. Bl4g. K1-3ms
" November 23, 1987

Dr. Jamss L, Lok
BPA Sonth Perey
Nazragansott, R1 02882

Doar Jim;

As promised on the phons lest Eriday, Rolose , naly
that wo oy 1a4¢ _yoar on 24 «f%u"huj L. estuary sediment samples
depths at 12 losations, § on sy side of the
have emolosed o BAY. showing where tho samples were
dhromatograms showing what well-developed Pattern |

Topresenting 2-3” 404 6-71"
ary. Along with this I
taken, DE-1 oapilliary 113

estﬁﬁ

sad B’ deoklorination states look 1ike, o $0t.0f GC-mass speo dats for one of
‘them, and ‘repriats that explain the Bomenolature and peak nwmbering system -
used, All wyt the dats swmmary itself were inoluded ia my SBTAC Presentation.
on November 10, g, slso have available on o8ch semple & DB-1 chromatogram, a
"118-peak snalysis aad s ocomputatios of homolog levels end ortho and non=-ortho

chlorine nmbers; but the
be useful uati} ve begin o

rosulting print-outs ape Pretty bulky, and may not
ompariag snalyses on & peak-By-peak basis.

A quiok olu@,ﬁiﬁiutnxtng\ ¥¢. have leftover Samples in most or a1} of
the original oontainers: however, I don’'t bolieve that the sodiment samples in
these containexy vere stirred up before removal of the: snalytioal ‘samples, so
that 4f there Vere asmy oompositional aothmno'uqnlu (ia the om. range), a

second sample taken fron
vompoeition,

the same container Bight have o slightly difforeat

. As I believe I montionsd, the pattern of ohgu..;; in PCB comgener distri-

 bution exkibiteq by these samplos apposrs to Rave shows up in the sedimonts of
the upper and middi, Aowshnet sstmary, but not those ‘bf the lower (below hme-

ticane barrier) *stuazy;

one of two samples from Escumbis Bay near Pen-

- 8ac0la; in thoge ‘of the sid-sootion of the ﬂou“ntou;? River (somthern MA and -
A&

Rorthern CT); 4y the mid-seot
not above it (whers & diftere
ed g {wheze not Ruch was happe

ion of the Hudson River

§ lbany to Kingston), but
at type of dechloridution i snderway), or below
ning. at least ngt back in the 1977-1980 period);

tnd in whatever Sodiments aze supplying the PCBs thet got iato soms of the
€ish of the Ney Yorx barbor area, At the Moment, thongh, I don’t roally know

I am still trping ¢ §ot dats indiocating hoy

videspread ¢he Phetiomenon may de, and benoe my intorest ig being able o

Toview your ohromatogrems of the PCOs in coustal New Bngland sediments.

[
. . *
. : . ;
[ S . . . i .
L . . f : N
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GENERAL &3 ELECTRIC

Dr, J.L, Lake -2- Nov. 24, 1987

At any rate, look over the enclosed dats on our upper Acushnet sediments,
let me know which of the samples and/or chromatograms you'd like for your own

investigations, and maybe we can work out some kind of a lovely mud-swap,

Bast wishea for a Heppy Thanksgiving.
Sionverely,

e Brn

Tonp F. Brown, Jr.
Manager, Health Research
Ajolngical Sciences Branmch
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Dradt o9 T-2¢-5
.TF- 6’3&4'\‘ 7.

Table 3. PCB Levels, Distributions, and Alteration States in Subsurface
Sediments of the Upper Acushnet River Estuary, New Bedford, MA

No.,? Lati- Sample Total Total Oorig. Soln.+_De:hlnxin__ﬁzn1n£?,
Pat- half-losses !

gide tude tex- oils, PCBs, 1242: loss

EC (41°N)  tured ppm®  ppm® 1254 (v) - tern P50 PS8 S8
- 19A 40'30" sft mud 20,000 1,637 68:32 40 H 2.5 3.1 0
~ 198  40'30" aft mud' 28,400 1,126 57.43 409 H 3.2 3.5 0
- 18A 40'30"  Bnd 20,700 3,285 05:95 5 H? ~0.h 0.6 O
- 18B  40'30" gnd 7,040 739 06:94 6 H? ~0.1 0.8 0O
~ 21A 40'26" gr, snd 11,100 3,775 47:53 . ¢ H 1.9 2.2 0
- 21B 40'26" gr, snd 1,400 417 40:60 5 H 2.0 2.2 0
174 - 40'21" gft mud 46,300 3,292 80:20 9 H 0.8 2.3 1
178 - 40'21" sft mud 40,300 3,724 70:30 12, H 1.9 3.2 1
T - 22A 40'16" end 5,390 765 81:19 33 H 2.3 3.1 0
- 22B 40'16" gnd 8,110 1,444 64:32 14 H 1.9 3.5 1
lap - 40'16" snd, mud 3,840 40.4 74:26 34 H 0.9 1.6 0

14B - 40'16" snd, mud 3,390 0.9 A76:24 - H? ~0.7 ~O ¥
122 - 40'14" gr, snd 6,730 505 84:16 11 H' 2.1 1.6 =0
1?2R - 40'14" gr, snd 6,070 526 82:18 51 H' 3.1 2.3 -0

~ 24  40'12"  gr, snd <150 0.7 ~70:30 - H? ~0.6 1.6

- Z24B 40'12" gr, snd <150 0.3 ~§5:35 - H? 0.9 ~1.6
9p - 40'11" gr, mud 26,700 490 94:06 8 ' 1.9 1.0 =0
afg - 40'11" gr, mud 22,900 1,135 91:09 30; H' 2.7 1.8 -0
56 - 40'01" gr, snd 12,800 304 g2:18 44 H 1.2 1.1 -¢
- 40'01" gr, snd 34,300 785 86:14 22 H 2.3 1.4 -0
- 39'55" gr, snd 1,570 150 71:29 29 H 0.9 0.7 -C
- 39'55" gr, snd 2,050 171 67:33 22 H 2.3 1.6 -¢

6  39'39"  fiber <440 3.2 54:46 - H ~1.3 ~l.S

ER 39'39" fiber <370 . 0.6 Ag4:36 - H? ~ND.5 ~l.3
- ownre for all sites: 13,000 1,013 61:39 18 - 1.6 1.6 (

A nepth of "A: pamples 5-7.5 em:; of "B" samples 15~17.5 cm.
b. Sites located on west side of estuary, 70°55'06-09" W.
¢. Sites located on east side of estuary, 70°54'51-59" w,

4. Key: sft, soft black muéd, H,S odor; snd, sand; gr, gravel; fiber, apparent
spartina root mags (mafsh bed).

e. Parts per million of air-dried sediment weight.

f. =-Log, fractional retention of peak 50 (mainly 23-34 CB from Aroclor 1242)
or of peak 58 (mainly 234~25 CB from Aroclor 1254), or differences
between these numbers of half-losses.

g. This calculated value probably an underestimate,
h. This calculated value probably an overestimate,

=R =T =T B G L lIsnHodyart Hd3 Wosd
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Polychlorinated Biphenyl Dechlorination in

Aquatic Sediments

Joun F, BRowN, JR., DoNNA L. BEDARD, MICHAEL J. BRENNAN,

TaMes C. CARNAHAN, HELEN FENG,

RoBERT E. WAGNER

The polychlorinated biphenyl (PCB) residues in the aguatic sediments from six PCB
spill sites showed changes in PCB isomer and homolog (congener) distribution that
indicated the occurrence of reductive dechlorination, The PCB dechlorinations exhib-
ited several distinct congener selection patterns that indicated mediation by several
different localized populations of anaerobic microorganisms. The higher (more heavily
chiorinated) PCB congeners that were preferentially attacked by the obscrved dechlo-
rination processes included all those that are either pharmacologically active or
persistent in higher animals, All the lower (less heavily chlorinated) PCB congencrs

formed by the dechlorinations were species

that are known to be oxidatively biode-

gradable by the bacteria of acrobic environments.

ESPITE GREAT PUBLIC AND REGU-
D latory concern over the accumula-

ton of polychlorinated biphenyls
(PCBs) in the environment, little is known
about their actual fatc n specific environ-
mental niches (1) Recendy, however, we
ssund that agents capable of aracking PCBs
may leave residues that exhibit characteristic
gnanres in their capillary gas chromato-
graphic {GC} patterns. These charactenistic
patterns occur because all the PCBs that
were used commerciallv were complex mix-
ruret of 1somers and homologs (congeners)
that were produced in fixed relative propor-
rions by the chlorinanon process used and
because ¢ach physical, chemical, or biologi-
cal alteration process exhibits its own set of
relative activitics toward the individual PCB
congeners. Thus many strains of aerobic
bacteria that oxidize PCBs were found 1o
exhubit, ar least under laboratory conditions,
PCB congener depletion patterns that were
clearly distinguishable from cach other (2)
and from the morc familiar patterns shown
by animals that have mixed function oxidase
systems based on cytochrome P-450 (3-5).

Genersl Electric Research and Development Cenrer,
Schenectady, NY 12301,

8 MAY 1987

Ta see whether such characreristic trans-
formation signatures werc present in cnvi-
ronmental samples, we have reviewed scver-
al hundred ¢chromatograms of the PCB resi-
dues in soils, scdiments, and water. In the
soil and water samples the alterations in the
GC parterns, it any, could be readily related
to known rypes of transformation processes
such as simple evaporarion from dry soils or
aerobic microbial degradation in rivers or
groundwater. Alterations of a different type,
however, were seen in aquatic sediments
from several PCB spill sites.

PCB mapping and transport studies have
indicated that the upper Hudson River con-
tained 134 merric tons of PCB in 1977,
with much of it concentrated at depths of 15
to 30 cm in arcas of low hydrodynamic shear
as “hot spots” that have PCB concentracions
greater than 50 ppm (6). Our sediment
analyses and existing plant records indicate
that this PCB was onginally almost entirely
Aroclor 1242 that was released from capaci-
tor manufacruring operations at Hudson
Falls and Fort Edward, New York, between
1952 and 1971. For PCB transformation
studies we collected and sectioned sediment
cores from four “hot spots” distributed
around river reach 8 (the sdllwater that is

g
1
X
1N
1
Wi

W]
g}
—
—

located immediately below Fort Edward vil-
lage and that extends from 4 to 12 km below
the major PCB rclease point) as well as 15
“surface grab” sediment samples distmbuted
around the same secdon of the river (7).
Analyses were performed as previously de-
scribed (8) with a DB-1 polydimethylsilox-
ane-coated capillary GC column that was
capable of resolving environmental PCB
mixrures into 118 disunct peaks.

The chromatograms showed congener
distributions that generally rended roward
one of four major limiting patterns, which
have been designated A, B. B', and C (8)
and are illustrated in Fig. 1. Patern A
looked similar to that of Aroclor 1242 ex-
cept for some modest quantitative differ-
ences. Patterns B, B'. and C all showed
markedly lower levels of most tri-, tetra-,
and pentachlorobiphenyls and increased lev-
els of mono- and dichlorobiphenyls. They
were most casily distinguished from cach
other by the presence of three, two, or one
strong dichlorobipheny] peaks, respectively
(Fig. 1). Two minor vartants (not illustrat.
ed) were pattern D, which showed enhance-
ment of two trichlorobiphenyls (8), and
partern E, which exhibited several distine-
tve alerations among the penca-, hexa-, and
heptachlorobiphenyls.

To determine how representative these
patterns might be, we reviewed the numen-
cally reduced data for 2000 upper Hudson
River samples analyzed during the 1977
New York State survey (6) and about 100 of
the original packed-column chromatograms
{9). All of the PCB-containing sediment
specimens that were collected between Fort
Edward and Troy, New York {a nver dis-
tance of 69 km), exhibited patterns that
resembled A, B-B', or C. (The resoludon of
the older chromatograms was not sufficient
to disanguish B from B’ or to detect the
variant patterns D or E.) Paern A was
typically associated with lightly contaminat-
od but extensive surface deposits, which
have been estimated to contain a total of 37
metric tons of PCBs (6), whereas pattems
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Fig. 1. DB-1 capillary gas chromatograms (plots of detector respanse versus clution time) of uEchr

Hudson Raver sediments

parterns B, B, and C. A flame ionization detector was used so that

that show surface pattern A {largely unchanged Aroclor 1242) and subsurface
¢ PCB peak response was nearty

aroporuondl to molar concentration; however, non-PCB impunues in the samples also produced
" pservable peaks ‘designated ¢ and [mp.). The major PCB congeners tesponsitle for the observed peaks

re designated by the numbers that (orrggcﬁond to the position of chlorires on
RS Fus 2-2 and 244 indicate 2,2'-dic

1 ernal scandard peaks are designated Int. std.

Aroclor 1260

Int Std.

23456245
23456-234

e 2345234
345-23%
2345-2346,

C.

patiern F (+G)

" 3
: p 1
i
- ) 2 ]
§* 3 E ; i gi
% “ SR 8 % R2

each of the ewo phenyl
hlorobiphcny'l and 2:4‘4'-rnchlombiphcny!, respem'vcly.

} 2345623

B-B' and C were associated with the deeper
“hot spots,” which have been estimated to
contain 77 metric tons of PCBs (6).

Quantitadon of the individual capillary
GC peaks indicated that the levels of most
tri- and temrachlorobiphenyls were depressed
relative to thosc 10 Aroclor 1242 in ali
classes of upper Hudson River sediments,
but particularly in those that showed pat-
terns B, B’, or C. Summary data for 2,5,4"
plus 2,4,4'-chlorob1phcnyl {CBY and for
25.3.4-CB (which arc representative of
congeners with lesser or greater responsive-
ness to dechlorination, respectively) are
shown in Table L Conversely, in all sedi-
ment classes the levels of the 2,6,2- and
2.6,3'-CBs and those of all dichiorobiphen-
vls were increased two- to sixfald, and the
levels of the monochlorobiphenyl 2-CB in-
creased 7- to 70-fold. with the largest
changes observed in the samples thac
showed pateerns B, B, or C (Table 1), The
increases in the mono- and dichlorobiphen-
vls occurred despite their greacer cendency
to elute into the river water or undergo
aerobic biodegradation. Thus it was evident
that in the upper Hudson River as a whole a
massive (40 to 70 metric tons} conversion of
wi-, tewa-, and higher chlorobiphenvls o
mono-, di-. and 2.6 X -trichlorobiphenyls
(X' = 2,3, 0r4) had occurred, particularly
in the subsurface 115- t0 30-year-old) por-
don of the sediments.

The scdiments of Silver Lake, 2 10-ha
urban pond i Piresfield, Massachusetts,
contain an estimated 29 metric tons of PCBs
{10, which are belicved to have originally
heen almost entircly Aroclor 1260 released
from adjacent wransformee-manufacruring
operations before 1972. A mapping and

Fig. 2. DB-1 capillary gas chrc
matograms (plots of detector re
spons¢ versus elution tme) of Arc
Jor 1260 and of the Aroclor 126
residue extracted from a Sulver Lak
sediment composite that showe
mainly parremn F (with some pa
rern G, which contributed the thr
small peaks on the teft). These chr
ALOgTAmSs Were obrained with
elecaron capruge detector. Such d
tecrors give a Stronger respon
with the more heavily chlonnat
PCB congeners, a weaker respor

with the less heavily chlorina

ones, and lirele or no tesponse wi

unchlorinared impuritics. The n

jor PCB cangener peaks and

intenal standard are designated

in Fig. 1.

2345~2345

2345-2345

— S
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ransport study (10) indicated that there has
betn na significant movement of the PCB
depasits. Halt of the sediment sections col-
fected 140 our of 80) gave packed-column
(i patrerns resembhing those of mixtures of
Arocior 1260 and Aroclor 1254, indicating
that anlv fumited alteration had occurred
(12011 The other half, which included
speriety from all swectors of the lake,
shewed extensive ateranon. 90 to 98% |oss
e hexas and heprachlorobiphenyls orig-
wol present and their replacement in the
Gty Danon by rerra- 231 to 30%;, el (26
. F2wmeand lower chlorobiphenyls, all of
wiich are virmially absent /< 1% in the
cngongd Aroclor 1260, The chromatograms
that showed cxtensive alteranon exhibited
Cow uuining pattemns, Fand G, Inparcern F,
the wniorobiphenyls chat were formed
coosated solelv of the 2,53 and 2,4.3"
vomers, which were not present at more
visn trace leveis in any eommercial product
iy stern Gyothe trickorobiphenyls dhat
-z¢ foemed consisted of these same isomers
pie the 2,62+, 2,6,3'-, and 2,4,2'-CBs.
Frgure 2 shows a capillary GC for 4 compos-
e specimen st exhibited both partterns.
~adindy, massive conversions of higher to
et PCB congeners have occurred in the
Lor Lake sediments bur with congener
aevnavy patterns that are differene from
st ot the upper Hudson River,
Cavre s mued evidence for dechlanna-
st nther sites 15 well. Chremarograms
Lsedinents trom the Hoosic River (North
Auarrs. Massachusetts), the Sheboygan Ruv-
= Suebovgan. Wisconsing, and the Acush-
ne Esteary “New Bedford, Massachuserts;

(;>

sent to us by other investigators all showed
enhanced levels of the unusual 25,3, and
2,4,3 -trichlorobiphenyls. A single study
(12} has presented without comment Apo-
lane C-87 capillarv GC parterns and conge-
ner distribunons for five sediment samples
from Waukegan Harbor, lllinois, which had
received large releases of Aroclor 1248
These pacterns showed various degrees of
removal for most of the - tetra-, and
pentachlorobiphenyis originaliv presene. for
exarnple, losses of 47 1o U8 5% for 34,37 4"
CB, 6 10 71% for 4l tereachlorabiphenyls,
15 t0 89% for 2,453 4 - and 2.3,4.3' 4"
CBs, and 26 two 83t for all penrachlorobi-
phenvls. These alteranons apparently oc-
curred 1 only one vongener sclection pat-
term, which we f{abel pattern W. Corre-
sponding increases ippeared i the levels of
several lower chlorobipheny! peaks, particu-
larly those that were identified 112 15 2,2"
2,3, 24 440 2427 plus possibiy
26,3, 2,64 243 ard 2.4,2" 4-CBs.

The dechlorination of some PCBs by up-
per Hudson River sediments. like the analo.
gous position-selective dechlorinations of
chlorobenzoates /31 and chlorophenols
{14), has recendy been shown to occur
under anaerchic culniring conditicns in the
laboratory and 10 be arrested by steriliza.
don, which indicates that the process is
microbally mediaced (151, Simple chermcal
reducing agents thar arc present in anacrobie
sedirmnents and sludges ao not arrack chlori-
nated aromatics (1, 3%, although thev are
capable of dechlorinanng some abphatic
chlonine compounds [14;. Thus the localized
subsurface agenrs responsible ‘for PCB dechlo-

Takie 1. Propartons of selected chlorabiphenyl (CB) congeners in Aroclar 1242 rreleased inro the
agocr Hindson Raver from 1952 to 1971} and in the PCBs wisolared from upper Hudson River
ownsnts parerns A, BB, and €1 One hundred fifty sediment surface-grab samples and core
onons wese collecred from known PCB “hot spot” areas (6, 7 that were distributed arourd river reach
wver riaies 188 6 10 193 3,0 All samples were analyzed by DB-1 capillary gas chromarography to
Jeraemine pattem type and total PCB content (ratio of the weight of PCB to the dry weighr of the
secment.. The numbers of samples of each type that contained ar feast 2 ppm total PCB and their
SC.inoTane nranges were s tollows: &, 28 samiples, § 1o 165 ppmi B, 34 samples, 210 2604 pom; R
i cr i
11 samples. 2 10 2091 ppm; C, 18 samples, gf) to 619 ppm. Of the 28 pattern A samples, 5 also
catubired pattern D &3, and 28 of the 63 samples that siawed patterns B, B', or C also exhibrted
patem E - L7 Almost all specumens that showed parern A were surface 10 to 10 emj samples; almose
al! specimens that showed parterns B, B, or C were subsurface (below 10 cm) specimens from core
secuuns Al of the 70 samples that contained less than 2 ppm PCB (results not mncluded in the table)
showed partens B or B, but the congener distribution measurements were considered unreliable; mose
S thess sampies were from deep srrata below the heavily contaminated zone,

Observed range of CB congener (% by weight)

Aroclor

CB congener Parern Pattern Pattern Parrern
1242 A B B C

2 0.7 5-25 10-17 28-52 13%-43
2,2 (*2,69 26 3-10 12-19 14=27 3041
23. 13 2.8-32 4-9 0.3-0.9 0.7-16
2.4 (+2.3. 6.2 9-13 16-18 6-16 2.5-4.6
26,2 0.9 2,1-2.8 2841 2937 51-5.4
2,6,3- 08 22225 2843 26-35 2.6-31
154 + 2,44 14.4 11-13 3.1-8.4 1942 1.6~3.1
2,534 33 1.1-1.5 0.1-0.4 0.0-0.5 0.1~0.8

*This value was seen in 1 single surface-grab sample taken from 2 mid-channel area thae was subject ta sousing.

8 MAY 1987

rinadon according to sclection patterns B, B,
C E F G and W would appear to be
separate srains of as ver unidentified anacro-
bic bacteria, Detailed chemical descriptions of
these characterisdc dechlorinauon  patterns
will be presented elsewhere (17,

We found that all of the lower PCB
congeners formed by the observed reductive
dechlorinations are biodegradable by one or
more of the aerobic PCB-degrading bacteria
that have been isolated from soils and sedi-
ments (2, § /8. These congeners are also
degraded by cukarvores that have P-450
cytochromes ¢, 3=3; Thus a two-step se-
quence of dechlorination i aquaric sech-
ments foliowed by oxidatve biodegradation
in aerobic environments will evenrually et-
fect rotal PCB destrucnion,

The dechlorination step alone, however,
has significant toxicological ¢onsequences.
The PCB residues in subsurface sediments
from the upper Hudson River, Silver Lake,
and Waukegan Harbor all showed preferen-
ual loss of 343 4. 23434 and
2,4,5,3",4"-CBs, and other higher PCB con-
geners that have chlonine atoms in positions
4and 4" (Figs I and 2, (12;!. The relative
disappearance rates for these congencers in
the Hudson River were generally similar to
that of 2.5,3',4'-CB iTable 1). This group
of PCB congeners includes all those that are
either persistent in man (3/, inducers of P-
448-rype avrochromes (195, or thymetoxic
in rats ([9). Thus, although anacrobic de-
chlorination does not imunediately reduce
the toral mass of chlornnated biphenyl in an
environmental deposit, it can 3ccomplish
detoxication.

Our samphing of archival GC dara indi-
cates that environmental PCB patterns thae
shaw the distinctive teatures of cither iero-
bic microbjal biodegradanon (I, 2} or re-
ductive dechlorination must have been ob-
served hundreds of times during the past

decade and vet have not been reported in the
A

Temcr
IREETAur )

apen lteramure.
tinely reparted observed PCB concentra-
tions in terms of whichever commercial Aro-
clor had about the same average chlorine
level, Thus practice of misreprescnung ob
served environmental PCB compositions
can lead to appreciable quanutative errarc
(). More significantly, 1t has left concealed
not only the extent of PCB degradavion i
nature but also the diversity of the microbi
logical processes that are involved,

analyers have rog-

REFERENCES AND NOTES

1. K. Furukawa, in B on and Detaxificanon of
Envirowmental Pollwianrs, A, M Chakmabarry, Bd
(CRC Press. Boca Raton, FL, 1982), ¢chap 2

2 D. L. Bedard ez al, Appl Environ. Mioobisd. 81,761
(1986).

3. G. Sundswom, O. Hurzinger, S. Safe, Chomaphere
5, 267 (1976).

4. R W. Lawton, . F. Brown, Ir. M. R, Ross, |

REPORTS 711

113SHES =S HH =43 Lox 5



712

wn

~4

10

11

Feingold, Areh. Environ, Heaith 40, 29 (1935
$. Safe, 1. Safe, M Mullin, /. Agrw. Food Chern. 33

E. G. Hom, L. J. Heting, T. ] Toffemue, dnn

NT Acad Sa. 320,391 (1979,

. Que frozen 1977 upper Hudson Ruver sedument

core and asisrance in ouc 1982-84 sediment coliec:
aons were provided by T | Tafflemize. New York
State Department of %m‘xron_mmmj Conservauon,
Albany,

1 F.Brawn, Jr., stal , Novtheast Environ S0 3,167

(1984

. Gis chromatograms of 1977 -.yper Hudson Raver
L

sediment samples were provided by D R Hil.
O'Brien & Gere Eagineering, Sycacuse, NY
The Housatoni Raver Study 1P80 and 1982 Inveras-
ong Final Repovt | Stewars Laborstories, Inc . Knox-
ville, TN, 1982,

Gas chromatograms of 1982 Sitver Lake sediment
cotes were provided by [, Hall and A Yoakur, [T
L:boratones, Knoxviile, TN

11}
1
-

‘e
Yo

. D. .. Sulling, Jomer Spectjic Companision of PCB

Rendues in Fish and Sediment ‘aubegan Har-
bour and Other Grear Lakes Fish (Cotumbia National
F'i;;‘.snes Rescarch Laboratory. Columbia, MO.
1 ).

T M. Suflita, A. Hotowiz, D. R Shelton. | M.
Tiedie, Seiemce 218, 1115 (1982),

S. A. Boyd, D. R, Shelron, D. Benry, J. M Tiedje,
Apé»’ Envtron, Miqoinel 46, 50 (1983).

1. £ Quensen 111, S. A Bovd. {. M. Tiedje, personal
coMUITUNK AN,

G, M. Klecka and §. | Goasor, Chemarphere 13
191 (1984

1. F. Beowa, Je, e al., Environ. Taxical. Chem . 10

ress.

E) L. Bedard, R. E Wagnes, M. ]. Brennan, ML
Haberl, 1. F. Brown, Jr. App Envern Mmool
531094 (1987,

A Parkonson eral, [ Bwl Chem 258, 5967 11983

5 December 1986: accepted 16 March 1987

[ | AShHEHNHR

SCIENCE, VOL. 236

H43

I 4



Enyironmentyt Taxwcology and CAemiairy, Vol 6 pp $79-593 1987
Printed 1n the LSA  Pergamon Journals Lid

0730-7268/87 8300 ~ (0
Capyright @ 198T SETAC

ENVIRONMENTAL DECHLORINATION OF PCBs
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{Received 3 June 1986; Accepred 21 January 1987)

Abstract — The polychlorinated biphenyls (PCB4) in sediment and/or fish sampies from at least flve
different locations show changes \n gas chromatographic (GC) peak distribution indicative of reduc-
live dechjorination. Severa! different dechlorination processas, each presumably mediated by a dif-
ferent population of anaerobic bacteria with its own distinctive pattern of PCB congener selectivity,
appear Lo be operating. Six of these processes have been characterized in detail as to the changes
oceureing in erch of the 126 individual PCB congeners or isomer groups detectable by capillary
GC or GC-MS an a DB-1 column. The patterns of congener reactivity indicate that the observed
transformation processes fall into two broad categories: o, m,p-dechlorinations, which remove chlo-
rine atoms from ortho, meta, and para positions, with congener reactivities primarily determined
by reduction potential. and m, p-dechloninations, which take ¢hlorines from meta and para posi-
tions only, with rejative reactivities determined mainly by molecular shape. Both types of dechlo-
rination praferentially remove PCB congeners of 1oxicological concern, and both produce lower
congeners that are biodegradable by environmental asrobes. Thus, dechlorination in anaerobic sedi

ments permits the detoxification and eventual degradation of environmental PCBs.

Keywords — Polychiarinated biphenyl PCB

Biodegradation

INTRODUCTION

The polychlorinated biphenyls (PCBs) are a
family of stable, water-insoluble industrial chem-
icals that were widely used for nearly 50 years
{1929-1978). By 1975, it was estimated that some
57 x 10" kg had been produced in the United
States, and about 8 x 107 kg had passed into its
soils, sediments, and waters [1}. Until recently,
there was widespread opinion that such PCBs,
particularly the more highly chlorinated (“higher™)
congeners, were resistant to ordinary biodegrada-
tive processes, and hence were highly persistent in
the environment {{,2].

In 1984, however, it was announged (3}, and
immediately confirmead [4), that the PCBs in the
sediments of the upper Hudson River were under-
going a previously unreported type of composi-
tional alteration {5]. These upper Hudson PCBs all
showed depressed proportions of most higher PCB
congeners and increased proporions of certain
lower congeners, including some that were virtu-

*To whom correspondence may be addressed.

Presented at the Sixth Annual Meeting, Society of
Enviiunmental Toxicology and Chemistry, St. Louis.
Missouri, Novemper 10-13, 1985,
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ally absent from the Aroclor composition origi-
nally discharged. The gas chromatographic (GQ)
patterns of individugl sediment sections showed
that the ldentities of the specific congeners under-
going significant gain or loss were not quite the
same at all locations. Instead, they fell into a small
number of repeatedly observed patterns of change,
cach of which was given a letter designation [3).
The vertical profiles [3] of sediment cores typically
showed the extent of such changes in composition
to be only minimal near the surface, and maximal
within and below the subsurface sirata where the
total PCB levels were highest. Accordingly, it was
concluded that the observed alteration must result
from in situ dechlorination rather than differential
migration of PCB components.

Since 1984 we have received from investigators
of other PCB spill sites gas chromatograms and/or
sediment specimens that also showed evidences of
dechlorination, but with other selection patterns,

The purpose of this article is to present detailed
chemical descriptions of the compositional changes
occurring in sediments exhibiting six different de-
chlorination patterns, namely Patterns B, B’, C,
and E of the upper Hudson River, and Patterns F
and G of Silver Lake (Pittsfield, MA).
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The detalled characterization of chemica! ¢change
in environmental PCB specimens is made possible
by a virtually unique peculianity of PCB compo-
sition. All of the commercial PCB products (e g.,
Aroclors) consisted of complex mixtures of chlo-
rinated biphenyl homologs and isomers (“con-
geners™) that were originally produced in fixed
relative proportions. The fixed relative proportions
occurred because a single manufacturing process,
iron-catalyzed chlorination 10 a fixed weight gain,
was used during the entire period of PC8 produe-
tion. However, every chemical. physical, or bio-
logical PCB transformation process has its own
selectivity pattern (e.g., set of relative transfor.
mation rates) for attacking the various individual
congenéers present in an Aroclor. Thus, an environ-
mentally altered Aroclor will show a new conge-
ner distribution (and GC pattern) characteristic of
the alteration process; and decailed analysis of that
alteration pattérn may eiucidate the chemical na-
were of the transformation.

MATERIALS AND METHODS
Description of sites sampled

The flow of the upper Hudson River is <on-
trolled by dams that divide the river into a series
of stillwaters called reaches. The former Reach 9
received extensive releases of wood wastas from
sawmills over the period 1770 (o 1950, and of
PCBs, mainly Aroclor 1242 released in the period
1952 1o 1971, from capacitor manufacturing. Fol.
lowing removal of the old Ft. Edward (New York)
Dam i 1973, and heavy flows in 1974 10 1976,
there occutred much sediment translocation from
the former Reach 9 o Reach B, The sediments of
Reach B now consist of sand, silt, and sawdust,
with widely varying levels of PCBs. The localiza.
uon and movement of these sediment-hound PCBs
have been extensively studied [6-8]

The sediment samples that were collected for
capiilary gas chromatographic analysis came aj-
most entirely from the section of Reach 8 between
river miles 188.6 and 193.3, that 15, above the
Thompson Island Dam (RM 188 5) and well below
the main point of PCB release (RM 196.1). Fiftesn
grab samples were collected in October, 1982 and
June, 1984, and four 52- to 75-¢m cores were
taken from “hot spot” [8] areas in June, 1984, In
addition, T. J. Tofflemire of the New York State
Department of Environmental Conservation gave
us one frozen core that had been collected in Janu-
ary, 1977. This core, No. 18-6, was laken within
5 m of core No. 18-8, for which 'V Cs levels have

been reported [8]. All cores were cut while frozen
into 2.5-<cm sections, giving a total of 150 sediment
specimens for analysis.

Silver Lake is a 10-ha urban pond in Pittsfield,
Massachusetts. which for many years received pe-
ripheral municipal solid waste dumpings, sanitary
sewage, storm sewage, and industrial discharges.
A nearby transformer manufacturing plant used
Aroclor 1260 for several decades prior to 1971 and
Aroclor 1284 during 1971 t0 1977. The Silver Lake
bottom sediments consist of a black, oily, methan-
ogeni¢ muck. During 1980 to 1982 about 80 Silver
Lake sediment sampies were collected by Stewart
Laboratories for studies of PCB levels, localiza-
tion, and movements [9). We received from Drs.
Anna Yoakum and Jack Hall of thar organization
{(now IT Laboratories, Knoxville, TN} copies of
many of the onginal packed-column GC-ECD
tracings, along with GC-MS wacings on three
samples, and one composite sediment sample for
capillary GC analysts.

Through the generosity of other investigators,
we also received analytical gas chromatograms of
PCBs from upper and lower Hudson River fish,
from Dr. Ronald 1. Sloan of the Naw York State
Depariment of Environmental Conservation: from
sediments of upper Hudson Reaches { ta 8 (cal-
lected by the N Y.S. Dept. of Environmental Con-
servation in 1977) from David R. Hill of OBG
Laboratories, Inc., Syracuse, New York; and from
Sheboygan Harbor, Wisconsin, sediments, from
Victor A. McFarland, LS. Army Engineers Water-
ways Experiment Station, Vicksburg. Misstssippi.

Analytical procedures

All sediment samples received were air dried.
sieved to remove gravel, and extracted in a Soxh-
let overnight with 1:1 hexane¢:acetone. The extracts
wére evaporated, and the concentrates further ex-
tracted with concentraced sulfunce acid, mercury,
and florisil. All concentrates were then examined
by packed-column GC (Hewtett Packard 3880 gas
chromatograph; 6 11 x 0.251n. glass column packed
with 1.5% SP2250 and 1.9 SP2401 on Supel-
coport) to momitor the success of the cleanup and
determine the appropriate loading for the capillary
column. Capillary gas chromatography was then
pecformed using a fused silica capillary column
(J&W Scientific, 30 m = 0.25 mm 1.d.), ¢oated
with an 0.25-pm bonded liquid phase of DB-I
(polydimethylsiloxane). and an electron capture
detector (ECD) as previously described [3). In
addition, selected samples were run on the same
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column with a flame ionization detector (FID) for
improved detection and quantitation of the lower
congeners, and/or with a ZAB VG analytical

organic mass spectrometer to give GC-MS data for
the differentiation of nonisomeric congeners. PCB*

peak quantitation was routinely performed from
the DB-1 (ECD) chromatograms ‘employing re-
sponse factors determined on the corresponding
peaks in Aroclor standards by the procedure of
Webb and McCall [10], except for the use of a
Hall (rather than a Coulson) electrolytic conduc.
tivity detector (Tracor Instruments),

PCB nomenclature

In hopes of improved comprehensibility, indi-
vidual PCB congeners will be designated by termi-
nology paralleling that commonly used in verbal
communication; that is, by numbers indicating the
substitution patterns on each ring separately, sep-
arated by a dash. Thus, 2,2/,3,4',5,5,6-hepta-
chiorobiphenyt (IUPAC {i1] No. 187) will be
called 2356-245 CB, or simply 2356-245. Groups
of PCB congeners having the same total chlorine
numbers and numbers of ortho substituents will be
described collectively by terms showing each of
these numbers separated by a colon; thus, 7:3 will
indicate the tri-ortho-substituted heptachioro-
biphenyls, including the individual congener 2346-
245 CB just cited.

The older packed column gas ¢chromatograms
reviewed during the course of the study exhibited
up to 33 PCB “peaks"” (usually envelopes of un-
resolved individual congener peaks) at positions
that are conventionally denoted by relative reten-
tion time (RRT) on an isothermally operated SE-
30 packed column (relative 10 DDE = 100), rather
than chemical composition [10). We noted, how-
ever, that within PCB isomer sets the positions of
the individual peaks are grouped according to the
number of ortho chlorines (see Table ). Thus, an
ortho subser number, like the above 7:3, can be
specified for an unidentified single congener cap-
illary peak, or for a multicongener packed-column
peak, from its chlorine number and RRT (i.e.,
GC-MS peak positlon) alone,

PCB peak identification

The chromatograms of the Aroclor standards
and sediment extracts obtained with the DB-1 cap-
illary system exhibited up 10 118 peaks resolvable
by GC-ECD, which were designated in order as
Peaks 1-118. The prior literature do¢s offer PCB
congener assignments for most of the GC peaks

given by commercial PCB mixtures on columns
coated with pure polydimethylsiloxanes (e.g., OV-1,
SE-10, SF-96), but many of the assignments are
based upon estimated retention indices [11]. Also
available [12] are assignments for most Aroclor
1260 peaks on columns coated with SE-54 (95%
dimethylsiloxane-5%o diphenylisiloxane copolymer),
based on measured relative retention times for all
209 congeners on such ¢olumns [13]. Because of
disparities and limitations among the earlier as-
signments, we determined the positions of 70 indi-
vidual congeners with respect to the Aroclor GC
patterns on DB-1 using Aroclor standards spiked
with specimens of the commercially available pure

“congeners. This showed that within isomer sets

(distinguishable by GC-MS) the elution sequences
on DB-! very closely paralleled those on SE-54, as
might be expected from the chemical similarity of
the two coatings, Accordingly, we were able to
make assignments for the generally minor DB-|
peaks not adequately identified by our own spik-
ing experimants or the prior literature [11] by use
of the observed patterns of refative retention on
SE-54 [13). This indicated that 180 congeners had
retention times close enough to one of those of the
118 resolvable GC peaks to require consideration
as a possible component thereof. In 22 cases, how-
ever, discrimination between nonisomeric coelut-
ing congeners could be made from the mass
spectra, In several cases consideration of the rel-
ative proportions of the individual chlorophenyl
groups in the particular sample being examined
indicated that certain of the coeluting isomers
would Ise present at levels too low to merit report-
ing as significant peak components. Finally, in one
case, that of DB-1 Peak 17, the two congeners that
coeluted on a DB-.1 capillary (23-2 and 26-4 CB),
were found to be adequately resolved on the
packed column used for the preliminary gas chro-
matogram. In this case an assessment of isomer
distribution could also be mads by subjecting the
mixture 1o aerobic microbial biodegradation
{14,15}, towards which 26-4 is markedly more
resistant.

RESULTS

Distribution of PCB alteration patterns
in upper Hudson sediments

The 150 DB-! capillary gas chromatographs of
River Reach 8 sediment specimens generally ap-
proached the appearance of one of the four majar
limiting patterns (A, B, B’, or C) previously
reported (3). Figure | illustraces these patterns as
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Fig. 1. DB-1 (FID) capillary gas chromatograms of upper Hudson River PCBs showing patterns A, B, B”, and C

Peak identifications given 1n Table ¢

run with a flame ionizanon detector and Jow am-
plification in order to portray the mono- and di-
chlorobiphenvls in true proportion o the higher
congeners. It mav be noted that pariern A s
qualitatively similar (o that of Aroclor 1242 [{ 1],
whereas B, B, and C show marked elevation of
three, two, or one dichlorobipheny! peaks, re-
spectively, along with depressions of most of the
higher congener peaks. Figure 2 presents the later
portions of the same patterns as run with the more
usual electron-caprure detector and high amplifi-
cation, sO as to better poriray the weak peaks pro-
duced by the small quantities of higher congeners
present. The latter figure also shows a conspicy-
ous variant in the higher congenér removal pattern
(pattern E) thag was seen in about half the speci.
mens showing the lower cangeners in patterns B or
C.

The 1977 New York State survey of the entire
upper Hudson River resulted in about 2.000 packed
column gas chromatograms and data printouts.
We reviewed these printouts and about 100 of the

original chromatograms. These analytical GC pat-
terns lacked sufficient resolution for discriminat-
ing between patterns B and B', or for detecting
pattern E, However, all specimens with enaugh
PCB for raliable classification (>1 ppm) did show
patterns resernbling the Reach 8 patterns A, B/B',
or C; and subsurface sections showing patterns
B8/B’ or C wers seen in every reach of the river
between Fi. Edward and Troy. Thus, the dechlori-
nation processes described here appear to have
been well underway over this entire 69-km section
of the river by 1977,

Below Troy, in the tidal Hudson, where the
PCB levels are considerably fower, the sediment
chromatograms are reported to show significant
declines in the strong peaks given by mono-ortho-
tetrachlorobiphenyls (.., 243.4, 25.34, 24-34, and
23-34 CB), which are among those most rapidly
attacked by systéems B-C (see Table 3), but little
gain in the dichlorobiphenyls, thus giving GC pat-
terns superficially resembling mixtures of Aroclors
1016 and 1244 {4]. This would suggest that any
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dechlorination process underway in the mid-Hud-
<on had barely started at the vme of sampiing
(1977

As regards the vertical rather than the horizon:
1al disttibution of the alteration patterns, the
Reach § pattern A charactenstically appsared '
the more hghtly contaminated top ("zone (I
the sediment cotumn {3}, which is known to be
made up of a mixture of original and redeposited
sediments {6,7), and presumably represents the
approximate PCB composilion subjected te fur-
ther dechlorination by systems B.B.C,and E
once the sediments became more deeply buried
into zone 2. In core sections showing pattern A in
the upper §to 10 ¢m. rransition to patierns B. B,

e
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Hudson River PCBs shawing patterns &, B. B, and C.

or  gensrally occurred progressively over the next
10 cm.

In quantitarive ierms, pattern A resembted an
approximately 21 mixture of Aroclor 1242 and
mixed dechiorination products of types B, ', and
C. wih some (variable) additional loss in mono-
and dichlorobiphenyls attributable to elution and/
or aerobic biodegradation; some augmentation of
hepta- and octa-chlorobphenyls attributable to the
presence of about 1% of Aroclor 1260 and a trace
of Aroclor 1268 (which was unambiguously de-
tected in 1wo sediment specimens collected 10~
15 km downstream); and possible augmentation
with 0 to §T Aroclor 1254 (Pcmach!orobiphenyls,
which constitute about 8.5% by weight of Aroclor
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134 J. F. BrowN, JR., ET AL,

1242 and 49% of Aroclor 1244, were found at
levels of 9.0-10.5% in partern A core sections and
10-16% in pattern A surface grab samples. Thus,
it was uncertain how much of the relative increase
in pentachlorobiphenyls could be attributed to
Araclor 1254 in the inutial discharge rather than to
simple elutriative or biodegradative loss of lower
congeners.)

Although sections exhibiting either patterns B,
B, or C appeared in the subsurface portions of
every upper Hudson sediment core examined,
there was no obvious consistency as 1o which pat-
tern appeared where. Thus, Core 18.6 showed
patiern B over the entire 1% to S53-cm range,
accompanied by pattern E in the range 40 t0 35
em, whereas the core T1-2, taken a few meters
awav, showed B + E near the top of the ¢orre-
sponding subsurface range, B in the middle, and
B near the bottom. The other three Reach 8 cores
ali showed alterations between 510 10-cm sections
displaving B, B or ¢, with ot without E, in dif-
ferent sequUEnces. Presumably, sach of the agents
e‘fecting PCB dechiorination according 10 Pat-
rerns B, B', €, and E has a pawchy distribution
withir the sediments, with minimal overlap be-
rweeq patches oceupied by B, B, or C, tut full
averlap of these with the patches occupied by E.

PCH dechlorination paiierns seen
in Silver Lake sediments

The Stewart Laboratory survey of the Silver
Lake sediments (9} reported “alterations” of the
Aroctor m 40 of 72 individual peripheral samples
and in all eight of the deepwater samples. The
“unaltered” Aroclor in the remaining samples was
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reported as a mixture of Aroclor 1260 with Aroclor
1254, which was rarely observed elsewhere in the
Piutsfield arca. We found, however, that (a) the
Aroclor 1260 dechlorination process underway in
the Silver Lake sediments is one that would give 3
congener mixture easily mistaken for Aroclor 1254
1 its initial stages, (b) the distribution of residual
hexachlorobipheny! peaks in subsurface samples
(bv GC-MS) was clearly that of Aroclor 1260
rather than 1254, and (c) the transformer manu-
factuning plant located next to the lake used
Aroclor 1260 exclusively during the period when
maost of the deposition occurred. Accordingly, it
would appear that the PCB subjected to “altera-
non” by the Silver Lake sediments was initially vir-
tually all Aroclor 1260.

The packed-column GCs of the saltered” sed-
iments showed at least two major patterns of
change, designated patterns F and G, and possibly
some intermediate ones, The most distinctive fea-
yurs of pattern F (Fig. 3) was the high level { »30%
of all congeners, vs. 0.0% in Aroglor 1260) of the
normally rare 28-3 and 24-3 mchlorobiphenyl con-
geners (DB-1 peaks 21, 22; RRT 35), along with
ceveral diortho-tetrachlorobiphenyls (md5%0 of
total, vé. 0.3%0 in Aroclor 1260), but no di- or tri-
chlorobiphenyls having shorter retention times. {0
pattern G, the RRT 33 peak for the wnusual 25-3
and 24-3 wrichlorobiphenyls was still faitly prom-
inent, hut was accompanied by & group of mono-,
di-, and other trichlorobiphenyl peaks (all absent
fram Arcclor 1260) having shorter retention (imes.
Again. there was no obvious correlation between
pesition in the sediments and selection between
dechlorination parterns T and G.
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Fig. 3. DB-L {(ECD) capillary gas chromatograms of Sitver Lake PCBs showing mainly pattern F, along with Aroctor
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Dechlorinations seen al Oiher siles

Analytical gas chromatograms showing promi-
nent RRT 15 and 47 peaks like those of patterns
F and G were also seen in some siriped bass from
the lower Hudson, and in harbor sediments from
Shebovgan, Wisconsin. Conversely, harbor sedi-
ments from Waukegan, [linols showed an Apo-
lane C-87 capillary GC/ECD pattern (16], referred
10 below as “pattern W,” that appeared Lo be of
the same generic family as upper Hudson patterns
B, B,C,and E.

Chemical characterization of
dechlarination processes

The quantitative analytical data collected dus-
ing the course of this investigation permitted esti-
mates of the levels of up to 126 individuat PCB
congeners or isomer groups in the vartous sedi-
ment samples éxamined. By comparing such levels
with those in the Aroclor composition initially dis-
charged we could determine the net total chenges
effected by the individual transformation systems
In cases where progressive development of a de-
chlorination pattern appeared in successively
decper sediment sections, it was also possible, for
each stage of the conversion, to determine the rel-
ative susceptibilities of the individual congeners 10
undergo change, and to establish that the alter-
ations responsible for patterns B, B, C, and E
represented alternative, rather than successive,
transformation processes

Table 1 shows the overall effects of PCB de-
chlorinaton systems B, B, C. E, F, and G on the
levels of all 126 observable congeners Or 1somer
groups as order-of -magnitude changes. Table 2
gives more precise data on the levels of 9 dechlori-
nation products in representative subsurface sedi-
ment specimens showing GC patterns A BB o
C. with or without pattern E also present, The rel-
ative susceptibilities of about 50 individual con-
geners 10 dechlorination by system B are shown in
Table 3, while the changes in PCB homolog and
ortho-chlorine numbers effected by systems F and
G are shown in Table 4.

Simple material balances showed that the envi-
ronmental dechlorination processes responsible for
GC patterns B, B, and C (3], and glso pattern W
[16], proceeded by loss of only those chlorines
located in positions meta or para to the other ring
{m, p-dechlorination), whereas thase responsible
for GC patterns Fand G involved losses of ortho
chionines as well (Table 4). However, there was no
difference between F and G in the extent of ortho

loss, despite a significant difference in total de-
chlorination. Thus, we cannot exclude the possi-
bility that some part of alteration process G can be
attributed to an m, p-dechlorination activity, while
the remainder of G, along with F, results from an
o, m,p-dechlorination.

The chemical changes effected by the individ-
ual m,p- and o,m,p-dechlorination systems will be
described in turn.

Towards upper Hudson system B, the most
reactive of the major Congeners present were those
of groups 3:1, 4:1, and 5:1 (e.§., the species 34-2,
23-4, 24%-4, 25-34, 24-34, 23-34, 2344, 24534,
and 234.34 CB) (Table 3). Many of the 3:2, 4:2,
$:2, and 6:2 congeners (¢.g., 25-2, 23-2, 23.25, 23-
24, 234.25, 234-24, 234-23, 245-25, U45-14, 245-23,
245.245 234245, and 2348.2% CB) were also fairly
reactive, Lower activities were associated with cer-
1ain 4:2, 4:3, 5:3, and 6:3 group congeners, nota-
bly the RRT 47 group (25-25, 24-25, and 24-24
CB) and congeners carrying 2,6-, 2,3,5-. or 2,36
substituted rings. The dechlorination apparently
converted, presumably stepwise, most of the mono-
artho-substituted congeners (e.g.. the 3:1, 41, and
$:1 species) to 1:1 and 2:1's (2-, 2-3, and 2-4 chlo-
robiphenyls); most of the di-ortho congeners w22
and 1:2 species (2-2, 26-, 24-2, 263, and 264 CB);
some of the tri-ortho’s (o 3:3 and 4:3's (26-2 and
26-25), and some of the tetra-orthe’s (present at
only trace levels) to a trace of 26-26 CB. (Other
unusual congeners formed only at trace levels
included the species 35-2, 35-3, and 354 CB)
Thus, the net result was the formation of 2.2, 2-
3, 2-4, 262, 26-3, 26-%, 2628, and perhaps 2-.CB
as rerminal dechlorination products that appeared
in nearly the same relative proportions in all pat-
tern B specimens. As proportions of all PCBs
present, the levels of these terminal dechlorination
products were all 3 to 8 times higher than in the
original 1242 {Table 2). Conversely, those of the
isomeric trichlorobiphenyls listed as subject 10
dechlorination (Tables 1 and 3) were all depressed
hy factors of 2 to 10,

For systems B' and C, the differences were
quantitative rather than qualitative, except for the
unambiguous formation of 2.chlorobiphenyl as a
major product. Above DB-1 peak 39, the ¢hro-
matograms were quite similar 10 that of pattern B,
although system B’ may have shown & little more
activity than B or C towards congeners 236-34 and
2346-34 CB. Below this range, both B’ and C
showed significantly more reduction of the 25-25,
35.24, 24.2, and 2.3 CBs than did B. In addition,
system C was sufficiently active towards 26-4 and
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Table 1. Changes in PCB congener distributions effected by upper Mudson Rjver
and Silver Lake dechlorination systems
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Change 1n congener level®

Packed DB-! Congeners Mudson River Silver Lake
¢olumn peak Total:orthe in —_—
{RRT) No.® Cl No peak* B B C E F G
l 0:0 Biphenyl = - .
” 2 II 2- ol el - 4 E G e 2
4 3 1.0 k| + + z e
14 4 ):0 4 - .- b+ ¢
16 5 2:2 22, 26 chee eeee deey A
& 2:1 25-, 34- .- Tz - PUpa
7 21 2.3 v o ee T
2 § 211 2-1!,23- - oo T+ -+
24 10 3.3 fé-Z + -k +ov e -~ -+
12 2:0 32 * - sy
13 2:0 14, 4. e -~ tt
23 14 3:2 25-2 --- - - - -
28 14 20 3-4 R - e
28 1$ 3.2 24-2 zzz¢ - e P
30 16 32 26-3, 136- .- s b P
32 17 12 23-2. 264 o -~ --=" 4
19 3] 35'2 .+ - 4+ + 4+
19 44 26-26 e - + +
0 n 245. - - _
35 21 38| 25.3 R trt o+ - - .-
15 22 3.1 283 .. sxr - P P
ky 23 11 154 - - - - -+
3 24 i 244 B - Lo
4 43 248.2 - - . -~
44 5 I J4-2. 233, 24, - - - - -
40 28 43 75°3¢ . r= .- - \
) pL3 L] 234 .- - - e
A0 26 4 24.26 - - - .- |
7 4:3 236-2 - P -- - + o+ I
28 10 353 * * - -
29 43 23.26 - - - - +r
30 3:0 384 + - 2
4? 3 L3 25-25, 35.26 IR - - h +e >
7 12 4:2 3438 LEEY - - - PR -
4° 3 4:2 24.24 . re= -—- kb e
34 42 2451 246.4 - - b
54 37 4:2 23.25 aiaie o e '
54 g 30 34-4 -~ - - - -
54 18 4:2 23-24, 236.3¢ b 4 -+ tre .- )
58 39 42 26'34, 236-4 2342 - - - - - - -+ * +
T3
4 44 24.34 -+
4i 5.4 236-26 - - - +
42 4:2 33:23 - - - +
42 3 246-25 - - + -
43 4.1 23583 - - - - e
44 £3 246-24 : t * +
44 LN 2443 t - - -
45 4:) 2334, 3335 +r - + - -
e 44 4| 7453 .- .- -——— -- +
a4 ¢3 138.26 * t t +
0 40 a1 25.34, 3452 ae - I .
0 48 41 74334 § S _ e .
70 48 33 236-28, 245.26 = *= - txx - -

continued
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Table |. continued

Change in congener |evel®

Packed DE-| Cangeners Hudson River Silver Lake
column peak Totaliortho in B e e —
IRRT)* No®  Cl No. peak® B B C E F G
244 95 6:1 2345.14 - - - - -

95 73 2346.214 - ——— -

96 8:4 2356-2356 ;] + +" -

9 84 2346-2346, 23456-246 - T - * -

00 72 J3a5.23%, 23456-35 - + P - - -
280 102 72 2314%.24% - el AT e -

103 1.2 2)56-145 - - -

104 2 2346-345 - -

105 3:4 23456-236 - -
332 106 712 2345.214 _m -, _——— o
33 107 2 214%6-34 . + - - -
172 110 28] 2345-23%6 * t t * --- -—-
17 110 83 334%.2348, 23446-2a¢ - t x " I -

1 71 2345.345 - - -
448 P12 8.3 23456-234 - - B - -

13 94 23456.21%6 = - - - - - -
528 115 82 134£.2345 z T - .- - -

1 9:3 23456-2345 * -- - -

‘Retention time (relatice DDE = 100} of corresponding ww-resainion PCB peak ¢avelope seen on isothermal SE-X
packed coiumns (1)

*Numbered according to sequence of 118 Aroclor PCB peaks seen by DB-1 GC-ECD; where further resolution of
same peak was made by GC-MS. 1wo sets of toraliontho chiorine numbers are given,

“For abbreviations used, see tevt Where isomears are helieved orayeni i quite different proportions, the major 1somer
15 underlined.

‘Absalure change in conpener level, as weight o o7 all PCBs prasent, indicated by number of ~'s or -, thus,
v, [D100%: = b b <1080 4+, 0.1-4%; + <0 | T forincreases, - ——=~, -~ —— etc, for decressss. Where
obser.ed 1evel within factar of 1 & of onginal, absolute level present simiarly indicated by number of ='s. For
Hudion River systems, changes are indicated refate (0 pattern A eightly modified Acoclor 1242); for Sitver Lake
systems, relative to Aroclor 1260,

S.zeahle increase i monochlorobiphenylis) seen. but nacked ¢alumn GCs did not permit reliabie differentiation
Sharper decreases observed in some patiern C sediments, may indicate need 1o subdivide group into Cand C

in successively deeper core sections, peak sppeared 10 first increase, then decrease.

" Asrobuc biodegradation indicated this peak tc ke nearly half 232 n Arcoclor 1242 but largely 264 in Hudson River
subsurface sediments Change for 26-4 alone, =+« :n Bacd presumably 8. === in C
Group 4:3 considerably targsr thae :n pattern F. 5ur packsd columa GCs did not permit resolunon of individizal
zongener peaks
Tr'g 4 2 pair weaker than in pattern F, but not resolved by packed-columpn GG,

This congener believed to be mirar component af peak 385 Araciar 1242, bet more promicent in dechlorinated
ipecimens.

Weak peak seen on leading edge of peak 54,
“Amaount of decrease ma-ginal by crilerion used.
“Absclute increase margical by criterion used, bul increate relatinve 10 neighboring 8:3's appeared unequivocal.

2-4 (o prevent the accumulations of these con-
geners that were seen in B and B'. As a result,
higher proportions of the PCBs were dechlorinaied
all the way down to the 1:1, 2:2, 3:3, or 4:4 stages
{Tabte 2y In the 27 subsurface samples showing
high total PCB levels and transformation patterns
B' or , the levels of 2-chlorobiphenyl (which
constituted 0.72% of the original Aroclor 1242)
ranged between 28 and 52", indicating 2 39 to
72-fold 1ncrease,

4

The presence of system E along with B or C
made little difference 1o the levels of the mono-,
di-, and trichlorobiphenyis {Tables 1,2). The ef-
fects on the tetrachlorobiphenyls were modest:
enhanced clearance of 236-2, 236-3, 235-3, and
235-4 CB, all of which may be formed in small
amounts during the operation of B, B', or C, and
of any residual 4: species. Instead, svstem E was
distinguished by markedly increased clearance of
most higher congeners. In the example shown in

(n]
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Table .l’ Content of major dechlorination products (as weight percent of total PCB)
in Hudson River sediment secrions showing patterns A, B. B, C. and £

Peak distriburion pattern®

Peak Congeners

No. in peak 1242 A B B+E B C C+E
2 2 0.7 s1° 116 15.6 39.3 126 338
5 3.2, 26. 2.6 8.1 187 1%.0 224 360 ®0
7 3 1.3 28 8.9 $.7 03 0.6 )8
8 4.0 5.2 92 LI 170 12,8 34 4.1
0 762 0.9 21 29 4.1 31 1.9 5.2
5 24.2 4.4 6.2 4.0 6.1 1.8 1.0 20
6 26-3 c8 22 18 4.3 kI 314 38
7 26-4, 23.2 30 41 i) 03 2.8 1.4 IR
] 281 1.2 24 3.0 10 1.0 0.9 Q.7

The specific specimens showing the indicated distnbutions were far “1242.” Aroclor 1242 standard; A. 1977 core
18-6 (river mile 188.6, E side), 2.5-%.cm section; B, core 188, 22.3-35cm section; B + E, core 18:6, 40-42. %.cm
secuon; B, 1984 core T1-2 (near 18-6 ¢itey. $7.5-60-cm section; C, 1984 core RI (river mile 190.0, W side),
25-27.%:m section; C + E, 1984 core {3 2 (river mile 1933, W side), 7.3-1(0-cm section.

Observed levels of this congener in upper Hudson surface grab samples exhibiting pattern A were usually $-12%
but occasionally extended over the range 1-25%; 1s measirement was also more sensitive to analytical ercor than
ihose of orher congeners.

Masr sediment sections showing pattern C corrained 2- X times as much of this congener

Table 3. Numbers of half-losses shown by various PCB congeners in an upper Hudson deposit
showing a well-developed pattern B!

abst, on
resumably Substitution pattérn on présumably more reactive rng
158 reactive - e — B
"8 4 2 234 245 1348 23486 236 28, 24 PO
4 N -2~ h] S > -1 1.4 > i
: § -2 >4 0.7 >1F 0" 0°
4. 28 5 3 2 1S 2 ! 08¢ 0.1°
4 4 2.8 1.4 | &2 0 (.5
<as 38 2 14° I a7 <0.8¢
PRLH >1s 1 07 0
6 t 1
13% ) 0.3* <8 < 59 -0.8

‘Number of half-losses equal 1o ~log, (fracthion of onginal congener level still remaining). Sediment specimen from
river mile 188.6 E side, 1977 Core }8-6, 32.5-38-<m section: same as shown in Figures | and 2. Local stratigraphy
characterized by 'Cs (8): estimated age 1§ = 8 yr.

Net clearance may be reduced by simultaneous regeneration via dechlorination of higher congeners.

Estimate of clearance complicated by interfering peaks.

'Both rings may be comparably reactive, part of indwcated clearance may be attributable to other ring.

Figure 2c and Table 1, there was =90% removal
of 245-245, 2345-245, and 2345-234 CB, and sub-
stantial attack on el other congeners carrying a
chiorine in the 4-position of either ring. Concomi-
tantly, several new and characteristic dechlorina-
tion products appeared: 23%6.25 and 2356-235 CB
most prominently, along with lesser amounts of
236-35, 236-236, 236-235, 235-235, 2356-24, and
possibly 2356-2356,

The ¢compositional change presented by patiern
F was sharply different from any of the above. A
typical sediment section (Table 3, Fig. 3) showed
90 to 98% removal of all hexs-, hepta-, and
octachlorobiphenyls originally present with almost
no discrimination between isomers, and slower
removal of the pentachlorobiphenyls, particularly
thase of type 238-XY. There were also 80% and
%0% net removals of tri-orthe and tetra-ortho-

(=1 BN G == TR PR
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Table 4. Distributions® of PCB isomer groups in
Silvgr Lake sediment specimens exhibiting peak
distribution panerns predominantly F or G

Mole percent® in specimen®

of type:
lsomer
group 1260 Fi+G) G(+Fi
Monochlorobiphenyl 0 01 17¢
Dichlorobiphenyl ) 0.1 17
Trichlorobiphenyl 0 a2 26°
Tetcachlorobiphenyl Q.6 50 ]
Pemachtorobiphenyt 16 12 6
Hexacnhiorobiphenyl §3 § 14
Heptachlorobipheny! 25 Q.5 06
Octacklorpbipheny] s 0.1 0.1
artho-Cl per bipheny! 2.8 1.8 1.&
m, p-Cl per biphenvi kN a1 12
Total Cl per biphenyl 6.1 3.9 1.0

*Approximate distribuiion in ¢ach case estimated from
relative sizes of parent 1on peaks in packed coiumn
GCrMS

tSpecimen F(+ ), Silver Lake 1982 core C1. 48-64-cm
section: specimen G(+F) 1982 core 2, 8O-96.cm sei-
vion, for location map, see Ref 9
‘Esumated from a single GC-MS of another specimen
shewing mono- and dichlorobiphenyls at equal levels.

Infade cp of 4 congenars of (ype 3:2 from admied
patiern G; 8% of type 31, mainly 25-3 and 24.3.
*Made ap of 9% type 3.1, stuil mainly 25-3 and 14-3;
117 ype 3.7, % 1ype 3:3
"About twa-thirds of ortho chlorine loss from tri- and
(etra-onko congeners: these types depleted 907 and
BC%e respectively: remaimng third from di-orthe ¢on-
aeners, mainly responsible for 304, 2-1, and [} for.
mation

substitured congeners, respectively. The products
were mainly of tvpes 3:1 and 4:2, made up pre-
dominantly of PCB congeners containing ail the
possible combinations among 3-, 2,3-, 2,4- and
1,5-chlorophenyl groups. The product mixture also
contained 1wo unusual series of congeners: first,
the J-chlorophenyl derivatives, such as the majer
products 25-3 and 24.3 CB already noted and the
munor products 35-3, 235.3, 245.3, and probably
also 23-3, 236-3, and 2356-3, and second, the
2.4.6-chlorophenyls: PCB congeners 2462, 246-25,
246-24, 236.246, 245-246, 146-345, 2356-246, and
possibly 234-246, most of which are barely detect-
able .n the commercial Aroclors; all gave small but
distinet peaks. Conversely, there were only minor
amounts of the 26-X and 26-XY CB species that
are prominent among the B, B’, or € dechlorina-
tion products of Aroclor 1242, Evidently, sysiem
F has the ability to attack all penta-, tetra., and
trichlorinated rings except for those subsiituted

2.4.6 or possibly 2,3.6; but no mono- or dichlori-
nated rings except those substituted 3,4. Thus,
the rermunal dechlorination products contained
Tings subsututed 3, 2.3, 2,4, 2.5, 3.5, 2,4.6, and
2,3.6, but with few substituted 2,6 or 4, and none
substituted 2.

The system G specimen for which packed-
column GC-ECD and GC-MS data was available
(Table 3) showed the same extensive, indiscrim-
ingn: removal of hexa-, hepta-, and octachloro-
biphenyls as svstem F; considerably more removal
of pentachlerobiphenyls, notably the 236-25 and
other 236-XY congeners that were somewhat per-
sistent 1n F{ less accumulation of 4:2 congeners,
particilarly those of the 23-2X type; and Jess accu-
mulation of the 3:} group. Ipstead, there was
greater formation of 4:3 species (not resolved in
the packed column GCs, but presumably 25-26,
24.26. and 236-2, as in the F(+Q) composite
shown as Fig. 3), along with those of types 3:2,
33,21, 2.2, and 1:1. Still prominent were 3-
chicrophenyl derivatives: 2-3, 26-3, and posably
23.3 CB uin addition to the remaining 25-3 and 24-
3y, however, 2-chlorophenyls (as in 2-2, 2.3, 24.2,
and probably 2.CB) were squally apparent. Thus,
“system 3" may represent a combination of an
o, p-dechlornatng system like F with some kind
of an m,p-dechlorination system; however, the lat-
ter differs comewhar from those of the upper Hud-
som in 1te congener salectivity pattern.

DISCUSSION

Structure —reactivity relationships
for PCB dechiorination

Table § summarizes the foregoing observa-
tions as to the relative reactivities of the various
PCB-forming chlorophenyl groups toward dechlo-
rinauon systems B, B’, C, €, and F. These chlo-
ropheny! groups are listed in order of decreasing
electron affinity. as indicated by a reduction inter-
rupt potential (E;d) measured at an amalgamated
platinum electrode {17,18)

Table £ shows that for system F there is a sim-
ple correlation between reduction potential and
reactivity: where the E;d is less negative than
about —1.94 V dechlorination occurs; otherwise it
does not. Conversely, for system B, B', and C
there is no such simple relationship: even the group
with the most negative potential (3-chlorophenyl;
E.d + ~2.108) is dechlorinated by two of these
three systems (B’ and C). but several chloropheny!
groups with considerably greater electron affinities
are not attagked by any of them. It would appear
that the chlorine atoms that are inaccessible 1o sys-
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Table §. Comparison between reduction potentials
reported {22] for single-ring chlorinated biphenyls
and estimated celative reactivities of PCB rings
wowards dechlorination

Est. rel. reactivity®

tO system:
Chiorination E.d
pattern (V) F E B.BC
23446 -1566 4 - -
2348 -1 679 e +o .
48 ~1.696 -4 + -4 + ¥
235 —1.783 .. £ -
2346 —1.784 PR 4+~ +*
2356 -1.787 RN _ -
245 -1.837 e e ‘e
234 -1.8%2 -+ —h -
34 ~1.87) N . eie
3¢ ~1.897 * * -
6 -1.937 - S =
28 ~1 942 . - b3
1 -1.95%6 - + + .
246 - 1.966 - N ¢
24 ~3.982 - -~ =
4 ~2.0%6 ~ - Tt
2 ~2.087 - - -
6 -2.107 - - -
3 -2.108 - - Tt

*Reducuon interrupt potentials, as measured in dimethyl-
sutioxide solutien at an Hg- Pt elecirode, versus a -
cated calomel electrode f17).

TRey, v =+, 4 b inereasing reacuvity; -, no ob
served reactivity; +. reactivily uncerisin or observed
only in species favorably substituted on opposite ning,

“Leveis nf appropriate congeners 100 low to permit re.
ativity estimate.

tems B. B, and C are those in positions ortho 10
the other ring (e.g., 2 or 6), or meta to a chlorine
that is itself meta to the other ring {as in the 3,5,
2,35-, 0r 2,3,5,6-CPs). The latter restriction may
be rejaxed slightly in system E, where at east the
2352 and 235-4 CBs are attacked. The most reac-
tive chiorophenyls towards systems B, B’, and C
would appear to be 2,3- and 1,4-CP (Table 3).
Their reactivities are moderately reduced by fur-
ther chionnation on either the reacting ring (shown
by the horizontal progressions on Table 3) or on
the opposite ring {shown by the corresponding ve?-
tical progressions). These inhibitions are also less
marked in system E, resulting in enhanced removal
of penta-, hexa-, and heptachlorobiphenyls con-
taining 2,34, 2,3,6-, 2.4,5-, 2,3.4,5-, 2,1,4.6-, and
2.3,4,5,6-substituted rings. Nevertheless, the per-
sistence of tri- and tetra-ontho-chiorinated con-
geners (containing mainfy 2,3,5., 2,3,6-, and
2,3,5,6-substituted rings) in the pattern E product

(i}

mixtures shows that E is stll an /m,p- rather than
an o,m,p-dechlorinating system,

The patterns of steric effects exhibited by the
m,p-dechlorinating systems B, B’, C, and E would
appear to define the spatial configuration of the
dechlorinating agents involved as presenting a
roughly conical cavity with a reducing (or hydro-
genating) site located near the apex (Fig. 4). For
para {4-) chlorine removal, a PCB molecule would
be able to fit into such & cavity lengthwise, with
only minimal steric hindrance by other pendant
chlorine atoms, mainly those in ottho positicns.
For meta (3-) chlorine removal, however, the PCB
molecule would have (o come into the cavity at an
angle. which would result in severe steric hindrance
if there were other chlorines present at positions §
or 6 (1.4., on the opposite side of the reacting ring),
and particularly if there were also more than one
chlorine on the opposite ring. For ottho (2-) chio-
rine remaval, the PCB molecule would have (o be
rotated through a larger angle than permitied by
the cavity structure; hence, no o-dechlorination
0Ceurs.

Microbiological implications

As pointed out earlier {3], there are no known
environmemal chemical agants having the negative
reduction potentials or other chemical activities
needed to reductively dechlorinate simple arornatic
chlorine compounds, such as the PCBs, and no
stmpie chemical agents of any type that show the
steric selectivities just described for the environ-
mental m,p-dechlorination agents. Accordingly,
theseé agent¢ — and possibly the o,m,p-dechloninat-
ing ones as well—must be enzymes, presumably
associated with anaerobic environmental bactéria
analogous te those known to effect position-sen-
sitive dechiorinations of chiorobenzoates [19) and
chlorophenols [20]. It has recently been observed
that several synthetic PCB congeners not present
in Aroclor 1242 (e.g., 2,3,4,5,6-pentachlorobr-
phenyl) can be partially dechlorinated by a 32-
week anaerobic incubation with unsterilized, but
not with sterilized, upper Hudson sediments, indi-
cating microbial mediation (J.F. Quensen 1, S.A.
Boyd, and J.M. Tiedje, private communication,
1986),

Since the PCB nucleus is not destroyed by the
dechlorination process, it would appear that thes¢
anacrobes are using the PCB molecules simply as
electron acceptors rather than as carbon sources.
In order to assess the thermodynamic feasibility of
such a process, we performed standard thermo-
¢chemical calculations of the free-energy change
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Fiz. 4 Schematic of m, p-dechiorinating agent active site, showing position taken by PCB molecule during (a) -
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chlorire of {b) m-chlorine removal. Dotted ares show interference radii of other chloring substituents, f presen:

a¢ indicared positions.

Ay iated with the oxidation of glucose by vanous
lants. taking monochlorgbenzene and hexa-
Siaeobenzene (for which handbook data were
av .l med @2 models that should span the range oc-
cuped py b PCOBs. The results (Table 6) showed
that oxisteten by chiorinated aromatics would
indeed atfer ¢ grearer free-energy gradient than
har prosuied by the other envicoamental oxidants
Luliman'y avallable to anaerobes, namely CO,
o suales Thus, any ahaerobe having enzyme
aith the PCB-dechlonmase activity needad
Tare 1M potential energy should be at a
sreoenune advantage, Presumbably, the appear-
ance ot charasteristic sets of PCB dechlorination
prodhing nodozalized pacerns in the sediments of
the opper Hodson River, Silver Lake, Waukegan
Haibes, aid Treboygan Harbor results from the
v g svranein o7 anaerboic bacterial populations
. ©omaedhiorinase activitjes.
e implicgrions
cowawsy the oniy known route for the én
-rronméntal destruction of the more heavily chlo-
rinated PCBs had been photolysis by solar
sear-uhravioiet hght [21], This process effacts the
at hinrination of higher to lower PCB congeners,
~h.ok oare more stowly photolyzed, Modeling stud-
v ase shown that salar photolysis may reduce
the poo2le of the ugher PCBs tn large lakes or the
occane with naif-times of a year or iwo [21]. How-
ever, the major accumitations of PCBs that lie
binsd 10 aguate sedimems are obviousty inaceess-
ible o sunmlizhi. Thus, their dechlorination by
other agents presentin these envir: mental reser-
vinrs remig .2 what would otherwise be a major
rlockage (o POB degradation in nature.

[Rx]

Table 6. Standard free.energy change for ife
oxidation of glucose 1o €O, and H.0
using variays oxidants

Reduzed A0
Oinidam aroducy thcal mol)
G- H.O -876.10
.0 CoH. -410 14
C.H O C.H. - 36519
50; S, -1
(0 CH, - 95 A3

[ S———

Dechlorsnation, whether by sunlight oi et
ria, does not wsually accomplish the complere
destruction of a PCB molecule, instead. it <on-
verts the more heavily chiotinated PCB species 1o
lower congeners that are readily biodegradable by
aerobic bactena [2.14,15]. Thus, 3 two-step pra-
cess, consisting of dechlorination follaw:
oxidative biodegradation, mav he requii .
complete PCB destruction.

The partially dechlarinated PCB mixtures re-
maining after dechlorination by aquatic sedimenis
are already sharphy depleted in those congenes:
that are of concern as regards to either nersiyizre,
Pd48 cyrochrome induction, or toric: . n bgt e
animals. Available information in :

MOTe Persistent CONgeners in man «~

4.4 -substitution along with addit:on

10D on at least one ring, asin chios | wavls
245-4, 245-24, 24534, 245.245, 245.234, (14534,
2345-24%, 2345-234, etc. {12). Thyrotoxicity in
rats, along with P448 cytochrome induction, 15
shown by PCB congeners having 4,4’-substitution
accompanied by at least two chlorines in >~

]
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positions and no more than one ortho chlorine,
which should be adjacent to a meta chlorine {22].
The PCB congeners that are actually detectable in
the commercial Aroclors and also meer this crite-
non inglude 34-34, 2345.4, 234.34, and 2345-34
CB. From Tables | and 4 it is apparent that both
the persistent and the potentialiv toxic congener
groups are among those most readily removed bv
dechlorination systems B, B', C, E, F, and G
Extensive removal of congeners 14-34, 245.34, and
234.34 from Aroclor 1248 by the sedimenis of
Waukegan Harbor (“systermn W) is also indicated
by the available data {16). Thus, anaerobic dechlo-
r.nation, while not immediately reducing the total
imiats of chiarinated biphenyl in an environmen:al
epona. can #ffect jts detoxification.

oy

REFERENCES

- Durfee, R.1., G. Contos, F.C. Whitmore, J.D.

Barden and E.E. Hackman, 111, 1976, PCBs ir: the

United States: Industrial use and environmental dis-

buuor PB 252012, National Technica! Informa-
¢, Springfield, VA, p. 384

Furukawa. K. 1982, Micrabial degradarion of poly-

=rannaed biphenyls (PCBs). In A M. Chakrabany,

ed. Biodegradation and Detox{fication of Envircn.

meatal Poltutants CRC Press, Beca Ratos, FL, <7
1381

- Brown, J.F., Jr., R.E. Wagner, D.L. Bedard, M.J.

Brennan, J.C. Carnaban, R.J, May and T.J. Tot-
flemire. 1984 PCR transformacions in upper Hud
P sedimenis, Norrheast. Environ. Ser, 3167170
Bopp, RF.. H.J. Simpson, B.), Deck and *.
Kestvk. 1984, The persisience of PCB components
1 oitdimernts of the lower Hudson, Neriheasiers
Frercs DoV 180-184,

Brewn, J.F . 0r. U L. Bedard, M.L. Brennan. J.C.
Carnahan, H. feng and R.E. Wagner. 1987 P{B
fechianinanen in aquatic sediments. Srgrce (in
feresel.

Brown. M.P,, M.B. Wesner and R.J. Sloan. 136§
Pebrchionnated biphenyls in the Hudson River
Frvron Sci Technos 19.656-661 .

Hom, E.G., L.J. Heting and T.J. Tolflemire. 1579
The problem of PCBs in the Hudsan River system
Ann. NOY Aced Sci. 320:591-609

Toffiemire, T.J., L. Hetling and $.0. Quinn.
¢4"%. PCB in the upper Hudson River: Sediment dis-
lributions, water interactions and dredging. New
Yok State Department of Environmental Conserva-
non Technical Paper 55, pp. 1-68.

Stewsnt Laboratories. 1982, Housatonic River siudy
(930 and 1982 investigations final repert. Stewart
Labocatvries Inc., Knoxville, TN | pp. 6=1 10 6 11
Seb RGoand ALC. MeCall. 1973, Quantitatne

6

PCB standards for electron capture gas chromaltog-
rachy. /. Chromatog. Sci. 11:366-313

- Balischmiter, K. and M. Zell, 1980, Analysis of poly-

chlorinated biphenyls by glass capillary gas chroma-
tography: Composition of technical Aroctor and
Clophen-PCB mixtures. Fresenius 2. Anal. Chem.
J02:20-11.

. Safe, 8., L. Safe and M. Mullin. 1985, Polychlori-

nated biphenyls: Congener-specific analysis of a
commercial mixture and a human mulk extracr. /.
Agric. Food Chem. 33:24-29.

. Mullin, M.D., C.M. Pochinl, §. McCrindle. M.

Romkes, $.H. Safe and L.M. Safe. 1984, High reso-
lution PCR analysis: Syathesis and chromarographic
praperties of all 209 PCRB congeners. Environ, Sei.
Technol. 18:368-476.

i4. Bedard, D.L.. R.D, Unterman, L.H. Bopp. M.J.

Brennan, M.L, Haberl and €. Johnsan, 1986 Rapid
assay for screening and characterizing microargan-
isms far the ability to degrade polychloriraisd bi-
phenvls. dppl Environ. Microb. 81:76|-168.
Untermsn, R.D., D,L. Bedard, L.H. Bopp, M.J.
Brennan, C. Johnson and M.L. Haberl, 1985
Microbial degradation of polychlorinated hiphenyis.
Proceeding. Internat. Conf. on New Froniiers for
Hazardous Waste Management. EPA . 600 9-8¢. 024
U 3 Envirenmental Protection agency Cincinnati
OH. pp. 481488

- Stalling, DT, 1982 [somer specific compositior. of

FCB residues in fish and sediment from Waukegan
Harbor and other Great Lakes fish. Columbia
National Fisheries Research Laberarory, Columbia,
MO,

Farwell, 5.0, F.A. Beland. and R.D. Geer 1574
[rterrupien cween voltammern or the idenufication
2 polyzhlotinared biphenvls and raphinaienes
dral Chem 47 §95-003

Farwell, S.0.. F.A. Beland ard B .1 Ceer. <13
Reduenion pathways of organshaiogen cormpounds
Part Il Potychlsrinated bipheryis 1 Fleciroara!
Cherr Interfacial Electrochem. 61°315-324,
Suflita, .M., A. Horowliz, D.R. Shelton and J.M,
Tiedfe. 1982, Denalogenation A novel pathway for
ihe anaerobic biodegradation of Falo-arumatic com.
peunds Scrence 21811140117

Bayd. S.A., D.R. Shelton. ), Berry and JM.
TiedJe. 1983 Anaerobic bicdegradation of phenolic
~ompounds in digested sludge  App!. Environ,
Microbior 46:50-54,

Bunce. NJ., Y. Kumar and B.G. Brownlee, 1978
An assessment of the impact of soiar degradation of
nalychiorinated biphenyls in 1he aquatic envirer-
ment Chemosphere 7:155-164.

. Parkinson, A., S.H. Safe, L.W. Robertson, P.E,

Thomas, D.E. Rysn, L.M, Reik and W, Laevin.
[958 Immunochemical quanmation of cytochrome
P-450 isozymes and epoxide hydrolase in hiver micro-
somes from poivehlorinated or polybrominated
biphenyl-treated rats: A study of siructure-actvity
recanonships o Biol, Chem. 188:5967.4976



	RETURN TO 1990 ADMINISTRATIVE RECORD INDEX

	barcode: *55338*
	barcodetext: SDMS DocID 55338


