

concentration ranging from  0.70 to  70 ng/m i. S tandard solutions w ere prepared in iso­

octane. C alibration curves w ere fitted by a second-order polynom ial, w hich w as forced 

through zero. For each sam ple the concentrations o f  all individual congeners, C B s 28, 52, 

101, 118, 138, 153 and 180 (total concentration denoted as E7CB), and C Bs 31, 105 and 

156 w ere determ ined.
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Quality assurance

T ogether w ith each series o f  sedim ent sam ples, a  blank sam ple (em pty  Soxhlet thim ble) 

and a reference m aterial (RM)  (Q O R 017M S obtained trom  Q U A SIM E M E , A berdeen, 

U K ) w ere analysed. A fter the m easurem ent o f  each batch o f  sam ples, tw o control 

standard solutions contain ing the various C Bs at concentrations o f  3.5 and 41.5 ng/m l, 

respectively, w ere analysed as unknow ns to check the calibration. The latter w as accepted 

if  relative deviations o f  less than 10% from  the target values w ere found. I f  not, the 

calibration  w as carefully  checked and, i f  deem ed necessary, the analyses repeated. 

T hroughout the m onitoring period, the laboratory also participated in an international 

intercalibration exercise, the Q U A SIM E M E  Proficiency T esting  Schem e (PTS), for the 

analysis o f  C B s in sedim ent.

The results o f  the analyses o f  the RM w ere plotted on a control chart based on Z-scores 

[ 10 ,11 ]. T his Z -score is calculated  from:

w h erex. is the value determ ined for the analy te concentration  in the sam ple, x  the 

assigned value and sb the target standard deviation or total a llow able error (TA E). The 

assigned value is the reference value o f  the RM for a g iven determ inant. The TA E can 

either be calculated from the repeated analysis o f  the reference m aterial [ I I ]  or the value 

can be set according to the needs o f  the program m e [10]. In the present study, w e used the 

TA Es defined by the Q U A SIM E M E  PTS, an approach that has been accepted by the 

O SPA R m onitoring program m es for w hich the data are intended. In this schem e, the Z- 

scores are also used for the evaluation o f  the perform ance o f  the participating  laboratories

and x  is defined as the best estim ate o f  the true concentration , being calculated  from the 

robust mean o f  the reported results [10]. The TA Es w ere set at 6.5%  for standard 

solu tions and 12.5% for sam ples. The latter condition allow s distinguish ing  sam ples with 

concentrations w hich differ by 50% , w ith 95%  confidence.

The analytical data o f  any given batch o f  sam ples w ere accepted  as is, if  at least 70%  o f  

the Z -scores for the C Bs in the RM w ere <|2| and all Z -scores w ere < |3|, W ith regard to

( 1)
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the PTS, the analytical procedure w as considered to be under control i f  at least 70%  o f  the 

Z -scores for C Bs in sedim ents in the PTS w ere <]2|,

Statistical analysis

Today, a  variety  o f  tests is available to  analyze trends. Since each o f  these has its own 

capabilities and underly ing assum ptions, considerable experience is required lo select the 

appropriate test in each single instance. Testing the various m ethods w as not the scope o f  

this study. W e therefore opted to use purpose-built trend-analysis softw are, the T rend-y- 

tector (h ttp ://w w w .trendytector.n l). The procedures and protocols, w hich underlie this 

program m e, w ere developed by the ICES W orking G roup on S tatistical A spects o f  

Environm ental M onitoring (W G SA EM ). The T rend-y-tector is a suite o f  m ethods to 

detect and estim ate trends in annual data and is intended to  be used by O SPA R  w orking 

groups in their assessm ent o f  m onitoring data. For the purpose o f  this study the tw o-sided 

M ann-K endall w as used, w ith a significance o f  5%  and a pow er to detec t a trend o f  90% . 

M ann-Kendall is a  straightforw ard and robust m ethod in detecting m onotonic (upw ard or 

dow nw ard) trends, and is largely unaffected by isolated extrem e values, and as such 

recom m ended by W G SAEM  [13].

CB patterns w ere analysed w ith linear correlation analysis using the S tatistica [12] 

softw are.

4.2.3 R esu lts  and  d iscussion

Analysis, quality assurance and long-term reproducibility

The G C -EC D  m ethod used for the analysis o f  the sedim ent sam ples gave fully 

satisfactory results. N o experim ental problem s w ere encountered in the detection and 

quantification o f  the individual congeners, w hich w ere found to be present in 

concentrations ranging from 0 .1 to 92 ng/g dry w eight (see section on C B  concentrations 

below ). Typica] chrom atogram s for a m arine and an estuarine sam ple, w hich represent 

sam ples w ith fairly low and high concentrations, respectively, are given in Figure 4.2.2.

The long-term  analytical perform ance was well w ithin the quality assurance boundaries 

set at the outset o f  the study. From  the analytical data obtained for the RM, a  coefficient 

o f  variation (C V ) o f  betw een 10% (C B  105) and 54%  (CB 28) could be calculated. In the 

first tw o years, som e problem s w ere encountered w ith CB 28. A fter these had been

http://www.trendytector.nl
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F igure  4.2,2: Typical GC-ECD chromatograms o f  sediments taken at (A) sampling station SI 8 in the 
Scheldt estuary, and (B) station N435 in the North Sea
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solved, the results w ere perfectly  satisfactory (CV 18% over 8-year period). Figure 4.2.3 

show s Z-scores for the seven m arker C B s (28, 52, 101, 118, 138, 153 and 180) in the RM 

in the period 1993-2002 (i.e. after the initial difficulties). As can be read from the graphs, 

the Z -scores w ere <|2| in 94%  o f  all cases and never above |3|. In the period during w hich 

the sam ples w ere analysed (1992 -  2002; analyses w ere done in the year follow ing the 

sam pling), ou r laboratory participated in ten Q U A SIM E M E  intercom parison exercises for 

C B s in sedim ent, w hich involved the analysis o f  19 sedim ent sam ples. The Z -scores for 

the seven m arker C B s w ere < |2 | in 77%  o f  all cases. As the allow able error w as set at 

12.5% by the PTS (cf. above), an estim ate o f  the long-term  variab ility  could also be 

calculated from  these average Z -scores via Equation 1. This resulted in C V s o f  betw een 

7%  (C B  156) and 35%  (C B  3 1 ).

4
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? » 
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—Q-CB101 - - - O B 1 18
-3

CB52

■A

1998 1999 2001 2002 20031993 1996 1996 1997

F igure  4.2.3: Z-scores for the seven marker CBs, calculated for the marine sediment 
QOROl 7MS used as a reference material, in the period 1993 -  2002.

The C V s obtained in this study, calculated from both the analysis o f  the RM and 

participation in a PTS, are at a level that is considered as state-of-the-art for this type o f

analysis. De B oer and W ells [14] reported C V s betw een 20 and 33%  for C Bs in sedim ents

for the first three years o f  the Q U A SIM E M E  interlaboratory study. The general 

perform anee did not im prove significantly  over the next several years. O nly a sm aller
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group o f  expert labs succeeded in obtain ing low er C V s o f  around 15%. S im ilarly , during 

an IC ES/IO C /O SPA R  intercom parison study held am ongst a relatively sm all group of, 

m ostly, experienced labs, C V s o f  betw een 15 and 30%  w ere found [15],

CB concentrations

The influence o f  the natural variability  in sedim ent com position  (grain  size, organic 

m atter and m ineralogy) has to be taken into account w hen CB concentrations are 

com pared, e.g. to  perform  a trend analysis o r study the spatial d istribution. C Bs show  a 

m uch higher affinity  to fine particulate m atter (contain ing the bulk o f  the organic carbon) 

than to the coarse fraction. The procedure to correct contam inant concentrations for the 

influence o f  the natural variability  in sedim ent com position is usually  referred  to  as 

norm alisation [6,16], F or organic contam inants, the organic carbon content (TO C ) o f  the 

sedim ent sam ple is generally used for this purpose. U nfortunately, TO C  data w ere not 

available for the entire dataset. H ow ever, a  distinct relation betw een the organic carbon 

content and the FS fraction o f  the sedim ent in the study area has been dem onstrated 

[ 17,18]. A lternatively, isolation o f  the fine fraction by sieving (e.g. <20 pm  or <63 pm  ) 

can be regarded as a physical norm alisation to reduce the d ifferences in sedim ent 

g ranulom etric com position and can be used for both m etals and organic contam inants 

[19,20], Sieving rem oves the coarse particles, w hich usually  do not bind anthropogenic 

contam inants and dilute their concentration.

N orm alising  is extrem ely  im portant for the present dynam ic study area. The dynam ics o f  

this region are such that the C V s o f  the fine (<63 pm ) fraction range from 20 to  140% 

(n=17), depending on the station selected. Furtherm ore, the grain-size d istribution  o f  the 

sedim ents differs significantly  betw een the d ifferent sam pling stations and ranges from  I 

to  55%  fines in the total sedim ent. The effect is clearly  illustrated in Figure 4.2.4 where 

the data collected in 2001 have been taken as an exam ple. Here, the E7CB concentrations 

(p g /kg  dw ), expressed for the total sedim ent (TS) sam ples are com pared wi th those for 

the <63 pm  fraction (FS). It is ev iden t that d ifferences in g rain-size com position o f  the 

sedim ents yield quite d ifferent profiles for TS as com pared to FS. O ne illustrative 

exam ple is provided by the S IS  and S22 stations close to A ntw erp: w hile the TS-based 

data suggest a dram atically  different level o f  contam ination  (26 vs 2 .6  pg /kg  dw ), the FS- 

based results w ith their closely  sim ilar 56 and 5 1 pg/kg dw show  this im pression to  be 

incorrect. A nother exam ple is the huge difference betw een the low TS-based
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concentrations (0.3—2.6 pg /kg  dw ) in the estuary and out in a NW  direction into the North 

Sea and the significantly h igher values of, frequently , 2 0 -2 5  pg /kg  dw  for the fine 

fraction. In o ther w ords, sieving is a pow erful step tow ards norm alisation.

j THEkm

B 04

700

1« .
1 4

ANTWERP
B ruges120 S22

□  pg/kg dw line fraction

■  pg/kg dw total sediment

E2° 3" 4‘

F igure  4.2.4: I7 C B  (gg/kg dw) pattern for sediment samples collected at selected sampling stations in 
2001, for (open rectangles) the fine fraction, and (black rectangles) the total sediment.

For the above reasons, analyses w ere alw ays perform ed on the <63 pm  fraction, and CB 

concentrations are presented for this fraction unless o therw ise specified. As an illustration 

o f  the data that w ere obtained in the ten-year cam paign - and w hich are available as 

concentrations o f  the individual C B s for each station and in each year at 

w w w .m um m .ac.be - a representative set is show n in T able 4 .2.1. For all ten test analytes 

and I7 C B , the m inim um  and m axim um  concentrations as well as the m edian value are 

presented. Related inform ation on % FS is also included. If, for any reason, CB 

concentrations in the total sedim ent have to be calculated , one should m ultiply the 

recorded values by the% FS/100. The CB concentrations vary from 0.01 pg /kg  dw for 

several C B s (notably C Bs 105 and 156) at stations such as N435 and N 330, to  values o f

http://www.mumm.ac.be
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T a b le  1: M inim um  (M in), m axim um  (M ax) and m edian (bold) concentration o f  C B s in the period 1991-2001 in the<63

Station % < 6 3 p m C B 10I C B 105 CB 118 C B 138 (  B153 < »156 CB1K0 C B 28 CB31 C B 52

S22 4.7 9 .2 -1 8 1.9-4 .7 7 .1 -1 2 10-38 1 2 -3 4 LO-3.7 6.4 - 29 0.7 - 4.4 1 .8 -6 .6 4.9 - 8.8
12 3.1 9.1 15 17 1.5 10 3 J 3.5 7.3

SI8 51 6.6 - 65 0.01 - 18 5.0 - 43 6 .5 -61 7.6 - 92 0.5 - 7.3 2.0 - 49 1.2 -31 1 .2 -23 2 .7 -4 2
9.6 2.4 7.0 12 13 1.6 8.7 2.6 2.0 4.6

SI 5 14 6 .7 -2 0 1.7 - 5.5 5 .3 -1 2 7 .3-31 9.3 - 30 0.9 - 3.2 5.6 - 25 1.8- 7.3 1 .4 -4 .3 3 .9-11
9.0 2 J 5.8 13 13 1.2 6.8 2.6 2.0 5.1

SI2 7.1 6.5 - 11 0.01 -3 .4  4 .9 -7 .9 6 .9 -1 5 7 .8 - 15 0 .5 -  1.3 2.1 -9 .3 0.9 - 3.4 I I - 2.3 0 .6 -5 .5
8.1 1.8 5.8 9.0 11 1.0 6.2 2.4 1.5 3.8

S09 1.2 1 .4 -20 0.5 - 6.4 LO- 15 1 .5 -34 1.9-32 0.01 -3 .0  0 .8 -2 4 0.08-8 .1  0 .2 -4 .3 0.5 -9 .9
4.2 1.0 3.0 5.8 5.2 0.5 2.3 0.9 0.7 1.4

S07 3.4 2.5 - 8.0 0.9 - 3.6 2.4 - 7.7 4.2 - 12 3.8-11 0 .3 -  l.l 2.8 - 5.4 0.9 - 2.7 0.6 - 2.2 1 .2 -4 .3
6.5 1.2 3.9 6.1 8.1 0.7 4.4 2 J 1.7 3 .8

S04 5.6 0.9 - 8.8 0.4 - 4.4 0 .8 -8 .9 1 .0-13 L I -13 0 .2 -  1.8 0 .4 -6 .3  0 .1 0 -5 .0  0 .2 -3 .1 0.3 - 4.6
2.9 0.8 2 J 3.4 3.5 0.4 1.8 0.8 0.7 13

SOI 10 0.6 - 3.5 0 .3 -  1.3 0 .8 -3 .5 1.4 - 6.6 1.1 -5 .0 0.1 - 1.6 0.9 - 3.4 0.7 - 3.0 0 .5 -2 .5  0 .10-2 .3
1.3 0.7 1.5 1.8 2.0 0.6 1.2 0.7 0.7 0.8

BIO 45 0 .9 -  1.7 0.3 - 0.7 0 .6 -1 .5 0.8 - 2.2 0 .7 -2 .3 0.2 - 0.2 0.2 - 0.8 0.2 - 0.4 0.2 - 0.6 0.4 - 6.0
1.4 0.6 1.4 1.8 1.9 0.2 0 .6 0.3 0.3 0 .7

B08 26 0.9 - 4.8 0.01 - 1.9 1.0 - 4.6 0.03 - 6.9 1.5 -6 .4  0.01-3.1 0 3 - 5 .2 0 .5 -4 .1 0 .3 -2 .9 0.4 - 3.9
3.1 0.7 2.6 3 .3 4.2 0.4 2.2 1.0 1.2 23

B07 25 1.7- 1.9 0.4 - 0.9 1 .3- 1.9 1 .7 -2 .6 1.8 -2 .5 0.1 -0.3 0 .6 - 1.0 0.5 - 0.6 0.4 - 0.5 0.7 - 2.0
1.7 0.5 1.5 2.1 2.4 0.2 0.9 0.5 0.4 0.9

B04 11 0.6 - 2.7 0.01 -2.1 0.4 - 2.3 0.4 - 3.0 0 .4 -3 .0  0.01 -3.1 0.1 -3 .6 0.1 - 1.2 0.1 - LO 0.2 - 3.2
1.5 0.4 1.2 1.4 1.5 0.1 0.4 0.4 0 .5 l . l

B03 20 0.3 -4 .2 0.01 -2 .4  0.3 -4 .2 0 .2 -6 .3 0 .2 -5 .0  0.01-3.00.01 -4.3 0.1 -0 .8 0.1 -0 .9 0.3 - 1.7
0.7 0.2 0.4 0 .5 0 .6 0.5 1.0 0.4 0.3 0.5

N800 2.6 1.5 - 3.1 0.8 - 0.8 1 .4 -2 .8 1 .9 -2 .4 1.6-3.1 0.2 - 0.2 0 .5 - 1.2 0.5 - 4.8 0.4 - 7.9 0.7 - 4.2
2.3 0.8 2.8 2.4 3.1 0.2 1.2 4.0 5.0 4.2

N780 35 1.3 -3 .2 0.01 - 1.5 1 .2 -3 .3 1 .2 -5 .7 1 .8 -5 .0  0.01 -2.1 0 .3 -3 .5 0 .5 -4 .2 0.4 - 6.6 0 .7 -3 .7
2.3 0.8 2.2 2.7 2.7 0.4 0.9 0.6 0.9 0.9

N7I0 2.6 1.5 - 8.1 0.01 -2 .5 1.4 - 7.4 1 .8 -7 .9 2 .0 -9 .1 0.01 - 1.2 0 .4 -4 .8 0.4 - 3.9 0.1 -6 .5 0.5 - 3.9
2.2 0.6 2.0 2.3 2.3 0.2 0.8 0.7 0.6 0.9

N700 66 0.3 - 3.3 0.01 - 1.2 0 .4 -2 .7 0 .5 -4 .4 0 .5 -4 .4  0 .06-0 .5  0 .1 -2 .7 0.1 -4 .7 0.2 - 8.6 0.2 - 3.9
1.1 0.4 LO 1.2 l . l 0.1 0.4 0 J 0.4 0.4

SUM7CB

N545

N435

N42I

N330

N315

N250

N230

Nl 50

NI 15

1.0

0.9

0.9

1.3

1.3

2.3 

6.2 

9.5

1.9 -7 .3  
3.8

1.0 -5 .6  
1.3

10
3.6

1 .7- 12 1.7- 10.0 0 .2 -  1.5 0 .4 -5 .0  0.4 -3 .8  0 .08 -6 .4  0 .7 -8 .7  
4 .0  3 .5  0.3 1.0 0 .7  0 .6  1.4

1 .6 -3 .6  0.01 -2.20.01 -4 .4  1 .9 -5 .2  1 .7 -4 .0  0.01 -0.5 1.0- 1.3 0 .01-0.90.01 -0.70.01 -0 .9
2.6  1.4 2 .9  3.4 3 .0  0.2 1.0 0.5 0 .4  0.8

1.8 -4 .4  0.5 - 2.2 1 .6 -5 .5  2 .1 -5 .0  2.3 -4 .2  0 .2 -0 .6  0 .8 -2 .1  0 .4 -5 .4  0 .7 -8 .9  1.1 -4 .5
3 .7  1.1 3 .9  4 J  3 .7  0.3 1.5 13 1.4 1.9

2.0 - 4.9 0 .0 1 -6 .4  1 .7 -8 .4  0 .9 -1 3  1 .6 -8 .5  0 .01 -0 .9 0 .0 1 -3 .0  0 .5 -5 .1  0 .4 -8 .7  0 .01-4 .4
3.1 0.7 2.5 2.6 2.9 0.2 1.3 0.8 0 .4  0 .9

1.3-4 .9  0 .7 -2 ,3  1 .5 -4 .4  2.3 - 7.0 2 .3 -6 .2  0.2 - 0.8 LO-3 .9  0 .6 -2.1 0 .5 -2 .6  0.6 - 2.2
3.2  0.9 2.8 3.8 3 .7  0.3 1.9 1.5 1.4 2.0

1 .2 -4 .2  0 .5 -3 .5  1 .5 -5 .9  2 .2 - 12 2 .3 -8 .2  0 .08 -0 .8  1 .0 -3 .3  0 9 -2 .9  0 .7 -2 .5  0.4 - 2.7
2.3 1.1 2 J  2.8 2.8 0.3 1.3 1.4 1.6 1.4

1.1 -3 .0  0.01 -0 .9  1 .5 -3 .0  2 .0 -4 .2  2.1 -4 .6  0.01 -0 .5  0 .5 -2 .8  0.5 -2.1 0 .6 -2 .9  0.5 - 2.0
2.0 0.5 1.9 2.3 2.7 0.2 1.2 0.9 0.8 1.0

0 .8 -3 .8  0.01 - LO 0.9 -2 .7  0.8 - 3.3 1 .2 -3 .8  0 .01 -0 .9  0 .2 -2 .4  0.5 - 1.9 0.4 - 2.8 0 .6 - 14
2.0 0.6 2.0 2.2 23  0.3 0 .8  0.6 0 .7  0.8

0 .6 -3 .2  0 .0 1 -1 .9  0 .9 -4 .4  0 .7 -6 .5  1 .2 -6 .5  0 .01 -0 .6  0 .2 -3 .2  0.2 - 2.8 0 .2 -2.1 0.5 - 2.6
1.6 0.6 1.6 1.8 1.9 0.2 0.8 0.5 0 .4  0.7

1 .1 -4 .9  0 .2 -2 .0  1 .3 -4 .8  0 .7 -6 .5  1.9 - 7.3 0.2 - 1.8 0 .6 -  5.2 0.4 - 1.5 0 .4 -2 .0  0 .3 -5 .5
2.1 1.0 1.9 2.8 2.6 0.3 1.2 0.8 0 .6  0.8

1.7 - 2.5 0.8 - 1.7 1.8 - 3.6 2.3 - 6.7 2.3 - 4.8 0.08 - 0.3 1.2 - 3.0 0.8 - 2.5 0.5 - 2.0 0.8 - 1.5
2.1 1.2 2 .7  4 .5  3 .6  0.2 2.1 1.7 13  1.2

54 - 143 
74

33 - 382 
57 

41 - 136 
59 

3 3 -6 6  
48

7 .2 -143  
24

18 -50
36

4.7 - 59 
16

5.9 - 25 
8.9

3 .8 -1 5  
8.3

6.4 - 30 
20

8.6  -  11 
10

2.3 -18  
8.2

1 .2-24 
4.6

8.1 -21  
8.1 

7.1 -23 
12

8.7 - 42
13

2.5 - 20
5.2

8.5 - 45 
23

6.4 - 19 
15

11-23
22

6.9 - 39 
22

10-28
20

9.6 - 39
14

9 .5 -2 0  
12

4 .9 -2 5  
10

5 .5 -2 9
8.2

7.6 - 30 
12

1 1 -25
18

k The number o f  samples analysed at each station typically was between 2 and 12.
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24 -9 2  pg/kg dw for, specifically, CBs 138, 153 and 180 at stations such as S I 8 and S22. 

M edian values vary from, frequently , 0 .1 -0 .3  pg/kg for CB 156 to  occasional highs o f  

12-17 pg /kg  dw for C B s 138 and 153. There is a clear gradient for essentially  all the 

congeners from the city o f  A ntw erp to  Flushing (stations S 22-S 01), as can be read most 

easily  from  the m edian X7CB concentrations w hich decrease from (60 ±  10) pg/kg dw in 

the vicinity o f  the form er city  to values o f  10 pg/kg dw  o r som ew hat less, close to  the 

N orth  Sea. It is good to  add that, geographically , the m outh o f  the estuary is situated at 

F lushing but, geom orphologically , it extends from  Z eebruges to the Island o f  W alcheren

[21). It is precisely in this area that m ud deposits are form ed, w hich m ay explain the 

observed low er levels. T his aspect w ill be discussed in m ore detail below.

382
140

120

Median □  25%-75% Min-Max

80

40

N 115 N 140 N 230  N 330 N 435  N 800 N 780 N 710  B04 B 08  S01 S 07  S 12  S 1 8
N 120 N 150 N 315  M421 N 545  N 250 N70Q B03 B07 B 10 S 0 4  S 0 9  S 1 5  S 22

F igure  4.2.5: Concentrations o f  E7CB (pg/kg dw) in fine sediment (< 63 pm ) for the period 1991 - 
2001 (ti 10-100). The rectangle comprises the stations in the mouth o f  the Scheldt estuary.

In Figure 4.2.5 the X7CB concentrations for the entire dataset are plotted as a box and 

w hisker plot. T he p lo t illustrates the gradient and also gives a good im pression o f  the 

year-to-year variability  o f  the data by m eans o f  the boxes (25 -7 5  percentiles). T his 

variability  is m uch h igher than the long-term  analytical variability and ranges from  30 to



230 Compliance monitoring

200% . The Figure also show s that m edian X7CB concentrations in the N orth Sea are not 

significantly  d ifferent from those m ore inshore, w ith  perhaps tw o exceptions, the stations 

N 700 near Z eebruges and B03 in the m outh o f  the estuary. The significantly  low er 

concentrations found at these stations reflect the m uch m ore dynam ic situation in the 

estuary. A sim ilar drop in X7CB concentrations is also found for the R hine/M euse mouth

[22] in D utch coastal w aters, w here concentrations are about h a lf  as large as those in the 

rest o f  the D utch coastal w aters. M oreover, the I7 C B  concentrations found in the present 

study are sim ilar to  earlier findings by D elbeke et al. [23], Laane et a i  [24] and recent 

D utch data for the sam e region [22]. O ur findings show  that the southern  N orth  Sea is 

m ore pollu ted  than, e.g., the w estern and central N orth  Sea w ith their X7CB 

concentrations o f  less than 2 pg /kg  dw  [5,22], T ogether w ith the Em s and Elbe estuaries, 

the Scheldt estuary is am ong the m ore polluted areas in the region [5].

Table 4.2.2: Ranges and median concentrations in ng/kg dw o f  selected CBs for North
Sea stations o f  this study and background concentrations [51.
Compound This study Southern Norwegian 

Sea/Skagerak
Iceland 

Sea/Norwegian Sea
Range Median

CB 28 0.1 - 1300 150 31 <10
CB 52 0.1 - 1300 220 32 <10
CB 101 15 -2 1 0 0 200 62 16
CB 153 8 -3 0 0 0 260 90 20
CB 138 16 -3000 280 116 26
CB 180 0.1 - 1700 100 60 <10

The concentrations found during th is study w ere com pared w ith O SPA R  

‘background/reference concentrations’ (B R C ) and ‘ecotoxicological assessm ent criteria* 

(EA C). These tools w ere developed to  assess the im pact o f  certain  m icro-contam inants 

[5] based, in th is instance, on TS rather than FS data, and to create target values against 

w hich the goals set in the O SPA R  strategy fo r hazardous substances can be evaluated

[25]. The objective o f  the O SPA R  C om m ission w ith regard to hazardous substances is “to 

p revent pollution o f  the m aritim e area by continuously reducing d ischarges, em issions 

and losses o f  hazardous substances (such as C B s), w ith the ultim ate aim  o f  achieving 

concentrations in the m arine environm ent near background values for naturally  occurring 

substances and close to zero  for m an-m ade synthetic substances.” For highly persistent 

and ubiquitous organic pollu tants such as C B s, analyte concentrations typical for rem ote 

and o ther selected parts o f  the O SPA R  area are used as BRC. Table 4 .2 .2  sum m arises
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background concentrations (w hich, actually , in m any cases seem  m uch too precise) 

reported by O SPA R  as low  (Icelandic/N orw egian Seas) and distinctly  h igher (sea o ff 

southern N orw egian coast/Skagerak) concentrations, together with ranges and m edian 

concentrations o f  the sam e C Bs found during this study. To th is end, the m edian CB 

concentrations o f  Table 4.2.1 w ere, first, converted into TS concentrations and, next, 

com pared w ith the BRCs o f  Table 4 .2 .2 . W hen the concentrations o f  all stations were 

considered, 68%  w ere above the h igher and 30%  betw een the h igher and the low er BRC. 

H ow ever, the B R C s w ere defined for the m arine environm ent and, consequently , should 

not be applied to estuaries. I f  calculations w ere lim ited to  the open N orth Sea, the results, 

indeed, im proved: only 50%  o f  the concentrations w ere now  above the higher, and 46%  

betw een the h igher and the low er BRC. In o ther w ords, 50%  o f  the open-sea data w ere 

below  the higher threshold level -  a result that should eventually  be found for all 

sam pling sites. In addition, not only  are the B R C s m uch too precise, they  are given for 

total sedim ent concentrations and do not consider the sedim ent com position, specifically 

the FS content. T he experim ental results discussed earlier in this paper clearly  indicate 

that com paring sedim ents (w ith their, frequently , m utually  very d ifferent com position) 

w ith respect to  param eters such as B R C s should be FS- rather than TS-based.

EACs are defined as concentrations below  w hich no harm  to the m arine environm ent is 

expected. O SPA R -derived criteria for the specific contam inants using all available 

ecotoxicological data that passed predefined quality  criteria [5], T he principle o f  the 

procedure is the derivation o f  an extrapolated concentration based on ecotoxicological 

inform ation. Subsequently, an ecotoxicological assessm ent criterion is generated by 

setting an interval around the extrapolated concentration. The extrapolated  concentration 

is calculated  by selecting the low est N O E C  or L(E)C 50 from the toxicological data 

available and applying extrapolation factors w hich depend on the exten t o f  the  data set. 

Specifically for C Bs, T EQ s w ere also taken into account. Subsequently , the extrapolated 

concentration is rounded to  the nearest order o f  m agnitude interval to  generate the EAC

[26]. Ecotoxicological assessm ent criteria should be used to  identify possible areas o f  

concern and indicate w hich substances could  be considered a priority , and should not be 

used as firm  standards or as triggers for rem edial action. The provisional EA C  for CBs 

has a low er lim it o f  1 pg /kg  dw and a h igher lim it o f  10 pg /kg  dw  for E7CB. A plot o f  the 

median values o f£ 7 C B  found at the different stations in the period  1991-2001 against the 

EA Cs is show n in Figure 4,2.6. Sam pling station SI 8 w as found to be the only  one having
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a m edian concentration that is above the upper EAC level (29 vs. 10 pg/kg dw ). and harm 

to liv ing organism s can, therefore, not be excluded. In about h a lf  o f  all the stations, the 

low er EAC level w as exceeded, w hich m akes these stations areas o f  concern. It is 

therefore interesting to add that several o f  these high values w ere found a t stations out in 

the open N orth Sea. T his is a rather serious result because EA C  levels are based on 

effects. A discussion concerning data norm alisation is probably not ju stified  here. 

O rganism s are in contact w ith the entire sedim ent and not ju s t the fine fraction. 

C om parisons on a toxicological basis are therefore best done on the total sedim ent 

concentration.
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F igure  4.2.6: Median concentrations of L7CB (pg/kg dw) in 1991-2001 plotted against the OSPAR EACs
[51-

CB patterns

In an earlier paper, V yncke et al. [27] studied the CB patterns in sedim ents from the 

Scheldt river and noted that the various C B s significantly  correlated  w ith each o ther when 

the FS concentration  data for a num ber o f  years w ere com pared. Earlier, D elbeke et al.

[23] also  found a consistent CB pattern in sedim ents from the present study area. In this 

study, this aspect w as further investigated not only for the Scheldt, but for all stations.



PC'Bs in marine and estuariae sediments, 10-ycars o f monitoring 233

2.4 

2.2 

2 0  

1.8 

1.6

1.4 

o  1 2

0.8 

0.6 

0.4 

0.2

0.0 

• 0.2

figure 4.2,7: CBx/CBlO l ratios averaged (n= l84) over all sampling stations and the entire period 
( 1991 -2001 ). The median value, the 25-75% percentiles and the non-outlier range are indicated.

To this end, the average ratio  o f  each individual CB over CB101 w as calculated  for all 

sam pling stations and over the entire 10-year study period. The box and w hisker plot o f  

Figure 4.2.7 graphically  displays the results. The quartiles o f  the plots vary betw een 15 

and 33%  for the various CBx/CB101 ratios, w hich is o f  the sam e order as the long-term  

analytical variability. The w hiskers are roughly sim ilar in length to the long-term  

analytical error. In o ther w ords, the plot certain ly  suggests that all the stations in the 

Scheldt estuary and southern North Sea have closely sim ilar CB patterns. T his confirm s 

and extends the conclusions quoted above or, at the very least, show s that the pattern 

variability  is less than the long-term  analytical variability. As a  further dem onstration, the 

logarithm s (a log-norm al d istribution gave the best representation o f  the population) o f  

the concentrations o f  the individual C Bs w ere plotted versus the logarithm s o f  the C BI01 

concentrations for the entire dataset. As T able 4.2.3 show s, significant correlations were 

found w ith Ia values form 0.66 for CB 31 to 0.97 for CB 153. It is interesting to add that 

such a d istinct correlation  w as also found for ano ther dataset. W hen w e carried out a 

sim ilar analysis for results published by de Boer el al. [28], w ho studied sam ples

□ Median I 125%-75% 1 Non-Outlier Range

I 5 1

C628 CB31 CB52 CB118 CB153 CB105 CB138 CB156 CB180
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originating form various m arine and estuarine stations in the coastal area o f  the 

N etherlands, even slightly h igher r* values o f  0 .89-0.98 w ere found.

Table 4.2,3 : Log-log corre­
lation o f  various C’Hs VS- CB 
101.

CB H
105 0.83
118 0.95
138 0.94
153 0.97
156 0.80
180 0.86
28 0.72
31 0.66
52 0.84

It is tem pting to explain the observed sim ilarity  in the CB patterns on the basis o f  a 

com m on source. In that case, the Scheldt river is the m ost likely candidate because o f  the 

high concentrations found up-stream  and the observed concentration  gradient (Figure 

4.2.4). H ow ever, the sim ilarity  in the patterns extends over the entire region under 

investigation and it rem ains to be proven that the Scheldt river w ould influence sam pling 

stations such as N 120 and N 800 (F igure 4.2.1). Here, one has to consider that the 

existence o f  several sources could still result in closely  sim ilar patterns, provided that 

essentially  (he sam e m ixtures are used, and this is indeed true for CBs. T he m ajor 

constituents o f  these m ixtures have becom e the m arker C B s that are found in all 

environm ental sam ples [2,32]. Large-scale d iffuse contam ination  o f  soil and sedim ents by 

C Bs has been largely attributed to  atm ospheric transport and deposition [32], This process 

is certainly m ore im portant fo r the open seas and exceeds the direct riverine input for the 

area [5].

It is therefore highly likely that the general use o f  technical CB m ixtures w ith roughly the 

sam e com position is the main cause o f  the pattern sim ilarity . The com plex sedim ent 

m ovem ents in the N orth Sea, and transport o f  suspended m atter by m ajo r rivers such as 

the Scheldt and Rhine and in the C hannel, in com bination w ith atm ospheric transport and 

deposition, should then m ainly be regarded as the m echanism s leading to  the w idespread 

distribution o f  these contam inants. For instance, for the Scheldt there is a significant 

incursion o f  m arine sedim ent [29,30], m ostly  originating from the C hannel [21,31], into
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the estuary  and the residual transport o f  m arine mud into the estuary  is in near- 

equilibrium  with the output o f  fluviatile mud. O nly during high flood events, considerable 

am ounts o f  sedim ent are transported to the sea. contributing  to the net transport [29]. 

O nce at sea, sedim ents and suspended particulate m atter can be redistributed by currents 

and intensive sedim ent m ovem ents, w hich occur frequently in that part o f  the North Sea.
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figure  4.2.8: Trend analysis o f  CB 153 concentrations for sampling stations N 120 (Belgian coast), 
N700 (deposition area), B08 (mouth o f  Scheldt estuary), S09 (middle o f  Scheldt estuary) and S I8  
(turbidity maximum) in the period IW I-2001 . The dashed line is the predicted trend.
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Trend analysis

B ecause o f  the good correlation o f  the concentration  data for the various m arker CBs 

d iscussed above, trend analysis w as lim ited to a single - but ubiquitous - congener, CB 

153. Five stations w ere selected for w hich experim ental results w ere abundantly  

available, and w hich gave a  good spatial d istribution: stations N 120 (B elgian  coast), 

N 700 (deposition  area), B08 (m outh o f  estuary), S09 (m iddle o f  estuary) and S I8  

(turb id ity  m axim um ). The results o f  the T rend-y-tector analysis are show n in Figure 

4.2.8. O ne main conclusion is that the year-to-year d ifferences are som etim es large, o r 

even very large. It w as also observed that, w ith the m arine sam pling stations, interannual 

d ifferences fo r each station regularly  w ere larger than those betw een different stations. In 

o ther w ords, the environm ental variation is high. N icholson et al. [33] show ed that the 

perform ance o f  a tem poral trend program m e can be m easured by the trend (%  change per 

year) that can be detected after ten years w ith a  pow er o f  90%  using a test at the 5% 

significance level w ith state-of-the-art statistical m ethods such as w ere used here. To 

quote tw o exam ples, for a  high environm ental variability  (52% ), a trend o f  22%  can be 

detected  for an analytical variability  o f  12.5%, and a trend o f  24%  for an analytical 

variability  o f  25% . For a m edium  variability  (26% ), a trend o f  12 or 15% can be detected 

for these sam e analytical variabilities. Furtherm ore, the statistical m ethod used here is 

largely unaffected by isolated extrem e values. G iven our long-term  analytical variability  

(see above) and the expected as w ell as observed environm ental variability , the current 

program m e w ill not be able to detec t changes that are, on average, less than about 20% . 

Or, in o ther w ords, the w eak upw ard (B 08) o r dow nw ard (N 700 and S09) trends 

suggested by the M ann-K endall analysis certainly are not significant.

W ith the changes in the CB concentrations being less than 20%  during the period o f  

m onitoring discussed in this study, one has to  conclude that no concentration changes can 

be indicated” *. T his is very much in line w ith the most recent assessm ent o f  contam inant 

data in sedim ents from the O SPA R  area, i.e. the northeast A tlantic [38]. From  the 308 

tim e series that w ere evaluated  only  fourteen show ed a dow nw ard trend. A part from  six 

tim e series that even show ed an upw ard trend, the vast m ajority o f  the tim e series show ed

"  It is unlikely tha t the quoted results is (partially) due to  the type o f  sam pling used. U sing another type o f  sam pler, 
e.g. a box co rer instead o f  a grab sam pler, w ill presum ably have little effect on the outcom e. A box corer is often used 
in area ’s w ith a clear net sedim entation rate, a s ituation that does not occur here (w ith  possib ly  the exception  o f  certain 
zones in the Scheldt estuary; how ever, there dredging  w ill interfere with the natural processes). That is, it is safe to  
assum e that, in the study area, the upper 10-40 cm  do indeed represent the current situation (7b].
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that concentrations have no t changed in the last 5-10 years. A ctually, in recent years few 

authors have been able to relate decreased inputs o f  C B s resulting from the reductions in 

use, discharge and/or em ission, to reduced levels in the m arine environm ent. A dm ittedly, 

decreasing trends w ere observed earlie r in biota for the southern N orth  Sea [34] and the 

Baltic [35], and also  for sedim ents in these sam e areas [24,36], H ow ever, such dow nw ard 

trends w ere m ostly observed in the eighties and early nineties. Today, a rather large 

num ber o f  non-significant trends is reported for the G reater North Sea area [5]. A lready in 

1988 Tanabe [37] already suggested that, although CB concentrations w ere decreasing in 

certain  regions, a global decline should not be expected in the next few  years, because o f  

continuous inputs into the environm ent caused by e.g. leakages from  landfills and 

em issions from incinerators. In addition, he even suggested that the quantities o f  C Bs still 

in use exceed the am ount that has been released into the environm ent. O SPA R  states that, 

for the northeast A tlantic region, the m ajor part o f  the C Bs that are present, is adsorbed to 

soil, litter and sedim ent. From  these solid m atrices they are slow ly volatilised  to the 

atm osphere [32]. Such em issions will act as a constant source o f  supply. M oreover, 

according to  O SPA R , until at least the very end o f  ou r study, em issions o f  C B s from 

sm all, uncontrolled applications in the northeast A tlantic w ere still very im portant. 

C learly , C B s are still being  introduced into the m arine environm ent, w hile at the sam e 

tim e redistribution occurs through various, often com plex, processes such as sedim ent 

transport. O ur results fit into this picture. The net effect is that CB concentrations have 

rem ained essentially  constant in the past decade — a situation w hich seem s unlikely to 

change in the near future.

4.2.4 C onclusions

The current analytical m ethodology for the determ ination o f  CBs in sedim ents by m eans 

o f  G C -EC D  gives a long-term  variability  o f  10-30% . This is sim ply the reality  for most 

laboratories that perform  this type o f  analysis. G iven this analytical variability  and the 

expected as well as observed environm ental variability , the current program m e will not be 

able to  detect changes that are, on average, less than about 20%  over a 10-year period. 

This is the case even though norm alising for the fine fraction o f  the sedim ents already 

reduced the overall variability  o f  the data, i.e. the variability  w ithin a  station resulting 

from different sam pling occasions. In th is respect, isolation o f  the fine fraction by sieving 

(<63 pm ) seem s an efficient physical norm alisation step, if  not an indispensable one, for 

tim e trend analysis o f  C B s in sedim ents. N ot taking the grain size into account w ould
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result in d ifferences betw een the sam pling stations purely on the basis o f  their sedim ent 

com position rather that the actual CB levels.

The present results show  that the norm alised concentration patterns o f  the seven m arker 

C B s w ere closely sim ilar in all stations o f  the study. A lthough a clear gradient is observed 

in the estuary leading to  the inevitable conclusion that the Scheldt river is the main 

source, the pattern sim ilarity (especially  in the open N orth  Sea) certain ly  also reflects the 

w ell-know n fact o f  the production and w idespread use o f  identical CB m ixtures. Com m on 

processes in the m arine environm ent such as the com plex m ovem ents o f  m arine sedim ent, 

transport o f  suspended m atter and atm ospheric transport quite probably further reduce the 

source differences.

C B  concentrations at about h a lf  o f  all the sam pling stations w ere above the O SPA R 

background level o r BRC. O ne should add that, although the o rder o f  m agnitude o f  the 

BRCs are correct, the values given are m uch to precise; m oreover they do not consider 

the sedim ent com position, specifically  the FS content, w hich severely ham pers their use. 

The low er O SPA R FAC level w as also frequently exceeded, again at about h a lf  o f  the 

stations, and several o f  the high values w ere found at stations out in the open North Sea. 

As EAC levels are based on effects, this is a cause for serious concern.

The CB concentrations w ere found to have rem ained essentially  constant in the entire 

study area in the 1991-2001 period i.e. changes w ere less than 20% . The ten years o f  

m onitoring  represent a considerable investm ent in tim e and m oney, and a b rie f  critical 

assessm ent o f  the m erits o f  the program m e is therefore justified . In all p robability , being 

able to detect a, hopefully  dow nw ard, trend o f  about 3%  per year w ill be considered 

satisfactory for m any purposes. T his im plies that a m onitoring program m e o f  the present 

size should be continued. It is good to add that the perceived absence o f  a d istinct trend 

should not lead the authorities to replace annual m onitoring by e.g., m onitoring every tw o 

o r three years. B ignert et al. [35] have already dem onstrated that reduced data sets easily  

leads to  erroneous results i.e. non-justified upw ard or dow nw ard trends. A ctually, 

perform ing such an exercise on our present dataset, led to the sam e conclusions.

Finally, should there be a need to im prove the perform ance o f  the program m e w ithout 

significantly  increasing costs, then one option w ould be to reduce the num ber o f  stations
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and proportionally  increase the sam pling frequency at the rem aining stations. A fter all, 

the present study convincingly dem onstrates the close sim ilarity  o f  the CB patterns in the 

entire study area, and also  the not too w idely divergent concentrations in the sedim ents 

from  the open sea. An alternative w ould be to use SPM  for the m easurem ents
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S am en v a ttin g

Bij de evaluatie van de effecten van m enselijke activiteiten op het m ariene m ilieu speelt 

m onitoring een belangrijke rol. D it is speciaal zo w anneer de gevaren van zogenaam de 

toxische stoffen in beschouw ing genom en w orden. O nder m onitoring w ordt hierbij 

verstaan het geregeld m eten van de concentraties van die stoffen in deze studie 

v luchtige organische verbindingen (V O C s) en poiygechloreerde bifenylen (PC B s) -  in de 

verschillende com partim enten van dit m ilieu. Dit m aakt het m ogelijk om  enerzijds de 

bestaande situaties in kaart te brengen en anderzijds veranderingen in dic situatie vast te 

stellen. Het laatste is onderm eer van belang om de efficiëntie van genom en m aatregelen 

te toetsen (bijv. het verbod om  bepaalde bestrijdingsm iddelen te gebruiken in de 

landbouw ) e n /o f aan te passen. De activiteiten van een laboratorium  voor m ariene chem ie 

bevinden zich precies in dit gebied en drie voornam e aspecten van dit w erk w orden in 

deze studie toegelichl:

-  de ontw ikkeling en verbetering van analy tische procedures die in staat m oeten zijn 

om  sporen van organische m icro-contam inanten in het m ariene m ilieu te bepalen

-  het uitvoeren van baseline studies om  de potentiële im pact van “nieuw e’' 

contam inanten te evalueren

-  het observeren en evalueren van de aanw ezigheid van een doelgroep van 

contam inanten in het m ariene m ilieu in ruim te en tijd.

De algem ene aanpak van de riscoanalyse van schadelijke stoffen is grafisch voorgesteld 

in F iguur I. De bijdragen hieraan geleverd door de au teur van de hudige studie zijn 

eveneens aangegeven.

H oofd stu k  1 schetst de aanzet voor en het huidige kader van de m onitoring van hel 

m ariene m ilieu. De aanzet voor zow el nationale ais internationale m onitoring 

program m a’s is een gevolg van de erkenning van de verontreiniging door organische 

m icropolluenten (O M Ps) ais een m ondiaal probleem . Het hoofdstuk beschrijft kort een 

aantal belangrijke regionale program m a’s zoals H ELCO M  (O ostzee), A M A P 

(N oordpoolgebied) en m ondiale program m a’s zoals U N EP-PO P (de Stockholm  

C onventie), RSP (Regional Seas Program m e) en G IW A  (G lobal International W aters 

A ssessm ent), en gaat d ieper in op p rogram m a’s d ie van belang zijn voor de N oordzee,
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met name: het ‘Joint Monitoring and Assessment Programme' van O SPA R  (O SPA R 

JA M P) en de kaderrichtlijn  w ater (K R W ) van de EU. Hoewel hij pas recent werd 

goedgekeurd, kan verw acht w orden dat deze richtlijn  in de kom ende jaren  een belangrijke 

rol zal spelen. Het hoofdstuk gaat ook d ieper ín op de strategie gebruikt voor het 

prioritiseren van gevaarlijke stoffen en besteedt aandact aan sto tïen  en stofklassen die 

belangrijk zijn. o f  w orden, voor de N oordzee en haar d irecte om geving. V erder w orden 

de voornaam ste tekortkom ingen van de m onito ringsprogram m a's benoem d en w orden er 

voorstellen tol verbetering geform uleerd. T o t slot gaat de tekst kort in op de  m eest recente 

m ethodologie inzake m onsteropw erking en instrum entele analyse (in hoofdzaak gas- en 

vloeistofchrom atografie), w aarbij zowel de state-of-the-art ais veelbelovende nieuw e 

initiatieven w orden toegelicht.

Onzeker
Risico?

Neen

Resultaten

Geen actie

Resultaten

Maatregelen

R isicoanalyse

Veldstudies 
Hfdst. 3

Evaluatie d.m .v. 
monitoring

M ethode-
ontw ikkeling

H fdst. 2 .2 , 2 j

M ethode-
ontwikkeling

Hfdst. 2.1

Evolutie d.m .v. 
monitoring 

Hfdst. 4

Aanzet: 
verontreiniging door OM Ps

F iguur I : Algemene aanpak en activiteiten in monitoring studies gericht op de risicoanalyse van OMPs, 

inclusief de bijdragen die hiervoor geleverd werden door de auteur van dit proefschrift.
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Analyse

H oewel de laatste ja ren  veel aandacht is besteed aan het prioritiseren van O M Ps — wat 

resulteerde in de publicatie van een aanzienlijk  aantal lijsten -  blijkt vaak dat inform atie 

inzake de aanw ezigheid en concentraties in het m ariene m ilieu voor veel O M Ps 

voorkom end op deze lijsten, schaars is. De V O C s zijn in dit opzicht een goed voorbeeld. 

De noodzaak om  zow el de aanw ezigheid ais de concentraties van deze verbindingen te 

bepalen, leidde tot de ontw ikkeling van een analytische G C -M S  m ethode die de 

gelijk tijd ige bepaling van chloroform , tetrachlorom ethaan, 1,1-dichloroethaan, 1,2- 

d ichloroethaan, 1,1,1-trichloroethaan, trichloroetheen, tetrachloroetheen en de BTEX 

verbindingen in m ariene organism en m ogelijk  m aakt. H oofdstuk 2.1 laat zien hoe een 

com m ercieel ‘purge-and-trap' apparaat hiertoe w erd aangepast en gaat d ieper in op de 

problem atiek van dit soort analyse. B ijzondere aandacht w ordt besteed aan 

verontreininging door om gevingscondities en de robuustheid van de m ethode in het 

algem een. B ovendien wordt beschreven hoe de m ethode met succes w erd gebruikt voor 

het bepalen van V O C s in tw ee soorten N oordzeevis, B ijkom ende technische 

verbeteringen en het gebruik van een m eer geschikte GC kolom  hebben er uiteindelijk toe 

geleid dat de m ethode gebruikt kan w orden voor ongeveer zestig V OCs {H oofdstuk 2.2).

Het tem po w aarin nieuw e analytische instrum enten op de m arkt kom en, is in grote mate 

bepalend voor de snelheid w aarm ee de analy tische chem ie evolueert. Een laboratorium  

voor m ariene chem ie is dan ook genoodzaakt om deze evolutie van dichtbij te volgen en, 

indien gew enst, nieuw e analysem ethoden te im plem enteren. Een goed voorbeeld hiervan 

w ordt beschreven in H oofdstuk 2.3. Het behandelt de evaluatie van een nieuw 

tafelm odel ‘high-resolution time-of-flight mass spectrometer' (TOE M S) v o o rd e  bepaling 

van een aantal belangrijke O M Ps. Het voornaam ste voordeel van dit instrum ent is zijn 

hoge m assaresolutie van ca. 0,002 Da {IO ppm ); dat verhoogt de dctecteerbaarheid  van 

verbindingen zoals polaire pesticiden, poiyarom atische koolw aterstoffen en PCBs in 

aanzienlijke mate. De detec tiegrenzen die nu bereikt kunnen w orden, zijn excellent, 

d.w .z. ca. 1-4 pg  geïn jecteerde m assa. V ooral voor de analyse van com plexe m onsters 

biedt het instrum ent belangrijke voordelen vergeleken met klassieke lage-resolutie MS- 

system en, om dat de kans op vals-positieve resultaten aanzienlijk  w ordt verkleind.
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Baseline monitoring

Het zich bew ust w orden van (het voorkom en) en het m ogelijke gevaar van bepaalde 

verbindingen is dikw ijls de voornaam ste aanzet voor de ontw ikkeling van nieuw e 

analytische m ethoden. A ls die eenm aal operationeel zijn, kunnen ze gebruikt w orden voor 

een eerste ‘baseline’ studie van de concentraties in het m ilieu. Dit m aakt het de 

autoriteiten  m ogelijk  een eerste inschatting te m aken van de om vang van het probleem . 

De initiële resultaten voor V O C s beschreven in H oofdstuk 2.2, laten concentratiesniveaus 

in beide v issoorten zien die to t 100-maal hoger w aren dan in het om liggende water. 

B ovendien waren de hoogste concentraties ongeveer tienm aal hoger dan voor CB 153, de 

C B  die norm aliter m et de hoogste concentratie aangetroffen  w ordt. Het d irecte gevolg 

w as het initiëren van een m eer uitgebreid  vierjarig  onderzoek in de zuidelijke N oordzee: 

dit w ordt besproken in H o o fd stu k  3.1. T ijdens opeenvolgende cam pagnes w erden twee 

soorten vis en v ier soorten invertebraten  bem onsterd. De eerdere resultaten  w erden 

bevestigd: V O C s konden w orden aangetoond in alle soorten en de concentraties waren 

van dezelfde orde van grootte ais in het eerdere onderzoek. V erder bleken de 

concentraties van de gechloreerde V O Cs, met u itzondering van chloroform , in het 

algem een lager te zijn dan die van de BTEX verbindingen. Bovendien konden de 

verspreidingspatronen en concentraties van BTEX  in verband gebracht w orden met hun 

voornaam ste bron, de verbranding van fossiele b randsto lïen . M et gebruikm aken van 

relevante veiligheidscriteria kon w orden vastgesteld dat de concentraties in de 

onderzochte d iersoorten geen acuut gevaar opleveren voor de  organism en. O ok ziet het e r 

naar uit dat consum ptie van deze organism en geen gevaar oplevert voor de mens. V erder 

onderzoek is evenw el nodig om  te bepalen w at de gevolgen zijn  van een langdurige 

blootstelling  aan lage concentraties. Dat sedim ent niet ais een bron van V O C s beschouw d 

kan w orden, kom t duidelijk  naar voren in H o o fd stu k  3.2. De concentraties in organism en 

konden niet gerelateerd  w orden aan de  extreem  lage concentraties in het sedim ent. Dit 

suggereert dat organism en V O C s voornam elijk  via de w aterkolom  opnem en. O pvallend 

w aren tijdens dit onderzoek ook de, som s verontrustend, hoge VOC concentraties van 

som m ige m icro-polluenten (to t 900 pg/g  versgew icht) in de buurt van de haven van 

A ntw erpen.

H et bovenstaande laat niet alleen  zien  dat V OCs aangetoond kunnen w orden in m ariene 

organism en, m aar ook dat zulke organism en gesch ik t kunnen zijn om  de verontreiniging 

van het m ariene m ilieu in kaart te brengen. D e hoge concentraties gevonden in aal in de
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huurt van A ntw erpen (H oofdsluk 3.2) roepen onm iddellijk vragen op over de situatie in 

liet zoetw aterm ilieu. In H oofdsuk  3.3 w ordt daarvan een verkennende studie beschreven 

over de aanw ezigheid van V O C s in een aantal zoetw aterm ilieus in V laanderen en w ordt 

het gebruik  van aal ais biom onitor geëvalueerd. De concentraties in aal blijken 

rep resen tatief te  zijn  voor hun ‘m ilieu ’ en de VOC patronen en concentraties gevonden in 

vissen afkom stig van dezelfde locatie blijken vergelijkbaar te zijn. B ovendien blijken de 

concentraties in de w aterkolom  en de palingen m odelm atig met elkaar overeen te komen. 

O ok in dti geval konden de experim enteel bepaalde concentraties en patronen van BTEX 

in verband gebracht w orden met de verbranding van fossiele brandstoffen.

Compliance monitoring

W anneer w e de studie van het m ariene m ilieu in zijn totaliteit beschouw en, dan behoort 

het w erk beschreven in de voorgaande hoofdstukken tot het zogenaam de verkennend 

onderzoek m ethodeontw ikkeling, de eerste reeksen m etingen en de eerste resultaten. 

A ansluitend hierop is het interessant om in het laatste deel van dit p roefschrift d ieper in te 

gaan op de resultaten van lange-tem iijn  m onitoring. In H o o fd stu k  4.1 w ordt de evolutie 

van de concentraties van C Bs in v ier indicatorsoorten, kabeljauw , bot, m ossel en garnaal, 

in een periode van 10 ja a r  (1983 -1993 ) besproken. De studie gaat ook in op de relatie 

tussen die concentraties en een aantal b io logische param eters. Zo w ordt aangetoond dat 

het nodig is om  te norm aliseren op vetgehalte om tot een verantw oorde vergelijking van 

CB gehalten in verschillende organism en binnen een soort e n /o f tussen verschillende 

w eefsels van één organism e te kom en. Het onderzoek laat ook zien dat de concentraties 

van C B s in het B elgische gedeelte van de N oordzee in de periode van onderzoek 4 0 -7 0  %  

gedaald zijn. In H o o fd stu k  4.2 w ordt een vergelijkbare studie beschreven over de CB 

gehalten van sedim enten uit hetzelfde gebied, m aar nu voor de periode 1991-2001. De 

studie gaat ook  in op de evaluatie van de lange-tcrm ijn kw aliteit van de  analytisch- 

chem ische bepalingen en toont aan dat de CB patronen in de fijne fractie van het sedim ent 

(<63 pm ) vergelijkbaar zijn  voor het gehele  onderzochte gebied. Het isoleren van die 

fractie door m iddel van zeven kan beschouw d w orden ais een fysische norm alisatie van 

het sedim ent: verschillen in concentratie ais gevolg  van variaties in de granulom etrische 

sam enstelling van het sedim ent w orden grotendeels geëlim ineerd. D aardoor w ordt een 

beter inzicht in de verspreiding en de patronen van de C Bs verkregen en kan een betere 

trendanalyse w orden uitgevoerd. Het is enigzins opm erkelijk  dat. w aar de concentraties 

van C B s in organism en in H oofdstuk 4 . 1 een duidelijke afnam e vertoonden, e r  hier, voor
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het sedim ent en voor een m eer recente periode, geen significante dalende trend is vast te 

stellen. D oordat liet om verschillende perioden en verschillende m atrices gaat, d ient men 

voorzichtig  te zijn m et het trekken van conclusies. D esalniettem in is het interessant om  te 

verm elden dat ook ander recent onderzoek van biota en sedim ent constateert dat e r  geen 

du idelijke concentratiedalingen zijn.
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D ankw oord

Het is er dan toch van gekom en. Met enig  o nge loo f vat ik de laatste pag ina’s aan van een 

w erk dat een intense, som s m oeilijke m aar boeiende periode van mijn leven w eerspiegelt. 

T ijd om  even terug te blikken en vooral om  iedereen te bedanken die een rol gespeeld 

heeft in het to t stand kom en van dit proefschrift. Ik heb niet alleen  het geluk mij om ringd 

te w eten door een aantal b ijzondere m ensen, m aar heb bovendien steeds kunnen rekenen 

op de goede wil en inzet van een nog groter aantal anderen. O p het gevaar a f  iem and te 

vergeten w il ik g raag een aantal onder ju llie  met nam e noem en.

In eerste instantie gaat m ijn b ijzondere en oprechte dank uit naar m íjn p rom otor Udo 

Brinkman. Beste Udo, het lijkt pas gisteren dat Jacob de Boer me na zijn  verdediging 

aanraadde om je  ais p rom otor te vragen voor m ijn proefschrift en ik ben hem daar zeer 

dankbaar voor. O p een leuke m anier is het e-m ail tijdperk een beetje aan ons 

voorbijgegaan en heb ik ook de gelegenheid gehad om me met je  handschrift vertrouw d te 

m aken. T ijdens die honderden pag ina’s die w e over de fax hebben uitgew isseld en de 

talloze gesprekken over de telefoon heb je  me vaak m et verstom m ing geslagen. Niet 

alleen door je  bereidw illigheid om nagenoeg op elk uur van de dag o f  nacht tijd te m aken 

voor een gesprek o f  het nalezen van alw eer een nieuw e versie, m aar ook door het 

ongelooflijk  gevoel voor detail en het inzicht w aarm ee je  te w erk gaat. Bovendien kon ik 

steeds op je  begrip rekenen w anneer het m enselijke even de bovenhand haalde op het 

w etenschappelijke. Je enthousiasm e en je  energie zullen een bron van inspiratie blijven.

Ik wil ook de d irectie en dhr. Daniel C ahen, van het K oninklijk Belgisch Instituut voor 

N atuurw etenschappen bedanken voo r kans d ie ze  me geboden hebben om  dit w erk tot een 

goed einde te brengen. H ierbij aansluitend ook een bijzonder w oord van dank voor 

G eorges P ichot, m ijn departem entshoofd. Beste G eorges, je  hebt me de kans en het 

vertrouw en gegeven om  dit werk te schrijven. O p je  eigen onnavolgbare m anier heb je  de 

d ruk  op de ketel gehouden en ik heb steeds op je  steun en begrip kunnen rekenen. Ik wil 

hierbij ook alle andere co lleg a 's  van de BM M  bedanken. Dit geldt in het b ijzonder voor 

het laboteam : M are K nockaert, Els M onteyne, M arijke Neyts, Edw ige D evreker, Daniel 

Saudem ont en C hantai H oste. H et is een  p lezier om m et ju llie  sam en te w erken en het 

geeft een goed gevoel w anneer je  erop kan vertrouw en dat het w erk  verder gaat ais er 

w eer eens alleen m aar tijd w as voor een nieuw deel van d it boekje. Tk wil verder ook de
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andere co llega’s van de BMM te O ostende. Bieke R yckebusch, Joan Backers, Reinhilde 

Van Den B randen. G regory De Schepper, Jean-Pierre D eblauw e, Jan H aelters, Francis 

K erckhof, D ietrich V an T uyckom  en  zeker A ndré Pollentier, bedanken voor de 

aangenam e w erksfeer en collegialiteit.

Een groot deel van dit w erk kw am  tot stand op het D epartem ent voor Zeevisserij van bet 

C entrum  voor Landbouw kundig  O nderzoek. Ik wil dan ook de d irectie van dit instituut op 

hun beurt bedanken voor de kansen die ze me gegeven hebben. Dit geldt in het bijzonder 

voor W ilfried V yneke, die d it project van m eet a f  aan steunde. O ok daar kon ik bouw en 

op m ijn naaste m edew erkers Ides D obbelare. Pascale D riessens en M ark Van 

R yckeghem . Het w as niet altijd gem akkelijk  en ik w as vaak veeleisend m aar ik denk met 

veel p lez ier terug aan de tijd  die w e sam en in het labo doorbrachten. V erder wil ook Kris 

C oorem an en Peter B ossier bedanken. Kris, je  w as een im puls voor d it w erk en een vriend 

v an a f de eerste m aanden dat w e daar sam en begonnen zijn. Ik ben blij dat w e nog steeds 

de kans hebben om  sam en te w erken. Peter, onze professionele sam enw erking w as tot 

m ijn grote spijt veel te kort m aar de vriendschap is gebleven. M ijn dankbaarheid  gaat 

verder ook uit naar Luc Sanders, O m er D ecock, M arie-Jeanne V andenbouhede, C hris 

Lesafïre, M are Raem aekers en alle  andere m edew erkers van het DvZ voor de w erksfeer, 

de inzet en de algem ene sam enw erking.

O ok een b ijzonder w oord van dank voor m ijn coprom otor H erm an V an Langenhove. 

H erm an, dit is niet de eerste m aal d a t j e  naam onder een werk van m e staat en ik w e e tje  

advies, je  inzichten en je  aangenam e persoon al lang te w aarderen. Z onder onze 

inspanning om het project Z eew etenschappen erdoor te krijgen w as d it p roefschrift niet 

tot stand gekom en in zijn huidige vorm . In deze context ook wil ik ook Jo D ew ulf 

bedanken. Jo , je  w as er v an a f de eerste m om enten bij, w as wat sneller dan ik en ik heb je  

kritische evaluatie van dit proefschrift zeker geapprecieerd.

Ik wil ook de com m andant en de bem anning van de Belgica bedanken. S taalnam e op zee 

klinkt eenvoudig m aar is het niet. De condities zijn som s verre van ideaal en ik heb ju llie  

professionele en persoonlijke inzet aan boord steeds gew aardeerd.

N aast Jo D ew ulf wil ik zeker ook de andere leden van de leescom m issie, Jacob de Boer, 

C ees G ooijcr en C olin M offat bedanken voor hun kritische appreciatie  en de talrijke tips.
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C olin, I liave had the pleasure o f  your know ledge, your valuable insights and good hum or 

at various m eetings for the last years. 1 have appreciated your com m ents and suggestions 

and I am grateful that you took the tim e in  a busy schedule to read through this som ew hat 

extensive w ork. Jacob, ik ga al bij jou  te rade sinds het prille begin van m ijn  carrière in 

O ostende en w aardeer erg je  kennis, je  doorzicht, d ie bijzonder kritische geest en je  

gevoel voor humor.

Hierbij aanslu itend m ijn speciale dankbaarheid voor de talrijke andere co llega’s die op 

een o f  andere m anier bijgedragen hebben tot de verw ezenlijking van dit w erk. Ik wil hier 

dan ook van de gelegenheid gebruik m aken om Foppe Sm edes te bedanken. Foppe, ik heb 

je  vaak op een buitengew one en onnavolgbare m anier met ideeën, com m entaar, kritiek en 

inzichten uit de hoek w eten kom en, m aar mi jn w aardering voor je  is in die periode alleen 

m aar toegenom en. Om het nog even bij N ederlandstalige co llega’s te houden wil ik ook 

T on Van de Zande, C laude B elpaire, G erlinde van Thuyne, Pirn Leonards, René V reuls, 

W im  C ofino en zeker Jens D alliige bedanken voor hun sam enw erking, inzet. tips en steun 

in de verw ezenlijking van dit werk.

M uch o f  w hat I do on a  daily  basis relates to  a  broader international context. 1 have had 

the p leasure o f  m eeting a considerable num ber o f  extraordinarily  people th roughout the 

years. M uch o f  the know ledge, ideas and concepts throughout this thesis are the fruits o f  

these contacts. I am especially grateful for the stim ulating d iscussions, talks, presentations 

at, and, therefore to, the m em bers o f  the ICES M arine C hem istry  W orking G roup, the 

ICES W orking G roup on Sedim ents in relation  to pollution, the O SPA R W orking G roup 

on M onitoring and the W orking G roup on the C oncentrations, T rends and Effect o f  

Substances, It is quite im possible to nam e you all but my special thanks go to lan D avies 

(for advice on the set-up o f  the thesis, M G s and much m ore), Rob Fryer (fo r valuable 
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