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I global uses and contamination

A. Industrial Applications
Although the wniheats of polychlorinated biphenyls tPCBs) was first desenbed m 1*81 

hy Schmidt and Si.huln. the potential induslnal applications were not fully realized until 
about I9V0 The increased use of PCBs as important induslnal chemicals for use as non­
flammable mis in a host of products gave btnh to a senes of commercially available raw 
matenals marketed under vanous irade names: e f . Aroclor* (Monsanto. U S i. Clophen* 
iBayer, West Germanyi. Phenoclor* tCaffaro. Italy). Kanechlor* (Kanegafuchi. iapant. 
Pyralene* (Prodelec. France), and Sovol* (U S S.R ) — to name 1 few These mixtures of 
PCBs quickly gained wide acceptance >n induslnal products where nonflammability and 
heai-resistini properties were highly desired. For reference purposes, ihe Aroclor* senes1 
manufactured in the U S can be taken as representative of ihe range of PCB mixtures 
available on ihe world marketplace Foreign counterparts had different names but ihctr PCB 
coniem was very similar 10 an existing member of ihe Aroclor* senes. This senes of 
Aroclors* was sold under vanous Arabic number designations which reflected their relative 
compositions and physical properties (Table IV In theory, the total number of possible 
compounds resulting from chlonnanon of the biphenyl nucleus is 209 (Figuie I) Molecular 
siruciural type was defined by the first two digits: 12 for PCBs. 25 and 44 for blends of 
PCBs and polychlorinated lerphcnyls iPCTsl. and 54 for PCTs. The last two digits were in 
approximate estimate for ihe wt% of chlonne. Popularity in induslnal applications of such 
maienals as constituents of hut transfer systems, hydraulics/lubncaisti. transformers, ca­
pacitors. plasticizer applications, and petroleum additives catapulted U S. domestic sales' 
of Aroclors* (1221 to 1268) from 32 million lb (14.SIS 0 in 1957 to almost SO million lb 
(36.287 n in 1970. The most popular blend was Aroclor* 1242 OS million lb IB.J65 ij in 
1957 to almon SO million lb |22.680 l| in 1970). Induslnal applications involving trans­
formers and capacitors were the leaders in usage pattern (29 million lb ] 13.154 t| in I9S7 
to almost 40 million lb |!I.1C2 t] in 1969) This quantitative historical data has been 
deltberaiciy limited to pra-1970 to provide a suitable backdrop for the environmental con­
sequences that were to follow this intense growth in production and uses of PCBs.

B. Need for Regulatory Controls
Grave concerns about the environmental fate of such vast quantities of PCBs and their 

resultant toxicological effects were alerted by the first reported findings of PCBs in fish and 
wildlife by Jensen* in 1966. Soon n became glaringly obvious that the widespread popularly 
of PCBs in a somewhat uncontrolled fashion had eventually led to thetr environmental 
incorporation as persistent and ubiquitous contaminants on a global scale.*'1 In the ecosystem. 
PCBs had become the most abundant of the chlorinated aromatic pollutants.’ nvaltng DDE. 
Sadly, indirect contamination by PCBs had eventually led to ihcir pretence in the food 
chain.

Shortly ate Jensen's report of PCBs in 200 pike.' en unfortunate accident in Japan1* in 
1968 was • provnw of similar events that would occur in the U.S. dunng the next decade. 
PCBs had accidentally leaked from a hut exchanger used in the production of net oil. 
Resultant levels of PCBs in the nee oil. when ingested, produced a spectrum of adverse 
symptoms: chloracne. discoloration of the gums and nailbeds. swelling of the joints, waxy 
secretions of ihe glands in the eyelids, as well as mom general manifestations such as 
lethargy and joint pain. Perhaps it was this single historical event rather than the widespread 
environmental contamination reported in the scientific literature that prompted regulatory 
intervention. The U.S. Food and Drug Administration (FDA) intuited 1 national survey to 
determine the exam extent and levels to which PCBs might have made their way into the 
food chain by indirect use of PCB contaminated animal feed, industrial and environmental

2 PCBl end iht Envirnnmrni
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Table |
GENERAL PHYSICAL AND TOXICOLOGICAL PROPERTIES OF VARIOUS

AROCLORS* *

Ar*oor*
Mi form

S».
fra'itr

DMtllWlM 
ruft !’C>

Rau
ara* LD, 
imf/k|i

KiIMj
llM MI O 
img/Vgi

i::i Clev rrwtHtf oat 1 1*2—t l« 373—330 3 9*0 ^2.000
i:j2 Ckir. noBik «l i :?o— i :so 390- 333 4 470 >i ztc
12*2 Cl*if. mnhilr oil 1 3*1 — 1 343 333—366 *630 > ‘><*4
i:*i Clctr, mobik oil 1 403—1 4IJ 340— 373 11.000
iZU Ll|M )til09 fiVOUl Oil 1 44S—i JOS 363—390 11.400 > 1.260
1260 Light rtllo». vq<i ldcfey icttn 1 333—1 366 3*3—1» io.ooo" :w
I2« Ligtii jtlkta sitciy *i«cou4 1 371-1 313 >93—ili II.300* >!.:«►

\2bi
rr*»n

While to powder 1 *06—1 *11 431—J SO 10.900" >:i3io*

Adminnwnrd u 50A lolvrioA >n corn Oil 
i 00 wnmo* in corn ail

Chlorine
Substitution

Number 
Possible li

Mono- 1

Di- 12

Tri* 24
Tetre- 42
Pont*- 46
H**a- 42
Haptf 24
Ocin- 12

Nona- 3
Dter

Total: 209

FIGURE I■ Neman of ponitte ewen of FCh.

source*, and the utc of PCB-containing paper food-pec Rtf in | material*. This extensive 
survey HnaUy resulted in a "Notice of Proposed Rule Making”" to limit ihe level of PCBs 
m foods contamini unavoidable residues from environmental and industrial sources ti was 
interesting to note that of the animal feed samples analyzed less than 5% contained PCBs 
(0 io 0.6 ppml. Several accidents similar lo die "Yusho" incident had. however, directly
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Table 2
FDA TOLERANCES FOR PCBs IN SEVERAL 

CLASSES OF FOOD

t’CBi <jmJ

('okfTMlrillM
ippmi

Prod vc* 1*73

Milk it d*»rv pinducii ilai bum : s ■ 3
Poul’fv Mil oavivr 3 0 3 0
E||! 0 3 0 3
Frtfi * incl'fiiPi rtchble portion! 3 0 3 O'
{n(am A ruruor 'OoOl 0 2 u:
Fre* for lond proOue«A| Bnimali 0 5 0 1
Am mol feed comporMfili incJodmf fittwncil A
Older by pfoOvcit <M marine onf in

3 0 : o

Piper lood pwkgfinf mMeruit intended for or 
d*cJ witri human load

ID 0 10 0

* a r*|MiM(on ciia»iiihiA| a new »e*ti of 2 ppm was promMlfpitd b<rt 
was ua*ed on October 3. umii nonce

contaminated animal feed and subsequently die poultry and eggs intended for human con­
sumption. Other pans of the survey indicated that the use of PCB-coniaintng coatings on 
the inner walls of gram silos had been responsible for PCB residues in milk1’ derived from 
dairy cows who fed on the gram stored in such sik». Results on food packaging* were 
revealing; 67% of the samples tested contained PCBs with the highest value found being 
331 ppm. and of these samples only 19% of the actual food contained in such packages 
contained PCBs si the masurium level of 0.1 ppm. A parallel survey of infant food packaged 
cereals found PCBs in 73% of the samples tested with an avenge concemnuon of 0.3 ppm 
and a masimum concentration of I ppm. In spite of the scanty quantitative knowledge of 
the tosicological effects of PCBs in 1973. the FDA concluded that n would be in the interest 
of the public health to reduce human low-level exposure to PCBs by limiting the wavs in 
which PCBs might enter the food chain as well as limit the levels of PCBs in food containing 
unavoidable residues from environmental or industrial sources by the establishment of tem­
porary tolerances (Table 2) until such time at additional toxicological data might cause 
reconsideration.'* In this interim period, domestic production of PCBs in the US declined 
drastically to below 10 million lb (4333 I). The age of unpopularity of PCBs as industrial 
chemicals had arrived. However, their popularity for scientific inquiry was spectacular 
Seemingly, the concern about the ubiquitous distribution of PCBs in the ecosystem prompted 
a multitude of additional evidence to emphasise their prevalence as global contami­
nants.I,'H Uppermost in this massive scientific probe was the need to increase awareness of 
the potential toxicity of PCBs. By 1973. the ERA responded to this new wealth of data by 
sponsoring a 'National Conference on PCBs"1’ at which the FDA announced it had initiated 
t review of the appropriateness of the 1973 temporary tolerances. After such a review the 
FDA peopoaad to reduce the temporary tolerances* for unavoidable residues of PCBs in 
several classes of food. Interested parties likewise responded with over 100 comments being 
received for* consideration before final disposition. The FDA Commissioner then issued ■ 
final order reducing PCB tolerances (Table 2) through publication of his responses and 
reasons for adoption of these new reduced loiennees "

Since pan of the problem with PCBs was the vulnerability of food and feed commodities 
to direct contamination through accidental causes, the EPA issued rules governing the 
continued deployment of PCBs in cerutn industrial application!. These regulatory controls
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*ere made under the Tone SubMances Control Act of 1976 »nd proposed the discontinued 
use ol PCBs in heal transfer systems m plants manufacturing or processing food. drugs, and 
cosmetics An interagency alert nonce'4’ *is then issued by the EPA to urge voluntary 
compliance in removal of equipment containing PCBs and repiaeemem with nnn-PCB units 
in prevent (ood contamtnaiion "

C. Implications in Tract Analysis
In any attempt to extract. separate, and identify (race levels ol PCBs from a wide variety 

of matrices several major problem areas musi first be fully understood The analviical 
problems encountered in dealing with PCBs have recently bee" reviewed hv Cairns and 
Siegmund l:

/ Composnion
The complications induced by analyzing mixtures of PCBs rather than any single specific 

corner have probably contributed the mow serious impediment to both identification and 
quantification. Although the theoretical calculations establish 209 possible congeners, the 
actual number of major components in Aroclor* 1254, for example, by capillary GC" *ss 
only 19 <69 eluting pealts. 50 represented minor constituents). Parallel studies using packed 
columns14 have demonstrated eluuon profiles with less than 20 discernible peaks " In an­
alytical terms, this problem can be summed up as having to deal with a potential group of 
compounds within the mol wt range I8g to 494 dations possessing vastly different chemical 
and physical properties.

2. Anaivucai Sensitivity
Halogen-sensitive chromatographic detectors such as the Hall electrolytic conductivity 

detector <HECD) and the electron capture detector (EQ are now capable of detection m the 
subnanogrim range and offer the residue chemist a convenient analytical approach'4 '‘.■hen 
dealing with trace levels of PCBs (below I ppm). Added confirmation of residue levels by 
gas chromaiography/mass spectrometry (GC/MS) often must employ multiple ion detection 
tMIDl techniques1' to achieve the necessary and parallel level of sensitivity of such GC 
detectors. Other analytical techniques such as nuclear magnetic resonance iNMRi14 and 
liquid chromatography with UV detection14 do offer alternative methods for analysis but can 
only be successfully applied where the suspected concentration level of PCBs't in excess 
of 1000 ppm.

j incurred Residues
Perhaps the most senous problem in identifying PCB residues from environmental samples 

is the inability to coireliu the results with a known reference standard.* In spite of the 
availability of a wide range of reference materials, the EC/GC eluuon profiles obtained from 
samples containing PCBs do not always match directly. Although a number of reasons have 
"been edvanced (see Section 111) for this phenomenon. t"e challenge experienced by the 
analytical chemiat it often met by employing an auxiliary technique such as GC MS or 
HE/CD which can assist tn the judicious choice as to which reference standard most closely 
resembles the eluuon profile detected in the actual sampit. The analyst in this arena must 
dearly develop a high degree of skill in the application of these types of meihodologies by 
acquiring an ability io interpret elution profiles correctly, particularly if quantitation is 
required.

it extraction and sample cleanup

A. Separation
Jensen s historical breakthrough in 1966 of the firsi confirmed report* of PCBs m fish

HONS 223963



and wildlife wu made after repeated and somewhat frequent encounters of similar CC 
elution patterns while routinely analycing for DDT and other chlorinated pesticides Indeed, 
ihe earlier failures to properly recognize this PCB presence must surely have contributed to 
the overestimaiion of DDT and TDE in Ihe environment. The noticeable shift tn emphasis 
to PCBs after 1966 reversed the rotes almost overni|ht and PCB residues were then described 
10 have interferences from a wide variety of or|anochlonnc pesticides. Use of a halogen- 
sensitive GC detector such as EC in conjunction with a nonpolar stationary phase such as 
OV-KJI or SE-30 lud resulted in interferences with DDT. DDD. and DDE ea well as early 
eluting pesticides such as BHC isomers, aldnn. heptachlor. and heptachlor epoxide because, 
of similar retention times Dependent upon the maim selected for analysis, three distinct 
analytical protocols emerged involving either no pnor separation, separation via column 
chromatography, or separation with destruction or conversion of interfering compounds.

In the case of fatty foods imrllt. cheese, fish), the officially adopted method by the 
regulatory agencies" involved petroleum ether eitraction of the fat (3 gj followed by residue 
partitioning into acetonitrile, dilution wuh water, rc-eitraciion into petroleum ether, and 
finally column chromatography on Florisil* with 69 ethyl ether in petroleum ether. Ad­
ditional cleanup procedures have also been devised to permit scparilton of DDT and ns 
analogues from some of the PCBs.** Misumoto*’ has pointed out, however, that such 
procedures can be flawed by vinous experimental facton which cause variability in column 
preparation and hence recoveries. Additionally, those congeners with the lowest chlorination 
were held on the silicic acid column and could only be eluted by a more polar solvent than 
petroleum ether.

Lower recoveries with the less chlorinated residues were demonstrated. This methodology 
has also been miniaturized to analyze PCBs in fish.** Similar approaches have been developed 
to efficiently separate PCBs from such organochlonne pesticides u DDT and toxsphene,*’ 
heptachlor epoxide, lindane, and dteldnn.** In the analysis of paper and packaging, advantage 
of the chemical stability of PCBs to treatment with alkali*’ was optimized in devtsmg a 
procedure based on extraction by refluxing with alcoholic KDH followed by an abbreviated 
cleanup. Sequential use of the alkaline hydrolysis and oxidntion with chromic acid/acetic 
acid convened DDE and DDT to the respective dtchlocobenzoquinones** " and left the PCBs 
unchanged for analysis by EOGC. Various other techniques have been desenbed in the 
literature for the separation of PCBs from DDT and its analogues by similar approaches 
involving chemical denvauuiton and column chromatography.’*Thin layer chtumato- 
graphic procedures” * were also developed to analyze PCBs in the presence of DDT. but 
iKked the specificity to distinguish the source of contamination.

B. Weathering and Metabolises
Previous mention has already been made to the fact that GC elutioa profiles observed 

experimentally by EC for PCB residues in biological samples”'** very often do not resemble 
in any recognizable way the profile for one of the many standard reference materials. This 
observation could be due to two main processes, metabolism and/or degradation. Dechlor­
ination. (me oxide formaoon. and hydroxyiation have already been identified as metabolic 
pathways for PCBs.**-*' The main ramification of dechlorination to lesser chlorinated con­
geners is thns a will tend to contribute to the production of an elution profile suggestive of 
a lower chlorinated reference standard and lead to confusion in the choice of the most suitable 
standard. However, the more serious consequence is the preferential removal from the PCB 
GC profile of certain congeners which have undergone metabolic hydroxylitton. Such chlo- 
robtphenylols do not exhibit the same chemical characteristics as their parent moieties and 
therefore do not co-extract and/or co-elute with the sample preparation and cleanup techniques 
adopted for routine analysis. Meubolic processes in biological sample* can therefore com­
plicate the assignment of PCB residues to contamination by a primary commercial product.

t PCBi und the Environment
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Additionally, the extraction and cleanup procedures might introduce a minor complication 
m that the attempt to solvent partition the various congeners as a single chemical entity is 
regarded is a compromise.

11! CHEMICAL CHARACTERIZATION

Because of the large number of standard reference materials available throughout the 
world, the following subsections are the first attempt w the scientific literature to provide 
a comprehensive library of etution profiles and patterns obtained by those analytical tech­
niques both in common use as well as practiced by specialized laboratories It must be 
stressed that not ill these techniques can be employed for trace analysis work However, 
ihe range and sensitivity of the analytical methods exhibited here should assist the reader 
in selecting • suitable reference standard and an analytical approach relative to their current 
problem. The wealth of data to be presented is somewhat overwhelming but serves to 
emphasize ihe magnitude of the problems of analyzing lor PCB residues. Although the 
relative sensitivity of the various techniques are illustrated, the information offered is to be 
considered qualitative. A full discussion of the espenmental approaches to quantitation will 
be presented m Section IV

A. Gaa Chromatography
Three GC detectors have been extensively employed in the analysts of PC8s in environ­

mental and biological samples: namely, electron capture (EC). Hall electrolytic conductivity 
detector (HECD), and flame iomaation detection (FID).*’ While the Tint two are sensitive 
io chionne and are used mainly for trace wort, the continued use of FID is still in practice 
where samples have a high concentration of PCBs. Clearly the advantages of both EC and 
HECD are that they are halogen sensitive and essentially ignore the majority of other sample 
components that have been co-ex tree ted provided they are nonhalogen-contaming entities. 
In the cue of EC. sample cleanup is usually required to avoid detection of other electron 
capturing species present from the sample main*. This is not the ease with FID and sample 
extracts require extensive cleanup before analysis to avoid possible interferences from en­
dogenous components of the sample matrix. However, with EC as the detecting system 
for chlorinated aromatic samples such as PCBs. the mam disadvantage is that of differences 
m response, i.e., highly dependent on the degree and location of chlorination. Detector 
responses have been shown to vary as much as two to four orders of magnitude between 
mono- and polychlorinated species.** The EC response* to 1 ng injected on the seme GC 
column of five selected dtchktrobt phenyls is illustrated in Figure 2. Dependent on the relative 
location of the two chionne atom* on the biphenyl nucleus, a wide range of detector responses 
were obtained illustrating the marked differences within the same molecular weight group. 
This situation is disturbing because the reference standards era employed as standards for 
quantitation and the proper selection is dependent on the closest match to the incurred sample 
profile. Diaprupotikmaliiy of response with EC has been the main fsature of criticism 
concenwng analysis of several homologous senes such as toxaphenc.’* strobane.*0 ehlor- 
dane.M dibetuodwxtns and dibenzofurans." PCTs.** and PCBs." Whereas EC respond* to 
all electron capturing species, the HECD in the case of PCBs offers a dtrcct measure of the 
HG produced by the various congeners as they elute, i.e.. proportional to Cl content. 
Therefore, n is not surprising that the elution profiles produced by EC and HECD for the 
sine sample will be different. Both these detectors, however, offer high sensitivity and are 
eapaole of providing routine and reliable results. On the other hand, the responses of the 
FID are directly related to thermaily excited ions produced in a hydrogen-air flame, i t., a 
function of the number and type of burnable carbon atom* in the molecule. Response 
differences are most noticeable for the lowest members of a homologous senes such as the

HONS 223965



$ PCBs and the Environment

FIGURE I LC mo^**** lev l op in retied on column pi k letted PCBi 2% OV.lOl. t'J cm " ' mm J D 
180*C jurnuwjoo ib*

EC HECD

3 "«

L
i- till

FIGUAI). GC detector tesaout profiles tor Amclar* 1331 toftHm •nk

PCBs. In term* of relative sensitivity, both EC and HECD demonstrate a level usually three 
orders of mapmude |rtater than that observed wtth FID.

With this informational background at >o the utility of theaa vanous OC detectors, a 
tripartite graphical approach has been adopted to convey the vanous elution profiles obtained 
from IS PCB standard reference materials and three PCTs (Figures 3 to 20). Standard 
operating conditions were employed throughout thta senes of eapenmenu to provide com* 
ptrative data: 2% OV-IOI. 120 cm * 2 mm ID, 200*C itothermaj. 40 mf/mm trgotv 
methane. To permit reproduction and/or extrapolation to other systems the elution times
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FIGURE 4 GC rruxxm prefifci lor Araclor* I222 lOfruwr »«h mouiHi
■njecltd on-column

FIGURE J GC dswcur mpamt profikl for Aroetor* 120 lOftOwt n* wow <i|KiH gw-cohiirat.

under thew selected conditions for aldrin. p,p-DDE, *nd p.p-DDT were 6.5. I, and 13.5 
min. respectively. Funhermort, standard reference materials from differem manufacturing 
sources which resemble exh other have been convenicmly grouped logciher for discussion 
purposes. Ii it hoped that the illustration of all three elution profiles to describe each reference 
material (Table 31 will facilitate the choice of the mesi suitable one to describe the incurred 
residue.

In viewing this data base, n if clear that each detector has provided a response pauem 
entirely differem from us two companion detectors. As previously stated, this experimental
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FIGURE 6 GC Scwnor mpontc profit** (or A roc lor* 1016 loftikcr vtih 
imowMt injKicd on-ccuum#

FtCURET GC liimir mu— *tWiki (or Cl**ta(»* A » *0|«<i*r »*li «—ws agt*** otkoImw

evident* it not that jurpniing unct each detector ha* a different entenon for detection. 
However, g n rustunni to iuiow that from u etinttnauon of thete profiles we can conclude 
which reference materials am equivalents. While it mi|ht be difficult to select a tunable 
standard from a single detector elution profile, the additional information from a second and 
even third detector should male the task easier. Another factor m the potide terminal ion of 
the nature of the PCB residue is the retention time of the elution profile. As the retention 
nme increases so does the degree of chlonniuon encountered.

A number of sddmonal observations are worthy of mention. While the (hire GC detector 
profiles are distinctly different at low levels of %C1. the responses recorded for HECD and
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FIGUHE 10 GC fewnor ntpontt profiles for KiflocHtar® 400 w|«tfwr »tih vnatna invent* o*<9««mA
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FIG UK E 12. GC detector ftipome profiiet for Cleata** A-JO tofttker wilti mMH Mpcttd

FIGUtE 1} GC tan mpm pnjfilet la A me tor* i]tO »|«iw «* nwa njectoe weami

FID begin to look utnilv *> %C1 values pester than 41 (Figures It to I7y [a only one 
case (Araclor* I26S. Figure 171 did ail litre* elution profiles match, This observation mi|ht 
not be dial significant m that at this level of chlorination. only a few congeners are possible 
and with the high degree of chlorine subottuiton. disproportionality of response, etc., be* 
comes a relatively unimportant matter to consider. The icmauung A roc Ion* (Figures II to 
20) were PCTs and elution profiles varied link between detectors because of the high degree 
of chlorination. Perhaps the most enlightening value of this dais base it the amount of 
material injected under FID conditions to match the responses recorded for both EC and 
HECD.
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FIGURE 1* GC Jtdrior rufwuc proTikt lor Oophta* A-*0 lOfetltci »nh Known) | mprclrC on 
column.

RtGUM 15. GC tea mpnim preTilti (or Pyitkae* *000 ByHr *■* —in uiieewd on-totum

to summary, the potential value of *11 three detectors for identifyini PCBs in residue 
work as well es a description of the posstbie source of ori|in it now documented. This deu 
base is graphic*] format should assist the analytical chemist to make the proper choice of 
a tunable standard reference material whets quantitation tt required. Where the incurred 
residue is in the low pans per million ran|f. only EC end HECD cu provide the necessary 
level of sensitivity required for detection. While the incurred residue profiles miy not always 
bear in enact resemblance io one of the standard reference materials presented here, e choice 
can be made as io which it the most appropriate.
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FIGURE 16 GC DCKCIO' rrtponu profilri let AiocJoi* 1362 tofrltwr vnti i ■( njteits oa-co<*im

FIGURC It. OC Onscter iti»—■ srafiin to- Araeto* U6J i»|»eto met unman mfcttd o*-cok*r»

B. Cm Ctowiijripby/Mw Sptttrtnii]'
The analytical ptcfaiis or difficulties that can ante when using GC wiih one of the deletion 

mentionad above have led to the increaicd application of man spectrometry to help resolve 
difficult identification problems. In particular, confirmation of incurred residues**** has 
often been provided by GC/MS where full use is made of the isotopic distribution of chlorine 
<7S,J3* “Cl and 24 47% "G> in identifying ion dusters corresponding to certain degrees 
of chlorination.1*

The electron impact (El) spectn of PCBs have been previously studied in detail by Safe 
and Hunumgei** ** who concluded that the fragmentation scheme of the PCB congeners
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nCUHE 10 CC CncEWr response pnOki for Aieclor* )441 iO|iMr widi trams ihjkiH on-column

was predominantly successive expulsion of chlorine atoms. This fragmentation pattern of 
PCBs made u difficult 10 distinguish the vinous molecular weight groups that might occur 
within an eluting peak. A recent study of the methane (CH.) chemical ionization (Cl) spectra 
of PCBs by Cairns and Siegmund*1 indicated ihai very link fragmentation took place i Figure 
21). There was some evidence to suggest a minor population (less than 2%) of ions cor* 
responding to the loss of HO from the protonaied molecular species which might be mis­
interpreted as belonging to the next lower homotog. Since the protonaied molecular ions 
(MH *) were the most abundant in the spectra whatever the degree of chlorination, a method 
of analysts involving the ions corresponding to chlorine content! in essence, molecular weight 
plus 1 daltoo) was possible. It was found that responses from individual members of each 
molecular weight group were identical (within 5%) but decreased between molecular weight 
groups Mth increasing molecular weight, i.e.. sensitivity of detection decreased with in- 
ertaung molecular weight. This decrease in sensitivity of detection on going from mono 
io hexachlorabiphenyl (1:0.4) was rationalised in terms of (he availability of additional sues 
of pmonation on ihe aromatic nucleus when only one or two chlorines were present. Since 
PCBs on Ct produced almost entirely molecular ion chi tiers, an experimental approach was 
then devised involving monitoring only those ions corresponding to the different levels of 
chlorination. The resulting ion profiles obtained were found io be highly characteristic in 
providing differential ion for the various A roc Ion*

In keeping with the format established above for EOHECD/F1D (Figures 7 io 20). the 
necessary GOMS information obtained under Cl conditions has been compiled to add io 
that library of data. To provide a perspective view of the GC/MS dau all the total ion current 
I TIC) profiles were obtained under identical conditions (Figures 22 to 24). 3% SP2IQ0. I 20 
cm * 2 mm I D.. 190 io 250’C at 20*C/mm. 30 mf/mm methane These elution profiles
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LOCATION OF CC ELLTION PROFILES ON 

REFERENCE STANDARDS

16 PCBs and

RfftFfRfl »CI CC 4*U"
tUAdgrl fhkm (EC/HCCO'FtDi

Aforlnr* 1 22 1 2i Fifur* )
Amrlor* I2JJ J7 Fi|*r* 4
Amrlot* l?42 *2 r.|vn 3
Arotlor* 1016 Fi|ut* t
Ooph*n* ‘A JO F-|vi* 1
A me lor* r.’*| 4» F<ptr* |
OODtWfl* A-40 F.|wt 0
KBncctiJof* ^OO Fi|ut* 10
Amrlot* 1254 54 Fipin II
Ciopm* A-50 Fi|ut* 12
Amclor* 1260 60 t)
CIOtotA* A.oo Fi|Ut* |4
Pynlcnr* WOO Fi|un 13
Arvctor* <162 62 F»(urt ro
amclor* I26S 6S Ft|ui* P
A roc lor* *4*5 irc*i * OCT>1 as Fi|t« i|
A me lor* )4JI (pCTr only) ‘ J2 Fl|ui* 1*
Areiof* J442 (fC7i onlyi U F>t*t* 10

. • .

nnm: clocmM cipturv lECl. Hall t umy OncrMr (HECOl.
t»4 fUmt loniiatiM WMW iRDl Th* nawnw mfmni or» column <i to- 
pl»r*e in e«c* fi|w « the uni incanum lamr of to motor

when compered 10 the GC dau do not beer toy strong reiemblence to the previous elution 
patterns obtained by EC or HECD However, the resemblance between RD and GC'MS- 
Cl-CH, is established. Presumably the ertterion for detection in both these cases runs parallel 
Once again, the ability to group certain standards aa equivalents (Table 3) has been dem­
onstrated by observing similar elution profiles. The close similarity between Aroclor* 1263 
and Aroctor* 1360 (Figure 221 is a reflection of the inebility of GOMS-CI-CH, to distinguish 
between such a small %0 difference. As with the EC/HECD/FID data for A roe lor* 1261 
(Figure 17) the GOMS data (Figure 22) are a perfect profile match to all three detectors 
for the tame reason* previously outlined. Betide* this ability to distinguish standards via 
TIC profiles, the retention time tenges involved must not be totally forgotten at an additional 
cnicnon for identification. The higher chlorinated Arocton* have larger ranges of retention 
time. While the GC dau previously presented were based on a column temperature of 19CTC. 
a temperature programming approach had to be adopted for GC/MS to provide the necessary 
peak widths (tune for about 10 team I for total ion detection laws 10 to $00) at wall as 
completing the analysis within 10 mm. To achieve theic profiles illustrated in Figures 22 
to 24, the amount injected on column wee in the range of 3 to 7 ng, i.e.. two orders of 
magnitude greater than that employed for EC or HECD. While it is not anticipated that this 
particular mode of detection (i.e.. TIC over tor 10 to $00) will be used ui actual sample 
analysis, these basic profiles do serve at the primary dau source in understanding the mass 
chromatoftuim that can be extracted from the dau collected. In simple terms, a mass 
chromatogram is a computer, assisted technique that searches the total dau collected and 
plots out only the responses recorded for the particular tingle tor value requested In the 
esse of PCBs. this is t very useful technique since Cl condition* produce only protonaied 
molecular ions. Therefor*, by specification of the tor values eorresponding to protonaied

HONS 223974



Vtilumr / 17

molecular ions of biphenyl, monochlorobiphenyl. dichlorobiphenyl. trichlorobiphenvl. te- 
irachlorobiphenvi. peniachiorobiphenyi, hesachiorobtpbenyl. hepuehlorobiphenvl jnd oc- 
lacblorobipbenyt 1(55. 189, 223. 257. 293. 327, 361, 395. and 431. respecnvelytihe total 
ion currem can be subdivided io jive maps of (he composition of each eluting peak bv 
molecular weighi or ctitonne eonient (Figures 25 to 33). This process can be considered as 
providing a second dimensional analysis of the TIC Such miss chromatograms are very 
levealtng in that they provide an instant visual representation of ihe composition of each 
Arcelor* by moleculai weight The ability to perform such miss chromiiograms has in­
creased ihe power of the GC MS-CI-CH, din io the extent of providing unambiguous proof 
of identification as well as possible origin of coniimtniiion. In actual analysis ot residue 
samples, however, ihe technique employed is io scan only foe those ions of interest thereby 
achieving ihe level of sensitivity equivalent io that of EC or HECD.

C. Liquid Chromatography
While liquid chromatography iLC) has been demonstrated to be particularly uselgl in the 

analysts of thermally labile compounds, its potential utility m PCB analysis has been reported 
by only a few investigators.1*1111 At ihe present time, two LC techniques have been used 
io analyte PCB samples — adsorption liquid solid chromatography iLSC) and reversed- 
phase liquid liquid chromatography (RPLC). Aiueimuller,'’ Brinkman et at..’* and Chtost 
et ai.” all favored the application of LSC since the observed elution patterns of PC8s were 
the reverse order of that observed both in GC with nonpolar union try phases and RPLC. 
i t., order of elution was according to decreasing chlorine content. With this technique, 
DDT and its analogues were separated from PCBs and hence removed the need for chemical 
separation before analysis. However, the resultant elution profiles ill unrated poor separation 
of the congeners making assignment of the possible source of contamination difficult Dry 
hexane* was used io increase resolution of the elution profile requiring additional analysts 
time and at the same time destroying the advantage of DDT separation from PCBs. On the 
other hand. Kirkland” favored RPLC for the nonpolar congeners. SieberT1 has shown that 
RPLC can be used to assign individual chlorinated biphenyls to the certain reference standards

In the continuing effon to provide extensive graphical documentation on elution profiles, 
the solvent system (5% water tn methanol with ODS column) was deliberately chosen ior 
direct transfer to liquid chromatography/maas spectrometry <LOMS) using a moving bell 
interface.’* Elution patterns obtained in this manner ire illustrated in Figures 3* to 37 and 
can be considered similar to the GC elution profiles illustrated in the previous sections Such 
elution patterns are in general agreement with those obtained by Sieber” and demonstrate 
decreased solubility in the mobile phase solvent for increesmg molecular weight. As with 
GC/MS. deployment of SIM techniques (Figures 31 and 39) can be useful in determining 
the composition by degree of chlonnation, thereby assisting in the proper assignment of 
source of contamination whenever pouiblc. Additionally, the use of SIM is able to telec lively 
ignore the presence of DDT and its analogues eliminating the disadvantage reported by those 
worker*favoring LSC. The most widely used ultraviolet lUV)detector unfortunately requires 
extensive sample cleanup before analysis. Ciims et ai.1* have already demonstrated that LC/ 
MS-5IM can eliminate the need for sample cleanup poor to quantitative analysis. However, 
one disadvantage continues to plague LC and LCMS. Operating sensitmty is often iwo 
orders of magnitude lower than that experienced with EC or HECD. With the adveni of 
modem detectors such as the photoconductivity detector (PCD), some of these sensiitviiy 
problems should begin to disappear.

In conclusion. LC has the potential to become an additional powerful analytical tool in 
the hands of the residue chemist. It is already established as a confirmatory technique in 
ihe absence of MS. but lacks sufficient sensitivity to compete with EC or HECD in residue 
analysis.
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D. Nurinr Mi|titk Rmomm«
Although the acknowledged sensitivity of nuclear mainctic resonance (NMR) is much 

leas than that demonstrated for chromatographic and mass spectrometnc methods, it can 
function as a powerful analytical tool in providing data on molecular structure, electronic 
charge distribution, and molecular interactions. The first report of an attempted identification 
of PCBs by proton NMR was conducted at 60 MHz." This study concluded that in ihe 
absence of reference standards of the individual congeners, identification of cenatn specific 
isomers belonging 10 lha f*CB family was possible based on a pnon arguments involving 
chemical shifts and coupling constants In fact, the higher chlorinated congeners were the 
simplest to identify based on ihe small number of coupled protons expected in such structures. 
Welti and Sissons" then reported proton NMR data at 220 MHz for a large number of PCBs
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isolated from commercial standard* such as the Aroclort*. This work fortified the preliminary 
studies by Bank- and permitted leu complicated spectral analysis. Symmetrically subw. 
ruled dihalobi phenyls were extensively studied by Tarptey and Goldstein" who were able 
to account for chemical shifts in 2.2' -diehtorobiphenyi by application of an additivity scheme 
baaed on chlorobenzene and biphenyl. With technological advancements in instrumematton 
and the availability of Fourier transform (FT), studies were naturally then extended to the 
application of IJC NMR to FCBs. Wilson end Anderson" reported the "C and 'H NMR 
spectra for ten symmetric ally substituted chlorinated biphenyls. These authors were able to 
predict the ”C shielding! with reasonable precision from additive substituent parameters on 
benxenc. Additional dau on "C shielding! was then measured by Wilton** for 25 chlorinated 
biphenyls. Assignment of the protonated carbon atoms m 13 compounds was confirmed by 
selective proton coupling. Using additive procedures derived from data on chlorobenzene
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and 2-. 3-. and 4-chiorabiphenyl, the author «u able to predict in an appronmate fashion 
the effect of chlorine substitution on the ,JC shieldin|s. An iniereatui| conclusion concerning 
the effects of a chlorine substituent was the discovery of their significant transmission through 
eight covalent bonds. The most significant finding, however, was the grass correlation of 
'*C (biddings with total charge density which in turn permitted the division of the spectrum
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into three distinct sections: 135 to 144 ppm for C-l carbons, 130 to 135 ppm for C-C! 
cartons. and 120 to 130 ppm for C H carton*. Levy and Hewitt** employed thi* analytical 
approach in the semiqiianiitative analysia by '*C NMR (69.7 MHn of Aroclor* 122!. The 
total chlorine comem obtained by NMR waa 14 atom* of chlorine per molecule. Bated on 
OOMS and EG'GC ttudiea the quantitative value obtained *aa 1.2 atoms per molecule li e . 
21% Cl by wet|hi).

Rather than attempt to illustrate typical spectre obtained for certain individual congeners 
with tables of chemical shifts and coupling constants, four Aroclors* have been selected as
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representative reference materials and their H (270 MHi) and ,JC (69.7 MHi) NMR spectra 
are presented in Figure* 40 and 4|. These spectra wete obtained on a Bruker WH270 
spectrometer. Sample* were dissolved in chloroform-d, (170 mg/mf) for the ”C measure, 
menu and in methylene chlonde-d, (210 mg/mf) for the 'H measurements. '*0 spectra were 
recorded with proton broad band decoupling. In addition, the spin relax at ion reagent chro­
mium acetylacetonaie {0.052 AO was present for ail the ‘*C measurements. The concentration 
of the relaxation reagent and the llC data acquisition parameters were selected so ihai
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sensitivity wu optimised under conditions where quantitative data wu obtained. The H 
data waa recorded under quantitative condition* simply by using a lon| relasauon time. 
Chemical shifts were reported tn ppm downfield from internal TMS for both '*C and 'H 
spectra.

These spectre of selected A roc tors* have been presented io chanctenas or fin|erpnn( 
reiher than provide a detailed structural analysis of the data. In iha case of 'H NMR tpectra

HQNS 223986



Volume /

AROCLOR 1260

1 1 1 1 i i
100 1U too

MASS CHROMATOGRAMS

FIGURE Jt Tout wa iwttm mi (tiers* mass cVomMOfTKM to

(Figure 40) iht trend in chemical shift of the various prams lonho to pare) is downfieid 
as the %C1 by weight increases. Chlonne suhsutuenu have the expected deshielding effect 
on the protons in adjacent positions, Application of these rm|erpnnts might well serve to 
indicate the degree of chlorination in the sample and hence provide proof for the absence 
or presence of particular congeners.

In ihe case of the °C NMR spectra (Figure *1) the grass correlation of charge densuy 
and "C shielding established by Wilson hea been ipplud to differentiate the different ivpes 
of carbon norm present within the complex mixtures- The approach to semiquanitiative 
analysis used by Levy end Hewitt** has also been applied so these spectre. Rcsulu from this
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approach are I mad ia Table 4. The semiquaiunative agreement ii somewhat diicMira|in|. 
When the range for the C-CT «u reduced to 131.5 to 135.5 ppm then the mults all came 
within 1* of the theoretical value* for %CI hy weight. While there arc food reasons to 
tuppon reducing the rente, the uncertainty in deciding the true boundary sitll emu Chemical 
shift values to rahttamtaie both boundaries have been published and for this reason the 
quantitative analysis by '*C NMR of PCBs is not recommended Closer eaaminauon of the 
spectre, however, do give a vast annum of information concerning the nature of the carbon 
storm in the samples studied The reduction in the type of C-l carbon atoms observed (135 
•o 140 ppm) as %C1 increased re fleeted the reduction in the number of congeners present 
tnd hence a resultant increase in the population of certain other congeners with common C­
I carbons Conversely, iha spectre demonstrated the clear trend in the disappearance of
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FIGURE 36 Rrvtnpd-phatc LC elimoa uttm atmivu* for vaneuf atm committal FC1 miiri imbtlt 
poia. 3% »m ip mctAanol 0,} Miimi; AIPi ullnaptat ODS J pa. 234 an Curt mvatofih tnanoc

cutoiu bearing • proton u %C1 Increased However, the chemical shift zone for carton 
iionu bearing t chlorine (130 io 133 ppm) wa* to compki at to diacourage interpretation 
At beat (heat fpectra can be a useful addition to the library of spectral data on PCBs for 
uk in qua)native Identification only.

JV. APPROACHES TO QUANTITATION

Wim the widespread availability of EC at the moat cost-effective detector for incurred 
PCB residues si the pans per million level, quantitation become* a complex issue.** Un­
fortunately. the msjonry of PCBs found in environmental samples only resemble certain 
Aroclors* m chromatographic pattern but do not match them eaactly (Section 111.A) Because
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of the dispropontonality of deiacior response. the choice of a suitable reference standard 
can significantly affect the final analytical tcsult. Having made the necessary judgmental 
decision as to die most suitable standard, quantitation by comparison of profile areas can 
be executed Very often, however, the PCB residue may be a composite of two or more 
reference standards, and a mixture of reference materials may be required. Considerable 
improvemem in the reliability of results obtained by EC was provided through an tmerlab* 
oratory study*1" utilising a peak-by-pea* area comparison (retention tunes > procedure rnher 
than ■ iot41 pattern concept This approach ongmally suggested by Webb and McCall" was 
highly dependent on properly characterised reference materials (i.e.. weight percentage by 
peak) and illustrated the improved precision and accuracy over eaisting methods.
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FIGURE }| Toiel to* nm* profile ud ftltexii (TIM! cVometDffeitw to Arocto* 12*2 b* LC/MS

FIGURE 39 Toui m curm* profile M lekvim mau thtomu*fMM to A roc to* >n* by LC'MS
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Use of halogen-specific detectors such u HECD greatly reduces the potential error of 
dispropon tonality of response between reference standard end sample. However, their lack 
of availability in many laboratories has precluded their use in quantitative analysis HECD 
has contributed lo the vital charecieruauon of Aroelors* fundsmenisl to the analytical 
approach adopted for quantitation by EC via peak'by-peak comparisons Additionally, the 
use of CC/MS-C1 with representative conveners of PCBs has tiso assisted in providing 
quanuitiive analysis*1 of five Aroclor* standards (Figure 42) recommended for use in quin- 
uiauort via EC.

To assess the relanve menu of these techniques, the composition of Arocloi* 1248 was
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40 PCBs and the tronmrm

T»bl* 4
SEMIQCANTITATIVE ANALYSIS OF AROCLORS* BV ”C NMR 

Xrrt mtauirtnwnu ilfiUffiiio* rtngt hi ppmi

*ci

*rorl*r«
Cl

»ui.s—nai
CCl

• IXUi
CH

■ iM.u— tin Calc. Uwvr
AnwAf
Id*b4

i:<: : i 3 * • i 3? 4:
■ Z4I : o t I 3 2 « 4|
\2H 1 9 1 s 2 3 43 u
1 Itc 1 9 13 l 1 t* NO

determined by EC. HECD. and GC/MS-CI (Table 5) *’ The peak identification luiem 
employed by Sawyer1' has been used io provide a numerical value for each of ihe eluiion 
peaks in ihe profile Ireiennon values (or p.p -DDE - 100. p.p-DDT ■ 168. and aldnn 
• 54 eonshtuie a reference systemi li is recognized that both EC and HECD share ihe 
same basic principle of detection. ■ c . increased sensitivity to the total number of chlorines 
m ihe molecule. Therefore, n is not surprising that a peak-by-peak quantitation of Aroclor1 
1248 by both these methods provided good overall agreement. In several instances, however, 
the correlation mutt be considered as poor (peak) 21. 28. 37. and 40) These results are 
espenmental evidence of disproponionatily in spile of similar sensitivity to molar chlonne 
In the case of results via GC/MS-CI. the inability to properly quantitate the last five peaks 
separately due to their low intensity elution profiiei was evident. In leneral. however, rhe 
agreement between GC/MS-CI and/or EC and HECD was poor. In the case of peaks con­
taining Cl; to Cl4. the values by GC/MS were much larger. This was an indication of ihe 
greater senintvny of MS to lower molecular weight compounds while for EC and HECD 
the reverse was true. Irrespective of the factors governing the mechanism of detection, all 
three methods did provide a total chlonne content extremely close to (hat injected on column 
A conclusion to be gathered from this example is lhat the summation of individual area 
measurements usually results tn an averaging of the disproponionaltty factors expenenced 
by each method

The variety of problems encountered in quantitation of PCB residues has focused atteniton 
on developing alternate approaches involving measurement of a stngk species rather than 
a mixture Such brave attempts have included carbon-skeleton GC where PCBs are reduced 
on-column tl% Pi at I80*C with H, as carrier gas) to biphenyl.** pcrchlonnatton of PCBs 
by antimony pcniachlonde to give decachlorobiphenyl,**and mtcrocoulometnc determination 
of toul chlonne as HO.*1

Perhaps the moat innovative approach to quanmation has been provided by GC/MS where 
representative congeners from each molecular weight class are utilized es single standards 
to quantitate ail member* of their respective families.” In the aneiysts of a fish sample 
contaminated by PCBs and DDE (Figure 43). the ibility to manipulate the recorded total 
ion current due base utio venous mats chromatograms (Figure 44) provided a dear separation 
of PCBs from DDE without further chemical treatment .*’ This ability to assign the observed 
PCB‘residue to Aroclor* 1254 was then easily established and the quantitation earned oui 
with a high degree of confidence. Thu key determinative step performed by GC/MS seems 
to be free from previously encountered difficulties.

In conclusion, the routine use of EC for primary determination of PCBs and a whole host 
of other organochlonhe-conuimng pesticides is still mandatory baaed on sensitivity The 
gross differences m sample residue composition from that of a recognized standard can often 
contribute to me complexity of an analysis. Such incidences result in other novel approaches
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io quantitation which avoid these complexities. Whatever the analytical approach adopted, 
u should be clearly understood that food judgment on the pan of the performing analyst n 
Mill requited to ensure reliable reporting of PCBs ia the literature.
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Table )
QUANTITATIVE COMPARISON OF CHLORINE 

DETERMINATIONS FOR AROCLOR* 1241 REFERENCE 
STANDARD BV EC. HECD. AND GC/MS-CI-**

Pit* Qw—wHwa |R|I
tfMH. s*. *CI *CI

ci. .14 EC «« micd €C HECD GCMS

t : j n J 0 3 0 Jl 0 31 0 33
:i * i i 0 7 t 14 0 7} 1 13
;i i 0 J a 3 0 2t 0 2« 0 41
:i ; 4 0 3 1 4 21 3 21 7 12
13 . 3 J : 4 . > 244 1 21 3 42
)1 ) 1 7 7 I 4 OD 7 *7 1 44
40 > ‘ 4 4 • 7 44 1 CM 4 30
*? J • 3 ? 13 4 (4 2« 14 V !*»
U ) • * i 4 ) 4 41 44 2 (i 12
3| i 1 J 4 « i n 1 70 440
■»o * 3 'I 3 it « 14 I) <4 31 13 00
*»! * 4 « 4 4 4 42 4 14 41)
14 1 « I 3 3 4 ?4 5 44 2 70
4* 1 i 4 3 * > 33 « «* 1 30
KM * 3 J ' 1 M2 4«
HJ 3 t 0 • i 1 0* 1 14
i:j 3 : j ;* ' 3 34 2 40 0*7
144 3 11 i • 1 2« 1 43
Taxi ln(i 103 41 103 44 *4 34

• ;u n| RiKtgT* 0«l mpcwt m tact cmc: 41 *% Cl. 103 5«f Cl

soo

ncUR£«> COMSOwlywofirttifioo<yiwwittowtintmerw rtwowof &Ptw^pmMlW*iynyl 1
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49 PCBi and the Emtronmrnl

1 STRUCTURE AND PREPARATION OF PCBi

A. Nomenclature
PCBj arc a class of synthetic chlorinated organic compounds with biphenyl as the basic 

structural unit Chlorination of the group can produce 209 possible chlorobiphenvlc icon- 
general substituted with I to 10 chlorine atoms Systematic numbering and structures of 
these chlombiphenyls from Balischmuer and Zell' are given in Table I According to the 
IL'PAC definitive rules for nomenclature of organic chemistry, one ring system in the 
biphenyl ring assembly ts assigned unpnmed numbers and the other pruned numbers as 
illustrated in Figure I

The order for assigning priorities 10 the substituents in the ring assembly, as Cl in PCBs 
is 11) unpnmed number is assigned lover order than the corresponding pnmed number, as 
- vs (') lower number is assigned 10 a point of attachment in equivalent position, as 2 
vs. 6. for a substituent in one of ihe ortho positions. t3l when the number of substituents 
in the two ring systems is the same, unpnmed numbers are assigned to the nng system with 
smaller numbered substituents These rules an illustrated in Figure 2 for pentachlornhi- 
phenyi. Nomenclatures of chlorinated biphenyls containing additional substituents as hv- 
droiyi. ammo, and carbonyl groups are further described in a comprehensive account of 
the chemistry of PCBs by Huiunger et al.; These principal functions are cued as the tuilix. 
chlorobiphenyiol. chiorobtphenyi amine, chiorobiphenyl carbosylic acid and so on

B. Synthesis of Individual Chtorobiphenyli -
Synthesis of most of the 209 chlorobiphenyls has been accomplished and many of these 

are now available. Methods used for the preparation of individual chlorobiphenyls include 
ill phenylatton or acylation of aromatic compounds. (2) condensation reactions, and <J) 
chlorination of biphenyl

Arylation of a number of aromatic compounds as aroyl peroxides, carboxylic acids, 
diuontum salts, nitmoaimnes. arylinazenes. phetiylhydraztnes. and others has been n- 
tamed The reactions between the selected aromatic compounds and the substrate, benzene, 
usually involve free radicals provided either by the aromatic compound or the free radical 
precursors used in the reaction. Examples of arylation in the pretence of benzene and 
chlorinated benzene are given in Figures M and B.

A number of condensation reactions involving aromatic halides, phenylsulfinaies. aryl 
peroxides and acid anhydrides, chlorobenzenes, and other aromatic compounds have been 
described by Hulzinger et al. •’ Condensation of two aromaite halides in the presence of finely 
divided Cu is probably the most widely used procedure for the preparation of symmetrical 
chlorobiphenyls. Figure 4a illustrates focmauon of hexachlorobtphenyl from inchloroto- 
doOenzenc Copper is usually mixed with the halide and heated for several hours. Mixtures 
of symmetrical and asymmetrical chlorobiphenyls are produced by this reaction when two 
different halides arc used (Figure 4Bl.

Chlorination of biphenyl can occur either by substitution of Cl for H (H-Clt to form 
chlorobiphenyls or by addition

to form hc*achlorocyclohciyl benzenes (C,,H„Cl») The products formed by the addition 
of Cl are. however, thermally unstable and decompose to produce chlorobiphenyls during 
the chlorination process. Direct chlorination produces mixtures of chlorobiphenyls. depend­
ing upon the chlorine to biphenyl ratio, the catalyst used, end the temperature of the e*-

-CH-CH-

Cl Cl
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periment Fur ciamplc. in (he pretence ol non Mings. equivalent proportions of b>pncnvl 
and ehlonne produced about 32% 2-chlorobiphenyl. 26% 4-chlorobiphenvl. and 2% dich- 
lorobiphenyt 1 In the pretence of bentonite clay as catalyst. 70% of the product *at q. 
chlornhiphenyl * Chlorination of biphenyl wiih liquid chlorine in the pretence ol FeCI. 
produced a mu lure of nona- and deeachlorobiphenyls.' while at high temperatures, m the 
presence uf SbCl,* oi TlCl, . Uccachlofobtphcnyl was pruduced Replacements ol jrnrnu. 
hydroxyl, nurn. sulfonic acid, and others by chlorine also produce chlorinated biphenyls

C. Commercial PCRi
Chlorination of biphenyl in the presence of a catalyst, such as iron filings or iron chloride 

is used for industrial preparations of PCBs. The chlorination process produces mixtures of 
chlorobiphcnyls which are influenced by the ratio of chlorine to biphenyl. The crude product 
resulting from chlonnauDn of biphenyls is purified to remove color, catalyst. and traces of 
HC1 by alkali treatment and distillation. The purified PCB preparations are generally viscous 
liquids. In ihc U $.. PCBs have been manufactured by Monsanto under the tiade name 
Aroclors* The most common Aroclor* preparations include 1242. 1248. 1254. and 12b0 
The first two digits are the number of carbon atoms in the biphenyl group and the last two 
digits give approximate %CI comem in the PCB preparation GC analysis of the Aroclors* 
land other commercial preparations sold under ditfereni trade names around the world (see 
Chapter II. show that they arc complex mixtures of different eblorobiphenyls Gas chro­
matograms of each preparation show a number of peaks. Use of glass capillary columns in 
GC has permuted betier resolution of the peaks, resulting tn over 60 peaks from Aroclor* 
1248 and over 90 peaks from Aroclors* 1254 and 1260.* Using htgh-resoluiton thin-film 
glass capillary GC. Ballschmuer and Zell’ have identified about 200 chtorobiphenyls in a 
commercial PCB preparation. Clophen*. Determinations of the composition of different 
peaks using a conductivity detector show that Aroclon* with lower chlorine content contain 
less chlorinated biphenyls with peaks having smaller retention times.',n Aroclor* 1242 gave 
peaks corresponding to compounds containing i to 5 chlorine atoms, while peaks from 
Aroclor* 125* contained 3 to 6 chlorine atoms and those from Aroclor* 1260 contained 5.
6. and 7 chlorine atoms.

Analyses of chlorobiphcnyls in commercial preparations using capillary GOMS.1 1 based 
on retention tunes and molecular tons permit definitive identification and quantut::- - esti­
mation of different chlorobtpbenvls in the sample. Relative percentages of about 100 dtfteicn: 
PCBs in the Aroclon*. thus determined, can be used u secondary standards for environ­
mental samples.

Volume 1 49

II. PROPERTIES OF PCBs

A. General Physical Properties
PCBs ire among the most stable organic compounds known. They have a low dielectric 

constant and high heat capacity which render them ideal for use in electrical capacitors and 
transformers. While most individual chlorobiphcnyls are solids at room temperature, com­
mercial preparations are generally resins or viseous liquids of density greeter than waier. 
Table 2 shows some selected properties of four common Aroclon* and Table 3 gives amounts 
of eblorobiphenyls of different chlorine contents in the Aroclors* Other properties of PCBs. 
solubility, vaponuuon. and sorptton. which are important in controlling their transport and 
distribution in ihc environment are discussed in detail below.

B. Solubility
Solubility of PCBs in water and in organic solvents, ss lipids, greatly influences their 

transport and persistence in the environment Solubilities of s number of individual chlo-
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FIGURE * i*l Conttniwmi or !.1 HiKhiawaiwmw m 2.2'.4i4,.6.6'.|uiKklereaial>cvl : <ti 
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Table 2
PHYSICAL CHARACTERISTICS OF FOUR 

COMMON AROCLORS**

<M IN* t)

ire sarc react 1*0 Dnatf

•20 3 1 «* 1^—5« l 3!
12«! Si K 340-373 1 44
1234 SO * 2 sts—sao 1 33
12*0 4 3 37 3*3—*20 1 62

robiphenyts at wall at of commercial preparation! have been tabulated by Hutztnfcr et il.1 
Became of very low solubility of PCB» in water, a common method used for solubility 
determination involve! plactni a quantity of the chlorobtphenyi in a larfe quantity of water 
which is continuously stirred. Aliquot! are then withdrawn penodically. centnfufed. and 
cblorobiphcnyl in the supernatant estimated This procedure is continued until an equilibrium 
•s attained, which is a stow process.11

Solubility of PCBs in water fcncrally decresses with increase in the defret of chlonnsnon 
Individual chlorobiphenyls vary in their solubility from about 6 ppm for monochlorobiphenyl 
10 as low as 0 007 ppm for octachlorobiphenyl.3 Decachlorobiphcnyl. despite its hifher 
chlorine contem. is sboui twice is soluble as the octachlorobiphenyl. The solubilities also 
vary amonj chlorobiphenyls with the same number of chlorines, for example, solubilities
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Table 3
MOLECULAR WEICHT. Cl CONTENT. AND AMOUNTS OF 
CHLOHOBIFHENVL5 IN FOUR COMMON AROCLORS*1

54 PC
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of 2.4., 3.3'-. and 2.4-dichlorotnphenyls are 1.40. I.JO. and l it ppm. respccttvdy. while 
that of 4.4 -dichlorobtphenyl n only 0.08 ppm.1 Chlonne Substitutions in different position! 
of (he biphenyl nn| system are apparently responsible for the differences in solubilities of 
chlorobiphenyls with same chlonnc content.

Solubilities of chlorobiphenyls reported by different workers art similar in most instances 
For example, solubility of 2.4.3.1'.S’-pentachlorobiphenyl is 10." 20.'* and 31 ppb ■' Sol­
ubility of 2,4.3i2',4',3‘-hexidilorobiphenyl. on the other hand, differed by an order of 
ma|nitudc m two reports — Huuinger ei al.J reported a solubility of 1.8 ppb while Haque 
and Schmedding" reported 0.9 ppb.

Solubiliries of various Aradors* reported by Huuinger et al.1 are Aroclon* 1242 » 200 
ppb. 1248 m 100 ppb, 1234 ■ 40 ppb, and 1260 “ 23 ppb. Solubility of A roc lor* 1234 
determined by Haque el al11 was about 36 ppb. similar to 40 ppb above. Because lets 
chlorinated biphenyls an generally more soluble than more chlorinated biphenyls, aqueous 
solutions of Aroclon* show greater proportions of ihe lower chlorinated biphenyls than (he 
standard Aroclon* from whieh the solutions are madc.:However, some anomalies are 
observed because of differential solubilities of certain PCB congeners, as noted above Ratios 
of CC peak, heights from saturated aqueous solution of Arodor* 1234 at 26*C io (he 
corresponding peaks from the standard Arodor* 1234 varied from about 3 for the first iwo 
peaks to less than I for peaks 8 through 13. Peak number 4 had a value of 14 for this nno. 
presumably because of high solubility of the tsomcr corresponding to the peak.1

Solubilities of PCBs are greatly influenced by the environment. For example, aqueous 
phases in the environment generally contain dissolved organic substances which probably 
enhance Ihe concentration of PCBs ut solution. Zitko* obtained solubilities of A roc lor* 
1234 m "fresh water" in the range of 0.3 lo 3 ppm. which art much higher than 0.012 
ppm reported by Mac Kay and Wolkoff.17 and 0.036 ppm by Haque et al.11 and wen attributed 
by these authors to the presence of organic material in water. Conversely, sorption of PCBs 
on soil or sediment surfaces m the aquatic environment would decrease their solution con­
centration. A recent study shows that the movement of PCBs from dialysis membrane bags 
suspended in water was much less from bags with panicles than from those without panicles "

C. Vapor Pressure and Vaporisation
PCBs have very low vapor pressures which, like their solubility in water, decrease with 

increased chlorination. Vaporization rites for su common Arodors* (Table 4) show that 
the viporuauon rates decrease about 200-fold from Arodor* 1221 which consists primarily 
of mono- and dtchlorobiphenyis, to 1260 which consists essentially of penis-, hexa-.
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Table 4
VAPORIZATION RATES OF SIX 
aROCLORS* MEASURED AT 

100*C*

4 rBttor* Vapenulivn r*M
4 cm4 twrtacft igirm,Ari

i::i OOOlU
CJJ 0 000*1*
\Z*1 0U0033I
i;*b 0 000131
i:54 n00003j
i:to ooooom

hepn-. and octaehlorobiphenyls Haque ei at." observed a vaponxalion rate of 0 0000036 
g'cnv/hr for Aroclor* 125a ai 60*C at compared io 0 000033 grcm'Atr ai I00*C (Table 4)

In environmental samples where PCBs are sorbed on soil or sediment surfaces, ihe rate 
of vaporization ol PCBs » greatly reduced The vaporization rate depends upon (he sorption 
surface. Haque ei al." observed that aboui 60% of Aroclor* 1234 sorbed by Ottawa sand 
was lo$i by vaporization in a 4-week period, while no significant loss occurred from Wood- 
bum soil in ihe same penod. Alio, ihe less ehlonnattd biphenyls in Ihe Aroclor* showed 
the most loss and the more chlorinated biphenyls the least loss in accordance with their 
vapor pressures. The role of the various components of soils or sediments in afTeciing the 
vaporization of PCBs from their surfaces is not welt understood. However, charuciensncs 
such as surface area, organic miner content, type of clay, and pH of ihe medium which are 
important in considerations of environmental samples, would likely influence ihe vaporization 
of sorbed PCBs.

While vaporization of PCBs sorbed on soil and sediment surfaces is reduced, their va­
porization from aqueous solutions is anomalously high, given their low vapor pressure and 
high molecular weight. Mechanism of (his high vaporization rate is not known. However, 
ihe losses from aqueous solutions of PCBs and other chlorinated hydrocarbons of very low 
solubility have been described in terms of fugacity. the escaping tendency of the solute, by 
MacKay " Fugacny appears to be a useful concept in considering losses of organic materials 
from aqueous solutions. Based on this approach, the half-life of PCBs in a well-mixed I­
m deep body of water such it ■ fast-flowing river was calculated to be about 10 hr :Cl 
Evaporation of PCBs from contaminated rivers and lakes may. thus, represent a major means 
of their transport into the environment.

D. Sorption Reactions
Transport and fate of PCBs in aquatic systems and their partitioning in different com­

partments of the environment depend to a large degree on the sorption reactions. These 
reactions have received considerable attention end sorption-desorption of a number of in­
dividual chiorobiphenyls as well as of commercial PCS preparations with sorbents of different 
charaetcnstici hive been studied. Generally, sorption increases with increase in chlorine 
content of the chlorobiphenyl, and with surface area and organic carbon of the sorbent.

Haque and Schmedding." using individual chiorobiphenyls. found that sorption by four 
different sorbents, a sand, a soil, a day. and a humic acid sample occurred in the order: 
hexachtorobiphenyl > letrachlorobiphcnyl > dichiorobiphenyl, Not only are the chiorobi­
phenyls wuh higher chlonnc content sorbed in larger quantity but they are also held more 
tightly on sorbent surfaces In experiments on desorption of Aroclor* 1234. Haque ei al 1 
observed ihai vapor loss Of individual chiorobiphenyls in Aroclor* 1254 decreased with 
increased chionnsiion in accordance with their vapor pressures.
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Htraizumi ei si..11 using i number of adsorbents. observed ihai ihe wirpuon oi PCBv wjs 
linearly rehied 10 ihe specific surface areas of ihe adsorbents The relationships between 
the PCBs Sorbed and ihetr concern rations in solutions base generally been described in terms 
of equilibrium models such as ihe f-reundlich model

C„ - K ■ Co' ■

where C„ is ihe amount adsorbed imiciogram per gram), Co is the equilibrium solution 
i once no anon imicrogram per Suer t. and K and bn are constants For the adsorption amt 
desorption of PCBs. however, the observed tsolherms are nunstngular. with desorption 
showing marked hysteresis Horcempa and Toro11 found values of K lor desorption of 
hexachlorobtpbenyl to be two to three times the value for adsorption by a lake sediment and 
iwo clay minerals, montmorillonne and kaoiiniie The sorption appeared to be correlated 
both with the surface area and the organic matter content The nonsingular behavior which 
may result from lack of aitatnmcni of equilibrium.-'1 besides other poorly understood factors 
clearly demonstrates that PCBs an strongly held on the surfaces Of the sorbents Indeed, 
experiments show that PCBs soroed by soils remain immobile against leaching with water ‘ ' 
or landfill Icachaie1’ Similarly. PCBs art strongly sorbed on sediment surfaces and are thus 
transported downstream tn nver systems.1*’1

A number of investigations show that sorption of PCBs by sediments and soils is related 
to ihetr total organic carbon :> " These correlations have led to the suggestion that sorption 
of PCBs and other nontonic organic compounds of lo* aqueous solubility is due to solute 
partitioning in the organic matter 11 ” Consequently, partitioning of an organic compound, 
as PCBs. between organic matter of soils and sediments and water should correlate well 
with us partition coefficient between water and an tmmtscibie solvent, as n-octanol Octanob 
water partition coefficients and water solubilities of a number of organic compounds, in­
cluding PCBs. covering more than eight orders of magnitude tn solubility (I0'1 io 10*) and 
su orders of magnitude in partition coefficient (10 to lO’l have been demonstrated 11 Thus, 
estimates of distribution coefficient or sorption of these organic compounds by environmental 
samples as soils and sediments can be obtained either from ihetr aqueous solubilities or n- 
octanobwaier partition coefficients. Although these relationships apply to sorbents with 
appfcciable organic surface coatings, tn sorbents wuh Imle or no organic matter presem. 
sorption must proceed through other mechanisms

III. PROCESSES AND PRODUCTS OF PCBs DEGRADATION

A. Photochemical Degradation
One possible route of environmental breakdown of PCBs is photochemical degradation 

Early laboratory experiments on photolysis of PCBs were conducted wuh mercury lamps as 
UV sources, emitting radiations at a wavelength of about 25k nm. These photodegradanons 
resulted in dec hi on nation of PCBs. PCBs do absorb in the 210 to 300 nm range,1* which 
■s the high energy end of the tolar spectrum reaching the earth's surface. Many experiments 
have been performed with the high energy UV radiation and UV fluorescent lamps simulating 
sunlight, producing less chlorinated PCBs than the starting material. Safe and Hutitnger1* 
obeerved that 2.2'.4.4',6.6'-hexachlorobtphenyl pboiotyaes readily at 310 nm. with stepwise 
loss of chlorine, producing molecular tons corresponding to dt*. in-, letra-. and penia- 
chlorobiphenyls. Photolysis of 3.3'.4.4'<ieirechlorob>phenyl at 300 nm produced 3.4.3'-<n- 
chlorobtphenyl and 4.4'-dieh!orobiphenyl. while that of 4,4'-dichlorobiphenyl produced 4- 
chlorobtphenyl. No further dechlonsation of 4-chlorobtphenyl occurred because of us lack 
of abaorptton of the wavelength used.1* Although photolysis results mainly in dechlonnation 
of PCBi, examples of photo-induced tiomentation and of condensation of the individual 
chlorobtphenyls have been reported.
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Phoiochemtcal degradation of PCBs is influenced by the degree of chlorination, position 
of chlorine substitution in the ring, and the solvent used for PCB dissolution Photolysis of 
PCBs has been studied in ihe gaseous, solution, and solid phases In the solution pnasr 
most photolysis etpenments have been done with PCBs dissolved tn organic solvents or in 
jtjucous organic mixtures because of very tow solubility of PCBs m water In solid phase. 
PCBs have been phoiolvied as thin films on glass plates or as layers adsorbed on silica

Chlotobiphenyls wnh higher chlorine content undergo photolysis faster than those with 
lower chlonne content : 11 For example, irradiation at J10 nm wavelength of 0 1% solutions 
of terra-, hexa-. and ottachforobiphenyls in hexane for 24 hr under N. degraded about 70% 
of tetra-. 96% of iiexa-. and more than 99% of octachlorobtphenyl.1 Bunce et al "observed 
increased photodecomposmon with increased chlonne content and wtth increased irradiation 
time. Ruzo et al ” studied photodecomposmon of six tetrachlorobrphenyls at 300 nm in 
cyclohexane and found di- and mchlortnated biphenyls at Use mayor products. They further 
observed that in 20 hr. all e-chtonnes produced dechlonnatcd products. In the absence of 
n-chlonnes. m-chlorines were cleaved: but when an o-chlonne was present, less than 1% 
of the altered product arose from loss of m-chlonne No cleavage of the p-chlortne occurred 
dunng this time period

The primary process in photoreaction is reductive dechlorination, which appears to occur 
by C-C bond cleavage, producing a biphenyl free radical species which abstracts H from 
Ihe solvent as

ArCl — Ar Ci — ArH

Consequently, photolysis occurs readily in solvents as hexane and isopropyl alcohol whose 
hydrogens an lost easily by free radical attack.

Ruzo el al." suggested the following scheme to illustrate the photochemical mechanism 
where excited triplet is considered responsible for the photoreacnon and abstraction of 
hydrogen from the solvent.

°|P-Clj — '(P-CI-l — 'IP-CIf 
PCB m ground state Excited singlet Excited reactive triplet

In accordance with this mechanism, photolysis of 2.2,,4.4'-teinchiorobtphenyJ tn methanol 
and cyclohexane solutions is illustrated in Figure 3- At expected, formation of HCl was 
detected during photolysis in both solvents Although dechlorination was the major reaction 
in both solvents, small quantities (<J%) of methoxylaied products were observed tn methanol 
solution.

The greater photolysis of the o-chlorine-* ■" is probably due to stcne hindrance to the 
preferred eactied state geometry. Wagner** inferred a planar structure for the eacited triplet 
from us inefficiency in quenching ketones. The ’'crowding" by the e-subttituents causes 
greater twtgung of the imer-nng bond that decreases us double bond character Thus, o- 
chlonnes an easily lost, relieving the strain on the bond and producing greater quantum 
yields of the products.

As with individual chlorobiphenyls, the more highly chlorinated commercial PCBs also 
photolyze preferentially in the environmental samples.1* These authors estimated that in 
natural waters, the loss of PCBs may be of the order of 10 to 1000 grKm'*'year. Their 
estimates also show that tn shallow waters, at least one chlonne from chlorobiphenyls of 
high chlonne content is photo!yzed annually: apparently photolysis plays a significant role 
tn PCB chemistry in the environment. These predictions are based upon concentrations of 
PCBs dissolved m water, li is generally contended, however, that nonpolar compounds, as 
PCBs. form surface films where concentrations of ihe compound are much greater and can
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FIGURE 3 PtKWXym of ?.?'.* .a'-wiracMareOtpiwarl * w*Maf and cvfioheia* totuiwii *

be u high at 10* times the concentration in the bulk solution." Consequently, much larger 
amount! of PCBs can be phocolyud from water bodies.

Environmental phot ode gradation of PCBs can also increase tn the presence of organic 
compounds that tenstttu the phot ore act ion Zcpp et al.*' reported that natural substances 
as humic or other suspended materials can induce or accelerate photolysis of various types 
of synthetic chemicals, including PCB, Occhmcct and Psiechiols*1 have recently observed 
that photodegradation of PCBs adsorbed on silica gel or montmonllonne clay was consid­
erably enhanced by the addition of tnethylamtne to the system. The sensitisation has been 
attributed to the formation of an excited charge-transfer compies. Sensitization of the pho- 
toreacuon in PCBs has also been observed in the presence of aliphatic end aromatic amines." “ 
and titanium oxide.41

B. Biodegradation
Investigations of biodegradation of PCBs tn soils, sediments, and lakes and nven show 

that both aerobic and anaerobic microorganisms decompose and metabolite PCBs. Pal et 
at-** reviewed biodegradation of PCBs in soil-plant syttemi and compiled microorganism 
sources and products of biodegradation of a number of chlorinated biphenyls and commercial 
PCB preparations. Expen menu by Wong and Kaiser'1 show stimulation of bacterial growth 
in moderate concentration <500 ppm) of Aroeloes* 1221. 1242. and 1254 as carbon and 
energy sources, demonstrating PCBs meiabotiiahoo by the baetane. Similarly, growth of 
EiehrneUo coti was stimulated in the presence of A/octor* 1242 at the low concentrations 
of 0.01 and 0.) ppm. At high concentration. 10.000 ppm Aioclor* 1254. soil microbial 
activity as measured by CO, evolution was inhibited and no degradation of the Aroctor* 
was observed during a 60-day period ** Likewise. Moetn et al’’ detected no degradation 
of Aroctor* 1254 tn a soil during a 2-ytar period following a spill of transformer fluid 
Clearly, while small concentration of PCBs can stimulate bacterial growth by providing 
carbon, large concentrations are ioxic to microorganisms

A number of reports show that microbial degradation of the lower chlorinated biphenyls 
occurs at a faster rate than the higher chlorinated biphenyls. Fumkawa and Matsumura.** 
using a microbial strain Aiiatigenei sp from a lake sediment, found that 2-. 3-. and *-
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monochlorobiphenyls. 2.3'-. 2.4'. 3.3'-. 2.4-, 2.fr-. and 3.4-dichlorobiphenylj. jnil 2.4.J- 
and 2.4 4 -Irichlorobiphenvls degraded completely within 20 hr In contrail, letra- and 
peniichlorobiphenyls degraded verv slowly Using different and miaed microbial strains. 
Mercalf ft si Baiter ft al Clark et al Liu.” and Hankm and Sjwhnfy,‘’ alio 
iihsfrvni increased degradation in lower chlorinated biphenyls

It hat also been observed thai some chlorobiphenyls that do not degrade easily when 
present alone in a culture medium do so when present in a mtalure or when htphenvl u 
added to the substrate j: The enhanced degradation is likely due toco-metabolism, which 
is commonly observed in microbial processes.*

Nut only does the degree of chlonnaiton influence biodegradation, bui the environment 
also afreets biodegradation. For example. Iwata el al.,'1 studied PCB degradation in sm 
different soils and found no degradation of Aroclor* 1254 tn (wo toils. Intle degradation in 
two, and significant degradation in the remaining two soils. In a reeeni study of PCBs 
degradation m eight soil cultures. Hankin and Sawbrsey” observed that all soils bui one 
degraded ai least 70% of Aroclor* 12*8 in ta days, while only three soils degraded I2J4 
In a I 12-day incubation period, over 90% of Aroclor* 1241 and about 40% of Aroclor* 
1254 were degraded tn some soils, while no Aroclor* 1260 degraded in any soil. Growth 
of aerobic organisms increased with time as did degradation of the Aroclors*

Although hydroxylation and nng cleavage are the main mechanisms in biodegradation of 
PCBs. producing less chlorinated chlorobiphenyls than in the tuning materials, other prod­
ucts of PCB biodegradation have alto been identified. Degradation of mono- and dtchio- 
robtphenyls by two AcHromobaaer cultures produced p-chlorobenzoic acid.” Degradation 
of 4-chlorobiphenyl by a Grim negative bacterium in the presence of nitrate produced four 
compounds. 2- and 4-hydroxy-4’-chlorobtphenyl and 2- and i-hydroxymononttro-e'-chlo­
robiphenyl ” The mechanism for the formation of these compounds is illustrated in Figure 
6. The proposed mechanism involves (he formation of arene oxide intermediates which have 
high reactivity with biological materials

Incubation of commercial PCB preparation Aroclor* 1242 with a bacterial culture from 
a harbor produced a number of alkcnes and alkyl benzenes." Under anaerobic conditions, 
bacterial dehalogenauon of halobcnzoates. the degradation products of PCBs. proceeded io 
give CH, + CO. "‘ Clearly, biological degradation of PCBs proceeds via different, as yei 
not well understood mechanisms depending upon the environmental conditions 

As PCBs are soluble in lipids, they are accumulated by a number of organisms, following 
lipid/water partition coefficients. Chlorobiphenyls show selective bioaccumulation and deg­
radation. which are affected by both the chlorobiphenyl and the animal species Hansen*-' 
has reviewed various factors, including animal species, size of adipose .compartments, en­
zyme activity etc.. that affect bioaccumutaiion and biodegradation by animals. Accumulation 
ratios of chlorobiphenyls vary among different animals as well as in lipids from different 
parts of an animal.*1

While the biodegradation of PCBs has been studied extensively, no information on the 
fate of PCBs sorbed or taken up by plants is available, indeed, controversy persists as to 
whether PCBs are translocated through the pinna or are merely sorbed on plan) surfaces 
from PCB vapors or PCB-beanng dust panicles. Although long-term alteration in PCBs 
sorbed by perennial plants or trees is not known, the PCBs tn plants growing on contaminated 
soils increases as the chlorine content of the chlorobiphenyl decreases**** (Figure ii

C. Thermal Degradation
Because of the subility and potential toxicity of PCBs. numerous laboratory experiments 

have been conducted for the combustion and complete destruction of these compounds for 
safe disposal of industrial wastes and used products. While pyrolysis at below 700*C produces 
vinous toxic materials, higher temperatures decompose PCBs completely Buset and Rappe*’

Votumr I *9
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HGL'RE I Therm*j eunvfrsmft uf PCBk 10 fMiJvthiortfuied dibrnithlufjm

conduced pyroly*»s of 18 in<j>vnduar chlofob'phenyrt inciud*ng tetri-. penta . he*.a-. 
hepia-. octa-. non*-, and decachlorobiphenvls ai bOO*C Using high resolution GC.MS for 
iheif separation and idemificVion. thcv idennfied several highly ionic polychlorinated di- 
hcnzofurans (PCDFs) in the products and discussed different schemes for their formation 
The yield of PCDFs ranged from 0 I to several percent of the starting PCBs. The conversion 
of PCBs to PCDFs involves intramolecular cyclizaiton with loss of H. (as shown in Figure 
81 or HC! and loss or rearrangement of chlorine

Pyrolysis of commercial PCBs. Aroclor* 12*8 by Monta et at** at 300*C and A roc lor* 
J 254 by Buser el al "* at 550 to6S0*C formed PCDFs. while above 700*C. the PCBs were 
completely destroyed. PCDFs as well as chlorobenzenes and p>dioxins tn municipal incin­
erator wastes'*” have been atinbuied to chlorophenols and thermal synthesis from phenols 
and chlorine, and they are not necessarily formed from pyrolysis of PCBs. Mechanisms for 
thetr formation art discussed by Choudhry ei al.’’ Many chemical procedures of complete 
dechlonnaiion of PCBs using cBUlysts have also been developed. Examples are 5% platinum 
or paladium.'* nickel bondc in alcohol with excess sodium borohydnde.M and LiAIH,.’* 

Yamasaki et al." reported complete destruction of PCBs in the presence of a methanol 
and sodium hydroxide solution at 500 to 520*C and ISO kg'cm: pressure. They suggesied 
that the method can be adopted on an industrial scale, using continuous pipeline capillary 
system. Based upon PCBs incineration in accordance with the EPA test protocols in high 
efficiency boilers with ■ thermal destruction effictencyof >9Wfc. Hunt el al.” have recently 
concluded that the method provides a satisfactory means of disposing waste oil contaminated 
with 50 to 500 ppm PCBs Thermal destruction, as well as other physicochemical and 
biological methods, for low and high level PCB contamination have recently been discussed 
by Ackerman ei al ”
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I. INTRODUCTION

Chernicsl analysis for polychlonniled biphenyl! (PCBs). since iheir tdcnlificaimn m en­
vironmental samples by Jensen' in 1966. has been almost exclusively performed bv pas 
liquid chromaio|riphy (CLC). *«h the aid of <hc electron capture (ECl detector which is 
particularly sensiiive 10 organise hiorinc compounds. This detector, developed by Loveinck. ' 
proved very elective in deieciin| and quantifying organochlonnc pesticides such as hen 
achJorocyclohexane (HCH). aldnn. dieldnn. and DDT and its breakdown products Each 
individual compound, as it emeries from the CC column, produces a signal from the EC 
detector, [he magnitude of which it proportional to the amount of the compound present, 
and hence is related to the concentration in the solution injected. The time elapsing between 
mjrcuon and elution, for a particular temperature of operation, is characteristic of the 
compound present.

PCBs however, normally occur tn mixtures of many individual isomers and homologs, 
each mixture in CLC analysis producing a pattern of serially eluted peaks emerging from 
the electron capture deiector. Although analyses for PCBs are commonly reported as single 
values, such values are only obtained by comparing the peak pattern with that from a standard 
PCB mixture (normally a commercial product), and no information is given of the relative 
proportion! of (he different components in the mixture. For various reasons the single value 
can only be regarded as a compromise, and in many situations 11 may be both inaccurate 
and misleading This chapter discusses the problems of accurate PCB analysts rhardly 
attainable at the present time > and indicates the developments likely to lead to both improved 
accuracy and more detailed information regarding individual PCB compounds.

II. COMPOSITION OF PCB RESIDUES

The mixtures of PCB residues which may be subjected lo chemical analysis can vary 
widely, depending on several factors. The commercially produced mixtures intended for a 
wide vaneiy of uses, according to the physical and chemical properties of these mixtures, 
vary wuh the degree of chlorination to which the parent biphenyl has been subjected Some 
change m the composition of a commercial product may occur during use. eg . in hcai 
exchangers or as hydraulic fluids. On discharge to the environment, ihe mixtures, wheihei 
used or nnt. can undergo further modification in respect of the proportions of individual 
compounds present, as a result of photodegradeiion or hydrolysis, preferential solubility, 
absorption or evaporation, or mixing with other PCB products manufactured ai a different 
level of chlorination. Finally, the group of PCB residues extracted from an en vironmemal 
sample will usually be miaed with eoextracied organochlonne compounds such as pesticides 
which can interfere in CLC analysis unless steps art taken to avoid this.

A total of 209 chlorinated biphenyl isomers and homologs it theoretically possible. This 
total consists of

3 Monochloro- 
12 Diehl oro- 
24 Tiichtoro- 
42 Tetraehloro- 
46 Pentachloro- 
42 Hexaehloro- 
24 Heptiehloro- 
12 Octachloro- 

3 Nonachloro- 
1 Decachloro-

66 PCBs and thr £nvironmrni
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Commercial producers have manufactured mixtures which have generally resulted from 
the chlonnanon of biphenyl 10 five products containing approximately 20. 30. 40. 30. 60. 
and 70% of chlonne by weight. The actual perrentafe of chlorine vanes to some extern 
hrsween manufacturers, and to a smaller de|ree between batches from an individual man­
ufacturer Monsanto Lid (U S ), who marketed a senes of products under the trade name 
A roc I or*, listed nine separate products based on PCBs with 21. 32. 42. 48. 54. 60. 62. and 
68% by weight of chlorine (Other products were wholly or parity based on polychlorinated 
terphenylsl Other manufacturers produced similar mixtures, for example, a 50% chlorinated 
product which bore a fairly close resemblance to the 41 or 54% chlonnated Aroclor*. but 
a detailed chemical analysis would almost certainly have revealed tome differences in the 
proportions of different individual PCBs

Several studies have been made to determine the identities of the Individual PCBs in 
commercial products. Webb and McCall1 examined the Aroclor* senes 1221. 1232. 1242. 
1248. and 1254. in which the first two diftts denote biphenyls and the Usi two the degree 
of chlorination Aroclor* 1221 contained matnly mono- and dichlorophenyls. 1232 mostly 
tnchlorophenyls with some mono- and dichlorophenyls: 1242 contained most of the com­
pounds present in 1232 but also several tetra- and pentachlotobiphenyls Aroclor* 1241 
extended the mixture to include more pentachloro compounds and a few hexachloro com­
pounds. while Aroclor* 1254 consisted primarily of tetra-. penta-. and hcxachlorobtphenyls. 
A more recent study by Ballschmtter and Zell.* using the Clophen* senes of products iBtyer. 
Federal Republic of Germany), demonstrated the presence of the following compounds in 
the 30. 50, and 60% chlonnated products.

( CfcJoro-

CTiphtw* A M

l

Ctopfcm* A M

0

Claffctit*

0
2 Ch*oro- 9 1 4
3 CWtrth l* t« 7
4 Chlovo- II 13 4
5 Chtoro- 10 19 14
t Chtom- l 22 ky
? Chtaro- 0 0 10
1 Otorth 0 0 1

As the individual compounds listed were those separated On a pantculai GLC stationary 
phase, and a few could not be identified from their specific retention indexes, the true 
numbers of compounds present will be somewhat (leaser. It is clear, however, that the 50 
to 60% chlonnated preparation! will contain at least 60 to 70 different compounds although 
some will be present only in very small proportions Improvements in the ability to separate 
the individual PCBs over a decade are demonstrated by the fact that Webb and McCall1 in 
197) recorded 33 compounds in Aroclor* 1242. whereas BaJIschmtier and Zell* in 1910 
presented a chronmogram of the same product in which as least 7a peaks could be dtsungutshed.

It is clear that, even in the analysts of a mixture of PCBs in an unused commercial product, 
the complete separation, identification, and quantification of the individual compound! will 
be difficult, but the comparison of ■ chromatogram from a sample with that from a standard 
solution of the identical commercial product will normally provide a sufficient basts for 
quantification in terms of total PCB. expressed on the basis of the reference product When, 
however, the product hat undergone some form of degradation, selective removal of com­
pounds. or mixing with other organochlonnes. the analysis by GLC becomes more difficult 
Comparison of a chromatogram from a ample with that of a standard commercial product 
can only provide a crude assessment of the total quantity of PCBs present, informal ton 
which is often of doubtful value, and may be misleading. In particular, n must be emphasized 
that quantification in terms of a particular product does not imply that contamination by nisi 
product has necessarily occurred
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PCBj and the Environment

The analyst of organochlonne residues by packed column GLC. which hat been med 
by the majority of analysts since the electron capture detector became available over 20 
yean ago is, in (he handt of mon analysts. capable of separating ai best onlv v>me 15 to 
;0 peaks on the chromatogram resulting from the injection of a PCB sample As staled 
above the PCB products mosi commonly manufactured are hkely to contain at leasi t>0 10 

70 individual compounds and packed column chromatography is thus inadequate for accurate 
analysis However, at tne present time the number of individual PCB compounds available 
as standards for quantification is much smaller than the number which can he separated hv 
capillary column chromatography, to that the latter technique, while a considerable im­
provement. cannot yet be fully exploited. '

Although chromatograms from the most efficient packed columns may show the presence 
of IS to 20 separate peaks, many of theae are very small and not measurable with sufficient 
accuracy Consequently, quantification of the PCB complex using such chromatograms is 
based usually on the measurement of the heights or areas of at most five or six peaks isome 
of which may be produced by more than one individual PCB compound). Carr must he 
taken, with environmental samples, to avotd the use of any PCB peak which coincides or 
overlaps with the p.p -DDT degradation product p.p’-DDE. usually coextracted with PCBs 
If the analytical technique used fails to separate or eliminate DOT and TDE ianother deg­
radation product of DDT) these too may interfere with the PCB chromatogram

HI ANALYTICAL PROCEDURES FOR ENVIRONMENTAL SAMPLES

Although there are circumstances when the analysts of commercial PCB products is 
required, either in thetr original or used form (as ui heat exchangers), most analysts are 
likely to be confronted with the task of determining PCBs tn environmental samples following 
contamination resulting from some form of discharge. The organochlonne residues extracted 
will usually be a mixture of PCBs and various pesucidal compounds, many of which have 
chemical properties similar to those of PCBs. This section is therefore directed primarily 
toward the problems arising from the analysis of environmental samples, or of agricultural 
or marine products for human consumption.

A. Levels of Determination
Concentrations of total PCB in environmental materials can range from several thousand 

milligrams per kilogram in lipid samples to the order of about 1 ng/kg in sea water and 
perhaps 0.1 ng/m’ in clean air. All materials, whatever their ongm. must be extracted, and 
the final extracts concentrated or diluted to provide concemtatKMU sufficient for analysis at 
levels easily determinable by GLC techniques. The minimum acceptable response produced 
by most electron capture detectors occurs with the injection of about 100 pg of total PCB 
te g.. 5 i*/ of a solution containing 0.02 jig/ml). but only four or five of the largest peaks 
will be measurable. If individual isomers an to be determined, the EC detector may require 
up to 10 pg of each for an adequate response, end the quantity of a mixture of PCBs required 
will thus be a minimum of several nanograms With the smaller volumes 11 to 2 iif) injected 
for spiitless capillary column GLC analysis the total PCB concentration required in the 
extract for injection may be at least 5 i*.g/mf. if a large number of individual PCBs are to 
be quantified.

Some environmental samples eg., the organs of birds or fish, will limit the quamuv of 
PCBs available for analysis, and hence the concentration in the final extract. With other 
materials, e g., air and water, the quantity of samples may be unlimited, but difficulties 
can arise in handling large volumes for eauaciion. (Both air and water samples can be 
extracted by passage through suitable adsorbents in specially designed apparatus )

Irrespective of the nature of the sample material, when low concentrations of PCBs are

U
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10 be determined adequate precautions must be taken to ensure that no eitraneous com am 
(nation occurs either in the sampling or subsequent handling Plastic materials leacept PTFEi 
paints and lubricants, or hydraulic fluids must be avoided, and all solvents and adsorbents 
used in ihe analyses mu si be Iree of detectable contaminants likely to imerlere in the 
jciermination of PCDs Alicguois of at) solvents used should give no measurable response 
on GLC analysis after 100- fold concentration. Dummv runs through the entire extraction, 
separation, and concentration procedures should provide residue-free chromatograms >rnm 
ihe analysis of the final concentrate

Extraction of biological sample material is usually achieved using Soahlet extractors and 
a boiling solvent such as n-hexxne It is essential that the solvent penetrates the sample on 
each cycle, and to ensure this the biological material is often ground to a powder with pure 
dry sodium sulfate beforehand However, even with such precautions, some samples sucn 
as animal fats, may require periods of extraction up to 16 hr to achieve complete removal 
of organochlonncs and lipids

Some sample materials containing appreciable quantities of water, if not dried beforenand 
will require extraction with a polar solvent such as acetone or dteihyl ether, perhaps mixed 
with hexane. After extraction the polar solvent is removed by evaporation, or washing with 
residue-free distilled water, until a final extract tn hexane is obtained.

fi. Separation from Interfering Residues
The initial extract will normally contain organochlonncs together with pigments, fats, and 

other co-extractives which must be eliminated prior to GLC analysis. Three procedures have 
been developed and widely used over the put 25 yean — solvent partition, sulfuric acid 
or alkaline treatment, and'adsorption chromatography

Solvent partition involves dispersion of the organochionnc residues and fats in a mixture 
of hexane and either dlmethylformlm•de, or acetonitrile.* the organochlonnes remaining 
largely in the hexane fraction The method was a eve loped for pesticide analysts, and it is 
doubtful whether it ts now sufficiently efficient to ensure complete extraction of PCBs and 
some other organochlonncs

Sulfunc acid treatment1 of the hexane extract results in the destruction of fats and pigments, 
usually forming water soluble compounds which can be removed by shaking with distilled 
water, although many analysts remove aliquots of the hexane layer without such washing 
Hydrolysis of fits with alcoholic potassium hydroxide is sometimes used, the alkali and 
hydrolysis products being removed by an aqueous wash. Both procedures will destroy certain 
pesticides, but PCBs are unaffected.

Adsorption chromatography employs columns of either Floristl* or alumina.* through 
which a volume of the hexane extract is passed to remove the lipids and pigments. Separation 
of the various organochlorincs into several fraction* can also be achieved on columns of 
Ronsil' or silica' '* by the use of solvents of different polarity, the PCB group usually being 
separated from most interfering organochlorine pesticides except p.p'-DDE However, in 
the brescnee of chlorinated naphthalenes, ehiordane. and toxaphene more elaborate tech, 
ntques are required.

Adsorption chromatography wtth fractionation is perhaps the most widely used technique, 
but a somewhat similar procedure using gel permeation chromatography" 11 deserves more 
attention, as it can be automated It can remove lipids and separate organochlonnes in the 
same process.

C. Gat Liquid Chromatography
In this section only an outline can be given of the main procedures used for GLC analysis. 

Most analysis over the past 20 years have employed packed glass columns up io 2 m tn 
length and 2- to 6-mm bore. As indicated earlier, injections of PCB extracts using such
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columns product chromaiograms showing > minimum of about 20 peaks but often only 6 
or 7 peaks The resolution of individual peaks can be expressed in terms of the number of 
equivalent theoretical plates calculated from the width and elution nine of a specified peak 
me higher number denoting greater separation efficiency Uihe and Musul" compared the 
results submitted by 23 analysis in an iniemanonat comparative study, and found that the 
GLC columns used produced plate counts ranging from 320 to 3600 rCipillary columns 
jchicvr separations equivalent to plate counts eiceeding 10,000 and olten up to 100.000 j

The stationary phases used in packed GLC columns, all stable at the high operating 
temperatures, have different compound separation characteristics, but with the large number 
of organochlorine compounds likely to be present in any environmental sample it is inevitable 
'Mi several compounds will elute at the same times as others. However, for the determination 
of total PCB little difference in the final measurement ts evident from the use of the various 
stationary phases available The degree of resolution achieved depends primarily on the care 
taken in preparing and coating the solid support used for packing the columns, rather than 
on the selection of the stationary phase

In recent yean capillary column chromatography has been developed. using glass or silica 
columns 25 to 50 m in length with a bore of 0 2 to 0 3 mm. The column temperature is 
usually programmed to improve the separation of the vinous organochlorine compounds, 
particularly those which are more volatile With such columns it is possible to separate over 
100 different peaks from an injection of a mixture of commerciaJ PCB products.1’ Approx­
imately half of the peaks are quantifiable by peak height, but electronic area integration 
would probably enable most peaks to be measured.

Although the separation of individual PCB compounds is much more effective wuh 
capillary columns than with packed columns, some overlapping or coincidence of peaks will 
still occur, irrespective of the particular stationary phase chosen If other orgenochlonne 
compounds are present, and a few pesticide residues may be eluted from adsorption columns 
with PCBs despite the use of different solvents, the possibility of confusion between peaks 
emerging from the capillary column at the same time is increased.1*

The identification of individual PCB compounds on capillary CC chromatograms has been 
studied by several workers.' using mass spectrometnc and NMR spectroscopic tech­
niques to establish the molecular structure of individual PCB components, and confirming 
the identity of some by comparison wuh the injection of known synthetically prepared 
compounds.

Baltschmitcr and Zell* stale that retention indexes, which they measured using a senes 
of n-alkyltnehloroacawet as reference homotogs, depend strongly on the separation Chir­
ac tenstics of the individual glass capillary column used, involving both the type of stationary 
phase and the nature of the glass surface on which it is coated. No standard PCB retention 
indexes can be defined at present, but the matching of peaks with those from reference 
compounds enables other unknown peaks to be identified through retention indexes on a 
particular column. Examples of capillary chromatograms are shown in Figures 1 and 2.

The 209 possible PCB compounds are systematically numbered.* and their positions 
calculated m the form of retention indexes. The precision of these calculations, which serve 
to identify'individual compounds not available as reference compounds, is high. Ballschmner 
and Zell* measured the retention indexes of 43 available compounds, which agreed well 
with those measured as PCB components of three commercial fClophen*) products. A further 
66 retention indexes were calculated, and were in good agreement with those measured from 
other components of the Clophen* mixtures.

Chromatograms obtained by Baltschmiler and Zell* on capillary columns coated with 
Apiexon L show a number of examples of coincidence (or possible coincidence) of individual 
PCB components despite the generally good separation of peaks (tee alto examples in Figures 
t and 2). For Aroclor* 1254. ten peaks combining two different components and one
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combining lour components occur In the biier cast I wo ire pentachloro- and two hen 
chlorobiphentls. the grouping also appearing m ihe chromaiograpns r>( Arocior4 i’j; and 
1260 Employing a different siatronary phase i5E JOi. other examples of coincidence ut 
different components in Ihe Clophen* series of produds were found hy I he same authors 
lr u ihusevidrni ihai fvtn the improved techniques of capillars chiomaiopraphi ire noi sei 
able to achieve complete separation ol all PCB components and thus luH quaniificaiu'n m 
PCB mrirurrs

Then is ample evidence lhar ihe pattern of PCB peaks isofated from environmenial samples 
usually differs in dclatl from ihosc ol commercial miatures. allhough a rough maichmp vuh 
ihe 54 10 60% cblonnaled lypes is sometimes possible For approximate quantification o' 
tout PCB this level of agreement may be sufficient, but if Ihe question of loiKtly is important 
it will become necessary to know bolh ihe concentrations or individual PCB components 
and their relative loxicilies At Ihe present lime roo few have been syniheaixed. and the 
quantities available are too small for sufficient research on loxtctiy fo be undenalten Vet. 
with the reeof nitron ihat ihe proportions of PCB components in environmental samples dtfler 
•n detail from those found tn commercial mixtures. M is unwise to assume that Ihe loitcity 
of any minium of residues found in (he environment would be Similar lo lhal of a concentration 
ol a commercial product calculated on a total PCB basis. More information n required on 
the mechanism of iuk action of PCB i perhaps leading to an indication of I he molecular 
time lure t most likely lo be ioxic This in lum would enable analysis to confine ihe it 
measurements to ihe compounds of greaiesl interest. (The loxicily of impunues in commercial 
products, particularly ihe chlorinated dibentofurens. must also be considered "

IV. ANALYTICAL INTERCOMPARISON STUDIES

In Ihe lore going secnon (he ultimate need for Ihe determination ol individual PCB com­
pounds has been stressed. Ai present, however, ioo few labonioncs are equipped with the 
esienltal iniirumenlation. tod our knowledge Of Ihe techniques of separation and idenitfi- 
ralion is inadequate For Ihe pul 15 years I abortion es in different countries hive been 
developing their expertise in the general field of orgaoochfonnc analysis, pnmanty for the 
uhiquuous types of organochtonne pesntidr residues, end total PCB determination! have 
been anemptrd as part of such analyses The degree of variability experienced among inaivst i 
■n respect ol total PCB determinations >i. noi surprisingly, rather greater Ulan ran be achieved 
for certain euily separtied and determinable pesticides using the seme analylicel procedure

Holden'* reviewed the results of a number of international organochlonne inierrompartson 
exercises conducted on behalf of OECD (Organismion for Economic Cooperation and 
Developmenti up to 1972. In these studies the analysis were asked lo use Ihetr customary 
analytical procedures, and their own reference siandardt. no aitempi being made io specify 
any common procedure. In 1969 a solution of a commercial PCB mixture tn hexane, sealed 
in glut ampoules, was diimbuled end 14 laboratories reported their analytical return A 
60% chiopnased mixture (similar to ihai in the sample) *u used by l! leboreiones ss 
reference, obtaining a mean value of 10 17 mg total PCB per Inti, as compared wun ihe 
■rue value of 9.1 mg'f Two leboreiones using a reference identical lo ihai of ihe sample 
obtained values of 10.0 mg'f, and ihe coefficient of vination foe ihe 16 leboreiones »n 
= 10.1%. Two other laboretones employing ■ 50% chlorinated reference mixture reported 

a concentration of 1.0 mg'f. an underestimate of only aboui 20%.
Whca an environmenial sample of cormorant tissue heavily contaminated by PCBi was 

analysed by the laboretones. ihe reference solutions choeen included 50. 54. and 60% 
chlonnaicd miiturei Fourteen leboreiones reported conceninitonl or PCBs between ?40 
end 525 mg'kl, bul eight basing their calculations on a 60% chtonnaied reference lound 
279 io 462 mg'kg Al this early period of PCB analysis, and for Such high eonccncrahons. 
she agreemem was reasonably good
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In 197?. a ixmple of Osh oil spiked with organochlortncs including PCBs »ii utxirrbuicd 
and on ihn occasion N laboratories reported concentrations averaging 9 23 mg if. mh j 
coefficient of sanation of = tl 0% tnl'ke the solution m hexane. hoth the tith ml and 
earlier cormorant tissue required a full iiran-up and separation procedure The method) .if 
measuring PCB concemraiioni were varied. using pcaJi heights or peak areas of from one 
id nine peaks

One criticism made of ihe eiercise using spiked fish oil was thai the Concernraiinns prevent 
iverr unreaiisiicatlv high h) comparison with those the analysis were accustomed in expect 
liom enviionmeniif samples iTIns snuanon arose because Ihe spike levels were miennonatls 
an order of magnitude greater Hun the residue levels in Ihe maim oil. to ensure that the 
dtflerence from the mains could be estimated wtih reasonable accuracy) In I V*4 a segctable 
oil virtually free of organochfonne contamination was used as a mains and spiked with 
tower concentrations of organochlonnes This sample was distributed both among OECD 
laboratories and io several laboratories representing countries belonging to the International 
Council for the Exploration of the Sea i ICES t

The results of the PCB determinations by 24 analysts in the OECD exercise-** gave a mean 
concentration jf I 100 mg/kg with a mean percentage recovery of 97.3% and a ctiefficirni 
ui variation ol 13 4% I Individual pesticide residues were also determined with coeiricicnn 
of variation m the range 10 3 lo 21.1% ) The ICES analysts.*'1 reporting from eignj labo 
ratones. found a mean concentration of I 100 mg/kg with a mean percentage recovers of 
96 3% and a coefficient of variation of 9 0%. I The range of coefficients of variation tor 
other organochfonne residues in this smaller group of analysts was 6 ) to 40 6% t

The agreement between analysts was considered to be lower than desirable, when urga- 
nochlonne residue determinations ire made in the interests of acceptability of ihe source 
matenal for human consumption. A coefficient of vanatton of =40% implies that ihe results 
from 19 out of 20 analysts may span a range coveting an order of magnitude Even a 
coefficient of vmauon of =20% could lead to substantial disagreement as to whether a 
commodity was unfit for consumption Further iMctcompanion taerctses have therefore 
been considered essential to examine whether improved analytical techniques and greater 
experience would increase ihe level of agreement among analysts.

In I97|. samples of a fish oil. considered to contain x relatively low level of organochfonne 
contamination and not spiked with additional residues, were distributed id 4 3 laboratories 
in 11 ICES Countries Many analysts had difficulty ui conducting Ihe analysis of this sample 
and over a period of 10 months 30 taborvones reported." 2 of them attempting the anaivsis 
by each of 2 methods. A total of 21 values were reported for the total PCB content bui it 
wat found that those analysts using a sulfuric acid ciean-ap technique obtained results 
significantly different from those using other methods. The 13 values from sulfunc acid 
treatment averaged 163.13 sigtk|, with a coefficient of variation of =30 0%. while the 15 
vatuei onioned by other methods averaged 431.40 ug'kg. with a coefficient of variation of 
= 43.3%. The coefficients of variation for seven pcsucidal residues reported ranged from 
32.7 to 71 1%. This exercise demonstrated the difficulties presented by the analysis or an 
environmental sample containing a relatively low level of contamination

Sit laboratories had used capillary GC columns ui the 1971 eaetcise. but one could not 
quantify die PCBt. and die other five re ported fraulu averaging 472 75 ug-kg with a 
coefficient of vanenon of =42.6%. Nevertheless, many analysts considered that progress 
would only be achieved m the direction of capillary GC analysis. In 1910. a further ICES 
exercise wax conducted, again tiamg a marine Osh oil. in both spiked and unipiked form 1 
For ihe unspiked oil. 23 results (excluding one outlier) xveraged 1.07 mg/kg of PCB. with 
x coefficient of variation of =31%. The spiked oil results averaged I 93 mg/kg wtih a 
coefficient of variation of =21%. Uthe and Mussal." reporting on this eiercise. were not 
able to confirm that sulfunc acid treatment gave higher values for PCB as only two analysis

74 PCBj and ihr Enarifnmtni

MOMS 224031



I "iumr I

tiled the method hut ihey identified * difference m the meeni o( the PCBs reponed by 
laboratories using Florml for tample clesn-up as compared wuh ilummi 

This eserctir also established that neither the use of a common PCB nandard soluuon 
nor a common method of calculation of the PCB concentration gave *nv significant im­
provement in afrermrni among analysts. The determination of PCB cnncentrauons was 
influenced by ihe stationary phase of 'he CLC column used, and the use of peak heights 
rather than peak areas on the same chromatogram also parr somewhat different results 

One further imercomparison esetcise eonducted amon| ICES analysts uas con lined to 
those using capillary CC Fi»r laboratories analysed Ihe spiked and unspiked hemng oil 
used in ihe 1980 ICES eserctse. and reported the individual PCB isomers, identified bv 
ihetr IUPAC numbers, found in both samples and tn Aroelor* 1234 A total of 33 different 
PCB compounds was re ported bui individual laboratories reponed different compounds, 
between 13 and 22 compounds bein| listed by each analyse Of the 33 isomers. '2 were 
lound in ihe Aroelor* sample. 13 to 20 a|am being reponed by any one laboratory The 
total amount of PCB isomers reponed in the Aroelor* sample rrpreserved 52 2 to 18.1ft 
by weight of the tout Aroelor* present.

Onlv m isomers were reponed by all five analysis, three of them coeluting with other 
isomers. Four analysts reponed on a funher four isomers lithe et si “ concluded thsi some 
analysts tor suppliers of itfeience isomerst wrongly identified some isomers, and thai toe- 
lunon of isomers on capillary columns was a sourer of error. It it possible that some isomers 
available commercially may not be pure, and the quantities available ara often insufficient 
for the preparation of accurate reference standards 

Other intersompanson curettes conducted by the International Atomic Energy Agency 
• IAEA) on oyster and sea plant tissue." and by the Intergovernmental Oceanographic 
Commission-'1 on ses water have confirmed the current difficulty in approaching a satisfactory 
level of agreement among analysts undertaking organochlcnnc analysts including PCBs in 
environmental male rials For the reasons stated earlier, it will be necessary to move in Use 
direction of more accurate techniques using capillary GLC bui « is essential that sufficient 
quantities of severaf of the more common isomers in pure lorm are made available at a 
reasonable cost for both standardization and toaicity tasting

V FUTURE DEVELOPMENTS

The accuracy of the determination of individual organochtorme compounds, as in ihe case 
of any trace contaminant, decreases with the level of contamination Horwtu ei at ’* showed 
that the imeritbomory coefficient of venation increases eaponentially with decreasing con­
centration. and suggested that at the microgram per kilognm level of contamination it mighi 
be at least ±30% Before analysts an asked to determine very low concemnnons of PCBs 
in any sampler and ansmpt to achieve levels of precision and accuracy which may well be 
unattainable, those requiring the information should consider senously whether less stringent 
demands would be sufficient If toxicological data indicate that concentrations of tots! PCB 
below 3 mgOtg in material for human consumption ara acceptable, screening at a l mg/kg 
limn of detection should be adequate, and the addad difficulties presented by attempts to 
determine concentrations down to 0.1 mg/kg can be avoided.

However, if future research indicates that certain individual PCBs. perhaps minor com­
ponents in commercial mistuies. arc particularly iobic to life in some form, these compounds 
will require determination at significantly lower concentrations than are calculated for total 
PCB. Both the separation and measurement techniques necessary to achieve this will demand 
greater cue in operation, with an assoctatad increase in the coat of analysu

It will also be necessary, for the beucr undemanding or the processes which determine 
the movement of PCBs within our environment and the ultimate fate of individual com.

fj
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PCBi unit 'hr ffti trnmmttu

poiwnii. 10 mtasurr "try io« concrniiatiuns of some isomers lor possibly their dcgradanon 
products I m air. water soil sediments. and biolopicif material li is not ilwavt essenml 
ihat a high level of tnlerlaboratory agreement is achieved, bm within ihe individual laboraiorv 
undertaking such research regular monitoring of ilse analytical precision and accuracy is 
necessary to ensure ihaf the data produced arc afways comparable, particular^ when the 
analysis change or the techniques are modified Suggestions for ihc imprnvrmrni ol tout me 
analytical techniques for organochiounet including PCBs have been made bs Holden ci al ‘ 
and arc repealed in ihc following paragraphs

Regular testing by mtercalibration or intereompanson it hi|h|y desirable to ensure thai 
the qualnv of anafvticai dan n maintained This should involve the analysis of appropriate 
mainiei containing PCBs. e p . soil or bioloftcal samples, or aliquots of suitable absorbents 
such as resins which have been used io extract contaminants Irom air or uvaser for biological 
materials vteeiabte or fish oils provide a suitable mains, particularly if spiking with known 
amounts of selected compounds is required, as effective imtm| can be achieved utinp oils 

A number of sources of potential error in orpanochlonne analysts are possible including 
impure solvents, inadequate clean-up of sample extracts to remove liptth pi|memt and other 
interfering matenal. lack of separation of PCB residues from ocher orpanochtormc com­
pounds. poor resolution of peaks or sensitivity mCLC analysis, failure so concentrate turacts 
accurately or sufficiently and vanability in the volume of ektraci infected into the 
chromatograph

Improvements in techniques used for routine analysis which will help to eliminate or at 
least reduce the degree of error include:

I The use of solvents of the highest quality No significant OLC peaks which could 
interfere with the measurement or identification of PCB compounds should be prese nt 
after lOO-fotd concentration of the solvent.

2. Extraction of biological tissues tsuitably (round and in dried formi should be earned 
out in Soahiet extractors lor a minimum of 40 c.

] Extracts should be cleaned up with absorbent columns. uitn| Flonsil or slumina
4 Or(snochlonne residues in cstracil must be subdivided into si least iwn fractions 

PCB residues being separated from other compounds as compleielv as possible
5 The PCB fraction tor fractional must be concentrated to nw less than I ml accurately 

measured lunless techniques ire developed for the reduction to smallet volumes pre­
cisely measured).

6 Internal standards te g . the tenet of n-alkylthchkiraaceiaies) should be used to correct 
lor errors at the OLC injection stage

7 For the determination of individual PCB compounds, (lass capillary columns »nh i 
resolving power equivalent to at least 30.000 dseorctical plates should be used

t The sensitivity of the GLC detector should be sufficient to give a peak height response 
of five times the recorder baseline width for <0 pg of dieldrsn or p.p-DDE. or the 
equivalent area response for automatic integration

9. The detector response should be within the linear range with frequent calibration
10. Standard reference solutions should be renewed regularly, and solvent evaporation 

from these solutions minimized by refrigeration

It is essential that each individual laboratory causes out regular calibration checks on ihc 
analytical procedure used, including the clean-up and pre-GLC separation stages The in­
ternal tonal standardization of techniques is an unlikely prospect, but differences between 
laboratories in respect of performance, which currently give nse to coefficients of variation 
in PCB intereompanson studies of 30 to 30%. should be reduced significantly by better 
control in individual laboratories The wider use of capillary columns, and the increased

14
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availability of individual PCB compound! as reference material, together *nh automated 
integration and data recording, are essential for the complete analysis of ihe spectrum of 
PCB residues in a sample The conditions under »hich tbe analytical procedures are con­
ducted. «-hrihrr at the clean up and separation wages before GLC analysis, at the GLC 
infection stage, or in temperature programmed GLC analysis, must all be clear I v spec (Hr d 
and ngidly adhered to. if quantification at acceptable kveJs of accuracy and precision n <o 
tw achieved

V olvmr t 7T
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10 PCBt ond (he £n> ttnn*ner\i

I INTRODUCTION

The timntphtrf i\ mcrMnnf U 6e*nf rtcopnifctf H a Mpmficam pjihitav nw ihe movement 
of ch*nvciH m ihe environment Once *ifborne liable chemical^ tuch as poKchiufiruteo 
biphenyls iPCBm can he uansponcd thousands of Lilomeiei$ from iheir nricmji ^Hirces 
cr>m*fiunjiinp e vm re men r repons oi ihe tenh For esample PCB and »Hhei oreaonchlturnes 
have been deiecied »n air from Enew-tiaJi Aiolj1 arvd Antarctica * marine mammaK in>m 
Aniarmca/ and juriare *a»er Mom ihe major oceans and seas *" This charter *ili discus 
vr^erai aspects of aerial PCB iianipon to the oceans First »e *iM retted <jmptmp pro 
eeOvrei for PCB in ambient *rf and almospncric deposition. and will summarise mwh ifcem 
measurements ol ai'Jomr PCB around ihe globe Thu will provide dal* to evtinvut ihe 
nmoiphtric reservoir of PCB Then »t will cunune rates and mechanittm til jiriuiej 
PCB irimrei

II PCBs IN THE ATMOSPHERE

A. Collection Methods for PCBi in the Air 
PCBs we found >n the atmosphere as vapors or itsocisied with paniculate maitei *i will 

be discussed later. the piteous form predotninwes. typicaliy comprising >90? ol ihr ion! 
PCB concentration PCB levels in imbiem sir we on the order of s few picog rsms per cubic 
meter to nanogrimj per cubic meter, end hundreds or even thousinds of cubic meters oi 
sir must be sampled 10 obtun enough matenal for analyst* Wish s high volume thi.voli 
sifflpiini syslem. pinsculsie PCBs are collected on a pracnmbutied plan- or qutm Tiber 
Tiller and an adsorbent column behind the Tiller is used to retain gaaeoui PCBs 

Within the last decade solid adsorbents have become popular for collecting organic vapors 
in ambient and workplace air References 10 some of these applications for sampling PCB 
vapors m a variety of mumiont an given in Table I The list cmphantes ihe Incruure tim e 
1977. and is not intended to be comprehensive but illusiranve of Ihe widespread usage of 
these samplini systems. Adsorbents are also useful lor collectmp many other tvpes n high 
molecular wet|ht or|antc vapors, including pesticides, phthalate esters, and poivcvchc at 
omsitc hydrocarbons i P A H) References to these applications and 10 earlier wort r.ir. he 
found m she Table / citations and in several reviews on organic vapor sampling ' *

An tmponani consideration lor an adsorbent is ns blank value Polymeric adsorbent! ste 
usually precleaned by Soahlei ealraciion with chromatographic duality solvents followed tiv 
drving under vacuum or in orgsntc-lree air. Flontil has Ihe advantage oT being ritmd up 
easily by baking in a muffle furnace at 320*0*’11 With care n is possible to reduce electron- 
capturing impurities to a lew nanogrami. quantified as PCB. Some reported PCB blanks 
for different adsorbents an listed tn Table 2. These generally range from < 10 10 JO ng toiat 
PCBs for the polymeric matcnals and leas for Flortail. A blank of 20 ng total PCBs cor­
respond! to a detection limn of 0.0J to 0.04 ng'm for a 500 to TOO mJ sample, a ivpical 
volume for a 24*br air monitoring penod. This is about iwo orders of magnitude below 
urban air PCB concentration! fn remote and oceanic regions air volumes can be increased 
to raise the sampie/blank ratio if collection efficiency can be maintained 

The ability of an adsorbent bed to quantitatively collect vapors can be determined in 
several ways. One approach to measuring collecnon efficiency is to vapontcaknownquamitv 
of chemical into an austream which is passed through an adsorbent bed. The fraction collected 
is calculated by mesa balance from Ihe residues found ut the sampling train Sometimes 
retention efficiencies are measured instead by spiking the adsorbent with a known quantity 
of chemical and determining the percent retained after clean air has been pulled through the 
trip. Collection efficiencies in field work are often estimated by separately inilumi from 
and backup adsorbent traps. If the second trip contains much leas material ihan the first

MONS 224037



Table I
SOLID ADSORBENTS USED FOR PCB VAPOR SAMPLING
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Table 1
PCB BLANK VALUES (n|| FOR SOLID ADSORBENTS
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nap. ti u assumed mat breakthrough beyond the backup trap has noc occurred However, 
as the quantum on the two trap* become similar, n u apparent that a certain Iricuon ol 
the (ample ha* alto paated through ihc enure adsorbent bed Thu uncoileded fraction cannot 
be calculated (imply from the trap-1 map-2 ratio: a more detailed knowledge of the vapor 
front movement it needed, u will be discussed liter.

Moat workers include tome animate of collection efficiency in their reports. Sampling 
condition! and adsorbent quantities differ (really amon( studies, so while quantitative vapor 
trapping is usually documemed for a particular invesiigation. H ii difficult lo generalise
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«2 PCBl end tht Enuronmrnt

Table 3
BREAKTHROUGH VOLUMES 

(V,| FOR FCB CONGENERS AND 
HEXACHLOROBENZENE fHCBi 

ON PUF AND SAMPLING 
VOLUMES |V,> 

CORRESPONDING TO 
DESIGNATED COLLECTION 

EFFICIENCIES*

CBip>a»< VfU'

V,. a1 at

n% h%

HC\ i:s id) n
)3DCI T» 3* MO
:4 s tci JAM ■ >to m

• PUF tMwwi T * cm <ww> > Mem duel 
(N - 1 51. HTC

collection efficiencies from this literature Seven) collection studies in lined m Table t 
Among these. solute volatility stands out ai a major factor influencing collection Several 
invtni|aion have shown that the ability of adsorbents to trap PCB vapors increases with 
the number of chlorines on a homolog Under the conditions usually employed lor hi.ml 
samplin|. the laier-e luting componenu of Aroclor* 1242 and all the Aroclor* 1254 com­
ponents are quantitatively trapped by polyurethane foam I PUR Some of the dichlorobi- 
phenyli may be lost, depending on the sampling temperature and total air volume Tenaa- 
GC XAD-I and Flonsil collect the lower moteeulee weight PCBs more cffeclivrlv than 
PUF

Recently, tome work has been done to esprest PCB vapor collection tn a wav ihai has 
some predictive capability for designing suppling systems. Senum" pointed out that the 
collection efficiency of an adsorbent bed is a function of the solute retention volume tv,i 
and the number of theoretical pistes |N) in the bed. The fmi mcaiuiemcnu of V, for PCB 
congeners 1st a hi-vol system were reported by Simon and B idle man " A PCB tptkt was 
introduced ro a column of 15 I-cm thick « f.ken diameter PUF slices end eluted with 
clean air The PCB moved through the column u chronsatognphic bands, with the band 
penetration linearly related to air votuma. Subsequently Burdick and Bidlrman'’ euended 
Util work to a frontal chromatography ayfiam. when vapors wen continuously introduced 
to the PUF bed while sampling at 20*C. Breakthrough volumes (V,) were obtained for two 
PCB congeners ai* hsuchiotobcnxanc fHCBl. In a tapmatr Hudy** V, for four PAH at 
well u values of N for a PUF hi-vol sampler were determined.

Knowing V, for the PCB hen no tugs and N for (he adaorbent bed. V, can be calculated 
for dasuqd collection efficiencies 4"1 This is seen in Table 3 for a PUF column 7 6-cm 
diameter x 7.3-cm thick 0.6 gl. the approximate dtmenuoni of a PUF plug used m several 
field investigations.*1* 14 These V, apply to KTC sampling temperature only. PCB vapor 
pressures increase by a factor of I * to 1.9 for a S*C rise in temperature.*1 and sampling ai 
25"C rather than 20*C should have nearly the same effect on breakthrough as doubling the 
air volume. In field studies, breakthrough of Aroclor* 1014 from from to backup PUF traps 
was better correlated with a irntperaiure.weighted air volume than with air volume alone '*

In practice, the choice of adaorbent used for PCB sampling depends on the application.
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concentrations io be determined. necessary sampling timei. and available equipment Si 
inultancous collection of PCBs using two or ihrcc sampling lyiiems has been earned oul iu 
ten (he comparability ol differeni adsorbents "11 SKtrbyside coIIcciioiii m three c»i« 
using PUF. Ttnax-GC. and XAD-2 mowed thai concentrations of AroetOr* 1016. Aroclor* 
1254. and the pesticides chlordane and lotaphene meaaurcd with >hc ihree adsorbents agreed 
excellently Average relative standard deviations (or org iixx hlonne level) measured with 
the different adsorbent) ranged (ram 10 to 15% in moat caio. and were within the precision 
ot the analytical me mod HCB coneeniranoni measured with Tenax-GC and XaD-2 agreed 
well, and were several rimes higher than those obtained using PUF HCB was not quanti­
tatively collected by PUF m the air volume range sludird iJOC to IbOO m‘i. since m v, on 
PUF is nniy 125 m1 iTable 31

B. PCB Concentrations in the Air
Coneeniranoni ol airborne PCB depend on numerous I acton, including proton nv io local 

sources. source emission strengths, and meteorological variables Levels as high as 5* ur 
m' have been reported in atr directly over a PCB spill m North Carolina “ Air in homes 
and offices typically contains several hundred ng/m' PCB ** JI ** By companson. the NIOSH 
proposed cmenon lor PCB m workplace air over an I io 10 hr workday is I 0 u| mJ ” 
Other areas where elevated PCB levels have been measured ait landfills.” capacitor 
and transformer manufacturers," ** and incinerators1' Away from direct sources. PCB
coocentraiioru are higbesi near urban ceniers I to 10 ng/m’ representing the usual range 
for ctnes in ihe U S (Table 4). As eipectad. PCB kveh decrease away from cmei. Values 
from nonurhan continental areas are typically m the range of 0 1 io 0 5 ngmJ In remote 
mannt anas concentrations of A roc lor* file an usually 0 01 to 0.03 ngrm1 (Table at

C. The Atmospheric Reservoir of PCBi
Computation of the total amount of PCBt in the atmosphere is compliraitd by several 

facton Relatively few data for atmospheric PCBs an available outside the U S .and even 
less dau have been collected in the Southern Henutphere In addmon. the vertical distribution 
of PCBs m the atmosphere has not been measured Finally, since the ban on open use of 
PCBs. then is tome evidence for a decrease m environmental PCB concentrations.1'' though 
insufficient data an available Io evaluate any decline in atmospheric PCB coneeniranoni 
Therefore. some simplifying assumptions and extrapolations an required ic obtain > rea­
sonable estimate of the total aimoiphanc reservoir of PCB.

Most data on atmospheric conceatnuoni of PCB have been presented in terms ol the 
commercial Aracior* misuses 1016/1242 aiutor 1254, rasher than ns single congeners. 
Generally, in atmospheric samples, especially at low PCB conctnmuons. very light PCBs 
tmoDOChlorpI and very heavy (hepsa- through tkcachhtnM PCBt an not included in the 
calculation ol total atmospheric PCB. By mdudmi PCBs only ai 1242 and 1254 in our 
calculation we may slightly underestimate the total PCB reservoir, but given the approximate 
'nature of the calculation this should not lead to atrtous error.

Table 4 illustrates the high degree of venabtliiy to the reported PCB coneeniranoni between 
urban, rural, and remote marine locations Furthermore, examtnanoo of the original data 
sets reveals concentration vanauons which depend on meteorotogtcml facton and proximity 
to sources. Thus, calculation of the aunosphenc PCB reservoir can be only approximate, 
perhaps wuhm a factor of two os ihree. Also, there is vanabilny in the apparent composition 
of atmospheric PCBs. Relative proportions of Aracior* 1242 lo Aracior* 1254 range from 
1:1 io 6:1. For the purposes of these subsequent calculations, we will use the proportions 
of 2:1 to represent the relative amounts of Aroctors* 1242 and 1254 m the atmosphere and 
to calculate total PCB when only concentrations of Aracior* 1254 are given. Using this 
approximation io calculate total atmospheric PCBs from data in Table 4. we find that loial
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Jinioiphciit PCBs foi urban. rurtl. and marine area* li 6 0, 0 63. and 0 tv ngm' reipec- 
11vfIy An ovrialf weighted average of conunemal i JO'V< and marine iTOTl an vicltls a 
global average PCB concentration oi 0 35 ngrm‘

This avenge computed from icponrd daia probablv overestimates ihe true average 
concemranon for several reasons Daia from rural areas art biased toward higher values 
because of pronmity to industrialized areas of the L 5 and Europe rnncemraiions m PCBs 
m large areas of the Asian. Alncan. and South American comments are poiennatls lower 
than 0 6 n|'mJ. and are probably nearer background" eonctnnaiions Simiiartv. the daia 
reported in the marine atmosphere are influenced by coastal population centers From close 
eaaminahon of the data m Table *, we sublet lively estimate concenlratiuns typical of open 
ocean regions lo be -100 pg itt in the Nonhem Hemisphere and 30 pg'm’ in Ihe Southern 
Hemisphere The average. 65 pg'm'. n approximately |/3 of the marine average reported 
above A modified average computrd Irom only 10% "rural" contribution i0 6 ngrm'i and 
90% manne'iemote 10 065 ng'm‘> contribution is 0 12 ngim1. which may be rimer to 
representing ihe PCB load currently in the global atmosphere. In any cvnm. this more 
subiectivr average is within a factor of two of the earlier eatunate bated on all reported 
data

To calculate the atmospheric reservoir of PCB. we will assume a uniform coneenliation 
of PCBs in the troposphere up to i km over the earth's surface tf PCB vapors behave as 
other stable hatocarbons in ihe atmosphere. such as the freons. then this n a reasonable 
assumption Using an area of 5.1 * 10’* m' for ibe tanhT aurface and the "high" average 
of 0 25 ngrtn1. we calculate a tout PCB burden in the atmosphere of 7 7 » lip kg There 
■t obviously tome uncertainty in this calculation: however, the actual PCB burden in the 
atmosphere should lie in the range of I to 10 * 10* kg. This amount represents a small 
percentage of the total "mobile environmental reservoir" of U S.-dcnved PCB estimated 
by the National Academy of Sciences <120 x 10* kg) in 1979.’ This retail a somewhat 
surprising considering the important role of atmospheric transport to the widespread distri­
bution of PCBs in remote regions and suggests several features of the atmospheric reservoir 
of PCB First, the atmosphere appears to be a relatively rapid conduit for iranipon of PCBs 
to remote areas If the atmosphere slowly accumulated and retained PCBs we would eapeci 
a larger fraction of "mobile" PCBs to reside in the aimoaphere. Second, we especi thu 
Ihe atmospheric reservoir must have been larger in she past. e g., prior to 1970. to account 
for the accumulated PCBs tn ocean water and sediments. Thu aspect is discutscd more 
completely in a later section.

D. Vapor-PartlcIc Partti>omn| tf PCBs
The vaporpantcle (V/P) ratio of airborne PCBs it operationally defined by the ouinituei 

retained in the adsorbent trap and on the filter. How closely adsorbsni/filter ia/Fi rams 
found with hi-vol samplers approaimate the true V/P distribution in the atmosphere is 
unknown, but is an active area of investigation since the V/P ram is important in assessing 

-the various mechanisms or deposition. Some A/F ratios for PCBt in vinous ernes and over 
the ocean are given in Table 5.

Many investigators feet that A/F overestimates V/p because of the "blow-off effect" — 
stripping of organics from panicles on die filter by the flowing •imreim,1”* On the other 
hand, it is possible that ihe panicle mail on ihe niter acts as an adtotbem and scavenges 
vapors, which leads lo an underestimation tf V/P ** Experiments in Atlas' laboratory suggest 
that airflow alone has little effect on PCB vapor adsorption or stripping during hi-vot 
sampling. In the experiments air samples collected at different face velocities showed the 
same PCB A/F ratios Changes in temperatures- aenaf concentrations, and panicle chemistry 
probably have the greatest effect on A/F. and whether blow-off kit set or adsorption guns 
are observed will depend on how and when these vanabiei change during a collection period
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I For example. whit is deposited or the filler ■■ nifhl may be Mown off again in the hen olj day.
{ Despite iheic problems. tome nlempii hive been mide 10 coniine AF cinos vmh
I temperature and iirhonie panicle concentrations Yamasaki et al ** demonstrated ihn ihe

A/F ratio (or PAH could be described by in equation derived from Langmuir adsorption 
theory

log(A/R “ mT" * b - logfTSPI til

where m and b arc empirical constants. TSP n ihe total suspended panicle concenirauon 
(u.g/m*). and T it the avera|e abtoluie tampiin| temperature In an atiempt to correlate PCB 
A/F ranot with temperature, a plot o( Equation I wit made for A racier* 1234 in Columbia 
S C . New Bedford. Matt.. Denver. Colo . and Stockholm. Sweden.” Data from the a 
cutes represented A'F ratios from 0 2 to 190 and avarapa temperatures Tor the templing 
penodi of ~ 10 to 26*C. For 34 data potnu. linear refmtton give m - -4686. b • 
19 421. and H - 0.113. Using this relationship, the apparent percentage of paniculate 
Aroclor* 123* in a city with TSP ■ 60 pgrm1 would be estimated as 2.161 at 20*C and 
23* at 0*C. Because of the lower TSP levels in the marine atmosphere. even lower particulate 
PCB fractions over the oceans would be exported For example, if oceanic TSP » 7 upm1 
<mineral and sea saJi),u ai 0*C. 3.7* of the Aroclor* 1234 would be on panicles. iThu 
percentage is expected so be in upper limn because of the difference in panicle site distri­
butions and chemical charaetertsuct of urban vt manne aerosols ) Al 20*C this pcrccnuge 
would fall to -0.3* Since Aroclor* 1242 has s vapor pressure -3 tunes higher than 
Aroclor* 1234, die panicle-bound Aroclor* 1242 should be -1/3 of the above values Thus, 
the low percentage of paniculate PCB measured m the manne atmosphere is continent with 
theoretical minuet.

m ATMOSPHERIC REMOVAL PROCESSES FOR PCBt

A. Collection Methods for Aerial Deposition 
Wei and dry depoauion an two important processes for transferring PCBs from ihe 

atmosphere 10 the ocean surface. Precipitation sampling methods can be classified as "bulk" 
or “»et". depending on whether they collect dry deposition in addition 10 ram or snow 
"Event" sampling refers to collections made dunng a tingle precipitation period. These 
and other terms associated with precipitation monitoring have been denned.**

MONS 224043



One advantage of bulk collectors n that they are cheap. often consisting of nmh>n| m,>re 
ihm » jug and i funnel Bulk collectors require no power, an important constdruiton tor 
umplm| a> remote met. and they provlOe an inte|rated measure of atmospheric input per 
unit area A serious drawback m that ihese collector! are easily contaminated ftv bud drop­
pings and insects Moreover, they do not differentiate between input by precipitation and 
ny dry deposition An interesting way lo measure loiaf aerially derived pollutants is lo 
analyze snow nr >cc cores This bulk collection method subject 10 ihe same coniam.nai.on 
problems as mentioned above, has been used by several workers

Wei samples ire taken nnlv during precipitation periods by manuallv csposinp a cmleciot 
or by using an automated collector with a raminpped sensor “■*’ Sample containers jrr 
usually made of glass or metal Plasucs other than polyieirafluoroeihytene ate not sutiable 
for trace organic work because they may introduce contamination into the sample or cause 
losses by adsorption in the plastic surface

Organic enmpoundi deposited into precipitation collcnofs are subject lo rcvolaiil.ziiiun 
losses and 10 chemical and microbial breakdown. Problems with transportation also on 
courage me eollecnon of large water volumes Some investigators have used lo circumvent 
these difficulties by drawing the collected rain sample through a plug of PUF.” a glass fiber 
f.lter-PUF combination. ' or an XAD min column.**

Drv deposition of trice organics occurs by gravitational seining, turbulent impaction ot 
aerosol-bound materials and adsorption of vapors to the deposition surface. Sodergren" ' 
and Bengsion and Sddergnn" coated a nylon mesh screen with silicone oil and eiposed 
ihe nets for 2 to J months at a time to determine total aenil fluaes per unit area The nets 
probably collected particles by filinuon as well as impaction. McClure and LaCrange*:'■ 
collected dry deposition on mmenl oil-coaied glass plates, a technique thai was also used 
by Young ei al.’* ” 10 coffeci DDT and PCB fallout samples in southern California Heesen 
ei al. ^ enposed sets of these collection pistes over several days and found that the collection 
efficiency decreased over an t-day period, r.e • residues on plates esposed roe 8 davt were 
less than the sum of residues recovered from plaies eiposed for I-. 1-, or e.day intervals 
over the same time period

Murphy” enneited ihe use of otl-cosied surfaces to sample organic drv deposition because 
of the possibility that the oil might scavenge vapors as well as paniclrs Murphy recom­
mended ihe use of a polar fluid, and has vied glass fiber fillers coaied with diots io collect 
PCB dry deposition/* EisemcKh et al " collected PCB dry deposition on glass plates coaied 
wuh glycerol. Chntieiucn et al.1* evaluated throe surfaces for sampling PCB. DDT. and 
chlordane fallout. Pam filled with water or ethylene glycol-water io simulate a natuni water 
surface were compared to glycerof-iproycd and dry pans of the same geometry On ihe 
average, the wet surface pans collected 1} to 3 limn as much organoehlonnc dry deposition 
as did the dry surface pa/u with no differences among the types of wei surfaces

How well any of these sutrogaie surfaces approaimaia dry deposition to ihe surface of 
environmental inieresi (ocean, lake, pfam foliage) is unknown. Removal of panicles is 
strongly influenced by iheie site, meteerofogieal feci on. and surface properties of the col­
lector Reviews of dry deposition**" reveal an incredible number of field etpenmenu earned 
out over ihe Iasi 25 years. Particle deposition velocities. V,. vary by three orders of mag­
nitude. a discussion of all fscion affecting washout and dry deposition is beyond me scope 
of this chapter and she leader n referred to severe! ansclcs oo the subject For trace 
organics, deposition processes are funner complicaied by their fractionation between the 
panicle and vapor phases.

A workshop held at A/gonnc National Laboratory us November 1979 evaluated methods 
to measure dry deposition ** A conclusion of the workshop was that sutrogaie surfaces arc 
not accurate enough estimators of fallout flukes so use in monitoring networks Instead, 
research was recommended on using nucromcieorological parameters io calculate dry oep

I nfumr I |7
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oimon fluxes from nmoiphenc concentrations Their techniques are tummanxed in re 
pons “ •’ Other workers drugret iihe petscpii authon included). and feel Ihai more emphuis 
ihould be placed on field companions of lallow flmn 10 surrogate and "real " surfaces

B. PCB Levels in Precipitation and D17 Deposition
Compiled to the number of studies on wet and dry deposition of inorganic substances. 

relatively Imle hat been done to investigate removal proceues for organic compounds PCB 
concemronons in min and too* am preaamad in Table f. with aa emphatn on recem 
liieniure Hither PCB concentrations ate found hi min near urban treat Murphy and 
Rintudco" reported a precipitation-weighted mean PCB cooccntration of 119 nf'f in Chi­
cago and on Beaver laland. Lake Michitan. By compenaon. only 11 out of 31 min samples 
taken at a South Carolina estuary showed detectable PCB residues, the mean concentration 
m these I) sample! was 7.3 n|tl.m Stnchan and HuntauU** colleesad mui 10 km downwind 
from a heavily mduttnalized area near Hamilton. Ontario and at a "remote" site SO km 
from Sault Si Mane, Ontario. Aver*ft PCB concentration! were 27 np( near Hamilton 
and 3 ngrf at the remote site.

The few fluxes and deposition peremeten that have been measured for PCBs are sum- 
manzed in Table) 7 and I Table 7 shows that depoaitson fluxes to the Great Lakes are in 
the mngt of iOto 100 tagrmVyear. while marine deposition may be somewhat tower Remove! 
pemmeten send 10 be higher for the leia volablt compound). For example, washout mtios 
<W)aod V, are higher Tor Aroclor* 1234 than for Aibders* 1016 and 1242 (Table I). The 
same trend haa been found for ctitordine and the leu volaule DDT." A likely explanation 
11 that a greatet proportion of the heavier organics are panicle-bound end are removed more 
efficiently by wet and dry proeexaet Thu behavior is modeled in die next sections
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IV, ATMOSPHERIC inputs on pcb$ to the ocean

In this section wc will attempt to model the depot it ion of PCBt to the oceen surface 
Similar ancmpii ai modclin| the atr'waicr flua of PCBi to the Great Lakes nave been 
reported " “ In a broad tense our approach here will be similar to other models, but tome 
of the deposition parameters and assumptions necessarily will be modified for application 
10 the marine environment Alto, when possible, our estimates will conform with data 
recently acquired for deposition of other substances, such as various trace metals 10 the 
ocean surface The main results from Ihit model will be a companion of the flutes due 
lo different deposition mechanisms of PCB and an estimate nf the overall flus tit PCB in 
the ocean

Substances can be transferred from the atmosphere to the ocean by daposuion of both 
pane let and faacs. Since PCB is partitioned between a vapor and panicle posse born 
mechanisms must be considered Furthermore, both wei and dry deposition processes tor 
each phase must be considered. Each process is considered separately below

A. Dry DtpssMea of Particle*
Particle deposition to a natural water surface is a fu|hly complicated process. In i vtn. 

simple mathematical form which masks many compfcatoes. the flua of panicles may Oc 
calculated from

F* - voC, <:*

where FJ, ■ dry flua of panicle-bound compound. V6 - panicle deposition velocity, and 
C, - concentration of the compound bound to panic lei Laryc differences in panidr 
deposition rates an cspeeled as ■ function of panicle itte.1J Measurement! of V0 [total' 
described earlier (Table If tnay not be applicable to open-ocean anas. Dau of Btdleman 
and Christensen" and Murphy et tl.’* uiffeti Hut dry deposition rates of PCB measured 
in contiticnul areas may be dominated by a small percentage of PCB which ts associaicd 
wnh large panicles. Rapid deposition of these coni menially derived !ar|c panicles neat me
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source will lessen iht effect)'t deposition rate of PCB over mo SI ocean areas Since im 
particular PCB presem in ihe ocean atmosphere is mainly on small panicles, n mav behave 
similarly 10 wher atmospheric compounds associated with small panicles, such as Pb j, 
recent analysis of Pt> deposition in the marine aimosphere" suggests a net dry deposition 
velocity of small-panicle Pb on ihe order ot 0 I cnvsec

Recent measurements ol panicle home PCBs in the manne aimosphere sutigcvi that -■ i'V 
is associated with panicles This result may be biased toward low values because measure 
menu have typically been made near sea level, in temperate or tropical climates, and in 
relatively warm weather As discussed earlier, temperature can affect the amount 01 PCB 
on aimosphenc panicles For the purposes of our calculation we will assume that IG ol 
A rod or* I 254 and 0 4Sr of Aroclocv* 1016 and 1242 in the atmosphere are associated with 
panicles These percentages correspond io a temperature of -4*C and should provide an 
upper limn of paniculate PCBs for clean air conditions in ihe marine boundary layer

B. VVet Deposition of Particles
Panicles arc elficieniiy scavenged from the atmosphere by precipitation Data on panic 

ulate organics in precipitation "" and on trace metal scavenging'01 suggest a value ot HA! 
to TOO ing/kg trainl/ng'Sg iair!| For our calculation we will use a value ol 500 The ITu* 
due to we< deposition of paniculate PCB then is given by

f=t " 500RC, 131

where R m annual rainfall rate over the ocean (-t nVyear)

C. Dry Deposition of Gases
The magnitude (and direction) of the gas exchange of PCBs across the air/water boundary 

has been a subject of controversy in recent yean, particularly with reference in the Great 
Lakes ,,, <aa ll has been shown from mass balance estimates and from water column meas­
urements that the atmosphere must be an important source of PCB to the Great Lakes 
However, physicochemical data on PCB vapor pressure, solubility, and Henry's Law con­
stants suggest that the Great Lakes are supersaturated with respect lo atmospheric PCB 
Therefore, surface water should volatilize excess PCB and be a source, rather than a sink, 
of PCB. Some have suggested that the physical data are incorrect'0’ or have pointed to 
assumptions regarding mass transfer rates and sorooon of PCB as potential sources of 
miscalculation.*’

A similar dilemma exists for gas transfer of PCB to the ocean surface. Direct measurements 
are not available to determine the net dux of vapor .phase PCB across the atr/water interface 
However, some indirect data are available to suggest the magnitude of the gas exchange 
flux. First, we will examine the equations and parameters used to estimate gas exchange.

The iwo-ftlm resistance model of Whitman has been widely used to examine gas exchange 
in natural water systems '** In this model, the transfer of a gas is limited by diffusion across 
thin stagnant films of air and water adjacent to the interface. The overall transfer coefficient. 
Ko.. u based on the individual transfer coefficients across the liquid and gas films and on 
the Henry's Law constant of the compound. Thus:

I/Kct. - UKl + RT/HKo 141

where K,. and Kq are the individual mass transfer coefficients in the liquid (L) and gas iG> 
film, and (H/RTi ■ dimensionless air/water partition coefficient. H ■ Henry's Law con­
stant (atm - m'/moD.R m gas constant, and T - temperature Depending on the magnitude 
of (RT/H). one of the two terms in Equation 4 may become large compared io the other
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and (he eachange wit! be designated as either liquid-phase ' or gas-phase vonirullcd 
K, and It,., are based on estimates oi oxygen and water sapor mass transler raies m ihe 
in.ean Typical values of 1000 and 20 cnvhr have been suggested lor K, and K,. rcspec- 
lively ,n* These rates need to be corrected for ihe smaller diffusiviiy of PCB Theoretical 
cm,maies"’1 ■“ jnj laburaiorv experiments suggest a correction factor of approximately 
'I 2 Thus. K, - nth) crrvhr and Kt cm.hr lor PCB

Heceni experiments by Atlas ei al 110 have shown ihai (H'RTl at 23*C for vinous PCBs 
in sea water is approximately 0 028 for Aroclor* 1242 and 0 014 for Arnclor* 1254 Using 
these values yields a IC,H of 5 4 cmhr and J I crrvhr foe Aroclors* 1242 and 1254 re 
specuvely These transfer coefficients show ihat horh gat and liquid phase resistances are 
sigmficini m the transfer of PCBs across the air/w*ter interface

Given the mass transfer rate Km- the net flu* depends on the disequilibrium between 
air and waier concentrations or

FS « 1C,* iC„ - O iJ)

where C = the concentration of dissolved PCBs in water, and C_ the aqueous concentration 
of PCBs in equilibrium with atmospheric PCB If C > C„, the flux is from the water to 
the nr. and vice versa. One assumption in prior estimates of gaseous PCB flu* is that the 
ocean surface acts as a perfect sink for PCB. re . C = 0 Under this assumption the flu* 
to the ocean IS maximum and is given by F » Ktt * C„, where C„ “ C„/tH/RT) Using 
appropriate parameters yields a maximum air-sra flux of 5.0 x I0~‘g PCB/nr-year (2 9 
x !0-*g 1242 v 2.1 x |0-*g 1254).

Reported concentrations of PCBs m the oceans are not zero, however Aqueous concen­
trations of "dissolved" PCB of 50 to 500 pg/f in surface ocean waters are at least 10 times 
the equilibrium concentration expected from Henry's Law calculations The compilation ot 
environmental auv water concentration rauos vs theoretical estimates (Table 9) clearly il­
lustrates this pomi. The data in Table 9 show that PCB partitions at least 10 times more 
into the aqueous phase tin marine ant) fresh water systems and tn run water) than u predicted 
from merely equilibrium with atmospheric PCB. Apparent supcnauvitton is evidenity a 
generally widespread phenomenon m natural waters.

If we assume dial die oceans are a sink rather dun a source of atmospheric PCB. these 
observations suggest that the pwtical differentiation of particulate and dissolved PCBs m 
run and other natural waters may not accurately reflect the actual physical state and chemical 
behavior of PCBs in solution. For example, PCBs sotbed to mtcropariiculate material. which 
passes through glass-fiber filters, would be considered "dissolved": consequently, the so­
lution would appear supersaturated with respect to atmospheric PCB. There is little data 
available to test this hypotheaia, however. Voice ct el M> suggested the effect of micropar- 
ttculate (- colloidal) PCB a laboratory experiments of PCB adsorption of sediments. Re­
cently. Gschwcnd and Wu demonstrated this effect in a laboratory system.114 Other studies 
hive demonstrated the strong binding of synthetic organics to natural colloid material.1" "* 
Available.data on PCB distribution between atr and water would be more easily explained 
if PCBs in natural waters were not in true solution, but rather associated with colloidal or 
micropamcuiate material This does not suggest, though, thai gat-phase PCB does noi 
irsnsfer to aqueous solution. Laboratory studies10* "* on gas exchange of PCBs hive dem­
onstrated that gat-phase PCBs will reach equilibrium with aqueous solutions and subsequently 
can be purged from solution with clean air. Thus, gas deposition and volatilization of PCBs 
can occur: however, in natural systems this process may be masked by ihe presence of PCBs 
sorbed io very small panicles. Oaia are presently unavailable to determine ihe extent io 
which the pool of paniculate PCBs is involved in the equilibration of gas-phase PCBs wuh 
surface waters. Further work is required to determine the vinous mechanisms which control 
the nr/water exchange processes in natural waters.
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Table 9
MEASURED AND THEORETICAL AIR/WATER CONC. 

RATIOS OF PCBs |ng/mJ lxirJ/ng/< I water t|

PL'S mtilurt 
■Arecton‘1

l,or Alton 124! 1254 ft*r

VlftnfM
Anta/tiica* J 4 3 4 H
TroptCdi Pacific* 4 T 1 * V

i .1 . I4| 0
North AriifHic — ?—A *
OnO t>l M«»ku — l : 1*

Fresh «nrr
Lake Michigan hurtocc w«er no<a(i : o 4 0 1 >3
Micrpl«]r«r 0 t 0 2* d:
Like Sitpvnvr 4 * 0* :r icw

Avcflft
Mon tie 3 3 : \ _

Fresh i a—ij 0 7-4)9 -w
larnwgigr

ThmiKal
0 13 0 03—0 17 TaW* K

Manat 31 5 M f no
Fresh D.6 67 no

1 Csltiritted (mi iienM PCI noeer dinnkuuem

Because or the uncertainty in the magnitude of "dissolved'' PCBs, the actual saturation 
state of surface sea water with respect to atmospheric PCBs cannot be calculated directly 
and assumptions regarding the saturation state must be made. Two scenarios are considered 
The firsi Case assumes that processes removing PCBs from the ''dissolved" form to colloidal 
or paniculate matter are rapid compared to the gas exchange rate. This case idtscussed 
above) suggests the ocean absorbs gaseous PCBs at the maximum rate. In the second case, 
(as exchange is rapid compared to ocher processes influencing aqueous PCB concentration 
Since measurements of anthropogenic gases, such as freons. indicate that surface ocean 
waters are in near equiiibnum with the atmosphere, tt is probable that "dissolved" PCBs 
are also in equilibrium with atmospheric PCBs. If the ocean surface were stagnant there 
would be no net flux of PCBs from the atmosphere to the oceans. However, surface waters 
are being mixed constantly with old. deeper waters which are presumably undenaturated 
with respect to atmospheric PCBs. Thus, gas exchange of PCBs may be limited by the 
residence time of water in the mixed layer rather than by a diffuaion-limtted transfer across 
thin tnierfacial films. If. for example, we assume the 100 m surface layer of the ocean has 
a residence time. t. of 2 to 4 yean and is being mixed with water undenaturated in PCB. 
then the gts exchange flux becomes 100 m x C„/t. This calculation results in a gas- 
exchange PCB flux of only 5% of the maximum rate.

D. Wet Deposition of Cases
This process involves equilibrium of nin with vapor phase PCBs in the atmosphere. 

Essentially, this mechanism has been discussed in the last section. The flux from wei 
deposition of gaseous PCBs ii

n - *C, lb)
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Table 10
parameters for pcb flux calculation

PCI Artctaf' ntiin

Paramcim 1142 tisr

Vipor tone ipf. m i • 26 0 4) 0
Pantcutac 4 one ‘ P|'m 1 0 5 1 .1
Panmofl cotlfWicni m inikfiw«ien

S«B *»l(r :i o <4 0
Ffwh »urr 14 0 2 0

V& ipvwkti envwc 0 1 0 1
PlAKiC w*ghuwi lac lor

W, 300 0 JOOO
Ham mr tnvvcarj 1 0 1 0
Ocun tni mu i 3 4 » 10" 3 6* IQ"

Table 11
FLUX OF PCBs TO THE OCEAN SURFACE

Flux (n(/*Vr>arl

Andar 1242 AmtW* 1234 Taiat

PWIKkl
Dry It 0 4! 0 n o
Wd 230 0 MOO 9000

Gw Phaw
Dry maximum 2.100.0 1.400 0 3.700 0

minimum two 100 0 200 ert
wtt 1 0 4 3 1*0

Total 2323 0 2)01 0 4674 0
TiwaJ flu* r? octant
l X (0* pyciri 16 1 3 14*

• ItM* on HI WMTT CMnpotrtm a 0 3 Aieclon* |2*2 and 0 3 1234

where the symbols used an those already described (Equation 5). As shown in Table 8 field 
measurements of PCB washout nttos an one to two orders of magnitude higher than those 
predicted based solely on dissolution of gas-phase PCBs in pncipitation (Table 9) This 
suggests that PCBs in rainfall is obtained primarily from paniculate matter and that gas- 
phase dissolution of PCBs is a relatively minor contribution.

E. Compariaoo of PCB Inputs to the Ocean 
A summary of flux estimates is given in Tables 10 and 11. Under assumptions of maximum 

gas eachange, the flux of atmospheric PCB to the ocean is dominated by gas exchange 
processes (79%). Precipitation scavenging of the relatively small reservoir of paniculate 
PCB is the second major mechanism for air/sea transfer of PCB (19%). On the other hand 
a smaller gas transfer flux would make these two processes comparable. Wei deposition of 
gaseous PCB and dry deposition of paniculate PCB are less important processes in the marine 
environment. These estimates can be compared to other calculations of PCB input to the 
ocean. For example, "total" dry deposition velocity (panicles aod gas) have been measured 
(or atmospheric PCB (see Table 8). A simple measure ol “total dry deposition is calculated 
from:

FT - VIC. (7)
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where F • total dry deposition i gas and panicle i flux. * "total" dry deposition velocnv 
and CT, = will atmospheric PCB conceniranon Using dm from a pristine coastal area 
'Table 8). an eslimated V„ tor the marine environment is 0 15 crtvsec (Aroclor* J25-»> jnd 
IM13 crrvsee lAroclor* 1242'. Use of ihese factors yields a total PCB flux ol 4 2 ng m-'- 
year ill'T Aroclor* 1254 2V'Y Aroclor* 1242) This compares favorably wijh 3 8 tig m; 
>ejr calculated in the maximum exchange model

An independent measure oi particulate PCB 11 ux to the ocean may be obtained from recent 
nicasuremrnis of dust llux to the ocean Using an average flux of 50 ng'Cm: vear of dull
lo the central Pacific..... * and a particulate PCB conceniranon of 0 25 iig'g (Table 10) and
7 ug/m’ paniculate miner in marine air we calculate a net flux (not including gas exchange! 
of 0 125 ug-m- vear Tnts also agrees well with model calculations above (Table 11).

These calculations suggest an upper limit of PCB flux io ihe oceans is -5 *ig'm;'year 
or a total annual flux of 1700 t There are of course, relatively large uncertainties in this 
estimate The degree of gas exchange of PCBs between the atmosphere and ocean surface 
waters is the largest uncenainly. Effects ol storms, wind speed, and temperature on air.sei 
exchange of PCB have been ignored in this model. Also, potentially important regional 
variations in panicle sue and concentration of atmospheric PCB have been ignored A more 
refined model of PCB flux will require additional laboratory and field measure menu nf 
PCBs In spue of the uncertainties, the flux calculated above ts probably a reasonable uppet 
limit of PCB input to the oceans over the last 10 to 15 years.

Calculations below will illustrate the importance of atmospheric inputs of PCBs by com- 
panng the atmosphere-ocean input fluxes with other main inputs of PCBs to the ocean and 
with the sue of the ocean reservoir of PCBs

The second potential major input of PCBs to the ocean wtll be from riven. We are aware 
of no data on PCBs in riven with the largest flow, i.e., the Amazon. Congo, and Yangtze, 
which drain nomndustniiued regions. Mean PCB concentrations tn the Mississippi Rivet 
Delta area were reported as 2.5 ngif* and some nven draining highly industrialized areas 
of Europe report PCB concentrations on ihe order of 10 to 20 ng'f,"* though much of this 
ts associated with paniculate material which will be deposited near the river mouth Con­
sidering that the largest nven drain rural or undeveloped lands, a reasonable upper limit for 
PCBs in "average" river water ts I ngif. Using an annual runoff to the ocean of 3 * 10" 
m\ we calculate an annual nvenne flux of PCBs to the ocean of 301. This amounts to only 
2% of the estimated atmospheric flux of PCBs to the ocean.

The ocean reservoir of PCBs it discussed in detail elsewhere in this volume."* and thus 
it will be considered only briefly here. The conccntnuon of PCBs in ocean water is still 
relatively poorly defined. Data suggest PCBs are distributed relatively uniformly throughout 
the water column;’" they arc present even in very deep water. If we assume a uniform 
concentration of 0.1 |xg/m* (100 pg/f)1*' to 4000 m depth In the world ocean (3.6 * 10“ 
mJ), the amount of PCBs tn the ocean is 14 x I O'1 g. This does nor include the ocean- 
sediment teservotr. This amount seems slightly high compared to the mobile environmental 
reservoir of O.t * 10" gof U.S.-derived PCBs. but ii is not unreasonable. At the maximum 
rate of atmospheric and nvenne input, it would take approximately 12 yean for ihe ocean 
reservoir to reach its present size. However. PCBs have only been produced in significant 
quantities over the last 40 to 50 yean. Thus, even maximum estimated fluxes of PCBs 
cannot account for the size of the oceanic PCB reservoir This suggest* that atmospheric 
fluxes of PCBs to the ocean in the past (prior to 1970) may have been greater than present 
rates to account for PCBs accumulated in the ocean, or that there are still errors in estimating 
the reservoir sizes and exchange rates of PCBs in the environment. Indeed, some recent 
measurements of surface waier PCB concentrations in the Pacific Ocean' are less than 100 
ppt used in the above calculation, which would indicate a smaller oceanic PCB reservoir 
A smaller reservoir of oceanic PCB would be more consistent with estimated rates of 
atmospheric inputs of PCB lo Ihe ocean.
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V SUMMARY

This irhjotcr hj\ csamined the collection techniques, loncenir.iruirv jnd deposition m 
I’l'By Irtim the atmosphere Suitable collection and analytical techniques are asutlahle to 
measure loss concentrations of PCBs m the ambient aimosphete Direct determinations ot 
sset deposition oi PC8 are rare, and there ts still controversy concerning measuremcni and 
interpretation ut dry deposition of atmospheric PCBs Available daia ol PC8 concentrations 
indicate an atmospheric reservotl sire of approsimaiely 7 7 * 10' kg This rcver'nir is 
small compared to oiher reservoirs of "mobile" PCBs in ihe environment Hossevet. the 
atmosphere is soil a major transport mechanism foi distributing PCBs throughout the en- 
cimnment It is estimated here that up to of ihe PCBs entering the oceans is cutrentiv 
being deposited Tiom the atmosphere A mmmum atmospheric input of I TOO t sear ol PCB 
is calculated

The most important mechanisms tor depositing PCBs from the atmosphere to the ocean 
surface are gas exchange and washout ol paniculate PCBs. Washout ot gas-phase PCB is 
negligible Dry deposition oi paniculate PCBs is only 5 to <0% of the wet deposition 
However, there are still numerous uncertainties in the picture of PCB exchange with ih<- 
ocean The magnitude of PCB gas exchange with ocean surface waters is largely uncertain 
Also, the model presented here ts based on average properties and ignores temporal jnd 
regional differences in PCB transfer. Factors such as air temperature, wind speed, storm 
frequency, rainfall rate, and other meteorological factors will exert an important influence 
on the pattern and rates or PCB movement over the oceans and need to be considered m a 
detailed picture of PCB cycling between the oceans and Ihe atmosphere. Ho we vet. such a 
model will require more measurements of PCBs in the marine environment than are presentK 
available Finally, mass balance considerations should be applied to models of PCB cycling 
to set limits on observed and estimated concentrations and transport rates in the oceans
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I ABSTRACT

102 f’C'Bi tinj ihf F.nuritnmrm

Aqueous \oluhiiiiies ot polychlorinated biphenyls tPCBsi are low. ringing irom 2 ~ ppb 
lor Anxlor1- [2h0 in .1500 ppb lor Artxlnr* 1221 SVaiervolublc PCBs are reported w be 
richer in lower chlorinated icomers than were the original PCB fluids

W.'Uc .ire Mrongly corhetl by r;inh material1. There is a eery high direct correlation between 
ihe mul oreanii cjrbon content of the onl and the amount sorbed The sorption and retention 
oi PCBi In mils and coil consoluenis are inlluenced by the number ol chlorine atoms in 
ihe molecule. the more highly chlorinated derivatives being more tenaciously held A linear 
regression relation lot sorption ol PCBs expressed on a untl carbon basts as a tunclton ol 
water solubility is presented The correlation or sorption with compound 'Miclanitl. water 
partition coelftctcnis is also examined

PC Be are not readily mobile in soils when leached with aqueous solutions such as water 
or sanitary landfill leachates but are highly mobile when leached with organic solvents 
Mobility ol PCBs is proportional to their solubility in the leaching solvent and to the soil 
organic matter content

II INTRODUCTION

PCBs are a class of chlorinated aromatic hydrocarbons that are thermally and chemically 
stable They have been widely used as a dielectric fluid in transformers and as an impregnating 
agent tor capacitors and eondensers The occurrence of PCBs tn the environment and their 
consequences on environmental quality have been well emphasized.14 The Toxic Substances 
Control Act iTSCA). Public Law 94-469. specifically prohibits production ol PCBs within 
the U S . regulates disposal of materials contaminated by PCBs. and restricts the use of any 
such materials already in service. The effect of these measures should be to eliminate fun her 
releases into the environment and eventually, to reduce quantities existing in the environment 
However, because of (he extreme stability of PCBs. environmental levels will not be reduced 
substantially for many years, and the problem of dealing with existing reservoirs of mobile 
PCBs wt|l remain.

The disposal of PCBs and related maicnali in landfills is of great concern’* because of 
the possibility of ground water contamination if Ihese compounds are leached from landfills 
The limited amounl of available information indicates that PCBs have a strong alfimiy lor 
soil’ * and are not readily leached by percolating water.'* Bnggs" reported that adsorption 
of nomontc organic compounds by soils was related to the organic matter contenl of soils 
and to their oetanoi/waier partition coefficient. He predicted lhai PCBs would be immobile 
in soils The water solubility, sorption, mobility, translocation, and plant uptake of PCBs 
will be discussed in this review. The correlation of the sorption constsm of PCBs with soil 
and compound properties will also be examined.

Ill AQUEOUS SOLUBILITY

The aqueous solubility of hydrophobic compounds such ss PCBs is s valuable mdretor 
of its environmental late, for example, its tendency to sorb to soil or to bioaccumulate in 
organisms A considerable volume of dsia hit been published on PCB solubilities"1 '■ 
but discrepancies exist beesuse of the experimental difTicuMy of generating and handling 
such dilute solutions. The aqueous solubilities of some individual PCB isomers and com­
mercially available mixtures of PCBs ire listed in Table I. The soil sorption constant iK„ ) 
is also listed in Table 1 Aqueous solubilities of PCBs are very low ranging from 1) 95 ppb 
for Z.a.JJ'.J'.i' hexichlorobiphenyl to 5900 ppb for 2-chlorobiphenyl and 2" ppb for 
Aroclor* 1260 to 3500 ppb for Aroclor* 1221 The composition of Aroclors* is given in
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Table 2
APPROXIMATE MOLECULAR COMPOSITION l*Y) OF 

AROCLORS* "

>mlof* «o
KmpirK&J i — ■ M ■
form Mi* I2J2 1014 1242 1241 1254 tm

i ,H„ 11 ' 0 t - n t • u t ND ' U 1 \D
C..HaCI t )t t 1 ND ' U I ND
C H,CI: j: 14 ;o 16 ‘1 5 ND
C.-H-Cl, 4 :i 57 4» IK l ND

: *2 :i JO :i 1
C.;H,Cls <0 s j i i >6 41 i:
C.-H.On ND -0 T i i 4 iy II
C ;H(CL ND ND ND <0 i ND b 41
C..H.C1, ND ND ND ND ND ND 1
C.-H.O* ND ND ND ND ND ND VD
A scnf e moJ wi :oc T : 244 5 2*95 UI4 1?S T

Vr»e NO itwim done Jctrritd

Table 3
SUMMARY OF ISOMER COMPOSITION (*> OF 

WATER-SOLUBLE AROCLORS* '*

finjil* llll mis 1141 rr use

C,,H,CI « u l» ii ND
C„H.CI. 1 3* JJ « ND
CrfHX'l, 1 IS Jl h 20
C„H,C1. co r r* 14 u S6
ClfK,Cl, ND ND 1 1 14
C„H.CI. NO NS ND NO <0 1
C.,H,CI, ND ND ND ND <0|

Nmt. ND acu aoat incnM.

Tabic 2. The overall composition* of chlorobi phenyl isomers in the water-ioluble fraction 
of these Aroclon* are listed in Table 3. Representative GC ehrwnatogremt of water-soluble 
Amdocs*1’ are shown tn Fifirre I. In comparinf the composition of the water-soluble 
Aroclon* re ported by Thom on" and Lee ct al..‘* the water-soluble fractions were found 
to he ncher tn the lower-chlorinated isomen than were the original PCBs Aroclor* 1254 
is reported to contain isomers from tetrs- to heptachlocobsphsnyl in the on|intl fluid. The 
GC traces of hexane-soluble Aroclor* 1254 reported by several researchers" " show some 
small peaks in the position of tnchlorobtphenyl: this has also been confirmed by Lee et *1” 
Because tnchlorobiphenyls are more water-soluble than the more highly chlorinated bi­
phenyls. detection of trace amounts tn water it reasonable The hexs- and hepiachlorobi- 
phenyls are enriched in the Aroclor* 1254 fluid and do not dissolve readily in water The 
low solubility of these highly chlorinated isomers tn water u apparently the reason.

IV. SORPTION OF PCBs BY EARTH MATERIALS 

Sorption of PCBs by earth materials is the mayor nondestructive physicochemical process
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alfecttng PCB concentrations after introduction into the aquatic environment. The combi­
nation of low water solubility and hi|h octanol/water partition coefficient! (see Table h 
indicate! that PCBi have a ht|h affinity for suspended solids, especially those high in orfamc 
carbon. ” This has been confirmed by a number of experiments which have shown that PCBi 
are rapidly sorbed and that the (reatest amounts of PCBs are usually associated with the 
soils or sediments in sotl-water systems.’ " “ 3‘ Griffin and Chou** reported adsorption of 
water soluble PCBi by soil materials and coal chan. Data for PCB sorption by various earth 
materials are given in Table 4. Representative sorption isotherms are shown tn Figures 2 
and 3 The amount of PCBs sorbed by (he earth materials was related to the equilibrium 
solution concentration of PCBs. and could be described by (he stmple linear relation*1

s/m “ KC til

where s * microgrems of compound sorbed, m ~ weight of adsorbent (g), C ■ the 
equilibrium concentration of the PCBs in solution tisg/mf), and K - (he sorption constant 
(mf/gl

The PCB sorption data reported here are i special case of the Freundlich equation where 
l/n * I. K,, and K are thus identical and Freundlich K, values reported in ihe literature for 
other compounds can be compared with the K values for PCBs reported in Table 4 The 
dais presented in Table 4 illustrate the wide differences in sorption by the various earth 
materials. Sorption of PCBs followed the senes Medium Temperature Coal Char > High
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Table 4
EARTH MATERIALS USED IN SORPTION STUDIES. 
THEIR SORPTION CONSTANT (Kl. THEIR TOTAL 

ORGANIC CARBON fTOO CONTENT. ANu 
SURFACE AREA lSA(”

Sorbent K
TOC
i%\

SA
imJ'§i

l.lifh lifHJ ;; '• IP 1 i) 4
MfHMmnntlAnuc cl** m 0 V) :o 1
Montmonlliwitc ctjv iLTAv M3 0 13 ;o:
Ctilift mIi 1o#m 332 J 73 3
C«t<R n tw 'LTAi *72 4 ST :s *
Cftihn. J2 tit iLTAI no } 64 U 3
Cetlrn )Vi Iw jLTa 1 1 64 13 a
Medium itmp cojf chv b50*C t* )i 74 04 3
Medium temp cnti rhv bSO'C <LTAj 1 *32 M 00 :u
Hipti feme coil chv VW*C 12:0 7b 62 44
Hifti temp cul chjr lLTA> I.ITJ >: 14 i:u

Non LTA dciMMes low tempertiuPt lifted

Temperature Coal Char > Cailm Soil > Mommonllontie Clay > Ottawa Silica Sand Low- 
temperature ashing reduced (he amounts of PCBs sorbed by all samples. For the samples 
of Cailm soil iCS), PCB sorption decreased as ashtn| time increased; this corroborates the 
observations of Briggs" that there is a relationship between organic matter content and 
sorption

The sorption of isomers from water-soluble A roc lor* 1242 solutions by different sorbents 
was investigated by Lee ei al ’Tbey found that higher chlorinated isomers were sorbed more 
than rhe tower chlorinated isomers. Kaque and Schmedding* indicated that the extern oi 
sorption for the surfaces they studied followed the sequence heaachloro- > tetrachloro- > 
dichlorobtphenyi for the isomers studied. The sorption of the water-soluble isomers of 
Aroclor* 1242 by coal char was reported by Griffin and Chian ” The average sorption of 
all isomers in groups such as monochloro- or dichloro-ifomers were considered together 
Griffin and Chian” concluded that the higher chlorinated were preferentially sorbed over 
the lower -chlorinated isomers which agreed with the sequence found by Haque and 
Schmedding

The relationship between total organic carbon (TOC) content, surface area, and PCB 
sorption were investigated by Lee et ai.* A highly significant Ip - 0.001 level) correlation 
was found with a linear regression relation of the PCB sorption constant (K) and TOC of

K - 2SS + 18.5 TOC

r - 017 (2)

Thus, the PCB sorption constant IK) can be estimated from a knowledge of the TOC content 
of the eanh maiertai. A highly significant ip * 0.001 level) correlation was also found with 
a linear regression relation of the PCB sorption constant (K) with surface area iSA. measured 
by using CO, gas adsorption)

K - 230 + 6 64 SA

r - 0.82 13)
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A three-variable rc|rcunn analysis of the PCB sorption consuni (K), TOC. and SA wit 
invesitiatcd hy Lee ei al.' A very highly significant ip - 0 001 level) correlation was 
obtained with a linear regression relation of:

K - 188 + 3.36 SA * li d TOC

r* ■ 0.94 14)

The magnitude of the coefficients for SA and TOC indicate that TOC is the dominant factor 
hi aorptwn. The best estimates of K were obtained by incorporating both SA and TOC. 
however, if only one earth material property must be choien to estimate K. and TOC would 
be the most useful property.

The relation between the A roc lor* 1242 sorption constant. K. and ihe TOC coniem of 
■he seven soil materials in Table 4 is illustrated in Figure 4. a linear relation was obtained 
and the slope of the line was used to estimate the K. value for Arocior* 1242. The K„ is 
ihe sorption consuni normalised for the organic carbon content of soil and was found >o 
have a value of 10,723. A thtee-vanabie regress ion analysis of the Arocior* 1242 sorption 
consuni, K. TOC. and SA was investigated using the data for soil materials ti e . excluding 
coal charsi reported in Table 4 and is shown in Figure 3. A very highly significant correlation 
was obtained with a linear regression relation of: -
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FIGURE 5 vtulrrpk vwi4bk refttiuori Milvin of ihe AruLkw* 1242 io<l KapiiMi rhoilwv iK I plotted 
t tuneum of ihe TOC contem Hid SA of 1 to.1 maienali

K * 11 *1 * 4 06 SA + 73,43 TOC

r1 - 0.94 (51

The magnitude of ihe coefficients for SA and TOC indicates that TOC <s ihe dominant toil 
property in sorption. The best estimates of K are obtained by a knowledge of both S and 
TOC; however. TOC is again, the single most important property controlling PCB sorption 
When the PCB contamination level of soils or sediments becomes large, these materials 
may serve as a reservoir for desorption.1* This is illustrated by Equation I which indicates 
■hat K is a rano of vis to C and as atm becomes large. C also grows in relation to K This 
fact has important ramifications to situations where PCBs are spilled or disposed in high 
concentrations because release of PCBs by soil materials can cause longterm pollution For 
example, oysters still contained measurable levels of PCBs 7 yean after a spill, even though 
ihe concentrations in ihe water were below detection limits 11

V MECHANISM OF SORPTION

The sorption of PCBs by earth materials is suggested to be a hydrophobic sorption, which 
is the partitioning of the nonpolar solute out of the polar aqueous phase onto hydrophobic 
surfaces on the earth materials The hydrophobic surfaces are primarily associated with soil 
organic miner but may also include aSt-O-Su bonds si mineral surfaces.11 The primary 
feature of hydrophobic sorption is the very weak interaction between the solute and the 
solvent. As the term hydrophobic suggests, the solvent water plays a major rote m the 
interaction Although not smelly the case, the interaction may be so weak as to acquire the 
nature of a repulsion of the PCB molecule from the water. The more hydrophobic the PCB 
molecule (lower in water solubility i, the greater the repulsion from the water phase and the 
greater the sorption on a hydrophobic surface. In a stricter treatment, hydrophobic sorption 
is thought to be an entropy driven process governed by Ihe basic thermodynamic relation

AC - AH - TAS <*>
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where iG is ihe chjnge (p free energy of the system. ,iH is ihe heat ol sorption lenthajcsi 
T is temperature. and .IS is ihe change in entropy of the system Sorption results when there 
is a negative tree energy change The primary driving force in hydrophobic sorption appears 
10 be the large emrnpy change resulting from the removal of the organic molecule irnm 
solution and sorption onto a hydrophobic surface The entropy change is the primjn. 
driving force due <o the destruction of the cavity occupied by ihe PCB molecule in inc 
solvent jnd the destruction of the highly structured water shell surrounding ihe solvated 
PCB molecule

The role of the solute solvent interaction in determining the degree oi sorpnon ui hsdro 
phobic compounds was demonstrated by a soil thin-layer chromatography study using solutes 
and solvents i mobile phase i of different polannes When the mobile phase was nxvr 
water, ihe polar compounds were weakly sorbed and moved with Ihe solveni from, and ihe 
less polar compounds were strongly sorbed and showed little movement. As Ihe mnmle 
phase was made less polar by addutons of eihanol. tt became a better solvent for the nonpolar 
compounds and iheir sorpnon decreased With eihanol additions, the mobile phase became 
a poorer solvent lor ihe polar compound and its sorption increased and movement decreased 
Similar results for Arociors* 12a: I2S4. and dicamba have also been reported "

V] CORRELATION OF K VALUES WITH EARTH MATERIAL AND 
COMPOUND PROPERTIES

Sorpnon experiments with nonpolar organic compounds and different earth materials 
produce a different K value for each earth material and organic compound. Hydrophobic 
sorption has been highly correlated with the organic carbon content of the earth maienai 
while at the tame time being relatively independent of other sorbent properties *’■** When 
sorption of a hydrophobically sorbed compound is examined relative 10 the organic carbon 
content of the earth material, a constant. K., is generated which is a unique property of 
ihe compound being sorbed. The K„ can be determined graphically as shown in Figure 4 
or computed at follows:

t ulumt l I | (

K. ■ Kf * l(KV(*)TOC i7|

where K, is the Freundiich constant and TOC is (he percent organic carbon in the respective 
soil material. K_ values are compound properties, not soil properties, and have been related 
to other compound properties such as water solubility (S) and a-octanoVwater partition 
coefTVcicnu (K^). Figure 6 shows the K_ S relation for the PCBj for which data are tabulated 
in Table I. The linear regress ion equation obtained was

log K. > 5.15 - 0.64 log S (ppb) fS)

The data indicate that a good approximation of sorption of PCBj by soil materials can be 
made baaed on their water solubility. Water solubilities have been also shown to predict the 
K. values of a wide range of other hydrophobic compounds *1-** "

The octanol/water partition coefficient (K^) measures the tendency of a compound to 
panuion between an organic solvent and water. The octanolfwater partition coefficient is 
usually obtained by measuring the concenmuoo of the compound in equilibrium with n- 
octanol and water.** However, a satisfactory linear relationship is also observed between 
■he log K. and log S, which extends over more than eight orders of magnitude in solubility 
(10'* to 101 ppm) and four orders of magnitude in partition coefficient 11 O' lo 10*) The 
n-ocunoi/wiier panuion coefficients of several PCBs are listed m Table I. A plot of log
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K— vi. log S Mini the values cited in Table I is shown in Figure 7 The regression equation 
is

log K„ - 6.923 - 0.730 log S (ppb)

r1 - 0.91 19)

Equation 9 allows an estimation of the partition coefficient of a given compound from ill 
aqueous solubility. The reliability of there relationships suggests that they may be very
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useful in estimating ihe sorption of PCBi under many circumstances of soil and sediment 
conditions as well as bioaccumulation potential.

The sorption of nonionic or|amcs has been related to the panitionin| of an organic 
compound between an organic solvent (noctanol) and water." "*•***• It follows there lore, 
that K,„ should be reined to the tendency of the same compound to partition between water 
and soil organic matter. Figure 8 illustrates the relationship between K. and K„. for FCBs 
There is a high linear correlation between the two yielding the regression equation.

log K_ - 0.007 + 0.834 log K„ (10)

V|[ MOBILITY OF PCBs IN SOILS

The migration and vertical distribution of PCBs In soil profiles is a topic of much interest. 
A soil thin-layer chromatography (TLC) technique has been used to measure mobility of 
PCBs Soil TLC is a laboratory method of measuring die migration of a particular compound 
or element through a sot) by using the soil as the torbem phase and a developing solvent 
(water, landfill leachate, organic solvent, etc.) in a TLC system. The results are reported 
as R, values, defined as die ratio of die distance die compound moved relative to die distance 
die solvent moved. The R, value u a quantitative indication of die move mem of a given 
compound in a lott-soiveni system and a reproducible index of mobility.” The mobility of 
A roc lor* 1242 and Aroclor* 1234 in several earth materials was studied by Griffin and 
Chun” and expressed as frontal R, values which are given in Table 5. The dau indicate 
that under die conditions tested. A roc lor* 1242 and A roc lor* 1234 stayed immobile in these 
soil materials when leached with water and sanitary landfill leachates, but were highly mobile 
when leached with carbon (etrachlonde. Simitar results for poiybrommaied biphenyls tPBBs) 
and hexacMorobenaanc iHCB) were also leponed by Griffin and Chou.”

PCBs are nonpolar and are only very slightly soluble tn polar sol vents like water. Solu­
bilities of Aroclor* 1242 and A roc tor* 1234 m distilled water have been determined to be 
approximately 288 and 42 ppb (see Table I), respectively. However. PCBs are much more
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Table 5
MOBILITY OF AKOCLORS* 1242 AND 1254 IN SEVERAL SOIL 

MATERIALS LEACHED WITH VARIOUS SOLVENTS AS 
MEASURED BY SOIL-THIN-LAYER CHROMATOGRAPHY”

ft. reluct

i.*fttfnu Certofl
trirhtif MrftdMentfc

material*

Art ttJfv CJIV Jotrti 
bioomtold torn? 
Collin aiM lo*m 
Culm loim 
Cune ii If foam 
Coat chat ibMPC> 
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Hanaptn Mil foam 
Ofa*a uJk* i*iuj

U4J >254 uu

n 02 0 02 o n?
0 0) 0 03
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0 02 n 02 » 03
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U0J i) 03 o ft*
0 0J 0 03
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0 03 0 03 0 03

1254 1542 1254

u 02 l 00

El I’M » on 1 00
n 03 1 00 > 4JT)
II 02 f 00 1 HI
0 1M i 00 i on

> on i hi
0 05 i ix) i no
0 03 i 00 J 00

soluble in organic solvents such as acetone, methanol, benzene, or carbon letrachlorrde 
Griffin ei al '* also tested the mobility of Aroclor* 12*2 and Aroclor* 1254 tn sihea vei 
leached wnh accione. methanol, benzene, carbon tetrachloride. and matures of waicr- 
acetone and water-methanol They round the data consistent with the soil TLC data obtained 
by leachin| with carbon tetrachloride: R( values of t .00 were obtained using the organic 
solvents. It is quite clear that mobility of PCBs in toil materials and silica gel is highly 
related to the solubility of PCBs in the solvent with which the TLC plates were being leached 
In a soil column leaching study. Griffin and Chou” found that related compounds such a* 
PBBs and HCB were not retained in the columns when ethanol was percolated through ihe 
soil columns. These data confirmed previous findings from soil TLC studies

Leaching of water through soil containing PCBs may lead to the downward movement 
of PCBs. depending on the soil type and clay content. Moza et al.” incorporated "C labeled 
2.2'-dichlorobiphcnyl in the lop centimeter of a loamy sand at a concentration of approsi- 
mately I ppm under field conditions. They found that die PCB dispersed to a depth of 30 
cm during die first year and no radioactivity was detectable in the 30- to 40-cm layer ai 
the end of I year, when carrots grown on the test plots were harvested, concentrations of 
PCBs and their metabolites were highest in the 0--to 10-cm layer <02* ppmi. intermediate 
in the 10- to 20-cm layer <0.17 ppm), and lowest in die 20- lo 30-cm layer (0 03 ppm 
Below 30 cm. the concentration of PCB and metabolites were less than 0.001 ppm. At ihe 
end of the second year, when sugar beets had been harvested, total PCB concentrations in 
Lhe sod were 0.13 ppm in the lop 10-cm layer. 0.04 ppm in die 10- to 20-cm layer. 0 02 
ppm tn die 20- to 30-cm layer. 0.001 ppm in the JO- to 40-cm layer, and 0.002 ppm in the 
leached water below the 40-cm depth. This study indicates that very small amounts of 
diehlorobtphcnyli (or quite possibly a metabolite) moved below 40 cm in the soil: only 0 2% 
of the PCB-radioacttvity applied to the soil appeared in leached water at the 40-cm depth 
over a period of 2 yean.

Tucker et al.‘* studied the migration of PCBs in sod columns treated with Aroclor* 101b 
and subjected to water percolation. The PCB application rate was 2.3% of soil weight, a 
very high reie for a land application system but more representative of landfill operations 
The soils used were Norfolk sandy loam. Ray stlry loam, and Drummer siliy loam: the water 
application rates for each soil were 0 26. 0 33. and 0.32 Vday, creating an essentially 
saturated flow They concluded that soils containing more clay retained larger amounts of
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AROCLOR* 1016 FOUND IN PERCOLATING 
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Table 7
CLASSIFICATION OF SOIL MOBILITY 

POTENTIAL OF PCBt BY R„ K_, OR K„" “

Clew K K_ K.

Very tnoMt 0 60—1 00 •'ll 0-30
Monk 0 65-0 IS < 1-11 30-130
MaUiem 0 .13—0 64 11—145 130-300
Low 0 10—0 is 145-6000 300—1000
Slight — — 1000-3000
Imnwbik 00—0.06 >6000 >3000

PCBt. The ease of teaching of Aroclor* 1016 from the different tod types (Table 6) was 
in the order Norfolk sandy loam > Ray silry loam > Drammer silty day loam. It should 
also be nosed that this order of retention follows the organic master consent of these soils, 
as well u their clay content: the conclusion of the authors may be in error regarding the 
acuve fraction of the soil that caused the observed retention. Regardless of the mechanism 
involved, approximately 0.03% of total Areelor* 1016 in the ml column was leached from 
the soil during the 4-month period when 50 to 100 { of water had passed through the soil. 
Thu high percolation rate is equivalent to 15 to 30 to.of rainfall, assuming no runoff or 
evapors:ton Tucker et al.** also observed that the leu chlorinated and more degradable 
species leached from soils more readily than highly chlorinated and more resistant PCBt. 
Thu wax later confirmed by Suzuki ” Thua. the more resistant PCBt are retained in the 
surface soil layers

The vapor loss of PCBt from soils depends strongly upon their adsorption characteristic! 
by soils. Haquc ei ai ’ have shewn that the vapor loss of Aniclor* 1254 hum a sand surface 
was significant which could have been due to the poor sorption capacity of sand. When, 
similar experiments were carried out with a sod. the lots was very low.

The relative mobility of PCBt in toils can be classified using the parameters of R„ K„. 
and K_ discussed above. The toil mobility classes assigned to the vinous values of these 
three parameters are given in Table 7. The values of the various parameter! assigned to each 
mobility class are somewhat arbitrary, but have been choeen from experience baaed on the 
relative mobility of these compounds in the environment " **

VIII. SURFACE RUNOFF

There are several ways by which PCBt get Milo ihe environment. One of iheae is by
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runolf from industrial wastes. dumps. and spills Oiher source* are ihe points ut manul Jiturc 
and the plants where PCBs are processed into other produces PCBs can escape through the 
plant ventilation and exhaust system into the atmosphere and through its waste treatment 
system into sewers or directly into waterways PCB input into fresh water by industries has 
been high in the past, and PCBs have accumulated in sediments.1'" Even if PCB input 
were stopped today, these sediments could continue to release PCBs into Ireshwater systems 
tor vears in some

Niybci and Sjrotim"* estimated that 4000 to 5000 tons/year ot PCB were discharged men 
tresh and coastal waters in the peak year 01 PCB use This estimate was based upon tigures 
and industrial and disposal practices m etfect ai that time Of the total PCBs. aboui 11)00 
ions mav he assumed to have consisted of pentachiorobiphcnyls. Analysts of waste waters 
and ot surtace water runolf entering the Southern California Bight since 1471 has shown 
that tnchlorubiphenyls have consiuuied the maturity of the total PCB residues. In this area. 
PCB input into the sea Irom waste waters n considerably higher than the input Irons surtace 
runoff

Martel et ai " reported that PCBs were found in the suburban watershed of Reston Va 
PCB concentrations in the Lake Anne basin increased going from water I <0.05 to 0 2 pphi 
io bed sediment t< 2.5 to 105 ppbi. to fish (I *0 to700ppb)in an average ratio of I 500 3000 
The highest concentrations were observed in the lake itself, which is 10 years old. and 
receives no sewage or industrial waste discharges Evidence indicates that the PCBs origi­
nated from diffuse sources associated wiih urban development and urban living and entered 
ihe hydrologic sysiem through siorm-water runoff They also found thai the PCB concen­
trations m sediment samples from iwo areas which were receiving rainfall runoff from iwo 
active construction sues were much higher than those from other streams feeding the lake 
In the early 1970s. PCBs were commonly used in the formulation of plasticizers, adhesives, 
surface coatings, sealants, and fire-retardant compositions.1,1 This suggests thai budding 
materials would be one possible source of PCBs.

In the summer of 1976. a serious spill of PCBs and chlorobenzenes was detected m 
Regina. Saskatchewan. Canada.*1 Approximately 6800 to 9100 < of transformer oil con­
taining PCBs tAroclor* 1254) and chlorobenzene were spilled when an underground pipe 
broke at a transformer manufacturing plant. Large quantities of PCBs were found to have 
migrated both vertically and horizontally at the site There was also strong evidence that 
the contaminants were being redistributed by surface processes At the plant sue. Robent 
el al " reported that PCB levels were up to 1000 ppm along some of the routes of surface 
drainage and zones of sediment accumulation after rainstorms The sludge obtained from 
ihe caich basin in the street, which received the runoff, contained 20 ppm PCBs. The. PCB 
levels at the surface in one area, which received die runoff from the highly contaminated 
area of the plant site tanged from lesi than 2 to 250 ppm.

A similar incident of a PCB spill occurred m a rural area near Kingston. Tenn. in 1973 *' 
The spill resulted « the environmental contamination of two watersheds because ihe spill 
sue was situated on the crest of a hill. Through the influence of ramfall. geological factors, 
and characteristics of the overlying stratum of soil, the chemical was subsequently dispersed 
through the sod both horizontally and vertically. The spread of the Aifcarel (a commercial 
mixture of Aroclor* and chlorinated benzenes) was also affected by the movement of 
conu/mnered surface water resulting from mass rainfall in the weeks immediately following 
the spill.

There are two potential means for PCBs to be transported at the surface: as a dissolved 
phase in water or u a sorbed phase on sediments In the above caaas of chemical spills, 
chlorobenzenes may play an important role in the movement of PCBs through soils. In 
previous soil-thin-layer chromatography studies.*1 “ it has been demonstrated dial the mo- 
biliues of PCBs. PBBs. and HCB in soils were directly proportional to the solubility of the 
compounds ut the leaching solvents

I (6 I'CBs and ihf hnunmntfitt
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Kom et al '* reported ihal measurable quantities of PCBs were leaching or eroding trom 
some landfills and dredge spoil sites in Use Upper Hudson River Basin PCB losses n> 
(round wain at ihe dredge spoil sues and 11 Ihe land HI Is and dumps were approx imairlv 
44 4 kg'year and 172 kgyear respectively The results indicated Ihal the landfills and dumps 
appealed u> be larger contributors In ihe surrounding environment than the dredge spoil 
areas. The erosion losses of PCBs from the same sites were J2.2 kgfyear and I 72 Isg year, 
respectively The upper Hudson Basin delivered approximately 2 6 t oi PCBs to the esigarv 
•n 1977 '•

IX PLANT UPTAKE

Since PCBs are strongly sorbed on carbonaceous materials and sediments, tl is not sur­
prising to observe that they are sorbed onto plant roots as well. Using Aroclon* 1242 and 
1254. Suzuki” observed that soybean sprouts accumulated more lower ehlonnaled biphenyls 
than the higher ehlonnaled isomers during the fieri 2 weeks of eaposute from a sandy mui 
containing 100 ppm PCBs This may be due to the higher solubility and mobility ol these 
isomers, thus allowing them io move 10 the plant root. A few gardeners in Indiana who 
used PCB contaminated sludge found that their vegetables had also picked up PCBs Beets 
contained 0 6 ppm PCBs when grown in soil containing 4 ppm PCBs.1 Crass dipped Irom 
a field with 8.5 ppm in Ihe soil conlained I 16 ppm PCBs ’

Mou et al ** applied radioactive 2.2-dichlorobiphenyl to soils ai a concentration of ap­
proximately I ppm. Carrol roots contained 0.24 ppm of 2.2’-dichlurobiphenyl while ihe 
phenolic metabolites from this PCB were found at a concentration of 0 012 ppm. In a similar 
study. Iwata et al.*1 found that 97% of the total absorbed Arocktr* 1254 remained on the 
carrot peel and very little was translocated into the plant tissue- Fries and Marrow*- also 
reported that soybean plants grown on PCB contaminated soil would not be contaminated 
by root uptake and translocation, but some foliar contamination could occur from vapor 
sorption.

X. SUMMARY AND CONCLUSIONS

The aqueous solubility of PCBs is very low. ranging from 2.7 ppb for Atoclor* 1260 to 
3500 ppb for A roc tor* 1221. Water-soluble PCBs were found to be richer in the lower 
chlorinated isomers than were the original PCB fluids.

PCBs an strongly sorbed by soil materials There is a very high direct correlation between 
the TOC content of the soils and the amount sorbed. The sorption and retention of PCBs 
by soils and soil constituents an influenced by the number of chlorine atoms tn the molecule, 
the more highly chlorinated derivatives are more tenaciously held. The K„ can be estimated 
from the wiser solubility of • PCB.

The higher-chlorinated isomers are preferentially sorbed to the organic matter of soils and 
suspended solids. Significant amounts of PCBs have been redistributed in the environment 
by surface-water runoff comatnmg PCB contaminated toil panic lei Sorption of PCBs onto 
suspended solids and their subsequent incorporation into sediments is considered the major 
mechanism for their immobilization to aquatic systems. However, the persistence of PCBs 
in sediments makes desorption a possibility for yean after incorporation

The vapor lots of PCBs from soils depends strongly upon their sorption to soils The 
vapor lots of PCBs from a soil surface was very low but was significant from sand. The 
sorption of PCBs greatly influences their dynamics in soils. The diffusion, leaching, and 
vapor loss of PCBs in soils is retarded as the extent of sorption increases The degree of 
sorption increases directly with an increase in organic mailer content of a soil.

Highly chlorinated PCBs are not degraded or leached through soil by water to any tig-
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nificant eiicni. They are also apparently not taken up by plants and arc thus not reatl'K 
mobile in surlaee soil systems However. PCBs do have a moderate vapor pressure and a 
likely path lor redistribution or migration in soils may he by vapor phase transport ihmiuuh 
the unsaturaied pores

The above findings are significant 10 the land disposal ot PCBs and related wastes To 
prevent potential migration or PCBs from a landfill. PCB wastes and organic solvents should 
nut he disposed ol in the same landfill location, and should not he allowed to come in contact 
with leaching organic solvents
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1 INTRODUCTION

122 PCBs and ihr £nrtnmmrnt

In recent year*. there has been considerable interest in developing an understanding ot 
the mechanisms leading to the distribution ot contaminant chemicals in the environment 
Such an understanding would not only improve our scientific knowledge ol environmental 
processes hut could he used in a variety of management situations.

An important segment of the environmental distribution process ts the uptake 01 contam­
inant chemicals from the environment by biota. Persistent lipophilic chemicals, including 
PCBi have been shown to eahibti somewhat similar cnnrml mechanisms A picture tc 
gradually emerging ol the influence of the physicochemical properties of lipophilic contam­
inants on their bmiic behavior

Before discussing the nature of mechanisms of transfer of chemicals from the environment 
m biota u is important to briefly consider (he terminology used. A variety of descriptive 
terms are used in the literature for the various processes. In thrs discussion btoaccumuianon 
or accumulation ts used 10 describe uptake and retention of a chemical by any mechanism 
or pathway Btoconcent ration is used in a more restricted sense to represent uptake and 
retention of chemicals from the water mast through such tissues as gills or epithelial tissues

II. MECHANISMS AND ROUTES OF BIOACCUMULATION

Biota could potentially acquire PCBs from three sec ion of the environment — atmosphere, 
water, and food. With terrestrial organisms, uptake could occur by three mechanisms:

l Absorption of PCBs in the atmosphere through the lung walls
2. Similar uptake from the atmosphere but through the epidermis
3. Consumption of food containing PCBs and passage through the stomach walls

The atmosphere route through the lungs and epidermis is of little significance due prin­
cipally to the very low coneentrationi of PCBs tn the aimotphert. The major route of 
acquisition of PCBs by terrestrial organisms is through contaminated food Aquatic birds 
and mammals arc atao included in this category.

A similar set of potential uptake mechanisms could be visualized from aquatic organisms

1 Absorption of PCBs in the water mass through the gills
2 Similar uptake through the epidermis
3 Consumption of contaminated food

There is no ugnsficsiK information indicating that uptake through the epidermis is of 
general importance and the structure of the epidermis does not facilitate such ■ mechanism. 
On the other hand, there is sound evidence that all aquatic organisms studied in aqiuna. 
can absorb PCBs directly from water.'-’Alio, biocoaccntrauon of PCBs by fish from water 
in natural systems has also been shown to occur * *

In fact, the mam route of uptake by aquatic organisms has been shown to be absorption 
by the gills since the gills represent the active membrane surface for water exchange.
The gill membrane permeability for PCBs can be etumaied by the calculation of their 
efficiency transfer coefficients. E" The E values are estimated using uptake rate constants 
for PCBs, oaygen concentration in the water, the E value for oxygen, and the metabolic 
rate constant for the organism involved Once absorbed by the gills, the PCBs are then 
partitioned into the blood and then from blood to tissues.'1 “

An informative study of PCB levels in various organisms in Puget Sound. Wish, by 
Clayton el ai" demonstrated that all biota in that ecosystem had similar PCB levels nor-
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malized 10 lipid conteni. Thu indicate! that food camera wai not (he coniroilmg faetur )i 
hat been suggested that ihr accumulation of PCBs by aquatic organisms 11 a physicochemical 
process and that uptake » predominantly governed by equilibrium pamiionmg ni the PCBs 
between the organism and ambient water ’ “ '* Neverthelesi. the asumilatton of PCBi Irom 
ingested food organism! occurs by partition across the lipoprotein membranes lining the gut 
into the bloodstream'* but is usually of much less quantitative significance

The uptake of PCBs by some benthic organisms maybe controlled by different mechanisms 
to those associated with free swimming aquatic organisms. The association of PCBs with 
bottom sediments leads to contamination of the organisms1* *1 and the resultant concentration 
of PCBs are directly related to the concentrations in the sediment.** **

III. PHYSICOCHEMICAL PROPERTIES CONTROLLING 
BIOACCUMULATION

Most information is available on the hioaccumulation of PCBs by aquatic organisms li 
is usually measured as the ratio between the concentration in the animal to concentration in 
water, it., BCF (btoaccumulation factor ” C animal/C water). A variety of factors have 
been shown to influence broaccuimilation as outlined below

A. Degree ef Chlorination
The degree of chlorination of the PCB molecule is known to have an effect on btoac- 

cumulation of PCBs with ihe penta- and henachloro isomers being accumulated to the greatest 
ecleat.1* - Table l lists btoconcemntion facton for PCBs from water by the green sunfish 
(Lrpomu cya**Utu) as determined by Sanborn « at.** In addition, the halflives of various 
PCBs in organisms have been shown to be related exponentially to their degree of chlonneuon 
by wetght.-

B. Water SotabtUty and Partkiaa Coeffleknti
With lipophilic compounds in general, a linear invent relationship has been shown 10 

exist between water solubility and BCF such that log BCF n - A log (water solubility) +
C. where A and C are constants.1**' The use of water solubility as ■ simp** snd rapid 
measure of a PCBs potential for bionccumulauon has great appeal. However, some chemicals 
with low water solubility, including PCBs, deviate significantly from this relationship.** 
Also, the numerous conflicting solubility values in the literatus*'**' and the lack of solubility 
data for many chemicals have led to the use of another parameter, the n*octanot/wa«r 
partition coefficient (P„) for estimation of btoconcencntKxi factors. ’* The approximately
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Table 2
RELATIONSHIP BETWEEN 

LOG BCF AND LOG P„

hrtMlwislilp lUf

1"l BCF - 0 it IO( .- 0 \2* M
■CF - n Si las r. -- 0 70 '»

t0| BCF • I lit leg r_ - 1 579 U
«’ft BCF • 1) 7* log P_ - 0 25 0

inverse relationship between water solubility and has been known for some tune " it 
has been shown that bioaccumulanon from water by aquatic organisms is correlated with 
lipophiiicity for PCBs and other chemicals’ ** ” Table 2 presents relationships between BCF 
and P,„ for a wide variety of lipophilic compounds, including PCBs. However. PCBseshibit 
some significant deviations from this relationship as outlined in the lection on the effects 
of molecular stereochemistry

The values of P_ are usually not determined directly from ■ simple partition between n- 

octanol and water because the concentrations in water at the estremcly low concentrations 
involved are difficult to measure accurately." A variety of methods can be used as outlined 
below.

The Hansch ei al *“ method involves the calculation of P„ using substituent it constants, 
where (he substituent constant is defined as: it * log P, - log P« where P, is the partition 
coefficient of ihe derivative group and PH that of the parent molecule. Rearranging ihe 
equation gives'.

■o* P* - substituent con sums + log PM

A large number of substituent constant values and log P„ values have been tabulated by Lee 
ei al.*‘ The substituent constant tr is a free energy related constant and is a measure of the 
relative free energy change resulting from moving a derivative from one phase to another*' 
A different method of calculating partition coefficients using the hydrophobic fragmental 
constant, f, introduced by Re kief*1 is based on the same approach. However, with PCBs 
there are 209 possible compounds, varying in number and position of chlonne atoms and 
neither the Hansch or Rekier system offers an acceptable approach to calculate log P values. 
since in these calculations the * or f values used are the same for each chlonne atom tn the 
molecule, regard Ini of its position,

Another approach to predicting BCFs is the use of i* and o* characters as described by 
Matsuo* and wiiixing the following relationchipt:

log BCF « -0.016 i* + 0 014 o*

log BCF - -6.3 ~ * 5.4

The i* character is both additional and proportional to the strength of a polar group unit 
(e g., -OH: -COOH) with polar interactions such as H-bondtng or u-u interaction. Similarly, 
o* it associaiad with nonpolar interactions such at Van der Waalt or dispersion forces. 
Matsuo*' concludes that bioaccumulation of chemicals in ftsh is caused by the total inter­
actions at polar and nonpolar areas between the PCB molecule and fish tissues. Similar 
shortcomings to those observed with the Hansch and Rckkcr systems are found when pre­
dicting bioaccurmilaiiofl factors using this method.

The most widely used method involves high performance liquid chromatography using
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an aqueous phuc. resembling water. and a permanently bonded C„ reversed phase. resem* 
Ming a-octanol. Whh this system log mention time of lipophilic compound* ha* been shown 
to be linearly related to log P_ tt This procedure w recognized a* being the mow appropriate 
because of the difficulties and inaccuracies in direct and calculation methods.,T *"* *’

C. FCS Stereochemistry
The correlation between BCF and log P^, utdicatcs that with incretiiag log P„, i.e., 

increasing lipophilicity of PCB molecule*, then will be « giuaaer tendency to btoeccumulaie. 
However, there ate some exceptions to this generalization as shown in Figure I” which 
indicates the retenuon of PCBs in rat abdominal fat a* influenced by lipophilicity and stcnc 
factors. The left pan of Figure I indicates that there is not a linear relationship between 
lipophilic tty end bioaccumulanon (expressed as rcienuori). The right pan shows the different 
degrees of btoaccumulaoon exhibited by symmetrical he xacfalocobi phenyls which have the 
same calculated log P„ value (6.1). Similarly, this it comtstcm with the observations of 
Tulp and HutztngeH' who found ilut PCB* with comparable lipophiliciues may exhibu 
diffemulnoaccuinulatiofi factors. They concluded that these is an optimal stenc configuration 
and moiccuiar size for processes such as membrane passage, thereby affecting bioaccu- 
mutation Similar results for PCBs have been found by other authors ’’ *"’""

Mot* recent investigations have been conducted by Shaw and Connell” "using po- 
lychaetes (Capueiia coptimal and sea mullet fMugrf ctpitaiui) in aquana together with field 
investigations. A number of stcnc factors were found to influence the bioaccumulanon of 
PCBs. A went effect coefficient (SEC) was developed’* and later revised" at shown in 
Table 3. These authors have suggested that bkuccumulation it controlled by both lipophilicity
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Tabic .1
REVISED COEFFICIENTS FOR DIFFERENT CHLORINE SUBSTITUTION 

PATTERNS USED TO CALCULATE THE STERlC EFFECT COEFFICIENT .SECi

Dmffitmi Siruciun CMffitwm

TKrrr im tt* 2-2' 6.fe
fhlVlIHHFS

u no

i-nur fWititti m (he 2.2 .6.6 
[Knit mm

0*0

f»fi (Marines m ihr 2.6 of 2" .6' 
pRHNNMU

013

four chtormet RdiRcem OJOU ruif} 
0 AO 1} rwvfip

T>m (Moaki idjaetM s. / ____ O f3 il rw| j

-(&©

CMon—i m 3 or 3 pwnou tt ad- 
jTir iir dilomt m 3 or 0 
fOMUMH

0*9 < I ui motacffe) 
0*0 (3 m mahnki 
013 <3 « —olmil*) 
0-10 (4 m Mpimlt)

OiIbwii m 3 or 9 pmww km

No Oilonun m M 3.3" A.*'

Iiunri o 03 from SEC for each 
cMonof * 0in coorifmioo

M. O « m CM, 0 w . Am* J M«p- ftrUfmmtr *« p 1097. 1*03. W* farmiRHOO

(P_) and aenc effects (SEC) and a combination of them hat a direct releuonshrp to btoac- 
cMnHtaoM (icc Figure 2).

The stereochemistry of the PCB molecule* affeett the strength of adsorption of these 
compound* onto surfaces. Huckm ct have demonstrated that PCB moieculej can be 
separated by chromatography on charcoal. TV* mtm. planar moiaculc* are most strongly 
absorbed and those with more irregular shapas. particularly the two aromatic nogs out of 
plane, are comparatively weakly adsorbed Chlorine substituents in the ortho positions give
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this lacier effect while chlorines in adjacent positions cause distortion ol the aromatic ring! 
(see Table 3). Consistent with these observations, the SEC developed by Shaw and Connell” 
i$ closely correlated with the elution time on charcoal and found that this combined with 
lot P_» providet a more accurate prediction for bieeccutnutaiion tsae Figure J).

Thus, u hat been shown that bionccumulation of PCBs by aquatic organisms is influenced 
by both lipophiJiciry and adsorption characteristics of the PCB molecules. The adsorption 
of PCBs can be measured as elution volumes by chromatography on charcoal or by the SEC 
The combination of tipophiliciiy and adsotption eapressed as (log P x elution umei or ilog 
P x SEC) is highly correlated with uptake. Shaw and Connell1’ have suggested Hint the 
bwaccumulation of PCBs by aquatic organisms involves adsorption of these substances onto 
membrane*, such a* the gills or stomach lining, and subsequent passage into the organism' i 
lipid tissues.

IV. THERMODYNAMIC ASPECTS OF BIOACCUMULATION

In the process of btoconcammion. the organic molecules leaving the aqueous phase are 
adsorbed onto the membrane surface of the organism before penetration into the organism 
occurs *1-** Ademption processes involve t decrease m fme energy. Since the entropy change 
lor adsorption must be negative, the system becoming more ordered with the surface binding. 
At enthalpy change must be positive. The beat of adsorption can thus give some codes of 
the strength of binding. Smaller heats of adsorption (lets than 10 kcal/moll usually denote 
physical adsotption and involve Van der Waals imereeiiotit ”

The free energy related substituent constant, ir. the hydrophobic fragmental constant, f. 
and the Hammett function, ft. used in structure activity relationships, are all measures of 
the relative free energy change resulting from moving a PCB molecule (torn one phase to 
another.*141 Mauuo1* has calculated the free energy of accumulation of PCBs by fish from 
water as 2 to 6 kcai/mol using Hus etpression:
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-in* * 2.303RT log <BCF)

where: -in* is the free energy of accumulation. R. the univenat gat conatam.ind T. 
temperature. From the low value) obtained, Matsuo1* concluded that the driving force for 
accumulation originated in an energetic head drop corresponding to one hydrogen Ponding 
or two or three Van der Wails forces.

When a nonpolar PCB molecule leaves the aqueous phase for the lipid phase an increase 
in entropy results.* The enthalpy and entrophy of bioaccumulation of PCB 125< by fathead 
minnows (Pimtphalti promtlas). green sunflsh fLtpomu cyan elhu) and rainbow trout 
tSalmo gairdnm) have baen calculated.1* To obtain enthalpy. AH*, and enuoptiy. iS". R 
In BCF was plotted against inverse absolute temperature change and the gradient and intercept 
on (he ordinate were calculated by the method of least squares. These values were assigned 
to - iH* and iS* respectively, according to the following equation:

R In (BCF) - - H*/T + S*

where; R is the universal gas constant: iH*. the enthalpy; S* the entrophy and T. temperature 
Free energy is related to enthalpy and enuophy by the following expression:

in’ - iH* - T iS*

In the uptake of PCBs by fish. Matsuo* found that both iH* and iS* are positive. The 
positive enthalpy change means that the process of bioaccumulation is endothermic and 
requires heal. The positive and very large values of iS* obtained imply that the transfer of 
the PCB from water to Fish increases the randomness of the PCB molecules to a targe extent'
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Matsuo1* concluded ihw a Urge increase in entropy occurs because the water molecule* m 
<hc vicinity of PCB molecules ire arranged in a quasi -crystalline structure Therefore, 
bioaccumuiinon of HCBs by fish is controlled by a large positive entropy change.

V MODELS FOR BIOACCUMULATION

A variety of models have been developed 10 simulate uptake of lipophilic compounds by 
organisms. For example. Kerr and Viss” assumed that in Fish and the larger more complex 
invertebrates, uptake occurs primarily through ingestion of contaminated food and direct 
absorption from water through the gills- Losses occur to the water through excretion in a 
chemically unchanged or a modified form. Figure * can be seen tn accordance with this, 
the processes, and the following expression obtained assuming first order kinetics.'111

^}* - x fC, + k, C. - k, C.

where C. is the concentration in the organism; * is the absorption efficiency for the ingested 
chemical; f it the feeding rate; C, is concentration in food; k, is the uptake rale constant: 
k, is the loss rate constant; and C. is the concentration in water.

A more comprehensive model by B rug german et al.'* assumes the body Itpids are the 
storage compartment, the blood, the transport compartment, and the gills are the exchange 
or gale compartment, through which water it pumped. All compartment! are considered 
homogeneous in relation to the concentration of the bnaccumulBiing chemical. The transfer 
rate from one compartment to another is proportional to the difference tn thermodynamic 
activities, y. and is dependent on the surface properties and area of the exchange barrier 
(such as a biomembrane), expressed together as the transfer coefficient, k. This model is 
disgramnuiKally represented in Figure 5 and is characterised by the equations below:

Net uptake in fish:

F R (C. - C.)
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Met increase in ihe gate companmeni

G = R (C. - C,i - k„ ty. C, - y, c.)

Mi‘( intrejxe in ihe iransport companmeni:

T ’ k„(X C, ■ v, C) - k,, tY,C, - Y, C.)

Increase in lipid companmeni.

L = k„ (y,C. - Y.C.)

where C,. C.. and C. are ihe conceniriuons of the chemical in each companmeni C. i% the 
conceniraiion in ambient water: C, is ihe conceniraiion in fish: y„. Y- Yi are activity coei< 
ficients of Ihe chemical in the different companmcnis: F. G. T. and L are the mass oi the 
different compartments, and k,, and k,, are transfer coefficients for exchange between com- 
panmems: and R is ventilation rate.

The capacity of the transport compartment plays an important role after a sodden change 
in the aqueous concentration, e g., at the stan of an experiment. In dm cue. the unloading 
of the transport companmeni will initially dominate the depuration kinetics, followed later 
by the partitioning between the lipid and transport companments. producing a two-phase 
clearance curve.'* Other authors have found that clearance rate constants tend to decrease 
dunng clearance experiments if two or more com pan me ms are involved which are cleared 
at different rates.** Some authors however, have attempted to describe thia phenomenon by 
the use of concentration dependent rate constants and second order kinetics.** This implies 
that a lower dose of the chemical would result in a smaller clearance rue constant. However, 
assuming passive transport mechanisms for persistent, nonpolar lipophilic chemicals, first 
order kinetics are probably most accurate.”

The most important route* of uptake of PCBs are via contaminated food* and contaminated 
foods with terrestrial organisms through the gill* by aquatic organism*. With aquatic or­
ganisms the gill route ii generally the most significant.

The physicochemical properties of the individual PCBs are the major factors controlling 
btoaccumulation. Two factor* have been identified u of principal ngnifcance First, is the 
P„ which i* a measure of the equilibrium partmoa between organism lipids, the site of PCB 
deposition, and the amhseiu water maas. Second, are the surface adsorption properties, which 
can be measured by chromatographic technique*. This it believed to represent the strength 
of adsorption of the PCBs on the gill membrane surface before uptake. A combination of 
them factor* has • direct relationship to btonc cumulation of individual PCB*.

A number of model* have been developed which provide • reasonably accurate repre­
sentation of the bioeccumuiauon mechanism. The use of first order kinetics with a variety 
of different companments within the organism probably provide* the most accurate model.

VI. CONCLUSIONS
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I INTRODUCTION

Cjfiv in Ihc mvc'iitujliom nt pervivtent chemrcals in the environment k was recucnired 
ihji olicn lop predators mav exhibit comparatively hi(h concentrations 01 iheve vubvraiuc-. 
Tlie process leading io dm phenomenon has been described as "food chain magnification 

ecologH al magnificalion . bioamplificauun hiuaccumulation along utod chains 
trophic ciiniaminaiion . jnd trophic magnification \ However, 'biomagnificaiion ■, 

vurrcmljr ihc niusi widely accepied descriptive term Biomagnificaiion can be described as

I The transfer of a chemical through a food chain io produce a high concentration m 
iop predators

; An increase of a given material at successive trophic levels within an ecosystem'
f A process by which ihe tissue concentrations of bioaccumulated chemical residues

increase as these materials pass up ihe food chain through two or more trophic levels'

The most convincing evidence for the occurrence nf this process is provided bt ihe 
chlorinated hydrocarbon insecticides, particularly DDT and related compounds.' The process 
can be seen as a series of bioaccumulation steps through a food chain and thus a compound 
which does not bioaccumulate would not be expected to be biomagnified The PCBs have 
nctanol to water partition coeificienit and bioaccumulaiton factors higher than DDT* and 
ihus have a greater tendency to bioaccumulate in individual organisms The biomagnificaiion 
process, being a senes of bioaccumulaiton steps, takes a considerably longer period io 
develop and thus comparatively high persistence in organisms ts necessary The PCBs are 
generally more persistent than DDT and related compounds.

Thus, the PCBs have somewhat similar environmental properties 10 DDT and related 
compounds but with a greater tendency to bioaccumulate and persist. By analogy, bio­
magnification could be expected with the PCBs in natural ecosystems.

II. THEORETICAL CONSIDERATIONS

The bioma|nificatton mechanism described above results from uptake of PCBs m the 
food of organisms Of course, an alternative uptake route of considerable importance ■$ 
directly from the environment, eg. from water through (he gills with fish. With bioaccu- 
mutation and biomagnificaiion ihc individual organisms do not differentiate between PCBs 
and other food contaminants on uptake but on depuration the organism retains the PCBs 
due to us resistance to degradation compared to normal food components. Energy is losi at 
each level of a trophic pyramid is a result of respuMion and nonassmulated energy, and 
ihe energy content at any level is approximately 90% less than the level below u.* It follows 
then that a persistent compound that enters one trophic level will be concentrated approxi­
mately ten timet in the next trophic level. In fan. organisms can remove foreign compounds 
taken up and food is not the only route through which an organism can take up a persistent 
chemical, especially in the case of aquatic organisms- 

A mathematical model can be developed for the transport of PCBs through different 
trophic levels.' The bask principle of mass conservation criteria can be applied at each 
uophk level, n, equating the inflow of PCBs to a level to the rate of ingestion of organisms 
from lower levels, i. and equating the outflow of PCBs io the rates of death and excretion 
Using the conditions that biomass at any level is in a steady-state condition then (he con- 
ceniranon of PCBs in the nth predator level as a function of lime can be wntten as:

2 - <M.V. - CX .)
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where M iii (he biomass at ihe trophic level. is ihe biomass death rate due 10 natural 
death or ingestion. iM,)« is ihe rate ot meiabolrsm of the PCBs. M, is the rate ol excretion. 
C, is the concentration of PCBs in the mft predator level, C„ is the concentration of PCBs 
■n the excretions. and a is an efficiency factor relating to the percent of ingested material 
which ts retained m ihe irophtc level '

If it is assumed that the input ot PCBs to (he svstem is rero and the deeradation rates are 
negligible ihcn ihe equilibrium conscniranon tor PCBs at the nth level can be wnuen as

C. equilibrium * ~ ^ ^ o M. C. - C, C,„ J

where T, is the life span of trophic level, n This equation indicates that the equilibrium 
concentration of PCBs al any trophic level vanes directly with the life span and inversely 
wiih ihe lotal mast, M„. of ihe level

Another approach* rakes into account uptake from both food and water and assumes iiru 
older kmencs. Thus, for an individual organism consisting of a single homogeneous com­
partment the rale of uptake is

JQ
dt CX

where Q is the amount of substance m the organism, C. is the concentration of the substance 
tn the enema! environment, and k. ts the uptake rate constant.

The loss of the substance by metabolism or excretion also follows first order kmencs. 
thus, overall ihe raw of biotccumuiaiion is

aQ
dt C* - Ok

where k is the rate loss constant.
Differentiation and rearrangement of this expression give for the amount of substance m 

the organism at lime t:

q » £Jis (I . e‘*’>
k

thus;

C.W - - e-") (II
k

where C. is the concentration in the organism and W is its body weight.
This expression applies for uptake of the substance from the surrounding stable environ, 

meat However, with the btomagntficaiion mechanism uptake will occur through contami­
nated food. Thus, taking both food and the external environment into account:

C. k. - Ck(food) + Ck(water)

The intake from food with animals takes the general form of a W -* where a and b are 
constants and W is its body weight. The intake from food can be written:

Ck(food) - a,W~** r, C,
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where a, jnd b. are constants. W ts body weight. C ts ihe concentration m food. .ind < n 
ihe proportion ol ihe concentration taken up. Since ihe volume of water passing over the 
gills is proportional 10 body weight a similar expression tan be derived for uptake from 
water

138 PCB* •Jnj thr Eminmmrni

Cktwjterl * a, W *' r. C.

where t is ihe conceniraiion of ihe substance in waier and r; 11 ihe propumun taken up 
Excretion may also be considered 10 vary with body nee such that

k - a, W’-'

where a, and y ate consianls
Substituting ihe expressions above for Ck I food). Ck (wiiert, and k in Equation I the 

following expression can be obtained for an organism at constant weight:

C,
a. W- C, - a. W-»' r. C,

a, W’
I - e'

Thu equation indicates a number of different aspects of biomagmficanon. The relative 
size of the coefficients preceding C, and C; is the principal factor indicating wheiher bio­
magnification is operating If C, ► C, then transfer in food is the major factor influencing 
ihe concentration of a substance in the organism and bramagnification is in operation 

B iomagnifieation can also be considered to result from the partition process.' At equilib­
rium the following relationship exists:

where K, is ihe bioaccumulation factor, C, ts the concentration in the organism, and CM is 
ihe concentration in the surrounding environment- 

At the lowest trophic level, phytoplankton take up a pollutant in equilibrium with water 
according to the following relationship derived from the equation above:

C„ - K,C. (2)

where C„ is the concentration of pollutant in phytoplankton lor detritus), K, is the btosc 
cumulation factor, and C» is the pollutant concentration in water. When the phytoplankton 
vc consumed by a herbivore the following relationship applies if (1) the food i phytoplanktons 
is the only source of pollutant: (2) the pollutant has not been chemically modified; |3) 
sufficient tune has elapaed for equilibrium to be attained: and I*) K, is consum and applicable 
io the herbivore to phytoplankton relationship:

C„-K,C„ (3»

where C„ is the concentration >n the herbivore.
Since food is the only source of pollutant, the equilibrium in this case will be between 

the stomach contents of the organism and the organism itself rather than the organism and 
the surrounding environment.

Sub smut in g Equation 2 in Equation 3 the following is obtained:
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C„ » tK.r C«

Similarly, (he lollowirig general relationship can be esiabiohed for ihe conditions outlined 
.ihove

C„ - rK.)'" Cw

aherc is >hc concentration in organisms at a particular trophic level and TR is the 
number m iranslers ol ihe potlutam m ih* food web (l would be enpected that concentrations 
would he somewhat lower than this due to losses from the organism by equilibrium estab­
lishment between the organism and the water mass

Thus, a sequential increase in concentration could be espected in a food chain with 
organisms at the highest levels exhibiting the highest concentrations. However, m manv 
natural food chains the conditions necessary for this to occur may not exist

IV OCCURRENCE OF PCB BIOMAGNIFICATION IN NATURAL
ECOSYSTEMS

It is convenient to consider ecosystems in two classes: terrestrial and aquatic Organisms 
m terrestrial ecosystems have only one significant source of PCBs, contaminated food, 
whereas in aquatic ecosystems both food and water are significant potential sources

A. Terrestrial Ecosystems
U is generally accepted that btomagniftcation can occur with terrestrial ecosystems where 

food is (he main source of PCBs for organisms.*'1 For example, fish-eating birds and 
predatory raptors at the top of the food web are often found to contain high levels of PCBs.'
In addition. Presst et al. " have established a correlation between PCBs in the livers of wild 
birds and their diets. Less than I mg/kg PCB was found with insectivorous birds while more 
than 70 mgrkg was found m the sparrow hawk, a top carnivore.

B. Aquatic Ecosystems
The significance of biomagnification of persistent residues as compared to direct uptake 

from water has been the subject of a considerable debate. Addison1* has concluded that m 
invertebrates, both ingestion and contamination from water contribute to uptake but ingestion 
appears to predominate with increasing size, and is the main uptake route in fish.

A variety of other investigations have indicated that btomagniftcation of PCBs can occur 
in aquatic ecosystems. In a study of pollutant levals in marina ecosystems in southern 
California, Young et si." found that increases in PCB 1234 concentration* were related to 
increases m the trophic level. The clearest relationship between PCB concentration and 
trophic position was usually obtained when the concentrations in wet weight were converted 
to a lipid basts. The authors attributed the bio magnification effect to the relatively long 
biological haJflives of the PCBs. As a result of studies on the PCB levels of organisms in 
ihe Hudson River. Nadeau and Davis'* have repotted that a possible pathway for bioaccu­
mulation exists between snails and larger feme fish.

A comprehensive review of the literature information available on PCBs in diverse aquatic 
food chains has been earned out by Thornton” using a model food chain transfer number.
r.

f - aOK + G

where a is the chemical absorption efficiency: C is the specific consumption: K is the
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excretion rale. and G is the net organism growth Thomann" round that PCB levels rn tup 
predators are jlmosl entirely due to btomagntncairon In accord with rhts. the World Health 
Organization* has evaluated levels nl PCBs found in marine ecosystems which cuncludcd 
:hji the top predators in polluted areas generally eihibn the highest concentrations This 
suggests that hiiimagnificjiion may (sc generally occurring with the lop predators With |t,h 
flutter el al ' concluded that polluum (cels do not represent levels in the marine environment 
out arc probably the result ol storage and recycling in different links ol the food web

The ailcmanve view proposed by Hamelink et al 11 that organochlonne levels in or­
ganisms depend on Ihe physicochemical propentei of the organochlonne and paniculjrlv 
those properties which control us tendenev to distribute nself between lipoid and aqueous 
phases

In an analysis of literature data. Moctarty‘" found lhai phytoplankton and zooplankton, at 
the lowest trophic levels, often contain PCB residues at higher levels than higher trophic 
level predators Duect contamination from water and PCB-rtch surface microlayers have 
been suggested as the most important uptake route ** Similarly. Shaw and Connell * found 
no evidence ol biomagnification at lower trophic levels but carnivorous birds exhibited this 
phenomenon

After extensive research into factors determining the bioaccumulaiion potential ut chem­
icals in aquatic food chains. EHgehausen et al." concluded that biomagniticauon was ut 
lesser importance than direct uptake from water. A similar conclusion has been reported bv 
Bruggerman et al.: from studies with the goldfish Investigations into ecosystems in the 
Baltic Sea" and an Oklahoma 5lream;' did not reveal any relationship between trophic level 
and PCB concentration.

Thu and other data have led several authors1' to conclude that, for pelagic biota at the 
lower trophic levels, food chain biomagnification is not a controlling factor >n attaining 
observed PCB levels. Bioaccumulaiion is predominantly controlled by equilibrium parti­
tioning of the chemical between the internal lipids of the biota and ambient water. In addition. 
Gruger ei al.!* have postulated that no matter how high the PCB concentrations in food are. 
the equilibrium level tn the aquanc organism will be controlled by partitioning back mm 
ihe water

IV CONCLUSIONS

The available evidence indicates that, as a general role, btomagntftcaiton and food chain 
transfer are the major mechanisms for deposition of PCBs in the top carnivore members of 
■errestnai ecosystems. However, the overall significance of biomaintrtcatton in aquatic 
ecosystems ts less certain. Direct uptake from water and sediments appears to be the dominant 
process for many persistent pollutants including PCBs in unstructured food webs and at 
lower trophic levels. Thus, equilibrium mechanisms between individual organisms and the 
water maaa are the controlling factors However, at higher trophic levels the information 
available suggests that btomagnifcanon is gene rail y the major mechanism of PCB deposition.
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I INTRODUCTION

Polychlorinated biphenyls iPCBsi js well as DDT are ihe cause ol much concern a-, 
manmade orcjniL poiluiunis jnd many -.ludirs have been made of (hem in a wide ranee oi 
vrivironmenial media and buna The tirvr indication of worldwide dicpercmn ol PCBv was 
made in Antarctic birds 1 Since ihen. ihe global distribution ol PCBs has been demonstrated 
hv ihcif dciecnon in the open itccan aimosphere.-' wjrcr 1 * *v and marine oreanisms ' 

in ihe early td70s. svoodwell ei at ’ and ihe National Academy ol Sciences ' predicted 
that ihe npen ocean environment serves as a vast reservoir for ihe persistent orttanochiorines 
A recent report of the National Academy or Sciences v documented that Ihe maior portion 
m PCBs present in the environment ol the United Stales was contained in Nonh Atlantic 
waters. accounting for SO to tjO'T- of the total This estimate suggests that open ocean wafer 
acis as a major sink for PCBs There are some estimates of Ihe PCB loads in terrestrial and 
coastal environments.However, comprehensive and reasonable estimates regarding the 
PCB load in the open ocean environment have not been made. This seems to be due to the 
tack of PCB measurement data covering all the oceans, especially the Southern Hemisphere 
In tdTg me National Academy of Sciences recommended that a major effort should he 
made to obtain monitoring data ol organochlonnes in the Southern Hemisphere.'-1

Since 14^5 we have been surveying the Pacific. Indian, and Antarctic Oceans, and have 
measured PCBs and organochlorine insecticides in air, water, and biological sam- 
pies ‘ '' ’ '*"In this chapter, our main concern is to estimate the PCB load in the open 
ocean environment. To understand the geochemical circulation and ultimate fate of PCBs. 
it is essential to estimate the PCB load in (he ocean. Thus, we first describe the distribution 
and behavior of PCBs in open ocean environments including the atmosphere, hydrosphere, 
and biosphere Based on our data and those of other workers, we attempt to estimate the 
general concentration level and load of PCBs in all environmental media and biota tn the 
ocean Finally, the prospects and ultimate fate of PCBs are discussed.

II DISTRIBUTION AND BEHAVIOR OF PCBs IN THE OPEN OCEAN
ENVIRONMENT

A. PCBs in the Atmosphere
There is not enough data about PCBs in the open ocean atmosphere. This tt because the 

atmospheric concentrations an very low and therefore novel sampling devices and more 
accurate and sensitive analytical methods wen not available. In the lata 1970s, a suitable 
collection method using polyurethane foam was developed* and made it possible to isolate 
PCBs from large volumes of air. In addition, the introduction of capillary gas chromatography' * 
and mass fngmenlography' enabled us to determine the respective PCB isomers end con- 
getters and to separate them from various interfering materials contained in environmental 
samples. Mott of the recent studies have been carried out using these techniques and have 
enabled mote detailed considerations of atmospheric transport processes, behavior, and Out 
of PCBs m the open ocean environment.

PCB concentrations in the open ocean stmotphete reported so far an summarised in Table
I. PCBs an widely distributed in die atmosphere over the oceans worldwide and atmospheric 
concentrations are mostly below I ng/mJ. A most interesting fact is their presence tn the 
Southern Ocean and Antarctica, indicating that die impacts of industrial and human activities 
extend all over the world. The serial concentrations of PCBs over the mid-latitudes of the 
Northern Hemisphere were found to be rather high, which a accounted for by thetr extensive 
use on land tn this region. By contrast, relatively lower concentration* were observed in the 
Southern Ocean and the northern North Atlantic and Pacific Oceans. The atmospheric PCB 
levels over die North Pacific seem to be somewhat lower than (hose over the Nonh Atlantic
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Table 1
PCB CONCENTRATIONS IN THE OPEN OCEAN ATMOSPHERE
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Eicludmi the counl rejitmi

This difference might be because smaller amounts of PCBs are used in Asian counmes than 
in she l' S and European counmes. According to our recent survey in ihe wesiem Pacific 
and eastern Indian Oceans.' raiher high concentrations of aerial PCBs were found in Ihe 
low latitudes of both the hemispheres. In another survey ranging front Syowa Station. 
Antarctica (69*00‘S. 39*55 Elio Mauritius in ihe wesiam Indian Ocean (2 ri0'S.57*30'E>,:’ 
an apparent increase of aenat PCB concentrations was observed towards the low latitudes. 
These observations may suggest that low latitude countries currently act as one of the PCB 
sources, as well as the developed countries. A recent nee bran oil incident in Taiwan;* 
emphasizes the current use of PCB* without any restriction in low latitude countries 

Besides such geographical variations, seasonal variations have also been recognized in 
the aerial concentrations of PCBs. Figure 1 shows the atmospheric concentrations of PCBs 
and organochlohnc insecticides at Syowa Station, Antarctica.11 Although the seasonal *ar- 
■aiion was slightly different according to the variety of chemicals, rather high concentrations 
were generally found dunng the austral summer. Recently, B idle man et si * measured 
airborne organochlonnes in the North Atlantic gyre. PCB concentrations in ihe Barbados 
atmosphere were apparently higher in summer than in winter, but organochionne insecticides 
did nor vary between ihe two seasons. Oehme and Stray1* also noted seasonal variations of 
aerial organochlonnes in ihe Arctic where higher concentrations of HCHs were found in 
summer. In Antarctica, snowfall prevails dunng ihe autumn and winter when relatively lower 
concentrations of atmosphene organochlonnes were observed (Figure I). Snowfall may 
assisi the removal of atmospheric organochlonnes in Amarciics. The seasonal usage of 
chemicals in countries located to ihe north of Antarctica may also contribute to such seasonal 
variations The application of organochionne insecticides on land most frequently occurs in
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summer The dispersion of insecticides applied on land extend* all over the world through 
the atmosphere, which may account for the high concentrations of HCHs and DDTs in the 
Antarctic atmosphere in the summer season. However. PCBs are unlikely to be used during 
a limned season, even though higher concentrations were found in summer. This might be 
a result of the active evaporation from various PCB sources on land due to high temperatures 
in the summer. The relatively high concentration levela of PCBs in the Antarctic atmosphere 
persisted during a short period of only two or three months. This fact suggests that ihe 
atmospheric lifetime of PCBs is rather short, probably less than SO days.

Recent studies made clear the composition of PCBs in the open ocean atmosphere Adas 
and Cum1 measured the aerial PCB concentrations at a land station on Enewetak Aiotl and 
identified 30 PCB tsomers and congeners which excellently matched the Aroclor* 1242 
pattern Btdkman et it.* also noted many lower chlorinated biphenyls in the Newfoundland 
and Barbados atmospheres by capillary gas chromatography We also identified and quan­
tified 33 PCB isomers and congeners ranging from di- to heptachlorobiphenyli using a gas 
chromatograph-mass spectrometer, and recognized relatively larger amounts of lower chlor­
inated biphenyls in the atmosphere over the western Pacific, eastern Indian, and Antarctic 
Oceans. ’ The enrichment of lower chlorinated biphenyls in the open ocean atmosphere is 
the result of their comparatively active evaporation and consequent preferential long distance 
transport. The behavior and lifetime of PCB* in die open ocean atmosphere are supposed 
io vary according to the isomers and congeners but this possibility remains io be studied.

B. PC Be to Water
A method to collect trace organics from a large volume of water has been developed using 

macremicular resins. ”11 This technique has also been applied to the isolation of PCBs and 
other organochionnes from open ocean water *' * "■"■’* However, less information is avail­
able for PCBs in open ocean water as well as the overlying atmosphere. This is attributed 
io several difficulties such as sample storage, chemical analysis, contamination and so on. 
Some of these problems hive not yet been examined sufficiently.
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PCB concentrations in open ocean surface waters
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PCB concentrations in open ocean surface waters reported so far are summarized in Tjble
2. There am some other rapoition PCB I in North Atlantic warn between I9TI and 1972.*' " * 
but PCB concentrations are one or two orders or magnitude higher compared to those made 
since 1973 as shown m Table 2 No satisfactory and reasonable esplaniuon has been made 
for this rapid decrease.

Concentration levels of PCBs in open ocean water are generally in (he few nanograms 
per liter range or less. North Atlantic waters revealed relatively higher concentrations of 
PCBs than the other oceans This seems to be due to the extensive use of PCBs in the U S 
and European countries. Much lower concentrations of PCBs were found in the Southern 
Ocean, ranging from 0.03S to 0.072 ng/f. This concentration level is probably the lowest 
among the monitoring data on PCBs reported so far. According to our survey of the western 
Pacific and eastern Indian Oceans front 1975 to I9t2,* PCB level! in surface waters 
were found to be apparently lower in the Southern Hemiaphere than in the Northern Hem' 
isphere and much higher concentrebona were observed in the mid-latitudes of the Nonhem 
Hemisphere (Figure 2). Harvey and Stetnhauer* reported higher level* of PCBs in North 
Atlantic surface waters than in the South Atlantic. Both observations strongly suggest pro­
gressive contamination by PCBi in the Northern Hemisphere. Harvey and Stetnhauer further 
noted that higher PCB concentrations in the low (10*N to 2CTN) and mid-latitudes i*J*N to 
55*N> of the North Atlantic might be caused by evaporation-precipitation processes. In the 
case of western Pacific and eastern Indian waters, we could nor find any correlation between 
the latitudinal variation of PCBs ind net annual precipitation. It seems ihsi the extensive 
use of PCBs in the Northern Hemisphere, particularly in mid'latitude countries, is ■ major 
factor in this geographical distribution of PCBs.

The vertical transport of PCBs and DDTs in open ocean waters has been alto demonstrated 
by their detection in deep sea fish." sediments.” and subsurface water itself.' " We also 
noted the presence of PCBs and organochlonne insecticides in North Pacific, eastern Indian.
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and Souther* Ocean deep waters (Figure )).'* According to this tepon. vertical pro filet of 
PCBi md-IDOT (sum of p.p-DOT. p.p -DOE. and o.p -DOT) concentrations were found 
to have tmall vartauons throughout the water column, whereat INCH (turn of «. 0. and 
v isomenf concentrations decreased sytte malic ally with depth- PCB and oryanochlonne 
insecticide residue* in deep water cannot be explained by the conveeuonal and diffutional 
mixing of water, because ji takes a long time for the surface and deep waters to mix and 
no more ihan 30 yean has pasted since PCB production and use began. The verticil transport 
of (hex chemical* seems to be strongly associated with sinking panicles in the water column. 
Elder and Fowler41 reported that fecal pellets from natural populations of euphausiids con­
tained high concentrations of PCBi and alto noted that such biogenic panicles make ■ 
significant con unbutton 10 the vertical deposition of PCBs.
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In order 10 elucidate ih* iranspon mechanism of organochlorincs. n is necessary 10 know 
ihe forms in which they are present in open ocean water. Thus, we filtered large volumes 
of surface water and separated (he orjanochtonnes into dissolved and adsorbed fractions 
Consequently, it became clear that a large ponton of PCBs and OOTs was retained on 
paniculate matter, while a major fraction of HCKs was present tn filtered water iFigure 4) 
li was also apparent that there were prominent negative correlations in ihe relationships 
between the water solubilities of organochlohnes and the concentration ratios of adsorbed 
10 dissolved fractions (Figure 3). These observations strongly suggest that less water soluble 
organochlonnei such as PCBs and OOTs are rapidly transported into deeper layers of water 
columns by sinking panicles. By contrast, relatively water soluble organochlonnei such as 
HCHs are tlowly scavenged front surface to deeper Is yen. The different vertical profiles of 
organochlohnes in open ocean water columns (Figure 3) are most likely because of their 
different affinity to paniculate matter resulting from their water solubilities. Furthermore, 
the percentage of adsorbed fractions of organocMorines increased toward the high latitudes 
(Figure 4>. it is well known that primary production and particle concentration tn (he oceans 
generally increase toward the high latitudes." " The latitudinal variations for the sdsorbed 
percentage of orginochlorines (Figure 4) appear to be related to particle concentrations in 
surface waters. According to (he laboratory experiment by Biggs et al ** who examined ihe 
partition of "CPCB between water and particles. 19 to 22% of “CPCB were retained on 
panicles at a particle concentration of 23 ppm. while at IX ppm. 66 to 69% of “C PCB 
were adsorbed on panicles. This fact favorably accounts for the latitudinal variations of 
orginochlorines in adsorbed fractions as shown tn Figure 4.

PCB compositions in open ocean water consist mainly of lower chlorinated biphenyls and 
closely resemble those in the open ocean atmosphere.’ Higher chlorinated biphenyls are also
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present in wiier. bui in much smaller amounts. Such PCBs an mostly retained on paniculate 
matter because of their relatively tow water solubilities and high panicle affinities, whereas 
the dissolved fraction mainly consists of lower chlorinated biphenyls (Figure 0). This dis­
crepancy leads to the assumption that PCB compositions in deeper layers are relatively 
ennehed with higher chlonnaied biphenyls due to their comparable rapid deposition rates 
by sinking panicles. Although no one has yet demonstrated this, studies of the PCB com­
positions in Antarctic** bottom living fish showed a relatively greater proportion of higher 
chlonnaied biphenyls than surface living fish, may support the selective deposition of PCB 
nomen and congeners from surface to deeper layers in the water column.

C. PCBs in Organism*
Despite extensive literature on PCB concentration! in estuarine and coastal organisms, 

relatively few studies arc available on open ocean organisms as shown in Tables 3 to 5. 
Among these organisms, marine mammals have been comparatively well studied all over 
the world (Table S). This is due to the facility of PCB detection because of higher accu­
mulation levels of PCBs in marine mammals than in other organisms. PCBs in open ocean 
fish have also been well monitored, but the ponton of the fish body analyzed htu been 
variable (Table 4|. This makes it somewhat difficult to compare the PCB concentration 
levels in fish from different oceans. There ti much less information on PCB monilonng data 
in upen ocean plankton (Table 3). !| is. therefore, most difficult to discuss the global 
viewpoint of PCB contamination in plankton samples.

In general. PCB concentrations in open ocean fish and mammals living in the Northern 
Hemisphere were found to be higher than those >0 the Southern Hemisphere. The highest 
range of PCB concentration was observed in the mid-latitudes of the Northern Hemisphere
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Table J
PCB concentrations in open ocean plankton

PCI roar

LccmIm Year N Rea* Maua Rtf.

Nona Atladhe 1970 WO—ISO 310 m
haulm Artanuc Baton 1072 22 10—110 47
Nona aad Saudi Atlantic 1*70-1972 S3 200 II
Sou* AUatMc 1*71 a 11—440 200 4H
•nun Nor* Pacific 19*1 i II 49
tarn Saa 19*2 3 ■ o—i a 1 3 49
wmai Sou* Pacific 19(1 3 1.2—2.J 1 7 49
Anarmc (Row Scat 1*72 1 <3 50
Anamw |30-*S*S. 124*-124*11 19*1 3

eTr*6

0 5 49

By conirui. fish and mammalian sample* from the northern North Pacific and the northern 
North Atlantic revealed rather low levels of PCBs. The Arctic and Antarctic mammals 
accumulated even less amounts of PCBs. The lowest concentration of PCBs in marine 
mammals was found in the Antarctic Weddell seal. The geographical distribution of PCBs 
in open ocean fish and mammals almost a|reed with those in open ocean surface waiert 
(Table 2). This suggests that the bioaccumuiation of PCBs in open ocean organisms is 
strongly affected by their ambient water.
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Table 4
PCB CONCENTRATIONS IN OPEN OCEAN FISHES

res fnflf 
'ng'fl fresh *t.i
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[.(iriHtifv vp+rivi W»r N poriwi Ruse Mftn Nrf.

V'rift -4,1 jmic
t 1 s ifig i. sh l9?0— I'*' 1 whole i l
1 L\ Ifif li\h ‘f •f'KftU/ui IS170— 19’ 1 Muwle f J ; i
( rv i ri|l l.sh • f 11'fflii ihiA> j rtmnjflfit*, jg70_t9?l siuwk J i i
Ttiffvr nsn r( Jtrma f 97Q— 1971 Muwie l 9 (1

myi Wftffvl <
'Arsifm Nunn Pacific u>lf lapan;

t ftf*' r ifpuAiiiBprf 19*0 3 * hole i: is lei 49
f rtmpt/itnis jm-tfnyi 1979 3 Whole 17.71 JV

1979 ) Whole 12-73 14 -W
Sea

HrfTinj ‘t lupru pvftastf |97) l Muscle n« M
’a Ktryc poiJtich iibrrQfm 1973 : Muicie 40*40 Hi ' 1

i Ha*t ogrommat

HitfUli ’L/munJa utperat IVTW19T4 7 Muscle :oijo '()
i. hum sjimon tOxfOf^nihm ke\a/ I9R0 i Whole ' 0 M
Sixbcvc salmon iU**Qn.*chm IV«) i Whole f 4 51
nrrittt

Chum salmon ’Onrarynebtn k*\at <712 3 Whole J 3-9 1 7 1 49
WjJfeye pul lock tThrrafr* 19*2 4 Whole 9 113 1 1 jg

• fiofeogremmai

tiucm Soul A Pacific (off ChiJtl
C*frtod*rrvtui tp 1971 3 Mettle 1 2-2.1 1 3 i \
MeriuttittJ tfHJJPOiM 1977 3 Muscle 0 3-0 * U 4 11

fifama sp 1971 3 Mine It oa-i a U 9 n
Vporinn ntrhf4sj marmorciHJ 1971 4 Muscle 0 2-0 3 o: i \
( irflurAihfirt faicwm I97| 3 Muscle 0 1-0 2 h : 11
yfiC/omtittUvi 1977 J Whole 0 11-0 3) IJ 19 jg
C,*trtrh\*eh*i futetautt 1971 4 Whole 0 06-0 II i.i ou jg

N<mh Indian 'Arafrian Seal
Vftftfp; ipmi/irp 197* 2 Whole 0 7e.i i i i jg
TAotij# vttfiroftni >97* J Whole 0 93-2 0 ) 6 jg

Stniifi Indian ioff Auwralta*
Curv/MMfna Mrp4«mj J9I0 3 Whole 0 02-0 03 -1 0J IV

Aniarcttc
Two whole fish 1971 20 H)

PajfOtbemm *otfktrtnmki (911 21 Whole 0 11-0.77 0 31 44
P* rrnarrA* 19*1 3 Whole 0 12-0 24 0 17 44

Tremmomnt tou«M 1911 4 Whole 0 21-0 39 041 14
TffMtommt VMrtf 1911 I Whole 0 01-0 33 0 21 44

There was a marked variation of PCB concentration* in plankton sample* taken from
different ocean* (Table 3). PCB concentration* in Atlantic plankton were one or two orders 
of magnitude higher than tho*e in Pacific sample*. All the PCB data on Atlantic plankion 
had been measured before 1972. Although no recent PCB data on Atlantic plankton could 
be found, the much higher concentration* before 1972 can probably be attributed to the 
same reason* a* for the North Atlantic surface water* where an immediate decrease of PCB 
concentrations has been noted since 1973 As the monitoring data show that the discrepancy 
of PCB concentration levels between Allamic and Pacific samples in respect of atmosphere, 
surface water, fish, and mammals were lees than tenfold, the current PCB concentration in
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TiW* S
PCB CONCENTRATIONS IN THE BLL'BBER OF MALE PINNIPEDS AND

CETACEANS

PCS COM 
<*|/$ Imh »t. i

tiOClIiOR S per let Vnr \ *an(t Mean Rrl

AmiC
Amped seal 197 2 4 0 03—1 3 • ) 54 14
RiApetf seal 1072 15 i—* 4 l <4

North Greenland Atlantic wairva 1973—1977 1 0 to—1 1 1) 1* * 5
North Adamic

Newfoundland Harp teal 1970 1
Golf of Si Lsweftce Harp seil 1971 7 0—22 11 AT
Nova Scon* Adamic whrce-fMkd dolphin 1971 1 V 'B
Rhode liland Sinped dolphin 1972 1 V*
Can Mean Lon| «no«ned dolphin 1972 1 5 0

botrih AHuuic
L'njjuay FraneiKin* dolphin 197a 5 )1» «a IS

North Pacific
Benni Sea DaJl i porpoiaa 19*0 4 I V—b • 5 7 Ml
Japan Scrip*d dofphm I97g 3 22-23 Si M

finlets porpotae 1***—1973 S *4—9* 80 J A
Prior what* 1 : o 13

California Common dolphin |974—t9T* 10 *0—300 IJO 13
Pikoi whala 1 14 15

Hawaii Roufh'Sooihtd dolphin |97* J 7 0—14 d 4 43
Eaaiam troptcai Sin pad dolphin 1*71—197* 1 2.*—7 » A T 15

Sow* PaciAe
Ewad udptcaJ Fruer i dolphin 1971—197* 1 5: *3

Stfipad dolphw 1 50 13
New Zealand Dutty dolphta 19*0 r l 4 00

AnwciK
S jrowi Station WeddtH seal |9*| i 0 0M o:

Atlantic plankton it assumed to be in the few ntnogtvn per gram range on i »et weight 
butt.

PCB concentration! in open ocean organism* lend >o be greater in the higher trophic 
level*. Open ocean plankton generally hove concentration* of a few nanogtanu per gram or 
let*. Fiih lampies accumulate nearly the tame or one order of meg anode higher than this, 
whila PCB concentre!Kma to marine mammaia are a further on* or time orden of magnitude 
higher than thoee in fUh. Such an amplification with trophic leveli haa been demonstrated 
in terminal and coaitaJ aquatic environment* We alto found PCB ampitncation in open 
ocean ecoayitema from the north western Pacific whet* btoconcantrattow factor* tnno of 
PCB cooccntrabon* in orgamum to ambient water! were 10* for plankton. 10" to HP for 
aquitf and myctophid. and 10’ for striped dolphin.** In addition to the quantitative variation 
of PCBa with trophic level, qualitative variation regarding PCB itomen and congeners has 
alto become a major interest recently. /

According to detailed PCB determination* in various organisms taken from the Bering 
Sea.” apparent variation* were recognized in the* PCB compositions (Figure 7!. Although 
the major frictions of PCBi in surface waters were lower chlorinated biphenyls wnh two 
and three chlorine atoms, plankton and fish sample* retained not only the lower chlorinated 
biphenyls but also fairly large amounts of panta- and haxachlorafciphenyis. Furthermore.
PCBs in Dali’s porpoise were composed mainly of higher chlorinated biphenyls with more
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than five chlorine atoms and a much lesser amount of lower chlorinated biphenyls lansron 
ei al,*’ and Zell and Billschmiter** also noted different PCB compositions in various bio. 
logical samples such u fish. bird. Mali and human and they suggested dial the metabolic 
potential inherent in organisms is a major factor for the venation of PCB compositions in 
different trophic levels. The PCB composition of Call's porpoise (Figure 7) is most likely 
affected by a biological factor such as metabolism. However, plankton do not seem to have 
such an active metabolic potential. The different compositions of PCBs in plankton and 
surface water in the Bering Sea probably depend upon physicochemical factors. In fact, 
many authors support lipid/water partitioning and cell/water adsorption mechanisms as major 
uptake routes of PCBs by plankton,**’” while PCBl in (boat fish that an mcsotropluc animals 
in marine food chains appear to be affected by both physicochemical and biochemical factors 
It is known that the uptake of PCBi through the gills and digestive tracts in fish depends 
principally on lipid/water partitioning and molecular site,”-** whereas higher chlorinated 
biphenyls are accumulated mote readily through (tilt but lesser amounts are abaorbed through 
digestive tracts. Mono mi, it is also noted that fish certainly have a potential to metabolize 
PCBs, but this it limited to lower Chlorinated members.’*'’ The PCB composition of Bering 
fish (Figure 7) stems to basically reflect a result of physicochemical factors, but the relatively 
small* proportion of lower chlorinated biphenyls in comparison with plankton is probably 
due to metabolism.

The ocean contains many species of organisms and their life spans vary considerably 
These organisms mote or less function as effective integrators of persistent orgtnochlonnes. 
The residues of these chemicals in plankton and fish which have rather short life spans 
reflect the present state or ihort.ierm contamination in the marine environment By contrast, 
mammals, long-living animals, provide historical evidence of marine pollution in their 
bodies. Presently, we have no availeble information to trace the historical contamination by 
PCBs of the oceans. Organisms with long life spans may provide useful clues to the elu-
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udmon of the nme iuurse of PCS pollution in ihe ocean environment in ihe pjbi and ako 
probably in ihe future

III. GENERAL CONCENTRATION LEVELS AND ESTIMATED LOAD OF 
PCBs IN THE OCEANS

Based on Ihe measured data ol PCB concentrations in various open ocean environments 
mj tar reported (Tables l 10 5). PCB concentrations and loads in ihe world oceans were 
estimated and are shown m Table 6.

PCB momronnj data are not sufficieni for ihe estimation of PCB concentration and load 
in ihe open ocean environment In particular, there is much less data available ior all 
environmental media and biou in the South Atlantic. Thus. we applied the PCB data ol ihe 
South Pacific lo ihe Soulh Atlantic. Current data could not be found for North Ailannc 
waters Thus, a median value of PCB data m ihe North Sea” and Sargasso Sea" was adopted 
as a general concentration level of PCBs in North Adamic waters There is only one paper 
available for estimating the PCB concentration and load in open ocean sediment, which was 
reported by Harvey and Siernhauer1’ and dealt with the North Atlantic Ocean PCB con­
centrations m niher oceanic sediments were estimated from (his data and concentration levels 
in surface waters of the respective oceans. PCB monitoring data for plankton are extremely 
scarce for all oceans. Fish and mammalian data are also insufficient foe the Southern Hem­
isphere Moreover, we could not find any biomass data for the respective oceans, thus, (here 
was no other way to estimate the PCB loads it) organisms in each of the oceans but to 
describe them as a single or whole ocean.

Despite (hex limitations, this estimate I Table 6) provides sufficient information io un­
derstand the fate of PCBs. The total PCB load jn the open ocean environment was estimated 
to be about 230.000 t. The major fraction of PCBs in the open ocean environment is in 
water, accounting for more than 99% of the (oral load. In spue of the fact that open ocean 
organisms accumulate PCBs in concentrations three to seven orders of magnitude higher 
than water, iheir PCB loads were extremely small. This is due to the relatively much smaller 
volume of biomass compared io the water mass. The open ocean environment in the Northern 
Hemisphere contains about 130.000 t of PCBs. accounting for nearly two thirds of the total 
load. The largest load was >n the North Atlantic waters, which contained 90.000 t of PCBs. 
Recent estimates by ihe National Academy of Sciences " indicated that oceanic water over 
the North American Batin contained a maximum of 66.0001 of PCBs. This value compares 
ft vortbiy to our estimate of 90.0001 in the whole North Atlantic waters Worldwide statistics 
regarding PCB production and use are not available. The total cumulative use of PCBs in 
ihe U.S. wes estimated to be 61,000 t up to 1975.’* Assuming the world PCB production 
to be twice this amount (1.2 million t). about 20% of the cumulative world production is 
retained in the open ocean environment. According to our estimate of PCB loads conducted 
in the Scio-lnland Area. Japan," 12% of the total amount of the PCB used in this region 
was contained in the lereestnal and coetui environments. If this percentage is representative 
for all global tamtriai and coastal environ menu, h can be estimated that about 30% of the 
total PCB production ui the world, an amount of approximately 400,0001. has escaped into 
the open environment. Miller" noted that of the PCBs produced in the U S . 3 6% ha* been 
degraded or incinerated. Thus, the destroyed ponioo of PCBs is negligible in any estimate 
of the world PCB load. Overall, it is estimated that about 800.000 t of PCBs are util in 
service, including the amounts used for electrical equipment and other products or deposited 
m landfills and dumps.

The open ocean atmosphere contains 790 t of PCBs at present (Table 6) If the following 
assumptions are allowed, (1) the land-stocked PCBs (800.000 t) disappear only through 
volatilization, (2) PCB concentrations m the atmosphere remain at their present level. i3>
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Table 7
ESTIMATED RESIDENCE TIME OF PCBs IN THE 
OPEN OCEAN MIXING LAYER (UPPER 100 m OF 

WATER COLUMN!*

(irtoft
prrtiHliHlr IlfM

Oc«*n tdi?)

0^|Oirrt(Jh»c
P*Cif* Oi-fm »

fcumrphic
::*n5‘N. umuxi '0—1(10 i

5uuiHrrp OceiH i(i4'0'5. (UV-2J0 :6—u

ihe atmospheric residence lime of PCBs ri 60 days, and l*t atmospheric PCBi can Oecome 
irreversibly transferred into open ocean water, then it is estimated that about 4100 i o< PCBs 
are annually released from land-stocked PCBs and transferred into open ocean waters This 
estimate suggests lhat. if further regulation is not enforced to ensure PCB disposal, more 
lhan 150 years are required for the complete disappearance ol land-stocked PCBs and ihe 
contamination of PCBs in open ocean environments will continue during the tame penod 
It should be noted that strict measures to prevent leakage or volatilization from land-stocked 
PCBs are needed and an etfective technology to incinerate or destruci PCBs must be developed

IV PROSPECTS AND ULTIMATE FATE OF PCBs 0M THE OCEAN RESERVOIR

Undoubtedly, open ocean water serves as a vast reservoir of PCBs. To predict the long­
term contamination and ultimate fate of PCBs in the open ocean environment, it is necessary 
to know the removal rates of PCBs from the open ocean atmosphere and water. Btdleman 
et al * reported that ihe atmospheric residence times of PCBs tn the North Atlantic were m 
the range of 4b to 70 days Recently, we reported PCB residence limes in the open ocean 
mixing layer (upper 100 m of water column), based on our measured data of PCBs*1 and 
using an equation on the relanoitship between the organic carbon flux and the primary 
production rate in the world oceans reported by Suess*1 The results are summarized in Table 
7 and the detailed procedure used tn the estimation is given elsewhere *

The residence nme of PCBs in the open ocean mixing layer was estimated to be in the 
range of 26 to 44 days in eutrophic oceans and 130 to 210 days in oligotrophic oceans 
Supposing that the atmospheric residence tune of PCBs is nearly the same over all oceans, 
ranging from 46 to 70 days, the residence tunc of PCB* in the eutrophic waters is shorter 
than in the atmosphere, while in oligotrophic waters it is rather longer. The different residence 
times between the atmosphere end the mixing layers indicate that, if the airborne PCB flux 
could be completely stopped, PCB concenuatioiu in the mixing layer* of both the euuophic 
end oligotrophic oceans would rapidly decrease and eventually fall to zero within a rather 
shots period. However, if the etmoepheric flux of PCBs were to be kept in its present state. 
PCB contamination in the eutrophic ocean would be preserved at the present level, while 
in tRe oligotrophic ocean a gradual increase of PCB concentrations may occur according to 
the residual amounts of PCBs in the atmosphere and mixing layer. Mathematical simulation 
and more accurate monitoring surveys are required to validate this forecast.

Although the deposition rate of PCBs in the open ocean water column under the mixing 
layer is unknown. PCBs are certainly contained in deep waters and bottom sedi­
ments.*M ’’14 * PCBs deposited into these environments are most unlikely 10 contribute io 
their geochemical and biochemical circulation, because the vertical mixing of deep water is 
extremely slow and the biomass there is vary small. Thui, it can be concluded that open 
ocean deep water or bottom sediment serve as a final sink for PCBs.
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The commercial production ol-PCBs hxs no* cejSed in most developed couniries How. 
ever, a) a roujh estimate, we still use about 800.000 ! of PCB> on land Thu amount 
correspond a >o more ihin three limes the loial PCS load in she open ocean environment It 
is. therefore, justifiable to say that the large amount of land-siocked PCBs holds a crucial 
key for the future trend of PCB contamination in the open ocean environment as well as in 
ihc lerresinal and coastal environments. A mator effort must he made to control the discharge 
m land-stocked PCBs and continuous surveillance is needed to pursue the trend of PCB 
pollution in ihe open ocean environment
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Elf menu of Effective Environmental Monitoring as Illustrated by an Analysts of PCS 
Trends in Terrestrial and Aquatic Orfanisms

Virginia F. Stout 

TABLE OF CONTENTS

I tmroducnon ...............................................................................IM
A Experimental Design for Trend Assessment.............................. . 165
B Chemical Analyses for Measuring Trends................................................... 165

I The An of PCB Analysis................................................. 165
2. New Developments......... .............................................. 166
3 The Reality nf PCS Data ...................................................... 167

C Issues in Biological Sampling........................................................ 167
1. Species........................................................................................ -..[67
2. Age and Size of Specimens —....................................... 169
3. Timing of Collection..............................................................................169
4. Sex................................................ ................................ 170
5. Collecnon Site..................................................................................... 170
6. Natural Biological Fluctuations........................................................  17]
7. Tissues Sampled...................................................................  . ....... 171
8. Number of Specimens and Pooling .............. ................................17]
9. New Approaches....................................................................... 172

D Statistical Aspects of Trend Assessment................................................... 173 II. III. IV.

II. Findings.............................................................................................. ............................... 175
A. Small Projects.......................................................................................................P5
B. Extensive Monitoring Programs..................................................................... 179

1. Great Lakes — Overall Region............................................... 179
2. Southern California Bight.......................................................................112
J. Hudson River.................................................................. 185
4. California Mussel Watch.......................................................................t BB
5. National Mussel Watch.......................................................................... 189
6. Brown Pelicans........................................................................................ 190
7 NPMP: Estuarine Organism.............................  191
8. NPMP: Startings........................................................................................192
9. NPMP: Ducks ........................................................................................... 193

10. NPMP: Fresh Water Fishe*............................................. 19*

III. Conctuiioni................................................................................................................... ...195

IV. Outlook.................................................................................................................................. 197

V Needs.......................................................................................................................................198

Acknowledgments................ ........................................................................................................ 198

Votumr l l*J

HONS 224117



|64 PCBs tifuj the b rti ffunrneryt

References

ABSTRACT

Since voluntary restriction of PCB usife began in 1970. PCB levels have fallen in some 
areas where ihey were previously highest but are increasing m previously clean areas and 
remaining more or less constant where low levels were already noted. These findings reflect 
the gradual spread of PCBs from earlier hot spots such as dumps, spills, estuanne disposal 
sues, and waste water discharges. Biological variability, environmental fluctuation, and 
evolving analytical techniques obscure the detection of PCB trends. Nonetheless, until the 
(S80.000 ■ reservoir of PCBs produced worldwide sinea 1929 is destroyed or immobilired. 
PCB residues will continue to accumulate in aquatic and terrestrial organisms. Complexities 
of PCB analysis in trend assessment and issues in biological sampling are detailed. Studies 
of PCB trends in gulls, ducks, starlings, pelicans, mussels, and freshwater and marine fishes 
are reviewed.

TV pretence MO d*ftgtr of polycMoonjied biphenyl* <PCB*i in iht environment it not yr a dead it\ue bui « <s 
nne <hM appran lo be dying quiw rapidly — Thom** Mavgh it- *97?'

:2.000 k| of PCB have ben bwned h Uw |N*w Bedford mumrtp*f[ laodTiH awhona PCB »«re 400- J '<*J 
ng/m in June J97? '

in ihere were indivdoit foWHih |m the Hudson Atverl ... which had 40.000 to 99 000 ppm R‘B per
| ram of lipid .1

beiween 32 and M metnc tone of PCB* wttt he tranipnnad nio d* (New York] e*QMn during die neti -0 
yean *1 no rrondni tciioa it taken.1

1. INTRODUCTION

Since polychlorinated biphenyls (PCBs) were first identified m Swedish fish in >966.' 
they have been found throughout the world.*-’ even in Antarctica.' * Initially Ihey were 
observed aa contaminants interfering with die quantification of DDT * ** By the early 1970s. 
■hey were recognised as widespread problems in their own right. Before long. PCBs in high 
concentrations had beea isolated from numerous lakes and liven. Marine birds and fishes 
also contained amounts of PCBi quantifiable by early methods.”1 High levels in goatfish" " 
iMulfatdichihyt ounftamma/** confirmed that tropical islands such as Hawaii were not free 
of this new environmental pollutant.

* is ika leva*, in am PCS is me a acktris all polltHwwat kdbttyli itfiUni at ea tutai at 
rtilnpena A spaeilh rity af dUanaauaa it ikriiettiri ky ria Saw ejgnst eat. PCS |2«2 comauo *2% 
rtenWi by wipa A* PCS* aeariar. • it»*a *tucb inmally kauM ha • contfatmai flHitat luck u 
na Manana Caapsaygroriaci Aracia* 1221.1242. a i2a*uuaaaaiesaaMcsaan kigkly cManaaae 
aiaaaaa sack a Aradar* 12J4. 1210. a avaa I2M. As * nauarisr Sai ao iwatieuiaw a mu MM aa ihr 
lugha dririnktari aiusrn *aie tut mb w aay larfr ueiaau. I pefar ew unaa PCS I2J4 uri PCS 1210 
tu wriicaa ea agw a cktanaanaa oosnvse a nmowmai unpn I have atari ria anniriaciwtr i 
ricngMMa oaty * ria cat of Aiwlor* toil wtact *a muniminlly riaagari aaa ria Harixm »i*tr la an 
cue. wu*( ria ana PCB 1242 vowa a lau acaat. Rtariaa a ria Hurisea ftnor ate nan •riemerwtty 
timm a Arocior* 1011. s ipscial fimniilMaiii comuaiag 42* cMsnai ka lackjag ria Hi|kly chlonaaicri 
lonpHtiw o< Anear* 12*2 naif. Thu chapar concerns PCBs. ka not pear mrubotia* Moo norms 
prop MTU «a a ao* kava oaly coaurisnri ri* h)ri»mtn pana dUonaaiari kyritocakoaa

** Scientific lam tn isclvriari it* fini un* aaca rimn i» nanuonsri.
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This chapter will discuss the issues involved m determining PCB trends over time More 
than a decade has passed since quantitation of PCBs became routine. Techniques suitable 
for long-term assessment will be defined Daia from diverse laboratories will be summamed 
These findings will be integrated into an overall picture of past and present PCB pollution 
The prognosis for the future and recommenda'ions for further research will be described

A voluminous literature on PCBs has developed over the past 15 years. I have made an 
iniensrve and extensive search to find records suitable for this chapter Numerous scientists 
have been generous in providing unpublished manuscripts and even raw data Some repom 
are not readily available, while others may have been overlooked Even with these limitations 
distinct patterns have emerged that provide a clear picture of the present status of PCBs

A. Experimental Design for Trend Assessment
Holden'1 described some of ihe parameters for an early international environmental mon­

itoring program. These included determining the extent 10 which collaborating laboratories 
could both identify and quantify organochlonne residues. Protocols were also designed in 
assure representative samplings of marine, freshwater, and terrestrial ecosystems Exact 
species were listed, although even wuhm individual countries, no species was universally 
available. As far as possible, annual samples were 10 include 25 specimens of the same age. 
mre. and sex. wnh the animals 10 be analyzed individually. Fishes were to be collected 
before spawning and birds before fledging. Holden even noted Ihe importance of government 
support in mounting an effective monitoring program. Although sampling requirements were 
explicitly detailed, in practice the described protocol often was not followed exactly.

These early specifications an the foundation of modem monitoring programs, and they 
contain hints of difficulties in their implementation. General require menu for designing end 
implementing environmental studies were defined in I980."1 This subject still merits re­
flection. for again in 1981 Veuh el a!.'* reiterated the need for stringent requirements in 
trend-monnonng programs including "precise methods for measuring small differences in 
concentration and. to minimize biological variability, a fairly rigid proeotol with respect 
to species and sire". In ihe following section, some of the problems wilt be described in 
greater detail.

B. Chemical Analyses for Measuring Trends
/ The An of KB Anafytit

Quantitation of PCBs will be discussed only insofar as it relates to trend assessment. 
Elec iron-capture gas chromatography (GO has remained the standard tool for quantitation 
despite operational difficulties. PCB analysis started at an an with the analyst deciding how 
and what to quantify, e.g.. how to draw baselines, what to eliminssr because of interference, 
and what standard to use as • reference.

The complexity of PCBs challenged even the choke of standards and quantitation tech­
niques. Commercial mixtures used as standards yielded dimerous chromatographic peaks, 
from one to ten of which were chosen for quantitation- Either the height or ares of peaks 
was measured The PCB content would vary widely depending on the choice of peaks, 
baselines, and standards." especially in weathered samples. Furthermore, patterns of peaks 
might dtffw front one gas chromatograph to another, environmental samples by no means 
provided consistent patterns, and the choice of peaks was changed sometimes m order <o 
quantify unusual samples more accurately

As computers were introduced, a mote exact legimen was established. Arbitrary use of 
automation has not been a panacea, however, since it can also lead to inaccurate results 
when samples do not conform to a prr-established pattern. Capillary-column GC introduced 
another degree of sophistication, which gives hope of improved accuracy. Quamnation has 
noi yei improved, however, according ro an mterlaborsiory collaborative study. Even more

Vitlumr I I6S
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discouraging, some components were nor identified correctly " Afier more than a decade. 
basic idenlificanon til pollutants m environmental samples is not assured.

In addition. both the proportion and quantity of components in an extract vary with 
extraction procedures Diverse techniques are used for extracnng PCBs from enuronmenul 
samples because each type ot sample presents its own specific analytical challenges Methods 
have evolved also when standard procedures designed for surveillance ol food products 
proved impractical for large-scale monitoring programs."

International cooperative studies have measured the real effect of such analytical problems 
An early study" re (toned a r JO to 60% coelficiem of variation (C V ) for wildlife samples 
requiring complex processing In a subsequent sludy. 14 laboratories in 10 naitons provided 
a total of 18 analyses on the same simple from a dead cormoranr tPhalacroctwa.r cam,,, 
found in ihe Netherlands in 1970 Seven standards were used for quantitation: PCB 1250. 
1254. 1260. and 1264. minutes of PCB 1250 and 1260. as well as DDE and dieldrin 
The wide variety of standards reflected early attempts to quantify complei mixtures and 
also batch vanai tons of PCB formulations, sold by chlorine content rather than exact structure 
Analysts chose the standard corresponding most closely to each sample, but matching of 
chromatographic profiles was a time-consuming process, sometimes compromised in routine 
monitoring. The C V for all results on the cormorant sample was £20.7% This figure 
probably represents the best outcome up lo that time since participants in such a study mav 
well have been more skilled than other analysts, and collaborative study data reOeci optimum 
performance resulting from extra care. A later oyster hotnogenut containing 0 J ppm drv 
weight PCB 1254 showed a 55%CV among 14 labonionci." even though data from 12 
other laboratoncs were excluded because the levels were reported u below the detection 
limit or different, unknown, or mixed standards were used.

More recently, agreement between laboratoncs seems to have improved, though data mav 
still vary up to 100-fold between laboratories " Goldberg el al.* found a mean C V ol 
8 8% fringe ofO to 15%) for three lamples. By 19(0. C.V.s1' for six samples had declined 
to 5 7% (range 1.5 to 9.7%). In contrast, an miertaboratory calibration of (wo urban air 
extracts showed C.V.s among nine participants ranging from 26 io 39%. even though the 
use of exiracn had already eliminated one source of variability.11 (he extraction process 
itself Improvement is selfliminng. however, since as analyte concentration decreases, the 
C V increases ” Perhaps quality assurance will benefit from (he statistical evaluation dr 
scribed by Schmitt.'*

2. New Developments
Chlorinated hydrocarbon studies at a remote sue uncovered another problem in the late 

1970s. Lake trout tSoieetinus nomovcushl. fat lake trout (S. nomaycush uscowett. and lake 
whitefish I Core fonus rtuptaformts) from Isle Royalc contained elevated levels of several 
chlorinated hydrocarbon pollutants. compared to other Lake Superior site* closer to urban 
development Initially. Isle RoyaJe. located in die northern apex of Lake Superior, was 
chosen as a control site for environmental studies of Lake Superior because the island has 
bees • national park since 1940" and it had never been logged nor contaminated by motor 
vehicles Pollution of this supposedly clean sue wh attributed lo atmospheric fallout until 
a better explanation surfaced. Extracts contaminated with toxaphene had been quantified 
inaccurately, perhaps as the resuli of automated analyses without careful examination ot GC 
patients.

This finding signaled a soon-io-be-dtscoveted widespread difficulty, interference by mul- 
ncomponem pollutants, including chlordane as well as toxaphcnc. (Although chlordane >s 
a single compound, the commercial formulation contains several byproducts.) Once toxa- 
phene and chlordane were rather uncommon pesticides, but more recently they have sub­
sutured for the banned DDT Use of these compounds, which mimic PCBs m the usual
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separation procedures expanded without being noticed by analysts, because like PCBs they 
are mixtures appearing as a mats of mainly small peaks in GC (races Ironically. PCBs 
themselves were identified in environmental samples because they interfered with DDT 
quanrificaliun Now other interferences put a cloud on PCB (rend assessment The enenl 
dI interierence. which undoubtedly varies from region lo region has yet 10 be assessed In 
ihe laie IV70s. analysts were s(ill searching for separation methods suitable lor routine 
analysts As PCB analysis was already eipensive. each additional step would further coun­
strain the already limned number of analyses that could be funded.

Another problem is the issue of evolving methodology. Capillary column GC brought 
indication of decreasing PCB levels in Lake Superior, bui further study showed that the 
reduction was an artifact of a new technique, which resolved components previously assumed 
to be entirely PCBs.J* Although it is impossible to freeie techniques for contaminant analysis. 
nonetheless u is difficult 10 compare curttm data to those obtained by older methods.

3 Thr Rralirv of PCB Data
In assessing trends, one musl remember ihal PCB residues are complex mixtures In me 

first place. PCBs are not exact subsiances. because the composition of each formulation 
vanes with manufacturing conditions Moreover, individual PCBs behave in different ways 
For example, the lower molecular weight compounds evaporate more rapidly and also tend 
to read and degrade more readily. Even among the mote highly chlorinated components, 
individual compounds do not behave and react uniformly.

To compare residue levels over the years is, in a sense, like asking whether we now have 
as many Wlnesap apples as we previously had Macintosh apples. Numbers can be compared- 
but what do the answers mean?

As new methods are implemented, efforts are made to assure ihe comparability of data. 
Ideally we should be comparing the level of specific components today with levels in past 
years. Frequently that is not feasible, because most PCB data represent sums of several 
component. Even the purported identities of individual compounds have evolved wnh ihe 
development of techniques.

Assuming all Ihe data are correct, interpretation is still an issue. If PCB 1260 starts 
appearing in fish somewhere, does it announce yet another PCB dump or a carefully hidden 
spilt? Or docs it mean dial an old source of PCB 1242 or 1254 is slowly dissipating, leaving 
in ns wake a tattletale, the high.boiling components which resemble PCB 1260?

I "have described these analytical difficulties in order to support the restrict ions I have 
placed on samples chosen for this review and to acknowledge imprecision in ihe process. 
Ii is vital to take stock of progress in an effort to nd the world of PCB pollution, but h is 
alio important to spell out the limiteuona of trend assessment. Compehson between labo­
ratories is usually a questionable process." except in special cases where imeriabontory 
collaborative studies assure comparability.** Comparison between yean within a single 
laboratory is more practical it long as a single quantitation technique is used and quality 
assurance programs are maintained.1’

C. Isenee tn BUIsgkal Sampling
Over the yean, numerous laboratories have analyzed for chlorinated hydrocarbons in­

eluding PCBs. Many authors compare their data with published reports. Unfortunately, as 
Willford1* has noted, "results frequently contradicted each other and sampling programs 
lacked the intensity, the uniformity of sampling procedures, and the continuity that permuted 
evaluation with time... " In this section, 1 shall address aspects of biological variability that 
a ffeci the suitability of data for trend assessment

I Spears
Organisms differ in the rate and extent of accumulation of chlonnaied hydrocarbons.
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feeding habits. longevity lipid curncni. metabolism, and mieraiorv patterns are ihc k>i>l1n 
l>i I'actors lhai can cumribuie iu marked mira- and inrerspecies differences Tweniv-year uld 
itsh. lor example, may relied polludon over (he entirety ol their lives Birds may migrate 
ihnusandx of miles and jccumulaie polluianis wherever ihev live Juvenile salmon horn 
:rom pca viaed lipid-filled eggs, carrv forth a small coniamtnam burden from Ihert mothers, 
while sole, bom imm nnv eggs, are nourished from iheir surruundings a! a much earlier 
■.uge ol Jcselopmem Mamie mammal pups receive a large dose o< chlorinated hydrocarbons 1

ihc ui iich milk Preening birds lose PCBs ihrough the uropygiai gland" hui can also 
ingest PCBs from their leathers

Over the years, a number ft species have been chosen as indicator organisms Butler - 
used mollusks. especially oysters, as sentinels of general pollution m estuaries. Ovsterx 
contain concentrations ol organic contaminants as much as 50.000 limes as high as (hose 
in ihc surrounding water, in which such compounds are nearly insoluble Rioaccumulaoon 
expedites dennficanon and quantification jusi because ibe higher levels can be measured 
so much more easily

Mussels'0 " ’* have become common monitoring organisms because they are readilv 
available in adequate numbers over a wide geographical range Such sessile organisms have 
the advantage (hat ihey stay in one place Perhaps for this reason sampling variance was 
Lonstderably lower than analytical variance in ihe California Mussel Watch.” Compared (o 
PCB determinations m water or sedimeni. PCB levels in mussels indicate bioavailabilitv 
direcily since comamtnants are already in the living or garni m1* Mussels absorb and eliminate 
chlorinated hydrocarbons at known rates.”'' They refleci exposure over a distinct nme 
interval. In contrast to fishes and crustaceans, mussels possess minimal enzymatic capability 
lo metabolize contaminants Perhaps for that reason, they can survive even in highly polluted 
environments They can be transplanted readily and can be retained in bags or eages when 
suitable support is lacking. They tolerate depths of at least 60 m.* These properties tavor 
(he use of mussels to monitor around sewer outfalls and in highly polluted harbors Fur- 
(hermore, consumers are directly concerned about the wholesome ness of wild and cultivated 
mussels, because these popular sport and commercial species live in potenually contaminated 
environments.

Estuannc contaminant data must be interpreted carefully. Intertidal animals somedmes 
are exposed (o contaminant levels much higher than those present throughout (he whole 
water column. Chlorinated hydrocarbons concentrate at the atpwater interface in a lipid- 
nch monolayer" Furthermore. at limes of high runoff, organic compounds bound so par­
ticulate matter are earned in the surface layers where salinity is lowest. Consequently, 
mussels held below the surface may provide a more representative picture of PCB contam­
ination. On the other hand. Richardson and WaidH found larger mussels collected 5 to T m 
below the surface contained much higher levels of PCBs than very small surficial specimens 
tO 12 to 0.21 ppm dry weight vs <0.010 ppmi They suggested that sue and rate of 
accumulation may have contributed to these differences. In the vicinity of a sewer outfall, 
however. PCB Icveti were highest at the greatest depth, i.e., closest to the point of their 
release,41

PCBs also concentrate in organic-rich sediment, which accumulates *1 the watepsediment 
interface. As a result, animals which live and feed on the bottom will receive greater exposure 
than snimart living or foraging even a small distance above the sedimeni.

Numerous species of fishes have been chosen for monitoring free-ringing aquatic orga­
nisms. Often practical considerations are decisive, such as the sampling of commercially 
important species to ascertain (heir wholesome ness Wide ranging species which are readily 
available m adequate numbers are taken in preference to more sedentary, but elusive or 
uncommon fishes. Several species classified only as bottom dwellers or predators” were 
selected for the U S. National Pesticide Monttonng Program, because no single species is 
available at all 109 freshwater stations surveyed.
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Fishes jccumulaie PCBs rapidly" *’ but do not depurate them in measurable amounts “ 
Any apparent loss results from spawning or dilution through growth Thus, the total bodv 
burden ol PCBs reflects a lnne-averaged composite of exposure throughout life To lessen 
ihc influence ot tong-past exposure. Butler and Schutzman" chose juvenile estuartne t'ish 
as indicator organisms Fish less than I year-old contain contaminants from two possible 
sources carry over Irom parents and exposure during at most I year of life For the most 
pan they retlect current exposure One exception is juvenile dogfish iSi/ualus .nunrhtuti 
this ovovisiparous species transfers a substantial burden to the next generation Irom us large

Among terrestrial organisms, hemng gulls (Larus argmiatusi. starlings iSiurnus vulgann 
and ducks were chosen because of availability and widespread distribution Variability 
between specimens reflects individual feeding habits as well as the obvious ability of birds 
id travel The gulls were also studied because they experienced reproductive difficulties on 
Lake Ontario **

Brown pelicans were monitored in several areas mainly because they were disappearing 
.n the late 1960s and early 1970s. The extent of sampling was. however, limned by ihe 
necessity of maintaining the dwindling stocks.

-. X ?c and Si:r a} Specimens
The ideal sample would include specimens within specific size and age distributions 

Unfortunately such samples rarely exist. Vitiations in weather, food supply.•* pressure from 
predators, to name just a few factors, can contribute to fluctuations in size and abundance 
of animals. Aging in the field is not practical and analyzing enough specimens to assure the 
correct age distribution is too expensive. Samples of fishes have been restricted to fish less 
than I year old" and to a limited size range.1* Alternatively, fish from a broad range of 
sizes and age have been compared" 11 and size and age included in data comparison Organic 
contaminants generally increase with age in fish11 by a multiplicative factor ** Holden" 
tuggesied nestling birds as suitable indicators of lemstrial contamination Alternatively, 
adult birds or their eggs have been studied.

Musieli are usually selected from i narrow range of shell lengths, aging is nut currently 
possible.*'* In early mussel studies, no effects on contaminant levels were noted from di­
vergent growth rates. Perhaps flow rate, wuer temperature, salinity, and available nuinents 
influenced growth only to a minor extent or canceled each other enough that (hey were not 
detected initially.

J Timing of Col I tenon
Farrington ei si.” recently reported a two- to fourfold uncertainty in contaminant levels 

in mussels resulting from seasonal variability. Mussels from Namiansett Bay. R.I.. and 
Bodega Head. Calif., exhibited different periodicities and magmtudes in contaminant levels. 
Wh« causes these fluctuations'1 Changing biological and bioeheiiiical activities of mussels 
themselves or associated organisms, as well as changing concentrations and btoavailability 
of polhgmta ■ the environment, contribute to seasonal fluctuation.

Weather can affect organisms in several ways. Some species reproduce only si specific 
light jMeasiMs or at critical temperatures. Climatic conditions slier the availability of food 
supplies. Heavy precipitation and rapid thawing alter water flow, salinity, and contaminant 
burden. Since the weather is not controllable, researchers can only remain mindful of its 
influences.

The life history of individual species determines the optimum pehud of collection. Both 
breeding status and weather influence PCB levels.9* Regular sampling at the same stage of 
reproductive development increases the consistency of samples- Organisms which increase 
lipid stores preparatory to breeding transfer PCB-laden lipids to their spawn. The seasonal
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FIGURE I AmuI nunumw rfl PCS foment luocnitd *nh oyMtf iC'atuwm freer* rtpcoduciiw lit ihe 
ipnn|. gotten «ccuftwieie npnj imt npoptui* PCBt whieii era cicrc«*o i|Mi »im the ipe*n i Modified from 
Wiiion end Forester *)

fluctuation associated with oyster reproduction'* it shown in Figure I Because fishes elim­
inate chlorinated hydrocarbons mainly through reproduction, collection at different repro­
ductive stages would reflect different types of contamination. Correcting for order of egg 
laying in common terns iSterna hirundoi is necessary since the PCB content decreased 20** 
from the first to the ihird egg in a clutch.” Similarly, repeated spawning could atier PCB 
levels in fishes.

Beyond the more obvious factors which influence the consistency of sampling, the well­
being of endangered species must also be considered. Brown pelicans and marine mammals 
along the California coast often abandon their young when disturbed. Only after the young 
hive become independent are the rookeries approached to collect dead specimens. Thus, 
fresh eggs from the eastern brown pelican iPrlrcanui oectdwtah) carolinenust can be taken 
throughout the breeding season without ill effects on the young. In Teaas" and in California, 
however, pelican IP. o. catiforiucui) eggs are collected after the young have left the nest ” 
These sample* arc obviously atypical because they arc confined to eggs which failed to 
hatch for lack of fertility, viability, or suitable incubation. Such specimens introduce further 
vinability because lots of water and metabolic processes during incubation influence residue 
levels-

<. Sea
The tea of specimens frequently influences data.** *’ Females of several species eliminate 

PCBa through reproduction Salmon, pelicans. gulls, and lems lose chlorinated hydrocarbons 
through egg production. Marine mammals lose them by locution.n Each species is unique, 
however, since chlorinated hydrocarbon levels in the roach iLtucucui ruiiluil showed no 
correlation with sea. age. or size in a set of 95 specimens ” The choice of sea. then, depends 
on the atm of individual projects.

5 Collection She
Both pristine and polluted sties contribute useful data for trend assessment. Presumed 

"clean'' tiles in developed countries often receive unsuspected pollutants vn aenil Irani poo.

HONS 224124



iritume I |7|

runoff, clandestine dumping, or accident]! spiffs Cities, harbors, and in-shore areas contain 
high concentrations of PCBs from direct and indirect sources. Agricultural. sylvan, and open 
water areas retlect average burdens rrom numerous diffuse sources Estuaries mas be ex- 
pecied io receive contaminants m proportion 10 the iniensuy of human habitation They 
are monitored as nurseries lor aquanc species" and as popular sports fishing areas '' AnaUsev 
,'t samples rrom truly pristine sues provide baseline dan to be related to more polluted areas 
and 10 signal future increases in pollution Data trom highly polluted sues reflect ihe response 
ol ihe environment to high levels of eomamininon. white ttudiei at sites without intense or 
direct pollution ore useful for predicting long-term progress.

Furthermore, the foraging and rrueiatory habits of animals must be considered in choosing 
sampling sues and evaluating data. Only stationary plants*4 and sedentary or caged animals 
retlect pollutant levels n unique locations Diurnal movement, for example, can repose 
organisms to significantly different levels of contaminants, and animals collected at different 
limes of day or year may represent different populations. Tides and currents may disperse 
pollutants in unforeseen ways.1” This brief discussion is intended to suggest the efforts 
necessary to obtain consistent samples — and to acknowledge that sometimes even these 
are unavailing

0 Natural Biological Flui tuaiions
Short- and long-term fluctuations in fishery stocks and other wildlife populations'’ influ­

ence the levels of contaminants in complex but unpredictable ways.** For instance, the oil 
content of menhaden decreased markedly in recent yean *’ Chlorinated hydrocarbon con­
centrations in an organism may depend on lipid content.11 partition equilibria, or extent of 
exposure. Assuming a specific tout PCB content or burden, a change from 8 to 2*1 oil 
would quadruple the PCB concentration in the contained oil. Unless the mode of accumulation 
is defined, monitoring oil or individual tissues may not reflect environmental levels accu­
rately Even more of a problem, when animals disappear completely from their usual haunts, 
sampling fails and a prescribed sampling patient is disrupted. The intrinsic variability of 
biological samples can be allowed for. but not entirely eliminated by appropriate design of 
monitoring programs. Biological variability is one of the mam factors obscuring detection 
of new uendt.

7 TuiutJ Sampled
The purpose of a study often dictates the type of sample. The National Pesticide Monttonng 

Program analyzed whole Fish to assess the effect of contaminants on wildlife which consumed 
them.** Other studies” ** used muscle or fillets wiih skin in an effort to determine ihe safety 
to human consumers Stow ct at.1* included whole fish and fish meal end oil to evaluate 
the impact of contaminants throughout the menhaden iBrevooetia eyraniua and B pairomt 
fishery. Though sometimes done, comparing data from different tissues is not meaningful, 
unlew the relationship for accumulation of contaminants in the vinous nssues has been 
documented. Preliminary data for fish muscle and liver suggested a complex relationship.’' i.

i. Number of Specimens and Booling
The number of specimens is dependent on the variability and the desired levet of dis­

crimination. Individuals in a single collection sometimes show nearly a 100-fold range in 
PCB comem. ” ’’ Furthermore, the distnbution of organochlonne residues among individual 
speciment it often skewed.” To detect a 75% difference between residue levels, to speciment 
would suffice, but to detect a 25% difference. 50 specimens are necessary. Holden" rec­
ommended 25 specimens as an appropriate sample site. Gordon ei at." detailed the number 
of specimens required for varying degrees of resolution of several trace metal pollutants, 
data that can enhance the understanding of sampling problems for trace organic analysis as
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well Butler* documented ihe combined variability of individual organisms jnd a riser 
environment to have -i standard error of 15 to J0%

Jensen and Lassen ‘ investigated problems ol sample sue and stratification i>t critical 
sample parameters They calculated the etfeet of length tiraiiftcincm. i e . choosmc srccnii 
numbers ot specimens in several length intervals, as compared to random sampling on (he 
number ol specimens required in a single sample They did not advocate keeping htnloetcjl 
v ariables constant because the influence of various parameters is not ihoroughk documented 
Instead they recommended continuing surveillance of the relationship between htoiogicai 
variable and contaminant levels. They determined [hat variance tn chlorinated hydrocarbon 
values in one set of hemng data contributed a I 07- to 1.14-fold increase in the number ut 
vpectmens needed in a random sample compared to one which took into account variations 
in length In a sample of cod. the factor increased to I 56 for PCBs in liver Lving theve 
calculations. Jensen and Lassen ' suggested that annual samples of 20 fish anal wed indi­
vidually would detect a 10 to 20% annual change over a 5-year period If the ratio tor 
random vs stratified-length variability increases substantially, the sample sue would also 
need to increase to detect the specified trend Likewise, if the trend is smaller, a larger 
sample sue would be necessary to observe a statistically significant trend

Not only statistical considerations, but also availability of specimens and cost of analv.es 
influence the choice of these sampling parameters Limited numbers ol specimens m en­
dangered species are available Mussels, on the other hand, are plentiful in many regions 
of the world and easy to collect and handle tn large numbers Analysis of individual spec­
imens. however, escalates the cost ot monitoring. When limitations tn funding restrict me 
number of analyses, compositing specimens becomes a necessary compromise Nonetheless, 
the variability of individual specimens and their environment must be determined as fre­
quently as practical at every site” to assure the accuracy of trend assessment. Where it is 
not practical lo determine Ihe variability of individuals, replicate pools at least provide pool 
variances. Whatever the experimental design, a consistent pattern of sampling and analysis 
simplifies statistical treatment of data.

9. New Approaches
Kaiser” has developed a new approach lo trend assessment. He used mierspectes con­

taminant quotients to compensate for background residue levels previously m buna

_ PCB concentration tn host PCB concentration tn parasite
Quotient » ■ —------------------------- ~— - ■ — -----------------------------------

DDT concentration tn host DDT concentration in parasite

He evaluated chlorinated hydrocarbon data from sea lamprey (Priromnon mannus) and the 
associated host lake whtteflsh from Lakes Huron and Michigan. Trends in the original data 
were obscured bee bum residue levels of individual specimens within a single catch varied 
widely (0.24 to 14 ppm* PCBs in whole fish) with a mean and standard deviation of 0 50 
r 0.30 in lake whiiefiah and 2.2 s * 2 ppm in lamprey. For the PCB DDT ratio, the 
variation was much reduced to 1.9 ± 0 65 tn lamprey. Kaiser” considered the use of ratios 
aa a kind of normalization, akin to an internal standard. Using the new technique, he found 
that ODE and PCBs were both increasing in the two Great Lakes, while severs! other 
chlorinated hydrocarbons appeared lo be decreasing

* PCB CMttMnMi it pvporta* mi Bio Bom of Bio neat* bo rerenreB or w*t «nkn mhenvitc 'mt'ceitd
Dry mnoi retard u Bio liter drying to re mo** *nor F« bout or itp*4 main PCB
r? stares to the f«i caniffM at ihc mtrei ti i* not rvicamnfhtl M corepore Bore reported mi differed Dates Ai 
ihe some lime, dare are not tlwiyt available to convex re • cowoo *oaa Cootowmly. all dais are reported 
as onmally puottsheri (See Serttoo Jl 1
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This concept require* tunher vaJidanon. AJL chlorinated hydrocarbon levers jre mu net 
essanly related <o each other the correlations of ratios may be i mere coincidence Fur­
thermore. 'ince lampreys parasitize several species wilh as yel undefined organochlunne 
uptake ratios and interactions, mterspecies ratios may nos be as consistent as m this initial 
investigation Nonelheless. data for lake trout and lake whueftsh collected at nine sties m 
Lake Superior ' did tuppon the thesis. If validated, this technique will allow trends assess­
ment with many tewer specimens by compensating for variability Another application of 
contaminant ratios compared PCB levels of several species of plants ai polluted sues with 
corresponding background PCB levels “ Perhaps this could be applied to stationary animats 
as well

i 1 7J

U. Statistical Aspects of Trend Assessment
what 11 the appropriate measure of central tendency'1 Some authors choose to repun means 

based only on quantifiable values- Any or all values below either the quantitation limit or 
the detection level are ignored Such a syitem overestimates the mean and to my mind 
misrepresents the picture, even when footnotes describe the methods of handling data When 
this practice exaggerates the situation grossly, it leads io mistnierpretaiion by the general 
public and does a disservice to environmental scientists.

A greater issue arises from assessing irends from averaged incidence rates alone After 
collecting 38.000 fish and analyzing 1324 composites, the National Pesticide Monitoring 
Survey of estuanne fishes combined data for 144 estuanes into brief summaries for each 
state New York Stale was reported to have a 63% incidence of quantifiable PCB residues 
based on sampling of three estuanes. while North Carolina had a 9% incidence based on 
19 esiuanes. Washington State reputedly had PCBs m 17% of its samples, even though 
none of the 128 samples from five estuaries contained PCB* and all 27 from one highly 
polluted river contained quantifiable levels. By the same logic, Washington State ranked 
highest m PCB level with a mean of 1.67 ppm. while SJ% of all tamplrs romomtd <0 OS 
ppm PCBs.'1 Estuary-by-esiuary analysis would be a mote appropriate method of evaluating 
Ihts massive body of data. Naming polluted estuanes and tallying the number in each siate 
would be mote meaningful than impugning whole nates on the basis of single hot spots In 
place of simple inspection, analysis of vanance or some other statistical lest is needed io 
determine any trend in this body of data.

Lassen7* proposed substituting half the detection limit for observations below the detection 
level as long as they represent no more than 3% of the total number of values. When a 
major proportion of values was zero, he felt it wu not meaningful to compute contaminant 
relationshipa. Alternatively, the National Pesticide Monitoring Program fresh water fishes 
study normalized lipid values by an angular transformation and concentration values by log 
transformation of the residue value + 1.0“ i.e.. log (a + 1 >.

In their studies of pollutants tn herring gull aggs from the Great Lakes, Gilman et al." 
found not only skewed distributions of residue levels, but also a variation in direction of 
the skew lor different contaminants Consequently, they found the use of either arithmetic 
mean and confidence intervals or the assumption of log normality and geometric mean 
inappropriate as descriptions of central tendency. Furthermore, they avoided assigning ab­
solute values to truce amounts because of the bias introduced by this process. They concluded 
that the median and range were accurate descriptive statistics regardless of the shape of the 
residue distribution and allowed direct inclusion of nee values. Nisbet and Reynolds” 
observed that the extent of the positive skew is not consistent as is evident from a comparison 
of the geometric and arithmetic meant of tern eggs (Table I). Individual data sets may 
determine the best descriptors, but lack of standardization then precludes comparison with 
other data.

Beyond ihese descriptive statistics, how have yearly data been evaluated? Schmitt-1 sum-
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. Tabic J
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manzed problems m applying statistical tests 10 contaminant residue data. He reminded ihe 
reader that no statistical approach is automatically correct. The objectives of a program and 
perspectives of those conducting the research influence the choice of siatisitca! techniques 
The National Pesticide Monitoring Program duck wing survey used Mesis for each 'data 
pair", presumably each siaie. in a single flyway. Only pain with detectable levels m 50% 
of all pools were compared " Diopptng data is a questionable procedure. Conclusions based 
on 40% of a data base cannot assess the whole picture." The r-iesr is seldom applicable for 
trend assessment. With numerous stations and yean, analysis of vanance is preferable

Nonpara metric statistics allow testing of unequally sized samples and skewed data. Nisbet 
and Reynolds" and Gossett et al." used the Spearman rank correlation coefficient to assess 
temporal trends in their data. The Mann-Whitney U-test.'** the Kruskal-Wallis analysts of 
variance of ranks." the Wilcoxon matched-pair signed-rank lest." the Friedman two-way 
analysts of vanance.** and the Kramer multiple range test*’ have also been used fur evaluating 
PCB trends. Scientists involved in trend assessment do nos always understand Ihe subtleties 
of stallUical tests. For example, destructive analytical techniques such as PCB analysts 
cannot meet the requirements of Ihe Wjlcoxon test. It was designed for testing a single 
system under different conditions rather than similar populations in different years.

Schmitt*1 detailed a procedure for applying a partially neaied factorial analysts of variance 
technique. He tested this method with 6 years of data from the National Pesticide Monitoring 
Program for fresh water fishes. He chow 15 stations which were sampled in each year and 
were consistently analyzed by a Single method. Two- and three-way factorial techniques 
were compared with the partially nested factorial scheme. The effects of uneven replication 
and random vs. fixed location effects on a nationwide monitoring program were considered. 
Location and temporal differences were shown for PCB 1254 by all techniques, but were 
changing in a similar fashion at all 15 stations. Partially nested factorial analysts resolved 
species differences, but three-way factorial did not distinguish between predators and bottom- 
dwellers. These findings suggest differences between species at a tingle location, but not 
between species types.

This study*1 showed the complexities in analyzing a seemingly simple set of data These 
included non-normality, unequal sample numben. broad-ringing vanance. multiple species, 
and inconsittem patterns at each site. The resolution of trends probably was enhanced by 
compositing specimens because individuals vary considerably and composites unavoidably 
underestimate variability. The data set used by Schmitt" composed samples from sites wuh 
i history of pollution. To the extent dial the data were influenced by point-source discharge.
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the detailed conclusions msy not relate to sites with diffuse contamination The method ha' 
also been applied to the whole 1916 to 1919 data set Partially nested factorial analysts 
represenjs a significant development in pollution assessment.

Multivariable linear regression i MLR) is another recent technique for evaluating contam­
inants in lishes. Thts procedure takes into account parameters such as length, weight, age. 
sc*, season, area, and year as well as interactive effects such as season.vear and length- 
season-year A brief description of findings for metals will warn ahouj the pntalls ni ex­
trapolating data A log-linear model appeared to yield a more normal distribution than a 
simple MLR model ’* For cadmium, copper, and tine m thrre species of fishes Irotn lhe 
vicinity of a Greenland lead and line mine." significant effects from year to vear were 
observed, hut no temporal trend was evident Length, season, and year interacted but not 
consistently Since interactive effecls were difficult to quantify, time trends were hard to 
prove Mercury from industrial pollution seemed to affect flounders differently near a point 
source than at greater remove Near a former pesttetde factory, no relationship between 
biological parameters and mercury levels m fish was observed, but year, length, and age 
relationships were evident further away."

Scott et at ■* compared rectilinear and interactive MLR with analysts of covanance Thev 
were looking for less costly ways of determining it me trends in resident fish They tested 
predictor variables as a way to reduce variance. MLR was somewhat effecitve for metals 
but not for PCBs. Indtvidual cod tCadus morhuai did not respond to environmental con­
taminants in a consistent manner. MLR substantiated rather than eliminated the need for a 
range of sample sizes for effective monitoring.

These findings confirm the difficulties in extra polattng contaminant data from species to 
species, site to site, or substance to substance. They also show that statistical evaluation lor 
trend assessment still needs refining.

I otumr f | 75

II. FINDINGS

A. Small Projects
Studies limited tn scope will be discussed first followed by mote extensive programs 

Comparison between laboratories remains uncertain and will not be attempted. Some reports 
depended on dett from mote than one laboratory. Such studies will help illustrate pitfalls 
and limitations of such interlaboratory comparisons.

A New Jersey salt marsh provides unusually early data- Clapper rails IKallus longironnii 
killed during a hurricane and contemporary samples of fishes and invertebrates were frozen 
until they were analyzed with samples collected 6 yean later. Moisture determinations 
showed no dehydration during storage. Fauna in this salt marsh axhibited no PCB trend in 
the whole ecosystem. Instead, PCB levels in the rails increased 160% between 1967 and 
197}. whereas levels decreased more than M% in three species of fishes. In all three sets 
p <0 03. according io two-tailed Wikoaon rwo-aample testa." The changes in both directions 
are large enough diet discounting them would seem unjustified. They may result from transfer 
of PCBs from lower to higher trophic kvels. Whatever the cause, these findings emphasize 
the Complex characteristics of any natural site.

The presumption in discussing trends in PCBs in biota is that, eventually, is PCB usage 
and disposal cease, ihe kvels in biota will decline. Often wildlife respond variously io PCB 
pollution. Three species of seabirds from eastern Canada showed no ckar trend from 1972 
to 1976. Only three of seven sets of egg data showed changes fp <0.01 V. two decreases 
and one increase, one for each species.*•

Wilson and Forester1* studied the fate of Aroclos* 1234 after an accidental leak from an 
industrial site along the Escambia River in 1969. The PCBs dispersed more than 20 km 
downstream into Escambia Bay near Pensacola, FI*,, where they accumulated up to 2-7
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ppm in oysien tCratiotirta virgtntcai. Monthly monttering for 7 yean ihowtd ihM when 
ihc leik wu Hemmed, PCB level* declined initially. Although PCBi nearly disappeared 
from the water at the spall tile by 1974, in Escambia Bay. oysters still contained up to O S 
ppm Aroclor* 1234 in May 1976. The levels fluctuated annually; they increase dunn| ihe 
spawning season when liptd contents mere as* temporarily (Figure I). Presumably, the con- 
laminated sediments provide a persistent reservoir for continuing pollution of ihe bay.

to Massachusetts. New Bedford Harbor and nearby Buzzards Bay have attracted attention 
becauae of the high levels of PCBs found in sediments, fishes, and shellfishes.” " PCBs 
declined significantly between 1971 and 1911 in eggs of common lema from Buuatds Bay.” 
The Spearman iwtli correlation coefficient was -0.67 ip <0 03). At Monomoy Island. SO 
km eastward and relatively remote from known sources of comaminaiton. PCB concenmiions 
were lower but followed a similar temporal trend. In bosh areas, maximum levels were 
observed in 1976 (Figure 2). The authors noted that samples collected in that year were 
analyzed by a different laboratory than in other yean. They did not eliminate the possibility 
of analytical variability between ihe laboraiones. Assuming the maxima are not artifacts, 
these sets of data provide a vivid example of long*range aerial transport from the urban, 
industrial center of New Bedford to the eastern shore of Cape Cod. SO km away
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PCB levels from fishes in Lake Simcae. Ontario. Canada, decreased between 1970 and 
1976. Ten species weie sampled dunn| two or mote years- Because weights of the 367 
specimens vaned from year to year, a subset of 196 fish in comparable weight groups was 
selected for analysts of variance. PCBs declined significaMly {/> <0.05 in the F■ test) except 
in larger yellow perch (Ptrca flavtutns) and smaller walkye (Sitsoitriiton vurtum virrrwni. 
Significant dec resin in fat content of several species over the time studied complicated 
interpretation of the data.* As will be seen agatn and again, the decline was gres'er when 
the initial cSdonnatcd hydracarboo level was higher. Levels change much less dramatically 
when the initial levels are low.

PC# level* decreased in the menhaden fishery over the yean 1969 to 1977 Whole fith 
and ihe commercially important product* meal and oil were analyzed. Menhaden it the 
largest fishery in the U S. in weight of fish. PCBs were measured in 314 samples collected 
from ihe Atlantic and Gulf Coasts and Chesapeake Bay. For itatisticai studies, 132 samples 
of menhaden oil were chosen. The null hypothesis of equality could be rejected for three 
areas of the fishery, but the differences between yean were significant \p <0.0)1 only in 
s few cases. Unequal numbers of samples and wide variations in PCB levels within yean 
contributed lo this situation Coefficients of variation were at large as 16% (Figure 31

Holden" found no change in PCBs in the blubber of grey seals (Haltchotrus grypoit from
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the ttm coast of Scotland between 1968 and 1974 For a total of IU8 specimens collected 
in 5 different years, the mean level in blubber was lb : lb ppm

Jones et al compared concentrations ot PCBs in the liver, blubber and brain ol snune 
harp seals t Putophtdui grarnltinJn m i collecied from ihe ice in ihe Gulf of St Lawrence 
m Id? I and 1973 Blubber contained 2 4 ; I 4 ppm in the eattier year and I UK ; o M 
ppm 2 years later The level jlso decreased significantly ip * 0 051 in brain hui not m 
liver The 3?'7 decrease in lat content in ihe liver may have masked any chanee in PCB 
content during ihis period. Neither the relationship between lipid and chlorinated hydrocarbon 
content nor the reason for the decline in lipid contem has been established PCBs as well 
as total DDT and dteldnn vaned widely between individuals and without any correlation 
heiween compounds The authors held that differences in lipid content of specimens and 
body burden in the mothers accounted for the variation. Not mentioned was the limned 
sample si/.c. 16 animals in 197 3 and II in 1971. With a sample of four adults, me PCB 
content in 1973 was higher in young than tn older specimens. In a larger sample collected 
in 1970. the PCB concentration in females increased from birth to 5 to 6 years and ihen 
leveled off.'1

Cod from the Gulf of St. Lawrence were analyzed in 1977. 1978. and 1979 Data from 
122 specimens ot liver were subjected to intensive statistical tests. Rectilinear MLR showed 
that PCBs were increasing while interactive MLR showed the opposite ** The authors felt 
that 3 years was a short interval for trend assessment. -

Schneider- found no change in PCBs in cod from Kiel Bay. West Germany, between 
1974/75 and 1977 He used a regression to calculaie Ihe value of 4 g ppm tn livers foe the 
earlier time period, to compare with the 2.9 : 10 ppm found in fish of the same length 
in 1977 Luckas and Lorenzen” reported that limitations in data made trend assessment in 
the North Sea andOstsce iKiel Bight) difflcull. They cued earlier observations of a temporary 
increase, a period wtthout change, or a slight decrease in PCBs in the area, as resulting 
from an inadequate data base.

In Finland. PCBs decreased in the marine ecosystem but stayed the same or increased in 
lakes Piasivirti and linko* found a significant decrease in PCB levels (p <0 001) at iwo 
sites in the northern Baltic Sea. Between 1973 and 1971. the concentration in Baltic hemng 
iCIupta hartngutt fillets fell from 0 60 to 0.24 ppm and from 0.51 to 0.14 ppm at ihe two 
sues. Data for !9g2 suggest that PCBs continued to disappear at the same rale ** From 1973 
to 1978. PCB levels in perch tPerca fluviauiij) increased (p <0.01) in one lake and showed 
no trend in another. The actual levels were low in both cases: reportedly increasing from 
0.052 i 0.020 to 0.071 * 0 031 ppm in white latent muscle tn one case, and ranging 
between 0.056 and 0 091 ppm in the other.** The conclusions are based on stepwise multiple 
linear regression. Independent evaluation questioned the appropriateness of the statistical 
treatment *1 Nonetheless, this small study may reflect as accurate a picture of PCBs as we 
are likely to obtain. In areas with high initial PCB contamination, reductions were seen, 
perhaps at the cost of low-level pollution spreading mote widely. The reported decrease of 
PCBs in the muscle and liver of pike fEtoi tuemi) from the Turku Archipelago is based on 
an inadequate sample of 23 fish.** PCB levels in pike from Lake Plijlrac have increased 
significantly (p <0.001) from 1972 to 1980. The levels were some of the lowest in the 
world. 0.013 to 0.049 ppm in muscle. Because of the correlation between PCB level and 
fat content, the effect of far content was eliminated by covariance analysts. The authors** 
did not believe local pollution waa the cams, for PCBs had been banned in Sweden and 
were essentially never used in Finland. Instead they suggested that atmospheric transport 
apparently was averaging global pollution.

Although this chapter concerns animals in the wild, brief comment on beef and pork for 
human consumption may interest the reader, tn these instances, ihe change in PCB levels 
reflects direct official action rather than environmental trend*, as contamination levels in
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fcedstulfs jre regulated In Ontario. Canada, the PCB concentrations of beef abdominal rat 
fell from 0.25 - 0 058 ppm ifat basm m 1960/70 io 0 0095 i 0 022 ppm m l9»t In 
pork, the corresponding values were 0 33 ± 0 14 ppm and 0 003 t 0 005 ppm “ Residues 
disappeared at a first order rate, ihe halDifc was 3.2 years for beef and I 6 years tor pork 
The levels in bovine milk decreased ai about Ihe same rate in southern Ontario Between 
973 and 1977. the concentration in milk fat fell from 0 11 io 0 033 ppm"1 Such a trend 

rcilccis ‘he paitem of usage and disposal in an agricultural area. These data show ihe changes 
possible in agricultural commodities subject io direct intervention in contrast to the less 
direct control of environmental exposure of wildlife and fish

These few studies from a number of sites n the Nonhem Hemisphere convev some m 
ihe challenge in assessing PCB trends What n reported to be happening depends on location, 
type ol sample, and adequacy of data

B. Extensive Monitoring Programs
In some of the more intensive studies. I will cover Ihe diverse species included in each 

regional program in order io evaluate contaminant trends in specific geographical areas 
Then 1 shall describe integrated fish or wildlife monitoring programs which cover wider 
expanses.

I Great Lakes — Overall Renton
The Great Lakes of North America exemplify an aquatic environment surrounded by 

intense agricultural, industrial, urban, and recreational activities. The downstream course 
toward ihe sea provides s living model for studying the flow of contaminants through a 
complex system. Increasing population and pollution density" along Lake Huron and Lake 
Enc lend to obscure measurement of the PCB flux. Persistent chemicals remain for long 
periods, because outflow from ihe lakes is limited. Since 1971. the International Joint 
Commission"" representing both Canada and the U S. has coordinated monitoring of pol­
lutants in the Great Lakes Basin ecosystem.

Lake Superior u farthest from ihe Atlantic Ocean and least densely populated. Between 
1971 and 1975. PCBs in headless, eviscerated lake trout declined from IS io 0 4 ppm 
For fish weighing 10 io 1.5 kg, the same trend *u observed, from 1.9 to 0 49 ppm. 
allhough the authors101 claimed PCBs had not decreased Significantly. After Stating that PCB 
values before 1970 were estimates, they apparently included both 1961 and 1969 data in 
concluding that there was no significant decline in PCB level in fish of a specific sue. A 
smaller decrease, 0.1 to 0 3 ppm was observed for lake whitefish. The increase. 0 6 to I 0 
ppm for bloaters iCoreganuj hoyij may relate to the inclusion of one or more large fatly 
specimens in the data for 1975. All ihese conclusions are based on limned specimen numbers. 
According to another report.11 PCB levels in lake trout were 2.3. 1.1. and 2.0 ppm in ihe 
edible portion in the yean 1972. 1973, and 1977. The level fell to 0.S5 ppm in whole trout 
near Thunder Bay in I960 However, the exact status of Lake Superior has been clouded 
by the confounding of PCBs with toxaphene. mentioned earlier.

Only in time species in (he main waters of Lake Huron did PCBs decrease between 1970 
and 1976: aiewivei lAlota pseodohorengial. rainbow smelt lOsmenu moedaxl. and walleye. 
PCBs in four other species increased at least at one location. '•* Not surprisingly ihe areas 
with least circulation are represented: cisco (Core|o«uxs arte tin) from Georgian Bay and 
yellow perch from North Channel. PCB levels in spiake (hybrid between Saivtlinut fortuitous 
and S. na/myctuh) and coho salmon lOncorhynchiu kittuch) (introduced in 1966) also 
increased in the main pan of Lake Huron. For other locations of the above species and for 
other species, the PCB levels remained static. The reported increases were confounded by 
limned sample number and changes in sue distribution or fat content from year to year. For 
instance, grouping spiake by weight class showed that PCBs in headless, eviscerated fish
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jctually decreased substantially from ld10 <o 1974 Residues m ihe I 0 lo I 5 ke vneiehi 
da**. lor instance. let I from I 3 lo l) ) ppm

Ljke Si Clair lies dounsiream from Lake Huron, upstream from Lake Erie Frank ei 
jl reported lhai PCS levels m smallmouih bass iMnrtipirrul diihtmiruii in Lake Si Clair 
ntreased between IVbRand IV 5 Beiore I VO. PCBs were onlyesumated. so ihis conclusion 
mav he unwarranted PCB levels in headless, evisccrared freshwater drum <Aphidnm/m 
t'limviw were low and did not shange substaniiailv U ppm lord 25 u»U JO kg specimens 
in 107 | jnd 0 17 ppm in 197b

I'CB level* m Lake Ene. ihe nest downstream inward the Atlantic Ocean, appear to have 
declined somewhat over ihr penod 1971 to 1975 Data were limited, however, and reported 
increases between I9rs8 and later years may have been unwarranted. As stated above, ihe 
analytical technique in 1968 only allowed esnmaiion ol PCB content Furthermore, in that 
procedure. TDE often obscures certain PCB component*. Finally, (he PCB standard tAro- 
clur* 1754 and 1260 in the ratio of 5 I to 9 I) undoubtedly appropriate for laier samples 
ilor which it was designed presumably) may have undervalued the Arcelor* 1242 and I75J 
that were often more typical in earlier year*

More recently PCB level* in spotlarl shiner* (Notropu hudzontus t have reflected declining 
contamination in the nearshore environment of Lake Erie Fish less than 1 year old have 
been sampled to monitor trends tn this planknvorous species.™' At Point Pelee. the most 
polluted site. PCB level* fell 82% from 840 £ 400 ppm tn 1975 to 150 £ 37 ppm in I9HO 
Starting at a similar level in 1978, 157 £ 28 ppm. Lake Ene * Thunder Bay shiners reached 
95 £ 79 ppm by 1980, i t., a 40% decline in 2 years.

Although levels in coho salmon, rainbow smelt, and walleye lur yellow ptckereii were 
reported to have decreased in the main body of Lake Ene.1’ I found no trend in whole fish 
between 1977 and 1980 Only in ihe edible tissue of coho salmon did they decline from 3 2 
ppm in 1972 and 2-8 ppm in 1973 to 0.91 ppm in 1977. The paucity of detail precludes 
real evaluation. Armstrong and Sloan*1 reported a 33% decline in tu species ol fishes alter 
1975

The 1980 samples of top level predators from Lake Ontario showed a “minimal increase 
in PCB levels" over 1979 ,T 1,1 Still. PCB pollution was not necessarily increasing. Instead 
the figure* may reflect the usual fluctuations in contaminant data. For both lake trout and 
rainbow smelt, the leveta were slightly lower then in 1977. In coho salmon the level declined 
74% from 1977 io 1980. though the trend may not be siausucally significant. These data 
may reflect the delayed response of top level predators to changing pollution levels. The 
data for the planknvorous spottail shiner reinforce this supposition. PCB level* decreased 
58 to 82% at four locations tn 2■ to 5-year periods ending in 1980. The increase st one site 
from 153 £ 23 ppm in 1979 io 270 £ 51 ppm in 1980 is altnbuicd to year-io-year variation, 
not increasing input. Both difficulties in obtaining representative samples and the complex- 
mes of ihe Great Lakes ecosystem contribute to such fluetualions.

All these studies underscore the variability of contaminant dau and the hazards in attrib­
uting change with limited information. The above itudies often lacked ihe imenstty of 
sampling requisite for rigorous statistical evaluation. The Great Lakes Fisheries Laboratory 
designed a systematic assessment of three species of fish from Lake Michigan.1** Large 
adult fish* were collected in the fall at a specific location. The sue was carefully regulated 
to give consistent samples suitable for yearly trend analysis.

Laka Michigan, which connects with Lake Huron, is the one Great Lake wholly within 
the U S. Much of this lake is surrounded by intensive human activity. About 80 io 90% of 
the PCBs enter the region from the atmosphere vaporized either during incineration or directly 
from landfills.The highly polluted sediments of Waukegan Harbor also contribute PCB* 
io the lake.

After 5 years of careful sampling, neither lake trout nor coho salmon showed a significant
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Table 2
PCBs IN FISHES FROM LAKE 

MICHIGAN'** i"

PC*i ippmi

V*ar Lite Iran Cofc* iiImM Blswwn

IJ I* li ! t (2 II 5 7 (0 95)
1973 19 (2.1| 17 10. It 5 2 (0 37)

:j o 7) to 10 9| 5 a to in
I97J :: i: »i H (0 61 i i 10 3*1
197* 19 r2 71 9(0 51 * i <0 ::j
1971 ) 1 l0 lit
:vw 2 2 t© 27i

Soft ppm: itf'f *fl *tli(M vrtwta full; artfimuc mtaft
|9JW caifiemct laml) Blown and lake 
»cn eolltcM off $w|Muct. Mieh . in tout})- 
tuum Lea* Mtchijia, Coho uimon wen Ltln 
Irom cau-cmml Like Miehiiin. All fishes col. 
lecM hi iht rail. Nomost of tpocuhm*. uimoa 
and trow — 4 or lO in 1971. 19 or JO in other 
ran. anaiyird individually. Nnaim — 100 to 
170 malyaae at mmpBsats of 10 ftah pat aamplt

PCB trend. The variability of PCB icveii in 1972 (note the large 93% confidence intervals) 
remind the reader that ihe small number of specimens in 1972. nine or ten fish, do not 
comprise a representative sample (Table 2). Furthermore, the specimens were lar|er that 
year than laier. 648 vs 602 to 616 mm for trout and 693 vs 620 to 663 mm for salmon 
Unknown factors such as abundance of food, stress from advene weather, or predation may 
have altered both ihe size and ihe contaminant distributions. The PCB level in lake irout 
showed no obvious trend, even when 1972 data were omitted. PCBs did decline 24% in 
coho salmon from 1973 to 1976. Lake trout live 10 to 20 yean1* and like dofftsh in the 
marine environment.** they reflect lonf-ienn pollution in a top predator Coho salmon spend 
about IS months in Lake Michi|an before renmunf to spawn.'** They should respond more 
rapidly to declining contamination of ihe ecosystem hecaiise they are shorter lived.

The third species in the study, blotters, was sampled more intensively An important 
commercial species, blotters are readily available and easy io catch. Seven samples of 100 
■o 170 fisli each weta collected between 1972 and 1980. Bloaters, like lake trout, are 
noomigruory. Both reflect local conditions in contrast to coho salmon, which range widely 
and reflect lakewide pollution. ** PCB levels in bloaters declined 27% by 1976 and 61 % by 
1980 (Table 2). Bloaters caught commercially at about 6 yean of age'** should respond to 
changing pollution more rapidly than long-living lake trout, but not as promptly as coho 
salmon.

Herring gull eggs monitored throughout the five Great Lakes provide an integrated ap­
proach to assessing a complex ecosystem Herring gulls are advantageous as indicator 
organisms because they occur widely throughout the Northern Hemisphere, eat mainly fishes, 
bioaccumulate to high concentrations, and. as adults, are year-round residents |S* The PCB 
concentration in eggs from Lake Superior colonies did not change significantly from 1974 
to 1979 Interference by loxaphenc. found in increasing concentrations in Lake Superior 
specimens, may have obscured any trend. PCBs declined in a log-normal fashion on Lakes 
Ontario. Erie, and Huron. The "average population half-life" for the first-order model was 
3 6 yean for Lake Ontario. 8 4 yean for Lake Ene. and 5 2 yean for Lake Huron.The 
average population half-life is a summation of dynamic factors in both the hemng gull and
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its food. The actual half life of PCBs m ihe guds wss assumed 10 be similar lo me 2 JO das s 
measured for “C-DDE."" Preliminary summaries of egg data for I980;" showed linlc change 
from ihe preceding year, ctcepi on Lake Ontario In this area at Ihe beginning ol ihe studs, 
levels were jpprosimately mice as high as on Lakes Superior. Huron, and Eric As the 
1’CB levels for Lake Ontario herring gulls decline, the patiem may imitate the niher lakes 
ninal dramatic declines In|lowed by leveling oif or at best gradual disappearance The falter 

oage is Jnficult to discriminate trom yearly sariabilllv
Mineau el al."* "ere surprised mat PCBs in hemng gulls Tell so rapidly following 

rr-.inction in usage of these chlorinated hydrocarbons They claim that reduced bioavailability 
demmed frnm flushing, decreases in atmospheric contamination, or "irreversible ' sedi­
mentation They predicted that contaminants would remain m ihe upper lakes, i t . Superior 
and Hurnr. longer because of lower sedimentation rates, slower flushing, and greater input 
trom ihe atmosphere onto the larger lake surface areas Continued release of PCBs would 
eiplain the long average population half-life for Lake Ene <8 4 yearsi Extensive resuspension
01 sediments in the western pan of Lake Ene may alio play some role. As the diet of hemng 
gulls is identified more exactly and Ihe dynamics of PCB distribution are described. Ihe 
relation between the food chain and ihe egg residue levels can be defined.

Hernng gulls from Lake Michigan were monitored separately from birds on the lakes 
Ixardering both Canada and the US PCB contamination in eggs decreased more than J0^> 
from 1971 to 1980. The variability dropped at the same time. Specific data for one site are 
129 i 63 ppm in 1971, 151 r 51 ppm tn 1973. 110 Z 26 ppm in 1976. and 53 i 10 
ppm in 1980. Statistical interpretation of these data was not included11 The values are similar 
io those for Lake Ontario, which contained the highest levels of all.’1

An intensive study of waterfowl nesting at the mouth of Green Bay in Lake Michigan 
shows ihe difficulty in detecting trends tn environmental samples quickly. Mean PCB levels 
in red-breasted merganser iMtrgus strratori eggs did not change (p >0.05) from 1977 to
1978. even though more than 200 eggs from • limited area were analysed PCB pollution 
m Green Bay still may have decreased, because the range dropped from 4 9 to 230 ppm in 
1977 io 6 6 lo 36 ppm tn 1978.'*

2 Southtm California Bight
Perhaps the most intensely studied area in the world is the Southern California Bight. In 

1969. Ventura County, the cities of San Diego and Los Angeles, and the county sanitation 
districts of Los Angeles and Orange County joined forces to found the Southern California 
Coastal Water Research Project (SCCWRP). They pooled scientific resources to acquire 
integrated region wide data on the coastal waters from Point Conception to the Mestcan 
border. All too frequently environmental research is short-term, narrow scope, point source 
problem onented. Prom (he beginning. SCCWRP chose instead “to understand the overall 
effects of man on the biology and chemistry of southern California’s coastal waters " "

This more integrated approach to pollution assessment provides an opportunity to under­
stand the flux of contaantnanu m a complex mantle ecosystem adjacent to • metropolitan 
vea. Eleven million persons. 5% of the total U S. population, inhabit this coastal plain,"* 
where intense agricultural and industrial activities present ample sourcet of pollutants. The 
Los Angeles city outfall into Santa Monica Bay and the county outfalls imo the waters of 
■he neighboring Palos Verdes Peninsula ire the major “riven" of Southern California. 
Formerly. they received industrial wastes directly. They continue to transport toxic substances 
concentrated by runoff (torn precipitation, aenal fallout, and agricultural drainage. They 
provide the mam sources of fresh water entering the Southern California Bight. In 1979. 
the five largest dischargers of the region released * * 10* //day of municipal waste water, 
the predominant source of contaminants reaching Southern California coastal wuerc" In
1979. for instance, waste water discharge contributed 0 8 t of PCBs compared to about 0 I
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i via storm runoff from the drainages of three major riven of (he Lot Angeles Batin, the 
Lot Angeles River, the San Gabriel River, and Ballons Creek."’ At toon at the sewer 
outfalls were identified at (he largest source of marine pollution in the bight, (hit influx was 
promptly rettnettd Manufacturer! and processors »*t« prohibited from dumping industrial 
wastes imo the sewer system.

The intensive studies by SCCWRP provide data for ■ comprehensive description of (he 
many facets of pollution abatement I am talking here about die complex combination of 
natural decompoiiiioo and dispersion end human efforts to limit use and release of toxic 
substances, and die observed iiaponses of venous component! of die marine ecosystem.

SCCWRP has been monitoring chlorinated hydrocarbons ofT die coast of Southern Cal­
ifornia far the peel decade. According to dated sediments from die Sanu Barbara Basin 
(west of Santa Barbara and southeast of Point Conception). PCB deposition m the region 
begin about I9d3",m the same time n occurred elsewhere in the II S."* As the result of 
improved tewage treatment during the past decade. PCB emission from waste water in the 
Lot Angeles County Sanitation District decreased 97% between 1972 and 19t0 (Figure 41 "• 
In the surface sediment near the outfall. PCB 1234 concentration decreased nearly 99% from 
1972 to 1982; at the outfall site itself, the PCB 1242 and 1234 concentration decreased 94% 
from 1975 to 1981."*

Whai effects have these decreases in the amount of PCBs entering and residing in the 
manna ecosystem had on organisms? PCB levels in mojlusks decreased much more rapidly

HONS 224137



than m tlatlish According to Btphi wide surveys of the open-coast mussel iMu/iut ,,m- 
fumiunu!) during i97l and 1974 PCB cuntaminjtiufl decreased significant The median 
decrease was 54% ’* In contrast. PCB levels in ihe benthic flatfish. Dover sole iUu •ro\ftmnts 
I'Mifituv. showed no statistically significant decrease over a similar period In Ihe regions 
■ it hichesi coniaminjiinn. however, ihe maximum values did fall Thus, ui Palos Verdes, 
ihe hichesi sjiue <n ihe 1971-72 survey was 6 3 ppm in muscle compared io 2 5 ppm m 
ihe iv74 ~s survev '* By 1981. PCBs had nearly disappeared Itom Dover sole muscle.1"' 
even at ihe most contaminated sue The PCB 1243 mean value had declined from 0 99 =
0 15 ppm in 1972 io U 028 r 0 OOh ppm. and PCB 1234 from I J s 0 2 ppm to 0 10 e 
0 02 ppm

Although ihe level ot PCB 1242 decreased in a fairlv regular fashion. Ihat ot PCB 1234 
Muctuaied dramancally. as shown in Figure 4 The mass emission rate iMER) ot PCB 1254 
Irom ihe Los Angeles County Sanitation District outfalls at Palos Verdes showed only modesi 
lluctualions. bui the MER for PCB 1242 was more variable The PCB 1234 level in Dover 
sole may tse influenced by ihe MER fur PCB 1242 because as ihe latter mixture weathers, 
many of the lower molecular weight components disappear, leaving behind residues resem­
bling more closely PCB 1254 As early as 1973. McDermott et al.“ noted ihai the proportions 
of PCB 1242 and 1234 in Dover sole did not bear a direct relationship io ihe proportions 
in municipal waste water discharges They found 29% PCB 1254 in the discharges contrasted 
with 67% m Dover soie muscle They suggested that factors such as volatility of individual 
components of the PCBs. sediment burden, and presence of other substances te g . metals. 
DDT. hydrogen sulfidei also influence the biological absorption processes, which are re­
flected in the ultimate levels in organisms. Furthermore, they found that proportions ot PCB 
1242 and 1234 in wild crab and mussels were similar to those in Dover sole.

In contrast, mussels from an uncontamtnated source, exposed to the waste water ptumr 
ai Palos Verdes for 3 months contained a decreased proportion of PCB 1234. namely 58% " 
The marked decrease in PCB 1254 in mussels exposed higher above ihe bottom suggests 
that these PCBs derive from sediment and/or settling components of effluents. Closest to 
the bottom sediments, the PCB 1234 concentration approached 0.4 ppm. tenlold more than 
33 m above at the surface.

Santa Monica Bay is a major sports fishing ground for the popular white croaker rCen- 
yonemus hneaiuj). This species has been studied recently because one out of every three 
fish landed in Southern California is white croaker, and most arc consumed by humans. 
PCB dan were collected out of concern for the wholesome ness of these Fish, which swim 
somewhat off the bottom, bus feed on ot in sandy bottom.’11 Between 1975 and 1980.'' "* 
the mean PCB levels in edible tissue of while croaker collected at the nearby Los Angeles 
Couniy Sewer outfall declined from 2 8 ppm total PCBs {PCB 1242 and PCB 1254) to 0 38 
ppm. In 1980. PCB 1254 constituted 87% of these residues, a much higher proponton ihan 
found in Dover sole.

Waste water from sanitary treatment plants influences the behavior of PCBs in water and 
sediment. In the New York area, plankton blooms caused by the nutrient load absorb PCBs." 
and remove them frost) the water. Moreover, paniculate metier in sewage effluent buries 
PCB and DOT-contaminated sediments Such processes may serve to scivenge the area 
around the Cos Angeles County sewer outfalls, since PCBs m Fish decreased much more 
rapidly than originally predicted.'1* Ironically, improved waste water treatment can have a 
detrimental effect on boned PCB deposits. As unproved treatment reduces the particulate 
content or (he effluent, currents and wave action erode the overlying sediment. In fact, the 
Hendncks DDT model"' suggests that zero discharge from the Loi Angeles sewer outfalls 
would enable vast quantities of PCBs to be remobiltzed starting around 1990 (Figure 5) 
On the other hand, record storms m 1983 may have completely dissipated the comam mated 
sediment
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J. Hudson River
Most of the studies described up to now hive concerned lieu with relatively diffuse 

sources of PCB contamination. The Lot Angeles County sewer outfalls were considered 
pouti sources, but they discharged wanes from many sources. No direct disposal of pure 
PCBs was described. In contran, the Hudson River in New York State was the site of 
massive intentional PCB dumping al a General Electric capacitor manufacturing plant More 
ihan 200 t of PCBs were found in the nver.,u Dumping was reduced in 1976 and stopped 
>n mid-1977. a monitoring program was established as pan of the settlement agreement 
between New York State and General Electric after eatensive pollution of the over was 
di sc oveted. Monitoring involved both resident/fresh water and migratory/anadromous species 
(the authon' terminology}.’* For each species, specimens (30 per sample) were collected 
within 2 weeks of the target date each year.

PCB concaatiatioBS in mature resident/fresh water fishes from this heavily polluted area 
were directly proportional to lipid content from I97J through I960. This relationship applied 
io each collection site, and included specimens ranging over a number of age daises for 
sues downstream from the PCB source. No correlation was found between length or weight
and PCB concentration ”

The behavior of PCBs depended on chlorine content. Overall. PCBs declined substantially 
m all species at all locations, the result of massive losses of Aroclor* 1016, the PCBs 
involved in the Iasi yean of discharge. Like Aroclot* 1242. Aroctor* 1016 contains 42% 
chlorine, tun with reduced amounts of higher chlorinated components. While the components
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corresponding <o 21 and 42% chlorination weie decreasing, material resembling PCR 1254 
generally remained consunl or actually rose The case of brown bullhead Uaalurui nrtru- 
ItKu.u shows an eslreme of complexity in assessing PCB conn mi nil ion While Art* lor* 
[016 decreased from 1900 r MOO ppm Jipid weight m skinless fillets io 700 a 190 ppm 
beiween 1977 and 1980 and loial PCBs from 2500 a 1060 to 1480 a 460 ppm, PCB 1254 
increased from 390 a 250 )0 750 - ;90 ppm ,On 1 wet weight basis, the total PCRi 
dropped from t(|7 * 44 to 12 3 a 6 6 ppm i

SmclsT* [016 decreased sigmficanilv in yearling pumpkmseed iLrpomis e1660ju.11 Irom 
1979 10 1480 at 1 wo sues. At a third sue further downstream, u increased slightly hut 
significantly Since ine correlation between PCB and lipid content was significant as well, 
outside sources of PCB apparently contributed to the PCB burden ai ihis site

PCB 125J levels in these fish varied much more Ai Stillwater. 25 ml south of the industrial 
discharge, they decreased 51% from 1979 to 1980: farther south at Albany, they increased 
137%. and fanner downsiream ai Newburgh they remained constant. These results were 
allnbuted 10 resuspension of PCB-contaminated sediment dunn| routine dredging According 
to the ratios of PCB components in successive yean. PCB 1254 had been more prevalent 
in previous years

The mean annual decline of total PCB for ail species was 34 r 13%/year: Aroclor* 1016 
decreased more rapidly. 47 = [0%/year Although not discussed tn (he paper.s: PCBs 
disappeared more rapidly as the distance downstream from the source increased in a 60­
mi space, the rate of disappearance from all species increased 10%/year from 42 to 
52%/year Nonetheless, for three species taken individually, the rate increased 17 l**/yeir

The declines in Aroclor* 1016 levels appear to be first order, t.e.. disappearance rales 
in recent yean were not different from previous yean. The apparent "population" half-life 
for Aroclor* 1016 was 1.2 - 0.4 years and for total PCBs, 2.3 * 2.1 yean. These are 
not true half lives Tor PCBs m a specific fish because they include both uptake and loss by 
all mechanisms. Instead, they compare lipid-based PCB levels tn different yean from similar 
populations ai specific sites.

PCB levels m migraiory/manne species were also studied to determine whether these 
species responded to the point source in the same way as restdent/freshwater species. Aside 
from Amencan shad lAlosa lapidinima). 83% of 30 sample sets showed correlations 
p <0 051 between PCB content and lipid content. Only 24% of 50 dau seta showed cor­
relations of PCB content with fish length including one inverse relationship.

The lipid-based {see third footnote of chapter) PCB concentration of four species related 
inversely 10 body size. These species enter the nver to spawn, but apparently do not feed 
there. Both large and small ftshet (e g . Amencan shad averaging 1941 g and rainbow smelt 
averaging 9 g) followed this pattern. The smaller the fish the higher the PCB concentration, 
in quasiequilibmim with respect to PCB concentration in the local environment. The authors* 
suggest that PCBs accumulate passively showing a relationship to body size, i.e.. the tatto 
of surface area to volume. Absorption may be through the gills, skin, and gut (only to the 
eitem contaminated sediment was in gened) Smaller fish may accumulate more PCBs by 
filtering more water. If PCBs accumulate according to as equilibrium process, what ts the 
maximum possible PCB concentration near the PCB source* In 1977, the lipid of resident 
goldfish fCenetsuif aurana) contained up to 10% PCBs. or 99.000 ppm.

PCBs in American shad dropped substantially between 1977 and 1979. and than leveled 
off or increased tn 1980. The total PCB concentration tn both sexes was 1.17 to 1.9 ppm 
in 1979/80. The increase of 0.3-0 4 ppm near the Tappan Zee Bridge was comprised of 
PCB 1221 which had been below the detectable Until in 1979. No explanation was available 
fot the reappearance of the mainly monochlorinated PCB component, which had never had 
wide application and had virtually disappeared. Here is in example of the continuing problem 
of PCB pollution: often it goes undetected except in a chance case such as the shad data.'
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The 197g PCB level in American eel /Anguilla rouraia) was so high (74 • 67 ppm total 
PCBi m 42 specimens) that further monitoring did not seem worthwhile. Two yean later, 
the level in sir specimens had decreased to 9.1 * 1.6 ppm PCBs. a value substantiated m 
1981 by a mean of 10.8 ~ 6 2 ppm in 30 eela. Even more dramatic was ihe virtual 
disappearance of Anxlor* 1016: from 40 ppm m 1971 to 0.46 to 0.49 ppm in I98(V8I. a 
76% annual decline, confirmed by simitar findings at several other sites. Even closer to the 
dumpute at the capacitor plant. Arocior* 1016 only amounted to 0.93 = 0 36 ppm and 
PCB 1234 to 12.2 r 11.3 ppm in 1911. On a lipid basis, similar vends occurred. Thus. 
PCB 1234 became the predominant contaminant, more so than in any other species or fish

Striped bass residues showed a marked decline from It £ 28 ppm total PCBs for 373 
specimens in 1971 to 7.0 * 6.1 ppm Tor 29 specimens in 1979 and 4.1 * 3.0 ppm lor 
203 specimens in 1981. Arocior* 1016 declined nearly 90% in that interval io 1.0 i 12 
ppm, but PCB 1234 declined only 33%. The avenge annual decline was 33% for Arocior* 
1016. but only 23% for PCB 1234. These average rates, however, obscure the true picture. 
Both components disappeared rapidly from 1971 to 1979 aad then declined modestly at s 
mote constant rate in the neat 2 yean (Figure 6).

Overall in the Hudson River berms 197* and 1981, Sloan and Armstrong1 found the 
annual rate of decline of PCBs in mignuxy/anadremous fishes to be 42% for Arocior* 1016 
and 3% for PCB 1254. Elevated levels had been found before the study began, but the high 
values in reaidewfrah water as well as migmory/anadromous species in 1978 may reflect 
elevated levels in the water column resulting from mobilization of sediments during the 
ieiurt spring floods of 1976 and 1977. Low levels in later yean may result from stable 
water flow mace recently Under these conditions, burial can temporarily immobilize con­
taminated sediment. Further declines m PCB levels in die Hudson River will be less dramatic 
Arocior* 1016 levels are already quite low and residues resembling PCB 1234. now the 
preponderant component, seem to be much mote peril stem or are still being introduced into 
(he nver from diverse, seemingly stable sources.
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4 California Mosul Watch
Regional studies on (he Hudson River provided an introduction to statewide and national 

monttonnt programt. The California Mutiel Watch, an outgrowth of the SCCWRP itudiet. 
was established for the purpoae of monitoring pollutant levels in coastal water* throughout 
California. Mussels of the species Myuhu tdulis or M. califormania were sampled depending 
on availability. Residue level* reflect the wide difference* in the extent of pollution at 
individual inet. Musseli from Royal Palms State Beach, inshore from the sewer outfall of 
the Los Angeles County Sanitation Districts (LACSD). historically contained exceptionally 
high levels of both DDT and PCBs. They underwent a tenfold decrease in PCB content in 
the 7 yean from 1971. when the focus of marine pollution was first identified, until 1971. 
The level fell from 2.5 ppm dry weight to 0 24 ppm. In 1979. however, the trend reverted 
and mussels contained 0 56 ppm PCBs.11' In I9S0. the content appeared to level off again 
n 0 39 ppm (Figure 7),**

What was the cause of the increase in PCB levels between I97S and I9791 After a
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dramatic decline Irom 1471 iq 147K. pernapt dumping regulations were being ignored Or 
jn oJd translormer may have (alien and spewed cm PCB*. as occurred <n ihe Duwamith 
River in ihe harbor of Seattle. Wash ■' Perhaps ihe increase was only an artifact of ihe 
ctunite in analytical (cchniqoe.i between 1978 and 1979 Other alternatives include residues 
mobilized by repairing or cleaning sewer tines or disturbing Ihe sediment in ihe vtcinnv ot 
ihe vewer ouilall In I97t. a JuO t reservoir of DDT':* and 6 i of PCBs'" surrounded the 
Lov Armeies Coumy sewer outfalls Improved waste treatment, dredging, or unusual wind 
and wave action can increase ihe recirculation of pollutants normally buned progressive^ 
deeper bv constant sedimenuuon Eiamination of the concurrent trends for PCB and DDT 
suggests mobilization ol previously deposited materials as a likely source ot the slight increase 
n chlonnared hydrocarbon pollution levels noted above.

PCB levels in mussels from Corona del Mar. about *S km southeast of Royal Palms, 
decreased ninefold from 0 9’ ppm idry weighty in 1971 to 0 102 ppm in 1977 Note that 
the level in 1977 was nine times as high as that found at the "pristine" site on Anacapa 
Island isee belowt '•* What was the source of PCB pollution ai Corona del Mar’ If not a 
local spill, perhaps dispersion from ihe Los Angeles County sewer outfalls and surrounding 
sediments The influence of this repository spread at least 100 km for DDT.1:1 though mainly 
m ihe northwest After 1977. ihe PCB levei in California mussels ftom Corona del Mar 
incteascd each year io 0 23 ppm in 1979 and 0.33 ppm tn 1980. a smaller but similar trend 
to (hat ol Royal Palms tsee Figure 7) This increase may be insignificant, because a five 
to tenfold difference was considered minimal for significance14 until a suitable data base tor 
mussels was established and the statistical evaluation refined.

In 1980. resident mussels in Anaheim Bay south of Corona del Mar contained 2.4 ppm 
tdry weight) PCBs. This value equals Ihe highest level found at Royal Palms in |97l 
Elevated PCB levels in transplanted mussels at Port Hueneme (2,0 ppm) and Marina del 
Mar (18 ppm), a short distance north of Royal Palma, also suggest continuing widespread 
release of he sc compounds into the marine ecosystem of Southern California. The early 
dramatic decline tn residue levels has not led to the complete disappearance of this pollutant.

In La Jolla. 100 km further southeast of Corona del Mar, the initial PCB level was only 
20% of the level at Royal Palms The disappearance of PCBs from this area has been even 
more profound, a 15-fold decline from 1971 to 1979. An early substantial decline was 
followed by a more gradual, but consistent dectease; 0-34 to 0.037 ppm dry weight over 
the 8-year period tFigure 7).

At Anacapa Island, a pristine sue 110 km offshore and to the northwest of Royal Palms. 
PCB levels tn California mussels decreased from 0.067 in 1971 to 0.0)0 ppm dry wetghi 
m 1979 In contrast, the west pan of San Miguel bland, another seemingly pristine sue, 
twice as fir from the sewer outfaib as Anacapa Island, contained an order of magnitude 
higher concentrations of PCB> (0.16 ppm) in 1978.” The levels at A no Nuevo Island off 
the coast south of San Francisco were alio higher (0.28 ppm) than at Royal Palms State 
Beach <0.24 ppm). The PCBs probably do not result from a spill or dumping since elevated 
levels of DOT also occur. Both San Miguel and A no Nuevo island contain extensive rookeries 
for marina mammals, such as California sea lions fZutopAw catifomiamu) and northern 
elephaM scab iMirotutf angujitrostrul. Ritebrough et al.jS suggested PCBs and DDT are 
recycled into the food webs after eicretion from marine mammals, which accumulate high 
level* of both substances. No data on fecal concentrations of DDT or PCBs are available. 
Flegal et at.'1* did find similar patterns of elevated mercury concentrations in California 
mussels adjacent to these pinniped and marine bird rookeries and in escremem from California 
sea lions on A no Nuevo Island. Thus. PCBs ingested throughout the entire feeding range 
Df the pinnipeds eventually are deposited at the remote seemingly pristine hauling out areas.

5 Nattonal Mutiel Watch
Starting from Builcr's oyster surveillance11 and the SCCWRP mussel monitoring program.
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a national Mussel Watch was established in 1976 to monitor PCBs as well as DOT, heavy 
metals, radionuclides, and petroleum in coastal areas throu|houl the U.S. Pan of an inter­
national program, Mussel Watch* employs mussels tMytitui sp.| and oysters fOstrta or 
Crassottrta sp.| to assay the marine environment. To eliminate differences in sampling, 
one scientist in • mobile laboratory collected all specimens at stations along the Atlantic. 
Gulf, and Pacific Coasts of the U S. Interiaboratory companions with control samples were 
earned out in an attempt to improve consistency and accuracy of analytes.

Mussel Watch found no decrease in PCB levels in East Coast mussels during the yean 
1976 through I97S; these areas may be in the slowly changing phase of a decreasing 
exponential type curve,11 such a* has been noted for the DDT metabolite. DDE. in Southern 
California.1* During the initial part of a seemingly bi modal loss process, about IS% of the 
original DDE disappeared with a half-life of 11 days. The remaining material had nearly a 
200-day half-life. It is also possible that the initial restrictions on PCB usage had only limned 
effect on the primary sources of PCBs to the marine environment. Continuing study will 
help describe the retain of the more recent near ban on PCBs. Assuming the changes are 
subtle, meticulous sampling design and siaiisueai analysis will be needed to describe ihc 
process accurately.* A similar mussel witch has begun in Pon Phillip Bsy in Australia.11

6. Brown Ptitcanj

The U S- Fish and Wildlife Senses began monitoring PCBs in brown pelican eggs because 
of the massive decline in populations of this popular wtterbird. In Louisiana, for instance, 
the estimated 90.000 to (3.000 birds before 1920 had disappeared by 1963.* apparently 
the retell of DDE nMoaicabon. Pelicans are an endangered species and people enjoy watching 
them. Thew sums it relevant to human beings in other ways, as well. Pelicans feed along 
the coasts where two thirds of all marine fishes ind shellfishes spawn or spend their early 
livea.'*1 Thus, pollutant levels tn pelicans reflect the health of the nursery grounds of the 
teas. PCBs flow through estuancs and coastal waters on their wsy to the oceans. Controlling 
PCBs throughout the world helps protect 90 to 100 million t of foods potentially harveitable 
from the oceans each year.111

From i960 to 1977. the level* of four chlorinated hydrocarbon insecticides declined 
significantly (p <0 05) in brown pelican eggs in South Carolina, but PCB levels varied 
erratically without obvious trend (Figure S).n Means for 1971 to 1980 were lower thin in
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previous yean:1’1 the data await inimical evaluation. The geometric mean at two tues 
sampled extensively between 1969 and 1975 ranged from 4 8 to 7.63 ppm * Interestingly, 
the level of PCBs in fresh eggs from nests which produced young successfully increased 
significantly from 4 3 ppm in 1971/73 to |2 Q ppm in 1975. whereas ihose from fresh eggs 
from nesis which failed to produce viable young varied significantly but erratically Taken 
together. fresh and embryonated pelican eggs, whether successful or unsuccessful, showed 
no temporal trend for PCBs that would suggest any effect from PCBs on the outcome of 
breeding *’ Rather than pollution, anchovy i£ngraulu mordat) biomass appears to be the 
mam lactor related lo breeding success in California.

In Florida, ihe trends in brown pelican eg;» were not consistent Along the Atlantic Coast, 
levels increased significantly \p <0.03) from 2 7 ppm in 1969/70 to 6.1 ppm in 1974 " 
Specimens from Florida Bay and the Gulf Coast, however, showed little Change, the former 
containing 0 75 ppm in 1969/70 and 0 62 ppm in 1974, the latter 0 70 and I II ppm tn the 
corresponding years. Characteristically, when chlorinated hydrocarbon levels were lower 
initially, significant changes occurred less frequently.

In Louisiana. PCB levels remained essential!) unchanged from I97| through 1976 (Figure 
8). The geometric meant varied only from 2 6 to 3.9 ppm,1" while individual levels ranged 
from 0.69 10 8 .9 ppm.

In Texas. King ei al.H reported a significant \p <0.001 r-iesil decrease from 10-5 
ppm arithmetic (?) mean in 1970 to 3 0 z 14 ppm in 1974 Because of the catastrophic 
decline in the brown pelican population in Texas, sampling was restricted io abandoned 
eggs. The number was quite limited: 11 eggs in 1970 and 3 eggs in 1974. Furthermore, the 
accuracy of analysts was vitiated by several factors. PCBs were not separated from oiher 
chlorinated hydrocarbons before analysis, and Use analytical method became more precise 
in 1974. The individual values were not corrected far loss of moisture associated with 
incubation'* or abandonment. For these reasons, Texas data are not conclusive. They were 
included only for general information.

PCB levels in brown pelican from Anacapa Island, Calif, probably decreased between 
1969 and 1973 to I975.'*atrend confirmed by recent data,Because the California pelicans 
arc readily disturbed, eggs were collected only after the breeding season. In several yean, 
only a few eggs were available. The limited sample sues and changes in methodology 
precluded statistical evafuauon of the data, which are shown in Figure 8.

7. NPMP Ettuarme Orgonumt
The National Pesticide Monitoring Program (NPMP1 began evaluating organochlonne 

contaminants and toxic trace metals in 1967. a network of stations was established to sample 
fishes and wildlife throughout the U.S. Fresh water fishes, ducks, surlinp, oysien. mol- 
lusks, and estuarine fishes have been analyzed on a regular baits for 15 yean to determine 
present and potential future threats to the well-being of fishes and wildlife. PCBs were 
included in 1969. but accurate quantitation became practical only in 1971.

Butler's monumental report on esniahne mollusks. pan of the National Pesticide Mont- 
tonng Program, noted the presence of PCBs in a few samples. Quantitation was not. however, 
mm ma in the early yean of 1965 to 1972,” The follow-up survey in 1977 found no PCBs 
in oysien (<0.03) in the 17 estuaries sampled.

The NPMP survey of estuarine fishes was designed to collect specimens less than I year 
old tsi both the spring and fall in 144 esruancs. To represent a broad spectrum of the food 
web. both carnivores and panicle feeders were selected. Overall. 134 species representing 
30% of the families of North American marine fishes wen included. Every year the same 
species were chosen in each estuary to allow companion between years. In all, from 1972 
to 1976. 1324 samples composited from 38,000 whole fish were analyzed.

As detailed in Section I.D, this ambitious program has not been evaluated effectively.

V'ltliimr I 191
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Table 3
PCBs IN STARLINGS”

PCB
PC** (PPM. *« wfPffM)

VoW iftttdtntt Cnaililt
;%i Gwwlnc imam ♦ it AniMMik sc

|9T0 .15 HOOl 0 5*1 |0«*1 U M
]97J DO 11001 '0 Hi (0 421 0 >3
1474 ii* 100 0 Obi 0 IQ/O 10 0 I] 00l«
i976 113 11 0 2*0 003** 0 21/0 033 0 2943 0*1 0 0J*
1979 Ml 13 0 0»2A) 03* 0 130 11 0 13/0 |3 u 030

SiatlMi Samrwe tm ktk Iffl and 1*9*

r 97ft L06 :3 0 2*4) 003 0 21/0 0U 0 29* 0 039
1979 LOt Si 0 019/0 03S 0 0/0 .10 0 ISA 0 031

iVm ppm w*/| —n w*t|hi: each lampu cmmim* oI 10 "Aali narlmp <nUi Utin. >.n| pipi. 
f(ti. and beat mmovM laicattaiti rndteav Pit mama m ItK and 111} canaoa a* 
compand id Itur dlu OnauH iht mnnod of xnaivul ctiidfnd in 1914

' Mean df pvanuAablt >alut* onCv/mcan »tdv 0 001 wtd arbremly (or not drtccitd vaiutl 
idnaniNJtidd Inrm wit 0.01 ppm)

• Cain and Banea'” rapantd 0.01 ppm.
■ Can and Bv»ek’" itpnnnd 0 OS ppm.
■ No caJculaiad-

Butler and Schutarnirtn'1’ concluded from statewide and (rand iota! means that both maximum 
and average residue levels declined gradually. The means, however, are very sensitive 10 

the extent of sampling at each site, because the residue levels varied widely between estuines. 
For instance, whole fish contained less than 0.0S ppm PCBs in some estuanes and as muen 
as 4.9 ppm in others. Butler.” in an earlier paper, had warned against companion between 
nates because of different sample sues Inspection is not sn appropriate method ol assessing 
trends for such s body of dita. Two-way analyses of variance” or panially nested factorial 
analysts of variance** might be effective. The PCB incidence in estuanne fishes could not 
be compared with that in molluscs because PCBs are not found where shellfishes are com­
mercially harvested.'*

5. NPMP; Startings
The starling survey covering the contiguous 4g states sampled 139 sues initially and after 

the inevitable faUofT still included 112 site* in 1979 Starlings, introduced from Europe, 
range throughout the U.S. Common to the point of being pest, these birds are readily 
available for analysts. Their omnivorous diet include* directs, wild fnnu. domestic crops, 
and other items. They reflect terrestrial levels m diverse foods.1,1 Because starlings sometimes 
migrate. all data are considered on an integrated national bests.

Assessing the starting study is extremely difficult because of the statistical methods em­
ployed. Means included only quantifiable values without expressly noting the approach. 
Thus, the data exaggerated the actual levels, especially in 1976,'** The levels ire reponed 
to have increased from 1976 to 1979. according to comparison of the geometnc means ’** 
My calculations” from the raw data did not confirm the means as calculated by Cun and 
Bunck.'** PCB levels did increase when 0.001 ppm (one tenth the quantitation limm was 
used for not detected values. On the other hand, the geometnc mean, the geometnc mean 
ol PCB residue » 1. and the arithmetic mean of 1979 data were similar to the levels in 
1974 (0068 v*. 0.082 ppm. 0 103 v». 0.130 ppm. and 0.113 vs. 0.150 ppm) (Table 3)
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PCBs may have decreased from 1974 10 197ft and ihen increased again. Aliemaiivelv ihese 
dan may he an example of natural biological variation. In Fact. I found thai iwo.uav analysis 
uf variance rejected ihe null hypothesis between years tp <f)05l " Scheffe s multiple 
comparison procedure indicated that both 1974 and 1979 differed from 197ft Beyond ihe 
issue of interpreting ihe data- it >s still not clear rhat 1000 animals per year present an 
jccuraie picture of PCB coniamination throughout ihe whole U S

9 \PMP Dufks
The.National Pesticide Monitoring Program selected ducks as representative of terrestrial 

pollution Mallards Mnoj platvrhvnchotl occur throughout most of the U S The clotelv 
related black duck I A. tubrtpet) lives in certain areas of the Atlantic Ryway. where mallards 
are noi found. Together these iwo species afford euensive coverage of a cross section of 
environmental exposure Since black ducks feed more extensively on aquatic animals which 
concentrate chlorinates hydrocarbons, analysis of both species of ducks in the Atlanlic 
Flyway expands the realm monitored.

A vast pool of samples otherwise to be discarded was available without effort Hunters 
ihrou|houtthe U S. were already submitting tens of thousands1*1 of duck wmgs for an annual 
census of waterfowl productivity. Since DOT residues in mallard wings correlated \p <0 011 
with levels in breast muscle.141 discarded wmgs could easily provide an indication of residue 
levels in the edible portion of prized waterfowl, Which hunters would not readily donate for 
monitoring. The survey of duck winfs aimed at detecting trends in conttnentil populations 
not only of mallards and black ducks but also other waterfowls and the terrestrial environment 
more generally. As ducks are highly mobile. PCB levels reflect the status of the whole 
nyway in which they reside rather than in the specific state where they are shot.

Trends in PCB levels in duck wings are somewhat difficult to assess because of changes 
in methodology. It is only possible to compare the year 1969 to 1972 and separately 1976 
to 1979 The early years cannot be compared to the later yean. During ihe earlier period. 
PCBs remained constant in the Atlantic Ryway and decreased 48 to 60% in the Central and 
Pacific Flyways ip <0.01). In the Mississippi River Flyway. the apparent increase in 1977 
resulted from skewed data. The mean level in four samples from Alabama was o 3 ppm 
Eliminating these data drops the flyway mean for 37 samples from 0 66 to 0.26 ppm. well 
below 0 *4 ppm found in 1969. This example shows how a few data can bias ihe overall 
picture. The Alabama date may very well have been inaccurate. Gross industrial contami­
nation near the Wheeler National Wildlife Refuge'** caused high levels of DDE. TDE. and 
DDT. These may have interfered with PCB quantitation by the technique in use at (hat time. 
White1*’ reported in his abstract that PCBs decreased significantly from 1972 to 1976 in the 
Atlantic Ryway (from 1.36 z 0.13 to 0.32 z 0.01 ppm). In the text, however, he stated 
that differences in quantitation precluded comparison between yean.

From 1976 to 1979. the incidence of quarto ratable levels of PCBs increased ip <0.03) 
in all flyways but the Atlantic, where all samples contained PCBs in both yean.''' Incidences 
in earlier yean were not reported. Declines tn PCB levels were reported for mallards from 
all fIVways, but P >0.03. Furthermore, the companion used only samples with detectable 
levels of residue*. Data pain were compared only if 30% of the pools had detectable PCB 
levels. Thus, ill "zero" values were ignored.” The effect of this procedure depends on the 
distribution of zero values, but could be substamisl. Means using 0.00 for all not-deiected 
values’1 are shown in Table 4. along with published duck wing data. Ptnially nested factorial 
analysis*’ might be a better statistical approacn than the t.test. The duck wing survey, 
containing results from 891 pools of 23 wings per sample, is one of the largest contaminant 
dau sets in ihe world. Further siausttcal evaluation is certainly warranted at the earliest 
practical date.
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Tabic 4
PCB LEVELS IN DUCK WINGS (1*6*—79>"■*»

hCBa Maa tppml

Spwm Vtw
N%. «f

iKMaact Orttrt.*'a* SE

Bitch A'lftfttic IW *2 ft 41 0 16
1972 44 ft It 0 15
I9?6 32 100* 0 32 001
19?* :* 100* 0 63 009

Mature ASltfllK :W 19 <1 J> 046
1972 :i It II 0 23
1976 20 100* 0 32 0 II
1979 29 lOOl 0 43 0 07

Misijsuppi 1969 51 10 44) 0 06>
1972 61 (0 641 0 30
1976 69 61* 0 23/0.14 0 0]
1979 64 m 0 114.11 0 02

Cemnl 1969 49 (0 201 0 039
1972 56 io ior 00IJ
1976 36 i}« 0 1 VO 02 0 01
1979 34 90* 0.060 05 oot

Ptciftc 1969 51 (0 201 0 014
1972 33 <0.1 >J» 0 009
197* 50 1*9 0 160 02 004
197f 44 9J» 0 07/0.07 0 02

hmt- ppm. »|/| w each innate coauiaa* at 21 ««(I

■ Anikiwtk nut. lot <97* tne 1979 "Dew." nlw ncladt nly tunain mih 
Kuna* It PC* IcTtit: "ill" vtlun an Mnt nMf 0.00 far illmnk >tlun 
fimkiu atictti mam tm 1909 are 1972 *aa raireaaUli m Itaar rant Itmtt 
of liflnwo i» annyta. * 9 I*a4ncw Ciffn ip <0.051 *mIm • fl)>»i|r 
knan <a.6J iiflar.

' 1972 mcanCtffmO O <0 031 fratn 1969mu* m innt flyvtr. mumotCcicctaW*
lank In 1976 and 1979 « u|mlkantlr Ciflnw (p >0.051

10. NPMP Fresh Water Fishes
The fresh wawr fish program included M3 survey nations on major lakes and rivers 

Three sample* each composed of 3 io 3 whole fish were collected at each site. Aduli 
specimens weie to repreieni two bottom feeding and one predator species.'* Five species 
were collected mott frequently: common carp fCjpruiM carpto). channel catfish ilcialurui 
punrtatuil. largemouth bast thticropiena salmouteil, whit* sucker (Catonomus rammer- 
soon, and yellow perch. They represent 43 to 30% of all (he sample*, and the incidence of 
each varied little over ihe yean of study.

This monitoring effort considered both the incidence and the level of PCB coniaminauon. 
PCBi seemed io be spreading, for by !97g/79. PCBs were found at 91*6 of ihe stations, 
up from 93% in 1974. Dispersal of contaminated sediments and atmospheric falloui seemed 
■o be responsible. The chareciensucs of PCB residues shifted over the yean. As the less 
chlorinated components disappeared, the more highly chlorinated ones came to predominate. 
Residue* resembling PCB 1242 were missing after 1974. Intermediate components resem­
bling PCB 124g were present at about 40% of the stations from 1976 to 1979. The more 
highly chlorinated fraction resembling PCB 1234 was present most frequently at 84% of the 
unions >n 1976/77 in<j M 9|% tn 1971/79. The most highly chlorinated fraction monitored 
(resembling PCB 1260) occurred ai 64 to fg% of the stations tn these years

Companion! of the 74 stations sampled in both early periods of the study, 1970 io 1972
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vi 197} to 1974. suggested a decline of 26% on a *ei basis and 48** on a lipid basis The 
change may refleci major developments in meihodolofy rattier than environmental differences

Mean PCB levels changed inile between 1976 and 1979 Only the loial PCBs based on 
lipid weight showed a significant difference between 1976/77 and 1971/79 The mein wei 
weighi total PCBs and component PCBs on both wet and lipid bases did not differ significant* 
during this penod Data foi I97i contained analytical inconsistencies which clouded mean­
ingful comparison Data corrected for differences due to changed quantitative techniques 
suggested that PCB residue levels in fresh water fishes did not change from 1974 through 
1979

li is extremely difficult to portray adequately the findings of such a massive tiudv The 
maxima, means, and incidence of total PCBs and several components give only a brief 
review of the total effort Daia lor the yean 1973 through 1979 art summarised in Table 
5

The rmxed nested-crossed model used for statistical calculations*1 allowed comparison of 
the trends at individual stations over nme <i e.. year-station mteracnonsl. From this process, 
ii wu suggested that some stations still received fresh, unweathered PCBs like PCB 1242 
or 12*1 Most othen were either no longer receiving any PCBs or alternatively were exposed 
only io PCB mixtures resembling the more chionnated formulations, probably the products 
of weathering

At individual stations, the concentrations of PCBs changed little. Ai 4 of ihe 7g sues, 
the lipid-weight levels increased, while at 3 of 7g stations, PCB levels declined ip «0 03i. 
Decreases occurred at sues where the initial levels were above I ppm. The components 
resembling PCB 1234 decreased at U stations and increased at 4. but did not exceed I 3 
ppm at any of these stations. The highest total PCB concentrations between 1973 «sd 1979 
ranged from 7t to 93 ppm. At some highly contaminated stations, the levels may have 
decreased slightly but at the expense of spreading to natural sinks like the Great Lakes ■'

A small subset of the National Pesticide Monitoring Program samples provided a more 
consistent data base for studying trends *1 These cross-check samples were re-inaiyaed by 
ihe Columbia National Fisheries Research Laboratory for Ihe quality assurance program 
Methodology, though intended to be more consistent, nonetheless changed at intervals 
throughout the course of these studies Furthermore, the cross-check program selected sam­
ples f I) known to have high residue levels or (2) caught ar stations previously polluted »nh 
PCBs “ Obviously, they represent a biased sample from the point of view of trend assess­
ment. Comparison of 92 cross-check samples from the early yean. 1970 to 1972 vs. 1973/ 
74. suggested differences \p <0.01). Values declined more than 63%. pan of which may 
have been an artifact of a rapidly changing quaawnauon technique. Again at these point 
sources, the pattern of pollution contrasted with that observed in areas distant from direct PCB 
contamination. Data based on lipid weight exhibited greater relative precision than those 
baaed on wet weight, similar to findings for the Hudson River. The overall picture ai ihe 
13 polluted sues between 1970-end 1976/77 is shown ui Figure 9.

III. CONCLUSIONS

Despite yean of concern about PCB pollution. PCB levels in terrestrial and aquatic 
organisms have declined mainly in ihe mott polluted areas. PCB levels have remained stable 
or actually increased where they were previously low or absent. PCB levels have dropped 
substantially in the Hudson River, the sue of intentional massive dumping of Aroclor* 1016. 
Total PCBs in sinped bass dropped from ll 1 ppm in I97g to 4.1 ppm in I9gi Aroclor* 
1016. containing 42% chlorine declined 90% and PCB 1234 33%. By comparison, levels 
in fresh water fishes sampled throughout the U S. for ihe National Pesticide Monitoring 
Program followed a pattern typical of lower levels of pollution. PCB levels ranged up and

Vol»mr ! | 9J
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INCIDENCE AND CONCENTRATION OF PCBl IN NATIONAL PESTICIDE MONITORING PROGRAM SAMTIKS

OF FRE5II WATER FISHES"**
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. freshwater fishes

HRMR C'otacn«0k Samotoi

FIGURE * PCB> ■■ cm ctctk unyin fnm UK rum* fimcW Momtonni 
Prsfmn survey of fniAvawr Tithn. Spccunm fmm I) potlnad mb rk miyug 
by • »n|H IHwrocory in Uw y<an irlt)— 1 rTt (Em* 4» 4m tl ScUmn’*)

down from year 10 year without ihowin| distinct trends: from 0.71 io 0.93 io 0 >4 ppm 
■out PCBs in the years 1973. 1974. and 1971/79.

Other data are similarly variable. Declines in PCB levels were noted in ten species of 
fishes from Lake Simcoe, Canada, in youn| harp Malt from ihe Gulf of St. Lawrence, and 
in hemn| from the Baltic Sea. On the other hand, no significant change in PCB levels was 
observed in gray seals from the east coast of Scotland, brown pelicans from South Carolina 
(U.S ) or mallard ducks throughout the U S. Thus, the specific trend of PCB contamination 
depends on the easel location and species.

Why have we seen no clear worldwide PCB trend? Biological van at ton and environmental 
fluctuation contribute to the variability of PCB dau. but more important still, a vast reservoir 
remains from the estimated 680.000 t of PCBs produced worldwide starting in 1929.” 
Recent human poisonings in Taiwan witness the continuing use of PCBs in open systems.'** 
Even m the U.S. a ruptured transformer contaminated poultry and eggs in several siaies in 
1979.

Beyond these episodes of essentially direct contamination of human and animal feed, 
polluted landfills and sediment continue io release PCBs. which are recycled starting wuh 
worms'" and detntivora.'** and continuing for decades in at least marine mammals" and 
shaiki."

Once PCBs cease to be released, they will still continue to dissipate slowly. Their dis­
appearance from organisms presumably follows an exponential curve. After an initial rapid 
decline, further loss will be much more gradual," until PCBs degrade or reach the ocean 
depths. " where remobiJuanon occurs mote slowly.

IV. OUTLOOK

The purpose of this paper has been to assess the status of PCB pollution. Readers un­
doubtedly hoped io see some change, preferably a lubstanual decrease, in environmental 
levels of PCBs. They assumed that heightened awaiencu of ihe problem and subsequent
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restrictions in use would limit the smount dispersing throughout the world Thev mm hove 
as turned that with all she developments tn analytical techniques, trends could be determined 
easily, rapidly, and accurately

As we ha^e seen, ihese hopes have not yet been fulfilled Measuring trends of ihese 
complea. refractory mistures is extremely complicated Gradual dissipation and degradation 
of PCB residues can be discerned only after an emended period Even then ihe evniunon 
of analytical lechniques has introduced elements of doubt

With alt these limitations why bother 10 monitor at all’ If we cannot detect small changes 
rapidly, we can at least see gradual shifts downward or upward afler extended periods of 
surveillance Such changes serve as an early warning that desired trends may not be achieved, 
that feared increases m pollution may actually occur, that further action may be necessarv 
Even more important, we have gained some insights. While we cannot quantitatively compare 
specific data, we can still apply our knowledge in general terms to predicting the future ul 
pollution.

IM PC8s and >hr Environment

V. NEEDS

This chapter would not be complete without a brief statement on future needs We must 
accept the intrinsic imprecision of environmental data until discrete individual compounds 
an being monitored. As long as analytical techniques for complea mixtures continue to be 
refined, we must recognize the uncertainty of comparing data over time. We must also 
recognize the need for patience, for even m this era of microprocessors and space travel, 
trend assesesment will never be an instantaneous process.

A more concrete issue is appropriate statistical methods for assessment of PCB (and other 
pollutant) data. Chemists and biologists need to join with statisticians in an intensive ex­
amination of the nature of our data and affective siitiincal approaches. Chemists and bi­
ologists seldom have the expertise to devise statistically valid analyses, while statisticians 
need the experience end insights of biologists and chemists.

We also need to continue sampling on a regular basis. As we have seen, residue levels 
vary widely. Occasional samples at long intervals will no) provide the substantive information 
only available from intensive monitoring.

Finally, we must realize that ultimately all the inhabitants of planet Earth pay lor quick 
"free " disposal of toxic wastes. "Disposal" in landfills and sanitary sewers <s only ihe 

beginning of long-term pollution. Real control of toxic substances requires confinement and 
destruction at the source. Toxic substances already in landfills and sediment require special 
attention, including new methods for immobilization or removal. Since new processes tuch 
as advanced sanitary waste water treatment can be detrimental rather than beneficial, we need 
to evaluate the long-range impact of techniques before introducing them m polluted sreas
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208 PCBt anti ihf Enurnnmr’tl

■ I INTRODUCTION

Predictions about the nonmetabolic alteration of PCBs in the environment must address 
the f»« the PCBs do not behave as a homogenous substance. The physical and chemical 
properties of PCBs vary great I y. depending on the degree and position of chlorine substitution 
on the biphenyl ring system Differences in volatilily and water solubility of the individual 
chlorinated biphenyls tend to fractionate the residue so that the actual composition of a ihm 
film, a vapor, or a solution may differ markedly from the original material. It his even been 
argued ihat monochlorobiphenyis should be regulated differently from more highly chlori­
nated biphenyls because of the differences <n their chemical and physical properties 

PCBs are stable to chemical alteration as evidenced by their use in a wide variety of 
applications that require inert behavior However, nonmetabolic alteration of these com­
pounds does occur in the environment. Processes which may be involved include aqueous 
hydrolysis, photo alteration, nr oaidation. and thermal alterations- The study of the effects 
of any or* of thet* processes on PCBs m the environment it a coropfe* task. Thus, most 
of the information for this discussion his been obtained under the more controlled conditions 
of the laboratory.

II. HYDROLYSIS AND ALCOHOLYSIS

A chlorine on a chlorobiphenyl molecule is not easily displaced in a nucleophilic substi­
tution reaction. Most PCBs are stable to hydrolysis under moderate conditions. The 4- and 
4.4 - positions of decachlorobiphenyl an the positions mow susctptible to chlorine dis­
placement by hydro*tde and alkoatde ions. Decachtorobtphenyl can be hydrolysed to oc- 
tachloro^.a'-biphenylol by heating with aqueous alkali in an autoclavedJ Refluxing with 
2% potassium hydroxide in ethanol has been used to remove pesticides that interfere with 
PCB analysts4 and to extract PCBs from paper products1 Under these conditions, decsch- 
lorobtphenyl n readily converted to dieihoxyoctaehlorobiphenyl. In contrast to decachlo- 
robtphenyl, 2 J-dichtorobipheny I must be heatad with sodium methoxldc to produce 2-chtoro- 
5-biphenyiol,* The nonmetabolic hydrolysis or alcoholysis of PCBs in the environment is 
unlikely because of the vigorous conditions required.

III. PHOTOLYSIS

PCBs are easily phettodegraded. UV light can provide nag activation for both nucleophilic 
and radical reactions.' The photoreactivity of PCB* has been used to confirm PCB residues* 
and to remove PCB interferences in the analysis of chlorinated paraffin reitdues ' A pilot 
plant has even ben constructed io text the feasibility of disposing of PCBs in industrial 
waste effluent with a combination of irradiation and ozone. **

The phouNeactivity of a chlorinated biphenyl depends on the number and positions of 
chlorine atoms in the molecule When chlorinated biphenyls are photolyted in organic 
solvents, those molecules containing more chlortna dachtohnata more readily thin the less 
chlorinated congeners.*-'1 Examination of the photoproducu of isomeric chlorinated bi­
phenyls demonstrates that the case of dechlorination it ortho > mew > pan.'1

Safe and Huixinger11 reported wcpwiic loss of chlorine, rearrangement. condensation, 
and polar products »ben 2.2'.4.4 .6.6-hexachlorobiphenyl *ss irradiated it 210 nm m 
organic solvents. These processes have since been observed with a number of pure ehlo* 
robiphenyls and PCB preparations using laboratory UV sources and sunlight. Reductive 
dechlorination is the predominant photochemical reaction of PCBs in hydrocarbon solvents. ' 
Dechlorination proceeds at a faster rate in alcoholic solvents than tn hydrocarbon tolvtntt. 
Phoiolytts in fluorocarbon solvents and thin films results in chlorination and rearrangements
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m addition 10 dechlonnanon * Hydroxylic orfamc solvents remit m polar oxygenated PCB 
phoiopreducis as well at dechlonnanon of PCBs.'1 '*

Water reacii with PCB* dunng photolysis. Irradiation of a thin film without water retulu 
m dechlorination of the PCBi and the formation of PCB condensation products such as 
tcrphcnyls and quaterphenyls." Irradiation of a thin film in the presence of water yields 
hydroaylated products ' Irradiation of aqueous suspensions of PCBi with onho chlorines 
has resulted m the formation of chlorinated dibentofurans in very tow yields. *

There are differences in the chemistry that occur in a thin Aim. a vapor, or a solution. 
Therefore, the location of a PCB residue determines which phot ore actions will take place. 
Interactions between chlorinated biphenyls such as condensation and chlorination can be 
photomduced tn'a thin film. In a solution, the effect of the solvent predominates. In the 
vapor state. PCBi photolyie rapidly or slowly depending on the presence of other substances 
The location of a residue determines the amount of incident light that tt receives. However, 
the result of this insolation is affected by senstiiurs. quenchcn. and reactants present wuh 
the residue. Thus, the diversity of the microenvironments in which PCB residues may be 
found limits the certainty with which laboratory data may be used 10 assess photo alteration 
of PCBs in the environment.

If incidents of accidental contamination arc disregarded. PCBs enter our diet primarily 
from aquatic sources-’ Thus, the aquatic chemistry of PCBs is highly relevant to our dietary 
intake of PCBs. Bunce et *1." estimated several environmental factors affecting the photo 
degradation of PCBs in the shallow waters of Lak* Erse. They concluded that up to 3% of 
the lightly chlorinated PCBs might lose a chlorine each year, but that at least one chlorine 
should be lost from every highly chlorinated molecule annually. The lets-chlorinated PCBs 
are more reactive metabolically than the highly chlorinated PCBs. This suggests that the 
most important effect of solar radiation on PCBs in the environment is replenishment of 
metabolically active PCBs from more highly chlorinated congeners.

IV OXIDATION AND THERMAL ALTERATION

Good thermal stability and excellent dielectric properties led to the use of PCBs m 
applications where rhey would be subject to oxidation and considerable thermal and electrical 
stress. Analyses of PCBs have identified contaminants and products of use that are potentially 
more hazardous than the PCBs.'*-"

Chlorinated dibenzofurait* arc contaminants at the pans per million level in PCB mixtures 
and other industrial chemicals,>I U Vos at al.” separated PCBs into fractions by column 
chromatography and found that PCB fneuoM containing chlorinated dibentofurans were 
more toxic in a chick-embryo bwtsiay than the other PCB fractions The possible presence 
of highly toxic contaminants in PCBs lad to the axaminauoa of commercial PCB mixtures 
by several laboratories.The retulu demonstrated the presence of chlorinated dibenze- 
furarts containing two or more chlorine* in ad PCB mu hire* examined except Aroclor* 

Maitmrtnlngy to detect alteration products of PCBs mum distinguish between these 
race impurities and any products of us*.

Tbs aherauoo of PCBs in electrical component* has not been satisfactorily demonstrated 
because of At difficulty in obtaining used and unused pontons of the same production batch 
of PCBs. PhiUipsen at *1.“ carefully devited a procedure to quantitate chlorinated dtben- 
zofurans in Amior* !260-based insulating fluids (askarels) which had been used in high- 
voltage electrical network transformer! for periods ranging from 13 to 20 yean. After 
separation from PCBs and other tskarei components by alumina and Florist! column chro­
matography. chlorinated dibenzofumns wen identified by combined gas chromatography* 
mass spectromeoy (GOMS) and quaruitatad by electron capture gas-liquid chromatography. 
Recoveries of 9 di- to ocuKhlorodibenzofumts from spiked askaret matrices ranged from
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72 lo 103%. The behavior of 17 additional chlorinated dibenzofuran iwmen in the procedure 
indicated that the method detected a lar|e majority of the 131 possible di< to octachloro- 
dibenzofurant The total amount of chlorinated dibenzofuran in each of the uaed ackartl 
samples was found lo be not more than three timet the chlorinated dibenzofuran content of 
an unused Arocior* reference material. When liked about the significance of thcae fmd<n|i. 
Phillipton concluded that the level* of chlorinated dibenzofurant <n the uaed iskareis were 
noi sufficiently (renter than the reference material and mi|ht limply refleci reduced tevelt 
of comammants in Aroelors* of laier manufacture.

Anodic oxidation of chlorinated biphcnylt providet an insight into the event! that occur 
when the electrified mauix it conducting rather than mauiatin(. Fern et al,” report 3- 
hydroxy-2.2',},J -ieirachlorobiphenyl It the major hydroxychlorobiphenyl product in ihe 
electrochemical oxidation of 2,2‘ .3.3'<tttrachlorobiphenyl in an aqueous system. Any hy- 
droxychlorobiphenyl formed in the lar|e-tcale electrolysis of PCBi it further oxidized at 
the potentials required for the oxidation of the PCBt. The principal electrolytic product! of 
PCBt at controlled potential! are chlorophenylbcntoquiaont*. Chlorinated dibenxofurant 
ate not formed dunnf anodic oxidation of PCBt in this aqueous systems. Operation of 
electrical equipment containing PCB insulating fluids does not provide these aqueous reaction 
conditions. However, these products do suggest the fate of PCBs subjected to oxidative 
electrochemical disposal.’1

The tragic Ywho incident provided the impetus to study the alteration of PCBs m heat 
exchange fluids. This accidental contamination of net oil with PCB heat transfer fluid in 
February 1961, affected some 1696 people.” The manufacturer had used a PCB. Kanechlor* 
400. to heat nee oil at raduced pressure in order to remove odorous mailer from (ha oil. 
Small holes in the heating pipes permuted the PCB to leak into the oil.1* Comparison of (ha 
contaminated oil with Kanechlor* 400 showed that (he oil contained an inordinately high 
level of chlorinated dtbctszofurans baaed oo (he level of PCBs in the oil.’* ” Kanechlor* 
400 was put into a sailed (lass ampoule and baited at 300*C for 13 days, but no increase 
in chlorinated dibeazoAmni wet detected.* The chlorinated dibenzofuran level in the oil 
waa about 230 timet higher than the level found in Kanechlor* 400.” This large difference 
in levels made h difficult to attribute (ha chlorinated dibenzofuran content of die oil only 
to a simple concentration of these impuniits during processing. Morita « al.M examined m 
detail several PCB preparations and contaminated rice oil samples. A PCB heat transfer 
fluid that had been uaed for 2 yean appealed to contain about four times the amount of 
chlorinated dibenzofurant found in compierable unused fluids. They reported that the Yusho 
oil contained levels of chlorinated dibenzofuranj' about 300 a met that of Kanechlor* 400. 
!( was suggested that oxygen catalyzed by the metal heat transfer tubing wouM react with 
onko substituents in tha PCBt during processing to form chlorinated dibenzofurons m the 
heat transfer fluid. This led to a senes of heating experiments with Arodor* 124g. Samples 
were sealed in glam tubae with air. oxygen, or nitrogen and baited in an oven. Chlorinated 
dibenzofurant wet* formed with a maximum yield of about 0.2%. Temperatures over 270"C 
wen necessary for die vanaforminoe hut above 330*C die chlorinated dibenzofuran* de­
composed. The bast yields wen obtained with oxygen in about I week at 300*C. Prolonged 
hewing at 300*C dmzeaHd die chlorinated dibenzofuran levels indicating that once formed, 
tha chlorinated dibeazofurans wen decomposed at this temperature.”

Tha U S Food and Drug Administration, in evaluating tha data from the Yusho incident 
to assets tha health hazard associated with die mgewon of PCBs. noted an inconsistency 
in ihe Yusho date. The 1969 report of Tsukimoto ft a!.** said that tha oil contained ap­
proximately 2000 to 3000 ppm PCBs. Tha 1976 report of Kunauns et al.“ indicated that 
oil contained 1000 ppm PCBt. In order to examine the oil more closely, the FDA requested 
e sample of the oil from Dr. Kuntsune of Kyushu University. Fukuoka. Japan. GC analysis 
showed that the sample contained 1000 ppm PCB. Newt* activation analyses showed that
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ihe oil contained twice >he amount of chlorine that could be expected in 1000 ppm PCQ li 
was surmised that the sample contained more chlorinated compounds, but their nature was 
not evident unnl the samples were examined with a shorter GC column and higher operating 
temperatures than are normally used for PCB analysis The resultant GC/MS analyses iden­
tified chlorinated quaterphenvis as >he oihrr major chlorinaied comaminami m ihe oil “ 
Mivita el at.'1 published similar results concurrently. Thu group then simulated ihe oil 
deodorizaiion step of rice oil processing in ihe laboratory to note ihe effect on ihe oil 
comammims. Over 90% of ihe PCBs were removed from ihe oil during deodonzatton The 
remaining PCBs were congeners of high chlorine content. The chlorinated quaterphenvis 
were unaffected by deodonzauon The evaporation rue of the chlonneted dibenzofurans 
was lower than that of the PCBs so ihat ihe relative abundance of the chlorinated diben- 
rofurans was increased in the oil and the composition of this contaminant shifted to the 
more highly chlorinaied dibenzofuran congeners. The relative amounts of these contaminants 
still did not coincide wnh those in ihe Yusho oil.*’ This suggested that the differences might 
be attributed to the composition of the heat tnnsfer fluid involved in the Yusho incident. 
This brought the investigators back 10 the examination of alterations that occurred with use 
Analyses of three used heat transfer fluids revealed chlorinated qiucerphenyls at levels as 
high as 0 03% “ But these results did not demonstrate the formation of quaterphenvis with 
use. Experiments such as those of Mont* ct el.* were required. Accordingly, Kanechlor* 
«00 was heated in glass ampoules under varying conditions including the presence of stainless 
steel end water. The levels of chlorinated quaterphenyls and dibenzofurans in the Kanechlor* 
400 rose markedly. Both water and steel accelerated the formation of these substances at 
360*C “

The number of variables involved in the eltcmoon of Kanechlor* 400 in ihe Yusho incident 
was relatively small compared to that available in the general environment. However, it 
took 10 yean to build a reasonably complete picture of the Yusho incident. The search for 
analogous substances** and processes in the environment has itimed up one other significant 
source of toxic thermal alteration products. Chlorinated dibenzofurans have been found m 
the combustion products of wssie incinerator*.**-" These chlorinaied dibenzofurans have 
been attributed to the incomplete incineration of PCBs.MJ> Buses et *i.M reported thst the 
yield of chlonnsted dibenzofurans si s combustion temperature of 550*C ranged from 3 to 
33%. Thus, use and disposal are the two most important factor* in the thermal formation 
of more ioxic substances from PCBs. Fortunately, these are factor* we should be able to 
control.
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