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THE EDITOR

John §. Waid. D.Phil.iOxford), F.I1.Blol., M.A.S.M.. s Chairman and Head. De-
panment of Microbwology. La Trobe Universuy. Bundoora, Victona, Australis. a posinon
ne has held since 1974 He also served as Dean of the Schoal of Biological Sciences Irom
19771979

Pror to his offices an La Trobe Umiversiy, Professor Waid served in vanous capacuies
a the Grassiand Research Insiute: the Nawre Conservancy: Levingion Rescarch Sianon.
Fissons, Lid.. Unive. iy of Mew England. New South Waies; Cornetl University. Reading
Unsversiy. and the Uarvesity of Canterbury. New Zealand.

His expenmental expenence ncludes the post as joimt eduor of the proceedings and a
convenor ol an (nfermauonal symposium on the ecology of soil fungs held 1 Liverpool tn
1968 imusior and Execunive Editor of Soi! Biology and Biochemisiry rom 1969 10 the
present. New Zealand delegate 10 she Commitiee on Microbial Ecology. Intermauonat As.
sociabon of Microbiology Socienes (1972-1974), leader of the advisory team from New
Zeaiand under the suspices of the Colombo Plan 1o review and repon on science leaching
at Khon Kaen Unisersuy 1n northeast Thaitand 11974). Victorian represenisiive on lhe
Standing Commitiee (or Environmenial Communuy Problems ISCENCOP) of the Australian
Society for Microbiology «1975-1977). and the nanionsl representalive (or the Austrailan
Society for Microbioiogy on the imiernstionsl Commuee of Microbial Ecology (1979-
present).

Professor Waid's research interests s present are root biology (in pamcular the decom-
position of grass and legume roots and release of legume-niirogen 10 the sonl. a siudy which
has been supponed by ARGC grants since i1977) and peiychionnated biphenyls i the
environment and their degradalion. The PCB work has been supponed by granis (rom the
Rural Credits Development Fund [ {976-1978), the Viciorta Minisiry for Conservauun 1 1979.
19891, and 1the Ausiralian Manne Sciences and Technologies Advisory Commuuiee (1980-
198 1). He has also had coniracis with 1the Vicioria Mimistry for Conservauon. and the Federal
Depannment of Science and the Envirenment 1o review problems associsted with PCBs and
the monsionng of hazardous chemicais In Lhe environment. He has made survevs of PCBs
i sl and walerways on behall of a governmem depanment, an urban awthorny. and 3
large indusinai organizanon 1ali unnamed). and is consulied reguiarty on maiiers pertaning
to PCBs by Lhe Vicions Environment Proteciion Authonly.
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2 PCB1 and the Ervironmen
l. CGLOBAL USES AND CONTAMINATION

A. Industrial Applications

Although ihe svaihesis of polvchlonnaicd biphenyls 1PCBs) was first descnbed in 188
by Schmudi ang Schuhiz.” the potennal indusinal applicauons were not fully reabized untit
about 1930 The increased use of PCDs as »mponanl industnal chemicals for use as non-
Nammable vils 1n a host of producs gave dinh 10 2 senes of commercially avartable raw
maienals markelcd ynder vanous irade names: e g . Arocior® (Monsanto. U.S ;. Clophen®
tBayer, West Germany). Phenoclor® iCaffaro. lualy). Kanechlor® (Kanegaluchi, Japami.
Pyralene® (Prodelec. France). and Sovol® (IJ § S.R.) — 10 name & few These mixtures of
PCBs quickly gained wide acceptance wn indusinal producis where nonflammatilny and
heal-resisiani properiies were highly desired. For reference purposes. the Aroclor® senes:
manufactured sn the U.5. can be laken as represeniative of the range of PCB misures
avarlable on ihe world marketplace. Foreign coumerpasnts had different names but theirr PCB
conienl was very simiar 10 an exisung member of 1he Aroclor® senes. This senes of
Aroclors® was soid under vanous Arabic number designations which reflecied their relauve
compositions and phvsikcal properties (Table 1) In iheory. the 1otal number of possible
compounds resuling [rom chlonnanon of ihe biphenyl nucleus is 209 (Figure i+ Molecular
siruciura) type was defined by the first swo digus: )2 (or PCBs_ 15 and 44 for blends of
PCBs and polychiorinated terphenyis (PCTs). and 34 for PCTs. The tas1 two digis were sn
approximate esumaie for 1he wi% of chlonne. Populanty in industnal appications of such
maienais as constnuents of heat uransier sysiems. hydraulics/lubncams. ransliormers. ca-
paciiors. plasucizer applicanons, and petroleum asdditives carapulted U.S. domestic sales’
of Aroctors® (1221 10 1268) (rom 32 mitlion Ib (14.515 1) in 1957 10 aimost 80 multion It
136.287 3 1n 1970. The most popular blend was Aroclor® 1242 ({8 mitlion Ib {8.1651] in
1957 1o aimont 50 milbon b {22.680 t} in 1970}, Industnal applications involving irans.
formers and capacnors were the lesders in usage paitern (29 mullion 16 ] 13,154 tj un 1957
10 aimost 40 rullion Ib [18.182 1] i 1969} This quantitauve hisioncal data has been
deliberately limued 1o pre- 1970 10 provide a suitable backdrop (or the environmental con-
sequences that were 10 (ollow 1his niense growth in producuon and uses of PCBs.

B. Need (or Reguistory Conirels

Grave concerns about the environmental fate of such vast quantities of PCBs and therr
resultam 10xicologrcal effects were slened by the first reponed findings of PCBs in (1sh and
wildlife by Jeasen* 1n 1966. Soon it became glanngly obvious that the widespread populanty
of PCBs in a somewhal uncomirolled (ashion had eventually led 10 theu environmental
incorporanon 3 persistent and ubiquiious contaminanis on a global scaie.** in the scosvsiem.
PCBs had become the most abundam of the chiorinated aromanc pollutants.’ nvaling DDE.
Sadly. indirect contumsnanion by PCBs had eventually led 10 1heir presence in the (ood
chawn,'®'?

Shoniy afar Jensen's report of PCBs in 200 pike.* an unfortunate aceident in Japan'! i1n
1968 was g preview of similar events 1hat would occur in the U.S. dunng the next decade.
PCBs had accidenally leaked from a heat exchanger used in the producuon of nce oil.
Resuliam leveis of PCBs in the nce oil. when ingesied. produced a spectrum of adverse
symptoms: chloracne, discoloramion of the gums and naiibeds, swelling of the joims. waxy
sccrehons of the glands n the eyelids, as well as more generasl mamifesistrons such as
lethargy and jount pasin. Perhaps it was this singie histoncal event rather than the widespread
environmental conwmunaiion reponed in the scienulic literature thal prompied regulatory
intervennion. The U.S. Food and Drug Administrsaon (FDA) initiated 8 national survey to
determine the exact exient and levels 10 which PCBs migh have made their way into the
food chan by indirect use of PCB contaminated arimal (eed. industrial and environmental
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Tabile |

Volume | 3

GENERAL PHYSICAL AND TOXICOLOGICAL PROPERTIES OF VARIOUS
AROCLORS® *

Arwcior® Sp. Distiistion
no. Form gravny range ('C}
123 Clear. mobnie ol 1 182—1.192 273320
1232 Clear. mopie ol 1 270—3% 280 290123
1242 Clear, mohile o 1)8)—1 )92 328 Mot
1248 Clear, mobile on 1 4081 015 JAD—17%
1234 Ligh yeliow wiscout ool | 4951 30% Jed— 190
1260 LigM yellow, sof) sticky resm | 535—| Sob I85—d 20
1282 Ligh yellow sicky viscous 1.872—1 58} St s
a3 1]
1264 Whue 10 off- whia powder | Ml LI A3%a SO
Admimsiered as SO solurion n corn oal
10% woiuion o corm ol
3 2 2 3
“’
P yumar P
Chlorine Number of
Sybstisution Possible Isomers
Mono~ 3
Di- 12
Tri- 24
Tetra- 42
Penta- 46
Hexe- 42
Hepta- 24
Ocua- 12
Nona- 3
Deca- 1
—
Total: 209

FAGURE |. Nember of possible wosmery of PCHs.

Raus Rabbits
ared LD, s MED
imghg mghp
1.9 - 1.000
4470 >l 260
$.050 e
1000 L)
11,900 >1.160
10.000* >\ a0
11, Jao0e =126
10.900= >2.50

sources, and the use of PCB-conuuning paper (ood-packaging mawenals. This exiensive
survey Ninally resuiled in 3 *"Notice of Proposed Rule Making'™** to limii the Jevel of PCBs
n (oods contaning unavoidable residues (rom environmental and industnal sources. [ was
imeresting (o note that of the animal feed sampies analvzed Jess than 5% comawned PCBs
t0 10 0.6 ppm). Severnl sccudenis similar 10 the “*Yusho'' incident hed, however, directly
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4 PCBs und the Environmem
Tabie 2
FDA TOLERANCES FOR PCBs IN SEVERAL
CLASSES OF FOOD

Concentryion

Ippm)

—————————

Prodect L1973 (9%
itk & dawy pinducts ilal basisd 23 18
Pouliry 113 bawse jo ‘o
Eggr 0s 03
Frsh & sheltfish tedible porion) 30 jor
{nfam & punior loogs 02 (U
Feed (or [oewd progucing animaly 05 [
Animal iced components including fishmesl & io 20

Qrher BY-DIOGUCIS 01 manine DRgIn

Paper lond pacaaging meienals smended (or or 10.0 0o

vaed wilth human 1oog

A reguision exlapiishing a new ievel of 2 ppm was promulgaied bt
wii Haved on Ociobet 3. 1379 omul (urther Mce.

conuminsted smmal (eed and subsequenily the pouliry snd eggs intended for human con.
sumpuion. Other pans of the survey indicaied 1har the use of PCB-comaining coatings on
the inner walls of gran silos had been responsible (or PCB residues in milk'* denved from
dairy cows who (ed on the grain siored in such silos. Results on food packagings were
revealing. 67% of the samples tested contmned PCBs with the highest value found being
138 ppm. and of these samples only 19% of whe actual food contmuned in such packages
contained PCBs 5) the masimum level of 0.1 ppm. A paraliel survey of infant food packaged
cereals found PCBs in 75% of 1he samples tested with an averuge conceniraion of 0.3 ppm
and a mazimum concentrauon of | ppm. In spue of the scanty quantustive knowledge of
the toxicotogical effects of PCBs in 1973, the FDA concluded thay 11 would be in the tnierest
of the public health 10 reduce human low-leve] exposure 10 PCBs by limiing the wavs in
which PCBs might enter ihe (ood chain as wel) as limil the levels of PCBs in (ood containing
unavoidable residues from environmental or industnial sources by the establishment of t1em.
porary tolerances (Table 2) uniil such ume as additional toxicological data might cause
reconsidersiion. '* |n this inienm penod. domestic production of PCBs in the U.S. dechined
drastically 10 below 10 million (b (4535 1). The age of unpopulanty of PCBs as indusinal
chemicals had amved. However, their populanty for scientfic inquiry was spectacular.
Seemingly. the concern sbout the ubquitous distribution of PCBs in the ecosysiem prompied
2 multiude of additional evidence t0 emphasize thew prevalence as global conwami-
nants.'™* Uppermost 1n this magsive screntific probe was the need 10 incresse awareness of
ihe poential wxicuy of PCBs. By 1975, the EPA responded 1o this new wealth of data by
sponsonng a " National Conference on PCBs""™ at which the FDA announced 1 had initiated
s review of the approprimtentss of the 197 lemporary iolersnces. Afier such a feview the
FDA proposed 1o reduce the iemporary iolerances™ (or unsvoidable residues of PCBs in
several ciasses of food. Interesied parties Jikewise responded with over 100 comments being
received (o’ consideration before final disposition. The FDA Commissioner then (ssued »
final order reducing PCB 1oierances (Table 2) through publicanon of his responses and
reasons (o adoption of these new reduced tolerances. ™

Since pant of the problem with PCBs was the vulnerability of food and (eed commodities
1o direct Contamunation through accidental causes. the EPA 1ssued rules goverming the
continued deployment of PCBs in cerain industrial applications. These regulatory controls
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Verlume | [

were made under the Toric Substances Control Act of 1976 and proposed he disconlinued
gse of PCBs in heat iransfer sysiems «n plants manufaclunng or processing food. drugs. and
cismencs. AR ineragency aien nouce™ was then 1ssued by the EPA (0 urge volumary
compliance 10 removal of equipment contaning PCBs and replacement wob non-PCB unis
v prevent fond conaminauen

C. Implications in Trace Analysis

In any altempi 1o ealract. separate. and identfy trace feveds of PCBs from a wide vanety
of mainces scveral major probiem areas must Nirst be (ully undersiond The anatviical
problems encountered 1n dgealing wuh PCDs have recenily been reviewed bv Caims and
Siegmund

! Compostion

The compiicauions induced by analvzing mixiures of PCBs rathet than any uingle specilic
somer have probably comnbwed 1the most serious impediment to both identiNicanon and
guanuficauon. Ahhough the theoretical calculations establish 209 possihle congeners. the
aciual number of major components 1n Aroclor® 1254, for example. by capillary GC'* was
only 19169 eluning peaks. 50 represented minor constitventst. Paraliel siudies using packed
columns®* have demonstrated elunon profiles with less than 20 discermibie peaks.'* In an-
alytical terms. this problem can be summed up 23 having to deal with 3 potental group of
compounds within the mol wt range |88 to 494 dalions possessing vastly dilferen: chemical
and physical properues.

2. Amaivucal Sensitinry

Halogen-sensive chromaiographic deleclors such as the Hall elecircivic conductivuy
detector {HECD) and 1he electron capire detector (EC) are now capable of detecuion in the
subnanogram range and offer the residue chemist a convenient anmvhical approach' when
dealing with irace levels of PCBs (below | ppm). Added confitmanon of residue levels by
vas chromaiography/mass specirometry (GC/MS) ofien must empioy multiple 1on deiection
{MID) iechniques”” to aschieve the necessary and parailel level of sensiivity of such GC
detectors. Other analylical technigues such as nuclear magneuc resonance INMR® and
liquid chromalography with UV detsciion™ do offer aliernatuve methods (or analvsis but can
only be successfully apphied where the suspecied concentration level of PCBs '« in excess
of 1000 ppm.

4. incurred Residues

Perbaps the moti senous problem in identilying PCB residues (rom environmenial samples
s the inability to correlats the results with & known reference standard.® in spie of he
avaslability of & wide range of reference matenals, the EC/GC eluuon profiles obtained (rom
samples connning PCBs do not always match direcdy. Al:hough & number of reasons have
been edvanced (see Secuon 1) for tas phenomenon. the challenge expenenced by the
analvtical ehemist 13 ofien met by employing an auxiiiary iechnique such as GC'MS or
HE/CD which can aszist in the judicious choice as 10 which reference standard most closely
resemnbies the sluncn profile detected in the aciual sampie. The analyst in this arena must
cicarly develop a high degree of skil in she application of these types of methodologies by
acqusnng an abilny 10 merprer elution profiles comectly, paruculariy il quanitation s
requited.

Il EXTRACTION AND SAMPLE CLEANUP

A. Separation
jensen’s hisioncal breakthrough in 1966 of the firss confirmed report of PCBs i fish
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[ PCBs und the Environment

and wildlife was made after repeated and somewhat (requent encounters of similar GC
tiution patterns whele routinely anaivzing for DOT and other chionnated pesticides indeed.
'he earhier faldures 10 properly recognizc 1ms PCB presence must surely have contributed 10
the overesuimanon of DDT and TDE in the environment. The nonceable shift tn emphasis
10 PCBs alier [966 reversed the roles aimost overnighy and PCB residues were then described
1o have interferences from a wide vanety of organochlonne pesticides. Use of a haiogen-
sensive GC Jetecior such as EC in conjuncuion with a nonpolar stationary phase such as
OV-1uL or SE-30 bad resulted 1n interferences with DDT. DDD. and DDE a3 well as eariy
eluning pesncides such as BHC 1somers, aidrin. heptaczhiot, and heprachior epoxide because.
of similsr retention umes Depehdent upon the mainy seiected for analysis, three distinct
anaiyncal protocols emerged invoiving either a0 pnor separalion. separstion via column
chromatography. ot separation wah desiruction of conversion of interfening compounds.

in the case of fatty foods imrlk. cheese. fishl, the officially adopied method by the
regulalory agencies*' invoived peiroieum ether exiraction of the fat (3 g followed by tesidue
parutioning 1no acetoninie, diluson with water, re-exiracuon o petroteum ether. and
finally coiumn chromstography on Flonsil® with 6% ethyi ether 1n petroleum ether. Ad-
ditional cleanup procedures have also been devised to perrmit separstion of DDT and us
analogues from some of the PCBs ‘' Masumotc*’ has poimed out, however. that such
procedures can be flawed by vanous eapenmental [aclors which cause vanabiiity in column
preparation and hence recoveries. Additionatly, those congeners with the jowest chionination
were held on the silicic acid column and could only be eluied by 3 more polar soivent than
petroleum ether.

Lower recovenes with the less chionnated residues were demonsirated. This methodology
has aiso been miniaunzed (o ansiyze PCBs i (ish.* Similar spproaches have been developed
10 efficienily separsie PCBs from such organochionne pesticides as DDT and woxaphene .
hepuchior eposide, lindane. and dieldnin.* In the ansiysis of paperand packaging. sdvantage
of the chermcal subitity of PCBs 1o resiment with alkali®’ was optimized in devising a
procedure based on extraction by refluxing with aicobolic KDH followed by an abbreviated
cleanup. Sequential use of the alkaiine hydroiysis and oxidstion with chromuc acwd/acelc
acud convened DDE and DDT 1o the respective dichlorobenzoquinones™ ™ and Jelt the PCBs
unchanged for analysis by EC/GC. Various other techniques have been described in 1he
luersiure foe the separation of PCBs from DDT and its snalogues by similar approaches
involving chemical denvaization and cotumn chromatography.® * Thin layer chivmato-
graphic procedures®® * were aiso deveioped 10 anaiyze PCBs in the presence of DDT. but
lacked the specificity 10 distinguish the source of contaminaton.

B. Westhering and Metabelism

Previous meniion has aiready been made 1o the fact thm GC clution profiles observed
expenmeniaily by EC for PCB residues in biological sumples”™* very often do not resembie
I any recogmiable way the profile for one of the many suandard reference matenals. This
observauon could be dus to two main processes. mewbolism and/oc degradauon. Dechior-
INSLON. RS OXide fOrmaton. and Rydroiylation have aiready been identified as mewabolic
pathways for PCB3.**' The main ramificsion of dechlonination to lesser chlorinaied con-
geners is thae # will wnd to contribute o the production of an elution profile suggestive of
s lower chiorinated reference suandard and lead 1c confusion in the choice of the most suitabie
sundard. Howsver. the more senous consequence is the preferential removal from the PCB
GC profile of cenain congeners which have undergone mewabolic hydroxylawon. Such chio-
robiphenyiols 40 not exhibit the same chemical characierisiics as thei? parent moieues and
therefore do not co-eaunct and/or co-elute with the sample preparation and cleanup sechniques
sdopled for routine analysis. Mewbolic processes in biological samples can therefore com.
plicate the assignment of PCB residues 10 contamination by a pamary comenercial producs.
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Additionaily. the extracuon and cleanup proccdures maght iniroduce 3 minor compianon
in that the atiempt 10 solvent parution the vanious congeners as a single chemical entny s
tegarded as a compromise.

1l CHEMICAL CHARACTERIZATION

Because of 1he large number of siandard relerence maienals avaable throughoul the
worid. the following subsections are (he first atiempt n the scienufic Liveralure to provide
a comprehensive iibrary of ewtion profiles and patierns obimned by those analvucal tech-
miques both i common use as well as pracuced by speciatized taboraiones W mum be
siressed that not all these techniques can be employed for trace analysis work However,
the range and sensitivity of the analyticai methods exhitiied here should assist the resder
in selecting 8 suable reference suandard and sn snalyvtical spproach reiauve 1o theyr curren:
probiem. The wealth of data (o be presented 13 somewhst overwheiming bui serves 10
emphasize the magmiude of the problems of anaiyzing for PCB residues. Although ihe
relaive sensinviny of the vanous techniques are ltustrated. the informanon offered s 10 be
considered qualitative. A (uil discussion of the expenmeniatl approaches 10 quamsianion will
be presented 0 Secuon LV

A. Gas Chromalography

Three GC deteciors have been exiensively empioyed in the analysis of PCBs in environ-
menwl and bioiogical sampies: namety. elecuron capiure (EC). Hall elecuoiytic conducuvity
detector (HECD), and flams ionization detecuon (FID).?” While the first iwo are sensinve
10 chionne and are used muniy for trace work, the continued use of FID is sull in pracuce
where samples have a high conceniration of PCBs. Cleariy the advantages of both EC and
HECD are that they are halogen sensiive and essentiaily ignore the majorny of other sampie
componens 1hat have been co-exiracied provided they are nonhalogen-containing entties.
In the case of EC. sampie cleanup is usually required 10 avoud detechion of other eleciron
captunng species present [rom the sampie matnx. This 18 not the ease with FID and sampie
extracts require exiensive cleanup before anaiysis 1o avoid possible interferences (rom en.
dogeneous components of the sample matnx. However. with EC as the detecuing system
for chionnatcd aromatie samples such as PCBs, the maw disadvantage is that of differences
™ response, i.t.. highly dependemt on the degree and location of chionnation. Deteetor
responses have been shOWR 10 vary as much as two to four orders of magnitude beiween
mono- and polyehlonnated species.® The EC responses 10 | ng injected on the same GC
column of five selected dichlorobiphenyls is iliustrated in Figure 2. Dependent on the reiative
locaion of the Iwo ehiorine stoms on the biphenyl nucleus, a wide range of detector responses
were obtained illustrating the marked differences within the same molecular weight group.
This sicusuon is disturbing becsuse the reference sundasds are employed as sandards for
quantiation sad the proper seiection is dependent on Lhe closest maich to the inculted sample
profile. Disproportionality of response with EC has been the main faaturs of cniicism
concerning analysis of several homologous senes such as toxaphene.” strobane.” ehior-
dane.* dibenzodioxins and dibenzofurans.* PCTs.* and PCRs.* Whereas EC responds 1o
all electron capunng species. the HECD in the case of PCBs offers a direct measure of the
HC1 produced by the various congeners as they clute. i.c.. properuonal o Cl content.
Therefore, u 15 not surprsing that the giution profiles produced by EC and HECD for the
same sampie will be different. Both these deteciors. however. offer high sensitivity and are
capaole of providing routine and reliable resuits. On the other hand. ihe responses of the
FID are direcily related to thermally exented ions produced in a hydrogen-air flame, 1.¢.. 3
function of the number and type of burmable carbon aioms in the molecule. Response
differences are most noticeable for the lowest members of s homologous senes such as the
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PCBs. in terms of relative sengiuvity, both EC and HECD demonstrate a level usually three
orders of magniude grester than that observed with FID.

With this informational background as 10 the utility of thess vanous GC deleciors. 3
wpanie graphical spproach has been adopted 10 convey the vanous elution profiies oblamed
from 15 PCB siandard reference matenais and three PCTs (Figures 3 10 20). Swandand
operating condinons were employed throughoul thia senes of expeniments (o provide com-
purstive daws; 2% OV.10Y, 120 em x 2 mm 1.D., 200°C isothermai. 40 mé/min argosv
methane. To permit reproduction and/or extrapolalion (o other sysiems the elulon umes
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FIGURE 3  GC dnweior respones profiles for Aroeior® 242 iogetier wuh amounts mpcied on-columa.

under thess selacted conditions for aidrin, p.p-DDE. and p.p-DDT were 6.5, 8, and 11.5
mn. respectively. Furthermore, standard reference matenais from different manufactunng
sources which resembie each other have been convenicnily grouped iogether for discussion
purposes. It 15 hoped that the illustration of all three elution profiles 1o describe each reference
maienal (Table 3) will facilitate the chowce of the mcsi sunabie one 10 descnbe the incurred
residue.

ln viewing 1his data base. 1t 15 clear that each detecior has provided a response palemn
enurety differem from ns lwo Companion detectors. Aj previously suated, Uus sxpsnmenial
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evidence it not that surprising since esch detector has a different crierion for detection.
However, g i3 reassunng 1o know that from an esaminauon of these profiles we can conclude
which mference matenals are equivalenis. While 11 might be difficult to select a suiable
siandard from s single detector elunion profile. the additional information from s second and
cven thuyd detector shouid make 1he task easier. Another factor m the posideerminaiion of
the nasure of the PCB residue 15 the reiention time of the elution profile. As the reiemion
ume increases so does the degree of chlonasnon encountered.

A number of addinonal observanons are worthy of mention. While the three GC deiector
profiles are disuncily different al low levels of %I, the responses recorded for HECD and
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FID begn to look similar s %Cl values gresuar than 48 (Figures 11 10 17). In only one
case (Aroclor® 1268, Figure 17) dig all three elytion profiles mawch. This cbservaiton might
not be that ngmficant 1o that at Uus level of chionnstion. only a few congeners are possible
and with the high degree of chlonne subetitunon, disproportionality of response, etc.. be-
comes & relatively unumporiani maner 1o consider. The remaining Arociors® (Figures 1810
20} were PCTs and elution profiles vaned littie batween detectors becsuss of ithe high degres
of chionnauon. Perhaps the most enlightening value of this dats base 13 the amount of
mamenal injecied under F1D conditions 10 maich the responses recorded for both EC and
HECD.

MONS

223970



Volume ¢ 13

EC HECD FO

12 ng

20000 ny

[ ' L | — L ke [ i L
L] [] T L] 1 18 [ 0 )
L hoseed »
FIGURE 14 GC detecior response proliles lor Clophen® A -850 g wnh #hpecied on-
colemn.
- "
EC HECD D
12 ng 22000 ~y
*m
o
' o
e —— ————rh ol
1e » » " » » [T -] n
b L]
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In summary, the potenual vaiue of all three detectors for idenufying PCBs in residue
work a5 well as & descripuon of the possible source of origin is now documented. This daua
bass in graphical format shovid assist the analyrieal chemint 1o make the proper choxe of
t suwable saandard reference matenal when quantitaUon it required. Where the incurred
residue is in the low pans per million range. only EC and HECD can provide the necessary
level of sensitivity required for detection. While the incurred residue profiles may not always
bear &n exact resemblance 10 one of the standard reference maienals presented here. 3 choice
can be made 33 10 which 15 the most appropriate.
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B. Gas Chromategraphy/Mass Spectrometry

The analytical pitfalls or difficuities that can arse when using GC with one of the deteciors
mentionad above have led 1o the increased appiication of mass spectrometry 0 heip resolve
difficult idenufication probiems. In panicular, confirmstion of incurred residues®** has
often been provided by GC/MS where full use is mads of the isotopic distribution of chiorine
(75.53% *C1 and 24 .47% "’C) in idenulying ton clusiers commesponding to ceruun degrees
of chlonnauon.™

The elecuon impact (El) spectra of PCBs have been previously studied in detnl by Safe
and Huntzinger™*® who conciuded that the ragmentation scheme of the PCB congenen
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was predominantly successive cxpuision of chionine atoms. This fragmeniation patiern of
PCBs made u difficult 10 distinguish the vanous molecular weight groups that might occur
wilhin an eluting peak. A recent study of the methane (CH,) chemical wmization (C]) spectra
of PCBs by Cauns and Siegmund*® indicated ihat very littie fragmemation wok place 1Figure
21). There was some evidence 10 suggest a minor popuistion (less than 2%) of 1ons cor-
responding 10 the loss of HC from the protonated molecular species which might be mus-
interpreied as belonging 10 the next lower homolog. Since the prowonaled molecular ions
{MH ") were the most abundant in the spectrs whatever the degree of chlonnation. 2 meihod
of analysis involving the ions corresponding 10 chionine conent (in essence, molecular weight
plus | dalon) wes possible. [t was found that responses from individual members of each
molecular weight group were dentical (within 3%) but decreased between molecular weight
groups wath incressing molecular weight. i.e., sensiuviy of detection decreased with 1n-
creaming molecular weight. This decrease in senstiviy of detecuon on gong from monoe
0 hexachlorobiphenyi (1:0.4) was rationalized in \erms of the availatnlity of additonal sites
of protonation on the sromatc nucieus when only one or two chlonnes were present. Since
PCBs on Cl produced almost entirely moiecular ion clusters, an expenmental approach was
then devised involving monionng only those ions corresponding o the differem levels of
chionnauon, The resulting 1on profiles obuuned were found 10 be highly characiensic in
providing differemistion for the vanious Arocior®.

In keeping with the format esiablished above for EC’HECD/FID (Figures 7 10 201, the
necessary GC/MS information obtained under Cl condiions has been compiled to add to
that library of data. To provide a perspective view of the GC/MS data all the total ion curreni
ITICY profiles were oblained under identical conditions (Figures 22 10 24). 3% SP2100. 120
em x 1 mm t.D.. 190 w0 250°C a1 20°C/min. 30 mé/min methane. These elution profiles
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. Table }
LOCATION OF GC ELUTION PROFILES ON
REFERENCE STANDARDS

Reference L 1 | GC dewa’

sandard contesd {ECHECD/FtD)
Arocior® (17 2i Fipure 3
Arocior® (137 n Figere 4
Atocior® 1143 .2 Fogure 5
Arocior® i0ié Figurm ¢
Clophan® «a M) Fipure 1
Arockor® 1248 4“8 Figure §
Clophen® A-30 Figure 9
Karechior® 400 Figure 10
Arocior® {154 54 Figwee 1
Clophan® A-3%0 Figere 12
Aroclor® 1260 Fipurr 1]
Clophen? A .60 Figum (¢
Pyrsiene® 6000 Figure 15
Arocior? 1262 [ Frgure to
Arocior® 1268 o8 Figere |7
Arcchor® 465 (PCRs » PCTs B 3 Fipum 1§
Arocior® 3432 (PCTs oniy) a2 Figure 19
Arocior® 3442 (PCT: only) Q Figure 20
* Al date grvereiad vhder dard r ng dini M perms $ect com-

pansons: clecmon capture (EC). Hall siecwoconsucuvny dewcsor (HECD),

snd Name onizasven dewctor 1FTDY. The stepwnt inscwd on columa s dn.
played in each (igure o the wame shesusion (a0r of the recorder.

when compared 10 the GC data do not bear any strong resemblance 10 the previous elution
patterns obusined by EC or HECD. However, the resembiance between FTD and GC/MS.
C1-CH, 13 established. Presumably the cnterion for detection in both these cases runs parailel.
Once again. the ability 1o group cenamn siandards 8s equivalens (Table 3) has been dem-
onsirated by observing similar elution profiles. The close similanty beiween Aroclor® 1262
and Aroclor® 1260 (Figure 22) is a reflection of the inability of GC/MS-C]-CH, to distinguish
between such a small %C1 difference. As with the EC/HECD/FID data for Aroclor® 1268
(Figure 17) the GC/MS daws (Figure 22) are a perfect profile maich 10 all three deteciors
for the same reasons previousty outlined. Besides this ability to distinguish siandards via
TIC profiles, the reteniion time ranges wvolved must not be totally forgonien as an sdditional
cruenon for identificanon. The higher chionasted Arociors® have larger ranges of reienuon
time. While the GC dats previously presensed were basad on a column emperature of 190°C.
a lemperature programming approach had to be adopied for GC/MS 1o provide the necessary
peak widths (time for about 10 scans) for 1ol ion detestion (mvz B0 to 500) as weil as
compieting the snalysis within 10 min. To achieve these profiles illusrated in Figures 22
1o 24, the wmount injected on column was in the range of 3 10 7 ug, i.e.. two orders of
magnitude greater than that empioyed for EC or HECD. While it is not anticipated tha this
particular mode of detection {i.e.. TIC over m/z 30 to 5000 will be used 1n actual sample
snalysis. these basic profiles do serve as the pnmary data source in understanding the mass
chromatograms that can be exracied from the dawa collectasd. 1n sumple terms. a mass
chromatogram is a computer-assisted lechnique that searches the towa) dats collected and
plots out oaly the responses recorded for the parucular single mvz value requesied. in the
case of PCBs. this is a very useful technique since Cl conditions produce only protonaied
molecular ions. Therefore, by specification of the m/z values commesponding 10 protonared
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moiecular ions of biphenvl, monachlorobiphenyl. dichlorobipheny!. tnichlorobiphens!. re-
rrachlorobiphenvi, pentachiorobiphenvi. hexachlorobiphenv(. heptachiorobiphenyl. and oc.
1achlorowphenyt 1155, 189, 223, 257293, 327, 361. 395. and 431. respectively; ihe tocal
wn curreni can be subdivided 10 give maps of the composiion of cach cluting peak by
moiecular weight or chionne content (Figures 15 10 1), This process can be cnnsidered as
providing & second dimensional analysis of the TIC. Such mass chromatograms are very
revealing in thar they provide an nstant visual representanon of the compotinion of each
Aroclor® by moieculat weight The abiliy 1o perform such mass chromaiograms has .
creased the power of the GC MS-C1-CH, dac 10 the exient of providing unambrguous proof
of wennfication as weil as possible origin of comaminanon. In aciual analvsis of residue
sempies. however. \he 1echnigue employed 15 10 scan only for those wons of interess thereby
achieving lhe tevel of sensivity equivalent 1o ihat of EC or HECD.

C. Liquid Chromatography

Whtle Liquid chromaiography (LC) has been demonstrated 10 be particularly useiul i ihe
analyses of thermally labile compounds . us petential wlihity 1n PCB analysis has been reponed
by only a few invesupalors.’* "' " Al the present ume. two LC techniques have been used
10 analyze PCB samples — adsorpuion liquid solid chromatography tLSC) and reversed.
phase liquid hiquid chromatography (RPLC). Aizeimuller,” Brinkman et al.." and Chios
et al.” all favored the apphcation of LSC since the observed eiuuion patierns of PCHs were
the reverse order of thai observed both in GC with nonpolar sisiionary phases and RPLC,
r.e.. order of eluiion was according 1o decreasing chionne content. With this techmque,
DOT and 15 analogues were separsied from PCBs and hence removed the need for chemical
separstion before analysis. However. the resultant eiution profiles illysirated poor separation
of the congeners making assignment of the possible source of comtaminanion difficult. Dry
hexane®® was used |0 increase resolution of the elwiion profile requinng additional anatysis
lime and a1 the same Uime destroying the advanisge of DDT separsiion from PCBs. On the
other hand. Kirkland™ favored RPLC for the nonpolar congeners. Sieber™ has shown that
RPLC can be used 10 assign individus) chionnated biphenyis to the certun reference suandards

In the continuing effort 1o provide extensive graphical documentation on eiution profijes.
the solvent system (5% water 1 methanol with ODS column) was deiiberateiy chosen (or
direct ransfer 10 liquad chromatography/mass spectromewy (LC/MS) using s moving bel
interface. ™ Elunon patterns obxained in this manner are illusirated n Figures 34 10 )7 and
can be considered simiiar 1o the GC etution profiies illusrated in the previous secirons. Such
ciution panterns are in genersi agreement with those obtained by Sieber™ and demonsirate
decreased solubility i the mobnle phase soivent for incressing molecular weight. As with
GC/MS. deployment of SIM techniques (Figures 38 and 19) can be usefui in dewermining
the composttion by degres of chlorinsuon. thereby assisting in the proper assignment of
source of comamination whenever possidie. Addinonally. the use of SIM 13 abie 10 selecuvely
ignore the presence of DDT and ils analogues eliminating the disadvaniage reported by 1hose
workeryfavonag LSC. The most widely used uitravioier (UV) detector unfortunatciy requires
exiensive sampie cieanup before anaiysis. Caimns e1 al.™ have siready demonstraied tha: LC/
MS-5IM can eliminate the need for sampie cieanup pnor 10 quantitative analvsis. However,
one disadvaniage continues 10 plague LC and LC/MS. Opersting sensinivity 15 ofien wo
orders of magniude lower than that expenenced with EC or HECD. With the advem of
modern delectors such as the photoconductivity dewector (PCD), some of these senstnvity
probiems should begin 1o disappear.

in conciusion. LC has the potential 1o become an additional powerful analyucal ool 1n
the hands of the residue chemisi. 1t is aiready estabiished as a confirmatory 1echnique in
the absence of MS. bui iacks sufficsent sensitivity 1o compete with EC or HECD 1n residue
ansivsis.
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D. Nuziesr Maguetic Rmonance

Aithough the acknowliedged sensitiviry of nuciear magnetic resonance (INMR) is much
leas than that demonsurated for chromawographic and Mmass specuometne methods. i can
function as s powerful analvucsil 100l In providing data on moiecular siructure. electronic
charge distnibution. and molecular interacnions. The first repon of an sitempied 1dennficanon
of PCBs by proton NMR was conducied st 60 MH2.™ This study concluded that in the
absence of reference siandards of the individual congeners. jdenuficanion of censin specific
rsomers belonging 10 the PCB family was possibie based on 3 prion arguments invoiving
chemical shifts and coupling consuums. In {act. the higher ehionnated congeners were the

KANECHLOA 100 |

i

simpiest 10 idenn(y based on 1he smail number of coupied protons expecied in such structures.

Welti and Sissons*' then reported proton NMR data a1 220 MHZ for s large number of PCBs
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FIGURE 1¢. Touwl wom curvem profiles (or poiychionnsmd rerpheayis.

1solsted [rom commercial standards such as the Aroclors®. This work {ortified the preliminary
studies by Barie®™ and permined less complicated tpectral analysis. Symmemncaily subsu.
tused dihalobiphenyls were extensively studied by Tarpley and Goldsten™ who were abie
10 sccount for chemical shifts (a 2.2' -dichlorobipheny! by appiication of an additivity scheme
based on chiorobenzene and biphenyl. With technological advancements in instrumentation
and the svailebility of Founer iransform (FT), studies were Raturaily then extended to the
applicavion of '*C NMR 10 PCBs. Wilson and Anderson®’ reported the '’C and 'H NMR
spectra for 1en symmetncaily substituted chionnated biphenyis. These authors were able o
predici the C shieldings with reasonabie precision from additive substituent parameters on
benzene. Addinonal data on '’C shieldings was then measured by Wilson for 25 chionnated
biphenvis. Assignment of the protonaied carbon atoms i | 3 compounds wis confimmed by
selecuve proton couphing. Using additive procedures denved (rom data on chiorobenzene
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FIGURE 23, Touwl ion cuiment with mitvant mass CArOMSIpgrornt
lugras e compostion of Arocioe® 1221,
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FIGURE 26. Towl won curmemt with reievast Mass ChrOmaograms
tlhoarme e compouos of Amcier® 1232,

and 2. 3-. and d-chiorobiphenyl, the author was able to predict in an approximate fashion
the effect of chlonine substiulion on the *C shigldings. An ineresung conclusion concerming
the effects of a chionne substituent was the discavery of their sigruficant ransmussion thraugh
c1ght covalent bonds. The most significam finding. however, was the gross correlation of
"C shieldings with towal charge density which in umn permined the division of the specirum
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AROCLOR 1242
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FIGURE 27. Touwd 108 currem wah mievam mass chromemg s ©
lusirase e compusiuom of Asacior® 1242,

inig three distinct sections: 135 1o 144 ppm for C-) carbons, 130 10 135 ppm for C-CI
carbons. and 120 1o 130 ppm for C.H carbons. Lavy and Hewit* emploved tws anaivucal
approach in the semiquanutatve analysis by C NMR (69.7 MHzi of Aroclor® 1221, The
total chiorine contem obtained by NMR was | 4 sioms of chiorine per molecule. Based on
GC/MS and EC/GC studies the quantitauve value obiained was 1.2 atoms per molecuie tie |
21% Cl by wergh).

Rather than attempt (o illustrate rypical speetrs obunned for ceruain individual congeners
with tables of chemical shifts and coupling constams. four Aroclors® have been selected as
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AROCLOR 1016
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Clp
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AGURE 0.  Towl on currers with ievam mass cVOmaograms w
lheswns the componien of Arecher® (018

representative reference matenals and their ‘H (270 MHz) and *C (69.7 MHz) NMR spectra
are presented in Figures 40 and 41, These spectn were obtained on » Bruker WH270
spectrometer. Sampies were dissolved in chloroform-d, (270 mgrmé) for the *C measure.
menis and 1n methylene chlonde-d, (2830 mgmé) {or the 'H massuremenus. '*C specirs were
recorded with proton broad band decoupling. In addition, the spin reiaxauon reagent chro-
mium acetylacetonswe (0.052 M) was present for all the 'C measurements. The concentration
of the relaxation resgent and the “*C data scquisition parameters were sciected so 1hal
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FIGURE 29. Towl o curren with Rievant Mass ¢NOMM PRI W
tluMrae the componion of Arocior® 1248,
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AROCLOR 12354
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Cl‘
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SCAN NUMBER

FIGURE 30. Towl ios current with mievam mass cA/OMmograms %
lusiriee the composiam of Aseciher® L1234

sensitivity was optimized under conditions where quantitstive data was obsined. The 'H
dals was recorded under quantitauve conditions simply by using a long relaxation ime.
Cherucal shufis were reponed i ppm downfield from internal TMS for both "*C and 'H
specta.

These spectra of selected Arocions® have been presemed 10 charscienzs or fingerpnnt
rather than provide 3 detailed structural analysis of the dats. In 1he case of 'H NMR 1pectra
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FIGURE 3. Tost wou currem wub mievam mass chromasograms 0
dhmeras W compesioon of Asocior® 1240,

(Figure 40) the wend in chemtcal shift of the vanous protons (osTho 1o para) is downiield
as the %1 by weight increases. Chionne substituenus have the expected deshiciding effect
on the protons in adjacent postons, Application of these fingerpnnu might well serve to
ndicate the degree of chiorination i1n the sampie and hence provide proof for the absence
or presence of particuiar congeners. |

In the case of the '’C NMR specira (Figure 41} the gross comelstion of charge densuy
and "*C sheelding esiablishad by Wilson has besn applied to differenuate the different 1vpes
of carbon aloms present within the complex mixmres. The approasch 10 semiquantuative
analysis used by Levy and Hewitt** has aiso been appiied to these spectra. Resuits from this
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FIGURE 33, Towl w cwrent with mievam mass CMOMMOgTUn 10
ilusareae W componivon of Arecier® |26,

approach are listed in Table 4. The semiquantitative agreement is somewhat discoursging.
When the range for the C-C1 was reduced 0 131.5 to 135.5 ppm then the results all came
within 1% of the theoreucal values for BCl by weight. While there are good reasons io
support reducing the range. the uncenainty in deciding the rue boundary sudl exists. Chemical
shift values 10 substantisie both boundaries have been published and for this reason the
Qquantitative analysis by *C NMR of PCBs is not recommended. Closer examinauon of the
spectra. however, do give a3 vast amoum of informalion conceming the aature of the carbon
s1oms in the samples studied. The reducuon in the type of C-1 carbon stoms observed (118
w 140 ppm) a3 %C1 increased reflecied the reduction in the number of congeners present
and heace 3 resultam increass in the populsuon of certain other congeners with common C-
| carbons. Conversely, tha spectra demonsirsted the clear menad in the disappearance of
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FIGURE 36. Revemad-phiug LC ¢lunon pafiarms obeervad (or vafoul otier ) hCA + bl

phase. 5% waeer W methanol. 0.3 mlimm; Al witmephers OD5 4 um. 234 am (ixed wavelngth devecior.

carbons bearing & prowon a3 %C] increased. However, the chemical shift zone for carbon
atoms bearing s chlonne (130 to 138 ppm) was 30 compler as 1o discourage nterpretanon.

At best these spectra can be » useful addition 10 the library of spectral data on PCBs for
ust 1 quatiwative identification only.

1V. APPROACHES TO QUANTITATION
With the widespread avasiabiliry of EC as the most con-effective detecior for incurred
PCB residues &1 the parts per million level. quantilslion becomes s complex issve.® Un.

forunmely, the majonry of PCB1 found in environmentai sampies only resemble certain
Aroclors® in chromaiographic patiern but do not maich them eascty (Section 1li.A) Because
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wm; 234 am fisad wavelength dewmetor.

of the dispropontionality of dewcior response. the choice of 1 suilable reference sundard
can significamtly affect the final analyncal resuli. Having made the necessary judgmentai
decision 83 1¢ the mos siiable standard, quantitation by comparison of profile areas can
be easculed. Very ofien. however, the PCB residue may be s composite of two or more
reference suandards, and & mixture of reference matenals may be required. Considerable
improvement in the relisbiliry of results obuuned by EC was provided through an snteriab-
oratory study®" ™ utilizing » peak-by-peak ares companson (rewention times) procedure rather
than & 10ts) patiern concept. This approsch onginally suggesied by Webb and McCall™ wu
highly dependent on properly characienzed reference matenais (i.e., weight percentage by
peak) and illustrated the ymproved precision and MCCUraCy over eaisling methods.
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FICURE 40. Prouom magacuc resonance {270 MH2) specirs of varous Arcoclon®

Use of halogen-specific dewecrons such a5 HECD greatly reduces the potenual error of
disproporionality of response between reference standard and sample. However, their lack
of avaslabiliry sn many isborsiones has preciuded their use in quantitative analysis. HECD
has coniribnied lo the vital characienzaton of Aroclors® fundamenisl 10 the analybcal
approach sdopted for quannwuon by EC vis peak-by-peak compansons. Additionally. the
use of GC/MS-Cl winh representative congeners of PCBs has #iso assisied 1n providing
quamnmive analysis®’ of five Arocior® standards (Figure 42) recommended for use in quan.
uunon via EC.

To assess the reistive ments of these techniques. the composinon of Aroclor® |248 was
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Table 4
SEMIQUANTITATIVE ANALYSIS OF AROCLORS® BY "'C VMR

Ares MEBIUTTMIAL Hinlegr B LIOR TAREE I ppm)

L2
C-l C.C1 C-H Anesi
arcler® 138 5%— 1421 138 S | 30.25) 1330.25— 1381 Uaic. theor. lownd
1242 b bR 4) 7 an
H | L} 12 [ %] 45
1284 19 kN | 2} [\ “
1280 19 [ ] [} ob 4]

determined by EC. HECD. and GC/MS-CI (Table 5% The peak wdenufication svuem
employed by Sawyer'’ has been used 10 provide 8 numencal value for each of the eluniun
peaks in the profile (reiennion values for p.p -DDE = 100, p.p-DDT = 168, and aldnn
= 54 conshiture 3 reference systemi. 1t 15 recognized that both EC and HECD share (he
same basic pnncipie of detection, 1 e.. increased sensitivity (0 Lhe 1kal number of chlonnes
in the molecule. Therefore. 11 15 not surpnsing that a peak-by-peak quaniitation of Arocior®
1248 by both these methods provided good overall agreement . in several insiances. however.
the correlation muss be considered as poor (peaks 21, 28. 17, and 40} These results are
expenmental evidence of disproponionalily in spite of similar sensiuvity 1© molar chionne
In the case of results via GC/MS-CL. the tnabilisy 1o properly quantitaie the last five peaks
scparstely due 10 Ihetr low ntensuy elution profiles was evident. In general, however, the
agreement berween GC/MS-Cl andror EC and HECD was poor. in the cse of peaks con-
taiming Cl. 50 Cl,, the values by GC/MS were much larger. This was an indication of (he
greater senntivity of MS 1o lower molecular weight compounds while [or EC and HECD
the reverse was true. Lrrespecuve of the [aciors governing the mechanism of detecuion. all
three methods did provide a ro1al chiorine contens extremely close to that injected on column
A conclusion (0 be gathered from this example is that the summanon of individual area
measuremnents vsuaily resuits in an aversging of Lthe duproponionainy faciors expenenced
by cach method.

The vanety of problems encouniered in Guanutation of PCB residues has focused attenlion
on deveioping aliernsic approaches involving measurement of a single speces rathet than
a mixsure. Such brave anempts have included carpon-skeleion GC where PCBs are reduced
on-column 15% P a1t 180°C wnh H; a5 carmier gas) 10 biphenyl.” perchiormatuon of PCBs
by aniimony pentachionde 10 give decachiorobiphenyl,™ and microcoulometnc determination
of total chlonne as HC1.*

Perhaps the most innovative approach 1o quantilation has been provided by GC/MS where
representative congeners from each molscular weight class are utilized as stngie standards
o quamnae all members of their respective famalies.® In the analyss of a fish sample
conwminaled by PCB1 and DDE (Figure 43), the ability 10 manipulate the recorded rotal
1on curTen: data base o vanous mass chromatograms (Figure 44) provided a ciear separation
of PCBs from DDE withou! further chemical treaument.* This ability 10 assign the observed
PCB ‘residue 10 Arclor® 1254 was then easily etiablished and the quanution carned out
with a high degree of confidence. This key determinative siep performed by GC/MS seems
10 be free from previovsly encountered dificuines.

In conclusion, the routine use of EC for pnmary determination of PCBs and 2 whole hoit
of other organochlonhe-conwining pesucides 15 still mandstory based on sensitivity The
gross differences m sample residue composiiion from that of a recognized standard can ofien
contnbute 1o the complexity of an analysis. Such incidences result in other novel approsches
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10 quanmtitation which avoid these complexiiies. Whatever the analytical approsch adopted,

t should be clearly undersiood thar good judgment on the pan of the performing analyst ;s

il required 1o ensure reliable reponing of PCBs ia the liersture.
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nternslty

Tabie 8
QUANTITATIVE COMPARISON OF CHLORINE
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48 PCBs und 1he Emvirtinment
[. STRUCTURE AND PREPARATION OF PCBs

A. Nomencisture

PCBs arc a class of synthetic chionnaied organic compounds with biphenvi as the basic
struciural unit. Chlorinaton of the group can produce 209 possible chlorobiphenyis 1con.
geners! substiured with | to {0 chiorine atoms Sysiematic numbenng and strutiures of
these chigrobiphenvis from Balischmuer and Zeli' are given an Table | According to the
IUPAC definitive rules for nomenclaiure of orgamic chemistry, one ning sysem in the
tphenyl ring assembly ts sssigned unpnmed numbers and the other primed numbery as
iusirated 1n Figure |

The order for assigning prionyies 10 the substituents in the 7ing assembly . as Cl i PCBs
13 1}) unprimed number 1$ asyigned ioveef Order than the corresponding primed number. &
2 vs 27, (2) lower number is assigned 10 3 pownt of attachment in eguivaient posnson, as 2
vs. 6, for a substiiuent 1n one of the orrho positions; 13) when the number of subsituens
1N the two ring sysiems 15 the same. unpnmed numbers are assigned (0 the ring syvem with
smaller numbered subsinuents These rules arc Hustrated in Figure 2 for pentschioron-
phenyi. Nomenclaiures of chionnaied biphenyls contaiming addiional subsitiuents as hy.
droxvl. amwino. and carboxy! groups are funher descnbed In a comprehensive accoun of
the chermistry of PCBs by Huizinger et at.’ These pancipal functions are cited as the sutfix.
chiorotphenyiol. chiorobiphenyi amine. chiorobiphenyl carbeaylic acid and so on

B. Synihesis of Individusi Chiorobiphenyhs

Synihes:s of mosi of the 209 chiorobiphenyls has been accomplished and many of these
are now avaiiable. Methods used for the preparation of indivedual chiorobiphenyis include
(1) phenylanon or arylaion of womsic compounds. (2) condensauon reachions. and (3)
chionnaiion of bipheny!

Arylanon of a number of aromalic compounds as aroyl peroxides. carboxvhe acids.
digzonium Saits. mrosoamines, aryhinazenes, phenythydrazines. and others has been a1.
tatned . The reactions between the selected aromatic compounds and the substrate. benzene.
usually involve free radicals provided either by the aromatic compound or the {ree radical
precursors used in the reaction. Exampies of arvianon in the presence of benzene and
chionnaed benzene are gaiven in Figures JA and B.

A number of condensauon reacuions involving aromatic halides, phenyisulflinaes. arvi
peroxides and acwd anhygnges. chlorobentenes. and olthet aromauic compounds have been
descnbed by Hutzinger e al.* Condensation of two aromai:e halides in the presence of finely
divided Cu is probably the most widely used procedure for the preparation of symmeincal
chiorobiphenyis. Figure 4A iliustraies formauon of hexachiorobiphenyl from inchloroio-
dobenzene. Copper 15 usually mused with the halide and heaied for several hours. Mixiures
of symmetncal and asymmetncal chiorobiphenyls are produced by this reaciion when iwo
differens halides are used (Figure 4B4.

Chionnation of ipheny! can occur either by substuution of Cl for H (H-Ci) 1o form
chlorobiphenyis or by addition

(-cu-cn-)

Pt
a <

o form hexachlorocyciohexy! benzenes (C,,H,,CL). The products formed by the additton
of Cl are. however, thermally unsiable and gecompose 10 produce chiorobiphenyls during
the chionnaion process. Direct chionnation proguces mixtures of chlorobiphenyls. depend-
ing upon the chiorne 10 bipheny! ratic. the catalyst used. and the wemperaiure of the ex-
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peniment. For caample. 1n the presence of uon Filings. equivalen proporions of tiphens |
and ehionne produced about 32T 2-chiorobiphenyl. 6% 4-chlorobiphenvt. and 2% dich.
lorobipheny! ? In the presence of benionite elay as camalvst. 70% of the product was o-
shiornhipheny! * Chionnaton of hiphenyi wub liquid chlonne i the presence o1 FeClL.
produced 3 mixlure of nona- and deeachiorobiphenyis.” while ai high temperatures. in the
presence of S6CL* on TiCl,". decachivtobiphenyl wis pruduced. Replacements oL wnmu.
hydtoxyl. nutrn, suiforue acid. and others by chlorine also produce chiorinaled biphens (s

€. Commercial PCBs

Chiorination of biphenvt in the presence of a catalyst, such as ifon filings or ron chioride
15 used for industnal preparanons of PCBs. The chiorination process produces misiures of
chiorobiphenvis which are influenced by the rauo of chionne 10 biphenyt. The crude product
resulung from chionnauon of biphenyls 15 purified to remove color. catalysi. and iraces of
HCi by atkais reaimen: and distiilanion. The purified PCB preparations are generally viscous
Iiguids. tn the U S.. PCBs have been manufacwred by Monsamo under the uade name
Arocions® The most common Aroclor® preparaiions include 1242, 1248, 1254, and 1260
The first two digus are the number of carbon 2ioms in the biphenyl group and the iast 1wo
digits grve approximate %&Cl coment in the PCB preparauon. GC analysis of the Aroclors®
iand olher commercial preparations soid under ditferent trade names around the worid (see
Chapier 1), show that ihey are complex muures of different chiorobiphenyls. Gas chro-
matograms of esch preparaiion show a number of peaks. Use of glass capillary cotumns in
GC has permitted bever resolution of the peaks, resulting th over 60 peaks {rom Arocior®
1248 and over 90 peaks from Aroclors® 1254 and 1260.* Using high-resolunon thin-film
glass capdiary GC. Balischmuner and Z2i' have wdentified sbout 200 chiorobiphenvis in 2
commercial PCB preparation, Clophen®. Determinaions of the compossion of dulferent
peaks using a conductivily detector show that Arociors® with lower chionne content coniain
tess chiorinated biphenyls with peaks having smalier retention umes.* ™ Aroclor® 1242 gave
pcaks corresponding to compounds containing | to § chlonne aoms. while peaks from
Arocior® 1254 conained 3 10 6 chionne atoms and those from Arocior® | 260 comained 5.
0. and 7 chlonne atoms.

Analyses of chiorobiphenvyis in commerciai preparations using camliary GC/MS. "' based
on retention {tmes and moilecular ions permit deflinitive dennlication and quamiat. « esu-
matton of different chiorobiphenyis in the sampie. Relative percentages of about 100 diftescnt
PCBs in the Arociors®. thus determined, can be used as seeondary siancards for environ.
mental sampies.

1. PROPERTIES OF PCBs

A. General Physical Properties

_PCBs are among the most suabie organic compounds known. They have a low dweleciny
constant and high heat capacity which render them 1deal for use in elecuncal capacitors and
unnsformers. While most individual chiorobiphenyis are solids at room temperature. com-
tercial preparsuons arc gencrally resins or viseous hiquids of densiy greater than wawer.
Tabie 2 shows some selecied properies of four common Arociors® and Table 3 gives amounis
of chlgrobiphenvis of different chionne contents in the Arociors®  Other properues of PCBs,
solubility. vaponzation. and sorption. which are imponant in controlling thetr ranspon and
distnbyrion an she environment are discussed in dewd below.

B. Solubilliy
Sotubiiity of PCBs in water and 10 organic soivems. as hpids, grealy influences theit
transpont and persisience in the environmen:. Solubtlines of 3 number of ndividual chio-
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52 PCBi1 and the Environment
3’ 2’ 2 3

4’ 1 1
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FIGURL ' Numbennp n the biphenyl nag sysiem

ct Cl Ct

Cl

FIGURE 2. Suwcture of 2.0.3.4° 5 -peniachiorobiphenyi

¢ ¢
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¢ c ¢
CoH.Cl,
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FICURE 3. jA] Aryiahon of 3.3 4 4" axymctiorobenaoy! pereasie 10 ) .4-gehiombiphesyl - 1B
Afvistom of ).4-dichicroantine o 1.)' 4" S.wvachiorobiphenyl.?
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Table 2
PHYSICAL CHARACTERISTICS OF FOUR
COMMON AROCLORS®’

Diclectric
conmant
ist 1008 ¢)
[

Areciors bin o wrc range (*C) Density
1242 [R] 9 32530 138
1248 LK) 4.6 30— 373 | a4
1254 30 ) 3o )90 1 53
1260 4) 3t J88—at 20 )82

robiphenyis a3 well as of commercial preparstions have been sbulsied by Hutzinger et al *
Because of very low solubtlity of PCBs in water. 5 common method used for solubiiny
derermination involves placing s quanuty of the chiorobipheny! in a large quantily of water
which it continvously stirred. Aliquots are then withdrawn penodically. centnfuged. and
chiorobiphenyl in the sypernatan esumated. This procedure 1s contnued until sn equilibnum
i3 ausined. which 1s s slow process. !

Solubslity of PCBs in water generally decreases with increase in the degree of chionnaion
individual chlorobiphenyls vary in their solubilily from about 6 ppm for monochlorobiphenyl
1o a8 low a5 0.007 ppm for actachlorobiphenyl.’ Decachiorobiphenyl. despite its higher
chionne conteni. s aboul twice a5 soluble as the oclachiorobiphenyl. The sojubllises also
vary among chlorobiphenyls with the same number of chionnes. for exampie. solubililies
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54 PCBy and the Environment

Table 3
MOLECULAR WEIGHT, CI CONTENT. AND AMOUNTS OF
CHLOROBIPHENYLS IN FOUR COMMON AROCLORS™

% in Areciers?

( hiorspipheny! Meat wi *Q 143 114 1234 led
Munorhlorobiphe n vt 189 &) n”n 3 - —_ -
Dic hiorotphenyi 210 LI 3] 2 - —_
Trehioropipheny pLER T 4t 0 2 1] - .
Teuachiorobiphenyi Mn +4 58 ¥ 40 1] —_
Pemachiorobpneny! e 4) 34 30 - L] L0 ¥
Hewachiorptiphe ny! 360 39 pi R a E} LT 5
Hepiuehiorodphany! L} " — — [} 4
Oclachionobipheay! awm on - - - L)
N kg g n v | b 1) [ B4 ] - - — !

of 1.4., 1.2°- and 2.4 .dichlorobiphenyls are 1.40, 1.50, and | .88 ppm. respeciively. while
that of 4 .4 -dichiorobspheny! 1s only 0.08 ppm_* Chlonne substtutions in different posiions
of the biphenyl nng sysiem are apparently responsible for the differences n solubliies of
chiorobiphenyls with same chionne content.

Solubiies of chiorobiphenyis reponed by different workers are simnilar tn most Insiances
For example. solubiliiy of 2.4.5.2°.5 -peatachlorobiphenyl 13 10,'! 20, and 31 ppb.7 Sol-
ubility of 2.4.5,2°.4° 5 -hexachiorobiphenyl. on the other hand. differed by an order of
magniude in Iwo repons — Hutzinger et 8l.° reporied a solubiliry of 8.8 ppb while Haque
and Schmedding'* reponied 0.9 ppb.

Solubilines of vanous Arociors® reporied by Hutzinger et al.? are Aroclors® 1242 = 200
ppb. 1248 = OO ppb, 1254 = 40 ppb, and 1260 = 2S5 ppb. Solubility of Arocior® 1254
deiermuned by Haque el 31.'7 wag about 36 ppb. simiiar w0 40 ppd above. Because less
chionnated bwphenyls are generally more soluble than more chiorinaied biphenyls, aqueous
solutions of Aroclors® show greater proportions of the lower chionnated biphenyls than the
standard Arociors® from whieh the solution: are made.’ "' However, some anomaies are
observed because of differenual solubilines of certmn PCB congeners. as noted above. Rauos
of GC peak hesghts from sawrated aqueous solution of Arocior® (254 a1 26°C 1o (he
cofresponding peaks {rom the standard Aroclor® | 254 vaned from abou 3 for the firs: iwo
peaks 1o less than | for peaks 3 through 1. Peak number 4 had a value of i4 for this rauo.
presumably because of high solubility of the isomer corresponding 10 the peak.?

Solubilines of PCBs are grestly infiuenced by the environment. For example, aqueous
phases in the environment gencrally contun dissoived organic subsuances which probably
enhance the concentration of PCBs 1n soiution. Zitko™ obtmned solubilities of Aroclor?
1254 1n “fresh water” in the range of 0.3 lo 3 ppm. which are much higher than 0.012
ppm reponad by MacKay and Woikolf.'" and 0.056 ppm by Hagque et al. ' and were sunbuted
by these authors 10 the presence of organic matenial in water. Conversely, sorption of PCBs
on soil or sediment surfaces in the aquaiic environmen: would decrease thewr soluion con-
centration. A recent study shows that the movement of PCBs from dialysis membrane bags
suspended in waier was much less from bags with parcies than from ihose without particies. '

C. Vepor Pressure snd Vaporizstion

PCBs have very low vapor pressures which, like theif soiubility in water, decrease with
increased chionnauon. Vsponzslion rates for six common Arociors® (Table 4) show ihat
the vaponzauon rales decrease aboul 200-fold from Arocior® 1221 which consisus pnmanly
of mono- and dichlorobiphenyls, © 1260 which consisis essenislly of penw.. hexs-,
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Table d
VAPORIZATION RATES OF 51X
AROCLORS® MEASURED AT

100°C?
Aroclor® Yaperitahen raie

(12.20 em? surface! grem'es

[} 00T

1232 0 000874

1243 0 GO0 38

1248 0 oo

1234 0 00003 )

160 0.000009

hepra-. and octachlorobiphenvis Haque €1 al.'’ cbserved u vaponzstion rate of 0 0000036
giem/hr for Arocior® 1254 a 60°C as compared 10 0.000033 grem®/Mr mt {00°C (Table 4).

In environmenial sampies where PCBs are sorbed on soil or sedimen: surfaces. Ihe rae
of vaponizatton of PCBs is grea(ly reduced. The vaponizstion rate depends upon (he sorplion
surface. Hague et al.'? observed thal aboul 60% of Arocior® 1254 sorbed by Ontawa sand
was lost by vaponzation in a 4-week penod. while no significant loss occurred from Wood-
bum 501l in Ihe same penod. Ajso. the less ehionnated biphenyls in the Arocior® showed
the mosi loss and the more chlonnaied biphenyls the Jeast Joss 1n accordance with therr
vapor pressures. The roje of the vanous components of soils or sediments in sffecing the
vaponzsiion of PCBs from their surfaces 15 not well understiood. However. charactensics
such as surface ares. organic matier conient. type of clay. and pH of the medium which are
1mportant 1n considerations of environmental samples, would Jikely influence ihe vaponzation
of sorbed PCBs.

While vaporizauen of PCBs sorbed on soil and sediment surfaces 15 reduced. their va.
porizstion from aqueous soluitons ts anomalously high. given thexr low vapor pressure and
high motecular weight. Mechamism of this high vaporizstion raie 15 not known. However,
the losses from aqueous solutions of PCBs and other chiorinated hydrocarpons of very low
solubility have been descnibed in lerms of fugacity, the escaping tendency of the solute. by
MacK sy " Fugacity appears 10 be & useful concept 1n considering [osses of organic matenais
from aqueous soiutions. Based on this approach. the half-life of PCBs in & well-mixed |-
m deep body of water such as s fast-flowing river was célculated 10 be abow 10 hr *°
Evaporauion of PCBs from contaminated rivers and lakes may. thus, represent s majof means
of their transpon imo the envuoamen:.

D. Sorption Reactiors

Transpon and faste of PCBs in aquatic sysems and their panitioning in different com-
panmenus of the environment depend to & large degree on the sorpuon reactions. These
reactions have received considerable atiention and sorption-desorpton of 3 number of n-
dividual chlorobiphenyls as well as of commercial PCB preparations with sorbents of different
charscienstics have been siudied. Generally. sorption increases with increase m chionne
conien: of the chiorobipheny!. and with surfsce arca and organic carbon of the sorbent.

Haque and Schmedding.'* usmg mndividual chiorobiphenyls. found that sorpuion by four
different sorbenus, 8 sand. » soil, a clay. and a humic acid sample occurred in the order:
hexschlorobipheny! > letrachiorobiphenyl > dichlorobiphenyl. Not only are the chiorob:-
phenvis with higher chionne content sorbed in larger quantity but they are slso helid more
ughtly on sorbent surfaces. ln expenments on desorption of Araclor® 1234, Haque e a!
cbserved thar vapor 10ss Of individual Chlorobiphenyls in Aroclor® 1254 decreased with
increased chionnalion i sccordance with their vapor pressures.
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Hitaizum et 3).." using 2 number of adsorbents. observed that the snrpiion of PCBx was
linearty related 10 the specific surface areas of the adsorbenis The relationships beiween
ihe PCBs sorbed and [hesr concenirations o solutions have generatly been described m ierms
of equiitbnum modeis such 43 the Freundlich model

Co = K:Co'"

where C_ 13 the amouni adsorbed tmciogram per gram), Co 13 the equihbrium solution
LonCeniTalon (miIcrogram per duert. and K and b'n are constanis. For the adsorpuon and
desorpiion of PCBs. however. the observed isotherms arc Runsingulat. with desorpuion
showing marked hysieresis. Horzempa and Toro™ found values of K lor desorpuon of
herachiorobiphenyi to be swo to three times the value for adsorpuon by a lake sedimemt and
iwo ciay minerals. montmorilionite and kaolinite. The sorpuon appeared 10 be correlated
buoth with the surface area and the organic mauer conient. The nonsingular behavior which
may resuis from lack of atainment of equiiibrium.** besides other poorly understood factors
clearly demonsirates that PCBs are sirongly held on the surfaces of the sorbents. Indeed.
expenmenis show that PCBs soroed by soils remain immobile apainsi leaching with water-*
of tandfill leachaie. ™ Simiarly, PCBs are sirongiy sorbed on sediment surfaces and are thus
sransporied downstream in hver sysiems 7

A number of invesngations show that sorpiion of PCBs by sediments and soiis is related
10 their 10tal orgamic carbon ™ '' These correiaions have jed (0 the Suggeston that sorption
of PCBs and other nontoruc organic compounds of low aqueous solubthity 15 due o soluie
paniioming n the organic matter ™ '* Consequently. panttioning of an organic compound,
as PCBs. beiween organic maiter of 50i/s and sediments and water shouid cormelate weil
with its partion coefficient between water and an :mmuscible solvent, as n-octanot. Octanol/
water panioon coefficients and water solubilites of a number of organic compounds. in-
cluding PCBs. covering more than eight orders of magnitude tn solubility (10?10 10*) and
six orders of magnutude in parunon coefficient (10 10 10°) have been demonsirated ** Thus.
estimates of distnbution coefficient or sorpuon of these Ofganic compounds by environmenial
samples as s01is and sediments can be oblaned erther from their aqueous solubihitics or n-
oclianolwater panition coefficients. Alihough these relauonships apply 10 sorbents with
appreciabte organic surface coaungs. tn sorbents wiuh lnile or NO organx maner prescnt,
$0Tp1on must proceed through other mechanisms.

l1I. PROCESSES AND PRODUCTS OF PCBs DEGRADATION

A. Photechemical Degradation

One possibie route of environmental breakdown of PCBs 13 pholochemical degradanon.
Early laborstory expenments on photolysis of PCBs were conducied with mercury lamps as
UV sources. emitung radiations a1 a wavelength of about 254 nm. These photodegradahions
resulted 1n dechionnation of PCBs. PCBs do absork an the 280 10 300 am range.™ which
15 the high energy end of the solar spectrum reaching the earth's surface. Many expenments
have been performed with the high energy UV radiation and UV fluorescent lamps simulating
sunligh. producing iess chlonnaied PCBs than the sianting matenal. Safe and Hutzinger™
obeerved that 2.2 .4 4°.6.6'-hexachiorobipheny! photolyses readily a1 310 nm. with siepwise
ioss of chionne. producing molecuiar wns corresponding 1o di+, tn-, leUs-. and penia.
chiorobiphenyls. Photolysis of 3.3' 4 4" .iesrachlorobiphenyl 21 300 nm produced 3.4.37-in-
chiorabtphenyl and 4 4 dichlorobiphenyl. while that of 4.4’ -dichlorobipheny! produced 4-
chiorobiphenyl. No furiher dechlonaacion of d-chlorobiphenyl occurred because of us lack
of absorpuion of the waveiength used. ™ Although photolysis resulis manly in dechlonnation
of PCBs, exampies of photo-induced isomenzavon and of condensauon of the individual
chiorobiphenyis have been reponed.
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Photochemical degradaiion of PCBs 15 influenced by the degree of chloninaiion. position
of chlorine substitution 10 the ning. and the solvent vsed for PCB dissoiution Phoiolyas of
PCBs has been srudied 1n the gaseous. sulutton, and soiid phases in the soluiton phase
most photuiysis expeniments have been done with PCBs dissoived n Organic solvents or 1n
AquCous OFEINIC muktures because of very low solubility of PCBs in water In solid phase.
PCBs have been photolyzed as thin fiims on glass plates or as lavers adsorbed on silica

Chiuvrobiphenyls wirth higher chionine conient undergo phowolysts fasier than thone wirth
lower chionne content.* > For example. irradiation at 310 nm wavelength of 0. 1% solutions
of icira-. hexa-. and octachivrobiphenyls i hexane for 24 hr under N, degraded abous 70%
of tetra-. 96% of hiexa-, end more than 99% of octachlorobiphenyl.’ Bunce et al ™ ohewerved
increased photodecomposinon with increased chlonne content and with increased rradianion
ume. Ruzo et al ™ siudied photodecomposnion of six tewrachlorobiphenyis a1 300 nm in
cyclohexane and found di- and trichlorinated biphenyls &5 the magor producis. They funther
observed that in 20 hr. all g-chlonnes produced dechlonaaied products. In the absence of
v-chlonnes. m-chionnes were cleaved: bul when an o-chionne was present. less than 1%
of ihe aliered peoduct arose from loss of m-chionne. No cleavage of the p-chlonne occurred
dunng this time penod.

The phmary process in photoreaction i3 reductive dechiorinsiion. which appears 10 occur

by C=C! bond cleavage, producing a biphenyl free radical species which absiracts H (rom
Ihe solveni 3s:

AICl — Ar Cl' — ArH

Consequently, photolysis occurs readily in solvents as hexane and isopropyl slcohol whose
hydrogens are losi easily by free radical attack.
Ruzo el al. ™ suggested ihe following scheme 1o illustrate the photochemical mechanism

where exeied tnpler 13 conssdered responsible for the pholorescuion and absiraction of
hydrogen from the solvent.

°lp-Cll - 'rQr - tp-Cije
PCB in ground siate Excited singlet  Excited reacuive inpies

In accordance wath this mechanism, photolysis of 2,2° 4.4 -teirachiorobtphenyl 1n methanol
and cyclohexane solutions i3 illustrated in Figure S. As expected. formation of HCl was
detecied during photolysis in both soivents. Although dechlonnaiion was the major reaction
in both solvems, smali quanuries (<3%) of methoxylsted producu were observed tn methanol
solunon.

The greater photoiysis of the o-chlonine=" is probably due 10 siene hindrance 10 the
prefemred eacited state geometry. Wagner” inferred s planar structure for the eacited thpiel
from w inefficiency in guenching ketones. The “crowding’™ by the o-substituents causes
greater twigung of the imer-nag bond thar decreases its double bond charscier. Thus. o-
chiorines are easily losi. relieving the siran on the bond and producing greater quantum
yields of the products.

As with individual chiorobiphenyls, the more highly chlonnated commercial PCBs also
photolyze prefereattally in the environmental samples.” These authors esiemated that in
natural waters, the loss of PCBs may be of the order of 10 10 00O g/Km ~ “rvear. Therr
estimates alwo show that tn shallow waters. at itast one chionne from chlorobiphenyls of
high chlonne conient 13 photolyzed annusily; apparently photolysts plays a significant role
in PCB chemistry in the environment. These predictions are based upon concentrations of
PCBs dissolved 1n water. It 15 generaily contended, however, tha: nonpolar compounds. as
PCBs, form surface films where concentrations of she compound &t much grealer and can
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be as high as 10* umes the concentranon in the bulk solution. ™ Consequenily. much larger
amounts of PCBs can be pholyzed from water bodes.

Environmental photodegradation of PCBs can also increase in the presence of organic
compounds that sensittze the photoresction. Zepp et al.*' reponed that natural substances
&5 humic or other suspended malenals can induce of acceleraie photolysis of vanous ivpes
of syntheuc chemicals. including PCB, Occhiucei and Patachiola*! have recently observed
that photodegradation of PCB3 adsorbed on silica gel or montmonlionne ciay was consid-
erably enhanced by the addition of inethylamine o the system. The seasinzaion has been
attnbuted 10 the formation of an excited charge-uansfer complex. Sensitization of the pho-
roreacuon 1n PCB1 has also been observed wn the presence of aliphatic and aromanc amunes. '’ “
and tlanwum oxxde . *!

B. Biodegradation

Invesugauons of biodegradation of PCBs n soils. sediments. and lakes and nvers show
that both acrobec and anaerobic microorganisms decompose and meubolize PCBs. Pal ex
al.® reviewad biodegradsuon of PCHs tn sonl-plant sysiems and compiled microorgamsm
sources and products of biodegradation of a number of chlorinaed biphenyls and commercial
PCB preparstions. Expensments by Wong and Kaiser'” show stimulation of bactenal growih
i moderaie concentration {500 ppm) of Aroclors® 1221, 1242, and 1254 as carbon and
energy sources, demonstrating PCB1 mewbolization by the baciens. Similarly. growth of
Escherichia coli was sumulsied in the presence of Arocior® 1242 al the low concentrations
of 0.0l and 0.) ppm. At high concentration. 10,000 ppm Asoclor® 1254, sou microbial
activity as measured by CO, evolution was inhibived and no degradation of the Aroclor®
was observed dunng » 60-dsy penod.* Likewise. Moein e1 al.** detected no degradanon
of Arcclor® 1254 (n a soil dunng a 2.yewr period folliowing a spill of ransformer fluid.
Ciearty, while small concentrauon of PCBs can sumulate bactenal growth by providing
Carbon. large CONCENLIBLIONS Afe 10XIC {0 TUCTOOTERMNS .

A number of repons show that microblal degradstion of the lower chioninaled biphenyis
occurs sl a {aster rate than the higher chionnated biphenyls. Furukawa and Matsumura.™
using a macrobial strmin Alkaiigenes sp. from a3 lake sediment. found that 2-. 3-. and 4-
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monochlorotiphenyls. 2.37-. 2.47- 3.3 2.4., 2,6, and 3 .4-dichtorobiphenvis, and 2 4.5.
and 2.4 4 -irichlorobrphenyls depraded compleiety within 20 hr In conirasi. letra- and
pensachiorobiphenyls degraded verv stowly Using different and mised microbial siramns.
Mercall e al *' Baxter et al 7 Clark et al "' L. and Hankin and Sawhnev.™ also
abserved inCreased degradsiion in lower chionnaied Biphenvils

It has ab>o been observed thai some Chiorobiphenyls that do not degrade casily when
pres¢ni alone 10 a culture medium do o when presens 1n & mikture or when haphenvl 1
added 10 the subsirate ** The enhanced degradation s likely due 10 co-meiabolism, which
15 commonly observed in microbmal proccises ™

Nui only does the degree of chionnairon miluence bhiodegradation. bul the enveronmen)
also allecs tidepradaucn. For exampie. Iwata et 3].,"" siwhed PCB degradarion in six
different somls and found no degradaiion of Aroclor® 1254 1n two soils, Intle degradation 1n
two, and srgnilicam degradation in the remaming Iwo soals. In a reeem study of PCBs
degradation in exght soil cultures. Hankin and Sawhney?®! observed that all sois bui one
degraged al leas: 70% of Aroclor® 1248 1n i4 days. while only three sonly degraded 1254
Jna 112.day sncubation penod. over 90% of Aroclor® 1248 snd about 40% of Aroclor®
1254 were degraded in some soils. while no Aroclor® 1260 degraded in anv soil. Growih
of acrobic organisms increased wilth time as did degradanon of the Aroclors®

Although hydroxylsiion snd nng cleavage are the main mechanisms in biodegradaiion of
PCBs. producing less chionnaied chiorobiphenyls than in the starung maienals. other prod-
vcts of PCB biodegradalion have also been identified. Degradation of mono- and dichio-
robiphenvis by 1wo Achromobacter culiures produced p-chlorobenzox xid.” Degradauon
of 4-chlorobipheny! by a Gram negative bacterium in the presence of nitrate produced four
compounds. 2- and 4-hydroxy-4'-chiorobiphenyl and 2. and 4-hydroxymonon:tro-4'-chio.
robiphenyi. * The mechanism (or the formation of these compounds is ilustraied in Figure
6. The proposed mechanism ivvolves the formation of arene oxude iatermediaies which have
high reactivity with biolopical maenals

Incubavon of commercial PCB preparsiion Aroclor® 1242 with a bactenal cutiure irom
a harbor produced & number of alkenes and alkyl benzenes.* Under anaerobic condiions.
bacienal dehalogenation of halobenzoates. the depradation products of PCBs, proceeded 10
give CH, + CO,™ Clearly. biclogical degradation of PCBs proceeds via different. as ver
not well yndersiood mechantsms depending upon the environmental condilions

As PCBs are soiuble in lipsds. they are accumulsied by a number of organisms. following
hprd/water pantition coefficients. Chiorobiphenvis show selective bioaccumulation and deg -
radation, which are affecied by both the chlorobiphenyl and the animal species  Hansen*’
has reviewed vanous factors. including antmal species, size of sdipose compartmenis. en-
tyme actvity etc. . that affect bioaccumulation and biodegradation by animals. Accumulation
rauos of chlorobiphenyls vary among different amimals as well as 1n ypads from differem
paris of an animal

While the biodegradation of PCBs has been studied extensively. ho tnformaion on the
fate of PCBs sorbed or taken up by plants 1s svailable. indeed. conoversy persisis as 1o
whether PCBs are wansiocated through the plants of are merely sorbed on piani surfaces
from PCB vapors or PCB-beanng dusi particles. Although iong-lerm siterauon i PCBs
sorbed by perennial plants or trees is a0t known, the PCBs in plants growing on contaminated
souls increases as the chionne contem of the chiorobiphenyl decreases™™ (Figure 7)

C. Thermual Degradation

Decavse of the sathiuy snd potential 1oxicity of PCBs, numerous laboratory eapenments
have been conducied for the combustion and compiete destruciton of these compounds for
safe disposal of industnal wastes and used products. While pyrolv$is at betow 700°C produces
vANOuS 1021C Matenals. higher temperatures decompose PCBs complelely. Buser and Rappe*’
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FIGURE 8 Thermnai cunvervan of PCBy 10 mivchionnaied dibenzaidyiam

conducted pyrolysis of 1R individual chlorobiphenyis inciuding tetra.. penta-. hexa-.
hepia-. octa-. nona-. and decachlorobiphenvls ai 500*C. Using migh resolunion GC'MS for
hei separaiion and idenuficaion, they wenuified several Mghly tonic polvchionnated di-
henzofurans {PCDFs) in the products and discussed different schemes for their formation
The yield of PCDFs ranged from 0. 1 to several percent of the starung PCBs. The conversion
of PCBs to PCDFs involves iniramolecuiar Cychization with loss of H, (as shown in Figure
&) or HC! and loss or rearrangement of chionne.

Pvyrolysis of commercial PCBs. Arocior® 1248 by Monta et at.* at J00°C and Arocior®
1254 by Buser et al ™ 21 550 10 650°C formed PCDFs. whiie above 700°C. the PCBs were
completely destroved. PCDFs as well a3 chiorobenzenes and p-dioxing tn municipal wn¢in-
erator wastes™ "7 have been atunbused 10 chiorophenois and therma) symbes:s trom phenols
and chlonne. and they are not pecessanly formed from pyrolvsis of PCBs. Mechanisms for
thetr formanon are discussed by Choudhry et al.” Many chemical procedures of compiete
dechlonnation of PCBs ustng cEtalysts have aiso been developed. Examples are 5% platinum
ot paisdium.’* nickel bonde in aicohol with excess sodum borohydnde.” and LiAlH,.™

Yamasak: et al.” reponed complele desirucuon of PCBs an 1he presence of a methanoi
and sodwum hydroxide solutton a1 300 10 320°C and 180 kgicm® pressure. They suggesied
that the method can be adopied on an industnal scale, using contshuous pipeline capillary
system. Based upon PCBs incineration n accordance with the EPA test protocols in high
efficiency boilers with a thermal destruction effliciency of >99%  Hunt et al ™ have recentiy
concluded that the meihod provides a sausfactory means of disposing waste o1) contaminaied
with 50 10 500 ppm PCBs. Thermal destruction. as well as other phyvsicochemical and
viotogical methods, for low and high level PCB contamination have recently been discussed
by Ackerman et al.™
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o6 PCBs and the Environment
[. INTRODUCTION

Chemical anaivsis for polychionnaied biphenyis (PCBs), since thewr dentificaiion o en.
wronmenial sampies by Jensen’ in 1966, has been almost exciusively performed by pas
fiquid chromatography (GLC). with ihe aud of the eleciron capture (EC) detecior which i
particulariy sensiive 10 organuc hiorine compounds. This delecior. developed by Loveinck .
proved very effechive in deieciing and quaniiflying organochlonne pesiicides such as hex-
schioroc yciohenane {HCH). aidnn. dieidnn, and DDT and 1ts breakdown producis Each
shdividual compound. as it emerges from the GC column, produces a signal from the EC
deiecior, the magnsiude of which 11 proporonal 1o the amount of the compound preseni.
and hence i3 reiaied 1o the concentraison (n the solution injected. The time elapying beiween
wpecison and civhion. for 8 particular temperaiure of operation. 15 charsciensue of the
compound present.

PCBs however. normally occur tn miatures of many individusl 1somers and homologs.
each mixtyre 1n GLC analysis producing a patiern of serially eluted peaks emerging from
ihe electiron capure deiecior. Although analyses for PCBs are commonly reponed as single
values. such vaiues are oniy obtained by companng the peak pattern wih thai from a siandard
PCB muxjure (normally a commercial producit. and no informaiion i3 given of the relaiive
proporiions of the different components in the mixture. For various reasons the singie value
can only be regarded as » compromise. and v many situations o may be both inaccurale
and misleading. This chapier discusses the problems of accuraie PCB analysis thardly
atznable a1 the present time ) and indicates the developments likely to lead 10 both improved
accutacy and more detailed informanon regarding indivadual PCB compounds .

ii. COMPOSITION OF PCB RESIDUES

The muxwres of PCB residues which may be subjected (0 chemical analysis can vary
widely. depend:ng on several factors. The commercially produced miatures Iniended for a
wigde vamely of uses, according 10 the physical and chermcal properties of these mixiures.
vary wih the degree of chlonnation (0 whuch the pareni bipheny) has been subjected. Some
change n the composition of 3 commercial product may occur dunng use. .8 . 1n heal
exchangers or as hvdraulic flyids. On discharge 10 1he environment, (he mixiures. whether
used or nk. can undergo further modification o respect of the propomions of individuat
compounds present. a5 a resull of photodegradation or hydroiysis, preferennal solubilicy,
absorpilon O1 evaporation. o miamng with other PCB products manufaciured a a differem:
lcvel of chioningtron. Finally. the group of PCB residues exiracied from an environmenial
sample will usually be miaed with coextracted orpanochionne compounds such as pesucides
which can mterfere in GLC analysis unless sieps are taken to avoid this.

A 1otal of 209 chionnaed bipheny! rsomers and homoiogs 15 iheoreucally possible. This
1otal consists of

3 Monochioro-
12 Dichjoro-
24 Trichloro-
42 Tetrachioro-
46 Pentachloro-
42 Hexschloro-
24 Heptachloro-
t2 Oclachlore-

1 Nonachioro-

| Decachloro.
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Commercial producers have manulactured mixtures which have generallv resulted (rom
the chlonnation of biphenyl to give products containing approximately 20. 30, 40, 30, 60,
and 70% of chionne by weighi. The actual perceniage of chiofine vanes to some exient
hetween manufaciurers. and 1o a smaller degree between batChes from an individual man-
ufaciurer Monsanto Lid (LS.}, who markeled a senes of products under the trade name
Aroclor® | histed nine separate products based on PCBs with 21, 32 42 48. 54_60. 62. and
68% by weight of chlorine. (Other produets were wholly or panty based on polychiorinaied
terphenyls}. Other manufacturers produced similar mixiures, for example. a 50% chiornated
product which bore & [airly close resemblance o the 48 or 54% chionnaied Aroclor®, bui
2 derailed chemical analvsrs would almost cesainly have revealed some differences in the
proportions of differem individual PCBs.

Several studies have been made to determine the identines of the individual PCBs in
commercial producls. Webb and McCall’ examined the Aroclor® series 1231, 1232, 1242,
1248, and 1254, in which the first iwo digits denore biphenyls and the as: two the depree
of chionnaton. Aroclor® 1221 contained mainly mono- and dichlorophenyls. 1232 mostly
tnchiorophenyls with some mono- and dichiorophenyls: |42 contuned most of the com-
pounds present in 1232 but aiso several tetrs- and penuachlorobiphenyls. Aroclor® (248
extended the mxture (o In¢lude more pentachioro compounds snd a few hexachloro com-
pounds. while Aroclor® ] 254 consisied pnmanly of teirs-. penta.. and hexachlorobiphenyis.
A more recent study by Ballschmiter and Zell,* using the Clophen® senes of producis 1Baver,
Federal Republic of Germany), demonatrated the presence of the foliowing eompounds in
the 30, 50, and 60% chlonnated products.

Claphes® A- 9 Clophen® A.50 Claphra® A48
§ Chioro- 1 Q o
2 Chioro- L] 1 4
3 Chioro- s 13 1
4 Chioro- [} 3 t) 4
5 Chioro- 10 e 1s
¢ Chioro- [ n 22
7 Chioro- 0 [1] LU
§ Owioro- 0 ] 1

A3 the individual compounds listed were those separated on 3 panicula GLC siavonary
phase, and & few couid not be wWenufied from ther speaific reienton indexes, the true
numbers of compounds present will be somewhat greater. It is ciear. however, that the 50
to 60% chionnated preparations will contain at least 60 to 70 differeni compounds although
some will be present only in very small proporuons. Improvements in the sbiuy to separate
the endividual PCBs over a degade are demonstrated by the fact thar Webb and McCall’ in
197] recorded 33 compounds In Aroclor® 1242, whereas Ballschmuer and Zell* in 1980
preseniad a chromaogram of the same product in whach a least 74 peaks could be disunguished.

It ts clear that. even in the analyiis of & masture of PCBs in an unused commercial product.
the complete separution. identification. and quaniificatson of the individual compounds will
be difficult, but the companson of 3 chromatogram from a sample with that from a standard
sotution of the identical commercial product will normally provide a sufficient basis for
Quantification in erms of sowsl PCB. expressed on the basis of the reference product. When,
however. the produCt has undergone some form of degradauon. seleciive removal of com-
pounds. or mixing with other organochlonnes. the analvsis by GLC becomes more difficulr.
Companson of a chromatogram from a sample with thai of a standard commercial product
can only provide 5 crude assessment of the 1otal quantity of PCBs present. inforrnaiion
which 1s often of doubtful value, and may be misieading. In pamicular, 1t must be emphasized
that quanufication in terms of a paniculw product does not imply thal Contaminaiion by that
product has necessanly occurred
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The analvsis of orpanochlorine residues by packed column GLC. which hus been used
by the majonty of analysis since the eleciron capiute detecior became asaduble over X0
years 3go 15, in the hands of mos: anaivsis. capable of separating a1 best oniv wme 15 10
20 peaks on the chromatogram fesulting from the thjection of 3 PCB sample 4as staied
above the PCB products mosi commonly manufactured are hkely 10 comain at least o0 o
70 individual compounds and packed column chromatography 13 thus tnadequate for accuraie
anulysis However, al Inc present nime the number of :ndividual PCB compounds avaitable
as s1andards for quannificanion 1s much smaller than the number which can he separaied by
capiHary column chromatography. so that the lauer technique., while a considerable im.
provemeni. cannot vet be (uiiy explotied. ’

Although chromatograms {rom the most efficient packed columns may show the presence
of 1510 20 separate peaks. many of these are very small and not measurable with sufficiem
accuracy Consequently. quanitfscation of the PCB compiex using such chromaiograms is
based usuaily on the measurement of the heights or areas of ; most five or six peaks 1some
of which may be produced by more than one indivsdual PCB compound). Care must be
taken. with environmental samples. 1o avoid the use of any PCB peak which coincides or
overlaps with the p.p -DDT degradation product p.p’-DDE, usually coextracied wih PCB,
il the analytical technique used fails 1o separase of eliminate DDT and TDE tanother deg-
radanen product of DDT) ihese 100 may interfere with the PCB chromaiogram

M1 ANALYTICAL PROCEDURES FOR ENVIRONMENTAL SAMPLES

Although there are circumstances when the analysis of commercial PCB products 18
required. eiher in the:r onginal or used form (as wn heat exchangers). most ana)ysis are
likeiy to be confronied with the 1ask of delermuning PCBs in eavironmental samples following
contamination resulling from some form of discharge. The organochionne residues extracied
wili usuaily be s mixiure of PCBs and vanous pesticadal compounds. many of which have
chemical properues simitar 10 those of PCBs. This secnon 1 therefore dirccted pnmardy
toward the probiems ansing (rom the analysis of environmental samples. or of agnculurai
or manne prodicts for human Consufhption.

A. Levels of Determination

Concenirations of 101al PCB in environmenial mawenals can range (rom several thousand
miliigrams per kilogram in lipid sampies 1o the order of about ! ngrkg in 3ea water and
perhaps 0.1 ng/m’ in clean air. Al maienals, whmever ihesr ongin, musi be exiracied. and
the final extracs concentrated or diluied to provide concenuations sulficient for anaivsis at
ievels easily determinable by GLC techniques. The minimum acceptable response produced
by most electyon capture deteciorn occurt with the injcuon of abow 100 pg of wial PCB
{e.5.. 5wl of a solution contmimng 0.02 ug/mé), bul only four or five of the largest peaks
will be measursbie. If individual isomery are 1o be dewermined, the EC detector mav require
up to 10 pg of each for an sdequate response, and the quannty of a mixture of PCBs required
will thus be a meumum of seversl nanograms. With the smaller voiumes (1 10 2 i€} injecied
for splitless capiliary column GLC analysis the total PCB contentraion requured in the
exuact for tpection may be a1 icast 5 wgme, if a large number of inGividua) PCBs are 10
be quantified.

Some environmental samples. e.g.. the organs of birds or fish. will limit the quantny of
PCBs avatlsble for analysis, and hence the concentranion in the final extract. Wnh other
matenals, e.g., air and waler, the quaniny of samples may be unlimaied, but difficulues
can anse in handling large voiumes for exwracnon. (Both air and waier sampies can be
exiracied by passage through suttable adsorbents in specuily designed apparatus.)

Irrespective of the nature of the sample matenal, when Jow concentratons of PCBs are
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10 be deicrmined adequate precaulions must be taken 10 ensure thal no ¢xIranenus conlam.
tnation occurs exther in 1he sampiing of subsequent handhng . Plastic materials texcept PTFEa.
paints and lubricants, or hydrautic Nluids musi be avoided. and ail solvents and adsorbeny
used in 1he analvses mus) be [ree of detectable contaminants hikely 1o inieriere i the
Jewermunanon of PCHs. Ahguos of al) solvems used should pive no measurable response
wn GLC analvus afer 100-fold concentration. Dummy runs through the ennife extrachion,
separatioh, and conceniratioh procedures should provide residuc-{ree chcomatogramy Irom
1he anaivsis of the final conceniraie

Extraction of biological sampie matenal 15 usually achieved using Soshiet exiractors and
a bouling solvent such as n-heaane 11y essential that the solvent penctrates the sample on
cach cycle, and 1o ensure this the biotogical material is ofien ground 1o 3 powder with pure
drv sodwum sulfaie beforehand However. even with such precautions. 30me samples such
as animal fais, may require penods of extraciion up 1o 16 hr 10 achieve complele removal
of organochlorines and 11pids.

Some sample matenals containing appreciable quaniies of water, if not dned beforenand .
will require extraction with 3 polsr solvent such as acetone or dieshyl ether. perhaps mized
with hexane. Ajter extraction the polar solvem 13 removed by evaporation. ot washing wuh
residue-free distilled water. unitl 8 final extract tn hexane 13 oblained.

B. Separation (rom Interfering Residues

The nttial extract will normally contain organochlonines together with pigmenis. fats. and
other co-exiractives whych must be eliminaed pror 10 GLC anatysis. Three procedures have
been developed and widely used over the past 25 years — solvent partmion. sulfunc acid
of alkatine weatment, and adsorption chromstography.

Solvent parunon nvolves disperiion of the organochionne ressdues and fats 1n a mixture
of hexane and euher dimethylformamuie’ or acetomitrile. the organcchionnes remaining
largely i the hexane [raction. The method was acveloped for pesucide analysts. and ot 15
doubiful whether it ts now sufficiently efficient 10 ensure complete extracuion of PCBs and
some other organochionnes.

Sulfunc acid ireatment’ of the hexane exirac resuits 1n the destrucuon of Tats and pigments,
usually forming water soluble compounds which can be removed by shaking with disnlled
waier, although many analysis remove aliquots of the hexane fayer withowt such washing.
Hydrolyns of fats with alcoholic potassium hydroxide i3 someumes used, the atkal and
hydrolysis products being removed by an aqueous wash. Both procedures will desiroy cenain
pesticides. but PCBs are unaffecied.

Adsorpuon chromaiography employs columns of either Florisil® of alumina.* through
which a volume of the hexane exuract is pussed 10 remove the lipids and pigments. Separation
of the vanous organcchionnes inio several fraciions can also be schieved on columns of
Flonsil® or silica®'® by the use of solvents of different polanty, the PCB group usually being
scparsed from mosi imterfenng organochlorine pesticides except p.p -DDE. However. in
the Presence of chiorinaied naphthalenes. chiordane, and toxaphens more eiaborme tech.
niques are requited.

Adsorpiion chromaiography with (ractionation is perhaps the most widely used technique.,
but a somewhat similar procedure using gel permeauon chromatography'' '! deserves more
amenion. as it can be automared. It can remove lipids and separaie organochlonnes in the
wame process.

C. Gas Liquid Chromatography

in shis secuon only an outhing can be given of the main procedures used for GLC analysis,
Mosi analysus over the pasi 20 years have empioyed packed glass columns up 1o 2 mn
length and 2- 10 6-mm bore. As indicaied earlier. injections of PCB exiracts using such
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coiumns produce chromatograms showing 3 maximum of about 20 peaks bui ofien only 6
or 7 peaks. The resoiunon of individual peaks can be expressed in terms of the number of
equivalens theorenical plates calculsied from the widih and elution nme of 3 specified peak .
ihe highet number dencung greaiet separanon efficiency Uihe and Musial'’ compared the
results subsuiied by 23 analvsis 1 an iernaitonal comparaiive siudy. and found thal the
GLC cotumns used produced plaie counts ranging from 320 w0 3600 Capillary columns
achieve separanions equivalent 1o plaie counts exceeding 10,000 and olien up 10 100.000 |

The sianonary phases used in packed GLC columns. all siable at the high opersung
temperatures. have different compaund separation charactensiics, but with the iarge number
of organochlorine compounds hikely 1o be present in any environmental sampie it is inevitable
Hat several compounds will elute at the same imes as others. However. for ihe desermination
of total PCB htile difference in the fNinal measurement 13 evident from the use of the vanous
stanonary phases avatlable. The degree of resolution achieved depends pnmarily on the care
1aken in prepanng and coating the sohd suppon used for packing 1the columns. rather ihan
on the selecyion of the siationary phase

in recent vears capillary column chromatography has been developed. using glass or silica
columns 25 10 50 m n lengih wih a bore of 0.2 10 0.3 mm. The column emperature (s
usually programmed to (mprove the separation of the vanous organochionne compounds,
particularly those which are more volatile. With such columns it 15 possible 10 separsie over
100 differen: peaks from an injection of 3 mixture of commercial PCB products .’ Approx-
imaiely hall of the peaks are quanufiabie by peak height, bui electronic area integration
wouid probably enabie mos: peaks 10 be measured.

Although the separsuon of individusl PCB compounds is much more effecuve wuh
capillary columns shan with packed columns. some overlapping or coincidence of peaks wiil
sull occur, yryespective of the parucular siationary phase chosen. If other organochlonne
compounds are present. and 3 few pesticide rendues may be elwmed from adsorpuon 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. '

The Wennficaton of individual PCB compounds on capillary GC chromaiograms has been
studied by several worken.' * ‘* using mass spectromet and NMR spectroscopic tech-
niques to establish the molecular structure of individual PCB components. and eonfirming
the wWentty of some by companson with the inecton of known syntheucally prepared
compounds .

Balischmater and Zell® state that reseruion indexes. which they measured using a senes
of n-aikyitnehioroscniatza as reference homoilogs, depend SUONgly On the separanon char-
actensucs of the individual glass capillary column used. invoiving both the rype of siationary
phase and the aature of the glass surface on which it is costed. No standard PCB retention
indexes can be defined a1 present. but the maiching of peaks with those from reference
compaounds enables other unknown peaks 1o be idenufied through retention indexes on &
parcular column. Examples of capillary chromatograms are shown in Figures | and 2.

The 209 possible PCB compounds ae sysiemaucally aumbered.' and their positions
calculated in the form of reiennion indeXxes. The precision of these calculations. which serve
1o identify individual compounds not available as reference compounds. 15 mgh. Ballschmiter
and Zall* measured the reienuion indexes of 43 svailable compounds, which agreed well
with those measured as PCB components of three commertial {Clophen®) products. A further
66 relention indexes were caiculated, and were i good agreemen! with those measured from
other componenu of the Clophen® mixrures.

Chromatograms obtauned by Ballschmiter and Z2ll* on capillary columns coated with
Apiezon | show a number of examples of coincidence (or possible coincidence) of individual
PCB componenis despite the generally good separstion of peaks (see aiso examples in Figures
I and 2). For Arocior® |234. ten peaks combining Iwo different componenis and one
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combaming four componenis nccur In ihe 1alier case Iwo are pentachioro- and IwO hera-
chiorobiphens ls, ihe grouping alse appearing n ihe chromaiographs ol Aroctord 1242 and
1260 Emploving a different siaiconary phase 1SE 301, oiber exampies of comesdence ot
different componens in the Clophen® serics of products were found by 1he same auihors
It 1% ihus evadeni ihat ¢ven the improved techniques of capiilars chromalopraphs are nod v ei
ahle 1o achieve compiele sepsration ol all PCB components. and thus fulb quaniflicaion ot
PCB mutures

There s ample evadence [har ihe panern of PCB peaks isolated (rom environmenial samples
wiually differs in deladl from ihose of commertial minwres. anhough a rough maiching wiih
the 34 10 60% cblonnaled Iynes 13 someumes possible For approumale quanulicaunn ot
total PCB thes leve! of agreement may be sufficien!. bui if the question of 10axKily 15 sponant
il wril become necessary o know bolh Ihe conceniravons ol individual PCB componenis
and theit relitive 1OxciNes. Al The present hime oo few have been symihenred. and ihe
yuantibes avartable are too small for sufficient research on WKiCily to be undeniaken Yeo.
with the reeognition thai ihe proporions of PCB componenis in envirunmeniat sampies difier
o detarl from 1hose Tound th commercial mistures. W 1S whwese o assume that Ihe lovicny
of anv mialure of residues found 1n the environmem wouid be similar (0 1hal of 8 cONEERtr3ion
ol 3 commercial product caicyiated on & 10tal PCB basis. More snformancn is required on
the mechanism of 1oxic action of PCB1. perhaps ieading 10 an indKKation of Ihe moiczular
struciures most hikely 10 be oaic. This in 1lum would enable snalysts to confine their
mess 1310 the e s of greates) Interest. (The 10XICY ©f impunities in commercial
producis. panicularly 1he chlonnaed dihemorunm maust aiso be considered T ™)

IV. ANALYTICAL INTERCOMPARISON STUDIES

In ihe fore going secrion the wiivmaic need for the determination of ind:vidual PCB com-
pounds has been stressed. Al present. however. 100 few laborsiones are equipped with the
cisenlial insirymenistion. and our knowiedge of 1he techmques of separsiion and identfs-
calion i35 inadequaie. For the pasi |5 vesn [sborsiones in differeni counines have been
developing thew expertse 1n the general Tield of ofgapochionne analyiis. prmaniy for ihe
ubiquitous ivpes of organochlonne pesncide resiues. and total PCB determananions hase
been silempied as part of such analyses. The depree of varability expencnced among znaivsis
n respect of oinl PCB derermunations 1. hod sutprisingly. rather gremier than can be achicved
for cenan easiiy separyied and deterrmnable pesiicades wsing the same analylical procedore

Hoiden '* reviewed the resulis of 3 number of international organochionne Inlercompartson
exercises conducted on behslf of OECD (Organiapon for Economic Co-oparation and
Developmenii up 1o 1972, In these studies the analyus were agked 10 use their curiomarny
analytcal procedures, and their own reference slsndards, ho anempt being made 10 speciiy
any common procedury. |n 1969 a soluuon of a commercial PCB misture tn hexane . sealed
in giass ampoules. was distnbuled and 14 Iaborstones reporsed sheir analviical resulis A
40% chiopasied misture {similar 10 thal In the sampie) was used by 12 laboratones as
reference. obiasming & mean value of 1017 mg wotal PCE per liver. 83 compared wun ihe
true value of 9.8 myg/¢. Two Isboraiones using & reference sdentical 10 that of 1he sample
oblamed vatues of 10.0 mg/¢, and the coellicsen of vanaton for the 16 laboratones was
=10.2%. Two oiher inboratomes empioving 8 50% chionnaigd reference mixiure reponed
a concemration of 8.0 my/{. an underesumate of oniy abou) 20% .

When an eavironmendal sampie of cormorant ussue heavily contaminated by PCBs was
snalvied by the \sbormones. the reference soiuvons chosen included 50. 54, ang 60%
chionnaied mixiures. Founeen jaborsones reponed concentrubens of PCBy berween 140
and 525 my/kg. bul exghy basing iheir calculavions on 3 60% chionnaied refcrence found
279 1o 462 mgrkg. Al this early perrod of PCB analysis, and for such mgh concentranions.
the agreement was reasonably good
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In 1972, a sample of fish il spiked with orpanochlorines including PCBs wasy tisinburea
and on this acras:on (4 laboratonies reported ¢ONCTATALONS averaging 9 2) mp ag. wih a
coefficient of varanon of =12 0% Lnhke the soluuon n hexane. both the ish mil and
earlver cormorant 1ssed requited & Tulf cican-up and separanon procedure The methads o
measunng PCB conceniraions were vaned. using peak heghts or peak areas of from nne
10 mne peaks

One criticizm maoe of ine exercise uting spiked fish ol was thai the Concentraninns présent
were unrealisicatly high by companson with those the analysts were accustomed 10 expect
liom environmenial samples (Thiy siuaion afose because the spike leveis were inenbonaiin
ah order of magniude greaier than the ressdue levels in the mainx od. o ensure that the
diflerence from the matna coutd be esiimated wah reasonable accuracy) In 1954 & sepecable
oif vinually iree of organochionine conlaminaiion waz vsed 35 8 matrax and spihed wih
iower concenirauons of orpancehionnes. This sample was disinbuted both among OECD
laboraiones and 1o severai DOTAIONES TEPrESENLLNG COunNEs belonging 10 the intemaional
Council for the Expiotstion of the Sea (ICES).

The results of the PCB dererminations by 24 analysts 1n the OECD crercise™ pave 2 mean
conceniraiion i | 100 mg:kg. with 2 mean percentage recovery of 97.3% and a coefficien:
vl vanauon of 15 4% (Individusl pesucide residues were aisc delermined wuh coelficieny
of vansuon in the range 10 3 10 28.1% ) The ICES analystis.’' reporing from eigm labo
raones. found s mean concentranon of 1100 mgrkg with 8 mean percemage recoven of
96 3% and s coefficem of vanastion of 9.0%. (The range of coefficients of vanauon tor
ofher organochlonne residues 1n this smaller group of analysis was 6.5 10 40 6% +

The agreement between analysis was conidered 1o be lower than desirabie. when orga-
nochionne residue deerminanons are made in the inierests of acceprabiluy of 1he source
maiena) for human consumpeion. A coelficient of vanisuon of = 40% implies that ihe resunts
from 1% our of 20 analysts may span a range covenng an order of magnuvde Even a
coefNcient of vanauon of = 20% could lead to subsianual disagreement a5 10 whether a
commodiy was unfil for consumpuon. Funther imercompanson exercises have therelore
been considered escnual 10 examune whether improved anaiyiical lechniques and grecater
eapenence would increase the level of agreement among analysis.

In 1978 samples of a fish oul. conssdered 10 contain & relstively low level of organochionne
conaminauon and not sprhed with agditional residues, were distnbuied 10 41 laboratonies
in | B ICES countnes. Many analvais had difficulty uin conducung (he analysis of this sample.
and over a penod of 10 months 30 laborwones reponed, ™ 2 of them attempung the anaivsas
by each of 2 meihods. A o) of 28 valugs were reponed for the 1otal PCB conent. bu w
was found thar ihose analysis using s sulfuric scid ciean-up iechnique obiained results
sigmficantly different {rom those using other methods. The 1) values (rom sulfunc acid
reatmen averaged 863.15 ugrkg, with 3 coefficient of vananon of = 50 0% . whale the |5
values obuuned by other methods averaged 45) .40 wg/kg. with s coefficient of vananon of
£45.3%. The coefficiens of vansuon for seven pestcidal residues reponed ranged from
12.7 10 71 1%, Thus exercise demonstrated the difficulues presented by the analviis of an
envioamenial sample contaning s relptively low ievel of cConmminanion.

Siz laborsiones had used capulisary GC columns wn the 1978 caercise. byl one could not
quani{y the PCBa. and the other five reponed resulls averaging 47275 ugkyg whh a
coetficient of vanaton of = 42.6%. Nevertheless. many snalysis consdered that progress
would only be achieved 1n the durection of capiliary GC analyns. In 1980, a funher ICES
exerciie wak conducted. agan using a manne fish 0il. n both spiked and unspiked form !
For ihe unspiked mi. 23 results (eaciuding one outhier) averaged | .07 mpskg of PCB. wuh
a coefficiem of vanaton of =3} %. The spiked o1l resnits averaped | 93 mg/kg woh a
coefficrent of vanation of = 21%. Uthe and Musial.'' reporiung on Uus exercise. were pot
abie 10 confirm that sulfunc acid treatmem gave higher vaiues for PCB as only 1wo analvsn
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used the method. tut they idenniied & difference 1n the means of the PCB1 reponed by
(aboratortes wsing Flerini for sample clean-up 33 compared with alumina

This enercise also eatabinshed that nexther 1he use of 3 common PCB vandard soluiion
nor a CommMon method of Calculation of the PCB concemranon pave any mipnificant im-
provemem wn apreemeni among aralvsis. The determinanon of PCB concentranons was
influenced by the sianonary phase of the GLC column used. and the use of peak heighis
rather than peak areas on the same chromatogram also pave somewha differem results.

COne funher intercompanison eaercise eonducred among ICES anatvsts was connned to
those using capitlary GC ' Five laboraiones analvred (he sprked and unspiked hemng o1l
used i the 1980 ICES exercie. and reporied the individual PCB 1somers. wlennified by
ihe1r IUPAC numbers. found 1n both samples and m Arocior® 1254 A onal of 38 ailferen:
PCB compounds was reporied b mdividual laboraiones reponed different compounds,
beiween 13 and 12 compounds bemg listed by each analyst. Of the 33 uomers. 12 were
Jound 1n the Arocior® sample. 15 (0 20 again being seporied by any coe lsboraiory The
10tal amoum of PCB 1somers reporied 1n the Arocior® sample represerued 52.2 10 88 1%
by weight of the 10tal Aroclor® present.

Onlv s1x (somers were reporied by all five analysis. three of them enelung with other
iwomers. Four anaiviiz reporied on s funhber four isomers. Lithe et &) ¥ conciuded hat some
analysis (or suppliers of refesence 1omers) wrongly wdentified some tsomers. and thay coe-
lunien of 1somers on capillary columns was 3 source of error. i 1 possible that some somers
avaijable commercially may not be pure. and the quantiises avisbic are ofien wmsufficient
for the preparation of accuraie reference standards.

Other inercompanson exereises conducisd by the imemanonsl Atomic Cnergy Agency
UIAEA) on ovsier and ses plani ussue.’* and by the intergovernmental Occanographsc
Commussion®® on sea waier have confirmed ihe current dafficully in approaching » sausfaciory
level of agreement among Anaivsts undenaking organochionne anslysis including PCBs in
environmental mawenals. For the reasons siated eariier. it will be necessary 10 move wh the
direction of more accurale lechmaques using capillary GLC. but 11 15 essential that sulficten:
quanties of severaf of the more Common 1somer in pure lorm are made available at a
reasonable cost for both standardizaiion and 10KK 1LY tesung

V. FUTURE DEVELOPMENTS

The accuracy of ihe determmnaton of individuti organochlonme compounds. as in 1he case
of any wace conaminan, decreases with the level of conamination. Horwtiz et 2). ™ showed
that the interisborsiory coeflicien of vansuon incresses exponentially with decreasing con-
cenarntion. and suggesied that ot the Microgram per kilogram level of conlaminanon 1 meghi
be a1 least = 30% Before analysis are maked 10 dewermmne very low concentranions of PCBs
10 any sampies. and stiempt 10 achicve levels of precision and accuracy which may well be
vhanamable . those requinng the informarion should consider senously whether iess sinngem
demands would be sufficiem. If toxicological daws indicaie thet concenirations of ol PCB
beiow 3 mp/kg in matenal for human consumpuon are acceptable, screening a1 2 | mprkg
jimit of dewecton shouid be adequate. and the added difficuliies presenied by attempts to
determane concenirations down 10 0.) mg/kg can be avorded.

However. 1f future research indicates thal cenmn individual PCBs. perhaps mivet com.
PONEMS 16 COMMeTT1a) miktures. are particularty 10aic 1o life in some form. these compounds
will require determinaton 8 signdicaly lower concentranons than are calculaied for 10tal
PCB. Both the separation And Mmessurement lechniques necessary 10 achieve this will demand
gresier care ih operstion. with an a350Ctated (ncrease in the cost of analven

It will siso be necessary. for the better understanding of the processes which delenmine
the movemen: of PCBs wuhun our environment and ihe ulimaie fale of individual com-
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ponents, 10 measure very iow concenirations of some 1somers |OF possibiy their degradanon
producisi 1n air. waier 301l sedimenis. and biological mareral 1 13 not aiwave esseminal
that a hagh tevei of inleriaboraron agreement is achie ved. bin within the andividual labotaion
unGeraking tuch research. regular monntonng of the analytcal precinion and accuraty s
necessary 1o ensure 1hai the data proguced are afwavs comparable. panicularls when the
analyais change of the techniques are modifed Suggestions for the impravement of toutme
analvuical rechniques for organochiorines including PCBs have been made by Hoiden er ol **
and atr repeaied in the lollow ing patagraphs

Repular 1esting by ntercalibfation of intercompanson 13 highly desirable 10 cnsure that
the Qualiy of anaiviical Aata 1x mamizined. This should invoive the analysis of appropriate
mainxes contning PCBs. e £ . soul or broldgical samples, or alig of suitable asorbents
such as resins which have been used [0 extract contaminams Jrom air or waser For bological
matenals vegeradle or Nish o1ty provide a suliable maina. panicularly if speking wih known
amounis of selecied compounds is required. as effective mesing can be achitved using ol

A number of sourtes of potential error in organochionne snalviun are possible including
impure soivents. inadequate clean-up of sampie e xiracts 10 remove lyvuds prgments and ciber
inerienng maienal. lack of separauon of PCB residues from other organochionine com.
pounds . poor resoiution of peaks or sensitiviy in GLC analywis. failure 10 concenirale exiracis
accuraiely or suffictently. and vamabiny i the volume of exiracr injecied nio the
chromaograph

Improvemnents in wechmques used for rouune analysis which wili help 1o eliminate or 2
least reduce the degree of efror include:

| The use of woivenis of ihe Mmghest quality No sigmficamt GLC peaks which could

inierfere with the measurement or sdertification of PCB compounds should be present

afier 100-foid concemranon of the solvent.

Extraction of biological ussues (suitably ground and in dned form) should be camed

out 1 Soxhlet exiractors for 3 minimum of 40 c.

). Exuncis should be clieaned up with sbsorbemst columna. weing Flonsil or alumina

4 Organochlonne retwdues in exlrscis must be tubdivided into M least 1wo (rachions,
PCB residues being separaied from other compounds & Compieicly as possible

S The PCB fracuon 1o fractions) must be concentraied (0 mn less than | m{ accuratety
meatured tunless (echniques are developed for 1he reduction 10 smailel volumes pre.
cisely messured).

€ Intemnal standards (e.g . the senes of a-alk vitrichloroscewes) should be used 10 correct
for errory at the GLC injection stage

7 For the derermimation of ihdrvidual PCEB compaunds. glass capiiary columns wah a
resciving power cquivalent to ¢t least 50,000 theorencal plawes shouid be used

8 The sensiuvily of the GLC detecior shouid be sufficient 10 give a peak heght response
of five umes the recorder baseline width for 10 py of dieldnn or p.p -DDE. or the
equivalen dfes response fOr aulomaic insegralion.

9. The detector response should be within the linear range with frequent cahibration

10.  Swndard reference solutions should be renewed regularly. and soivent evaporauon
from these sciuuons munimized by refngeration.

[ F]

1015 essennial that each indvidual laborasery carmes oul reguiar calibration checks on the
analvtical procedure ysed. mciuding the ciean-up and pre-GLC separstion siages The in-
ternanonal sunsardizanon of wehniques is an unlikely prospect, but differences between
iaboratones i respect of performance. wiich currently give nse to coefficienis of vanation
w PCR intercompanson studies of 30 10 30%. should be reduced significanily by betiet
control In indivedus! laborsiones. The wider use of capiliary columns. and the anereased
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avarlablity of individual PCH compounds a3 reference material, together with automaied
iniegraunn and data recording. are essential for 1he complete analysis nf 1he specirum of
PCB residves in 3 sample The condinons under which the analyiicsl procedures are con-
ducied. whether a1 ahe C1ean-up and sepataiion siages defore GLC analysis. a1 the GLC
mjecon stage. or i acmperature programmed GLC analvsis, must atl be ciearls specified
and npudly adhered to. i quanuficaiion ar acceplabie levels of accuracy and precision 15 4o
he achweved
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[.[1] PCBs and the Eavernmmen
| INTRODUCTION

The stmnsphere 1y increasingly being FECOEMIZEd 35 3 sigmficani paibwas (0 Ihe movemen:
of chemicals 1n the environmeni  ~ Once 31IbOME. Hable Chemicals such as pivehiotinated
tiphenvis 1IFCBs1 can be 1ransponed thousands of kilomeiers (rom ibeif nrigindtl wurces
comaninaung cven temoie regions o the eank For exampic. PCB and miher organachlarmes
have heen deletied rn air from Enewetak AIoll' and Aniarcnca * manine mammals rom
Anarenca.’ and surlace waier from ihe major oceans and seas ~ Thiy chaprer will discuss
several awpects of aenal PCB nanspon io the oceans Furst we will review ampting pro-
cedures tor PCB in ambsent vt and aimosphers deposnion. and will sumwnarize some tece ni
measureruents of siruome PCB sround the plobe This will provide dais ¢ estimare 1he
astmosphenic reservour of PCB Then we will cadmine rates and mechanisms ol gie-iv-sea
PCB sranslcr

Il. PCBs IN THE ATMOSPHERE

A. Collection Methods for PCBx in the Air

PCBs are found 1n the BtMOIPRETe 35 vapOrs OF associaied with paricuiste mater A< will
be discussed later. the gaseous [orm predominaies. ivpically compnising >90% ol the jo1ai
PCB conceniration. PCB leveis in ambient sur are on the order of 3 few picograms pet cubic
meter (0 nanogfams per cubic meier. 3nd hundreds or even Ihousands of Cubic meters ol
a1 must be sampicd (o obiain enough matenat for analvsis. Wab 3 high volume thivo!t
samphing sysiem. paruculste PCBs are collecied on 3 precombusied gisss- or quanz fiber
filier and an adsorben colymn behind the filter (s used to retan gaseous PCBs

Within the las: decade solid adsorsents hive become popular lor coliecung organic vapors
In ambient and workplace mr. References 10 some of thest appheanons for sampitng PCB
VAPOrs in a vanety of yiluaiions Are given in Table 1. The s cmphasizes she hieraiure since
1977, and 15 not intended lo be comprehensive but illusuracive of the widespread usage of
these sampling sysiems. Adsorbents are also useful for colleciing many other tvpes o high
moiccutar weighs organic vapors. including pestcides. phthalaie csiers. and poivevche af -
omauc hvdrocarvons (PAH) References (o these spplicaiions snd 10 tarder work can be
found in she Table | cuations snd tn several Teviews on Orgamic vapor sampling >

AR imponanl considershion (Or 3n sdsorbent i3 U5 blank value Polvmenc adsorbents are
usually precicancd by Soxhlet exiraction with chromatographic quality soivents followed by
drving ungder Vacuum Of in organic-iree air. Flonsil has the advaniage of bewng cleaned up
eastiv by baking in a muffle furnace ar 320°C.** 3 Wirh care it 15 possibie to reduce eleciton-
caplunng impunues (o a lew nanograms, quantified a3 PCB. Some reponed PCB blanks
for different adsorbenis are hissed tn Tabie J. These generatly range from < 10 (0 30 np o1
PCBs for the polymenc maenals and less for Floriad. A biank of 20 ng wiat PCBs cor-
responds 10 3 detesvon timit of 0.0 10 0.04 ng'm for 2 300 10 700 m’ sampie. » ivpical
volume for 2 24t wr monionng penod. This is about iwo orders of magniude below
urban air PCB concenirations. [0 remote and oceanic regions, au volumes can be increased
to rase the sampie’tlank rato o collecnon efficiency can be mainianed

The sbility of an adsorbent bed 10 quantrstively collect vapors can be determined 1n
scveral ways. One spprosch 10 measunng cotlecuon effciency (s io vaponzc a known Quaniity
of chemaca! ino an airsiream which 1s passed through an adsorbent bed. The fraction colieered
ts cxiculated by mass balance from the reawdues found in the yampling tratn. Someumes
rewenton efficiencies art measured insiead by spaking the adsorbent with & kpown quantity
of chemical and determimng the percent reuuned alter clean atr has been pulled through the
trap. Coliection efficiencies in fieid work are often esumated by separate!v anaivzing from
and backup adsorben: taps. |f the tecond trap Contatns Much Jeks maensl 1han the lira
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Table ¢
SOLID ADSORBENTS USED FOR PCB VAPOR SAMPLING
Alt rolume
Adserbeni range \m) Applicairon Rel
Palsuihane foam L0 1 000 Cobeciion simgws [ [

AAC— 1D Liben
0t OO0 Ocean mir

18 Cution o riggy
H Collecioon 1wy :
1 Home an¢ woriplace sir I
nad? W MO0 Cutietrroh wudet P ]
$00e ) 800 Lrvan mt L
K L 10D Lake Murhgan wr »
NGt Lake Superiod mt et £ 4
[ ] Collgzvon umdy B
0 003=D 01 Colircuns sy L
Tenr -GC X | GO0 Lran s LT
Fonul -2 Collecion sty woe
It iheranerC bpecHor miy th
10— Ursan mit ‘e
T3 1 50 Oceen ar !
A | M0 Ovtam aw 3]
Chromawort® 102 Urbih 8o, Juch Jiaer 3
Mitad wfsrben cann s Yoo Collacuss mugy it
Table 2

PCB BLANK VALUES (ng) FOR SOLID ADSORBENTS

A rwcior® Arwcier® Total

ASor rnt tate1la 1254 s Chsauy* Remaras Retl,
PUF L 3 14 A, K30, immpgumeiy ablet cleanup s
1] 10 b2 A WSO, Jma 35 Mt ss0rRpe Y

+ F L]

<32 Noiw i

<0 Nom 1}

< H,50, N

<) HMLL. 5 0

XaD-2 [] 7 [} A, W80, ity sfer ¢ lesmup %
i (] 24 A. H,80, =11 Aty METRgC 1]

Tenan GO 3 ’ b1 A. H S0, nmadisialy biwr cleanup 11
13 4 »n A. H 30, —I1 mo mareye 16

Flarss ot F »n
<} F i1

* Cassup A = piumena. F « Flonml. 3 = siics. H,50, » romemreed o 7% fuming selfene xcw
' Henh- 2 hrplachioreepheR vis

113p. [1 15 Assumed Lt Dreaxthrough devond the backup uap has not occurred However,
& the quanuties on the \wo raps become Simular. 1 i apparent that a cenain [racuon of
the sampie has also passed through the entire sdsorbens bed. This uncollecied fraction cannot
be calculared sumply from whe trap- Itrap-7 rstic; a more detmibed knowledge of the vapor
froat movement 15 needed. as Will be discussed loter.

Most workery Include some esumate of collecnion efficiency in thewr repons. Samphing
conditions and adsorben! quaniinies differ gresily among swdwes. 5o while qu vE vapo!
irapping 15 usually documenied for 3 paricular inveshgation, i 8 difficuit 10 generalize
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§2 PCBs ond the Emaronment

Tabie 3
BREAKTHROUGH VOLUMES
(Y,} FOR PCB CONGENERS AND
HEXACHLOROBENZENE (HCB)
ON PUF AND SAMPLING
VOLUMES (V)
CORRESPONDING TO
DESIGNATED COLLECTION
EFFICIENCIES®

Vi.m's
tullvrirtn
«Micienry

Compyunt V,. m' e "

HCR 123 103 n
Ly.DCe 70 %0 &g
L45TOD 140 10 "

PUF columa 7 6 cm duamaety 8 7 S om g
(N = 73 NC

coliecnon cfficiencies from this nerature. Several collection studies are lusted 10 Table !
Among these. solue volatiliy suands out a3 3 major {actor inMuencing collecnion Several
investigaiors have shown that the abiliy of adsorberns 10 trap PCB vapors increases with
the nurmber of chlonnes on 3 homoiog Under the condinons wsuslly empioyed for hi.vol
sampling. the laier-civong components of Aroclor® 242 and al! the Aroclor® 254 com.
ponchnts are quanuiatvely trapped by polyurethane foam (PUF). Some of the dichiorobe-
phenyls may be lon). depending on the samplng emperature and 1otal #ir volume. Tenax:
GC. XAD-2. and Flonsl collect the iower enolecular weigiv PCBs more cffecively than
PUF.

Recenily, some work has been done to eapress PCB vapor collecuon in 3 wav rhat has
some prediclive capability for desigrung sampling sysiemd. Schum'' pownied out thai the
coliection efficiency of an adsortent bed is 3 funétion of the soiute relenlon volume th )
and the number of ineorencal piaies IN) in the bed. The first measvrements of V, for PCB
congeners it a hi-vol sysiem were reponcd by Simon and Bidleman ' A PCB tpike was
inroduced (o a column of 15 l-cm thick x 7.6-cm diameier PUF sixces and tiuted wub
clean air. The PCB moved through the column as chromaiographic bands. wath the band
penetraiion hinearly reised t¢ wr volume. Svbsequemty Burdick and Bidleman'® extended
this work to & fromal chromatography aysiem. white veporn were continuously inoduced
10 e PUF bed while sampling m 20°C. Breskihrough volumes (V,} were obtatned for (wo
PCB congeners and hexachiorobenzsne (HCB). In a mparme sugy V, for four PAH u
well as values of N for 8 PUF hi-vol sampier were determuned.

Knowmg ¥, for the PCB homoiogs and N for the adaorbent bed. V; can be calcuialed
for deswwg collecuon cfficiencies ** This is seen in Table 3 for & PUF column 7 6-cm
dinmerr x 7.5¢m thick (7.6 1. the approximate dimennons of 3 PUF plug used in severa)
fiekd investgationg ¥4%4%-** These V, appiy 1o 20°C sampling emperanite oniv. PCB vapor
pressures incresse by a factor of 1.8 10 1.9 for 3 5°C rise \n tempersiure.** and sampling al
25°C tacher than 20°C should have nearly the same effect on breakdwough as doubling the
axr volume. bn fieid sudies. breakthrough of Aroelor® 1016 from from to backup PUF (raps
was betier comreised with a ietnpersure-wergiied air volume than with sir volume wone ™

In pracuce. the choice of adsorbem used for PCB sampling depends on the applicanon,
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concentranons 10 be deiermmed. DECCHATY samphing umes. and svailable eguipment 5o
muitancous collection of PCBs uning two or three sampling systems has been camed ow 10
1es1 1he comparabtliy of different adsorbenis '* ' Swde-by.sude colleclions v three cries
using PUF. Tenax-GC. and XAD-7 showed thai concentranons of Aroclor® 1016, Arocior®
1244 and 1he pesucides chlordane and 1oxaphene measuted with the thret adsorbents agreed
excellently  Average relative standard devianons lor organochlorine levels measured wuh
the differen! adsorbents ranged from 10 (o 5% «n most cases, and were within the precasion
of she analyncal meihod HCB concenirmons measured wih Tenax-GC and XAD-2 jgeeed
well. and were several imes hagher 1han those obtained using PUF HCB was not guann-
tanvely cobkected by PUF mn ihe s votume range stuched 1300 10 1600 m*1, gnce os V' un
PUF 15 oniy |25 m' 1 Tabte 3}

B. PCB Concenirstions in the Air

Concenirations ol sirborme PCB depend on aumerous iaciors, including proxamny 10 jocal
SOUCES. SOURCE eMiSSiON sitengihs. and meleorological vanabies. Levels at hagh a3 87 ug:
m' have been reponed in air direcily over 3 PCB spril sn Novth Carolina. ™ A v homes
and offices 1ypically consasns several hundred ngim' PCB ™21« By companson. the NIOSH
proposed crienon for PCB i workpiace mr over an 8 1o 10 v workday 13 i 0 ugm’
Onner areas where elevated PCB levels have been measured are !andfilis,™ ** * *° capacitor
and 1ransformer manulaciuren '’ “ ** snd incinerators. ' Awny from direct sources, PCB
concentraions are highes) near urban cemien. | to I0 ng/m’ represeniing the wsuai range
for catses sn the U.S. (Table 4). As expected. PCB Jeveh decrease sway (rom cries. Values
from nonurban connnenial areas are typically i the range of 0.1 10 0.3 ng'm’ in remose
mannt areas concentrations of Arockor® 1284 are wsually 0.01 © 0.02 ng'm' 1Table 31

C. The Atmospheric Reservoir of PCBs

Computation of the ol amount of PCBs «n the atmosphere 13 complicaied by several
facion. Relatvely few daw for simospheric PCB; are gvaulable outsige the U S | and even
less data have been coliecied wn the Southern Hermusphere In addinon. the venxal distnbution
of PCBs 1 the aimosphere har not been messured. Finaily. since ihe ban on open use of
PCBs. ihere 15 Lome evidence [or a decrease i enviroamental PCB concenirations.”’ though
nsufficient dais are svarisbie io evsivate any decling :n atmosphenc PCB conceniranons.
Thersfors. some simplifying atsumpuions and sxtrapolations are required 10 obikin 5 rea.
sonsbie estimaie of the 10wl stmosphent reservorr of PCB.

Mot dals on stmosphenc concetirauons of PCB hgve been presented n 1erms of the
commercial Aroclor® mixiures i0i6/i242 andior 1254, racher than & singic congeners.
Generally, in smOsphenc sampies. eipecially Mt ow PCB concenuauions, very hight PCBa
{monochiors) and very hesvy (hepta- through decachiors-) PCBs are not included in the
calculsuon of Wil aumosphenc PCB. By mcluding PCBS only az 1242 and 1234 in our
calculmion we may shightly underesumate the 10tal PCB reservowr, but given the appronimate
‘nature of the calculstion this should not lead 10 sendus efror.

Tabic 4 siluscraes the high degree of vanabulity in the repontad PCB concentrations between
urban, ruml, and remote manne Jocaucns. Furthermore, examnanion of the onginal daia
Seis MEveals COACEntTanon vansbons which depend on metearaiogical factors and proumay
to sources. Thus, cakeyistion of the itmosphenic PCB reservoir can be only approxmate,
perhaps withun 3 Tacior of two or three. Also, there iy vanisbilny in the apparen! composition
of mmosphenc PCBs. Relauve proponions of Asockor® 1242 1o Aroclor® 1234 range from
it} b0 &:i. For the purposes of these subsequent calcuisnons, we will use the proporuons
of 2:i to represent the reistive amounts of Arociors® (242 and 1234 i the simosphere And
10 chlcuiate 1otal PCB when only concentmrauons of Arockor® 1254 are given. Usning this
approaimation 1o calcuiate (otal atmosphenc PCBs from daws in Tabie 4. we fing 1hat o1al
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PCBy und the Environment

Table 4

CONCENTRATION OF PCBs (N THE AMBIENT
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Vilume | BS

atrosphensc PCBy for urban. rural. ang marine areas 15 60, 0 63, and U 19 ng'm’ respec-
nvely  An ovetall weignied average of contnenidl (0% and manine (T0%! sur vieids a
glotsl average PCB concentration o1 U 25 ngrm*

This average compuiec rom teporied daia probably overestmates the “true average
concenualion for several reasons Das from rural aress are biased toward higher vatues
because of proximity 10 sndustnanzed areas of the £ 5. and Europe Concenranions ot PCBs
i large arcas of the Asian. Alncan, and South Amencan coniinents are poienuaily juwer
than U & ap'm’. and are probably nearer bechgtound'™ concenttanions Simuativ. the dang
reponed (n 1he manne atmosphere are influenced by coastal popylation cemers From cluse
ensmination of the data in Table 4, we subsecuvely estimaie concenizationy Iypical of open
acean regions 10 be — 100 pgm’ n the Nonthern Hemisphere and 30 pg’m’ tn 1he Sowmhern
Hlemisphere  Fhe average. 65 ppm'. 4 approxtmaiely |/) of the mannc averape reponied
above A modied average compuied Irom only (0% "rural’’ contnbution 10 6 ag:m’1 and
90%  mannerremote’ 10 0635 ngrm') comnbution i3 0.12 ngrmt. which may be closer 1o
represencng the PCB load currenily mn ihe global simosphere. In any cvem. this more
subjeciive dverage i within 3 {acior of rwo of dthe earier esismate based on all reponed
dals

To calculate the strmosphenc reservort of PCH, we will sssume & wniform concenttanon
of PCBs un the roposphere up 10 6 km over the eanth’s surface. If PCB vapors behave a3
oiher stable halocarbons in the aimorphere. such a the ireons. then Uus 15 3 reasonabie
assumpuon. Usmg an area of 5.1 x [0° m? for the earth’s surface and the "high ™" average
of 0.25 ag:m’. we cakuintc 3 10wl PCB burden in the sumosphere of 77 x {0° kg There
s Obviousiy some uncernty In Uus calculanon: however, the aciual PCB burden in the
stmosphere should lic an the range of 1 10 10 x 10° Kg. This amount represents a smail
percentage of the 1otal “'mobile environmental reservour’” of U S -denved PCB estimated
by the National Acasemy of Sceences (820 x 10° kg) n 19797 This result 13 somewhat
surpnsing considenng the tmponant role of AMOLphenc ranEpon 10 the widetpread disun-
tution of PCBs 1n rernote regzions and suggesis several features of the aimosphenc reservoir
of PCB. Firsi, the aimosphere appears 1o be a relanvely rapid condut lor ranspon of PCBs
10 remowe areas. I the aimosphete tlowly secumulated and retamed PCBs we wiuid expect
a larger fracuon of “"mobike”” PCBs 10 resxde 1n the aimosphere. Second. we expect thal
the atmosphens reservorr muss Bave been larger in rhe past, e g.. pnor w0 1970 10 accoum
for tee accumulated PCBs tn oCean waler andd seciments. Ths aspect i3 discussed more
compieiely m a Iper sechon.

D. Vepor-Particle Partitioning of PCBs

The vapor:panicle (V/P) rsuo of arbome PCBs 15 operauonally defined by the quantibes
retaned 10 the adsorbent Urap and on the filier. How closely adsorbenufilier (A/F) tanos
found with hi-vol samplers approumate the thue V/P dintnbuton in the atmosphere 13
unknown, bud 18 a0 active area of Investigabon unce the V/P mi0 13 IMPONaNt Ih assesnng

“the vanous mechamiims of deposibon. Some A/F rtios for PCBs in vanous Ones and over
the ocean are given in Tabile 5.

Many invesugaon feet that A’F overestimaies V/P because of the ““Blow -off efieci” —
snpping of organics from panicies on the filier by the Nowing arstream. ™ On the other
hand, 1t 15 possible that the parucie mass on the filter acts as an adsorbent and savenges
vapors, which leads 10 an underestumanion of V/P.* Expenments i Atlas’ laborstory suggest
that airflow alone has hinie eflect on PCB vapor adsorpuon or unpping dunng M-vol
sampling. in the expenments ur samples collected a1 different face veiocnies showed he
same PCB A/F ranos. Changes in temperatures. aenal concenttanions. and panile chemisiry
probably have the greatest effect on A/F. and whether blow-oll losses or adsofpuon paing
are observed will depend on how and when these vanabies change dunng 8 coltection penod
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Table § .
AVERAGE AF RATIOS FOR ATMOSPHERIC PCBs
Lecaiion snd PCB AT % Vapur Ref.
Cotwrmig. § C iArorior® 1734} 2N ] - 11T
Denver. Coke CArociont (134} 03¢ L' e
New Bedlors. Man (Areriord 1234) LY ] " te
Toroeus Om 1 =81 ot a0
Chvcage. HL {Tow PCH) »no 7 "
Muwsuket Wi (Tow! PCBI 0 ] pg
Maginon, Wist 1Tows PCBS (B3] ” hd
Lakt Michigun 10 " n
Narth Allaaic | Arlor® 12541 >1000 L] b}
Norsh Aslamic | A or® | 2541 > 0 L] &l
Gulf of Mearcs |Arociors |254) »*»¥ o » L]

Fuller-reuuned PCD Mis than dtwrcuon

For exampic. what 15 deposied on the filier at mgh! may be biown off again 1n the heat ot
day.

Despite these prodiems. some ailempis have been made to comeiate A'F canos wih
iempeesture and airhomme panicle concentranons. Yamasaki et ol M demonnrated Lhay the
A/F rano (or PAH could be descnbed by an zquabon denved (rom Langmuir sdsorpuon
theory

g AF) = mT"' = b = |og(TSP) i

where m and b are empincal consuants, TSP 13 the tofsl suspended panicie concemranon
{wg/m*), and T is the sversge absolute sampiing tempersiure. In an snempe 10 correlate PCB
A/F ratios with iemperature, & piol of Equanon § was made for Aroclor® 1254 in Columpia.
5 C.. New Bedford. Mass., Denver. Colo.. and Stackhoim. Sweden ™ Dals from the 4
cuies represenied ACF ranos from 0.2 w0 190 and avarage temperstures for the sampiing
penrods of ~ 10 1o 26°C. For )4 dsta points. linear regression gave: m = - 4686 b =
19428, and @ = 0.885. Using this relauonship. the appareni percentage of paniulaie
Arcclor® 1254 in s ciny with TSP = 60 up/m’ would be esumated a3 2.1% a1 20°C and
23% a 0°C. Because of Uwe lower TSP leveis in the manne amosphere. even lower particy aie
PCB iracuons over Use oceans wouid be expecied. For example. if oceamic TSP 5 7 ug/m?
iminers) and sea salt),M a1t 0°C, 3.7% of the Araclor® 1234 wouild de on paricies. (This
pertentage is expacied %0 be an upper limn because of the difference 1 panicie size dun:
butions and chemacal characsensics of urban vs. manne serosols. ) At 20°C thus percenuage
would fail 10 ~0.3%. Since Aroccior® 1242 has & vapor pressure —3$ umes Migher than
Arocior® 1254, the parucie-bound Arocior® 1242 should be ~ (/3 of Uve above values. Thus,
the low percesage of paruculse PCB measured in the manne stmosphere 18 consisient with
theorencal esumales.

M. ATMOSPHERIC REMOVAL PROCESSES FOR PCBs

A. Colisction Methods for Aerial Depesition

Wet and dry deposution Are iwo imporiam processes for transfernng PCBa from the
atmosphete 10 the ockan Surface. Precipitalion sampling methods can be classificd as “bulk ™~
or “wet”, depending on wihether they collect dry depositon n oddition 10 rn of sRow
“Evem™' sampling refers to collections made dunng & single precipnation penod. These
and other LeMmy associted with precipianon monnonng have been defined ™
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One advamape of bulk tollectors i3 that they are cheap. ofien conssning of nothing more
than 3 jug and 1 funnel Bulk colleciofs require no POWEr. AN (MPOMAN! CORLdEraon for
sampiing 1 remote sites. and they provide an e grated measure of atmosphent npu per
unit ares A senous drawback 18 that these coilecton are castly contaminared by bid drop-
pings and inserss Moreover, they do not differenniaie derween input by precapnauon and
by dry deposiion  An ameresting way 10 meature totdt serably denved pollutams i Lo
analvee snow of sce cores This bulk collection method. subject 10 the tame contfminanon
proviems as Mennoned above. hay been used by several workers

Wet sampics are taken only duniig precipianon penods by maruallv exposing a cortecior
or by wnng 4n automated collcTlor with & Tam-inpped sensor “*" Sample conamers are
usually made of glass or mesal Plasics other than polviersflvorocthyiene ste nol synabie
for trace orpanic work because they may INUOSUCe CONLAMINMION IMO the saMple Or Cause
035€3 by Sd3OMNION 10 the plastic surface.

Orgamc cnmpounds deposiitd 1ato precip i Y arc subpect 10 revolathzaion
10sses and 1o chemical and microbisl breakdown, Problems with wransporisiion aiso Qi
courage the collection of large warer volumes. Some Invesugstors have tned 10 circumsent
these difficuities by drawing the collecied ratn sample through a plug of PUF.* 3 plass fibee
filter-PUF combinanon. ' or an XAD resin column. ™

Drv deposnion of irace organics occuns by graviianonal sentiing . turbuicnt 1mpachon of
2eros0l-bound maienials and sdsorpuion of vapors to the depostion surface. Sogergren® ™
and Bengsion and Sadergren’ cosed a nylon mesh screen wath suicone ol and eaposed
the nets for 2 10 } months at & ume 10 determune toal senal fiuaes per unit area The nets
probably cotiecied parucies by filranon as well as impacuon. McCiure and LaGrange * ™
coliecled dry deposinon on mmeral ol-cosied glass pisies. a technique thar was also used
by Young ¢ al.™ ' 10 coliect DDT ang PCB faliout sampies in southern Califorma Heesen
er 8. " exposed sers of these collection plates over several days and found that the coHecuon
efficiency decreased over an 8-day penod, r.e.. residues on piales exposed for B davs were
less than the sum of resdues recovered from plawes exposed for 1., 2., or 4.day imervals
over the same ume penod

Murphy™ enticized the use of oil-costed surfaces to sample organic drv deposinion because
of the possibility that the o1l might scavenge vapors a5 well as pankcies. Mumphy recom-
mended the use of & polar flud, and has waed glass fiber filien coaed wrth drois 10 collec:
PCB dry deposiuon.™ Eisenrexch er al. ™ collected PCB dry deposision on piass pistes coaed
with glycerol. Chasiensen e al.™ cvaiunied three surfaces for sampling PCB. DDT. and
chiordane faliour. Pans filled wich waier or ethylene giycol-water 10 stmulate a natunl warer
surface wers compared (o givcerol-aprayed and dry pens of the same geomerry On the
avernge. the wer surface pans cothected | .5 10 3 imes 83 much organochionne dry deposinon
as did the dry surface pans with no differences among the types of wer surfaces

How well any of these surrogae surfaces approsimate dry deposiion to the surface of
environmendal interes! {(ocean. lake, piant folisge) u unkmown. Removal of parucies s
strgngly ifNluenced by theut sizx, Meeorviogieal facton. and surface propefiics of 1he col.
lecior. Reviews of dry deposiion™ ' reveal an incredibie numbet of field expenments carmed
out over the last 25 years. Paruicle deponiion velotiies. V,, vary by three orders of mag-
nuude. A discussion of ail facrors affecting washowt and dry deposition 13 be yond 1he scope
of this chapier and the reader is fefermed 1o Mveral anKies on the aubjpect. ™** For wrace
Organcs. depotinon processes are funher compicaled by Uty fractionstion beiween the
PANK e and vapor phases.

A workshop held st Argonne National Laborsiory in November 1979 evaluaied meinods
0 measure dry depostion ™ A conelusion of the workshop was that surroglic surfaces are
not accursie enough estimators of fallout fluxes to use in monuonng aetworks inslead.
research was recommended on using fcromelcoroiogical parsmeien 10 calcuime drv dep-
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Tabie &

PCBs IN RAIN AND SNOW
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RIS COMPIBION. AOL Hpute i Timg

osinon flures from atmosphenc concenirauons. These techniques are summanized n re-
poru ™ " Chher workers drsagree the present authors i tuded ). and feel that more emphass
should be piaced on field compansons of fallow Muxes to surrogate and *‘reai’” surfaces

B. PCB Levels in Pracipitation and Dry Deposition

Compared 10 the Aumber of studics on wet and dry deposuion of inorganic aubstances,
refauvely bitie has been done to wvestigate removal processes for organic compounds . PCB
CONCRRITRLIONS 10 N &né Show are presenied in Table 6. with an emphasis on recen
nersiure. Higher PCB cooteavaions are found th run near urban areas. Murphy and
Risstutko’’ reported a precipitation- werghied mean PCH concentauon of | (9 ng/€ n Cin-
cago and on Beaver lsland, Lake Michigan. By companson. only 11 out of 31 run sampies
taken 8l 8 South Carclina svuary showwd detacuble PCB residuss. the Mean concentrasvon
m these |} samples was 7.5 ng/f.*™ Sorachan and Huneanit™ collectsdl raun 10 km downwind
from & heavily industhalized srea mear Hamiton. Onano and at & “‘remote”” site 50 kum
from Sault S1. Mane, Onwnc, Aversge PCB concemrauons were 27 ng/{ near Hamgllon
and J ngsl ot the Temowe ke,

The few fluzes and deposiuon paramerers that have been mestured for PCBs are sum.
manzed in Tables 7 and B. Table 7 shows that deposition fluxes to the Great Lakes are
the runge of 100 100 ug/m¥/year. whilke manne deposiion may be iomewhat lower Removal
parameters send 10 be higher for the iens voistle compounds. For example, washout ratios
(W) and V, are higher for Arocior® 1254 than for Aroclors® 1016 sad 1242 (Table §). The
same trend has besn found for chiordant and the less volaule DDT.* A hkely explanavion
1t that & grester proponion of the heavier organics ire parucie-bound and are removed more
elficiendy by wei and dry processes. This behavior ¥ modeled in the next secuons
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Table ?
PRECIPITATION AND DRY DEPOSITION INPUTS OF PCBs TQ WATER BODIES
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Iv. ATMOSPHERIC INPUTS ON PCBs TO THE OCEAN

In this secion we will anempt to model the depotiion of PCBs lo the ocean surface
Semular atiempts a1 modeting the auwswater flus of PCBy 10 the Grem Lakes nave been
reporied. ™ ™ In a brosd sense our approach here will be similar 10 other models. but some
of Ihe ceposItiOn parameiers and assumpuons necessanly will be maxdified fur spplicavun
10 the marne eavironment Also, where possible, our esumates will conform with data
recentty aquired for deposiion of other subsiances. such &S vanous (race metaks Lo the
ocean suriace ™’ The man resubis from has mode! will be a companson of Lhe Nuaes due
o diiferent depostuon mechanisms of PCB and an esimaic of the overall Nux ot PCB 10
the ocean.

Subsances can be iransferred from the simosphere 1o the ocesh By deposition of both
paricies and gases. Since PCB 1 pamnoned belween a vapor and paniicie phase. both
mechanisms must be considered. Furthermore. both wet1 and dry deposiyon processes 1of
cach phase must be considered. Each process 15 considered separstely below

A. Dry Depmition of Particies

Paniche depositsion 10 & natural water surface is & hughly complicated process. In » vers
simpic mathemaiical form which masks many complexities. the flux of pamicies may be
chlculmied fcom:

R = Vel, oy

where I, » dry flux of pamicie-bound compound, V, = pamicie deposiuon velocity. and
C, = concentrastion Of the compound bound 10 parucies. Large differences 1n panicic
deposiLOn TaIeS are clpecied &t a funchion of parucke sxe.' Measuremenu of Vg Nolah
described eariier (Tabie §) may nov be applicable 10 open-ocean areas. Daws of Bidleman
and Chnstensen’ ané Murphy et al.™ suggest tat dry deposiuon rates of PCB measured
In conlinents) areas may be dominated by a small perceange of PCB which s associaied
with large particles. Rapd deposiuon of these conunenially denved large panicles neas the
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source will lessen the elfectisve Jdeposition rate of PCB over most ocean areas Siace ans
partcutaie PCB present in the ocean atmosphere 1s mainty on small panictes. u may dekave
simitarly 10 shet amosphenc compounds associaied with smabl particies. such as Pb A
recent analysis of Pb depusition in the manine aimosphere™ suggests & ner dry depositon
velocity uf smalt-panicle Pb an he order ot O | crmvsec

Recent measurements of paniclie home PCBs n the manne simosphere sugpest that < 115
w aasociated with panicles This result may be biased towstd low values because measyure
ments have typically becn made ncar sea level. 1n iemperate or tropical climaies. and n
relanvely warm weather As discussed carhier. iemperalure can affeci the amount ;m PCB
on amosphenc particles For the purposes of cur calculauon we will assume thar 275 o
Atoclor® 1754 and 0.4% of Aroclors® (016 and 1242 in the aimosphere are associated with
paricies. These perceniages correspond 10 a temperature of ~4°C and should provide an
upper l'mit of pamiculate PCBs for ciean air condimons in Ihe marine boundary laver

B. Wet Deposition of Partichkes

Parucies are eificiently scavenged from the atmosphere by precipuation Daia on panic
ulate organics 1 precipunation’ '™ and on trace meial scavenging'™ suggest a value of NN
10 700 ng/kg vraning/kg taird]. For our cakulation we wili use a vajue of 300 The Mux
due 10 wet deposinon of panticulate PCB then 15 given by

Fr = 500RC, kY
where R = annuval rawnfail rare over the ocean (~ ! mvyear).

C. Dry Deposition of Gases

The magnitude (and direcuoni of the gas exchange of PCBs across the auwaler boundary
has been a subject of conlroversy 1n recent years, pacticviarly weith reference in the Greas
Lakes '**'™ [ has been shown from mass balance estimaies and from water coiumn meas-
urements that the atmosphere must be an imponant source of PCB to the Grean Lakes.
However, physicochemical data on PCB vapor pressure. solubility, &nd Henry's Law con-
slants suggest that the Great Lakes are supersaturated with respect |0 atmosphenc PCB
Therefore, surface water shouid voiandize excess PCB and be a source, rather than a sink.
of PCB. Some have suggesied that the physical data are incorrect'® or have ponted 10
assumpiions reganding mass wransfer rates and sorouon of PCB as potential sources of
muscaiculaton.*’

A similar dilemma exisis (or gas transfer of PCB (o the ocesn surface. Direct measurements
are not available 10 determune the net Mux of vapor-phase PCB acrots the ar/water interface.
However, some indtrect daws are available 10 suggest the magnuude of the gas cxchanyge
Mlux. First. we will examune Uie equations and parameters used 10 esumate gas exchange.

The Jwo-filmn resistance mode! of Whitman has been widely used 10 exarmine gas exchange
\n astural water systems.'®™ tn this modei, the transfer of a gas is limuted by dilfusion across
thin stagnant films of air and water adjacent 10 the interface. The overall transfer coefficten.
Koy . s based on the ndividual transfer coelficients across the liquid and gas fiims and on
the Henry's Law conswuani of the compound. Thus:

1Ko = VK, + RT/HK, (44
where K. and K, are the individual mass aunsfer coefficients in the liquid (L) and gas 1G)
film. and (H/RT) = dimensionless mt/water partiuon coefficient. H = Henry's Law con-

stant(am — m*/mol), R = gas constant. and T = temperature. Depending on the magniude
of (RT/H). one of the «wo terms 1n Equation 4 may become large compared to the other
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and the eachange will be designaied as cither “liguid-phase " or ““gas-phase * conirolicd
K, and K, are based on estimaies 0] oxygen and water vapor mass transier raies i the
wean. Typcal vaiues of 1000 and 20 crvhr have been suggesied for K, and K, . respec-
uvely "™ These raies need 10 be conected for 1he smaller diffusivay of PCB  Theorencal
caimares ™ gnd laburatory expenments ™ suggest a2 correcuon factor of approumaicis
02 Thus. K, -6l cmhr and K, ~8 cmuhr for PCB.

Recend capenments by Atlas e1 3l ™™ ''“ have shown that (H/R T} at 23°C for vanous PCBs
n sea waler 15 appronimately O 028 jor Aroclor® 1242 and 0.014 ior Arnclor® § 254 Using
these vajues vields a Koy, of 54 cmuhr and & | cmvhr for Aroclors® 1042 and 1254 e
spectively  These wransfer coetficients show i1hat bowh gas and liquid phase resrsiances are
significam in the transter of PCBs across the mrswater ierface "

Given the mass transfer rate Ko, . the net flux F; depends on the disequilibrium between
an and waler concentratons, ot

Ff‘) = del 'cn - 15

where C = the concentration of dissolved PCBs in water, ana C_ the aqueous conceniration
of PCBs n equiisbnum with atmosphenc PCB. I C > C_. the flux 15 from the waier 10
the arr. and vice versa. One assumption i prior esumates of gaseous PCB Nux 5 that the
ocean surface acts as 3 perfect sink for PCB. se.. C = 0. Under vus assumpiton the flux
10 the ocean 15 maximum and 13 given by F = Ko, * C, where C,, = C, AH/RT) Using
appropnate parameters veelds a8 maximum air-sed flux of 5.0 x |0-*g PCBrm-year (2.9
x 10"%g 1242 + 2.0 x |0-*g 1254).

Reponed concentrations of PCBs 1 the oceans are not zero. however. Aqueous concen-
trations of ‘‘dissolved’” PCB of 50 10 500 pg/{ in surface ocean watefy are at ledst 10 umes
the equilibnum concentration expecied from Henry's Law calculations. The compilanon ot
environmenial aur/ waler concentration rauos vs. theoretical esumates (Table 9) cieariy 1)-
lustrates this poini. The data in Tabie 9 show tha PCB pamitions at jeast 10 times more
in1o the aqueous phase (in manne and fresh water systems and :n rain water) than 15 predicied
{from merely equilibrium with atmosphenic PCB. Apparent supersaturation s evidenity a
generally widespresd phenomench i natural waters.

If we assume tha the oceans are a sink rmher than a source of atmosphenic PCB. these
observauons suggest that the pracial differemcisvon of paruculate and dissoived PCBs in
rasn and other natural waters may ot accurately reflect the actual physical state and chemicat
behavior of PCBs in solution. For example, PCBs sorbed (o mcroparucuiate matenal. which
passes through glass-fiber filiers. would be considered ‘“dissolved” . consequently. the so-
luvon would appear supersaturaied with respect io atmospheric PCB. There is linle dau
availsble to tesr this hypothesia, however. Voice e1 al.''? suggesied the effect of micropar-
uculme { = colloidal) PCB w» laboratory expesiments of PCB adsorprion of sedimemis. Re-
cently, Gschwend and Wu demonstraed this effect in & Iaboratory sysiem.''* Other siudics
have demonstrsted the strong binding of syathenc organics 10 natural colloid maenal ' '**
Available data on PCB distribution between atr and waier would be more easily expluned
if PCBs in natura] witers were not 1n true solution. but rather axsociated with colloidal of
micropaniculsie matenal. This does pot suggest. though, the! gas-phase PCB does noi
iransfer {0 aqueous solution. Laboratory siudies'™ '™ on gas exchange of PCBs have dem-
onsirated that gas-phase PCBs will reach equilibnum with aqueous 5o/ utions and subsequenily
can be purged from solution with ciean nir. Thus, gas deposition and volanlization of PCBs
can occur: however, in hatural systems this process may be masked by the presence of PCBs
sorbed 10 very smail parucies. Daia are presentiy unavaclable to determine the exienl (0
which the pool of paruculate PCBs 15 involved in the equilibration of gas-phase PCBs with
surface waters. Further work 18 required 1o determine the vanous mechanisms which conirol
the airswater exchange Processes in nalural warers.
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Tabie 9
MEASURED AND THEORETICAL AIR/WATER CONC.
RATION OF PCBs {ng/m’ tairling/¢ twater))

PCB mealure

sArocler:i
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Ramwsier 01 003~017 TYabie §
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Manae s 144 i

Fresh (3N 1 &7 110

¢ Cakulgted from wndividust PCB nomer distnbutions

Because of the uncertainty in the magnitude of ““dissoived’ " PCBs, the actual saturation
state of surface ses water with respect to simosphene PCBs cannot be calculaied directly
and assumptions regarding the saturation stme must be made. Two scenanos are considered.
The firs) case assunes that processes removing PCBs from the “*dissolved ' form 10 collowat
or paniuculate marer are rapid compared to the gas exchange rate. This case ldiscussed
above) suggests the ocean absorbs gascous PCBs at the maximum rate. n the second case.
gas exchange s rapid compared to other processes influencing agueous PCB concentration
Since measuremenis of anthropogenic gases. such as freons. indicme that surface ocean
walers are in near equilibnum with the atmosphere. 1t is probable thai “"dissolved'” PCBs
wre aiso in equilibrium with smosphenc PCBs. If the ocean surface were slagnant 1here
wouid be no net flux of PCBs from the mmosphere 10 the oceans. However, surface walers
are being mixed constamly with old. deeper waters which are presumably undersaturated
with respect to Mmmespheric PCBs. Thus. gas exchange of PCBs may be limtted by the
residence tume of water in the miaed layer rather than by a diffusion-limited iransfer across
thin wnterfacial films. If, for exampie. we assume the 100 m surface layer of the ocean has
3 retidence ime. 7, of 2 10 4 years and 15 betng mixed with water undersatursied in PCB.,
then the gas exchange flux becomes 100 m x C/v. This cakulation results m 3 gas-
exchange PCB flux of only 5% of the maximum rate.

D. Wet Deposition of Gases

This process involves equilibrium of rain with vapor phase PCBs in the atmosphere.
Essentially, this mechanism has been discussed in the last section. The flux from we:
deposition of gaseous PCBs is

FS = RC,, (6)
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Table 10
PARAMETERS FOR PCB FLUX CALCULATION

PCP Arocior® mniure

Parameiers ) 1242 1254

Vapor conc 1pgm | 1260 80
Mariculate sonc ipg-m't 0s 11
Panwion coeificient m tai vl waier!

Sca waier M ] a0

Fresh waier 140 10
Vo iparTicles) cmesec a1 01
Panicle washow 1acior

w, 500 0 500 0
MaIh 10e e vesr) 10 10
Oxcean area imy & = 10 3 x 10

Table 11

FLUX OF PCBs TO THE OCEAN SURFACE

Flax irg/m'yenr!

Argciere 1142 Armciere 1154 Towl

Paricles
Dry 160 aHo LeN]
wel 1300 §30.0 900 0
Gas Praw
Dry manimum 2.100.0 1,600 0 3. 700 .0
LT 100 0 100 0 200 07}
We 90 s 190
Towl 23150 201 0 #4760
Tuwd flur w0 ocesns
1o 10" pyear) 16 13 [T

Baseg on 128 waier composiion = 0.5 Arcclon® (242 and 0 5 1284

where the symbols used are those already described (Equation 5). As shown in Table 8 field
measurements of PCB washout ratios afe one lo two orders of magniude higher than lhose
predicted based solely on dissolution of gas-phase PCBs in precipitanion (Table 9) This
suggests that PCBs in rminfall 13 oiXained pnmarily from parucuiate mauer and thai gas-
phase dissolution of PCBs is & relatively mimor contnbytion.

E. Comparison of PCB laputs 10 the Ocean

A summary of flux estimates is given in Tables (0 and | 1. Under assumptions of maximum
gas eachange, the flux of aimospheric PCB o the ocean ts dominated by gas exchange
processes (79%). Precipitation scavenging of the relatively small reservour of paniculare
PCB is the second major mechanism for airssea transfer of PCB (19%). On the other hand
a smaller gas transfer flux would make these two processes comparabie. Wel depositon of
gascous PCB and dry deposition of paruculsie PCB are less important processes in the manne
environment. These esumales can be compared to other calculations of PCB nput 1o the
ocean. For exampie, “towi’ dry deposition velocity (panicles and gas) have been measured
for aumosphenic PCB (sce Table 8). A simple meksure of "*towal dry deposition (s cliculated
from:

FF= VICT M
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where F = 1oial dry deposmon 183s and pacie) flux. ¥ = (ol drv deposnion veiociy
and CT = wiai aimosphenc PCB conceniraiion Using dala from 4 pnstine coasial area
1 Table 8). an esiimated V., for the manine environment is 0 15 crrvsec tAroclor® | 254) ynu
103 cmvsec 1Aroclor? 12420, Use of these faciors vields a 1io1al PCB fAux ol 42 ugm’
sear 171 Aroclor® 1254, I9% Aroclor® [242) This compares favorably wilh 3 8 g m°
sear valculated (n he mavimum cachange itwodel

An independent measure ol pariculaie PCB ilux 10 the ocean may be obiained from recent
mcasurements of dust llux 10 the ocean Using an average flux of 50 pgrem-vear of dusi
to she centrai Pacific' '’ '** and a paruiculaie PCB concenirainon of 0 25 ugrg (Table 1)) and
7 ug/m' parsculaie matier 1n manne air we calculaie a net flux (nox including gas exchange:
of 0 125 pgrmi:vear. This also agrees well wilh modet calcuiatons above (Tabie 111,

These calcutanions suggesi an upper {vmie of PCB flux 1o the oceans 1s ~5 ug/méivear.
or a tedal annual flux of 17001 There are. of course. relatively large uncertaintes in this
esiimaie. The degree of gas exchange of PCBs berween the atmosphere and ocean surface
waters 15 the largesi uncentanly. Effects ol siorms, wind speed. and temperature on Jifised
¢achange of PCB have been :gnored in dhis model. Also. polentially imponam regional
vartalions 1 panicle size and concentraiion of atmosphenc PCB have been ignored. A more
refined mode! of PCB flux will require additonai labotatory and Neld measurements nt
PCBs In spite of the uncenainties. the Mux calculated above 15 probably a reasonable upper
limst of PCB 1nput 10 the oceans over the jast 10 to |5 years.

Calculaions below will illustraie the imponance of aimosphenc inputs of PCBs by com-
panng the atmosphere-ocean input fluxes with other main nputs of PCBs 1o the ocean and
wiih the s1ze of the ocean reservoir of PCBs.

The second potential major tnput of PCB3 to the ocean will be from rivers. We are aware
of no data on PCBs in nvers with the Jargesi flow, i.e.. the Amazon, Congo. and Yangize.
which drain nonindustnaiized regions. Mean PCB concentratsons in the Mississippr River
Deita area were reponed as 2.5 ng/&* and some nvers draining highly industnalized areas
of Europe repon PCB concentratsons on the order of 10 to 20 ng/{."'* though much of 1his
15 assoc(sled with panicuiate matenial which wiil be deposited near the river mouth. Con-
sidertng that the inrgest nvers drain rural or undeveloped lands, a reasonable upper limi( for
PCBs in "‘average’' fiver water 13 | ng/{. Using an annual runoff so the oceanof 3 x 10
m?, we calculaie an annual nvenne Nux of PCBs 1o the ocean of 30 «. This amounts 10 only
1% of the esumated atmosphenc flua of PCBs 1o the ocean.

The ocean reservorr of PCB3 is discussed in dewil eisewhere in this volume, '™ and thus
i will be considered only brefly here. The concentrsuon of PCBs in ocean water is sull
relaitvely poorty defined. Daw suggest PCBs are distributed reistvely uniformly throughout
the water column;'®™ they are present even in very deep waier, If we assume a umform
concencration of 0.1 ug/m’ (100 pg/¢)'*! jo 4000 m depth in the world ocean (1.6 x 10
m?), the amount of PCBs in the ocean is 1.4 x 10" ¢ This does not include the ocean-
sedimem reservorr. This amount seems slightly high compared 1o the mobile environmental
reservorr of 0.8 x [0 g of U.5.-derived PCBs. bul il is hot Unreasonable. A the maximum
rate of smospheric and nvenne inpul, it would take approaimately 82 years for the ocean
rESErvoir 10 resch ity present size. However, PCBs have only been produced in significant
quantities over the laxt 40 to 30 years. Thus, even maximum esumated fluaes of PCBs
canpot accoum for the size of the oceanic PCB reservoir. This suggests tha atmosphenc
flures of PCBs 1o the ocean in the past (priof 1o 1970) may have been greser than present
rates 10 account for PCBs accumulated in the ocean. or that there are stitl erors in esnmating
the reservoir sizes and eachange rales of PCBs in the environment. Indeed, some recent
measurements of surface water PCB concentrations in the Pacific Ocean® are less than 100
py/¢ used in 1he above calculation, which would indicate 3 smaller oceanic PCB reservoir
A smaller reservorr of oceamc PCB would be more consisient with esnmaied rates of
aimosphenc inputs of PCB lo the ocean.
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9% PCRs und the Environment
vV SUMMARY

Fhis chapter has cramuned the collection techniques. concentration. and Jepovition of
PCBs trom the atmosphere. Suitable collection and analvtical technigues are avatlabie 1o
measure jow concentrations of PCBs in the ambient aimosphete Direct determinalinny o1
wet deposttion 0i PCB are rare. and chere (s shill coniroversy conceming meassurement and
tnicrpretation ot Jdrv depostion ot atmosphenc PCBs  Avadable daia of PCB concentractons
indicate 3n atmosphenc resefvort size of approximaiely 77 x [0 kg This resersoir iy
small compared 1o othet reservours of ““mobile”” PCBs 1n the environment However. the
stmosphere 1 sull a major transport mechanism ot distnbuung PCBs throughuut the en-
vitunment 11 s estemated here that up o 98% of the PCBs entering ihe oceans 1s cuftentiy
bemg deposited Ntom the atmosphere A masimum atmosphenc tnput of 1700 vyear ot PCB
i caicwiated

The most imponant mechanisms tor depositeng PCBs Trom the sumosphere 1o the ocean
surtace are gas eachange and washow of particulate PCBs. Washout ot gas.phase PCB s
negitgible. Dry deposuon oi parttcuiate PCBs «s only § to 10% of the wet deposmion
However. there are sithl numerous uncertainiies on the picture of PCB exchange with the
ocean The magnstude of PCB gas exchange wnh ocean surface waters is largely uncentain
Also. the model preserued here ts based On average properties and tgnofes temporal and
reponal differences tn PCB wransfer. Factors such as ac« emperawre. wind speed. storm
lrequency. rainfall rate. and other meieoroiogicai faciors wiil exert an wmponam nfluence
on the pattern and raies of PCB movement over the oceans and need (o be considered in a
delatled picwre of PCB cyciing beiween the oceans and the aumosphere. However. such a
mode] will require more measurements of PCBs 1n the manne environment than are presentis
avatlabie. Finatiy. mass baiance considerations should be applied 1o models of PCB cycling
t0 set limits on observed and exumated conCentralions and Uanspon rates i the oceans
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102 PUBY und the Environment
I ABSTRACT

Aguenus solubiities oF polychiotinaied biphenyls (PCBS) are 1ow. ranging from 2 T pph
bt Arocior® 1260 10 1500 pph tor Arochor® 1221 Waier.voluble PCBs are reponied 10 he
nchet in Jower chioninated 1somers than were the onginal PCB Nuids

PO B are strongly orbed by canth marerabe There o a very mgh direc comrelatoon betwcen
the 11ad organic carbon conten ol the sind und the amount sarped. The somnon and retennion
ol PCBy Iy sy and sl consuiluems are intluenced by the pumber of chlonne noms
1he anitecuie. the more hagbly chlorinated derivatives being more tenaciously held A hinear
regresston relution for sorphion ol PCBs expressed on 2 unit carbon basis as o function ol
water soiuhihity 15 presemed The correlanion of sorpuon with compound #-aocianil waier
parnan coelNcienis 5 also examined

PCBL ure nut readily mobile in sorls when leached with squecus solutions such as water
ar sgnkary landfi)l leachaies but are highly mobile when icached with organe sulvenis
Motulity of PCBs s proporuonal to ther solubibity in the leaching solvenl and to the sod
OFRINIC MANEF Conlent

Il INTRODUCTION

PCBs are a class of chionnated aromaiic hvdrocarbons that are (bermally and chemically
sfable They have been widely used as a dielecine flurd intransformers and as an impregnaing
agent tor capaciiors and condensers. The occurrence of PCBs tn the environment and their
consequences on environmental quality have been weil emphasized.' * The Toxic Substances
Control Act 1TSCA). Public Law 94-46Y%, specifically prolubis production ol PCBs within
the U S . regulaies disposal of matenals contaminated by PCBs. and restricts the use of any
such matenals already in service. The effect of these measures should be 1o eliminate funher
releases inio the environment and evenjuaily. 1o reduce QUantities EXISUNg i the environment
However, because of [he exireme stabihity of PCBs, environmental levels wilt nor be reduced
substanuially for many years. and the problem of dealing with existing reservors of mobile
PCBs wili remain.

The disposal of PCBs and related maenals in landfills 15 of grest concern®* because of
the possibiiny of ground warer contamination if |hese compounds are leached from landfilis
The hmited amounl of availabie information indicates that PCBs have a strong alfinuly |or
soul’* and are nos readily ieached by percolaung water.'® Brnggs'' reponed that adsorpuion
of nonionx organic compounds by sotls was related to ihe organk matter contenl of souls
and 0 their octanol/water panition coefficient. He predicted [hat PCBs would be immobile
in soits The water solubility. sorption. mobility, transiocation. and plant upiake ol PCBs
will be discussed in this review. The comretation of the somption constam of PCBs with suld
and compound properues will also be examuned.

111. AQUEOUS SOLUBILITY

The aqueous solubility of hydrophobic compounds such as PCBs is a valuable indictor
of its envwonmental fate. for exampie. 113 tendency 1o sorb o 50M Of 10 hoaccumulate In
organisms. A considersbie volume of data has been published on PCB solubilies ™ ** *'
but discrepancies exist because of the expenmentat difficully of generating and handimg
such Jilute solusrons. The aqueous solubrlities of some individual PCB isomers and com-
merciaily avatiable mixtures of PCBs are listed in Tabie |. The sorl sorption constant 1K, )
5 also lisied «n Table | Agueous solubilines of PCBs are very low ranging from .95 ppb
for 2.4,5.2°.4° 5" -hexachiorobiphenyl to 5900 ppb for 2-chlorobiphenyl and 2.7 ppb for
Arocior® 1260 o 3500 ppb for Aroclor® 1221 The composimion of Aroclors® is given in
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Table 2
APPROXIMATE MOLECULAR COMPOSITION %) OF
AROCLORS® »

srocior® mo.

E.mpircal

formuis 1221 1232 (117 1243 1248 12%4 t2ed
.M. tl Dt -0t Sl ~ND cu ~D
C. H.Cl st 3 t 1 ND Ul ~D
C ML IM M 0 [ 2 3 ND
C..H.CI, 4 M ] L 9% ik 1 ~ND
CoHC N 2 M A ) 40 M |
C..H.CH, <0 4 1 ] » 4% 13
C..H,Cl, ~ND 01 <f| [ + 23 b ]
C .H Ll ND ND ~D L0 ND [ at
C,.H.Cl, ND ND ~D ~ND ND ND A
C..H.CL ND ND ND ND ND ND ~D
Avcrage mol wi 00 MY s S 184 1787
Nwire ND mesm none Jetecied

Table 3

SUMMARY OF ISOMER COMPOSITION (%)} OF
WATER.SOLUBLE AROCLORS®

Arwcior® me.

Empirical Copatisor
formwwia 12 1816 120 Nuid 1254
C. HQl L} 12 19 1 ND
CHCl, 1 4 L1] n ND
C ML, 1 1} M » 20
C,H,C, <0t 9 e 3} %
C,;H,Cl, ND ND | | L]
C,Hn,CL ND ND ND ND <01
C. HLCL ND ND ND ND <0 |

Nerwe. ND meshia sone despowen.

Table 2. The overall compositions of chlorobiphenyl isomers in the water-soluble fraction
of these Aroclors® are Jisted in Table 3. Represemative GC chromasograms of waer-solubie
Aroclors®® are shown tin Figure |. In comparing the composiion of the waier-soluble
Aroclons® reponied by Thursion™ and Lee et al..** the water-soluble (racuons were found
10 be richer in the lewerchioninated 1somers than were the origmal PCBs. Aroclor® |254
is reported 1o contain 15omers {rom tetra: to heptachlorobiphenyl in the onginal fluid. The
GC unces of hexane-soluble Aroclor® |254 reponed by several researchers™ ™ show some
smadl peaks Jn the position of tnchlorobiphenyl: this has aiso been confirmed by Lee et al ™
Because inchiorabiphenyls are more water-soluble than the more highly chlonnated b:-
phenyis, detecton of race amounts tn water 1 reasonable. The hexa- and hepachiorobi-
phenyls are ennched n the Aroclor® 1254 fiuid and do not dissolve readily i water The
low solubtlity of these highly chionnated isomers in waier is apparently the reason.

IV. SORPTION OF PCBs BY EARTH MATERIALS

Sorpuon of PCBs by earth matenals 1s the major nondestructive physicochemical process
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affecttng PCB concentrations after introduction into the squatic environment. The comw-
nanon of low water solubiluy and high octanol/water parution coeffierents tsee Table 1)
indicates that PCBs have a high affinity for suspended solids. espectally those high a organic
carbon.’' This has been conflirmed by a number of expeniments which have shown that PCBs
are rapedly sorbed and that the greatest amounts of PCBs are usually associated with the
sotls or sediments in sou-water sysiems.’ ** 23 Gniffin and Chou* reponed adsorpiton of
water soluble PCB1 by soil mateniais and coal chars. Data for PCB sorption by vanous earth
matenals are given in Table 4. Representative sorption isotherms are shown wn Figures 2
and 1 The amoum of PCBs sorbed by the earth materials was reiated 10 the squilibnum
solution concentration of PCBs, and couid be descnibed by the simpie linear relation®

um = KC th

where x = micrograms of compound sofbed. m = weight of adsorbemt ig), C = the
equilibrium concentranon of the PCBs 1a solution (upmé), and K = the sorpuion constant
(méig).

The PCB sorption data reported here are 3 speciai case of the Freundiich equaon where
ln = |, K,, and K are thus identical and Freundlich K, values reponied in the irterature for
vther compounds can be compared with the K values for PCBs reported i Tabie 4 The
Juta presented :n Table 4 iHustrate the wide differences in sorption by the vanous ecanh
matenals. Sorpuen of PCBs followed the senes Medium Temperare Coal Char > High
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Table 4
EARTH MATERJALS USED IN SORPTION STUDIES,
THEIR SORPTION CONSTANT iK), THEIR TOTAL
ORGANIC CARBON (TOC CONTENT, AND
SURFACE AREA (5A)*

OO 54
Sorbent K 1%) 1mig)
Ouaws wica sand n i a
Mammontionue clay 2 ) nl
Montmoriinmice ciav 1LT A (T3] DR N2
Caahin wli foam 2 al) N3]
Catim & by LTA) 77 417 K]
Cahn, 12 e aLTa) 10 104 243
Catltn 1%0 e JLTAI mn I 84 a2
Mediom emp coal char 830°C 1938 78 04 M)
Medium wemp coai char 030°C (LTA) 1432 ~ 00 M
High emp coal char 980°C 1.220 62 i
High iemp coai char 98O°C (LT A} 1.7 I 14 L]

Nowe LTA denotes low iempersiure pthed samplas

Temperature Coal Char > Catlin Soil > Monimonllonite Clay > Ottawa Silica Sand. Low-
temperature ashing reduced the amounts of PCBs sorbed by all sampies. For the samples
of Cathn soil (CS), PCB sorption decreased as ashing ume tncremsed: this corroborales the
vbservaiions of Briggs'' that there 15 a relationship between organic matter content and
sorpLion.

The sorpuon of isomers from water-soluble Aroclor® 1242 solutions by different sorbenis
was snvestigaied by Lee ef ai.” They found that higher chionnated tsomers were sorbed more
than the lower chionnated isomers. Haque and Schmedding® indwated that the extemt o)
sorption for the surfaces they studied followed the sequence hexachloro- > teirachloro: >
dichiorobipheny! for the isomers siudied. The sorpuon of the waler-soluble somers of
Aroclor® 1242 by coal char was reponied by GrifTin and Chian." The average sorption of
al} isomers in groups such as monochloro- or dichloro-isomers were considered together
Gniffin and Chian” concluded that the higher chlorinaed were preferenuaily sorbed over
the lowes-chiorinamed 1somers which agreed with the sequence found by Haque and
Schmedding .

The relstionsiip between total organic carpon (TOC) content, surface area, and PCB
sorption were investigaied by Lee et at.® A highly significant (p = 0.001 levei) correlation
was found with a linear regretsion reiation of the PCB sorption constans (K) and TOC of-

K = 255 + 18.5TOC
r =08 2)
Thus. the PCB sorption constant (K} can be estimaed from a knowiedge of the TOC content
of the eanth maenal. A highly sigmificani (p = 0,001 leve!} correlation was aiso found with
a linear regression relation of the PCB sorpuon constant (K) with surface area (SA. measured
by using CO, gas adsorpuon):
K = 230 + 664 SA
r = 082 131
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MTE X =1922 I

HTC X =1220

Amount PCB adyorbed (u9/g)

O xe 22
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FIGURE 2. PCE adsorpuion by eanh maieniais ™ Sohd symbols represent
daws for capaciior Mud. open symbois represent dats for Aroclor® 1742, and
X1 w open symbots inducse anniylis using capilary columa .

A three-vanable regression analysis of the PCB sorption consiam (K), TOC. and SA was
investigated by Lee et al.® A very tghly significant tp = 0.001 level) correiation was
obiained with a hinear regression relation of:

K =188 + 336 SA + {14 TOC
o= 094 14}

The magnitude of the coefficients for SA and TOC indicate that TOC is the domimam facior
n sorpuon. The ben estimaies of K were obiained by incorporating both SA ang TOC,
however, if only one earth matenal property must be chosen to esumate K. and TOC would
be the most useful property.

The reistion berween the Aroclor® {242 sorption constant. K. and 1he TOC coniem of
the seven soil matenals in Table 4 1 illustrated tn Figure 4. A linear relation was obained
and the slope of the line was used to esumare the K vaiue for Arocior® 1242 The K, 13
ihe 30rpuon consant normalized for the organic carbon content of soil and was found 10
have a value of i0.725. A three-vanable regression anatyns of the Arocior® 1242 sofption
constan, K. TOC. and SA was investigaied using the data for 501l matenals (1.e . excluding
coal chars! reponed 1n Table 4 and is shown 1n Figure 5. A very h||hly significant correlanon
was ohtained with & kncar regression relation of:
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X = 174)+4085A + 7143 TOC 1%
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FIGURE 5 Muitiple vandabie regiession snsivirs of ihe Atuior® 1242 wnl sorption constan 1K | plotied
a fumhion of she TOC conte and SA of 7 voul martenals

K = 12,43 + 406 SA + 7145 TOC
= 094 5

The magnnude of the coefficients for SA and TOC indicates that TOC s ihe dominam soil
propeny in sorption. The best esumates of K are obtained by a knowledge of both § and
TOC; however. TOC is again, the single most impontadt property controtling PCB sorpiion
When the PCB contamination level of soils or sediments becomes large. these matenials
may serve as a reservour for desorption. * This is illustrared by Equation | which indiwcaies
that K is a a0 of x/m 10 C and as xrm becomes large, C also grows in relauon to K. Thas
fact has ymportant ramifications to situations where PCBs are spilled or disposed in tugh
concentranons because rejease of PCBs by soi matenals can cause jong-ierm poliution. For
cxample. oysiers still contatned measurable levels of PCBs 7 years after a spili. even though
ihe concentrauons tn the water were below detecnion Limits ¥’

V. MECHANISM OF SORPTION

The sorption of PCBs by earth matenats is suggesied to be a hydrophobic sorpuion. which
ts the pantioning of the nonpolar soluie out of the polar aqueous phase onto hydrophobie
surfaces on the carth materials, The hydrophobic surfaces are primarily associated with soil
organikc mater but may also inciude B5—O-5is bonds s mineral surfaces. * The pnmary
feature of hydrophobic sorption is the very weak inlersction berween the solute and the
solvent, As the term hydrophobic suggesis. the solvent water plays a major role in ihe
inseraction. Although not stnctly the case. the interaction may be 30 weak as to acquire the
nature of & repulsion of the PCB molecule from the water. The more hycrophobic the PCB
molecule (lowet 1n water solubility ), the greater the repulsion from the water phase and the
greater the sorption on 2 hydrophobic surfece. [n a stricter tressment, hydrophobic sorption
1$ thought (o be an entropy dnven process governed by the basie thermodynamic relanon-

AG = AH ~ TaSs L.y
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where 3G s 1he change an free energy of the system, 3H 15 the heat of sorpiion temhaloy s
T 15 :emperaiurc. and 35 s lhe change n enitopy ot 1he system  Sorption resulis when there
15 4 neganve Iree crcrey change The primary driving force 1n hydrophobn: SOrphion appears
1o be the large enrnpy change resulung from the removal of the ofganmic molecuie 1rom
solution amd sorplivn unio 3 hydrophobic surface ™ * The entropy change 14 the primar
Jriving furce due (o Ihe desirucnon of she caviy occupred by the PCB molecule n Ine
swivent ang the desirucuon vl the highly siruciured waier sheil surrounding she solvaed
PCB mulecule = *'

The roic ol 1he soluie-solvent inieraction In deiermimng the degree ol sorpnon of hvdro.
phobic compounds was demonsiraied by a soif thin-iayer chromalography siudy using solutes
and suivems 1mohile phaser of differens polanies 2 When the mobile phase was 1007
wter. the polar compounds were weakly sorbed and moved with the solvent iront. and 1he
iess poilar compounds were sirongly yorbed and showed liitle movement. As the monile
phase was made less poiar by addsuions of ethanol. w became a beuer solvem for the nonpolar
compounds and their sorprion decreased With ethanol additions . the moltnle phase became
a pooter soivem log she poiar compound and its Sorpuon increased and movemeni decreased
Simefar resuns for Aroclors? 1241, 1234, and dicamba have also been reponed

Vi. CORRELATION OF K VALUES WITH EARTH MATERIAL AND
COMPOQUND PROPERTIES

Sorpiion eaperiments with nonpoiar orgasme compounds and different earth matenais
produce a differen: K value for each earth maenal and organx compound. Hydrophobic
sorption has been highly correiated with the organic carbon content of the eanh maenal
while at the same ume being reiatively independent of other sorbent propenes **“* When
sorpuon of & hydrophobically sorbed compound is examuned reialive to the organx carbon
conient of the eanh matenal. a constant, K_, is generaed which 135 2 unique propeny of
the compound being sorped. The K can be determined graphically as shown in Fagure 4
or computed as follows:

Ko = K, X 100/(%)TOC 1)

where K, is the Freundiich constant and TOC s the percent organic carbon in the respective
soii matenal. K., values are compound properues. not soi! properues, and have been reiated
to other compound properties such a5 water solubility (S) and a-octanol/water parmition
coefTicients (K, ). Figure 6 shows the K_ .S relation for the PCBs for which data are Labuiated
n Table ! The lincar regression oquation OBLAINGG was

log K, = 5.85 - 0.64 log S (ppb) B}

The daw indicate that a good approaimarion of sorption of PCBs by soil matenais can be
niade based on their waler solubility. Water solubilities have been also shown to predic: the
K. values of a wide range of other hydrophobic compounds *-+4!

The octapol/water parttiion coefficient (K..) messures the tendency of a compound o
parubion between an organic solvent and water. The octanol/waier parbon coefficient s
usually obtained by measunng the concentration of the compound 11 equilibtium with n.
octanol and water.* However, 3 saisfactory linear relationship is also observed beiween
the log K,. and log 5. which extends over more than eight orders of magnitude 1 soiubiity
(10-* to 10’ ppm) and four orders of magnitude in parution coefficient 110 to 10*). The
n-octanol/water parttion coefflicients of several PCBs are ltsied i Table 1. A piot of log
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K.. v3. log S using the values cited in Table | is shown in Figure 7. The regression equation
13

log Koo = 6.923 = 0.730 log S (ppb)
r =091 )

Equation 9 aliows an estimation of the panition coefficiens of a given compound from us
aqueous solubility. The retiability of these relationships suggests that they may be very
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useful in esumating the sorpuion of PCBs under many citcumstances of sol and sedimen:
conditions as weil as bioaccumulaton potential.

The sorpuon of noriomic organics has been related o the partitioming of an organic
compound between an organx solvent (n.-octanol} and waier. *! ' 4 4 ** |} {ollows thereiore,
that K, should be related to the tendency of the same compound 1o partition between water
and soil organic matter. Figure B iilusteates the relanonship between K and K, for PCBs
There 5 a high linear cotrelation between the (wo yeiding the regression equation.

log K, = 0.007 + 0.8} log K, (10}

VIii. MOBILITY OF PCBs IN SOILS

The migration and veruical distribution of PCBs in soil profiles 15 a topx of much incerest.
A soil thin-iayer chromatography (TLC) techique has been used 10 measure mobility of
PCBs.* Soil TLC is a iaboratory method of measuning the imigrstion of a particular compound
or element through a soil by using the 301l as the sorbent phase and a developing solvent
(water, landfill leachate. organic solveni, etc.) in a TLC sysiem. The results are reponed
as R, vaives, defined as the ratio of the distance the compound moved relative (o the distance
e soivent moved. The R, value 13 a quantitative indication of the movement of a given
compound in a soii-solvent system and a reproducible index of mobility.*! The mobility of
Aroclor® 1242 and Aroclor® 1254 in severnl earth matenals was sudied by Gnlfin and
Chian’® and expressed as (rontal R, vaives which are given in Table 5. The daws indicate
that ynder the conditions lested. Arocior® 1242 and Arocior® 1234 stayed immobiie in these
sorl matenials when Jeached with water and sanitary landfill ieachaies. but were highly mobile
when keached with carbon tetrachlonde. Similar resuits for poiybrom:nated biphenyis (PBBs)
and hexachiorobenzene 1HCB) were aiso reponed by Griffin and Chou *?

PCBs are nonpoisr and are only very slightly soluwbi¢ in polar solvents Jike water. Solu-
bitines of Arocior® (242 ang Arocior® 1254 in distilled water have been determined (© be
approxsmately 288 and 42 ppb tsee Tadic (), respectively. However. PCBs are much more
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Tabie §
MOBILITY OF AROCLORS® 1242 AND 254 IN SEVERAL SOIL
MATERIALS LEACHFD WITH VARIOUS SOLVENTS AS
MEASURED BY SOIL-THIN.-LAYER CHROMATOGRAPHY"

R, ralues
Tandl Carbon
Waler achale teirachionde
Seil
Mmatenals 1241 1154 L4 1284 342 1184

Ava sl clay Joam 002 001 002 ool 1 U0 Iy
Binomiickd loamy and (1343} a0y
Cathin ult 10am 102 0 0 110" i N0 (i 1]
Caiin iowm cul ne2 LN ] nol I go b an
Cisne siit inam o0 auo gy il 02 L o] L]
Cost chat 19MC) uel 0oy 1] O ) 00 1 o0
Drummet 11 loam no 00 i (i
Flanagen il fogm 002 c 02 0 Us 0% [ 1] 110
Utrawa stiica sand 0o o0 (LX) LX) [l ] 10

soluble 1n organic solvents such as acetone. methanol. benzene. ur carbon ietrachlorde
Gnifin ei al ** aiso tesied the mobility of Aroclor® 242 and Arocior® 1254 n sikica eed
leached wih aceione. methanol. benzene. carbon tetrachionde. and muxtures of waier:
acetone and water-methanol. They found the data consistent with the soil TLC daw obtained
by leaching wiih carbon tetrachionde: R, values of |.00 were obtained using the organsc
solvents. It 15 quite chear that mobility of PCBs n soil matenais and silica gei v highiy

. related 10 the solubitity of PCBs in the solvemi with which the TLC piaies were being leached

In a sot) column leaching study. Grfftn and Chou?’ found that reisied compounds such as
PBBs and HCB were not reiained in the columns when ethanol was percolaled through 1he
soil columns. These daia confirmed previous findings from so0il TLC studies

Leaching of water through soil contuning PCBs may iead to the downward movement
of PCBs. depending on the soul type and clay conieni. Moza et al.>* incorporated '*C-labeled
2.2"-dichiorobiphenyl in the top centteneier of a loamy sand at a eoncentrauon of approx-
matcly | ppm under field conditions. They found that the PCB dispersed to a depth of 30
cm dunng the fire year and no radioacuvity was detectable in the 30- 10 40-cm laver As
the end of | year, when carrots grown on ihe test plots were harvested. concentrauons of
PCBs and their mewbolites were highest i the 0--to i10-cm layer (0.2¢4 ppm), intennediane
tn the 10- 1o 20-cm layer (0.17 ppm). and lowest in the 20- 1o 30-cm tayer 0 03 ppm).
Beiow 30 cm, the concentrstion of PCB and metabolites were less than 0.001 ppm. At the
end of the second year, when sugar beets had been harvested. total PCB concentrzuons in
the soii were 0.15 ppm in the top 10-cm layer. 0.04 ppm in the 10- 1o 20-cm jayer, 0.02
ppm in the 20- 10 JO-cm lsyer. 0.008 ppm in the J0- 10 40-cm layer. and 0.002 ppm tn the
leached water below the 40-cm depth. This swudy indicsies that very small amounts of
dichlorobiphenyls (or quite possibly a metabolite) moved below 40 cm in the o1t oniy 0.1%
of the PCB-radioactivity applied to the sot! appeared 10 leached water at the 40-cm depth
ovef a period of 2 years.

Tucker et al.*® studied the migrauon of PCBs in sotl columns trealed with Aroclor® [Gi6
and subjecied (0 water percolavon. The PCB application fate was 2.5% of soil weight. a
very high rate for a land application system But more representative of landfill operanons
The 30iis used were Norfolk sandy lcam. Ray siity loam, snd Drummer stity loam: she watcr
apphicacon rates for each soil were 0 26. 0.53. and 0.)2 f/day, creating an essencatly
saturated flow. They conciuded that soils contatning more clay feiained jarger amounts of
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Tabie &
AROCLOR? 1016 FOUND IN PERCOLATING
WATER FROM SOIL COLUMNS'

SNorfolk Ray Dremmer
sandy loam sitty leam siky clav loam
F.Muen! M F Mhsent PChs EMweat PC
val, tf} ippdi vl 1€} 1pph et o) ippbt

[ | ND 2=l 4 ND {6=9 9 ~SU
161 ~ND po) [}] 125 ND
115 23 iTe L 3] A D
and &) 518 18] 402 ~D

Notr . ND means none delecied

Table 7
CLASSIFICATION OF SOIL MOBILITY
POTENTIAL OF PCBs BY R, K__, OR K_ '™

Clam L8 K. K.
Very molwic 0 90—1{ 00 i 0—%0
Mobile 0.63—0 ¥ (2=23 30V X0
Madiym 0.30—0 b4 23243 1 50~ 300
Low 0.10—0 )4 243600 5002000
Stign - - 2000-— 3000
Immable 0.0—0.09 >&000 > 5000

PCBs. The ease of leaching of Aroclor® 1016 from the different sotl (ypes (Table 6) was
in the order: Norfolk sandy loam > Ray silty loam > Drummer silty clay loam. h shouid
also be noled that this order of reweniton foliows the organic maner content of these sods,
as well as thetr clay content; the conclusion of the authors may be in error regarding the
actve fraction of the soil that caused the observed retention, Regardiess of the mechanism
involved, approximately 0.05% of total Aroclor® 1016 in the 301l column was leached from
the 30i} during the 4-month penod when 30 10 100 ¢ of water had passed through the sodl.
This high percolation rate is equivalent 10 15 10 30 m.of rsinfall, assuming no runoff or
evaporation. Tucker e1 al.* also observed thal the iess chlonnated and more degradabie
species leached from sotis more readily than highly chiorinated and more resistant PCBs.
This was lster confirmed by Suzuki.*® Thus, the more resistam PCBs are retuned in the
surface soil lnyers.

The vapor loss of PCB3 (rom soils depends sirongly upon their adsorption characieristics
by soils. Haque et ai.” have shown that the vapor Joss of Aroclor® 1254 from a sand surface
was significant which could have been due 10 the poor sorption capacity of sand. When,
Similar experunents were curiad out with a soil. the 1083 was very low.

The relative mobility of PCBs in soils can be ciassified using the parameters of R, K.
and K discussed above. The soil mobility classes astigned to the vanous values of these
three parameters are given in Table 7. The values of the vanous parameters assigned 1o each
mobility class are somewhat arbitrary. but have been chosen from experience based on the
relative mobility of these compounds in the enviroamens.''*

VIII. SURFACE RUNOFF

There are several ways by which PCB3 get into the environment. One of these is by
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runotf from ndusinial wasies, Jumps. and sprls Orher sources are the ponts vl manuiture
and the plants where PCBs are processed inio other products PCBs can escape through the
plam vennlanon Jnd cxhaus sysiem inio the atmosphere and through tts wasie Ireaimens
system into sewers of directly tnto waterways  PCB input nio fresh water by indutines has
been high i the past. and PCBs have accumulated i sediments.’” ** Even of PCB tnpur
were sopped woday, these sedtments could continue to reiease PCBs into treshwater systems
0F veals W vyme

Nisber and Saronm™ estumated that <000 10 5000 tons year of PCB were discharged inin
tresh and codstal waiers n the peak year ol PCB wse This esirmate was based upon sigures
and indusinal and diposat pracrices in etfect ao thay ume Of the totat PCBs, aboul 1D00
1ons mav be ussumed jo have consinted of pentachiorobiphenyls. Analysis ol wasle waters
and ot surtace water runolfl entenng the Southern Califorma Bight since 1971 has shown
that inchlorobiphenyls have consiuuied the majoriy of the toat PCB residues. In this area.
PCB inpui into the sea Irom wasle walers 13 connderably hagher than ihe 1npus ifom surtace
runoif

Manel el al ™ reponed that PCBs were found in the suburban waershed of Resion. Va
PCB concenizatons in sthe Lake Anne basin increased going from water (<0.05 10 0.2 pph)
10 bed sediment t<2.5 30 105 ppbi. 10 (ish { 140 10 700 ppb) in an average ravo of |.500 3000
The highest concemirations were observed (n the lake usell. which s 10 vears old. and
recerves no sewage of indusinat waste discharges. Evidence indicates thar the PCBs origi-
nated {rom diffuse sources associated with urban deveiopment and urban living and entered
the hydrologic sysiem through sicrm-water runofl. They aiso found thai the PCB concen-
iratiens i sediment samples (rom Iwo areas which were recerving ram(all runoff from iwo
aclive construciion sues were much higher than those from other streams feeding the lake.
In the early 19705, PCBs were commonly used n the formulation of plasticizers. adhesives.
surface coatings. sealants. and fire-retardant composiions. ™" This suggests that bulding
matenals would be one possible source of PCBs.

In e summer of 1976, a serious spill of PCBs and chlorobenzenes was derected 1n
Regina. Saskatchewan. Canada*' Approximately 6800 to 9100 ¢ of ransformer o con-
amng PCBs 1Aroclor® 1254) and chlorobenzene were spilied when an underground pipe
broke al a iransformer manufaciunng plant. Large quantities of PCBs were found {0 have
migrated both verucally and honzontally a1 the site. There was also strong evidence that
the contaminants were being redusiribuied by surface processes. Al the plant sue. Robens
el al.* reponed that PCB ievels were up to 1000 ppm along some of the routes of surface
drainage and tones of sedimemt accumulation afier rainstorms. The sludge obtained from
the calch basin i the sireel, which received the runofl. contuned 20 pprm PCBs. The PCB
levels a1 the surface n one area. which received the runofl from the hghly comaminated
area of ihe plani site ranged from less than 2 10 250 ppm.

A simlar incident of a PCB spill occurred in a rural ares near Kingston, Tenn. in |973.%
The spill resulied i the environmenial contamination of two wawersheds because the spill
sHe was shusted on the crest of a hill, Through the influence of ranfall, geological factors.
and charactensiics of the overiying stratum of soil. the chemical was subsequently dispersed
through the sou both horizoniaily and vertically. The spread of the Askare! (a commercial
muawere of Aroclor® and chiorinated benzenes) was aiso affecied by the movement of
comamingied surface water resulting (rom mass rainfall in the weeks immediaiely following
the spill.

There are two potential means for PCBs 10 be transpored at the surface: as a dissolved
phase th waler o as a sorbed phase on sediments. In the above cases of chemical spils.
chiorobenzenes may play an imponant role in the movement of PCBs through soils. In
previous soil-thin-layer chromatography studies. ™ * it has beea demonstrated thal the mo-
buiues of PCBs. PBBs. and HCB in soils were directly proporuonal 1o the solubtity of she
<ofnpounds 1n the icaching solvents.
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Horn et al ** reported thal measurable quaniires of PCBs were leaching or etoding 1rom
vome landfills and dredge spou sues in the Upper Hudson River Basin PCB loves 10
groundwaier Jt the dredge spuil suies and ai the tandfilis and dumps were approximaiely
44 4 kpryeat and | 72 kgrvear. respechively The results indicated that the landfills and dumps
appeated w be largee connibuiors i the surrounding enviconment than the Jredge -wpend
aress. The erovion losses of PCB< from the same sies were J2.2 kgryear and 172 kg vear.

tespecnvely The upper Hudson Basin delivered appeoximaiely 2 6 ¢ ol PCBs Lo the evtuary
n 1977 %

IX. PLANT UPTAKE

Since PCBs are sirongly sorbed oh carbonaceous matenals and sediments. sl 1S Mo wur-
pnsing 1o observe that they are sorbed onlo plant roots as well. Using Aroclors® 1242 und
1254, Suzuk:*® observed that soybean sprouts accumulated more lower chlonnated biphenvis
than the hgher chionnated 1somers dunng the firsi 2 weeks of exposure from a sndy ~f
containing 100 ppm PCBs. This may be due 10 the higher solubiiily and mobiliy ol 1hese
isomers. thus allowing them Lo mave (0 the plant roor. A few gardeners in Induana who
used PCB contamunated siudge found that their vegetables had aiso picked up PCBy Beets
coniained .6 ppm PCBs when grown wn soll conmning 4 ppm PCBs.? Grass chpped trom
2 field with 8.5 ppm 1n 1he soil conlained | .16 ppen PCBs *

Moza et al ™ applied radioactive 2.2-dichlorobiphenyl to sois at a concentravon of ap-
proximately | ppm. Carrot roots conamed 0.24 ppm of 2.2'-dichiorobiphenyl while (he
phenolic metabolites from this PCB were found at a concentration of 0.012 ppm. In a simiar
study. lwawa et al.*’ found that 97% of the 10tal absorbed Arocior® 1254 remained on the
carrol peel and very hitle was tramslocated o the piant lissue. Fnes and Marrow™ also
reponed thal soybean plants grown on PCB contaminated soil would not be contammnaied
by rooi uptake and irsnsiocsuon, but some foliar comamination couid occur from vapor
Sorption.

X. SUMMARY AND CONCLUSIONS

The aqueous sojubility of PCBs ts very low. ranging from 2.7 ppb for Aroclor® 1260 10
3500 ppb for Aroctor® 1221, Water-soluble PCBs were fpund to be ncher in the lower-
chionnated isomers than were the onginal PCB fluids.

PCBs wre suongly sorbed by so0il matenals. There is a very high direci correlaton between
the TOC conten of the soils and the amount sorbed. The sorpiion and reientron of PCBs
by soils and soil constituents are influenced by the number of chlonne atoms tn the molccule.
the more highly chiorinated denvatives are more enaciously held. The K, can be estimated
from the waer solubility of 8 PCB.

The higher-chioninated isomers are preferentially sorbed to the organic maiter of soils and
sutpended solids. Significant amounts of PCBs have been redistribuied 1n the environment
by swrface-water runoff contacnmg PCB contaminated soil particien. Sorption of PCBs onto
suspended solids and their subtequent incorporation into sediments s considered the major
mechanum for their immobilizaiton in aquatc sysiems. However. the persistence of PCBs
in sediments makes desorpnon a possibility for years after incorporation.

The vapor loss of PCBs (rom soils depends stongly upon their sorption to souls. The
vapor jots of PCBs from a sotl surface was very low but was significant from sand. The
sorpuion of PCBs greatly influences their dynamics in soill. The diffusion. leaching. and
vapor boss of PCBs in soils is retarded a5 the exient of sorption increases. The degree of
SOTPLION increases direcily with an Increase s organic maner content of a soil.

Highly chionnated PCBs are not degraded or leached through soil by water to any sig-
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nificant exieni. They are aiso apparently not taken up by plants and are thus not readils
mobde in surtace soil sysiems. However, PCBs do have a moderaie vapor pressure and 4
likely path for redisiribution or Migration 1n soils may be hy vapor phase transpon through
the unsaturated pores

The above lindings are significant Lo the land disposal of PCBs and rejated wastes Tu
prevent potential migration of PCBs from a landfill. PCB wasies and organic solvents shauld
nut he disposcd of in the same fandfil locauon, and should not be allowed to come 1n conract

with

leaching organic solvents
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1. INTRODUCTION

In recent ycars. ihere has been considerable (nieresi in developing an understanding vl
the mechamisms leading to the disinibuiton o contamingnt chermcats v the envirpnmens
Such an understanding would not oniy improve our scieniific knowledge of environmenist
processes but could be used 1n 3 vanery of management siluations.

An unponant segmeni of the environmenial disiribuiion process 15 the uplake of comam.
inane chemicals from ihe environment by brota. Persisient hpophilic chemicals. including
PCBs have been shown 10 exhiby somewhat stmilar conrral mechanisms A piciute
gradually emerging vt the influence of 1he physicochemical properues of hpophilic conlam.
inants on ther bioiic dehavior

Before discussing ihe najure of mechanisms of iransfer of chermicals from the environmeni
10 buna o s mportani io bnefly consider the ierminology used. A vanely of descripuve
terms are used in the hieralure for the vanous processes. in thrs discussion yoaccumulaiion
of acCumuialion 15 used 10 descnbe upiake and reieniion of a chemical by any mechanism
of pathwav Bioconceniraiion 15 used tn a more restincted sense Lo represent uptake and
reienison of chemecafs from ihe water mass through such Iissues as gHls of epithelial Nssues

{I. MECHANISMS AND ROUTES OF BIOACCUMULATION

Biota could potennally acquire PCBs (rom three seclors of the environment — atmosphere .
water, and food. With lerresinal organisms, uptake tould occul by three mechanisms:

I, Absorpuon of PCBs in the aimosphere through the lung walls
2. Similar uptake from the atmosphere but through the epidermis
3. Consumpuon of food conimning PCB3s and passage taough the siomach walls

The aimosphere route Ihrough the iungs and epidermis is of littie significance due pnin-
cipally 1o the very low concenirations of PCBs in the atmotphere. The major rouie of
acquisiion of PCB3 by terrestnal organisms i3 through contaminated food. Aquatic birds
and mammais arc aiso included in this caegory.

A similar set of poieniial uptake mechanisms could be visualized from aqualic erganisms

! Absorption of PCBs in the water mass through the gills
2. Similar uptake through the eprdermus
3 Consumption of conamunated food

There 13 no sigmficant nformation sndicating that wptake through the epidermis 15 of
genenal imporiance and the structure of the epidermis does not (acilitate such a mechanism.
On the other hand. there is sound evidence that all aqualic orgausins studied in aquana,
can absord PCBs directly (rom water."’Also, biocoacenwation of PCBs by fish from water
in narural sysiems has also been shown 10 occur.**

In (ac(, the man route of uptake by aqualic organisms has been shown 10 be absorption
by the gills since the gills represent the active membrane surface for water exchange.'®*
The gll mambrane permenbility (or PCBs can be estmated by the caiculation of their
efficiency wansfer coefficiens. E.'* The E values are estmated using uptake rate constants
for PCBs, orygen concentration in the waler, the E value for oxygen, and the metabolic
raie constant for the orgamsm invoived. Once absorbed by the gills. the PCBs are then
parutioned inko the blood and then from blood W0 tissues.'*-'*

An informative study of PCB levels in various organisms in Puger Sound. Wash. by
Clayion et af '’ demonsated that all biow 1 that ecosysiem had similar PCB ievels nor.
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Table |
BIOCONCENTRATION
FACTORS FOR
INDIVIDUAL

CHLOROBIPHENYLS
Compaund MCF
Trchiorobiphenyf 5
frirschiorobepheny! 440
Pentachiorotmpheny| 1510

From Sanbormn. } R.. Chiden. W
F . and Meweai. R L. Buil. Enns-
ron Lommm Totwoi. 13 200, 1975
Wih permisson.

malized 1o lynd content. This indicates that food coment was not the conwrolling factor 1
has been suggested that the accurnuianon of PCBs by aquatic organisms is a physicochemical
process and thas uptake is predominantly governed by equihbrium pamiteoning of the PCBs
between the orgamsm and ambient waier ' '* ' Nevertheless. the assimuation of PCBs lrom
ingesied food orgamsms occurs by panuion across the hipoprotein membrancs hning the gut
wnto the bloodsiream' bui s usually of much less quantiative sigmficance.

The uptake of PCB+ by some benthic organisms may be controfled by differen; mechanisms
10 those associsied with ree swimming aquatic organisms. The assocsston of PCBs with
bottom sediments leads (o contamination of the orgamisms'® ¥ and the resulum concentration
of PCBs are directly relsied w0 the concenirations in the sediment. 3

{i1. PHYSICOCHEMICAL PROPERTIES CONTROLLING
BIOACCUMULATION

Most information 15 availsble on the bicaccumuiastion of PCBs by aquatic orgamisms. It
15 usually measured as the ratio between the concentration in the animal 1o concentranon in
waier, i.e., BCF (bicaccumulation factor = C amimal/C water). A vanety of (aciors have
been shown 10 influence bicaccumulstion as outlined below.

A, Degree of Chiorinstion

The degree of chioninsuon of the PCB molecule is known W have an effect on broac-
cumulavon of PCBs with the penta- and hexachioro isomers being sccumulated to the greatess
exieat."™ Table | lists bioconcentration factors for PCBs from water by the green sunfish
(Lepomus cyonellus} ay detetmined by Sanbomn et al.” In sddition, the halflives of vanous
PCBs in organisms have been shown 10 be related exponentially 1o thex degree of chlonnation
by weight ®

B. Water Solubliity and Partitien Coefficients

With lipophilic compounds in general, s linear inverse relationship has been shown 10
exist between water solubility and BCF such that log BCF o — A log (water solubiliy) +
C., whars A and C are Constamis. ™' The use of water solubility as a simple snd rapid
measure of 8 PCBs poicntial for bioaccumulation has great appeal. However, some chemicals
with low water solubility, including PCBs, devime significantly from this relstionshap **
Also, the numerous conflicling solubility values in the litersture '*' and the lack of solubality
data for many chemicals have led 10 the use of another parwmeter, the a-octanol/waer
parution coefficient (P.) for esnmanon of bioconcentration (aciors.’! The approsimaely
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Table 2
RELATIONSHIP BETWEEN
LOG BCF AND LOG P,

Retntionship Ref.
g BCF = N Salog P + 0124 LT
ing BCF = DlSiog ' - N 70 \3
log BCF = 1 119 iog P - 1 579 54
g 8CF = 0T kg P, - 0V D) 9

inverse relationshap belween waler solubilivy and P, has been known for some ame '° It
has been shown that bioaccumulanon from waer by aquatic organisms 13 corretaied with
hpophdicity for PCBs and oiher chemecals.® * ** Table 2 presents relalionsh s between BCF
and P, for a wide vanety of hpophilic compounds. including PCBs. However. PCBs extubit
some significant deviations from this relationship as outhined 1n the section on the effecis
of molecular siereochemasiry

The vaiues of P,_ are ususlly not derermined direcily (rom a simple paniion besween a-
octanol and waler because the concenirations in water 8 the exiremely low concentratons
involved are difficult 10 measure accurately. ' A vanely of methods can be used as outhined
below.

The Hansch €1 31.* method involves the calculation of P, using subsiituem w constants.
whett the substiuent consiant 1s defined a5 m = log P, ~ log P, where P, i3 the panmition
coefficient of the denvative group and P, that of the parems moiecule. Rearranging she
equanon gives:

log P, = substituent constamts + log P,

A large number of subsituent constant values and log P, values have been tabulaied by Lee
€1 al.* The substituent consians w is & (ree energy related constamt and 13 & measure of 1he
relative free energy change resulting from moving a derivative from one phase to another *
A different method of caiculsting psrution coefficients using the hydrophobic fragmenta)
consaant, [, introduced by Rebker*! is based on the same spproach. However, with PCBs
there are 209 possible compounds. varying in number and position of chlonne sioms and
nesther the Hansch or Rekker sysiem offers an accepuabie approach 1o caiculate log P values,
since in these calculations the = or [ values used are the same for each chlonne atom n the
roclecule, regardiess of its position,

Another approach o predicting BCFs is the use of i* and 0* chareciers as descnbed by
Matsuo™ and wtilizing the fotlowing relstionships:

log BCF = —-0.016i* + 0.014 0*

i‘
log BCF = —6.3 = + 5.4

The i* charsceer is both additiona) and proportional 1o the streagth of a polar group unit
(e.g., “OH: -COOH) wuh polar internctions such as H-bonding or u-u interacuon. Similarly,
o° ir ansocisted with nonpolar interactions such as Van der Waals or duspension forces.
Msuwo® concludes that biosccumuistion of chemicals in fish is caused by the total imter-
actions at polar and nonpolar areas between the PCB molecule and fish tissves. Similar
shoncomings 1o those observed with the Hansch and Rekker sysiems are found when pre-
dicting bioaccumulation Faclors using this method.

The most widely used method involves high performance liquid chromatography using
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" Aquatic Polissanis. Transformatven and Bwiogucal Efrcu, Hutmnger. O o al.. Eds . Pergamon
Press. Oxiord. 1970, 1. Wuh permussion

an aqueous phase. resembling water. and s permanently bonded C,, reversed phase, resem-
bling a-octanol. With this system log retention (ime of lipophilic compounds has been shown
o be linearty related w log P, ' This procedure is recognized &5 being the most

because of the difficulties and inaccuracies in direct and calcwistion methads, 7 -4 ¢!

C. PCB Stercochemistry

The comrelation between BCF and log P, indicates that with increasing log P, t.c.,
increasing lipophilicity of PCB moiecules, there will be » greater tendency 10 bioaccumulate.
However, there are some exceptions 1o this generalization as shown in Figure 1 which
indicaes the retention of PCB; in rat sbdominal fat as influenced by lipophilicity and sienc
factors. The left part of Figure | indicates that there is not a lincar relstionship between
lipophilicity and bioaccumulanon (eapressed s retention). The hght part shows the different
degrens of biceccumulation exhibited by symmetical hexachlorobiphenyls which have the
same caiculsted log P, value (6.8). Similarly. this is consisiem with the observations of
Tulp and Hutzinger” who found thet PCBs with comperabie lipophilicities may exhibit
difforens bioaccumulation factors. They concluded that there is an opumal stenc configuration
and molecuiar size for processes such a3 membrane passage. thereby affecung bioaccu-
mulation. Similar resuits for PCBs have been found by other suthors *-4**

More recent investigations have been conducied by Shaw and Conncll™ ™ ¥ using po-
lychaetes (Capiteila capitaia) and ses muliet (Mugil cephalus) in aguary together with field
invesigstions. A number of sienc factors were found W influence the bioaccumulauion of
PCBs. A sienc effect coefficient (SEC) was developed™ and later revised!® a5 shown in
Tabie 3, These authors have suggesied that bicaccumulation is controtled by both ipoplulicity
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Tahie }
REVISED COEFFICIENTS FOR DIFFERENT CHLORINE SUBSTITUTION
PATTERNS USED TO CALCULATE THE STERIC EFFECT COEFFICIENT (SEC)

Dwncriptivn Siructury Conflicient

Three chhnines e 2.0 B Q80
mAanms @ @
Fowar chintines on the 2.0 6.0 0.80

e O @
Two chionnes «n the 2.6 of 1' .8 o8
Prowiont @ @

Four chionnes adacen 080 it nag}
0 &0 12 nogs;
Three chiohnes adacest 09311 rag}
0.90 12 nigs)

Chiontws m ) or 5 posnons d ad- 095 (1 w» molecwie)

Jacem w chionas 1w ) or 6 ©.90 12 w» molecule)
[0 Y 0 B3 () molecuic)

0.00 (4 » molecule)
Chiormes w ) o 5 posnons sex Sulsyuct 0.02 from SEC for exch

shpcem 10 RN @ @ chionme W this configunuion

No chlorwes i the 2.2° 4.6 SEC u ome wrespectve of subyine.

Fram Sow. 0. R aad Commali. D. W Aun. /. Mor. Fresimemer Res . p 1057, 1981, With peviuision

66880888

(P..) and steric effects (SEC) and & combination of these has & direct relationship 10 bioac -
cumulation (see Figure 2).

The sereochemisuy of the PCB moilecules affects the strength of adsorption of these
compounds onto surfaces. Hucking et al.%34? have demonstrated that PCB molecules can be
separated by chromatography on charcoal. The mon planar molecuies are mosi stroagly
sbsorbed and those with more uregular shapes. particulariy the two aromatic rings ow of
planc. are comparatively weakly adsorbed. Chlonne subsistuents in the orrho positions give
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FIGURE 2  Relpvonsiup Setwern reintive Doaccumutaton [actor
antt the product of log P, sag SEC. (From Shaw. G R. and Connell.
D. W.. Auw. /. Mar Fresowgeer Res . p. (1057, 1982, With petwstsns

this later effect while chionines in adjacent positions cayse distortion of the aromatic nngs
{3¢¢ Table 3). Consisient with these observations. the SEC developed by Shaw and Conne()'
ts closely comelated with the clution ume on charcosl and found that this combined with
log P, provides & more accurme prediction [or biosccumularion (see Figure J).

Thus. it has been shown that biveccumaulistion of PCBs by aquatic organisms i3 influenced
by doth hpophilicity and adsorpuon charscwensics of the PCB moiecules. The adsorpiion
of PCBs can be measured as clution volumes by chromaiography on charcoal or by the SEC
The combiaation of lipophilicity and adsorption expressed as (log P X eluton ume) or 1iog
P x SEC) is highiy comeiated with uptake. Shaw and Conmll** have suggesied that the
trosccumuistion of PCBs by aquatic orgamsms snvoives adsorption of these subsiances onio
membranes, such as the gills or ssomach Jining. and subsequent pasisge 1nto the orgehism’s
lipid tasues.

IV. THERMODYNAMIC ASPECTS OF BIOACCUMULATION

In the process of bioconcentration, the organic molecules leaving the aqueous phase are
sdeorbed obwo the membrane 3urface of the organism before peneratyon inio the orgamsm
octurs. 1% Adsorprion prucesses invoive g decrense i fres energy. Since the entropy change
for sdsorption matsi be negative. the sysiem becoming more ordered with the surface binding.
the ewchalpy change must be positive. The heat of sdsorprion can thus give some mdex of
the strength of binding. Smaller hests of adsorpuon (tess than 10 keal/mol) usually denote
physical sdsorpuon and involve Van der Waals ineractions ¥

‘The free cnergy relased substituent constant, n, the hydrophobic fragmental constant, I,
and the Hamment function, §. used in strucrure activity relationships. are all measures of
the relative free energy change resulting from moving & PCB molecule from one phase 1o
another.*'*> Matsuo™ has caiculated the free energy of sccumuistion of PCBs by fish from
water as 2 10 6 kea/mol using thus expression:
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FIGURE 3}  Reistionsinp of reisteve Srosccumwistion actor 10 ihe
producy of «h ume {oR ch i iy graphy) and log P_
(From Shaw. G R. and Commeil. D. W Aus. / Mer. Fresiwater
Rew . p 1037, 198) With perrmipsion )

~4u* = 2.303RT iog (BCH

where: ~ Au* is the free energy of accumulation. R. the umiversal gas constant.and T,
temperature. From the low values obtained, Matsuo® concluded thar ihe dnving force for
accumulaiion onginaled in an energetic head drop corresponding 10 one hydrogen bonding
or 1wo or three Van der Waals forces.

When a nonpolar PCB motecule leaves the aqueous phase for the lipid phase an increase
n entropy resuls.™ The enthalpy and entrophy of biosccumulation of PCB | 25¢ by fathead
minnows | Pimephales promeias). green sunfish (Lepomis cyaneifus). and rainbow frou
{Saimo gasrdneri) have been calculsted.® To obtun eohaipy. AH®. and enuopny, 45°. R
in BCF was plotiad aguainst inverse absojute ternperature change and the gradient and intercept
on the ordinate were calculated by the method of least squares. These values were assigned
to - AH® and AS® respectively, sccording 1o the following equation:

Rin(BCF) = ~HYT + §*

where; R js the unjversal gas consiant: AH®, the enthalpy: 5° the entrophy and T, temperature
Eree energy is related to enthaipy and entrophy by the following expression:

Au® = AH* - T - AS*
in the uptzke of PCBs by fish. Matsuwo™ found that both AH® and AS® are posnive. The
positive enthalpy change mesns that the process of bioaccumulation is endothermic and

requures heat. The positive and very large values of AS® obtained impty that the wransfer of
the PCB from water to fish increases the randomness of the PCB molecules i a large cxient

MONS 224085



Virume | (']

k
FOOD FISH ' —-WATER

(€e) [ (Col i) (Cw)

NGLRE 4 A meajet 1of the boacCumulation o BCBs by 1sh
Irom lwwd aAd e arer

WATER ORGANISM
R——| GILLS [BLOOD| LiPiD
k
¥ LI TIPS LIir

A a—

FIGURE § 4 companmentsl rodel (07 the Beosceumyision of
PCBS by an aquatic organism (From Bruggerman. W A & ol
Chemosphere 10 AL1, (981 With permiston |

Matsuo™ concluded that a large increase in entropy occurs because the waier mulecules n
the vicinpy of PCB molecules are arranged tn a quasi-crystalline structure. Theretore.
bioaccumutaton of PCBs by fish 15 controlled by 3 large posiitve entropy change.

V. MODELS FOR BIOACCUMULATION

A vanety of modeis have been developed 10 simulate uptake of lipophilic compounds by
organisms. For enampie. Kerr and Vass assumed that in fish and the larger more complea
inventebrates, uptake occurs pnmanly through ingeshon of conaminaied food and direct
absorption from water through the gills. Losses occur 10 the water through excretion in 2
vhemically unchanged or a modified form. Figure 4 can be seen in accordance with this,
the processes, and the following expression obtained assuming (irst order kinenes.'* **

dC
E" =G + K, C, - K, C,

where C, is the concenuration in the organtsm; ¢ is the absorprion efficiency for the ingested
chemical; { is the feeding rate; C, is concentrsuon in food: k, is the uptaka fale constani:
k, i3 the loss rae comstant; and C, is the concentration in waler.

A more comprebhensive model by Bruggerman et al.'* assumes the body lipids are the
stagage companiment; the blood. the wranspont compartment, and the gills are the exchange
or guie companmem, through which waisr is pumped. All companments are considered
homogeneous in relation 1o the concentration of the iosccumuleting chemical. The iransfer
rate {Tom one companumeni (0 another 12 proportional 1o the difference n thermodynamic
activities, v, and is dependent on the surface properes and area of tw exchange bamer
{such as a biomembrane), expressed together as the transfer coelficient. k. This model 15
dizgrammaically represenied in Figure 5 and ia charactenized by the equations below:

Ne1 upuake in fish:

F (9‘-’?‘) «R(C, -C,)
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Nel increase (n the gale companment.

JC
1) = - - -
o dl) RIC. -C,) =k, (v.C, - v,C)

Net ingrease in the Iransport companment:

4C,
T(‘;) 2k 1y, C, = v, C) -k, t¥C, - v, CJ

Increase tn liped compartment.

dC,

L (T() = ko (3G - %C)

where C . C.. and C, are the concentrations of the chemical in each companment: € 15 the
concentratton in ambent water: C, 15 the concentration in fish: y,. y.. v, are activity coer.
ficients of the chemical in the different companments: F. G, T. and L are the masy of the
different compartments; and k,, and k,, are (ransfer coefficients for exchange between com.
panmenis. and R s ventdauon race.

The capacity of the iranspon compartment plays an important roje after a sudden change
in the agueous concentrauon. e.g.. at the start of an expenment. In this case, the unioading
of the ransport companiment will innially dominate the depuration kinetics. foliowed later
by the panniomng between the hipwd and transport compantments, producing a 1wo-phase
clearance cyrve.’* Other authors have found tha clearance rate constants tend (0 decrease
dunng clearance expenments f (wo or more companiments are invoived which are cleared
al different rates.* Some authors howaver, have atempted 1o describe this phenomenon by
the yse of concentraiion dependent rate consianis and second order kinetics.* This implies
that a lower dose of the chemical would resuit in 2 smaller ciearance rate constani. However,
assuming passive Iransport mechamisms for persistent, nonpolar lipophilic chemicals. first
order kinetics are probably most accyrate.'’

Y1. CONCLUSIONS

The most important routes of uptake of PCBs are via contamnated foods and contaminated
foods with terresinal organisms through the gills by squatic organisms. With aquatic or.
garusms the gl route is generally the most significam.

The physicochemical properties of the individyal PCBg are the major factors controlling
broaccumulation. Two factors have been identified as of pnncipat significance. First. is the
P.. which is 3 messure of the aquilibrium parution beiween organism lipwds, the site of PCB
deposition. and the ambsent water mass. Second, are the surface sdsorption properties. which
can be measured by chromsiographic techniques. This is believed (o represent the strength
of adsorption of the PCBs on the gill membrane surface before uptake. A combination of
these factors has & direct reistionship to bioaccumulation of individual PCBs.

A number of models have been developed which provide & reasonably accurate repre.
senistion of the bicaccumuistion mechansm. The use of first order kinetics with 3 vanely
of different companumens within the orgamsm probably provides the most accurate model.
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[ INTROQDUCTION

Larty i the snvestigalions ot persistent chemrcats sn the environment w way revognized
that ujten 10p predaiots mav exhibu comparausely high concentratinns of these subsran o
The process leading o this phenomenon has been described as ““food chaim magndication

eevlogicdl magmilicabon . bioamptification . hwaccumulation alung iod chaeny
raphec conamination . und Ceophic magndficauon’’ . However, biomagntficanon i
currenily the must widely acceptea descripuve 1erm  Biomagnificaton can be described s

| The iransier of 3 chemical through a food chain 10 produce a high concentration 1n
1op predaors

An increase i 3 given material at successive trophic levels within an ecosystem'

A prixcess by which {he Gssue concenirations of bioaccumulated chemcal residues
Increase as these malerials pass up the food cham theough two ur more trophic [ervels®

PR

The most convincing evidence for the occurrence nf this process s provided by the
vhlorinated hydrucarbon insecucides, panicularly DDT and related compounds.' The process
¢an be seen as a series of bioaccumulation steps through a food chain and sthus 3 compound
which does not bioaccumulate would not be expecied to be bomagnified. The PCBs have
octanol to water parithon coetficiens and brosccumulation factors hegher than DDT® and
thus have 3 greater tendency to broaccumuiate in individual organisms. The bromagaificaswon
process, being a series of bioaccumulation sieps, takes a considerably longer perod
develop and shus comparauvely high persistence i organisms (s necessary The PCBs are
generaily more persistent than DDT and related compounds.

Thus. the PCBs have somewhat similar environmental propenties 10 DDT and related
compounds bul with a greater tendency 10 biosccumulse and persist. By analogy. bio-
magmification could be expected with the PCBs wn Natural ecosysiems.

il. THEORETICAL CONSIDERATIONS

The bwmagnification mechanism descnbed above results from uptake of PCBs v the
food of orgamisms Of course. an altemative upiake royse of considerable smponance s
direcily from the environment, e.g.. from waler through the gitls with fish. Wuh bioaccu-
mulation and biomagntfication the individusl organisms do not differentiate between PCBs
and other food contaminants on uptake but on depuration the organism reramns the PCBs
due 10 its resisiance to de gradation compared t0 normal food components. Energy s lost at
each level of & wophic pyfamid as a result of respirstion and nonassymiised energy. and
Ihe energy content o any level is approximately 90% less than the ievel below o.* It follows
then that a persisient compound that enters one rophic level will be concentraied approar-
masely ten times in the next trophic level. In fact, organisms can remove forergn compounds
takan up snd food is not the only route through which an organism can (ake up a persistent
chermeal, especially in the case of aquanc orgamsms.

A mathermaical model can be developed for the transport of PCBs theough different
uophic levels.’ The basic pnnciple of mass conservation criiena can be applied at each
trophic level. n, equating the iflow of PCBs to a level to the rate of ingestion of organrsms
from lower levels. i, and equating the outflow of PCBs 10 the rates of death and excrenon
Using the condirions that bromass at any level is n 2 sieady-state condnion then the con-
centraiton of PCBs in the nih predator level as a function of 1nme can be wrtien as:

[;"‘L'._] ‘% +C, = [EI_Z o.M.C, = (M), - CJ*L.]

LE IR
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where M 1y the biomass at the irophic fevel. M, 15 the biomass death rate due 10 naiyral
Jeath or 1ngesuon. | M, by 18 the rate of mewbolism of the PCBs. M 15 the rate of excreuon.
C, 15 the conceniratron of PCBs 1n the nit predator tevel, C, 1s the concentration of PCBs
wn jhe excreiions, und o 13 an eificiency factor relating © the percent ol ingesied maienal
which 5 retained n the trophic levet.’

10 15 avvumed that the input ot PCBs o the svsiem is zero and the degradation rares gre
negligible then the equilibfium comenirinon tor PCBs ar the nih levet can be wriiten

C, equilibnum = % [2 eMC -C, C,.]

where T, 15 the life span of rophic levet. n This equation indicates that the equilibnum
voncentraiign of PCBs al any trophic level vanes direcily wuh the hife span and inverseiv
wuth the 10tal mass, M, of ihe tevel

Another approach® takes 1ato account upiake from both food and water and assumes tirst
order hinguics. Thus. for an individual organtsm consisting of a single homogeneous com-
ranment the rate of upiake 15

Q.
a T Sk

where ( 15 the amount of substance in the organism, C, is \he concentration of the substance
i the exiernal environment, and k, is the uptake rate consiant.

The loss of the substance by metabolivm or excretion also follows first order kinetics.
thus. overall the rate of biosccumulanion 1§

aQ
ach -

where k is the rate ioss constant,

Diiferentiauion and rearrangement of ihis expression give for ihe amoun: of substance
the Organism s (i t:

Q=S e
thus;
C,W-Ei-*!(l - e"Y) (n
where C, is the concentrstion in the organism and W it it dody weight.

This expression spplies for uptake of the subsiance from the surrounding siable environ:
ment. However, with the biomagnification mechanism uptake will occur through coniami-
naed food. Thus, uking both food and the external envitonment into sccoynt:

C, k, = Ck{food) + Ck{waier

The intake from food with animals wakes the general form of 8 W™ where 3 and b are
consiants and W is 1ts body weight. The intake from food can be wntten:

Ckifood) = a W-*r, C,

HONS 224093
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where a, and b. are constants. Woes bodv werght, C s the concentration n food. 1nd 1 1y
the proporion ot the concentration tzken up. Since the volume of water passing over he
gebls 5 proporiional to body weight 3 similar expression can be derived for uptake from
water’

Chiwater) = a, W " C,

where U the concemranon of the subsrance 1n warer and ¢, 15 the propunion 1uhen yp
Excrenun may aiso be considered 10 vary with body size such that

k - ﬂ‘ w‘-l
where a, und v are conslanls

Subsiiuning the capressions above for Ck (food), Ck (waier), and k wn Equanon | the
{oitowing expression can be obtained for an orfanism at Consiamt welght:

a,Wrr C, = 3. W-Wp, C,l

C, = W

- g nwTTh

This equation indicates 3 number of different aspects of biomagmification. The relanve
size of the coetficients preceding C, and C, 15 the pnincipal factor indicating whether bio-
magnificanon 15 operaung. If C, » C,; then ransfer in food 15 the major facior :nfluencing
the coneeniration of a substance 1n the organism and bromagnification is 1n operation.

Biomagnifieatron can aiso be consuiéred 1o resuli from the paruion process.” At equilib.
num the following relatioaship exists:

Ky = o0

Cu

where K, 15 the troaccumulation factor, C, i3 the concentration in the organism, and C,, 13
the concentranon in the surtounding environment.

Al the lowest trophic levei, phytopiankton take up 2 pollutant in equihbnum with warer
according 10 the foilowing relanonship denved from the equaton above:

Cor = Ky Co (3]

where C 15 the conceniration of pollutant n phytoplankton (or detritus). K, is the bosc:
cumulatwon factor, and C,, is the pollutam concenuration in water. When the phytoplankton
are consumed by a herbivore the fotlowing relationship spplies if (1) the food | phytoplanktons
15 the only source of pollutam: (2) the pollutam has not been chemicaily modified: (3)
sufficeent ume has elapaed for equilibrium to be actained: and (4) K, is Constant and applicable
10 the hestwvors io phytopiankion reiationship:

C.. hd K. Cow R}

where C,, 15 the concemration in the herbivore,

Since food is \he only source of pollutant. the equilibrium n this case will be between
the stomach eontents of the organism and the organism ttsell rather than the orgamsm and
the surtounding environment.

Substuning Equanon 2 in Equation 3 the following 15 oblained:
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Cu = 1K,i° Cu

Simularty. the 1otlowing general relationship can be estabiished for the conditions outhined
ahove

Cre = (K™ C,,

where C. v the concentranun i organisms at a partcular trophic level anj TR 1 the
number ur iransters of the poilutant in the {ood web 11 would be expecied that concentrations
woutd he sumewhat Ibwer than this due to losses from the ocgamism by eguihibrium esrab-
lisbment between the organism and the waler mass.

Thus. 4 sequential incfease m concenranion could be expecied i a [oxd chain wih
organisms ot the highest levels exhibiing the heghest concentranons. However, 1n many
naturaf food charns the condirons necessary (of this 1o OCCUr may not exist

IV QCCURRENCE OF PCB BIOMAGNIFICATION IN NATURAL
ECOSYSTEMS

[t 1s convenien: to consider ecosysiems in iwo classes: terresinal and aquanc. Organisms
in terTesinal ecusysiems have only one sigmificant source of PCBs, conlaminaied {ood.
whereas 1n agquanc ecosystems both {ood and water are sigmificant potennal sources

A. Terrestrial Feosystems

lr s generaily accepted that biomagnification can occur with terrestnal ecosysiems where
food s the main source of PCBs for orgamisms.*"' For example. fish-eaung birds and
predatory rapiors at the 1op of the food web are often found 10 contain high levels of PCBs.” -
in agdimon, Pressi e1 al.'* have established a correiation between PCBs in the fivers of wild
birds and their diets. Less than | mgkg PCB was found with insecitvorous birds while more
than 70 mgrkg was found n the sparrow hawk, a top camivore.

B. Aquatic Ecosysiems

The sigmificance of bromagmficalion of persisient residucs as compared (o0 direct uptake
from waier has been the subject of a considerable debate. Addison'* has concluded that in
inveriebrates, buth Ingestion and contamination from waler contnbuie 10 uptake dut 1agesiion
appears (O predominate with thcreasing size, and is the main uptake rowte 1 fish,

A vanety of other invesiigatons have indicated thas biomagnification of PCBs can occur
1n aquatic ecosystems. In 2 smdy of pollutant leveis in manne ecosysems i southern
Califormia. Young et al.'’ found that increases in PCB 1254 concentrations were relaied io
increases i the uoptuc level. The clexsest relationship between PCB concentration and
trophic posiion was usually oblained when the cONCEntIAIONS in wel weight were converted
1© a2 iprd basis. The suthors atinbuted the biomagnification effect 1o the relanvely long
bidlogical halflives of the PCBs. A3 2 result of studies on the PCB lavels of organisms in
the Hudson River. Nadeau and Davis' have reported that a possible pathway for broaccu:
muiation exists between snais and larger game fish.

A comprehensive review of the lierature tnformation available on PCBs in diverse aquatic

100d chains has been camed out by Thomann®’ using 2 model food cham transfer number,
f.

f=aCK + G

where a 1s the chemical absorption efficiency; C is the specific consumpuion; K s the
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excretion rate. and G s the net orpamism growth. Thomann®™ (ound thar PCB feveis in wp
predators are almust enierely due to diomagneficaton {n accord with thrs. the World Heafth
{}rgamizanon® has evaluited levels nl PC8s found 1n manne ecosysiems which cuncluded
that the top predators .o poliuted jreas generatly exhibit the highest concentranons This
suggests that humagmificanon may e generalty occumming with the 10p predarors With tish
Dutier el al * concluded that potiuiant tesels do not represent fevels in the marine environment
but are probably the resuit ot storage and recyvcling in different inks ol the food web

[he gilcmanive view proposed by Hamelink er al.'* i< that ofganochivnne levels in ur-
panivms Jepend on the physicochemicat propenes of the organochlonne and particularty
those properties which conirot s tendency 10 distribuse sself between hipmd and aquevus
Phases

tn an analysis of [nerature data. Monmarty'™ found thai phyloplankton and cooplankisn. i
the fowes: irophic levels. often contain PCB residues at hegher levels than higher teophic
level predmors. Duevt comamenanion from water and PCB-nch surface microlavers have
heen suggesied as the most rmponam upiake route * * Similarly. Shaw and Connell™ foing
mo evidence of bromagnification ai lower irophic levels bul camevorous birds exhibuied thiy
phenomenon.

Aflier extenstve research o (actors determiming the hioaccumulauion posential uf chem.-
icals 1n aquatw tood chamns. Eltgehausen e al. ' conciuded tha biomagadticanon was ot
lesser ymponance than direct upiake from water. A similar conclusion has been reponed by
Bruggerman et al.’ from siudies wanh the goldfish. Invesngations n10 ecosysiems in the
Batuc Sea™ and an Oklahoma siream*' did not reveal any relationship berween (rophic leve!
and PCB concentration.

Thes and other dala have led several auhors™ 1o conglude that. for pefagic biola at the
lower wophic levels, food chain biomagmfication is not a controlling facior i antammng
observed PCB levels. Biosccumulauon is predominsntly controlled by equilibnium pan,-
nomng of the chemical between the 1ntermal lipids of the biota and ambient water. In addihion.
Gruger et al.** have posiulated thar no matier how high the PCB conceniranons in food are.

the equithbnum ievel 1n the aquaiic organism will be controlied by panuoming back o
the water

1V. CONCLUSIONS

The avalable evidence indicates that, as a general ruie, biomagatfication and food chain
tzansier are the major mechamsms for deposition of PCBs in the top camivore members of
errestnal ecosystems. However, ihe overall significance of biomagnification n aquatic
ecosysiems 13 less certan. Direct uptake from water and sediments appears o be the dominan
process for many persistant pollutants including PCBs in wasuuciured fuod webs and at
lower 1rophic levels. Thus. equilibnum mechanisms between individual organisms and the
waitr mass are the controlling factors. However, at mgher rophic levels the information
avalable suggests thet biomagnificstron is generaily the major mechanism of PCB deposinon.
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| INTRODUCTION

Potvchlonnated hiphenvis tPCBs) os well as DDT are the cause o much concemn 3+
manmade organic pollutdars and many sjudies have been mude of them in 5 wide range of
cnvirenmemal media and Bioa The firse indicaion of workdwide dispersion of PCBﬁ_w;n
made 1n Amarciie hirds ' Since then. the global distnibution of PCBs has been demuonsiraied
by therr detecuun in the open ocean aimosphere.’ " water ' * *Y and martne organinms ' *

In the carly 1970s. Woodwell e ai 7 and 1he Nalionat Academy of Sciences * predicied
that the upen orean environment SErves s 4 » 3 reservorr for the persisient organochlonnes
A recent report of the Naional Academy of Sciences ™ documenied that the major portion
M PCBs nresenr in the enviconment of the Unired Siates was conjamned 1n Nonah Atfanog
walers. accounting for 50 1o BO% of ihe 1013l This esimaje suggests jhat open ocean wajer
avis 4y 2 mapor sink for PCBs. There are some esiimates uf the PCB toads in terresinal and
soastal environmenis. ™ ™ However. comprehensive and reasonable esiimates regarding the
PCB load in 1he open ocean environment have not deen made. This seems jo be due (© the
tack of PCB measurement daja covering all the oceans. especially the Southemn Hemisphere
In 1978 ihe Nanonal Academy of Sciences recommended that a major effort should he
made to obrain mondoring data ol organochlonnes in the Southem Hemisphere. ™'

Since 1975, we have been surveving the Pacific. {ndian. ind Antarctic Oceans. and have
measured PCBs and organochlorine inseciicides 1n acr, water, and biological sam-
ples ‘772122 {n jhus chapier. our main concem 1s 10 estimate the PCB load 1 the open
ocean enviconment. To undersiand the geochemical circulation and ultimate fate of PCBs.
it 15 essential 10 esumate the PCB load in the ocean. Thus, we first descnbe the dischbution
and behavior of PCBs 1n open ocean environments including the aimasphere, hydrosphere .
and biosphere. Based on our data and those of other workers, we attempt to esymate {he
generat concentration level and load of PCBs in ait environmental media and biota i rthe
ocean. Finally, the prospects and ulumaie fate of PCBs are discussed.

11. DISTRIBUTION AND BEHAVIOR OF PCBs IN THE OPEN QCEAN
ENVIRONMENT

A. PCBs in the Atmosphere

There 1s not encugh data about PCBs in the open ocean stmosphere. This 11 because the
aMmosphenc concenirauons are very low and therefore novel sampling devices and more
accurate and sensitive analytical methads were not available. In the laie 9705, 2 sunable
collectson method using polyurethane foam was developed™ and made it possibie 10 isolate
PCBs from large volumes of awr. In addition, the inroduction of capillary gas chromaiography” *
and mass fragmentography’ ensbled us 10 dewerming the respective PCB isomers and con.
geners and 10 separste them from vanous imerfering matenals contuned in environmental
sampies. Most of the recent studies have betn caried out using these techniques and have
enabled more detailed considerations of simospheric ranspon processes. behavios, and flux
of PCBs in the open ocean envitoament.

PCB concentrations in the open ocean mmosphere reponed so far are summanied in Table
|. PCBs are widely distribuised in: the aimosphare over the oceans worldwide and sumosphenc
concenifations are mostly below | ng/m’. A most imereniing fact is thetr presence tn the
Southem Ocean and Anwrctica, indicating that the impacts of industrial and human scitvities
extend all over the world, The senal conceniraons of PCBs over the mid-lautudes of the
Norhern Hemusphere were found 1o be rather high, which is accounzed for by therr extenstve
use on |and n this regton. By conumsi. relatively lower concentrstions were observed in the
Southern Ocean and the northern North Alamtic and Pacific Oceans. The aimosphenc PCB
leveis aver the North Pacifie seem (o be somewhar [ower than those over the North Atlantic,

MONS 224099



\'nl'un'l( { !JS

Tabte t
PCB CONCENTRATIONS IN THE OPEN OCEAN ATMOSPHERE

PCE conc. ingim”

Lacstion Vear N Range slesn  Ret

Nunh Ardannc

Rerruda 1971 4 11 Samd) &0 LIRi] N

Aermuda 197} ] [ i N} w8 1

Bermuaa L S 187) 4 N 13—16 TR )

Grand Banus ¢43°N 527w 187) 5 Y UsS—id I ERITTY N

Sewloundland - 1§71 ] 004 =d) (& a2 "

Gulf af Mereo 1§77 N Nt e 0o K]

darbados [L2RREL 1 17 N Ng—i) 7 nns? "
wanh Pl

Encwersk AlQi 112°N  I8XEr 1838 4 03¥5—140 " S4 «

wesiern Paerfic ¢3- 1N 1gs-131°E) 1980- 1931 N 0 0¥ T4 023 N

Weslern Pailic (43.471°% {441 T2°F) 1981 l 1) O Famd] (M § NILY Ny

Western Pacific (41-40°N 141 1%L 1982 3 1 022—) nes i) n

Benng Sea 1981 ) 0 026} 039 gkt Ik
South Pectitc

wesem Pecific ¢ -48"8. 131 -137°E1 1981 b1 1) 08 3= S0 "3 i
indtsn

Easiern Indjan 1 1-44*S. 104-425°E) 1980 ] N 0bbemd) V)4 018 o

wesiern Indean | 20-54'S . 3. 3T'E) 1982 4 0 000—0 24 018 17
ABATIK

$1-65°S. 123-10°E 1980- 1984 4 0036—0 13 091 .

34-68°S. 33.38°E 1982 L 00M—D 1t ELE ] 27

Syows Stauon 10900°S. 35 35'E) 1981-1982 11 00LT—0 t? u Vo) “

Excluding ihe cossial regiom

Thus difference mighi be because smaller amounis of PCBs are used in Asian counines than
n the U S. and European countnes. According to our recem survey in the wesiern Pacific
and eastern Indian Cceans.’ rather high concentrations of serial PCBs were found in he
low latntudes of both the hemispheres. In another survey ranging from Syowa Siation.
Antarctica (69°00°S, 39°55 E}io Mauritius in ihe wesiemn [ndisn Ocean(21°10'S . 57°30'E)."
an appareni increase of aenat PCB concentrations was observed towards the low 1ainudes.
These observaiions may sugges: that low isntude countnes currenily aci as one of the PCB
sources, as well as the developed coununes. A recemt nice bran oil :ncident n Taiwan™®
emphasizes the current use of PCBs without any resinction in low iatitude countnes
Beswdes such geographical vananons. seasonal vanimions have also been recognized in
the aenal concenirations of PCBs. Figure | shows the atmosphenc concemrations of PCBs
and organochlonne nsecticidés st Syowa Station, Anwrceica.”” Ajthough the seasonal var-
1ation was slightly differeni according 1o the variety of chemucals, rather high concentralions
wire generally found dunng the sustral summer. Recently, Bidleman ¢t 3l.* measured
airborne organochlorines in the North Atlantc gyre. PCB concentrations :n the Barbados
amosphere were spparently higher In summer than in winter, byt organochionne insecticides
did not vary between ihe 1wo seasons. Oehme and Struy™ also nowed seasonsl vanaiions of
senal organochlonnes in the Arctic where higher concencanons of HCHs were found 1n
summer, la Antarctica, snowfall prevails during the autumn and wenter whean relaiively lower
concenirations of atmosphenc organochlorines were observed (Figure |). Snowfall may
assisi the removal of aimosphenc organochlorines in Aniarciica. The seasonal usage of
chemicals in countries Jocaied to the north of Antarctica may alsoc contnbuie to such seasonsl
vanations. The application of organochlonne insecticxdes on land most frequently occurs in
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Conc. (pg/mY)
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FIGURE | Semsonal vansromy of LDDT. THCH. snc PCO concenuaiiond in Ihe Amiariii
amoiphere (Syowa Sialwon. Anaics. 89° 00°5. W'IE) 7

summet. The dispersion of insecucides applied on land extends all over the world through
the aimosphere. which may accoun for the high concentrations of HCHs and DDTs in the
Anuarciic stmosphere in the summer season. However, PCBs are unlikely 10 be used dunng
3 himued season, even though higher concentranons were found in summer. This mighi be
a result of the active evaporsiion from various PCB sources on iand due 10 high temperatures
in the summer. The refanively high concentration levela of PCBs in the Antarctic aimosphere
persisied dunng a shor penod of only two or three months. This fact suggests that the
atmosphenc lifetime of PCBs 13 rather shont. probably less than 8¢ days.

Receni sindtes made clear the composition of PCBs in the open ocean stmuosphere  Aifas
and Giam® measured the aerial PCB concentrations a1 a iand siation on Enewetak Aloil and
idemified 30 PCB 1somers and congeners which excellently maiched the Aroclor® 1242
pattern Bidleman et al.* also noved many lower chionnated biphenyis in the Newfoundland
and Barbados aimospheres by capillary gas chrommiography. We also idenufied and quan-
uficd 53 PCB isomers and congeners ranging from di- to hepuachlorobiphenyls using a gas
chromatograph-mass spectromeier, and recognized relatively larger amounts of lower chior-
inated biphenyls in the aimosphere over the western Pacific. easiern Indian, and Anarcuc
Oceans.’ The ennchment of lower chlorinaied biphenyls in the open ocean aimosphere 13
the resuit of their comparsuvely active evaporation and consequent preferential long distance
wransport. The behavior and lifetime of PCBa in the open ocean aimosphere are supposed
to vary according (0 the 1somers and congeners but this possibility remains Jo be studied.

B. PCBs in Water

A method to collect trace organics from a large volume of water has been deveioped using
macroreticylar resing. ™ *' Thia technique has alsc been apptied to the isolation of PCBs and
other organochionnes from open ocean water ' %3303 However, less information 13 avail-
able for PCBs in open ocean waier as well a5 the overlying atmosphere. This s attnbuled
10 several difficuities such as sampie storage, chemical anaiysis, contaminanon and 5o on.
Some of these probierns have not yet been examined sulficiemdy.
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- Table 2
PCB CONCENTRATIONS IN OPEN OCEAN SURFACE WATERS
PCB cone. 1ng (1
Locatron Year N Range Mean  Ner
Ssorth Atbanng
Sargasso Sea 197} [} «B9%—1p iy !
Swrgdiso Ses. New York Tha 9 us
35N, §=T3"W 19731975 84 1 dmedl 1) v Al
Nonh Se¢s and Scotlish coast i 3 <y 13— 82 Ik ] "
South Atlamik
H=W"S. 1=11"W 1974 [} 0lt? ' 0
North Pacdre
western Pactlic 122— 15N, 141 =1 W'E) 197§ 1) 0 25—n 58 a4t '
wesern Pacifiic (32=dT'N. 1 ) 14 1B 197 s (1}, S K 7] 1
Westermn Pacific 112—=11"N 1 29— 1 8°E) 1978 [ 0 23—t 9 ") it
western Pyoific j29—34°N 13T —('E) 1978 5 o018 nj3 3
Western Pacific 15— HN. 107—)52°EY 1980-1981 3 0 0¥} 1§ noee '
Benng Sea 1 1) ] 00Tt 1) U] N
South Pacific
Wesern Pacific (1 ~41°8, 152—=1387E) 1983 5 008t~ 21 PR P
indian .
Easern Ingian (4—3575, (04— 1 21°E) 1980 [} 0.057—0 23 014
Amafcc
40—535"%, (24 i183°E 1980-1941 Y 0.D41—0 U172 0058 -
Syows Sweon 169°00'S, 19°13°E) 1981981 3 0.035—0. 069 nos) 7

PCB concenwations in open ocean surface waters reponed 36 faf are summanzed «n Tuble
2. There are some other reports on PCBs in North Auantic water between 1971 and 1972, " »
but PCB concentrations are one of two orders of magnitude higher compared 1o those made
stnce 1973 as shown in Table 2. No satisfaciory and reasonable explanaiion has been made
for this rapid decresse.

Concentration levels of PCBs in open ocean waler are generally in the few nanograms
per liter range or less. North Arlaniic waiers revealed relauvely higher concenirauons of
PCBs than the other oceans. This seems to be due (o the extensive use of PCBs inthe U S.
and European counmes. Much lower concemrations of PCBs were found in the Southern
Ocean. ranging from 0.035 10 0.072 ng/€. This concemration level is probably the lowes:
among the monjlonng data on PCBs reporied so far, According to our survey of the western
Pacific and eastern Indian Oceans from (975 10 1982.*"* PCB levels in surface walers
were found to be spparently lower in the Southern Hemiaphere thaa in the Northern Hem-
isphere and much higher concentratons were observed in the mid-latinades of the Northern
Hemisphere (Figure 2). Harvey and Steinhsuer® repored higher leveis of PCBs in North
Atlanuc surface waters than in the South Atlanue. Both observations sirongly suggest pro-
gressive contamination by PCBs in the Northern Hemisphere. Harvey and Steinhaver further
nowd th higher PCB concentrations in the low ({0™N w 20°N) and mid-lsurudes (45°N 1o
55"N) of the North Ailantic migivt be caused by evaporation-prectpitation processes. in the
case of western Pacific and eastern indian waters. we couid not find any comrelation between
the lstirudinal vanaton of PCBs and net annual precipiistion. l1 seems tha) the exiensive
use of PCB1 in the Northern Hemisphere, particularly in mud- latitude Countnes. 1s 3 major
faci0r in this geographical disttbution of PCBs,

The vertical ranspon of PCBs and DDTs in open ocean waters has been also demonsirated
by their desecion in deep sea fish." sediments.” and subsurface water nself.*** ™ We also
noted the presence of PCBs and organochionne tnseciicides in North Pacific, eastern Induan.
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FIGURE 1. Verticyl profiies of FCB1 and argascchionne inescucits ia open ocest wiier colamns .

and Southers Ocesa deep waters (Figure 1).“ According to this report, verucal profiles of
PCBs and IDOT (sum of p.p’-DDT. p.p’-DDE. and o.p'-DDT) concentrations were found
1o have small varistions throughout the water column, whereas ZHCH (sum of a. B, and
¥ isomers) concentrutions decreased sysiemstically with depth. PCB and organochlonne
insecticide resadues in deep water cannot be explained by the convectional and diffusional
mixing of water. because {1 takes a long time for the surface and deep waters W0 mix and
no more than 30 years has passed since PCB production and use began. The vertical ranspon
of these chemicals seems (o be strangly associsted with sinking particles in the wazer column.
Elder and Fowler* reported that fecal pellets from natutsl populations of euphausiids con-
wuned high concentrapions of PCBs and also noted that such biogenic paruicies make a
signeficant contnbul:on 10 the vertical deposiion of PCBs.
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In ocder 10 elucidale the 1ranspoet mechanism of organochionines. if i3 necessary 10 know
ihe forms in which they are present in open ocean water. Thus, we filtered large volumes
of surface water and separated the organochionnes ko dissolved and adsorbed fractions
Consequcntly. 1t became clear that a large portion of PCBs and DDTs was retatned on
particulaie maiter. while a major fraction of HCHs was present (n filiered water (Figure 4)
it was also apparens that there were prominent negmive coerelations in 1he relanonships
between the water solubilities of organochionnes and the concentration raitos o adsocbed
to dissolved fractions (Figure 5). These observations strongly suggest that less water s0luble
organochionnes such as PCBs and DDTs are rapidly transponed into deeper layers of water
columns by sinking panicles. By contrast, reisively waier soluble organcchlonnes such as
HCHs are siowly scavenged from surface (0 deeper layerz. The different verucal profiles of
organochlorines in open ocean waier columns (Figure 3) are most likely because of their
differem affinity o patiulale ‘manier resulting from their water solubdities, Furthermore,
ihe percentage of adsorbed (ractions of organochlorines incressed toward the high latitudes
(Figure 4}. It is well known that pnmary production and particle concentration i the oceans
Jemnily increase wward the high Inirudes.***’ The imitudinal variations for the adsorbed
perceniage of organochionines (Figure 4) appear 10 be relaled 10 particle concentraiions n
surface walers. According (0 (he lsborsiory experiment by Biggs ot al.* who examined the
partiion of '“C.PCB between water and particles. 19 to 22% of '‘C-PCB were retaned on
panicies & a parucle concemration of 15 ppr. while st 100 ppm. 66 10 69% of “C-PCB
were adsorbed on pamicles. This fact favorably sccounts for the lattudinal vanations of
crganochlorines in adsorbed (raciions as shown m Figure 4.

PCB compositions «n open ocean water consist mamly of lower chionnawed biphenyls and
closely resembie those in the open ocean atmosphere.’ Higher chionnated biphenyls are also
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suspended 300t 10 fillered waer * Stanons A and B are locsed M 22°05'N.
|45°01'E and 42°39°S. 127°)1°E. respmctively. The open and solsd symiols
indwcoer S A and B, respecuvely

present n water, bu) :n much smailer amounts. Such PCBs are mosily retained on panicuise
matiter because of their relatively low water solubilities and high particle affinities. whereas
the dissolved fracuion mainly consists of iower chlorinawed biphenyls (Figure 6). This dis-
crepancy leads 1o the assumption that PCB compositons in deeper layers are relatively
enanched wuh higher chlionnaled biphenyls due to their comparable rapid deposition raies
by sirking parucles. Allhough no one has yet demonsirated this, studies of ihe PCB com-
positions in Antarctic™ bottom living fish showed a relatively greater proportion of higher
chionnated biphenyls than surface living fish, may suppon the selective deposition of PCB
1s0mers and congeners from surface to deeper layers in the water colurna.

C. PCBs in Organisms

Despite exlensive litersture on PCB concentrations in estuarine and coastal organisms,
relatively few studies are available on open octan organisms as shown in Tables 3 to 5.
Armong these organisms. manne mammals have been comparstively well studied ail over
the world (Table 5). This is due to the facility of PCB detection because of higher accu-
mulatiop levels of PCBs in manne mammais than in other organisms. PCBs in open Ocean
fish have ajso been well moniored. but the portion of the fish body analyzed has been
varisble (Table 4). This makes n somewhst difficult to compare the PCB concentranon
levels ia fish from differem oceans. There i3 much iess information on PCB moniionng data
in upen ocean plankion (Tabls 3). i i3, therefore, most difficult 1o discuss the giobal
viewpownt of PCB contamination in piankicn samples.

in general. PCB concentrauons in open ocean fish and mammals living in the Nonhemn
Hemisphere were (ound to be higher than those 1 the Southern Hemisphere. The highes:
range of PCB concenmration was observed in the mud-iatitudes of the Northern Hemisphere
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from open ocean surface water (48°39°'S, 127 31'E)." The newatwm CL
ndicates I number of chionne sioma ubsiuied ix ipheayls. Peak no
shows the order of rewention iime on the mass {cagmentogram for PCRe
with FeIpEct (0 Jwbsiitwied chionne number. Each bar shows the relsyve
concenuyon of isdividual PCB rsomer snd congenery messured by mass
fragmenography Oeimis of cach prak and (15 chemacal sTructury we given
n owr previous repon * Mowo-. ocw-. noms-. snd decachiorowphenyls

wary btiow deiaclion fevely,

Table 3
PCB CONCENTRATIONS IN OPEN OCEAN PLANKTON

PCE rene
Ingrg wet w1.)
Letation Yeor N Range Meaan  Ref,
Norly Atiastee 1970 300t 30 10 El ]
Nordwan Atiantic Beform 1972 22 10=t 10 47
Mork ant Soush Alantic 1970-1972 43 200 1]
Soushy Alasec 1971 4 15—440 00 41
Wemers Nonh Pacife 9% ] [T ]
Sarng Sea 1982 3 10—} 8 115 I | ]
Wemars Souh Parific 199) 3 1.2=2.1 1149
Amarcue {Row Sea) tm ' <3 50
Amgrene t30-453. 124" 1 2¢°D) (L. 1} h] 01— 0 08 49

By conuast, (ish and mammalian sampies from the northem North Pacific and the northem
North Atlantic revealed rather low ievels of PCBs. The Asclic and Antarciic mammals
sccumuisied even less amoums of PCBs. The lowest concentrauon of PCBs in manne
mammais was found in the Antarctic Weddell seal. The geographacal disshbution of PCBs
in open ocean fish and mammais aimos: agreed with those in open ocean turface waters
(Table 2). Thia suggesis that the bicaccumuiation of PCBs in open ocean orgamisms 1

strongly affected by 1helr ambient water.
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PCB CONCENTRATIONS IN OPEN OCEAN FISHES

Lo BHOR PciEd
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Wesiern Nonh Pacife torf lapang
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Heming (fupra puflasr
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 Aait pgramma;

Flatfish ' {imunda uiprro:

LU hum sairhan (Uaromimehus kel
Sucaeve walmon | Uacom ackus

arrkay

Chum salmon +Oacarvachus detas

Waileye pollock (Theragra
(Marcogramma

tasiem Sowh Pacific ioff Chile)

Cheradurrius sp
Meriuctiug ounraly
Brama p

VeopArvair At marmorgtus

Cintlorbvng s fosC10%ug
Mucromevstiv oulirahs
Cuirhy nehuy fusciars

Norh Indian cAraian Seal
Argyrops spiarfer
Thrvisa vririroging

Svuth [ndun 10l Ausiraia)
Curvpharna Arppures

AmMarcic
Two whole fish
Pagothema borchprronki
{re masomus berenace i
Tremaromys hansem
Tremasomu) nrwaest

Table 4

Year

19710— 97!
INI0— 19T
1N t 7]
1970— 1471

{9RG
1979

1919

197)
197}

(9T Y74
£10%
1980

142
1982

1972
1971
1970
1978
1978
1917
1970

1978
1918

1900

1972
(L ]
1981
il
il

-~ Bl un B LA LA

~

i
5
4
2

inniveed
porion

Whoie

Muxle
Mucle
Suscle

“ hote
Whole

Mukie
Muscie

Mucle
Whate
Whale

W ihole
Whole

Muwche
Muscle
Muac le
Muscie
Muscie
Whole
Whole

Whole
Whole

Whole

Whele
Whole
Whole
Whole

PCB cone,

ng'g (resh wr)
Range Meen  Ref.
W il
‘4 it
4 [Nl
LY 7]
1278 ad I
17N Lk a9
127 4 i
A} M
4040 ) 5
01 sy L
) 3}
% X}
131918 11 "
251) ] EL]
L2212 [ 1}
0308 U4 i
0618 ne 3]
020} (9 !
0102 h2 i
0110.3) U9 I
0080114 0 ov 9
07401 1t N
09320 16 el
002005 Q) a9
20 )
0.150.77 oM 4
012018 017 ah
0 28-0 59 oa i
0.08-0.1) on L

There was & marked vanisiion of PCB concentmations in plankion samples taken from
different oceans (Table 3}. PCB concentrations in Atlanix piankton were one o¢ two orders
of magauude higher than those 1n Pacific samples. All the PCB daw on Atlantie plankion
had been measured before 1972. Ahthough no recent PCB data on Atlantic plankton could
be found. the much higher concentrauons before 1972 can probsbly be altnbuted W ihe
same reasons as for the North Atlantic surface waters where an immediaie decrease of PCB
concentrauions has been noted since 197). As the monitonng data thow that ihe discrepancy
of PCH concentralion levels between Allanuic and Pacific satvpies in respect of atmosphere,
surface water, fish. and mammais were less than tenfold, the curreni PCB concentrauion in
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Table §
PCB CONCENTRATIONS IN THE BLUBBER OF MALE PINNIPEDS AND
CETACEANS
PCB cone
tapry lresh =g
Location Species Year N Rangs ‘Mesm el
Arcuc
Catads Ringed se3) 1572 ¢ 00%—13 LI I Y
Ringed seal 1972 15 1=t P
Nonh Greenland Allamic walrus 1978977 E 0.t} ) e vy
Nonh Atlamic
Ne wiound ling Harp seat 1970 ] o
Guif of 51 Lawrence Harp seal 97 1 622 L
MNova Scons A)tantc white-ssded dolphan 1972 t EE AT |
Rhode isiang Sinped doiphe 1972 | W SR
Canbbesn Long-snusied dotphn 1972 ' LI I
South Attaniic
Uruguay Feancincana dolphen 1974 5 12—1s s 3
Nonh Pacific
Bering Sea Dall’y porpose 1990 4 Vs B 5§
lapan Stnped dotphin 9 I on-=-n PRI Y
Finless porporse 19081975 M B O [T I
Prion whale i 20 13
Califormia Common dolphn [974—(97¢ 10  W—XD [ I ]
Pilor whale ' 14 s
Hawat Rough-iohed dolphia 1978 J  70=14 94 3
Exsern gopcal Sinped doiphwn 1973—1978 Y} =74 S s
South Pacific
Easiern wopncal Fraser 't doighun 1973— 1978 1 5 43
Stnpwd dotpiwe i 50 13
New Zealand Dusky dolphia 1980 t 4 a0
Anaroie
Syowa Station Weddall seal 198) i oo o2

Atlantic plankion is assumed 10 be 1n the few NARDZTAM per Jram range on & wel weight
basis.

PCB concentrations in open ocean orgamisms tend 10 be grester in the higher wophic
levels. Open ocean plankton generally have concenuations of 3 few nanograms per gram or
less. Fish wampies sccumulste nearly the samns or one order of magaitude higher than this,
whila PCB concentrations in mavine mammals are a further ons of three ofders of magnitude
higher than thowe wn fish. Such an amplificsion with trophic levels has been demonsiraied
in terrestnal and coamal aquanc environments.*>+ We aiso found PCB amplification in open
ocean ecosysiems from the northwesiemn Pacific where bioconcamranion faciors (rano of
PCB concentrations in organisms to ambient water) were 10° for piankton. 10° to 0¥ for
squid and myctophid, and |0’ for striped dofphin.* [n addition i0 the quantitative vanation
of PCBs with wophic leve!. qualitative vanstion regarding PCB isomers and congeners has
alpo become & major inerest recently.

According 10 detailed PCB determinstions in vanoua organisms taken (rom the Benng
Sca,'® apparent variations were recogmzed in thew PCB compositions (Figure 7). Although
the major fracuons of PCB3 in surface waens were lower chlonnaied biphenyls with two
and three chiofine atoms. plankion and fish sampics rewained not ondy the lower chlonnated
biphenyls but also fairly large amounts of peata- and haxachiorcbiphenyis. Funthermore,
PCBs in Dail’s porpoise were composed mainly of higher chiorinsted biphenyis with mare
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° Surfoce woler [(430%)
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FIGURE 7 PCH composusons in surfece waier and orgamvims from the Benng Sea ™ Puemheses show ihe

chiohne comens. Details of ench bar and CL, are the same &5 Figure 8. Dachominghenyls in toopankion could
not be me d due 10 Meriaring matermls.

than five chlonne atomns and a much lesser amount of lower chioninated biphenyls Jansson
e ab.*” and Zell and Ballschmuer*® also noted differemi PCB composinons i vanous bio-
logica! samples such as fish. bird. seal, and human snd they suggested thai the melabolic
potenual inherent in organsms 1s a major factor for the varistion of PCB composimons in
different wophic levels. The PCB composition of Dall's porpmse (Figure 7) 1s most likety
affected by a biological factor such as mewbolism. However. plankion do not seem 10 have
such an aciive metabolic potential, The different composiuons 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 adsorprion mechanisms as major
uptake routes of PCBs by plankion,* ! while PCB1 in those fish that are mesotrophuc animais
in manne food chains appear 10 be atfected by both physicochemical and biochemical faciors.
It 15 known that the uptake of PCB1 tuough the gills and digestive tracts in fish depends
prancipally on lipid/water partitioning and molecular size,’>™ whereas higher chlonnated
biphenyls are sccutnulatad more readily through gills but lesser amounts are sbsorbed through
digesuve tracts. Moreover, it is also noled thet (ish cerainly have a powential 10 metbolize
PCBs, but this is limited lo lower ¢chiorinated members.™ ™ The PCB composttion of Bering
fish (Figure 7) ssems w basically reflect a result of physicochemical factors, but the relanively
smaller proporuon of lower chiorinated biphenyis n comparison with plankion is probably
due 10 mewbolism.

The ocesa contains many species of organiams and their life spans vary considerably.
These organisms more or less funcuion as effective integraior of persistemt organcchlonnes.
The residues of these chemicals in plankton and fish which have rather shont Iife spans
reflect the present state or short-lerm contaminalion in the manne environament. By contrast.
mammais. long-living animals. provide historical evidence of manne poilution in thew
bodies. Presently. we have no avaiiable information to Urace the histonical contammarion by
PCBs of the oceans. Organisms with jong life spans may provide useful clues to the elu-
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«idation of the tme course of PCB poilution 1n the ocean environment in the past and also
probably tn the future

i, GENERAL CONCENTRATION LEVELS AND ESTIMATED LOAD OF
PCBs IN THE OCEANS

Based on the measured data o PCB concentralions in various npea ocean environments
v far reponed 1Tables | 10 §), PCB concentrations and loads in the world oceans were
estimated and are shown in Table 6.

PCB monitonng data are noi sufficiens for ihe esumauon of PCB concentration and load
tn the open ocean environmen! [n particular, there 13 much less daia avaable tor ail
environmental media and biota in the Souwsh Allanuc. Thus. we apptied the PCB daia of the
South Pacific lo the South Arlanie. Current dawa could not be found for North Adlanic
waters Thus. a median value of PCB data in ihe North Sea' and Sargasso Sea’* was adopred
45 a general concemranon levet of PCBs in North Atlanuc waters. There 15 only one paper
avatlable for esumanng the PCB conceniration and ioad in open ocean sediment, which was
reponed by Harvey and Stetnhauer’’ and dealt with the Nomh Atlanic Ocean. PCB con-
centzations )n other oceanic sediments were esivmated (rom this data and conceniration levels
in surtace waters of the respective oceans. PCB monuonng daia for plankion are extremely
scarce for il oveans. Fish and mammairan data are also msullicient for the Southern Hem-
1sphere. Moreover, we could not find any bromass data for the respeciive oceans. thus, there
wis no other way to esumate the PCB joads i organisms 1n exch of the oceans but (1o
descnbe them as & single or whole ocean.

Despite these limmauons. this estnate {Table 6) provides sufficient information 10 un-
derstand the fate of PCBs. The totai PCB load in the open ocean environment was estimated
10 be about 230.000 t. The mapor fraction of PCBs in the open ocean environment s in
walter. accounting for more than 99% of the il load. In spite of the fact that open ucean
orgamisms accumulate PCBs in concentrations three to seven orders of magmiwude higher
than water, their PCB louds were extremely small. This is due to the relatively much smalier
volume of biomass compared 10 the water mass. The open ocean environment in the Northern
Hemisphere contains about 150,000 1 of PCBs, accounting for nearly two thirds of the totat
load. The largest load was n the North Atlanuc waters, which conuined 90.000 | of PCBs.
Recent estimates by the Nanonal Academy of Sciences'* indicated tha: oceanic water over
the North Amencan Basin contained a maximum of 66.000 ¢ of PCBs. This value compares
favorably o our esticnate of 90,000 ¢ in the whole North Atlantic waters. Worldwide statisucs
regarding PCB production and use are not available. The towl cumuiative use of PCBs in
the U.S. was estimated to be 61,000 ¢ up 10 1975." Assumung the world PCB production
to be twice this amount (1.2 million t). sbowt 20% of the cumulative world production 13
retmned in the opea ocean environment. According to our estimate of PCB loads conducted
in the Sewo-injand Ares, Japen, ™ 12% of the total amount of the PCB used in this repion
was contained in the wrmesTial and coastal environments. If this percentage 13 representative
for all global terrestrial and coastal environments, it can be estimated that about 30% of the
total PCB production i1 the world. an amount of approxtmately 400,000 t. has escaped into
the open environmemt. Miller® nowd that of the PCBs produced in the U S.. } 6% has been
degraded or incinersted. Thus. the desgoyed portion of PCBs is negligible in any estimate
of the worid PCB load. Overall, it is estifnated that about 800,000 t of PCBs are sull wn
service, including the amounts used for electncal equipment and other products or deposied
wn landfills and dumps.

The open ocean atmosphere contains 790 t of PCB3 a1 present (Tabie 6). If the following
assumpuons are aliowed, (1) the land-stocked PCBs (800.000 t) disappear only through
volanlization, (2} PCB concenirstions in the aunosphere remaun at thew present ievel. (1)
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ESTIMATED CONCENTRATIUN AND LOAD OF PCBs IN THE OPEN OCEAN ENVIRUNMENT
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Table 7
" ESTIMATED RESIDENCE TIME OF PCBs IN THE
OPEN OCEAN MIXING LAYER (UPPER 100 m OF
WATER COLUMN;»

¢ sroon Rendence
produ ivily (irne
Octan pmliyenr rday)
Oligoenphic
Pacific tdean 22NN, 1LVOE 0= 100 10— (8
Eusrophic
Souihern Ocean 164°42°5. | Z4715°E4 10250 26l

the atmosphernic residence time of PCBs s 60 days. and (4) atmosphenc PCBs can become
srreversibly transferred into open ocean water. then 1t i3 eslimated that sbout 4800 1 ot PCBs
are annually released from land-stocked PCBs and iransferred into open ovean waters This
csumale suggests hat. f funher regulavon 15 not enforeed 1o ensure PCB disposal. more
than 150 years are required for the complete disappearance ol land-stocked PCBs and the
contaminatton ol PCBs 1n open ocean environments will continue durning the same penod
It should be noted that stnct measyres (o prevent leakage or volaulization from land.stocked
PCBs are needed and an etfective technology 10 incinerate or destruct PCBs must be devetoped

V. PROSPECTS AND ULTIMATE FATE OF PCBs IN THE OCEAN RESER VOIR

Undoubtedly. open OCcan waler serves as a vast feservewr 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 wawer. Bidleman
et al.* reponed that the stmospheric residence tumes of PCBs tn the North Atlantic were in
the range of 46 10 70 days. Recently. we reported PCB residence 1:mes in the open ocean
mixing layer (upper 100 m of waier column). based on our measured data of PCBs* and
using an equation on the relationship between the orgamic carbon flux and the pnmary
production rale in the worid oceans reporied by Suess.*’ The results are summanzed in Tabie
7 and the dewnied procedure used tn the esumation is given elsewhere ©

The residence nme of PCBs in the open ocean mixing layer was esimated 10 be tn the
range of 26 o 44 days in eutrophic ocesns and |30 30 280 days in oligowrophic oceans
Supposing that the atmospheric reswdence hime of PCBs is nearly the same over all oceans.
ranging from 46 10 70 days, the residence lime of PCBs in the eurrophic waters 13 shorner
than in the atmosphere, while in oligotrophic waters it is rather longer. The different restdence
umes between the Msmosphere and the mixing layers indicate that, if the urborne PCB flux
could be completely stopped, PCB concentrations in the mixin g layers of both the europhec
and oligotrophic oceans would rapidly decreass and eventually fall to zefo within a rather
shon perind. However. if the simospheric flux of PCBs were to be kept 1n 113 present siale,
PCB contamination in the eutrophic ocean would be preserved at the present level, while
in e oligotrophic ocean a gradual increase of PCB concentrations may occur according 10
the renidual amounts of PCBs in the aumosphere and mixing iayer. Mathemaucal simulaton
and MOre accurste monitontng surveys Are required (o validae this forecast,

Although the deposition rate of PCBs in the open ocean water column under the mixng
layer is unknown. PCB3 are cenainly contained in deep waters and bottom sedt-
ments,* * ?* 3.9 PCRg deposited into these enviroaments are most unlikely 10 contnbute 10
their geochemscal and biochemical circulation, because the vertical maxtng of deep water 1§
extremely slow snd the biomass thers is very small. Thus, it can be conciuded tha! open
ocean deep water of bottom sediment serve as a final sink for PCBs.
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The commercial production of- PCBs has now ceased in most developed couniries How.
ever, as a rough esimate, we sull use abouw 800.000 t of PCBs on land. This amoum
corresponds 10 more than three umes the total PCB load in the open ocean environment |
1s. therefore. justifiable to say that the large amount of land-stocked PCBs holds a crucigl
hev Tor the Tuiure rend of PCB contaminanon in the open ocean cavironmeM as well 45 in
the 1erresina! and Coasial environments. A major effon musi he made 10 comrol ihe discharge
o1 (and-siocked PCBs and connnuous survetilance 15 needed to pursue the trend of PCB
potlution in the open ocean enviroament
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ABSTRACT

Since voiuntary restnction of PCB usage began in 1970, PCB levels have failen in some
arcas where |hey were previously highest but are increasing n previously clean areas and
remaining more of less consiant where [ow leveis were already noted. These findings reilect
the graduat spread of PCBs from earlier hot spots such as dumps. spills, estuanne disposal
sies. and wasie waier discharges. Biological vanability. environimenal fluctuanon. and
evolving analytical iechniques obscure the detection of PCB trends. Nonetheless. unul the
680.000 1 reservorr of PCBs produced worldwide since 1929 13 destroyed or \mmobilized .
PCB residues will conunue 10 accumulate 1n aquatic and terrestnal organisms. Complexities
of PCB analysis 1n trend sssessment and 1ssucs 1n diological sampling are detaried. Swdies

of PCB trends 1n gulls, ducks. starhings. pelicans. mussels. and freshwater and manne fishes
are reviewed.

The presence ang danger of polychionnated tipheny|s tPCBSE i 1M eAvIrORMEN 15 POV yet 3 dead HAue. Bul M
one thal dppears 10 be dying quite raprdiy - Thomas Maugh it. 197

22.000 kg of PCB have twen bured o the |New Bediord mumcrped] landfill  yeboeng PCB were 400 160
npmon June 1977

In 1977 (here were (ndivsdual galdfish, {in e Hudson River] ... whech had 43.000 0 99 000 ppm PUB per
gramof liped. '

‘berwaen )2 and 54 meunc tons of PCHs wiltt be ransponed wvo the [New York] esruary gunng e acut 20
years J oo rerachal acton 1 taken.*

1. INTRODUCTION

Since polychlonnated biphenyls (PCBs) were first identified in Swedish fish in 1966.°
they have been found twoughout the woeld.®’ even in Anarcnica.' * Initially they were
observed as contamimants interfering with the quantification of DDT.*** By the early [970s.
they were recogruzed as widespread problems in therr own right. Before long. PCBs 1n high
concenmations had beea isolmed from numerous lakes and rivers. Marine birds and fishes
aiso contained amounts of PCBt quamtifisbie by early methods.’'* Migh levels in goatfish'' '’
{Mullowdichihys aunifiomma®® confizmed that ropical islands such as Mawait were not free
of 1his new environmental pollutant.

¢ In s mvew, e wrm PCD s vsed w0 mclude ol poiychionasiet boheayls mgunilens of e exem of
chioguattn. A spacific degres of chionaauen 1n hcased by it lnst two digts: e, PCD [ 242 contans 42%
chisr by swighn. As PCBa weather. o remiue wiuch inoally denved fom & comemercial Muatare such o
he Monnasee Company prosuct Arockor® 1221, 1242, or (248 will come w0 resemibie ¢ more highly chionamed
suboupits such a0 Arocier® [ 254, [260. or eves 1268, As ¢ remesder that A0 WRpIcAlnon 13 wwelied that the
Mgher chiornamsd SUMARCES WEIY ¢ver Used A ARy Mrpe amound, | prefer e \erwg PCB 1254 wnd PCB 1260
W oiniCan O gegrm of CAOTAMOR abuirved W envUORRERA uwwmpies. | have vsad thw thanadacturer 5
Sengnancm only m the case of Acior® (016 which wes wsrnuonally dumped o the Mudson River [n this
case, weing the wrm PCB 1242 would Wt it8s acowrnig. Resstues o e Hudeon River v more spprogrisisly
risad @ Arociar® 1016, 3 1petial formul ng 41% chi b lackung dw Mghly chionnsied
componems of Arcior® (242 wall. This chagter coacerms PCBS. bwt not poiar mrsboines Monnonng
ProgTITL up K0 Row have ORly CORsiied te hydrophobw parem Chionasied ) ydrocarbons.

*¢ Sceniific names e sociuded the firn e aach species 15 Mdnuoned.
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Thes chapter will discuss the 1ssues tnvolved n delermining PCB trends over time. More
than a decade has passed since quanitation of PCBs became routine. Techniques sunable
for long-term assessment will be defined. Daia from diverse laboratones will be summan zed
These iindings will be inlegrated 1nio an overall picture of past and present PCB pollution
The prognosis for the fulure and recommendations for funther research will be descnbed

A volurmnous [verature on PCBy has developed over the past |5 years | have made an
imensrve and exiensive search 10 find records suitable for thus chapter Numerous scienuss
have been generous in providing unpublished manuscnpis and even raw data. Some repons
are noi readily avaddable. while others may have been overiooked. Even with these imitatons.
distance patterns have emerged that provide a clear prcture of the present status of PCBs.

A. Experimental Design for Trend Assessment

Holden'' descnibed some of ihe parameiers for an early intemnational environmental mon.
nonng program. These wneluded derermining 1he exient 10 which collaboraiing laboratores
could both :denitfy and quanufy organochionne residues. Protocols were also designed (o
assufe representative samplings of manne. ireshwater. and terrestnal ecosysiems Exact
species were hsted. although even within individual countmes, no spectes Wwas umversally
avarlable. As far as posuble. annual samples were 1o include 23 specimens of the same age.
size. and sex. wih the amwmals 1o be analyzed individually. Fishes were 10 be collected
belfore spawning and birds before fledging. Holden even noted the importance of govemment
suppon 1n mounting an effective monitonng program. Although sampiing requirements were
expheuly detailed. in practice the descrnbed protocol often was not followed exacily.

These early specificaiions are the foundanon of modern monitonng programs. and they
contan hints of difficulties in ther implemeniaiion. General requirements for designing and
implemening environmental siudies were defined in 1980.'*" This subject still ments re.
flection. for again in 198% Veuh el al.** rederaied the need for stnngent requirements in
irend-monnonng programs including **precise methods for measuring small differences in
concenrration. and. (0 memimize biological variablity, a fairly ngid progotol with respect
1o spectes and size’". In the following secuon, some of the problems will be descnbed
greaier dewnt.

B. Chemical Analyses for Measuring Trends
i The Art of PCB Anaiysis

Quanutsiion of PCBs will be discussed only insofar as i relates 10 Tend assessment.
Elecmon-capture gas chromatography (GC) has remained the standard tool for quantitation
desprie opermional difficulties. PCB analysis staried as an ant with the analyst deciding how
and what 10 quantify, e.g.. how to draw baselines, what Lo elimingie because of interference.,
and what siandard o use & » reference.

The compiexity of PCBs challenged even the choice of standards and quanutation lech-
niques. Commercial mixtures used &3 sisndards yselded cwmnercus chromatographic peaks.
from one %o ten of which were chosen for quancicanon. Either the height or ares of peaks
was messwred. The PCB contemt would vary widely depanding on the chowe of peaks.
baselites, and standards.!' especially in weathered sampies. Furthermore, panterns of peaks
migin diffar from one gas chromarograph to anotver, environmenmal samples by no means
provided consistent patierns, and the choice of peaks wis changed someuimes n order 10
quanufly unusual sampies more accurately.

As computers were inroduced. a more exsct regimen was established. Arbwrary use of
automation has not been a pahaces. however. since |t can aiso lead 1o inaccurate resulls
when sampies do not conform 1o a pre-esiablished pattern, Capiliary-column GC «mroduced
another degree of sophusticaion. which gives hope of improved accuracy. Quantiation has
nol ye! improved . however, according ro an inierlaborsiory collaborairve study. Even more
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drscOUTagIing. some cOMPpOnents were aur «Jennified correcifv.'* Afler more than 2 decade .
basic wenuficanon of pollulants in environmental sampies 15 not assured.

In addion. both the proporuon and gquantuy of componenis in an exract vary wilh
extraction procedures. Diverse iechniques are used for exiracung PCBs from environmenial
vimples because each type of sampie presenls s own spectiic anaiyucal chalienges Methods
have ¢evoived 2150 when suandard procedures designed for surverliance of iood products
proved impraciical fot large-scale monatonng programs. '*

Inlermaiional cooperative siudies have measured the eal effect of such anatylical problems
An eatty sludy'’ reponed a = 30 10 60% coetficient of vanation tC.V ) for wildhife sampies
requinng compiex processing [n a subsequent siudy. 14 laboratones in 10 navions provided
2 to1al of |B anatyses on (he same sample from 2 dead cormorant (Phaiacrocorar curhn)
ound 1n (e Netherlands in 1970 Seven siandards were used for quantitavion: PCB | 250,
1254, 1260, and 1264. miaiures of PCB 1250 and 1260, as well as DDE and dietdrin
The wide vanety of siandards reflected carly aitempts 10 quanhfy complex mixiures and
aiso baich vanations ol PCB formulalions. soid by chiorine content rather than exact siruciure
Analysis chose the siandard corresponding most closely to each sampie. but matching of
chromatogtaphic profiles was a ume-consuming process. SOMe((Mes compromised In toutine
monnonng. The C V for ali resuits on the cormorant sample was =20.7%. This figure
probably represents (he best outcome up 1o that ime stnce participants in such a study mav
well have been more siilled (han other analvsts. and collaborative siudy data retleci oprimum
performance resuiting from cxira care. A later oyster homogenate contamming O ) ppm drv
weight PCB 1254 showed a 55% C.V. among |4 aboraiones.'” even though daia trom i2
other iaboratones were exciuded because the ievels were reporied as below the delection
himit or different. unknown. or mixed standards were used.

More recently. agreement between laboratones seems 1o have improved. though data may
sall vary up to 100-fold between laborstiories.'® Goidberg et al.™® found a mean C Vo
8.8% (range of 0 10 15%) for three samples. By 1980. C.V.¢¥' for six samples had declined
10 57% (range 1.5 10 9.7%). In conrast, an imeriaboratory calibration of (wo urban aw
exiracts showed C. V.5 among nine pamcipants ranging from 26 10 9%, even (hough the
use of exiracis had already ehminated one sousce of vanability,!? the extracuon process
aselfl. Improvement 15 selflimiung. however, since as analyte concentration decreases. ihe
C V increases ! Perhaps qualny assurance will henefit from the statistical evalustion de-
scnbed by Schmun. ¢

2. New Developments

Chionnated hydrocarbon studies at 3 remote site uncovered another problem 1n the late
1970s. Lake trout {Salvelinus namaveush), fat inke trout (5. namaycush tiscowet). and lake
whitefish (Coregonus clupeaformis) lrom: Isle Royale comained elevaied levels of sevenl
chionnsted hydrocarbon poilutants. compared to other Lake Superior tites closer 10 urban
development. Iniially. )sie Royale, locaed in the northern apex of Lake Supenor. was
chosen as a control site for environmental studies of Lake Supenor because the 1sland has
been & national park since 1940%° and it had never been logged nor contaminaled by moior
vehucies. Pollution of this supposedly clean sue was aitnbuted 0 aimusphenc falloul unai
a beuer expianasvon surfaced. Extracts comaminaed with 1oxaphene had been quanufied
tmaccuraely. perhiaps as the result of automawed analyses without careful examinavron ot GC
patiems,

Thus finding signaied 3 soon-10-be-discovered widespread difficulty. inierference by mul-
ncomponent pollutants, including chlordane as well as toxaphene. 1Although chlordane is
a singie compound. the commercial formulation contams several byproducts.) Once 0xa-
phene and chlordane were rather uncommon pesticsdes, but more recently they have sub-
sicured for the banned DDT Use of these compounds. which mimic PCBs 1n the usual
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separalion procedures expanded wihout being noticed by analysis, because hke PCBs they
are mixiues appeanng as a mass of mamniy small peaks in GC races. lromcally. PCBs
themselves were wenufied in environmenial samples because they nterfered with DDT
quannficatiun, Now oiher imierferences pur a cloud on PCB irend assessmeni The exient
ol interterence. which undoubtedly vanies from region lo region has yet 1o be assessed. In
the faie 19705, analysts were still searching for separation meihods sunabie ior routine
analysis As PCB analysis was aiready expensive. each additional step would further coun-
strain the atready himited aumber of analyses that could be funded.

Anothcr problem 15 the issue of evolving methodology. Capillary column GC brought
indication of decreasing PCB levels 1n Lake Supenor. but funther siudy showed that the
reduciion was an artifact of 3 new lechnique. which resolved componenis previousiy assumed
to be enurely PCBs.** Although 11 s impossibie to freeze techmiques for contaminant analysis.
nonetheless 1t 1y difficult 1o compare current daia 10 those oblained by older methods.

3. The Reahirv of PCB Data

In assessing trends. one must remember that PCB residues are complex muxiuces in e
first place. PCBs are not exact subsiances. because the composition of each formulanon
vanes with manufactunng conditions. Moreover, individual PCBs behave in differenm ways
For example. the lower molecular weight compounds evaporaie more rapidly and also iend
1o react and degrade move readily. Even among the more highly chionnated components.
individyal 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 Winesap apples as we previously had Maciniosh appies. Numbers can be compared.
butl what do the answers mean?

As new methods are impiemented, ¢ffons are made 10 assure the comparabijuy of data.
Ideaily we should be companng the level of specific componenys woday with levels in past
years. Frequemiy that 15 not feasible, because most PCB data represent sums of several
components. Even Lhe purponed identines of individual compounds have evolved wih the
developmen of techniques.

Assuming ail the daa are comrect, nlerpretation 3 still an ssue. If PCB 1260 vans
appeaning 1n fish somewhere, does it announce yet another PCB dump or a carefuily hidden
spalt? Or does it mean tha an old source of PCB 1242 or 1254 is siowly diasipahing, leaving
in 1ts wake 3 wtietaie. the high.boiling components which resembie PCB 12607

i have descnbed these analyncal difficuities in order 0 support the restnclions | have
placed on sampies chosen for this review and o acknowledge imprecision 1n the process.
B is vial 10 take tock of progress in an effort 10 nd the worid of PCB poilution. but it 15
also imporant 1o spell out the limitauons of trend sssessment. Comparison between labo-
raiones is usually a questionsbie process.’’ except in special cases where interlaborstory
collaborative studies assure comparsbility.™ Companson between years within 2 single
laborstory 15 more practical &5 long as a singie quantitation wchnique is used and quality
assuUMnCe PIOETAMS afe mainthined,’

C. Isouas in Biolegical Sampling

Over the years. numerous lsborsionies have analyred for chiorinsed hydrocarbons in-
cluding PCBs. Many authors compare their data with published reports. Unfortunately. as
Willford™ has noted, " results frequently conradicted esch other and sampling programs
lacked the imensity, the uniformuty of sampling procedures. and the conununy that permated
evalustion with ume. ... In this section, | shall address aspecis of biologicai vanability thay
affect the supabnlity of daa for rend assessment.

1 Species
Orgamisms differ in the rate and exient of accumyiation of chionnmed hydrocarbons.
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Feeding habits. longeviiy . lipid conent. meabolism. and migealory patterns are the kinds
ot fac1ofs hat can comrfibute 1o marked 10Ir3- und interspecies differences Twentv.vear-uid
nah, lor example. may rellect pollution over the eniirety of inew lives Birds mav migraie
(hvusdnds ol miles 4nd accumuldie politanis wherever thev Live. Juvenile saimon. .mm
trom pea-vized hpid-Nilled eggs. carry ionh a smali contaminani byeden from there mothers,
while sole. borm tram nav eggs. are nourished (rom 1heir surroundings at a much earher
stge o1 Jevelopment Manne mammal pups receive a large duse vt chlonnated hydrocarbons
m the t-nch muk Preeming birds lose PCBs through the uropygiai gland'™ hut can aivw
ingest PCBs from their feaihers

Over the vears. a number ot specles have been chosen as indicator vrganismy Builer -
used moilusks. especially wvsiers. s sentineds of general pollution n eswanies. Ovwers
contain concentraitons of ofganic contaminants as much as 50.000 nmes as high 4y those
in the surtounding water, 1n which such compounds are neafly insniuble Bioaccumulanen
expedites idennflicanon and quannfication jus: because the mgher levels can be meusured
s0 much more easidy

Mussels™® ** ™ have become common monuonng organisms because they are readilv
avaliabie in adequate numbers over 3 wide geographicai range. Such sessie organtsms have
the advamage that they stay in one place. Perhaps for this reason samphng varrance was
constderabiy lower than anaiyncal vanance in 1he Califorma Mussel Waich.”' Compared to
PCB Jeterminanions v water or sedimeni, PCB leveils 1n mussels indicate boavaiablity
direc!iy since coniamrnants are already (n the living organsm. * Mussels absorb and elimrnate
chiorinwied liydrocarbons at known rates. '’ ** They reflect exposure over 3 disunct hime
imerval. In contrast 1o fishes and crusiaceans, mussels possess mimimal enzymang capability
io mewabolize comaminanis Perhaps for that reason, they can survive even wn highly polluted
environments They can be iransplanted readily and can be retained in bags or cages when
suntable suppon s lacking. ™ They 1oleraie depths of at least 60 m.“ These properues tavor
the use of mussels to monitor around sewer outfalls and in highly polluted harbors Fur-
thermore, consumers are directly concerned about the wholesomeness of wild and cultivaled
mussels, because these popular sport and commetcial species live 1n potenually conlaminaied
ENYITONMENS.

Eswanne conaminant data must be interpreted carefully. Intertidal amimals sometimes
are exposed to contaminant levels much higher than those present throughout the whole
water column. Chionnaied hvdrocarbons concentrate at the mir/water inerface in a hpid-
nch monolayer.* Furthermore. at umes of high renoff. organic compounds bound to par-
liculate matier ae camed in the surface layers where salinity (s lowest. Consequently.
mussels heid below the surface may provide a more representanve picture of PCB contam-
inaion. On the other hand. Richasdson and Waid’' found larger mussels collected 5107 m
below the surface contaned much higher ievels of PCBs than very smail surficial specimens
10.12 10 0.21 ppm dry weight vs. <0.010 ppm). They suggesied that size and rate of
sccumulstion may have contnbuted 10 these differences. Ln the vicinity of a sewer outlail,
however, PCB lcvels were highest st the greatest depih, i.c., closest 10 the point of therr
release,

PCBs aiso concentrate in organic-rich sediment. which accumulates M the waier/sediment
inlerface. As a result, animais which live and feed on the bottom will tecewve greater exposure
than animais living or foraging even a smali distance sbove the sediment.

Numerous species of fishes have been chosen for monioring free-ranging aquatic ofga-
msms. Often practical considerations are decisive. such as the sampling of commetciaily
important species 10 ascenain their wholesomeness. Wide ranging species which are readily
available in adequate numbers are 1aken in preference 10 more sedentary, bul elusive of
uncommon fishes. Several species classified only as bottom dweliers or predatons*’ were
selecied for the U.S. Natonal Pesucide Monitonng Program. because no single species 1
avasisble at ail 109 freshwaier stauons surveyed.
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Fishes accumulaie PCBs rapudly™ ** bui do nol depurate them in measurable amounis
Any apparent loss resules from spawning or diduvion through groweh Thus. 1he 1wial boyy
burden vt PCBs retlects a hune-averaged composite uf exposure throughout Iie. Tu lessen
the 1atluence ot jong-past exposure. Butler and Schutzman®’ chose juvemle esiuanne fish
oy indicator orpanisms Fish less 1han | .year-old conain contaminanis from rwn passible
\IUTCES CarTy-over Irom paremis and exposure Junng al most | year of hie For the min
part they retlect current exposure. One exception 13 Juvemie dopfish i Sywaius weunthias,
Thrs OvOVviwIParuus species iransiers 3 substantial burden (o the next generation Itom i lafee
cpgs "

Among lerresinal orgamisms. herming guils (Larus argentatis). siariings (Sturaus vuleans).
and ducks were chosen because of avamlability and widespread distnbuuion Vanability
herween specimens reflects indrvidual feeding habits as well as the obvious abihty of birds
tw travel The guils were Jlso studied because they expenenced reproductive difficulties on
Lake Untaro **

Brown pelicans were monitored in several areas mainly because they were disappearing
in the late 1960s and early 1970s. The exient of sampling was. however, limiled by the
necessiy of mainiaiming the dwindling stocks,

2. Age and Size af Specimens

The tdeal sample would include specimens within specific size and age distnbunions.
Unlonunaiely such samples rarely exist. Vananons in weather. (ood supply ™ pressure from
predators. 10 name just a few factors. can contnbute to fluctuations 1n size and abundance
ol ammals. Aging 1n ihe fieid is not practical and analyling enough specimens o assure the
correc! age distnbution 1S 100 expensive. Samples of fishes have been resincied to fish less
than | year cld*’ and (o & limited size range ™ Alernatively. fish from a broad range of
sizes and age have been compared® *? and size and age included in data companson. Organic
comamunants generally increase with age in fish?’ by a multiplicative [actor * Holden'?
suggesied nestling birds as sunable indicators of ierrestnial contamination. Alternanvely,
adult birds or their eggs have been studied.

Mussels are usually selected from a narrow range of shell fengths. aging is non currently
possible. ™ In ensly musse) siudies, no effects on contamnant leveis were noted from di-
vergent growth rates. Perhaps (low rate. water tempersture, salinity. and availabie nutnems

influenced growth only (o a mInOf extent of canceled esch other enough that they were not
detecied initially.

3. Timing of Collecrion

Famngton et al.™ recentiy reported a two- 10 {ourfold uncenainty wn contaminant levels
in mussels resulting from seasonal vansbitity. Mussels from Naragsmsett Bay. R.1.. and
Bodega Head. Calif.. exhibited different periodicities and magnitudes in contaminant levels.
What causes these Muctuations? Changing biological and biochemical activities of mussels
themseives or assocised organisms. as well a3 changng concentrations and broavarlability
of pollytants i the environment. contribute 1w seasonal fluctuation.

Waathey can affect organisms in several ways. Some species reproduce only at specific
light intensities or ® critical temperaiures. Climanc conditions alter the availability of food
supplies. Heavy precipitation and rapid thawing alter water flow. salinity. and contamunant
burden. Since the weather is not controllable. researchers can only rematn mindful of its
influences.

The life history of individual species determines the optimum periud of collection. Boih
breeding status and weather influence PCB levels.’ Reguiar sampling at the same siage of
reproductive development increases the consistency of samples. Organtsms which increase
lipid stores preparaiory 10 breeding wansfer PCB-iaden lipids (0 their spawn. The sessonal
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fluctuation associated with oysier reproduction™ 15 shown in Figure | Because fishes elim-
inate chlonnated hydrocarbons mainly through reproduction. collection at different repro-
ductive suages would rellect differem types of contaminaiion. Curmrecting for order of egg
laying 1n common tems (Sterna Airunde) 1s necessary since the PCB conten: decreased 20%
from the first to the shird egg w 3 clutch.’” Similarly. repeated spawning could alier PCB
leveis in fishes,

Beyond the more obvious factors which influence the consistency of sampiing. the well-
being of endangered spectes must also be considered. Brown pelicans and manne mammals
along ihe Cahfornia coast often abandon iheir young when disturbed. Only after the voung
have become ndependent are the rookeries approached 10 collect dead specimens. Thus,
{resh eggs from the castern brown pelican { Pelecanus occidentaiis carolinensis) can be taken
throughout the breeding season withous Il effects on the young. In Texas' and in Califomia,
however, pelican (P. o. califormicus) eggs are cotiected afier 1he young have left the nest. ™
These sampics are obviously atypwcal because they are coafined 10 eggs which faled 10
hatch for Iack of ferulity. visbility, or suitable incubation. Such specimens introduce further
vanability because loss of water and metabotic processes duning tncubation Influence residue
levels.

4. Sex

The sex of specimens frequently influences data.**' Femaies of several specres eliminae
PCBa twough reproduction. Saimon. pelicsns. gulls. and \ems lose chionnaed hydrocarbons
through egg production. Marine mammals lose them by laciation. ° Each species 15 unique,
however, nince chlorinaed hydracarcon (evels 1n the rosch [Leuctscus runing) showed no
correlation with sex, age. o 512¢ 1n a set of 95 speaimens.”” The chorce of sex. then. depends
on the aim of individual projects.

5. Collectron Sice

Both prisune and poliuted sses contnbuie useful dats for rend assessment. Presumed
“clean’” sies in developed countnes often receive uniuspecied potlulants via senal iranspon.
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runolf. clandesune dumping. ur accidental spitls. Cinies, harbors. and in-shore areas contan
high concemitations of PCBs from direct and indirect sources. Agnculturai. sylvan. and open
waier areas retlect averate burdens rrom numerous diffuse sources. Esiuaries may be ex-
pecied (0 recerve conlaminanis in proporLion 1o the tnieasuy of human habnaton ** They
afe muennoted a5 nursenes tarf Aquanc species*’ and as popuiar sports fishing dreas ™' Anaivses
of samples fram iruly pristing sies provide baseline data 10 be relaled 10 more polluled areas
and 10 signal futyre increases n pollunion Data trom highly pofluled sues reflect the tesponse
ot the environmend 1o high levets of comaminaton. while studies at sites wahout miense or
Jdirec) pollution are usetul for predicting long-term progress.

Furthermore. the {oraging and mietatory habats of animals musi be considered in choosing
samphng stes and evaluaung dara. Only stanonary planis™ and sedeniary of caged amimals
reflect pollutam ievels a1 unique locauions Diumnal movement. for example. can expuse
organisms 1o significamly diflerent tevels of conaminanis. and animals coitecied a1 dilferent
wmes of duy or year may represent different populaitons. Tides and curenis may disperse
poiluianis n unforeseen ways.'* This briel discussion 13 imended 10 suggest the efforss
necessary to obliain consisieni samples — and to acknowledge that somelimes even these
are unavatiing

& MNawural Biofogical Flucluations )

Shori- and iong-term Nuciuaiions in fishery siocks and other wildlife populanons' nflu-
ence the levels of contammanis in complex but unprediciable ways. * For insiance. the ol
conien of menhaden decreased markedly in recent years *” Chlorinated hydrocarbon con.
centrations in an organism may depend on lipid content.” partinon equilibna. or exient of
cxposure. Assuming a specific iowl PCB conient or burden. 3 change from 8 w0 2% odl
woyld quadrupie the PCB concentration in the contained oil. Unless the mode of accumulanon
15 defined. moniioning o1l or individuai issues may not rellect environmental levels accu-
traiely. Even more of a problem. when anymais disappear completely from iheir usual haunts.
sampling {ails and a prescnbed sampling patiemn 3 disrupred. The imnnsic vanabiiy of
biological samples Can be allowed for, but not entwrely eliminaied by appropnate design of
monioring programs. Biological vanability 15 one of the main factors obscunng deiection
uf new (rends.

7. Tissues Sampled

The purpose of a study often diciates the type of sample. The National Pesticide Monisonng
Program analyzed whole fish (0 assess the effect of contaminants on wildlife which consumed
them . Other studies”™ ** used muscie or fillets with skin in an effort to determine ihe safeiy
{0 human consumers. Stowt €1 al.™ included whole fish and fish meal and oil 10 evaluaie
the smpaci of conaminants throughout the menhaden (5revoorria ryrannus and 8. paironus}
fishery. Though sometimes done. companng data from differest tissues is noc meaningful.
uniess the relationship for accumuiation of contarmnams m the vanous lissues has been
documemted. Preliminary data for fish muscle and liver suggesied a complex relationship. ™'

4. Number of Specimens and Poohing

The number of specimens is dependent on the vaniability and the desired levet ol dis-
crimunstion. Individuals in a single collection sometimes show nearly & 100-foid range (n
PCB coment.'? ™ Funhermore, the disinbution of organochionne residues among individual
specamens s often skewed. '’ To detect a 75% difference between residue levels. 10 tpecimens
would sulfice, byt to dewect a 25% difference. 50 specimens are necessary. Hoiden'’ rec.
ommended 235 specimens as an appropnate sampie size. Gordon et al. " detailed the number
of specimens required for varying degrees of resolution of several trace metal polluiams.
daia that can enhance 1he understanding of sampling problems lor trace organic analysis as
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well. Butler™ documentied he combined variabdity of (ndivtdual organisms Jnd 4 river
environment to have 4 standard error of 15 0 30%

Jensen and Lassen * nvestigated problems ol sampie stze and scranficanon ot criacal
wample parameters. They calculated the etfect of length stratfication. e . choosing speciti
numbers ot specimens it severdl jength intervals. as compared 1o random umplu:ng un the
number ot \pecimens required i a sungle sample. They did nut advocaie keeping bintogical
vuriabies constant because the (nfluence of vanous parameress 1s nut ihoroughly dovumented
Instead they recommended cuntiauing surverltance of the relsuonship between htvlogical
vanable and contamtnant levets. They derermined that varance n chionnaed hydrocarhon
vaiues 10 une set of hemng data contnbuied a | 07- 10 |, i4-fold increase (n the aumber o
\pecimens needed (0 a random sampie compared lo one which 100K (MO acCOUM variatons
in Jength in a sample of cod. the factor increased 1o | 56 for PCBs in Liver. Using these
valculations. Jensen and Lassen ™™ suggesied ihat annual sampies of 20 fish analvred (ndi-
viduatly wouid deiect 2 10 10 20% annusi change over a S-year penod. If the ratio tor
random vs siratied-length vanablivy tncreases substantially, the sampie size would v
need to increase to desecs the specifted trend. Likewsse, if the irend 15 smaller. a larger
sample size wouid be necessary 10 observe a stanisucally sigmficant trend

Not oniy siatisiical considerations. but also svailabiliiy of specimens and cost uf analyes
influence the choice of these sampliing parameters. Limiled numbers o} specimens ot cn-
dangered species are availasble. Musseis. on the other hand. are plentiful 1n many reglons
of the world and easy 10 collect and handie tn large numbers. Analysis of individual spec-
tmens, however. escalates the cost ot monitonng. When Limitauons 1n funding restnct the
number of analyses. compositing specimens becomes 3 necessary compromise Nonetheless.
the vanatniity of jndividual specamens and their environment must be determined as fre-
quentiy as practical at every site’! 10 assure the accuracy of trend assessment. Where o 5
no1 practical {o deiermine ihe vanability of individuals, replicate poois at ieasi provide powt
vanances. Whaiever the experimental design. a consisiend patiern of sampling and analvsis
simptifies statisitcal iresmens of data.

9. New Approaches
Kaiser’ has developed a new approach {0 trend sssessmeni. He used imierspecres con-
taminant quotients 1o compensate for background residue levels previously n bhota.

PCB concentration tn host _ PCB concentranon in purastte
DDT concentration in host  DDT concentration in parasiie

Quotient =

He evalumed chioninated hydrocarbon data from ses lamprey (Perromvion marinus) and the
associaled hoy lake whitefish from Lakes Hurom and Michigan. Trends 1n the onginal data
were obscured because residue levels of individual specimens within 2 singie catch vaned
widely (0.24 10 14 ppm® PCBs in whole fish) with a mean and standard deviatron of O 50
= 0.30 in lake whisefish and 2.2 = 4.2 ppm in lamprey. For the PCB:DDT rano. the
vanation was much reduced to 1.9 = (.65 in lamprey. Kaiser™ considered the use of ratios
as 3 kind of normalizavon. akin to an internal siudard. Using the new iechnique. he found
thel DDE and PCBs were both increasing in the two Gremt Lakes. while severai oiher
chionnated hydrocarbons appeared 1o be decreasing.

*  PCH concenuninom )5 twponied on the baars of U thsus b received o wet werght. uniess oherw st mndic aed
Ory weight mtane reisied 10 the worgin alier dryng w0 remove womer. Fat Basis or fiped weigi relaies PCB
resihues 10 the T comuerd of ihe n3sues. (1 i not Meamngiul W compars daw repomed on differem baves A1
ihe 4 LiMe. daa e nod dlways evalabie o conven 0 o © uam. C quanily. all dats are reponed
a ongaely puttished (See Section )1
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This concept requrres further vilidanion. All chionnated hydrocarbon levets are not nec
essanly related to each other: the correlaiions of ratos may be a mere comcidence Fup-
thermore. wnve lampreys parasinze several species wilh as yel undefined organuchlonne
uptake ranos and INEeracuENS. Erspecies ranos may Not be as conssstent as N his nigeal
yvestiganion  Nonelheless. data for lake trour and lake whuefish collected a1 nine swes i
Lake Supertor™ did suppon the thesrs. If vahdated. ihms technique wil aliow rends 2usess-
ment with many tewer spectmens by compensaling for vartabiiny Another applcanon of
vantaminant rahos compared PCB levels of several species of plamis at poliuted wites with
cormesponding background PCB ievels *™ Perhaps this could be appiied 10 stanonary snimats
as well.

D. Stavistical Aspects of Trend Asseasment

Whai 15 the appropnaie measure of ceniral lendency? Some authors choose 10 repurt means
based only on quanitfiable values. Any or all vaiues below either the quamuation limut or
the detection level are 1gnored. Such 2 sysiem overesumaies the mean and 10 my mind
misrepresents the piciure. even when footnotes describe the meshods of handling data When
this practice exaggyerates the situaion grossiy. o leads 10 musimerpreraiion by the generad
public and does a disservice 1o environmental scientists.

A greater 1ssue anses from assessing irends [rom averaged rncxdence rates alone. After
collecting 38.000 fish and analyzing 1514 composites. the Nauonal Pesiicide Montonng
Survev of estuanne fishes combined data for 144 estuanes into bnef summanes for cach
state. New York Staic was reporied to have 3 63% madence of quanufiable PCB residues
based on sampling of three estuanes. while Nonh Carolina had 3 9% incidence based on
19 esanes. Waghingion State reputedly had PCBs i 17% of its sampies, even though
none of the 128 samples (rom five esrvaries comammed PCBs and all 27 from one highly
polluted nver contained quanufiable levels, By the same logie, Washington Siate ranked
highest 1n PCB level with a mean of 1 .67 ppm. while 83% of oll samples coniamed <0 05
ppm PCBs.*’ Estuary-by-esiuary analysis would be 3 more appropnaie method of evalusing
Ihts massive body of data. Naming polluted estuaries and tallying the number tn each siate
wouid be more meaningful than impugning whole siales on the basis of singie hot spots. in
piace of simpie inspecuion, analysis of vamnance or some other statistical test s needed Jo
determine any wrend in this body of data.

Lassen™ proposed substituning half the detection limit for observanons below the detechon
level as long a3 1hey represent no more than 5% of the total number of vaiues. When a
major proporuoe of values was zero. he felt it was sot meaningful 1o compute contaminant
relationships. Alernatively, the Nauonal Pesticide Moaionng Program fresh water fishes
study normalized lipid values by an angular ransiormaiion and concemration values by log
transformanon of the resdue vaiue + |.0.% ie. log(x + ().

In thew studies of pollutants in herring gull aggs from the Grest Lakes. Gilman e al.**
found not only skewed distibuttons of cesidue leveis, bur aisc a vanstion in directron of
the shew for different conaminants. Consaquently. they found the use of erther anthmen:
mean and confidence inlervals or the assumpiton of log normality and geomeinc mean
ineppropriste as descripoons of central wndency. Furthermors. they avowied assigning ab-
solute values 10 trace amounts because of the bias introduced by this process. They concluded
that the fedian and range were aceyrate descnptive statistics regardiess of the shape of the
retidue distribution and aflowed direct inclusion of ace values. Nisbet and Reynolds”
observed that the extent of the posiyve skew is not consistent as is evident from 3 companson
of the geometnc and anithmetic means of rem egps (Table 1). Individual data sets may
determine the best descriptors . but lack of siandardization then precludes companson with
other data.

Beyond these descnpuve stausiics. how have yearly daia been evalusted? Schmut*! sum-
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Table |
COMPARISON OF GEOMETRIC AND
ARITHMETRIC MEANS OF PCB RESIDUES IN
COMMON TERN EGGS AT DIFFFRENT SITESY

Come. In ppm. Iresh weaght

No. Crenemrire Arithmetric
Yesr  of rggs mehn nean sD Ronge
197} 1¢ 5] 54 1) 408 %
197% i 9 0 79 11—
1974¢ 3 13 22 17 2t=33
%76 [] 40 19 5 [} ]

Notr  ppm. g fresh weigh, PCB 1234 + PCB (160

Same uoion 83 1973 dag
¢ Differens usiron (rom preveding emly
manzed prodlems in applying stanstical 1ests 10 contaminant residue data. He reminded the
reader that no statisiical approach 15 automancatly comrect. The objectives of a program and
perspectives of those conducting the research influence the choice of statistical techniques.
The Nauonal Pesticide Moniionng Program duck wing survey used r-1esis for each "daia
pawr’". presumably each siate. (n s single Mlyway. Only pairs wih detectable fevels in 50%
of atl poois were compared.”” Diopping data 1s 3 questionable procedure. Conclusions based
on 40% of a dats base cannot assess the whole picture.”” The r-tes1 is seldom applicable for
wend assessment. With numerous stations and years, analysis of vanance is preferable

Nonparametnc sianstics allow testing of unequaily sized sampies and skewed data. Nisbet
and Revnolds'” and Guasett et al.™ used the Spearman rank correlanon coelfficient 10 assess
temporal trends 10 therr data. The Mann-Whitney U-test.™ * the Kruskal-Wallis anaiysis of
vanance of ranks.™ (he Wilcoxon maiched-paur signed-rank tes1,*' the Friedman iwo-way
anatysis of vanance.* and the Kramer multiple range test®? have aiso been used fuc evaluanng
PCB trends. Scientists involved in irend assessment do not always understand the subtieties
of stanstical tests. For example, destructive analytical techmiques such as PCB anatysts
cannct meet the requirements of the Wilcoxoa test. It was designed for testing a single
sysem under different condstions rather than simuar populations in different years.

Schmmt*! detailed a procedure for applying 3 partially nested facional analys:s of vanance
technique. He tested this medhod with & years of dsia frem the Nanonal Pesticide Monitoning
Program for fresh waser fishes. He chose 15 ststions which were sampled in each year and
were consisiently analyzed by a single method. Two- and three-way factonal techniques
were compared with the parually nested (actonal scheme. The effects of uneven replication
and andom vs, fined location effects on a nationwide monitoring program were considered.
Locauon and temporsl differences were shown for PCB 1254 by all iechmques. but were
changing in a similar (ashion at all 15 stavons. Parually nested factonal analys:s resoived
specms differences, but three-way facional did aot distingwish between predators and bottom-
dwellers. These findings suggest differences berwesn species t a single tocation, but not
between species types.

This study*? showed the complexines in anatyzing a seermngly simpie set of data. These
included non-normality. unequal sampie numbers. broad-ranging vanance. multiple species.
and inconsistent patterns at each site. The resolution of wrends probably was enhanced by
compositing specimens because individuals vary considerably and composites unavOidably
underestimale varability. The daw set used by Schmur*’ compnied samples from sites wih
a hustory of pailution. To the extent that the daia were influenced by potnt-source discharge,

NONS 224128



Volume | 175

the detailed conclusions may nol relate 10 sites with diffuse contamination The method has
afso been apphed to the whole 1976 to 1979 data set 3* Pamally nested facional analysis
cepresenis a sigmlicam deveiopment in pollution assessment.

Multivaniabie hnear regression iMLR) 15 ancther recent techmque for evaluating conam-
inants in fishes. This procedure 1akes inio account parameters such as length. weight, age.
wx. 5CISON. ared. and year is weil as imeractive effects such as <eason.vear and length-
~0n-year A bnel descripuon of Nindings fof metals will wam abou) the patalls of ex-
irapolanng dara A log-hnear mode! appeared to yield a more normal distnbution than a
simpte MLR model ™ For cadmium. copper. and 2inc 11 ihice species of [ishes lrotn 1he
vicity of a Greenland lead Jnd zinc mine ™ sigmiicant effects from year to vear were
ohserved. hul no lemparal trend was evident Length. season. and year imeracted but not
consistenly  Since nrecactive effecls were difficult to quanuly, time trends wete hard 1o
prove Mercury from industrial poliution seemed to affect lounders differemily near a point
source than ai greater remove. Near 3 former pesticide faciory, no relationship between
biological parameters and mercury levels in fish was observed. but year. length. and age
relationships were evident {unher away. "

Scott et 3f.™ compared recnlinear and nteractive MLR with analysis of covanance . Thev
were looking for less costly ways of determtning ume rends n resident fish, They rested
predictor vanables as 2 way 1o reduce variance. MLR was somewhat effecitve for metals
but not for PCBs. Indtvidual cod iCadus morkua) did not respond to environmental con-
taminants tn a conststent manner. MLR substanitated rather than eltminated the need for a
range of sampie sizes for effective monioring.

These Nindings conftrm the difficulties in extrapoialing contaminant data from speetes to

species. sie to Site, of substance to substance. They also show that statistical evaluavon lor
trend asscssment sttll needs relining.

I1. FINDINGS

A. Smail Projects

Studies limited in scope will be discussed first followed by more exienstve programs
Companson between laboratonies remains uncertain and witl not be attempied. Some reponts
depended on data from more than onc laboratory. Such studies will help illustrate puifalls
and limitations of such interlaborasiory compansons.

A New Jersey salt marsh provides unusually essly data. Clapper ratls (Rallus longirosirisi
killed during & humcane and contemporary samples of fishes and invenebraies were ftozen
until they were anaiyzed with samples collected & years later. Moisture determinations
showed no dehydration during storsge. Fauna in this salt marsh axhibited no PCB trend 1n
the whole ecosystem. Insiead, PCB levels in the rails increased (60% between (967 and
1973, whereas levels decreased more than 86% in tivee species of fishes. In all chree seis
2 <0.03, acconding 10 two-tailed Wilcoxon rwo-sample tesus. * The changes in both direciions
are large enough that discounting them would seem unpustified. They may result from transfer
of PCBs from lower 10 higher cophic levels. Whatever the cause, these findings emphasize
the tomplex characieristics of any natural site.

The presumption in discussing trends in PCB3 in biots is that. eventually, as PCB usage
and disposal cease. the levels 1n biota will decline. Often wildlife respond vanously 10 PCB
pollution. Three species of seabirds from easiern Canada showed no clear trend from 1972
1o 1976, Only thres of seven seis of egg data showed changes (p <0.01):. (wo decreases
and one increase. one for each species

Wilson and Forester* studied the fate of Aroclor® 1254 after an accidental leak from an
industnal site along the Escambia River in (969. The PCBs dispersed more than 20 km
downstream o Escambia Bay near Pensacola, Fla., where ihey sceumuigied up to 2.7

MONS 224129



176 PCBs und the Enviranmen:

COMMON “{aN FCCS
or
1
i
1
!
sk
= | lreagsms evaivgen

|
}
I
i

At T aE T et gl e Epp LRt

L ® ]

L R

PO PR Y S —

. n
B Ea b n re [13 £ r? "y FrY ] "
Tar' ol roevegiven

FIGURE 2. PCB: !n common 1em (Sierng Mrundo! egps trom Buzzards Bay
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ppm n oysiers (Crassosirea virgimica). Momhly monttening for 7 years showed that when
1he leak was stemmed, PCB leveis dechined initally. Although PCBs neasrly disappearcd
{rom the waier ot the spill site by 1974, in Escambia Bay. oysters stiJl contained up to 0.8
ppm Aroclor® 1254 in May 1976, The levels fluctusied annuslly; they increase dunng the
spawning season when lipid contents increase temporsrily (Figure 1), Presumably. the con-
taminated sediments provide a persistent reservow for continuing poilution of the bay.

In Mussachuseus. New Bedford Harbor and nearby Buzzards Bay have aracted antention
because of the high levels of PCBs found in sediments. fishes, and shelifishes.’” ** PCBs
declined sigmficantly bet ween 197! and 1981 in eggs of common terms from Buzzards Bay .’
The Spearman rank correlation coefficient was —0.67 (p <0.09). At Monomoy isiand. 80
km esstward and reiatively remote (rom known sources of contamination, PCB concentranions
were lower but followed a stmilar temporal irend. In both areas. maximum levels were
observed in 1976 (Figure 2). The authors noted that sampies coliected in that year were
analyzed by a different Jaboratory than in other years. They did not eliminate the possibulity
of analyucal vanabtiity between the laboraiones. Assuming the maxima are not aruacts,
hese seis of data provide 2 vivid exampie of long-range aemal Uansport from the urban,
ndusinal center of New Bedford to the eastern shore of Cape Cod. 80 km away
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PCB icvels from fishes n Lake Simcoe, Ontano. Canada, decreased between 1970 and
1976. Ten species wers sampled dunng two or more years. Because weights of 1he 167
specimens vaned (rom year w0 year, a subset of {96 fish in comparable weight groups was
selected for analysts of vanance, PCBs declined significantly {p <0.05 in the F. 1est) except
in larger yellow perch (Perca flavescens) and smaller walleye (Siizostedion vitreum vitreum ).
Significam decresses i fat coment of several species over the ime studied complicated
interpreiacion of the data.™ As will be seen again and again, the decline way grearer when

the inintad chloriasted hydrocarbon level was higher. Levels change much less dramaucally
when the initial Jevels are low.

PCB levels decreased in the menhaden fishery over ihe years 1969 10 1977 ™ Whoke fish
and he commercially imponant products meal and ol were snalyzed. Menhaden 15 the
larges: Nishery n the U.S. in weigin of fish. PCBs were measured in 314 samples collecied
from the Aisntic and Gulf Coanis and Chesapeake Bay. For stausnical studies, 132 samples
of menhaden o were chosen. The null hypothesis of equality could be rejected for three
areas of the fishery, but the differences between years were significanmt {p <0.05) only in
i few cases. Unequal numbers of samples and wide vanations in PCB levels within years
contnbuted 1o this situatton. Coeflicients of varistion were as jarge as 36% (Figure 31

Holden* found no change in PCBs 1n 1he biubber of gray sesls (Malichuerus grypus) frum
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the sas1 coast of Scotland between {968 and {974 For a total of 108 specimens colicoted
in 5 differenn vears. the mean level tn blubber was 36 = | & ppm

Jones & 31.*" compared concentrations of PCBs tn the liver, biubber. and brain ul voyng
harp seals 1Pugophidus groeniandius) collecied frum the ke o the Guil of 5¢ L_,Qgenc-c
1 1971 and 1973 Blubber contatned 24 = | 4 ppmoin the eather vear and | UR = 1) 53
rpm 2 vears later The level Jiso decreased sigmficantdy 1p = 0 051 in bramn bur aor i
liser The Y77 decrease wn jat coment in the liver may have masked any change 1n PCB
contem dunng this period. Neither ihe relanionshrp between lipid and chioninated hy drocarban
conient nor the reason for the decline in lipud content has been established. PCBS as well
s 013! DDT und dietdnn vaned widely between individuals and wiihowt any correlaon
hetween compounds The authors held ihat differences in lipid conient of specimens and
body burden jn the mothers accounted for the vanauon. Not menuoned was ihe iimued
sample size. |6 animals i 1973 and L) 1971, With a sample of four adulis, ine PUB
content 1n 1973 was higher in young than in older specimens. In a larger sample cotlected
in 1970. the PCB concentration 10 females increased from binh to 5 to 6 vears and then
leveled off.*

Cod from ihe Gulf of 5t. Lawrence were analyzed in 1977, 1978, and 1979 Data from
122 specimens ot liver were subjccted 10 intenscve statisucal iests. Rectidinear MLR showed
that PCBs were increasing while nteractive MLR showed the opposite.™ The auihors teit
that 3 vears was a shon werval for wrend assessment.

Schneider™ found no change 1 PCBs in cod from Kiel Bay. West Germany. between
1974/75 and 1977 He uscd a regression 1o calculaje the value of 4 B ppm tn Livers for the
earlier iume penod, 10 compare with the 2.9 = 1.0 ppm found in fish of the same lengih
in 1977 Luckas and Lorenzen™ repored that limitations in data made trend assessment in
the Norh Sea ang Osisee 1K ie) Bight) difficul). They cited earhier observaiions of a iemporary
increase. a pentod without change, or 2 slight decrease in PCBs in the area, as resulung
from an nadequaie daia buse.

In Finland. PCBs decreased in the manne ecosysiem but siayed the same or increased in
lakes. Paasivira and Linko™ found a significant decrease in PCB levels (p <0.001) at 1wo
siies in the nonthern Baliic Sea. Between 1973 and 1978, the concentratron 1n Baltic heming
tClupea harengus) fillets fell from 0.60 1o 0.24 ppm and (rom 0.5} 10 0. |4 ppm at the two
sies, Data for 1982 suggest that PCBs continued to disappear at the same rate.* From 197)
to 1978. PCB levels n perch (Perca fluvianiis) increased {(p <0.01) in one lake and showed
no wrend in another. The actusl levels were low in both cases: reponedly increasing from
0.052 = 0.020 10 0.078 = 0.03]1 ppm in wheie [atera! muscle n one case. and ranging
between 0.056 and 0.098 ppm in the other.™ The conclusions are based on stepwise muliple
linear regression. Independemt evalustion questioned the approprisieness of the sustishicat
ireaiment.®’ Nonetheless, this smail study may reflect as sccurate a picture of PCBs as we
are likely to obtain, In areas with high imial PCB conturunation. reductions were seen.
perhaps a wthe cost of Jow-level pollution spresding more widely. The reported decrease of
PCBs in the muscle and liver of pike /Esox lucius) from the Turku Archipelago is based on
an inadequate sampig of 23 fish.*”” PCB leveis in pike from Lake Plijinne have increased
sigmificamly (p <0.001) from 1972 1o 1980. The levels were some of the iowest in the
world, 0.0LS 10 0.049 ppm in muscle. Because of the comelation between PCB ievel and
fat contemt, the effect of fat content was eliminated by covanance analysis. The authon™
did not believe locas pollution was the cause, for PCBs had been banned in Sweden and
were essentially never used in Finland. Insiead they suggested that aimosphenc transpon
apparently was averaging global poilution.

Although this chapier concerns ammals in the wild. brief comment on beef and pork for
human consumption may inierest the reader. In thess inswances. the change in PCB tevels
reflects direct official action rather than environmental trends, as contaminaiion levels :n
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(cedstutfs gre reguiated. In Ontario. Canada. ihe PCB concentrations of beel abduminal 1.1
fell from 0.25 = 0.058 ppm (far basis: in 1966/70 10 0 0095 = 0.022 ppm n 98¢ In
purk. the corresponding values were U 33 = 0 14 ppm and 0.003 = Q.005 ppm ~ Revidues
Jisappearcd #t a first order raie: the haifhifc was 3.2 years for beef and | 8 vears tor pork
The levels in bovine milk decreased a1 about the same rate in southern Ontano Beiween
I97Y ang 1977, the concentraiion in mitk (3t fell from 0.11 10 0 033 ppm."™ Such a irend
tettects the paiter of usage and disposal in an agricultural asea. These data show the changes
poussible i agnculiural commodities subject 10 direct intervention n contrast 1o the leys
direcr controt of environmenial eaposure of widlife and fish.

These few studies from a number of sies in the Nontherm Hemusphere convev some ui
the challenge in assessing PCB 1rends. Whai is repaned 10 be happening depends on iocahon.
type ol sample. and adequacy of data.

B. Extensive Montioring Programs

In some of the more miensive siudies. | will cover Ihe diverse species wnciuded in each
tegional program n order 10 evaiuaie contaminant irends in specific geographical arcas
Then | shall describe imegrated fish or wildlife monitoring programs which cover wuler
cxpanses.

! Grear Lakes — Overaill Re gron

The Great Lakes of North Amenca exemplily an aquaiic environmenl surrounded by
wiense agncultural, industnal, urban, and recreational activities. The downsttam course
woward he sea provides a living model for studying the Now of contaminams ihrcugh a
complex system. Increasing population and pollution density’* along Lake Huron and Lake
Ene iend 1o obscure measurement of the PCB Nux. Persisiem chemicals remain for long
penods. because ouiflow from ihe lakes 15 limited. Since 1978, the [nterational jom
Commussion'® represenung both Canada and the U.S. has coordinaled momitonng of pot.
lutants n the Great Lakes Basin ecosysiem.

Lake Supenor s farthest from ibe Aslantic Ocean and least densely populated. Between
1971 and 1975, PCBs 'n headiess, eviscerated lake trout declined from 1.8 10 0 4 ppm ™™
For fish weighing 1.0 10 1.5 kg, the same Uend was observed. from |.9 to 049 ppm.
although the authors'™ clagimed PCBs had not decreased significantly. After stating that PCB
values before 970 were estmates, they apparently included both 1968 and 1969 daia mn
concluding thet there was no significant decline in PCB leve! in (ish of a specific size. A
smaller decrease, 0.8 to 0.3 ppm was observed for lake whitefish. The increase. 0 610 | O
ppm for blosters {Coregonus hoyt) may relate 10 the inclusion of one or more large fatly
specimens in the data for 1975, All ihese conciusions are based on limued specimen numbers.
According 10 another report.!” PCB levels in lake trout were 2.3, 1.8, and 2.0 ppm in 1he
edible poruon in the years 1972, 1973, and 1977, The level fell 10 0.85 ppm 1n whoie trout
new Thunder Bay in 1930. However, the exact satus of Lake Superior has been clouded
by the confounding of PCBs with toxaphene. mentioned earlier.

Only in thrwe species in the main waters of Lake Huron did PCBs decrease between 1970
and 1976: alewrves (Alosa preudoharengus). raunbow smelt (Osmerus mordax(. and walieye.
PCBs in four ouver species increased at least at one jocation.'®? Not surpnsingly the areas
with least cuculstion ie represented: <o (Coregonis arredii) from Georgian Bay and
yellow perch from North Channei. PCB levels in spiake (hybnd between Salvelinus fonunalis
and 5. namaycush) and coho saimon (OncorAynchus kisuich) (inuoduced in |966) aiso
increased i1 the mun part of Lake Huron. For other Jocations of the sbove specses and for
other species. the PCB levels remained sanc. The reponad increases were confounded by
limsted sampie number and changes 1n size distribution or fat coment from year to year. For
instance, grouping spiake by weight ciass showed that PCBs in headless. evikeraied fish
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sctually Jecreased wubstanudily from 1970 1w (974 Reaidues inahe | Qo 1§ kg wergh
class, tor insiance. tetl from | S 10 O 3 ppm ’

Lake 5t Clair hies downsiream from Like Huron, upsiream trom Lake Erie Frank o
gl " eepuned thar PCB tevels in smaitmouth bass (Alicropterus doainmrewr) n Lake St Clair
nereased hetween E96R gnd 1975 Belore 1970, PCBy were oniv esumated, so thys congtusion
mav he unwartanied PCB leveis in headless. eviscerared freshwaier drum Apfodimori
crinmensowere fuw and did norchange sebsiannally: U 12 ppmilor 25100 SU kg specimens
n 197 and U 17 ppm 1n 1976

PCB levels in Lake Eme. the next downsiream 10ward the Atlannc Ocean. appear to hase
Jechned somewhat gver ihe period 197119 1975 "' Data were limued. however. and reponed
increases hetween 968 and jater vears mav have been unwarranied. As siaied sbpve. the
analvicat technique 1n 1968 only ailowed esumaiton ot PCB content Funhermore. in that
proccdure, TDE ofien obscures cenain PCB components. Finaliy, the PCB standard 1 Aro-
clor® 1254 and 1260 :n she rano of 5.1 10 4 1) undoubredly appropiate for iafer camples
stor which 11 was designed presumably} may have undervaiued the Arocior® 1242 and 1254
thar were often more typical In cariier years.

More recently PCB levels in spottatl shiners (Notropis hudsomius) have rellected declining
<ontaminalion In the nearshore cnvironment of Lake Ene. Fish less than | vear oid have
been sampied to monkor rends 10 1S plankuivorous species. i’ '°' At Pount Pelee. the mosi
poliuied site. PCB leveis fell 82% from 840 = 400 ppm 10 197510 150 = 37 ppm in 1940
Starting at a sumtlar teved 0 1978, 157 = 28 ppm. Lake Ene’s Thunder Bay shiners reached
YS = 39 ppm by 1980, 1.e.. a 40% decline in 2 years.

Although levels in coho saimon, rainbow smelt, and walleye 1ur yeHow prckereir were
reported 10 have decreased in the main body of Lake Ene.?’ [ found no trend in whole fish
between 1977 and {980, Only in the edible tissue of coho saimon did they deciine from 3 2
ppm in 1972 and 2.8 ppm in 1973 10 0.9 ppm in 1977. The paucity of detad! preciudes
real evaluauon. Armsuong and Sioan*’ reponed a 33% dectine in six species ol fishes atler
i975.

The 1980 samples of 10p level predators from Lake Ontano showed a *‘mimimal increase
in PCB levels’™ over 1979.%7'® Sujl, PCB poliution was not necessarily increasing. instead
the figures may reflect the usual fluctuations i conaminant data. For both ake trour and
rainbow smelt, the leveia were shighily lower than in 1977, In coho saimon the level dectined
24% from 1977 10 {980, though ihe trend may not be staustcally sigmificant. These data
may reflect the delayed response of top level predators 10 changing polhution levels. The
data for the plankivorous spousl shiner retnforce this supposttion. PCB levels decressed
58 1o 82% a four locauons 1n 2- 10 S-year penods ending ir 1980. The increase at one ute
from (5} = 23 ppm in 197910 270 = 5| ppm 1n 1980 is attributed o year-io-year varnation.
not increasing input. Both difficulties in obaining representatve sampies and the complex.
ines of the Great Lakes ecosysiem contnibute 10 such fNuctuanions.

All ihese scudies underscore the vanability of contaminant dsa and the hazards in aiinb-
uung change with limited informanon. The above studies ofien iacked the miensuy of
sampling requisite for ngorous stanstcat evaluanon. The Grest Lakes Fishenes Laboratory
designed a sysiematic assessment of three species of fish (rom Lake Michigan.'™ Large
adult fish were collected in the fail a1 a specific iocation. The size was carefully reguiated
o give consistent sampies suitable for yearly wrend 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 iaiensive human scuvity. About 80 10 90% of
the PCBs entef the regron (rom the aimosphere vaponzed either dunng inciheration of direcily
from landfills. ' The mghiy potiuted sediments of Waukegan Harbor aiso contribute PCBs
1o the lake.

Afier § years of careful sampling, neither lake trout nor coho salmon showed a significant
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Table 2
PCBs IN FISHES FROM LAKE
MICIIIGAN! 8 =

PCBs 1ppm:

Vear Lake trom Cobe 1 imen Bigasery

1972 IRREE 1] e 3710 9%
1973 1942.0 1210 .81 524
1974 amn WG9 561030
1979 2w 1140 6! 4310 %)
1978 9N %40 51 4114030
1978 } 102
19%0 Thiem

Note  ppm: /g Wi weight whole Tith. arwiwrsruc mean
195% confidence maerval) Biostaes and (ake Wont
were collecied off Ssugbiuck. Mich . 1n south.
easemn Lakie Michugan; Coho salmon were aken
Irom easi-centrnl Lake Michigan. All fishes coi-
lecund i the (Al Numbt of specuinens. salfinos
and wown — 9 or 10 1n 1972, 29 or K} 1 Other
yeary, anatyzed wdtvadually, biogsers = 100 w
| 0 afmlyted & composdts of 10 fish per ample

PCB wend. The vanability of PCB levcls in 1972 (noie the large 95% confidence Intervais?
reming the reader that the small number of specimens in {972, mine or ien fish, do not
comprse a representanve sample (Table 2). Furthermore, ihe specimens were larger that
year than later. 648 vs. 602 to 616 mm for wrout and 693 vs 620 1o 665 mm for salmon
Unknown factors such as abundance of food. stress (rom adverse weather. or predalion may
have ahered both the size and the contaminant distnbytions. The PCB level in lake trout
showed no obvious uend. even when 1972 dats were omitted. PCBs did dechine 24% 1n
coho salmon from {973 10 1976. Lake twows itve (0 10 20 years'™ and like dogfish 1n 1he
manne environment.** they reflect long-term pollution in 3 top predator. Coho salmon spend
aboyt |8 months tn Lake Michigan before rerurning to spawn. '™ They should respond more
rapidty 10 dectining contaminasion of the scosysiem because they are shorter lived,

The third species in the study. blomers. was sampied more intensively. An important
commercial species. bloaters are resdily availabie and easy to caich. Seven samples of 100
to {70 fish each were collected between 1972 and i980. Bloaters, iike lake troul. are
nonmegratory. Both reflect focal conditions in contsast to coho talmon, which range widely
and reflect lakewide potiution. '™ PCB levels in blosters declined 27% by 1976 and 61% by
1980 (Table 2). Bloaters caught commerciaily st about § years of sge'™ should respond to
changing pollation more rapadiy than long-living lake trout. but not as prompily as coho
salmon.

Herming gui) eggs monitored throughout the five Grest Lakes provide an integrated ap-
proach 1o assessing a complex ecosysitem. Heming gulis are advantageous as indicator
urganisms because they occur widely throughout the Northern Hemtsphere. eat manly fishes,
bioaccumulsie 10 high concentrations, and, as sdults. are year-round residents '* The PCB
concentration 1n eggs from Lake Supenor colontes did not change significantly from 1974
10 1979 Interference by ioxaphene. found in increasing concenuations in Lake Supenor
specimens, may have obscured any uend. PCBs declined n & tog-normal fashion on Lakes
Onuno. Erie. and Huron. The “aversge popuiation half:life" for the first-order model was
3 6 years lor Lake Omanio. § 4 years for Lake Ene. and 5.2 yeass for Lake Huron.'™ The
aversge populaiion half-life 1s a summation of dynamuc [actors 1n both the herming gull and
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us food. The actual half-life of PCBs in the guils was assumed 10 be similar 10 the 250 davs
measured for **C-DDE. "™ Preliminary summanes of egg data for 1980°" showed linle change
irom 1he preceding year. cxvept on Lake Ontano [n 1his ared at the beginning ol ihe study.
levels were approximately 1wice s high as on Lakes Supenor. Huron, and Enic As ihe
PCH levels for Lake Onlano herming gulls decline. the paniern may imitate the nther |akes
minal dramane dechines 1ollowed by teveling oif vr 21 bes) gradual disappearance The laner
slage s dificult 1o diseominaie trom vearty variabilny

Mineau er al. "™ were surpnised ihat PCBs in neming gulls 1ell so rapidly fullowing
resincion 1n usage of these chlonnaied hydrocarbons. They claim that reduced bicavailabiny
siemmed from Nushing, decreases in atmosphenc coniamMNation. ur “'irreversible * sedi-
mentguon They predicied thal conraminants would remain n the upper lakes, (¢ . Superior
and Hurnn. longer becauwse of lower sedimenianion rates. siower flushing. and greater wnpu
irom the aimosphere omio the (arger lake surface aress. Continued reiease of PCBs would
expimin the long average populsuon half-hife for Lake Ene (8 4 vears). Exiensive resuspension
ol sedimenis in the western pan of Lake Ene may slso play some role. As the diet of herming
gulls 15 dennfied more exactly and the dynamwxs of PCB distnbution are descnbed. the
relatson beiween the food chain and the tgg residue levels can be defined.

Hermng gulls from Lake Michigsn were monnoted separstely from birds on the lakes
hurdering both Canads and the U.S. PCB contamination in eggs decreased more than 50%
[rom 197} 10 1980. The vansbidlity dropped a1 the same ume. Specific data for one sus are
129 = 63 ppman (970, 151 = 5! ppmn 1973, {110 = 26 ppm n 1976, and 53 = 10
ppm n 1980. Staugical mierpreisiion of these dats was not inctuded. ” The vajues are simitar
10 those for Lake Ontano, which conwmned the highest fevels of all.”

An intensive siudy of waterfow! nesting st the mouth of Green Bay in Lake Mxchigan
shows the difficulty in detecting trends i environmental samples quickly. Mean PCB levels
In red-breasied merganser (Mergus serrator) eggs did not change (p >0.05) from 1977 to
1978, even though more than 200 eggs from a limited ares were analyzed. PCB poliunion
in Green Bay sull may have decreased, because the range dropped from 4 9 10 230 ppm in
197710 6.6 lo 36 ppm n 1978.7

2 Southern Califorma Bight

Perhaps ihe mosi imiensely swudied ares in 1he world 13 the Southern Califormia Bight. In
1969. Venturs County, the citres of San Diego and Los Angeles, and the county sanitation
distncis of Los Angeles and Orange County joined forces to found the Souther Califormia
Cosstal Water Research Project (SCCWRP). They pooled scientific resources 10 acquire
tniegrated regionwide data on the coastal waters from Point Conception 10 the Mesican
border. All too frequently environmental research is short-term. nATOW scope, POIM source
probiem onented. From the beginning, SCCWRP chose insiead “*10 understand the overalt
effects of man on the bwlogy and chemisiry of southemn California’s coastal waters™" '™

This more inegrated approach (o potlution assessment provides An OppoTtunIty lo undes-
siand the flun of contammants w s complex manne ecosysiem adjacent to a metropolilan
area. Eleven nullion persons, 5% of the towal U.S. populatton. inhabit this coastal plan,'*
where inienss agricultural and indusinal activities present ample sources of polluuants. The
Los Angeiés city outfall into Santa Monica Bay and the county outfalls into the waters of
the ne:ghboring Pajlos Verdes Peninsula are the major “rivers™™ of Southern Califormia.
Formetly, they recerved industnal wasies direcily. They continue to transpon (oK subsiances
concentrated by runoff from precipitaion, aenal fallowt. and agncultural drainage. They
provide the matn sources of fresh water entering the Southern Califormia Bight. In 1979,
the five largesi dischargers of the region released 4 x |0* {/day of municipal wasie waer,
the predominant source of contaminams reaching Southern California coastal waters. ' In
1979.for inswance, waste water discharge conmbuied 0.8 1 of PCBs compared to sbout 0.
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FIGURE ¢ The risonzhip between PCH components i Sowthers Califorma efftuencs and Dover woie
iMicr Macrfices) . tFrom the das of Gosaet. ™ 1ex als0 Young and Heelen ')

1 vis storm runoff frum the drainages of three major nvers of the Los Angeles Basin, the
Los Angeles River, the San Gabnel River. and Ballons Creek.''? As snon 8s the sewer
ouifails were idemified as the largest source of manine pollution in the bight. this influx was
promptty restncied. Manufacrurers and processors were prohibited from dumping indusinal
wistes mnio the sewer sysiem.

The wnensive studies by SCCWRP provide data for 8 compeehensive descripion of the
many fscets of pollution sbaiement. | am wiking here sbout the complex combination of
naturat decomposition and dispersion and human efforts to limat use and release of toxic
substances. and the observed responses of verious components of the marine ecosysiem.

SCCWRP has been monitoring chiorinaed hydrocarbons off the coast of Southern Cal-
fornia fov the past dacade. According to dsted sediments from the Sanu Barbars Basin
(west of Sasts Barbers and southeast of Point Conception), PCB deposition in the region
began sbout |9454¢2* the same time 1t occurred elsewhere in the U.5."'* As the result of
improved sewage reatment dunng the pasi decade. PCB enussion from waste water «n the
Los Angeles County Sanitation Distnct dectexsed 97% between 1972 and 1980 (Figure 4)."'*
In the surface sediment near the outfall, PCB 1254 conceniration decreased nearly 9% from
1972 10 1982 a1 the outfall site itself. the PCB 1242 and {254 concentration decreased 94%
from 1975 10 1981.'**

What effects have these decreases in the amount of PCBs entering and residing in the
manne ecosysiem had on orgamsms? PCB levels in ol lusks decreased much more rapidly
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than «n tatfish. According to Bighi-wide survevs of the open-coast mussel (M erdus o uti-
Jurmgnus) dunng 971 and 1974 PCB contamination decreased sigmficantlv The median
Jecreare was 54% ™ In comirast. PCB tevels in ihe benthic Naufish. Dover sole i Microstoming
pacficugs, showed no scansicalty significam degrease over a semilar penod In the regions
at Mighest cumamittation. however. the maximum values did fall. Thus. o Palos \.‘e}de\_
the mghest vatue i the [97]:72 survey was 6 3 ppm in muscle compared 10 > S ppm n
the 147475 syrvev ™ By 1981, PCBs had nearly disappeared tom Dover sole muscie '™ """
cven af the miost contarminated sue The PCB 1242 meun value had declined from 1) 99 =
%15 ppmn 197210 0.028 = 0 006 ppm. and PCB 1254 from 1) = 02 ppmio V.10 =
0102 ppm

Although ihe leve| of PCB 1142 decreased 10 a fairly regulae fashion, (hat ot PCB 1254
fNuctuated dramancally. as shown in Figure 4 The mass emission rave (MER} of PCB 12%4
irom ihe Los Angetes County Sanuanon Disiner outfalls at Palos Veedes showed unty mode
Nuctuaiions. but the MER for PCB {242 was more vanable. The PCB 1254 level in Dover
sole may be rafluenced by the MER Jor PCB 1242 because as the iatier mixiure weathers.
many of the lower molecular weight componemis disappear. leaving bemind residues resem-
bling moze closely PCB 1254 As carly as 1975, McDermott et al.*' noted thar the proporunns
of PCB 1242 and 1254 1 Dover sole did not bear a direct relauonship 10 the propomions
in municipal waste water discharges. They found 29% PCB 1254 in the discharges conirasied
with 67% 1n Dover sole muscle. They suggesed that factors such as volauliy of individuai
componenis of the PCBs, sediment burden. and presence of other subsiances e g.. merals,
DDT. hydrogen suifide) aiso influence the biological absorpiion processes. which are re.
flecied in the uitimate jevels in orgamisms. Funthermove, they found that proportions ot PCB
1242 and 1254 1n wild crab and mussels were similar to those 1n Dover sole.

in conrrast. mussels from an uncontaminaied source. exposed lo the wasie water plume
a1 Palos Verdes for J months contained a decreased proportion of PCB 1254, nameiy 58% !
The marked decrease in PCB 1254 in mussels exposed higher above ihe bottom suggesis
that these PCBs denve from sediment and/or seuling components of effluems. Closest o
the botiom sediments. the PCB | 254 concentration approsched 0.4 ppm. tenioid more than
35 m above at the surface.

Sania Monica Bay 13 3 major spons fishing ground for the popular white croaker (Gen-
vonemus finearus). This species has been studied recenily because one out of every ihree
fish landed in Southern California is white croaker. and most are consumed by humans.
PCB daus were collecied out of concern for the wholesomeness of these fish, which swim
somewhat off the bottom. but feed on or in sandy botiom.''! Between 1975 and 1980, '
the mean PCB ieveis in edible ussue of while croaker collecied at the nearby Los Angeles
County Sewer outfall declined from 2.8 ppm total PCBs (PCB 1242 snd PCB 1254) t0 0 38
ppm. In 1980. PCB i254 constituted 87% of these residues, 3 much higher proponion than
found in Dover sole.

Wasie water from sanitary treatment plants influences the behavior of PCBs in water and
sediment. In the New York ares. plankton blooms caused by the nutrient load absorb PCBs
and remove them from the waier. Moreover, particulate maner in sewage effluent bunes
PCE and DDT-commmnated sediments. Such processes may serve lo scavenge the area
around the Los Angeles County sewer ouifails. since PCBs in fish decreased much more
rapidly than onpnally predicted.'™ ironically. improved wasie water treatment can have 3
detnmenual effect on byned PCB deposits. As improved treatment reduces the parmculate
content of the effluent, currents and wave action erode the overiying sediment. In fact, the
Hendncks DDT model'?' '3 suggesis thas zero discharge from the Loa Angeles sewer outfails
wouid enabie vast quantiies of PCBs 10 be remobilized starung around 1990 (Figure 5).
On the cther hand. record storms in 1983 may have compietely dissipated the contaminated
sediment.
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FIGURE 3 The willurnce of improved sewage sesiment on the DOT concenarstion in sechmem o the
Los Angeies Coumty sewer outfails. Towl orgamc carbon o reisud 10 the amoust of panicylsie Maiser 1
sewsge cffluent. CAfter the model of 7. Hendncks. ' %

J. Hudson River

Most of the studies descnbed up to now have concerned areas with refatively diffuse
sources of PCB contamination. The Loa Angeles Coumy sewer outfalfs were considered
pouni sources, but they discharged wastes from many sources. No direct disposai of pure
PCBs was descnbed. In contrast. the Hudson River in New York State was the sise of
massive inemional PCB dumping at 3 General Electric capacilor manulactuning plamt More
than 200 ¢ of PCBs were found in the nver.'® Dumping was reduced in 1976 and siopped
m mid-1977. A moniloring program was established as pan of the seulement agreement
between New York Siawe and General Elecinc after exensive poliution of the fiver was
discovered. Monitonng invoived both resident/fresh water and migratory/anadromous species
(the authon’ wrminology}.*? For each specwes, specimens (30 per sampie) were coilecred
within 2 weeks of the target date each year.

PCB concentrations in maiure residenyfresh water fishes (rom this heavily polluted area
were dinectly proporuoaal 1o liped content from 1975 twough ($80. This refationship apphed
10 easch collection s:e. and included specsmens ranging over s number of age classes for
stes downstream from the PCB source. No correlaiion was found between length or weight
and PCB concentration.

The behavior of PCBs depended on chionine content. Overall. PCBs declined subswanually
0 all species at all locauons, the result of massive lonses of Aroclor® 1016, she PCBs
involved in the last years of discharge. Like Aroclor® |242. Arocior® 1016 contains 2%
chlonne. but with reduced amounts of higher chiorinated components. While the components
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correspunding to 21 and 42% chlorinaion wete decreasing. matenal resembdling PCR 1154
generaily remained consiant or actuatly rose The case of brown bullhead t/crafurus nepu.
losws) shows an extreme of complesity v assessing PCB contamnation. While Arior*
1016 cevreased from 1900 = 50U ppm lipid werght in skinless fillers 10 700 = 190 ppm
hetween 1977 and 1980 snd 1013) PCBs from 2500 = (06U to 1480 = 460 ppm. PCB | 254
ncreased from 390 = 250 (0 750 = 290 ppm 1On a wei weight basis, the (otal PCRs
dropped ftom 107 + 4910123 = 6 6 ppm

Aroglord 1016 decreased vgmficanuy in vearting pumpkinsced (Lepomis ribbosust trum
197G 10 1980 ai \wo sites. At a third sue funther downsiream. u increased slightly hur
significantty  Since (he correlation beiween PCB and [ipid contem was sigmficant as well.
vuiside sources of PCB apparentiy contnbuted 1o the PCB burden at thes site

PCH 1254 levels in these fish vaned much morc At Stiliwater. 25 me sourh of the indusina!
Jischarge. they Jecreased 5{% from 1979 10 1980 farther south ai Albany, they increased
157% . and fanher downsiream a1 Newburgh thev remained constant. These results were
attnbuted 10 resuspension of PCB-contamnaied sediment dunng routine dredging According
1o ihe rauos of PCB companents in successive years, PCB (254 had been more prevalent
1IN Prévious years

The mean annual deciine of total PCB for all specres was 34 = |3%/year: Aroclor® 1016
decreased more rapidly. 47 = [O%/vear. Although not discussed tn the paper.’* PCBs
disappeared more rapidly as the distance downsiream from he source wncreased [n 2 60-
m space. ithe rate of disappearance from all species increased 10%/year from 42 o
52%/year. Nonetheless. for three species taken individually, the raie wncreased 17 1 Rryear

The declines 1n Arocior® 1016 levels appear to be first order, i.e.. disappearance raies
i recent years were noi different from previous years. The apparent “popuisuon ' half.life
for Aroclor® 1016 was 1.2 = 0.4 years and for woial PCBs, 2.3 = 2.1 yews. These are
not true half lives for PCBs 1n a specific fish because they inciude Doth uptake and loss by
all mechanisms. Insiead. they compare lipid-based PCB levels in different years from simiar
populations a1 specific sites.

PCB levels 1n migtaory/manne species were also studied 1o determine whether these
species responded fo the point source in the same way a3 resideny/freshwater species. Aside
from Amencan shad (Alosa sapidissimail. B3% of 30 sample sets showed correlations
g <0.05) between PCB content and lipid content. Only 24% of 50 daw sets showed cor-
relanions of PCB content with fish length including one inverse reisttonship.

The lipid-based (see third footnote of chapier! PCB concentration of four species related
inversely 10 body size. These species enter the river to spawn, but spparentiy do not feed
there. Both large and small fishes (¢.g.. Amencan shad averaging | 948 g and ninbow smelt
averaging 9 g) followed this pattern. The smaller the fish the higher the PCB concentrauon,
in quasiequilibrum with respect 1o PCB concenuration in the focal environmeni. The auihors!
suggest thar PCBs accumuiale passively showing a reistionship to body size, i.e.. the tatio
of surface ares to volume. Absorpuon may be through the gills, skin. and gut (only to the
eltent contamningled sedichent was ingested). Smaller fish may accumulate more PCBs by
filtenng more weier. If PCBs accumuiste according to aa equilibrium process, what is the
mazimum pogsible PCB concentration near the PCB source? in |977, the liprd of resident
goldfish YCarazsius aurarus) contained up to 10% PCBs. or 99.000 ppm.

PCBs in Amencan shad dropped substantially between 1977 and 1979, and then leveled
off or increased in (980, The towal PCB concenuration tn both sexes was |.[7 10 | .9 ppm
in 1979/80. The increase of 0.3-0.4 ppm near the Tappan Zee Bridge was compnsed of
PCB 122! which had been below the detectable limut in (979, No eapianatnion was available
for the reappearance of ihe mainty monochlonnated PCB component. which had never had
wide apphication and had vintually disappeared. Here is an example of the conttnuing problem
of PCB pollution; often 1t goes undetecied except in a chance case such as the shad data.'
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FIGURES. Rueof dissppearsnce of FCB1 from striped bass i orone
sazaniu) w the Hudson Riyver after nal dumpeng d (From
the daa of Sioan and Armcong. ')

The 1978 PCB level in Amencan eel /Anguilla rosirata) was so high (74 = 67 ppm total
PCBs in 42 specimens) that funher monuonng did not seem worthwiile. Two years later.
the level wn ssa specimens had decreased 10 9.1 = £.6 ppm PCBs, a value subsuanuiaied in
(981 by 3 mean of 10.83 = 6.2 ppm in 30 eels. Even more deamanc was ihe virtual
disappearance of Aroclor® [016: from 40 ppm n 1978 10 0.46 t0 0.49 ppm in 1980V%). a
76% annual decline. confirmed by simifar findings at several other sites. Even closer 10 the
dumpsite at the capacitor plam, Aroctor® 1016 only amounted w 0.9 = 0 .56 ppm and
PCB 1254 10 12.2 = 11.5 ppmn |981. On a lipid basis, similar cends occurred. Thus,
PCB 1254 became the predominant conaminant. more so than in any other species of lsh

Stniped bass residues showed 3 marked deciine from 18 = 28 ppm towl PCBs for 1758
specimens in 1978 10 7.0 = 6.1 ppm for 29 spacimens in {979 and 4.8 = 5.0 ppm lot
208 specimens in 198). Aroclor® 1016 decfined nearly 90% in cthat interval 10 1.0 = 22
ppm. but PCB | 254 declined only 55%. The average annuai decline was 53% for Aroclor®
1015. dut oniy 23% for PCB 1254. These average rates, however, obscure the true piclure.
Both components dissppeared rapidly from 1978 10 1979 and then declined modesuy at a
more constant rawe in the next 2 yean (Figure 6).

Overall in the Hudson River between {972 and 1981, Sloan and Armstrong’ found the
annual rae of dechine of PCBs in migratory/anadromous fishes 10 be 42% for Aroclor® 1016
and 5% for PCB 1254. Elevaied levels had been found belore the study began. but the high
values :a residenvfresh water a3 weil as mugrstory/anadromous species in 1978 may reflect
clevaied Jevels in the water column resulling (rom mobilizacion of sediments dunng the
record spring floods of 1976 and 1977. Low levels in later years may result from stabie
water flow more recemly. Under these conditions, burial can wmporanly immobilize con-
wsunaied sediment. Further declines 1n PCB levels in the Hudsoa River will be less dramatic.
Aroclor® 1016 levels are already quite low and residues resembling PCB 1254, now the

preponderant component, seem lo be much more pernisient or are sull beng invoduced o
the nver from diverse, seemungly stable sources.
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4. Califorma Mussel Waich

Regional studies on the Hudson River provided an introduction (o sistewide and nationat
monttoring programs. The California Mussel Walch, an outgrowth of the SCCWRP studies.
was established for the purpose of monitoning pollutant levels in coasial waters throughout
Califormis. Mussels of the species Myuius edulis of M. californianus were sampled depending
on availabitity. Residue levels reflect the wide differynces in the extem of polivtion m
individuaj sitas. Mussels from Royal Paims Stae Beach, inshore from the sewer outfall of
the Los Angeles County Saniiation Districts (LACSD). histoncally contaned exceptionally
high levers of both DDT and PCBs. They underwem a enfold decrease 1n PCB contemt in
the 7 years from 1971. when the focus of manne pollytion was first identified, unul 1978
The level fell from 2.5 ppm dry weight to 0.24 ppm. in 979, however. the trend revenied
and mussels contuned 0.56 ppm PCBs.'** In 1980, e contemt appeared (o level off aguin
21 0 39 ppm (Figure )™

What was the cause of the increase 1n PCB levels between 1978 and 1979 Afier &
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dramainc dechine 1rom 1971 0 1978 pernaps dumpeng regulaitons were being ignered Or
4n uld translormer may have tullen and spewed out PCBs. as occurred «n the Dywamish
River i the harbor of Scaule. Wash. ' Perhaps (he increase was onlv an amifacl of the
<hange 10 anaiviical tcchnigues borween F978 and 1979 Orher sitemanives include residucs
mobrhzed by repdiing of cleamng sewer hines or disturbing the scdimment in the vicinny ol
the scwer auitall In 1971 3 300 1 reservorr of DDT'™® and 6 1 uf PCBs'™" surrounded 1he
Lo Angeies Coumy sewer ouifails Improved wawvie treatment. dredging. of unusyal wind
dnd wave Jenon cunoincrease the recirculation of pollutants normaily buned progressively
Jeeper by conmant sedimentanion. Eaaminacon of 1he concurtent trends for PCB and DDT
suggests mohiiization ol previousiy deposiied matertals as a hkely source of the shight increase
n chlonnared hydrocarbon paliunon levels noted above.

PCE levels in mussels from Corona del Mar. about 45 km southeast of Royai Palms,
Jdecreased ninefotd from U Y2 ppm 1dry weight) i 1971 10 0.102 ppmn 1977 Note that
the level 10 1977 was mne times as high as 1hat found at the “'prisune’” site on Anacapa
Island {see belowt '** What was the source of PCB pullenon at Corona del Mar® I not a
tocal sprll. perhaps dispersion {rom she Lot Angeles County sewer outlalls and surrounding
sediments. The influence of this repostiory spread at least 100 ken for DDT."** though marnlv
0 the northwest Aflter (977, the PCB levei in Calformia mussels ltom Cotona del Mar
wncteased each year 10 0.25 ppm in 1979 and 0.3) ppm in 1980, a smaller but similar trend
10 that of Roval Palms (see Figure 7). This increase may be instgnificant. because a five-
1o tenfold diffetence was vonsidereg mintmal for significance until a suitable daia base tor
musseis was esiablished and the staustical evaluation refined.

in 1980, resident musscls in Anaheim Bay south of Corona del Mar contained 2.3 ppm
1dry weight) PCBs. This value equals the highest level found a1 Royal Palms wn 1971
Elevated PCB levels in transplanied mussels a1 Port Hueneme (2.0 ppm) and Manina dei
Mar (1.8 ppm). a shon distance north of Royal Palms, alse suggest continuing widespread
reiease of hese compuunds a0 the manne ecosysiem of Southern Caiifornia. The carly
dramatic dechne rn restdue levels has not jed to the compiete disappearance of this potiutant.

In La Jolla. 100 km further southeast of Corona del Mar, the inrual PCB level was only
20% of the ievet a1 Royal Palms. The disappearance of PCBs from (his ares has been even
more profound. a 15-fold decline from 1971 10 1979, An early subsiantial decline was
followed by 2 more gradusl, but consisent decrease: 0.54 10 0.037 ppm dry weight over
the 8-year penod tFigure 7).

At Anacaps Island. a pnstine sie 110 km offshore and 10 the northwes: of Royal Paims.
PCB levels in California mussels decressed from 0.067 in 1971 t0 0.010 ppm dry weight
in 1979 '** In conurast. the west pant of San Miguel [sland, another sccrmingly prisiine sie,
iwiee a3 s from the sewer cutfails as Anscaps lsland. contained an order of magniude
higher concentrations of PCBa (0.16 ppm) in 1978.” The leveis a1 Aac Nueveo Isisnd off
the coast south of San Francisco were aiso higher {0.28 ppm) than af Roya! Paims Sune
Besch (0.24 ppm). The PCBs probably do not resull from a spill or dumping since elevated
levels of DDT also occur. Both San Miguel and Ano Nuevo island contain extensive rookenes
for manns mammals, such a3 Califorms sea lions (Zalophus coliformianus) and nonhem
clephamt seals (Mirounpge angusierosiris). Risebrough et al *s suggenied PCBs and DDT are
recycled into the (ood webs after excretion from manne mammais, which sccumuiste high
levels of both subsiances. No data on (ecal concentrations of DDT or PCBs are avatlable.
Flegal et al.'™ did find similar patterns of elevated mercury concentrations n California
mussels adacent to these pinmiped and manne bird rookeries and in excrement from Cahifornra
sea lions on Ano Nuevo [sland. Thus. PCBs ingested throughout the entire feeding range
of the pinmipeds eveniually are depostied at the remote seemingly pristine hauling out areas.

5 Nantonal Mussel Waich
Starung from Butler's oyster survelllance’’ and the SCCWRP mussel monsoring program.
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FIGURE 8. PCBs » twown peliicans (Prlwsnur scoulemigits carvimenns sl P o coliformcus) Mewns which
share & commmon lenay do no differ sigmificamly p >0.05). Data trom Califerva have not beem evaiusied
sunsncaily. {From the dew of Blws.Y Blus and Bunck.’” Mendenhall and Prouey."! Blus o1 o).’ Andenson o
.‘_‘. “ Gm'nl'

a nauonal Mussel Waich was established 1n 1976 10 monitor PCBs as weil as DDT, heavy
mewis. radionuchides. and peuvieum 1n coaswl areas throughow the U.S. Part of an inier.
nacional program, Mussel Watch® employs mussels (Myuius 3p.) and oysiers (Osirea or
Crassosirea 3p.) 10 assay the manne environment. To eliminate differences n sampling,
one scientist in & mobiie (aboratory collected all specimens st sistions along the Atlancc.
Gulf, and Pacific Coasts of the U.S. Interisbocatory compansons with control samples were
carmed Out tn an aftempt to improve consisiency and accuracy of analyses.

Mussel Waich (ound no decrease in PCB levels in East Coant mussels dunng the vears
1976 through 1978; these arcas may be in the siowly changing phase of a decreasing
cxponenuai fype curve,™ such as has been aoted (or the DDT metabolite. DDE. in Southern
Califorma.'® During the tnttial pant of a seermingly bimodal loss process, abow 85% of the
ontginal DDE disappeared with a haif-life of |1 days. The remaining matenial had ncarly a
200-day hall-tife. It 13 also possible that the intual restnctrons on PCB usage had only limired
¢(fect on the pnmary sources of PCBs 10 the manne environment. Conunuing study woll
help describe the fesuits of the more recent neas ban on PCBs. Assuming the changes are
subtie. menculous sampling design snd stalisucal analysis will be needed 10 describe the
process sccursiely. ® A simula; mussel wacch has begun wn Pon Phillip Bay in Ausuvaia, ?

6. Brown Pelicans

The U.S. Fish and Wildlife Service began monitoring PCBs in brown pelican eggs because
of the massive decline in populstions of this popular wawkerbird. In Louisiana. for instance,
the extimatad 50.000 to $5.000 birds before 1920 had disappearod by 1963, spparemily
Uhe resalt of DDE insosication. Pelicans are an endangered species and peoplé enjoy watchung
them. Their sunus is relevant 10 human beings in other ways, as well. Pelicans (eed along
the coasts whers two thirds of ajl manne fishes and shellfishes spawn or spend their early
lives.'” Thus. polluant levels in pelicans reflect the heaith of the nursery grounds of the
seas. PCBs flow through estuanes and coastal waters On thew way (o the oceans. Controiling
PCBs throughout the world helps protect 90 o 100 million 1 of foods potenuaily harvestable
from the oceans sach year.'

From 98 w 1977, the levels of four chiorinated hydrocarbon inseciicides dechined
significantly (p <0.05) in brown pelican eggs in Scuth Carolina. but PCB leveis vamed
srrucically withour obvious wend {Figure 8). Means for 1978 to 1930 were lower than n
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previcus years.'’? the data awast sialisuical evaluation. The geometnc mean at two cies
sampled extensively between 1969 and 1975 ranged from 4 8 10 7.6 ppm * Interesungly,
the levet of PCBs in fresh cggs from nesis which produced young successfully increased
significamly from ¢ 3 ppm n 1971/72 10 2 0 ppm 1n 1975, whereas those from fresh eggs
{rom nesis which failed to produce viable young vaned significantly but erratically. Taken
wogether. fresh and embryonated pelican ¢ggs. whelher successiul or unsuccessful, showed
no wemporal trend for PCBs that wouid suggest any effect from PCBs on the outcome of
breeding *' Rather than pollution. anchovy /Engrauits mordar) biomass appears 1o be the
main {actor related 10 breeding success n Califormua '™

In Flonda. the trends 1n brown pelican egzs were not consisient. Along the Atlantc Coast,
ievels increased stgmficantly p <0.05) from 2.7 ppm in 1969/70 to 6.1 ppm n 1974 ™
Specimens from Flonda Bay and the Gulf Coas:. however. showed little change. the former
contawning 0 75 ppen in 1969/70 and 0 62 ppm i 1974, the fauer 0.70 and | i€ ppm sn the
corresponding years. Charactenstically, when chlonnated hydrocarbon levels were lower
inwally, sigraficant changes occurred less frequently.

in Loutsiana. PCB levels remained essentially unchanged from 1971 through 1976 (Figure
8). The geometnic means vaned only from 2.6 10 3.9 ppm,'* while inividual leveis ranged
from 0.649 10 8.9 ppm.

In Texns. King et al.” reponed a significant ip <0.001 s-1est) decresse from 10 = §
ppm anthmetic (?) mean 1in 1970 t0 3.0 = | 4 ppm n 1974, Because of the catastrophic
deciine (n the brown pelican population in Texas. sampiing was restricied 1o abandoned
eg3s. The number was quste limited. 11 eggs in 1970 and 3 eggs 1n 1974, Funhermore. the
accurzey of analysis was vitiated by several factors. PCBs were not separsted from other
chiorinated hydrocarbons before analysis, and the analyucal method became more precise
in 1974, The individual values were not cormecied for loss of moisture associated with
incubation'™ or abandonment. For these reasons, Texas data are not conclusive. They were
included only for generad information,

PCB levels in brown pelican from Anacapa Island, Calif. probably decreased between
1969 and 19710 |975.7 2 wrend confirmed by recent daw.'*! Because the California pelicans
arc readily disturbed. eggs were coilected only afier the breeding season. in several vears.
oniy a few eggs were available. The limited sampie sizes and changes n methodology
preciuded statistical evaluauon of the data, winch are shown in Figure 8.

7. NPMP: Estuarine Organisms

The Nanonal Pesticide Moniionng Program (NPMP) began evatuating organochlonne
CONWMINANLS and toXic Tace metals in 1967, A neiwork of sistons was esablished 10 sample
fishes and wildlife throughout the U.5. Fresh water fishes, ducks. siariings, oysiens. mol.
lusks, and estuanne fishes have been analyzed on & regular basis for |5 years 10 determine
present and potental future tres 1o the well-being of fishes and wiidlife, PCBs were
included in 1969, but accurate quanutation became practical only in 1971,

Butler's monumental repon on estuarine mollusks, pan of the National Pesticide Mom.
toring Programn. noted the presence of PCBs in & few samples. Quantitation was not. however,
routns in the early years of (965 o 1972.7 The foliow-up survey in 1977 found no PCBs
in oysers (<0.05) in the 87 estuanies sampled.'™

The NPMP survey of estuanne fishes was designed to collect specimens less than | year
old in both the spring and fall in 144 esryanes. To represem & broad spectrum of the food
web, both camivores and parucie feeders were selecued. Overali, 154 species representing
30% of the families of North Amencan manine fishes were inciuded. Every year the same
species were chosen (n each estuary o allow companson between yeans. In all, from 1972
10 1976, (524 samples composned from 38,000 whole fish were analyzed.

As detmled in Secuon 1.D, this smbditious program has not been evaluated effectively.
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Table )
PCBs IN STARLINGS ‘®.um

PCHs (pom, wet weighl)

e
~o of incHience Geometric
A\ Pois %) Geomelrx Iranior + L Ariiveetic SE
1979 28 1100) {0 36) (LR ] v
1972 130 g 0 0421 013
1974 124 100 0 Oag 0107 10 oun 0018
1976 118 U 0 245 Q0¥+ 0 2110 092 0 199 061 0 0M
1979 111 | 3} 0 0820 0% 01301l 0 1501) 0 0

Siations Sampled i Both 197¢ snd 1979

1976 108 ) 0 144 002 0200 032 029~ 00
1979 108 1) 0 0790 033 01)0.10 013~ oon

Nowr, PPmM wg/ wet werpin: cach sampie conssmd of 10 wivaie surtmgs wih 3kin, wing nps,
feet. and besk removed Puentheser mdicse U means o 1970 and 1977 canmon be
comparrd 10 laer daw brcaune the method of anaivus chaaged n 1974,

Mean of quanufisbir values only:mess wih 0 001 uied wiiranly for nov descied valves
lquanination luvnit was 0.0L ppem).

* Can and Bumek'™ reporwd 0.01 ppm.

* Cmua wad Bunek'™ reporud 0.03 ppm.

' Noi calcuimes.

Butler and Schutzmann*’ concluded from statewde and grand total 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 vaned widely between estuanes.
For insuance, whole fish contained less than 0.05 ppm PCBs in some estuanes and as mucn
as 4.9 ppm in others. Butler.'? in an earlier paper, had wamned agamst companson between
siales because of differemt sampie s1zes. Inspection 15 not an appropriste method of assessing
wrends for such a body of dats. Two-way analyses of vanance” or pamally nested facionai
amlysts of vanance® might be effecuve, The PCB incidence in estuanne (ishes could not
be compared with thal 1n molluscs because PCBs are not found where shelifishes are com-
merciatly harvested.*

8. NPMP: Swrlings

The stariing survey covering the contiguous 48 stawes sampled 139 sies nitially and after
the inevitable fallofT still inciuded 112 sites in 1979, Suarlings, introduced from Europe,
range tuoughout the U.S. Common 10 the point of being pests, these birds are readily
avariabic for analysis. Thew omnivorous diet includes insecis, wild fruits. domesuc crops.
and other ilems. They reflect terrestnal leveis in diverse foods. '™ Because stariings sometimes
migrme. all data are considered on an integrawed national besis,

Assessing the starling study is extremely difficult because of the statisuical methods em-
ployed. Means included only quannufiable values without expressly noilng the approach.
Thus, the data exaggerated the actual levels, especially in 976,'* The ievels are reported
to have increased from 1976 10 1979. according to companson of the geomeinc means ***
My calculatzons’' from ithe raw data did not confirm the means as calculated by Cain and
Bunck.'** PCB leveis did ncrease when 0.001 ppm (one temh the quaminanon himhi was
used for not detected values. On the other hand. the geometne mean, the geomewnc mean
of PCB residue = 1. and the anthmetic mean of 1979 data were simalar to the levels in
1974 (0.068 vs. 0.082 ppm. 0.103 vs. 0.130 ppm, and 0.113 vs. 0.150 ppm) (Table 3.
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PCBs may have decreased fTom 1974 10 1976 and then increased again. Allematively ihese
Jara may be an example of natural biologicai vanianon. 1n fact, { found thal Lwo.wav 8nalvss
uf vanance rejecied the null hvpothesis beiween vears (p <D 05) ™' Scheffe's mulliple
vompanson procedure indicated that both 1974 and 1979 differed from 1976 Bevond ihe
1wwe of mierprening ine data. 0 s sull net clear that 1000 amimats per year pr'nem an
sccurate picture of PCB comaminauon ihroughout the whole U §.

¥ NPMP Ducks

The Nanonai Pesucide Moniornng Program selected ducks as represeniattve of temestnal
pollution. Mailards tanas piarvrhvnchoy) occur hroughow most of the US The closelv
reiated black duck (A. rubripest ltves in certain areas of the Atlanic Flyway. where maliards
are nov found. Together 1hese 1w0 species afford exiensive coverage of a cross seclion of
environmenial exposure Since black ducks feed more exiensively on aquaic animals which
concenrrale chlonnaled hydrocarbons, analysis of both species of ducks 1 the Allanhc
Flyway expands ihe reaim monmnored.

A vasi pooi of samples otherwise 1o be discarded was available without effort '* Huniers
throughout the U S . were aiready submitting 1ens.of thousands'*' of duck wings for an annual
census of walerfowt productrvity. Since DDT restdues in mallard wings correlated ip <0 011
whih levels in breast muscle. ' discarded wings could easity provede an indicauion of residue
ievels n the edibie poruon of pnzed waterfowl, which huhiers wouid not readilv donate for
momtoring. The survey of duck wings amed 3l delecting rends 10 continental populat:ons
no1 only of mailards and black ducks but also other waterfowls and the terresinal environment
more generally. As ducks are highly mobile. PCB levels reflect the siatus of the whoie
Nvway in which they reside rather than in the spectfic suate where they are shot.

Trends in PCB levels in duck wings are somewhat difficult to assess because of chanpes
In methodoiogy. N 15 oniy possible to compare the year 1969 10 1972 and separately 1976
10 1979 The early years cannot be compared to the later years. Dunng the eariier penod.
PCBs remained constami in the Atantic Flyway and decreased 48 10 50% in the Central and
Pacific Flywsys (p <0.01). in the Mississippr River Flyway, the apparent increase in 1972
resulted from skewed data. The mean level in four sampies from Alabama was 6.3 ppm
Ehminaung these daia drops the flyway mean for 57 samples from 0.66 10 0.26 ppm. well
beiow O &4 ppm found in {969, This example shows how a few data can bias 1he overall
picture, The Alabama dats may very well have been inaccurate. Gross indusinal comam:-
oaion near the Wheeler Nauonal Wildlife Refuge'* caused high ievels of DDE. TDE. and
DDT. These may have interfered with PCB quantitation by the technique (h use at that ume.
Whiie'*? reported in his absursct that PCBs decreased significantly from 1972 10 1976 in the
Atlantic Flyway (from 1.36 = 0.15100.52 = 0.08 ppm}. In the text, however, he slated
thai differences in quantitation preciuded COMPAniIon Derween years,

From 1976 10 1979, the incidencs of quantitatable leveis of PCBs increased (p <0.05)
in all flyways but the Atlantic. where ail sampies contained PCDs in both years. " Incidences
in earligr years were not reporied. Declines in PCB leveis were reported for maliards from
all yways, but p >0.05. Funthermore, the comparnison used only sampies with detectadie
levels of residues. Data pairs were compared oniy if 50% of the pools had detectable PCB
leveis. Thus. sil **zero’’ values were ignored.”™ The effect of this procedure depends on the
distribution of zero values, bui couid be substantial. Means using 0.00 for all not-derecied
values’ are shown in Tabie 4. along with pubiished duck wing dats. Prriaily nesied facional
analysis® might be a betier satistical approacn shan the rest. The duck wing survey,
conlaning results from 891 pools of 25 wings per sample. is one of the largest comaminant
dats se1s n the world. Further staustical evaluation 15 certainly warmanied at ihe earuess
praciical date.
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Table 4
PCB LEVELS IN DUCK WINGS (1968—79)™ 107

PCRs masn (ppm)

Ne. of
Sprcim Flywesy Year Pwis Incidency Dwiact el SE
Bimh Atlane 198 42 it a LTS
1972 - 't at 01s
H A ) 1 1 008 011 008
1979 p ] 100w 063 oM
Maliarg Aslanic 199 9 it 0«
1972 b (+2 0
1976 20 1008 03 ot
1979 e 100 043 oo
Misusnipp 1 969 s 10 &) 0 Ot
1972 LM {0 i) 0 )
1978 [} ols 0.330.14 o
1979 o4 L 0 1A k1 002
Cemral 1909 9 0 201 0019
1972 56 10.i0P 00t
1976 % e G130 02 00t
197% 34 L ) 0.0800.03 00
Pacific 1909 St 10.200 0014
1972 33 (A 0 0
1976 0 L] 0. 100.02 <31
L3, ] - L) 0.070.07 on

Mote: ppm. wg/s wai weighi: €ich shple consistid of 15 wings.

* Anthmrtic weank. for 1976 and 1979 "Dietecy. " valum wchede only wampiss with
dupciable PCE levets: all”' valuet av maans waing 0.00 for usdawews values
Paresthwors inlicase meaas for | 969 and 1972 aot comparabix 1o LT yean becsuse
of $ifferences v analyns. 3.b: [ncudences differ (» <0.05) withen 2 Nyway whan
benaws {(a.b) GifTer.

' 1971 mean éifiered (» <0 03t from (969 mean m wme Nyway, means of dewrciabie
levels in 1976 and 1979 aoe Mgmificomly ifTarems (» >0.05).

10. NPMP: Fresh Waier Fishes

The fresh waser fish program included 113 survey stanons on major lakes and nvers
Three sampiles each composed of 3 to 5 whole fish were collecied &t each sie. Agul
specimens were 10 represent (wo bottom feeding and one predator species.™ Five species
were collected most frequenity: common carp (Cyprinus carpio), channel catfish (/cialurus
punciatus), largemouth bass (Microprerus saimoides), whitk sucker (Carosiomus commer-
soni}, and yellow perch. They reprasem 45 1o 50% of all the samples. and the incidence of
each vaned litthe over the years of sudy.

This monitoring effort congidered both the incidence and the level of PCB contamination.
PCBy scemed 10 be spreading. for by 1978/79. PCBs were found a1 98% of ihe ststions.
up from 93% in 1974. Dispenal of conlaminated sediments and stmosphenc falloul seemed
10 be responsibla. The charactensics of PCB residues shified over the years. As the iess
chlorinsred componenis disappeared. the more highly chiorinated ones came to predominate.
Rendues resembling PCB 1242 were mussing afier 1974, Intermediate components resem-
biing PCB 1248 were present st abour 40% of the starons from 1976 to 1979. The more
highly chionnated (raction resembling PCB 1234 was present most frequently st 84% of the
stabons 18 1976/77 and at 98% in 1970/79. The most highly chiorinated fraction moniiored
tresembling PCB 12601 occurred at B4 10 8% of the 5121003 10 hese years.

Compansons of the 74 stations sampied in both early penods of the study, 1970 10 1972
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vs 1973 o 1974, sugpesied a cecline of J6% on a wet basis and 48% on 3 lipid basis The
change mav reflect major developments in methodology rather than environmental dilferences

Mean PCH leveis changed inile bejween 1976 and 1979 Oniy the (o1l PCBs based on
lipid weight showed 3 sipnificant difference between 1976:77 and (97879 The mean wes
weight taral PCBs and component PCBs on both wet and |1pid bases did not d(fer sigaiicanity
Junng this penod. Data for 1874 comained analvtical nconuistencies which ciouded mean-
mngful companson. Data correcred for differences due to changed quantitative techmigques
suggested thai PCB reswlue levels in fresh water fishes did not change from 1974 through
1979

It 13 extremety difficult (0 portray sdequately the findings of such a massive sudv The
maxima, means, and ncidence of ioral PCBs and several components give only a bref
review of the totai effort Daia tor the years 1973 through 1979 are summanzed in Table
3

The muxed nested-crossed mode! used (or siatstical calculations®’ allowed companson of
the wends at individusl s1a1ons Over iime {1 €., YEAr-stalton imeracnons). From this process.
1t was suggested that some siations stili recewved fresh, unweathered PCBs like PCB 1242
or 1248 Most others were either no longer receiving any PCBs or altemanvety were exposed
only 10 PCB mixtures resembling the more chionnaied formuistions. probably the products
of weathenng.

At individual stations. the concentrations of PCBt changed little. A: 4 of the 78 ues,
the lipid-weight levels mcreased. while at § of 78 siations, PCB levels declined (p <0 035).
Decreases occurred at sties where the wnieial levels were above | ppm. The componenis
resembiing PCB 1254 decreased at 14 stations and increased 3t 4, but did not exceed | §
ppm 3t any of these staions. The ghesi iolal PCB concentrations between 1973 and 1979
ranged from 7} to 93 ppm. Al some highly contamunaied sLsions. the levels may have
decreased siightly but at the eapense of spreading 1o naturai sinks like the Great Lakes **

A smatl subser of the Nanonal Pesncide Monitonng Program sampies provided a more
consisient data base for studying trends.*’ These cross~<heck samples were re-analvied by
the Columbiua Nauonal Fishenes Research Laborsiory for the quality assurance program
Methodology. though nitended ic be mofe consisient. nonetheiess changed at rntervals
throu ghout the course of these studies. Furthermore. the cross.check program selected sam-
ples {1) known 10 have high residue ke vels or (2) caught 3t siations previously polluled with
PCBs * Obvicusly. they represent 3 bissed sample from the point of view of trend assess-
ment. Companson of 92 cross.check sampies from the early years. 1970 10 {572 vs. 197/
74, suggested differences (p <0.01). Values deciined more than 65%, pan of which may
have been an antifact of a rapdly changfing quamnauon technique. Again at these point
sources. the pattern of poliution conurusted with that obsarved n areas dustant from direct PCB
contamination. Data based on lipid weight exhibited greaer reiMive precision than those
based on wet weight. similar 1o findings for the Hudson River. The overall picture at the
15 polluted stes between 1970 and 19777 u shorwn 1n Figure 9.

1It. CONCLUSIONS

Despite years of concern abou: PCB pollution. PCB levels in terrestnal and aquatic
organisms have deciined mamnly {n the most poliuted areas. PCB levels have remained stabie
or actually increased where they were previously low or sbsent. PCB levels have dropped
substanuaily (n the Hudson River, the site of ientional massive dumptng of Arocior® 1016
Total PCBs (n sunped bass dropped from 18.1 ppen tn 1978 10 4.8 ppm 1n (981 Aroclor®
1016, containing 42% chlonne declined 90% and PCB 1254 55%. By companson, Icveis
in (resh water fishes sampled throughout the U.S. for the National Pesticice Monitoang
Program (oljowed a pakern tvpical of lower levels of pollution. PCB leveis ranged up and
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INCIDENCE AND CONCENTRATION OF PCB: IN NATIONAL PESTICIDE MONITORING PROGRAA SAMPLES
OF FRESIt WATER FISHES“~
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FIGURE # PCBs in cross check sampies from the Nasondl Pesocide Monionng
Program survey of freshwsier fishes. Specimens rom |3 poliveed snes were analyurd
by & ungla lubovsiory in the years (970— 97T (From the daca of Schmen.™)

down from year 1o year wihout showing distinct trends: from 0.78 to 0.95 10 0.84 ppm
wtal PCBs 1n the vears (973, 1974, and 197079,

Other data are sumilarly variabie. Declines in PCB levels were noted in ten species of
fishes from Lake Simcoe, Cansda. in young harp seais from the Gulf of St. Lawrence. and
in hernng from the Baltic Sea. On the other hand. no significant change tn PCB levels was
observed in gray seais from the east coast of Scotland. brown pelicans from South Carolina
(U.5) or mallard ducks throughout the U.S_ Thus, the specific trend of PCB contamination
depends on the exact locauon and species.

Why have we seen no clear woridwide PCB rend? Biological vanation and environme ntal
Nuctuation contnibuie 10 the vanabilnty of PCB dats, but more important still, 3 vast reservoir
remang from the esumated 680.000 1 of PCBs produced worldwide starung n 19299
Recent human poisonings 1n Taiwan witness the conrtnuing use of PCBs tn open systems '
Even nihe U.S. 8 ryprured transformer conlaminated poultry and eggs tn severai staies in
1979 7

Bevond these episodes of essenzially direet contamtnation of human and snimal feed,
polluted landfills and sediment continue 1o relcase PCBs. which are reeycled staning with
worms'* and detnitivores,'** and conunutng for decades in at least manne mammals™ and
shagks

Once PCBs cesse 10 be released, they will siiil continue 10 dissipse slowly. Their dis-
appearunce from organisim presumably foliows an exponential cucve. After an intttal rapid
decline. further loss will be much more gradual,™ '™ unul PCBs degrade or reach the ocean
depths, '™ where remobilizanon oceurs more slowly.

V. OUTLOOK
The purpose of tus paper has been {0 assess the siatus of PCB pollution. Readers un:

doubtedly hoped 10 see some change. preferably a :ubsianual decrease. in efvironmenial
leveis of PCBs. They assumed that heightened awaeness of the problem and subsequent
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resinctions in use would hmit the amount dispersing throughoui the world. Thev may have
assumed that with Jil the developments tn analviical techniques. trends could be determined
casily. rapudiv, and accyrately

As we have seen, ihesc hopes have not vel been fulfilled. Measunng trends of ihese
complex. refractory mixtures « exiremely comphcated. Gradual dissipation ang degradation
of PCB residues can be discerned only after an extended penod. Even then 1he evulunon
of analvtical lechmiques has imroduced elements of doutt.

With ail these imtlations. why hother ia monitor at all” If we cannot detect small changes
rapidiy. we can at least see gradual shifts downward or upward afier extended periods of
surveillance. Such changes serve as an early waming that desired trends may not be achieved.
that (eared increases in pollulion may actually occur, that funher action may be necessary
Even more imponant. we have gained some insights. While we cannot quantitatively compare

specific data. we can still apply our knowiedge in general terms to predicting the (uire ul
poliution.

V. NEEDS

This chapter would not be complete wihout a brief statement on future needs. We musi
accept the wntnnsic imprecision of eavironmental data unll discrete individual compounds
are being monutored. As long as analvlical techniques for comples migtures continue to be
refined. we must recogmize the uacentmnty of companng data over ume. We must also
recognize the need for patience. [or even i this ers of microprocessors and space travel.
trend assesesment will never be an Instanuaneous process.

A more concrete 1ssue 15 Appropriste suastical methods for assessmen: of PCB tand other
potlutant) dats. Chemists and biologists need Lo join with StausLiCIans (0 an lensive ex.
amination of the nature of our daa and effeciive stausiical spprosches. Chemusts and bi.
clog:sts seidom have the expertiseé Lo devise statisucaily vaitd analyses. whiie stausticians
need the expenence and insighis of biclogisis and chemilis,

We also need to conttnue sampling on a regular basis. As we have seen. residue levels
vary widely. Occasional samples at long tniervals will not provide the substantive informanion
only avallabie from intensive momitonng.

Finally. we must realize that uitwnatety all the nhabitants of planet Earth pay for quick
“(ree’’ disposai of toxic wastes. "Disposal’” in landlills and sannary sewers 15 only Jhe
beginning of long-term pollution. Real control of tonic substances requires confinement and
destructon at the source. Toxic substances siready in landfills and sediment require special
altention, including new methods for immobilization or removal. Since new processes such
as advanced sanitary wasie water (reaumem can be detnmental rather than beneficial. we need
10 evaluste the long-range impact of lechaiques before introducing them in polluted arcas
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I INTRODUCTION

Predicions about the nonmetabolic alteration of PCBs in the environment Must address
the fact the PCBs do nol behave 25 a homogenoys subsiance. The physical and chemical
properites of PCBs vary greally. depencing on the degree and posiion of chiorine subsiitytion
on the biphenyi fing sysiem Differences in volateliy and water solubility of the individual
chlorinated biphenyts iend to fracironate the residue so thal the actual composition of a 1hin
film. a vapor. or a solution mav differ markedly from the onginat maenial. 1| has even been
argued (hat monochlorobiphenyls should be regulaied differently from more highly chior.
nated biphenyis because of the differences in theqr chemical and physical properues

PCBs are siable 10 chemical alieralion as ewidenced by their use 1n a wide variety of
applicauons thai require inert behavior However. nonmewbolic alteration of these com.
pounds does occur 1n the environment. Processes which may be ifvolved tncivde aqueous
hydrolysis, photwe alieranon, air oxsdation. and thermal alteravsions. The study of ihe effects
of any one of these processes on PCBs wn the environment is 8 comples 1ask. Thus. mosi
of the informanion for itis discussion has been obtained under the more controlled condsions
of the lavoratory .

II. HYDROLYSIS AND ALCOHOLYSIS

A chiorine on a chlorobiphenyl motecuie is not eastly displaced in a nucleophilic subsit.
tutton reaction. Most PCBs are siable to hydrolysis under modersie condinons. The 4. and
4.4 - positions of decachlorobipheny! are the posinons most tuscetible 10 chlonne dis.
placernent by hydroxide 3nd alkoxide ions. Decachlorobipheny! can be hydroiyzed 1o oc-
achioro-d.4° -biphenyiol by heating with squeous alkali in an sutoclave. -’ Refluzing with
1% potassium hydroxide in ethanol has been used to remove pesticides that imerfere with
PCB analysis* and 10 exiract PCBs from paper products.’ Under these conditions. decach-
lorobiphenyl is readily converted lo diethonyoctachlorobiphenvl. In contrgst 10 decachlo-
robipheny!, 2.5-dichiorobipheny! must be hested with sodium methoxide 10 proguce 2-chioro-
S-biphenviol.* The noametabolic hvdrolysis or alcoboiysis of PCBs in the environment 15
unlikely because of ihe vigorous conditiong required.

III. PHOTOLYSIS

PCBs are casily photodegraded. UV light can provide nag activation for both nucleophilic
and radical reactions.” The photoreactivity of PCB2 has besd usad (0 confirm PCB residues®
and to remove PCB imerferences in the analysis of chiorinsied paraffin residues.” A pilot
plant has cves beas consyrucied io tex the feasibility of dispoting of PCBs in indusinal
wasie effluent with a combination of imadistion and ozons. '

The phowreacuvity of a chiorinsed biphenyl depends on the aumber and posiions of
chiorine a1oms in the molecule. Wher chiorinmed biphenyls wre photolyred in orgamc
soivens, those molecules containing more chionne dechlorinate more readily than the tess
chiorinated congeners.™' Examination of the photoproducty of isomenc chlonnated bi-
phenyls demonstrates that the ease of dechlonination is orthe > mesa > para.'?

Safe and Huuinger'! reponed siepwise loss of chiorine. rearrangement. condensation.
and polar products when 2.2°.4.4' 6.6-hexachiorobiphenyl was irradiated & 310 nm un
organic solvenss, These processes have since begn observed with a number of pure chlo-
robiphenyls and PCB preparziions using iaboraiory UV sources and sunlighi. Reductive
dechionnanon is the predominam phowochemical reaction of PCBs in hvdrocarbon solvens. !
Dechlonnation procesds a1 a fagier rate in 2icoholic soivents than in hydrocardon solvents.
Photolysis in fluorocarben sojvents and thin filmms results in chloninauon and reurangements
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i addition 1o dechlorinaiion. ™ Hydroxylic organic solvenis result in polar oxygenaed PCB
photoproducis as well as dechlonnauen of PCBs."3

Water reacts with PCBs dunng phototysis. [rradiaiion of a thin film withoui water resuits
in dechiorinanon of the PCBs and the formanon of PCB condensaiion producis such as
werphenyls and quaterphenyls.'® Irradiaucn of a whin fitm in the presence of waier vields
hvdroxylaed producis.'' lrradiaiion of aqueous suspenssons of PCBs with orrho chlorines
has resulied in the formation of chionnmed dibenzofurans n very low vields.™

There are dificrences 1n the chemisiry thai occur in a thin film, a vapor. or a solunion.
Therefore, the locatron of a PCB residue determines which photoreacions will 1ake place.
Inicracuons beiween chionnaied biphenyls such as condensanon and chlonnailon can be
photoinduced n’a thin film. In & soluiton. the effect of the solvem predominaies. |n the
vapor siaie. PCBs photolyze rapidly or slowly depending on the presence of other subsiances.
The locanon of a residue determines the amouni of incideni lighi that u receives. However,
the resuli of iis 1nsolation 1 affecied by sensilizers. quenchers. and reactants presem with
the residue. Thus, the diversity of the microenvironments m which PCB residues may be
found limiis the certainiy with which Iaboraiory dats may be used 10 assess photo alieraiion
of PCBs in the environmeni.

If ncudents of accidental conamination are disregarded. PCBs enier our diet pnmaniy
from aquatic sources.” Thus. the squatic chemisiry of PCBs is highly relevani 10 our dietary
intake of PCBs. Bunce et 3. esiimated several environmental faciors affeciing the photo
degradation of PCBs in the shallow waiers of Lake Erie. They concluded ihat up 10 5% of
the lightly chiorinsied PCBs migit lose a chionine each year, but that ai least one chiorine
should be lost from every highly chionnated molecule annually. The less-chionnaied PCBs
are move reactive metabolically than the highly chlonamed PCBs. This suggests thai the
most imporam effect of solar radistion on PCBs in the envifonment is replemshment of
mewbolically acuve PCBs from more highly chionnated congeners.

IV. OXIDATION AND THERMAL ALTERATION

Good thermat stability and excelient dielecuic properties led to the use of PCBs n
applications where they would be subject 1o oxidation and considerable thermal and elecincat
stress. Analyses of PCBs have idenufied comaminants and praducts of use that are potentially
move harsrdous than the PCBs. "™

Chionnmed dibenzofurans are contamingnts at the pats per miltion level in PCB mixwures
and other industrial éhemicals.”* Vos &t ol.2 separsisd PCBs into fractions by column
chrommography and found tha PCB fracuons cordaining chiorinated dibenzofurans were
more 10XiC in 8 chuck-embrvo bioassay than the other PCB fractions. The possible presence
of highly txx conaminants in PCBs led 10 the examinetion of commercial PCB maxtures
by several labormories. ™ The results demonsiratad the presence of chiorinated dibenzo-
furans comtaining (wo or mory chiorines in all PCB miztres examined except Aroclor®
1221.7-® Methadology to detact alteretion products of PCBs must distinguish berwaen these
wace impurities and any products of uss.

The aiserstion of PCPs in elsctncal components has not been sacisfictorily demonsirated
because of the difficulty in obtuning used and unused pomons of the same production batch
of PCBs. Phillipson et 8. ™ carsfully devised a procedure 1o quantitaie chionnated diben.
tofurans in Arocior® [260-based insulating fluids (askarels) which had been used :n high-
voitage electnesl network wansformers for penods ranging from [3 1o 20 vears. After
separstion from PCBs and other askarel components by alumina and Florisil column chro-
malography. chiorinated dibenzofurans wers identified by combined gas chromatography-
mass spectromeny (GC/MS) and quaniitaisd by sleciron capture gas-liquid chromatography.
Recovenes of # di- 1o octachlorodibengofurans from spiked askarel matnces ranged from
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72 10 103%. The behavior of |7 sdditional chionnated dibenzofuran isomers :n the procedure
indicated that the method detected a large majonty of the (31 posuble di- o octachioros
dibenzofurans. The total xmount of chiorinated dibenzofuran in each of the used askarel
sampies was found 10 be noi more than three limes the chionnated d:bdenzofuran content of
an unused Aroclor® reference maienial. When asked about the significance of these findings,
Phibipson concluded that ihe Jevels of chlorinaied dibenzofurans in the used askarels were
not sufficiently greater ihan the reference material and might simply refleci reduced levels
of comaminants in Aroclors® of laier manufacture.

Anodic oxidation of chionnaied biphenyls provides an instght inio the events Jhat occur
when the electnfied manx is conduciing rather than insulaing. Fenn et al.’* repon ).
hydroxy:2.2° 5.5 -teirnchlorobiphenyl is ithe major hydroaychiorobiphenyl product in the
ctectrochemical oxidalion of 2.2°.5.3" tetrachiorobipheny) in an agueows sysiem. Any hy-
droxychlorobipheny! formed in the large-tcaie electroiysis of PCBs is funther oxidized at
the potenlials required for the oxidation of the PCBs. The principal electrolysis products of
PCBs at convolled potentials are chiorophenylbenzoquinones. Chiorinsied dibenzofurans
are not formed dunng anodik oxidation of PCBs in this aqueous sysiems. Operation of
clectrical equipment containing PCB insulsting Nuids doss not provide these squeous reaclion
conditions. However, these products do suggest the fate of PCBs subjecied 10 onidanve
electrochemical disposal.”

The tragic Yusho incident provided the impetus 10 study the alteration of PCBs in heat
exchange Nuids. This acoidental contamanation of nice ol with PCB hest trensfer Muid in
February 1968 affected some 1696 people.”’ The manulscturer had used a PCB. Kanechlor®
400, 10 heat nice oil at reduced pressure in ordet 10 nemove odofous matier from tha oo,
Small holes in the hesting pipes penmutied the PCB 10 leak ino the 0il.™ Companson of the
comaminaied ol with Kanechior® 400 sisowed that the oil comtained an inordinatety hygh
level of chionnaed dibenzofurans based on the level of PCBs in the 0il.™* Kanechlor®
400 was pux inte 2 sealed glass ampoule and hested st JOOC for |5 days. but no increase
in chlorinsied dibenzofurens wis detectnd.™ The chioninaied dibenzofuran level n the ol
was sbout 250 times higher than the level found in Kanechior® 400.” This large difference
in levels made it difficult 10 stnibute the chiorinaed dibenzoluran content of the oil only
10 & simple concentration of these impunties dunng processing. Maria o1 al. ™ examined in
dew) several PCH preparstions and contaminaled nce oil samples. A PCB hem iransler
fluid that had been used for 2 years appeared W0 contain sbow four times the amount of
chionnated dibenzofurans found in comperable unused fluids. They reponed that the Yusho
oll conuned levels of chiorinsied divengofurans’ aboyr 500 tmes that of Kanechlor® 400.
[t was suggesed that oxygen catalyred by the mewal hest Tansfer rubing wouid resct with
ortho substituents in the PCBs during processing to form chiorinmed dibenzofurans in the
heat transfer Nuid. This led to a series of heating experiments with Aroclor® | 248. Samples
were sealed in glass tubes with air. oxygen, Of nitrogen and hesied in an oven. Chlonnared
dibenzofurans were formad with a maximem yield of sbow 0.2%. Tempersrures over 270°C
were necaasary for the wansiormation but above J30°C ihe chiorinsted dibenzofurans de.
composad, The best yislds were obtained with oxygen in sbowt | wesk at 300°C. Prolonged
uunlSIWfduu-ddhcuumnddbmmhnnbnhmmumumuomsmmnd
the chiorinaed dibenzofurans were decomposed a1 this wmperture,

Ths U.$ Food and Drug Administration. in evalusting the deta from the Yusho incident
10 assess the health hazard associsted with the mgesuoca of PCBs, nowd an inconsisiency
in the Yusho date. The {969 repont of Tsukamow et al,* said that the ori contained ap-
proximawly 2000 to 3000 ppm PCBs. Ths /976 report of Kuratsune et al.™ indicated that
oil conwined 000 ppm PCBs. In order 1o examine the oil mors closely. the FDA requesiad
a sampile of the oil from Dr. Kuratsune of Kyushu University, Fukvoka, Japan. GC analyuis
showed that the sample contauned 1000 ppm PCB. Neuwon activation analyses showed tha
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the od contained twice the amount of chionne (hai could be expecred i 1000 ppm PCB &
was surmised Lhat ihe sample contained more chiofinated compounds. but their nature was
not evident unui the samples were examined with a shorter GC column and higher operaung
lemperaiufes than are normaily used for PCB angiysis. The resuitani GC/MS analvses iden-
ufied chlonnaied quaterphenyls as ihe other major chloringied contaminants m'me ol
Mivats et al. ‘'t published similar resulis concurrently. This group then simulsted the o
deodotization step of rice oil processing 1n ihe Isboritory 1o note the effect on the ol
contarmnanis. Qver 90% of the PCBs were removed from the oil during deodonzaton The
remaiming PCBs were congeners of high chionine content. The chionnaied quaterphenvis
were unaffecried by deodonzation The evaporation rate of the chionnasted dibenzofurans
was lower 1han thar of the PCBs so 1had 1he retative abundance of the chionnaied diben-
zofurans was increased 1n the ot and the compositon of this contaminame shifted 1o the
more highly chionnsied dibenzofuran congeners. The relative amounts of these coniaminants
st} did not eosncide with those in the Yusho oil.*' This suggesied that the differences might
be aunbuted 10 the composiuon of the heat transfer fluid involved in the Yusho incident.
This brought the invesugalors back 10 the examenstion of alterstions that occurred with use.
Analyses of three used heat transfer Muids revesied chiorinaied quaterphenyls & leveds as
high a5 0 03% * But these resulis did not demonsizate the formation of quaterphenyls with
use. Expenments such as those of Monw ¢t al.” were required. Accordingly, Kanechior®
400 was heated in glass ampoules under varying conditions including the presence of sisinless
stec! and water. The ievels of chionnated quaterphenyls and dibenzofurans in the Kanechior®
400 rose markedly. Both waer and sicel acceiernied the formation of these substances al
J60*C “

The number of vaniables involved in the alieration of Kanechlor® 400 in the Yusho incident
was relatively small compared 10 that available in the genera) enviroament. However, il
took !0 years 10 butld a reasonably complete picture of the Yusho incident. The search for
analogous subsiances®® and processes in the environment has tumned up one other significam
source of 1oxic thermai alteravon producis. Chlorinated dibenzoiurans have been found in
the combustion products of waste incinerators. ““® These chiorinated dibenzofurans have
been aunbuted 1o the incompiere incineration of PCBs. "% Buser ¢1 al. ¥ reponed that ihe
vield of chlonnated dibenzofurans at a combusuion emperyture of $50°C ranged from 3 1o
25%. Thus. use and disposal are the two most important factors in the thermal formation
of more 10x1c substances from PCBs. Fonunately. these are faciors we should be able to
conool.
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