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APPENDIX A
SPECIFIC PAGE BY PAGE COMMENTS

Pg. E-l, par. 1: EPA cites an upper bound of GE discharges of 1.3
million pounds. To GE knowledge there is not any reliable
information to support the use of this number in this or any other
document. EPA should carefully review all data presented to it.

Pg. E-l, par. 2: The discussion of the Port Edward Dam implies
that the dam was a GE dam and the removal was done by GE. The
report should clarify that this was not the case.
Pg E-l, par. 3: The discussion of the commercial fishing ban on
the taking of striped bass fails to mention the conservation reason
for the ban as well as the fact the majority of the PCBs in the
striped bass do not originate from within the Hudson River.

Pg. E-5, par. 3: EPA's conclusion that the historical loading to
the Lower Hudson was dominated by those from the Upper Hudson is an
assumption proposed by others and accepted by EPA without critical
evaluation. As discussed in these comments, the data does not in
fact support such a conclusion.

Pg. E-5, par. 4: EPA states that the PCB deposition in the Lower
Hudson occurred around 1973, implying that this coincides with the
removal of the Fort Edward Dam. The actual data from the lower
river does not support this and, in fact, show that the maxima in
PCB concentration may have, in fact, occurred in 1971, two years
prior to the dam removal. The PCB maxima in the sediments is not
inconsistent with the national use patterns and data obtained from
other rivers. This and other significant information point
directly to other dischargers as being important.

Pg. E-10, par. 3: The EPA's assessment of the carcinogenic potency
of PCBs is based on out dated information. This information has
been supplied to EPA and must be considered as part of this
reassessment.

E-10, par. 3: EPA Region IX points to emerging evidence on
neurological or developmental effects of PCBs. GE is unaware of
any thorough evaluation of the published data on these topics being
done by EPA. It is premature for EPA to conclude such effects occur
due to PCB exposure.

Pg. E-13, par. 3: GE urges EPA not to move forward, at this time,
with the data collection proposed in the Phase 2A sampling plan. »
GE's comments on that document are included here by reference. GE, *°
also, would like to express the concern that EPA has not allowed
public comment on the Phase 2A sampling plan. o
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___ n I — introduction

Pg. i-i, par. 2: Many months ago EPA asked for comment on the
January 1991 review copy of the Phase 1 work plan for the
Reassessment Remedial Investigation and Feasibility Study (RRI/FS).
To data, EPA has not made available to GE a response to comments or
a final work plan. GE formally requests that EPA make all comments
received available to GE and that EPA issue a final work plan.
Pg. 1-2, par. 3: EPA states that tha reassessment is being
performed for tha river bottom sediments from Hudson Falls to tha
Federal Dam in Troy. In a number of places in tha Phase 1 Report,
EPA seams to ignore this definition and to expand tha scope.
Specifically, EPA baseline risk assessment includes the risks posed
by PCBs from tha sources above Rogers Island. Additionally, EPA is
including excavation technologies that may have application to
removing tha remnant deposits in tha initial screening of
technologies. EPA needs to stay within tha scops of tha defined
project. GE believes the EPA should allow GE to determine the
impacts of tha EPA mandated remedy of tha remnant deposits on the
rest of the river. GE believes monies expanded by EPA to study the
remnants area in a way that duplicates work GE is required to
perform will not be recoverable by EPA from GE.
Pg. 1-3, par. 1: Both GE plants did not begin using PCBs in 1946.
Tha source of information relied upon for making tha statements
about the history should be identified.
Pg. 1-3, par. 2: EPA statas that particularly large quantities of
PCB war* released downstream during spring floods of 1976 and 1983.
Records prepared by the NYDEC and reported in the main body of GE
comment* show that tha majority of sediment moved into the Thompson
Island Pool in 1973. Lesser amounts moved during tha spring of
1974 and lesser amounts during tha spring of 1976. Tha USGS
monitoring data indicates some increase above the prior year
occurred during tha spring of 1984 but nothing like the magnitude
of sediment movement that occurred right after the dam was removed.
It is also important to note that tha vast majority of sediment
were trapped behind the dams a short distance downstream of the dam
that was removed (limited movement).
fiAction A — Trmar ffui4*An 0iai*actAi*i va+iAn

Synopsis, par. 3: Tha statement made that PCB loads form tha
lower rivar sources are of the same magnitude as those form the
Upper Htodmon River is misleading. Tha most recent analysis
prepared by Thomann, at al. (1989) shows that the vast majority
(78%) of PCBs are coming from lower river sources. EPA statas (pg.
4-28) that Thomann's estimate of upper river loading may be over-
estimated by 9O%. This would indicate that Thomann's estimate that
78% of tha PCBs in tha lower river are from tha lower river is
probably much greater. EPA appears to have contradictory

2 HRP 002 0009



information in the report. The statement needs to be revised.

Pg. A. 1-3, par. 2: The presence of a cyclic trend is not obvious
in the precipitation data presented in figure A. 1.1. A more
interesting and relevant observation from this data is that the
period of the aid-1970's, experienced the highest sustained
precipitation in the entire record and at that period of time the
precipitation was not typical.
Pg. A.1-12: The reference to NYDOT in December of 1984 is not in
the references section of the report.
Pg. A.1-12 to A.1-1-28, Section A. 1.4 (Aquatic Resources of the
Lower Hudson): Salinity and dissolved oxygen (DJ) are veil
documented water quality parameters that influence the distribution
of aquatic biota. Salinity effects are acknowledged. DO is not
discussed. Additionally, the abundance of the fish populations
are presented as being principally dependent on abundance of food.
Although food availability is important, abiotic, factors
(temperature, salinity and DO) are also important. EPA should
review data on thermal and DO impacts on the distribution and
abundance of aquatic biota to present a balanced treatment of the
topic.

Pg. A.1-24, par. 2: 3 parts per thousand salinity is equal to 3
ppt, not 0.3 ppt.

Pg. A.2-2, par 2: The section on the physical and chemical
properties of PCBs needs to be greatly expanded. EPA needs to
compile on a homolog (and possibly on a congener basis) the
octonal-water portion coefficients and Henry's Law constants. In
the literature there is contradictory information on these types of
parameters. A critical analysis of this information for this
project, to help understand the processes affecting PCBs in the
Hudson, is necessary.

Pg. A.2.2, par. 2: EPA's estimation of PCB load to the lower river
from the upper river is greatly flawed. As discussed in Section
6.0 of GE'a comments, the rise c; PCBs levels in the sediments over
time follow a national trend in PCB use. Additionally, the
sediment record, as analyzed at Foundry Cove in the lower river,
shows a peak in PCB concentration that corresponds to the peak in
cesium level which is in 1971. This is 2 years before the dam at
Fort Edward was removed.

Additionally, 6E believes the core sample analyzed by Dr. Bopp from
mile point 188.5 is misinterpreted. The core from mile point
188.5, shows low levels of PCBs in the sediment at depth. In a
shallower sections of the core there is an abrupt increase in PCB f§
and cesium level. This has been interpreted by Dr. Bopp and Dr.
Simpson as showing a build up to a peak (corresponding to the 1973 <=>
dam release). This interpretation assumes that the sedimentation °
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rate in the core was constant with time. This is clearly not in
keeping with the facts. After the dam was removed, significant
volumes of sediment were transported into the Thompson Island Pool.
A more plausible interpretation of the core is that prior to 1973,
there were very low levels of PCBs moving past the dam that were
removed. This is shown by the low levels of PCBs found in the core
at depth. At this same depth, the cesium 137 level is detectable
indicating that the deposits occurred after 1954. The abrupt

PCB and cesiun 137 level occurred in the fall of 1973
(dam removal) and continued through the spring of 1976. The
important finding is that prior to the dam removal the transport of
particle^ bound PCB was probably very small. Therefore.
contribution to the lower river by the upper river prior to 1973

probably very small.
EPA's suggestion that the sediment cores confirm that peaks of PCB
contamination in the lower river occurred in 1973 is not confirmed
by the data. Additionally, prior to 1973 the data do not show that
significant PCBs were being transported down stream. The NYDEC
sediment data collected in 1977 also shows that the deposit wedge
of sediment released during the breaching of the dam in 1973
extended only 20 or so miles down stream of the breached dam. EPA
must review all data being relied upon and also must begin looking
for the other obvious sources of PCBs in the Hudson River system.

own estimate, from 1977 to 1989 approximately 15,000
of PCBs were transported from the Upper Hudson River to
Hudson River. Even if this estimate is greatly increased

it for the period of time between 1973 to 1977, the numbers
b not show that the Upper Hudson was the major source
by BPA and others. The discrepancy between this estimate

and the estimates of others that show greater amounts of PCBs in
the Lower Hudson River sediments is another significant indication
that tiie Upper Hudson River is not the major PCB source to the
lower river. It is also significant that by EPA's own admission,
the input from the upper river is known with more certainty than
the other inputs. The information presented indicates the other

and continue to be significant.
Pg. A.2-4, apr. 2: 0.2 Ibs/day equals approximately 0.1 kg/day,
not l.O kg/day.
Pg. A.2-5, Section A.2.6 (Atmospheric Deposition): The discussion
on atmospheric deposition of PCB in the Phase 1 Report does not
adequately characterise the total atmospheric flux of PCB to the
Lower mrfl"1" River. Atmospheric transport and deposition is a
complex process which is difficult to quantify. Therefore, extreme
caution, must be used when applying empirical data from remote
sources or limited data from local sources to estimate atmospheric
PCB loading. The Phase 1 Report fails to account for the elevated

mtrations of PCB near urban centers which has been
to be 5 to 10 times higher than in rural areas (Eisenreich
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et al., 1981; Doskey and Andren, 1981). It also relies on
estimates from Thomannn et al. (1989) which do not appear to
include PCB flux due to dry deposition. Recent data suggests that
PCS associated with coarse particles contribute significantly to
the total PCB dry deposition flux and that this flux is much
greater in urban areas than in nonurban areas (Holsen et al.,
1991).

There are no reports of direct measurement of atmospheric
deposition of PCB to the Lower Hudson River. Direct measurement
would provide the best means of determining the fraction of the
total downstream load represented by atmospheric deposition. In
the absence of direct measurements, models which incorporate the
most recent findings regarding the different forms of atmospheric
PCB flux should be utilized.

Considering the lack of direct measurements of Lower Hudson
River deposition and recent data underscoring the significance of
particulate PCB flux in urban areas, it is evident that EPA
estimates of PCB loading based on empirical models of atmospheric
PCB deposition are inadequate. Atmospheric flux to the Lower
Hudson River is not characterized well enough to estimate the
importance of this source.

Pg, A.2-6, par. 2: 1.0 ppb equals 1.0 ug/1, not 1.0 mg/1.

Pg. A.3.1, par. 2: EPA relies heavily on the work of the
researchers of Lamont-Doherty Geological Observatory and has
proposed funding for them to continue past research efforts for
this project (see EPA Phase 2A work plan). In theory the use of
radioisotope markers would be useful in establishing absolute dates
and then to correlate the dates with events and PCB levels.
However, as the published work by the Lamont-Doherty Observatory
shows, the vast number of cores do not yield information that is
readily interpretable. For those that do, great care in
interpreting the results needs to be exercised. As an example is
the core obtained from Foundry Cove in the Lower Hudson River.
This core shows two peaks in cesium 137 content. The first peak is
attributed to the maxima in atmospheric fallout that occurred
worldwide in 1963. The second peak is attributed to releases from
the nuclear reactor at Indian Point. While GE is still researching
the date the second peak occurred, we do have serious concerns with
the date of the first peak. While the peak in atmospheric
discharge may have occurred in 1963, the peak in river sediments
should actually lag behind this by a couple of years while the
particles deposited by atmospheric deposition, in the basin are
translocated downstream. This shift in the peak to years after as
1963 has been documented in Great Lake sediments (Oliver, et al., *
1989). Until this is understood the only absolute dates that can
reasonably be assigned to the cesium data would be the 1971 data o
(source is localized and basin lag would not apply) and the 1954 S
date in which cesium 137 first appeared, and of course the date



which the cor* was obtained.
EPA also needs to carefully review those interpretations presented
that make arbitrary assignments to time based on th* PCB l*v*l.
Th* 1977 KYSDEC survey indicates that th*r* is a deposition v*dg*
of PCB that extends approximately 20 Biles downstreaa of the dam.
This indicates there was not mass movement of PCBs to th* lov*r
river on sediment particles in 1973. However, it is assumed by the
Laaont-Doherty researches that this Bass aoveaent did occur and
they arbitrary assigned the peak in PCB in the core froB Foundry
Cove as occurring in 1973. The actual data fora the cesiua
information deaonstrates that the peak actually occurred in 1971.
Th* Laaont-Doherty work also has liaited application to
extrapolating any *stiaat*s of PCB valuas to any location oth*r
than th* cores *xaain*d. As is seen in the data supplied in
section 6.0 of GE's coaaents, the point aeasureaents vary by over
an order of aagnitude in a saall distance. This is not unusual for
a river systea for a contaminant like PCBs, particularly given the
following:

1. PCB preferentially bind to fine grained particle
2. The shear stresses vary on a small scale in the river due

to local variations in flow velocity
3. There are probably numerous local sources causing great

spatial variation.
Therefore, any attempt to take a measurement of sediment must
account for all these factors. While a particle of sediment
suspended in the water is related (possibly in a very complex way)
to the PCB level in the water column, particles are sorted to some
extent by size during the sedimentation process so an area of
extreaely low shear stress will accuaulate finer aaterial with
higher PCB content, while deppsitional areas subject to higher
stresses will preferentially deposit larger particles that probably
have lower amounts of PCBs. Therefore, attempts to back calculate
PCB levels in the water column based on sediment measurement are
potentially very inaccurate.
EPA must carefully evaluate the techniques that have been applied
by others and to objectively evaluate the interpretations that can
be mad*. Zn fact, EPA should convene a peer review group to
evaluate the data generated by Lamont-Doherty Geological
Observatory prior to collecting additional core samples.
Pg. A. 3-2: Par 2: On Figure A. 3-1, EPA presents an interpretation
without any apparent attempt to review the underlying data. A
person not familiar with what is going on could be mislead into
concluding that the figure presents raw data. As will be seen, the
assigned dates used as substitutes for the actual raw data
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Measurement of depth are subject to interpretation.

As an example, when the data were first published in 1985, the
graphic display shoved a significant PCB increase in 1963 and the
peak in 1974. The results are also presented in a 1989 report by
Bopp and Simpson (Contaminated Marine Sediments -- Assessment and
Remediation: National Academy of Sciences). In the 1989 report,
the same data are present on a different time scale. The first
increase in PCB level is shown occurring in 1960 and then the peak
in PCB concentration is shown in 1973. The fixing of this date
appears completely arbitrary and is based on the assumption that
the peak corresponds to the dam removal. This change in data
presentation and the lack of correspondence to other data calls in
serious questions the validity of assumptions derived from this
core. 6E is very concerned that EPA is not performing a detailed,
critical evaluation of this information. EPA has in its possession
the information showing these discrepancies. This is even
illustrated in the EPA Phase 1 Report. In Figure A. 3-1 data on one
time scale from the core taken at mile point 188.5 is given. In
Figure B.3-6, the same core is shown with a different time scale.
6E again requests that EPA not perform additional work along these
lines until a detailed critique and review is performed by the EPA.

1. Core from mile point 188.5 - The results of this core
were presented in a report dated June 30, 1985 submitted
by Bopp et al. to the NY8DEC (Report Number NYS-C00708).
The cesium data from Table IV of the report shows that
the bottom portion of the core contains detectable levels
of cesium in the bottom with low levels of PCB (less than
2 parts per million). There is than an abrupt increase
in cesium level and PCB. This abrupt rise in PCB is
attributed to the removal of the dam in 1973. The
deposition rate during this period was undoubtedly
significantly greater than prior to the upstream dam
being removed. The most plausible explanation of
circumstances from this core is that low levels of PCB
transport occurred in the 1960's. After the dam was
taken out, a significant amount of sediment was
transported into the Thompson Island Pool. This fits
with all available data.

2. Core from mile point 53.8: This location is from Foundry
Cove, and has been published in a number of articles.
This location is within the saltwedge and would be
greatly influenced by down stream sources. In an article cc
published by Bopp et al. (1982) Figure 6 clearly shows *
that the peak in PCB concentration is in approximately
1970 to 1971. This date was set by the 1971 peak in o
radionuclides related to a known release from a local £
nuclear power plant. The most obvious conclusion is the
peak in PCB content occurred before the dam in Fort o



Edward was removed.
3. Core from mile point 88.6: The data from this core is

only available to GE in report by Bopp and Simpson
(1989). The data presents PCB by year instead of by
depth. The cesium data is not presented. Due to the
problems noted vith other interpretations, the actual raw
data should be obtained and reviewed. GE requests EPA
•eke this date available to 6E.

4. Core from mile point 91.8: In this core the cesium 137
values in the lower part of the core are not reported
(54-40 centimeters). The PCB values are very low in this
section of core. An abrupt peak in cesium occurs at 24-
28 centimeters and than shows a fairly steady level until
the core was collected in 1977. The peak in cesium is
reported as being 1963. The PCB levels increase to a
peak of 28.8 parts per million. This peak is arbitrarily
selected as occurring in 1973 to coincide with the
removal of the dam. There is no independent data that
can be used to show that this approach (i.e. PCB peak
equals 1973) is valid in this part of the river. It is
net known if this area had ever been dredged, had
constant sedimentation rates (or nearly constant), etc.
This arbitrary use of assigning the PCB peak to 1973 also
does not fit what was believed to be a 3 year period
(until the 1976 flood) of significant sediment movement
within the Upper Hudson River.

5. Cored from mile points -1.65 and -1.7: The data from
these core is only presented in the paper by Bopp and
Simpson (1989) and the raw uninterpreted cesium data is
not present. EPA should obtain and review this data and
make it available to GE and others for review. The data
as presented in the EPA figure shows a significant peak
la 1970, well before the removal of the Fort Edward Dam.

the data, and the fact that out of the cores obtained (in
excess of 35), only a small number (4?) have any utility arises a
serious concern about the viability of the techniques and also any
reliance placed upon it by EPA. EPA should convene a peer review
group to evaluate the data generated by the Lamont-Doherty
Geological Observatory prior to collecting additional core samples.
Pg. A.3-2, par. 2: EPA states, with out any supporting
information, that the increase in PCB content of the sediments from
what they believe is 1954 to 1970 as being due to GE. GE requests
specific data relied upon to come to such a conclusion. The
increase la PCB in the sediment, as well as the apparent decrease
in chlorination level, as well as the nation peak usage patterns
shows that the other numerous, significant PCB sources that EPA
continues to refuse to investigate, are just as likely a cause.
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Pg. A.3-2, par 2: EPA states that dam removal is seen in all the
cores of the lower Hudson as a peak in PCB values corresponding to
1973. As discussed above, the peak in cores in the lower Hudson
occurred before 1973. The peak in PCB value has been assumed by
many to correlate to the removal of the dam at Fort Edward. There
is no independent data that shows this to be the cause in the lower
river. At best, the work by the Lamont-Doherty Geological.
Observatory gives evidence showing the peak actually occurred
before the dam was removed. This, combined with the data from the
upper river showing that prior to the dam removal in the Thompson
Island Pool the PCB concentrations in the sediments immediately
below the Fort Edward Dam were very low, shows that the theory that
the PCBs in the lower river are mainly from the upjter river is
unsupportable.
Pg. A. 3-2, par 2: EPA attributes the decline in PCBs since 1977 to
the reworking of the sediments released from behind the dam at Fort
Edward and also to the discontinued use by GE. While this may be
a theory that could be tested, the data presented does not prove
this to be the case. The data also shows nationwide declines that
have occurred due to the limitations on use placed upon PCBs.
Pg. A.3-2, par 3: GE agrees that the data indicates the presence
of PCB sources other than those from the upper river.
Pg. A. 3-2, par. 3: EPA concludes from the data presented in Figure
A.3-1, that not only did higher chlorinated congeners in the cores
come from the upper river but they also come from the GE plant and
also match discharge records. This is pure speculation and not
supported by the evidence. This conclusion is based on data from
two cores in a 200 mile stretch of a river that has been
industrialized for over 100 years. GE requests that EPA remove
this statement from the document.
Pg. A.3-6, par. 2: EPA appears td agree that one could estimate
the water column concentration of PCBs by simply looking at the
concentration of PCBs in the sediments. This technique employs
numerous assumptions, not the least of which is knowing the time
history of deposition. If EPA accepts this approach as valid, GE
believes a more through discussion and analysis is warranted.

Pg. A. 3-7, par. 2: EPA seemed to accept without question the
opinion that the reason the striped bass fishery is closed is due
to the presence of PCBs. EPA needs to perform a thorough analysis
of this issue and will find that fish conservation motives have
long been an important consideration in setting fishing &
restrictions. f*»
Pg. A. 3-8, par 1: It is indicated that the EPA has the results of o
PCB analysis of fish from the MYDEC in a data base. GE requests M
that this data be made available to ensure the data base supplied
to GE by the NYDEC is the same data base being employed by EPA. o



Pg. A.3-8, par. 1: The citation to the Nadea and Davia report of
1974 is interacting sines it concludaa that thara wara othar
sources of Aroclor 1016 upstream of Fort Edward and that GE vaa not
tha sole aoorca of PCB contamination. EPA ahould conaidar thia
information in tha araaa vhara 6E ia alona ainglad out by EPA aa
baing raaponaibla for tha PCBa in tha Upper (and Lower) Hudaon
Rivar.
Pg. A.3.8, par. 3: Tha concluaiona givan in thia paragraph ara not
attribotad to anyona. Whara did thia information come from and can
GB gat accaaa to it for our raviaw?
Pg. A.3-9, par. 2: GE is concarnad with tha asseasment that tha
PCBa ia tha atripad baaa caught in tha rivar during spring
migration baar littla raaanblanca to PCBa found in tha location tha
fish wara caught (i.a. sediment, watar, or food). EPA naada to
avaluata tha information praaantad by 6E in tha aain body of thaaa
coaaants that show tha iaportanca of PCB aourcaa outaida of tha
rivar whara thaaa migratory fiah obtain tha aajority of thara PCB
body burdan.
Pg. A.3-9, par. 3: Tha Sloan at al. (1988) raport aantiona that
not only waa tha dataction limit for Aroclor 1221 changad but alao
that for all tha aaaaurad Aroclora. Tha Phaaa 1 Raport ahould ba
modifiad to raflact thia.
Pg. A.3.9, par. 4: In tha naxt to tha laat aantanca of tha
paragraph tha data ahould rafar to 1987 inataad of 1988. It ia our
understanding tha raaulta wara reported in 1988.
Figure A.3.4: The decline in PCB in the atripad baaa ia vary
apparent in this figure. It alao ahowa that the increaaa in PCB in
the fish in the early 1980'a waa due to primarily Aroclor 1254.
This rise of PCB haa been reported in the early 1980'a in a number
of places and appear to be due to a aourca of PCBa with a
chlorination levels higher than thoaa preaent in tha sadimenta in
the upper river.
Pg. A. 3-10, par. 1: The fourth aentence atatas that the levels of
Aroclor 1016 were relatively constant between 1983 and 1987.
However, the April 1987 report from Sloan at al. reflecta that the
levels of Aroclor 1016 were alao declining. The report ahould be
modified to reflect thia fact.
Section B — Qppar Hudaon Charactari.tati.om

Pg. B.l-3 to B.l-4, Section B.I.2.1 (Water Quality): Tha EPA Phaae
1 Report discusses the results of the 1987-1988 Rotating Intenaive
Basin Studies (RIBS) Report (NYSDEC, 1990, Phaae 1 Report, pagaa
B.l-3 and B.I.4). Portions of the RIBS Report summarize the
results of surface water monitoring of the Hudson River. The Phaae
1 Report's discussion of the "parameters of concern" identified in
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the RIBS Report lists copper and iron as the only constituents
"detected at elevated concentrations with sufficient frequency to
be considered parameters of concern." (Page B.l-4). However, the
RIBS Report identifies cadmium, copper, iron, lead, phenol, total
col i form and fecal col i form as "parameters of concern1* at
concentrations exceeding criteria.

The identification of these additional "parameters of concern" in
the Hudson River indicates that PCBs are not the only compounds
impacting water quality in the Hudson River. Should a large scale
program focusing on the removal of PCBs from the Hudson River be
implemented, the presence of these non-PCB parameters in the Upper
Hudson River as residuals could represent a condition where the
overall water quality of the Upper Hudson River has not improved
significantly.
A summary and discussion of the RIBS document, including the

results of our review of the RIBS data, is presented below.

The RIBS program incorporates water column, bottom sediment,
macroinvertebrate and fish monitoring to produce an integrated
approach to the assessment of ambient water quality in Mew York
State. The 17 drainage basins in New York State were divided into
three basin groupings which were each intensively monitored for two
year. As such, during a six year period, all basins are monitored
and the cycle is repeated every seventh year. Water quality is
evaluated based on a comparison of detected contaminant
concentrations with assessment criteria for 20 parameters presented
in the document. These 20 parameters were selected because they
have standards and/or guidance values and have been consistently
detected above their analytical reporting levels during previous
studies. Due to analytical variability, different
sampling/analytical methods, and differences in criteria
specifications and analytical reports, water quality is evaluated
based on a relative degree of adherence to standards, rather than
a precise quantification. The following table presents the
assessment criteria used in the RIBS program (NYSDEC, 1990).
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RIBS CBT1

m ____
Water Temperature
PH
Dissolved Oxygen
Phenol
Dissolved Solids
neBKinis
Total Coliform
Fecal Colifom
Trichlorethylene
Chloroform
1,1, 1-Tricbloroet bane
Aluminum

Mercury
line
Iron
Manganeae
Bardneaa as CaCO,
Cadmium**
Copper**
Lead**
Nickel**

OUTER!*
> 25* C

< 6.5 or > B.S
< 5.0 mg/1
< 1.0 ug/1
> 500 •KJ/1
> 0.164 MO/1*
median > 2400/lOOml 20% > 5000/lOOml
Geometric Mean > 200/ 100ml
> 1.0 ug/1
> 1.0 ug/1
> 1.0 ug/1
> 100 ug/1
> 0.2 ug/1
> 30 ug/1
> 300 ug/1
>300 ue
10-40

> 1
> 1

> 5

> 40
This value represents worst case conditj
reported ammonia value which exceeded this
a computed criteria for the actual report!

/I
50-77 80-102 120 185

£ 1 > 1.3 > 1.3 > 1.5

> 7 > 11 > 13 > 20
25 £5 > 3.7 > 7.0
> 68 > 90 > 108 > 150
ons tor pH and temperature. Xny
screening criteria was compared to

»d pH and temperature on that date.

•• Assessment criteria based on standards that are hardness dependent.

OB
50

oo
10

oo
Mto

12



Under the RIBS program, a parameter which exceeds its assessment
criteria more than 15 percent of the time is considered a
"parameter of concern." The identification of "parameters of
concern" is used to focus attention on these parameters in other
media sampled to evaluate specific impacts. "Parameters of
concern" were identified in each of the five locations on the Upper
Hudson River including Corinth, Fort Edward, Schuylerville, and
Waterford. Results from each of these monitoring locations are
discussed below.
Hudson River at Waterford - The RIBS document identified cadmium,

copper, lead, phenol, total coliform, and fecal coliform as
"parameters of concern" in the water column at Waterford. The
Phase 1 Report does not discuss this location or the identified
contaminants in its discussion of water quality and the RIBS
document (Phase l Report, pages B.1.2-B.1.5). A review of the
analytical data generated during the RIBS program indicates that
aluminum and iron also qualify as "parameters of concern" as they
were detected above the assessment criteria 89 percent and 44
percent of the time, respectively. It should also be noted that
the assessment criteria for manganese at 300 ug/1 is well above the
federal MCL of 50 ug/1. Using 50 ug/1 as an assessment criteria
could include manganese as a "parameter of concern" for Waterford
due to its detection at or above 50 ug/1 38 per cent of the time
monitored.

Hudson River at Sohuylerville - The RIBS document identified
copper and iron as "parameters of concern" in the water column in
Schuylerville. This fact is accurately presented in the Phase 1
Report. However, a review of the analytical data generated during
the RIBS program indicates that phenols (22% excedance), total
coliform (79% excedance), aluminum (56%), cadmium (25%), and lead
(19%) would also qualify as "parameters of concern" at
Schuylerville.

Hudson River at Fort Idvard - The Phase 1 Report correctly
summarized the RIBS document which identified copper as a
"parameter of concern" at Fort Edward. However, the RIBS data
indicate that total coliform (100%), fecal coliform (100%),
aluminum (38%), cadmium (29%), and lead (29%) would also qualify as
"parameters of concern" at Fort Edward.
Hudson River at Corinth - The Phase 1 Report acknowledges that

copper was found in water column samples from the Hudson River at
Corinth. The RIBS document identifies copper and lead as
"parameters of concern". The RIBS data also indicate that aluminum
(22%) and cadmium (21%) qualify as "parameters of concern" at
Corinth. ac5s

>0Hudson River at North Creek - The Phase 1 Report acknowledges that
copper was found in water column samples from the Hudson River at o
North Creek. However, the RIBS document identifies cadmium, copper S
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and lead as "parameters of concern". Moreover, the RIBS data
indicate that aluminum (56%) qualified as a "parameter of concern"
at Berth Creek.

- The RIBS Program (NYSDEC, 1990) has provided data
that indicates the presence of cadmium, copper, lead, total
coliform, fecal coliform, aluminum, manganese, iron, and phenols at

Ions and frequencies which qualify them as "parameters of
Several of these parameters were also present in

water column samples collected from the Upper Hudson
River at Corinth and North Creek. It is recommended that the data
generated by the RIBS Program on the parameters, other than PCB,
which were detected at concentrations exceeding regulatory criteria
be reevaluated to determine their significance to Upper Hudson
River water quality and that this be factored into the RRI/FS.
Pg. B.l-5, Section B.I.2.2: The Phase 1 Report discusses the use
of Hudson River water as a raw source for public drinking water.
The report states (Phase 1 Report, page B.l-5):
The Hmdsorn River is used as a source for public water supplies
fmmmielpal and institutional drinking water) in sections of the
river classified as Class AA or A. Along the Upper Hudson, three
eommnmities draw directly Hudson River water.
Although this statement is accurate, it should be noted that: 1)

two of these three communities are located upstream of the regions
of the river considered as the site for EPA's Reassessment RI/FS,
and 2) raw water from the Hudson River is treated in municipal
water treatment plants before it is distributed to the public.
Monitoring data from Hudson River water treatment plants indicates
that the treatments are very efficient (up to 98 percent removal)
at removing PCB from raw Hudson River water. In addition, although
the raw water is treated, the average raw water PCB concentrations
have been below the federal MCL of 0.5 ppb and the NYSDOH action
level of 0.1 ppb since September 1983 (Metcalf and Eddy, 1990).
Both of these factors should be discussed and referenced in order
to provide a balanced perspective on the implications of the uses
of HwJtfif* River water as a drinking water source by these three

mkimg Water Use
and wiaebrook Hills - The three communities which draw

Hmteon River water for public water supply are the Town of
cd in Saratoga County, the Town of Queensbury in Warren

j. and the tfinebrook Hills Water District in Essex County.
Intakes for Queensbury and winebrook Hills are located upstream

of Glens Palls. According to the Phase 1 Report, the USGS
monitoring station of Glens Falls provided upstream background
levels of PCB in the Hudson River from 1977 - 1983. Of 45

for total PCB, only two had detectable levels of PCB.
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These observations occurred on December 5, 1978 and September 28,
1990 and were both reported at 0.1 ug/1. Referencing the fact that
these two communities' water intakes are upstream of Glens Falls
would clarify that users of water from these facilities do not have
the potential to ingest sediment-borne PCS which may haye
originated downstream of Glens Falls. However, it is significant
to note that the water treatment plants for Queensbury ana
Winebrook Hills, although upstream of PCB contamination, also
utilize coagulation/filtration treatments, which have been
demonstrated to effectively remove waterbome PCB (O'Brien 6 Gere,
1981) .

Waterford - The Waterford water treatment plant (Water ford WTP)
is the closest downstream public water source to Glens Falls. The
Waterford WTP utilizes a coagulation/filtration treatment process
which is typically used to treat surf ace water for drinking water
supplies. The coagulation/filtration treatment works via the
following steps (AWWA, 1971):
1. a coagulant is mixed with raw water;

2. the coagulant de-stabilizes the particulate material and also
forms a precipitate (floe) ;

3. the floe is mixed to increase the size of the floe particles;
4. the floe is settled and the resulting sludge is withdrawn; and

5. the supernatant is filtered to remove any floe that did not
settle.

Since PCB absorb strongly to solids such as sediments (log
values from 4.40 to 7.64 [USEPA, 1983]), effective removal of
particulates results in removal of a majority of the PCB. ' The
efficiency of coagulation/filtration treatment technologies in
removing PCB from Hudson River water was studied by O'Brien and
Gere in 1981 as part of a report prepared for NYSDEC entitled
"Hudson River Water Treat ability study" (O'Brien t Gere, 1981) . The
study included a series of bench scale jar tests to evaluate
optimum conditions for coagulation of Hudson River water.
Coagulant, additive, and pH were varied in the tests to evaluate
the removal of particulates and turbidity. Results of the bench
tests indicated that removal efficiencies 'could reach 99 percent by
regulating the process variables discussed above, but that 90
percent removals by the coagulation/ filtration method represent the
highest reduction consistently achievable in existing water
treatment plants due to the degree of control required to meet
changing raw water conditions.
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Ttoa onniiitiona that gava tha baat removal* of turbidity and
particulatea in tha study (alum coagulant at a doaa df 30 to 40
mg/1 at a pH of 6.9), similar to tha condition* found at tha
Waterford WTP, appaarad to ba providing aufficiant traatmant with
tha coagulant typa and doaagaa in uaa at tha tima of tha study.

to raanlte of tha 1981 banch acala study ara aupportad by
—litorlmo; rasults at tha Watarford WTP. Basad on raw vatar and
fiaishad water PCB monitoring at tha Watarford WTP batwaan 1975 and
1983, tba Watarford WTP avaragad an 86 parcant ramoval rata for PCB
(TJSXPA), 1M7). Thaaa data varify tha ability of tha
coagulation/filtration traatmant to afficiantly ramova PCB in

and •taadards - Zrraapactiva of tha ability of
traataant practicas to affactivaly ramova PCB,

litorimg of Hudson Rivar surfaca vatar has shown that it maata
tha BTSDOB established action laval for PCB of 0.1 ug/1. PCB

in tha Hudson Rivar hava baan ragularly monitored
sinoa ass aarly as 1975 by various programs undar tha USGS, tha
Watarford Watar Works, and NYSDOH. As givan in tha Phasa 1 Report,
tha hljhast PCB concantrations in tha watar column sinca 1985 vara
datactad at Port Edward, whara tha uppar 95th parcant confidanca
interval on tha adjusted maan is 0.06 ppb. Basad solaly on PCB
concantrations, this watar would ba an accaptabla drinking watar
•ourca, swan without traataant, according to tha NYSDOH astablishad
action laval of 0.1 ppb. NYSDOH has usad tha National Academy of
Scianoa valua of 0.16 ug/1 PCB to sat tha action laval of 0.1 up/1

The overall NYSDOH guideline for PCB drinking watar ia 1 ug/1
(NYSDBC, 1986). At or above a PCB concentration of 0.1 ug/1,
additional monitoring is triggered and steps ara taken to reduce
tha PCB concantration to balow 0.1 ug/1. Drinking watar with a PCB ..
concantration at or abova 1 ug/1 is considered by NYSDOH unfit for „'
human consumption.
There ara currantly no fadaral or state drinking watar standards

for PCB. Howavar, on July 30, 1992 a fadaral Maximum Contaminant
Laval (WCL) of 0.5 ug/1 will ba astablishad for PCB drinking watar
(40 OK 141.61). An MCL is dafinad as tha maximum permissible
laval off m contaminant in watar which is dalivarad to any uaar of
a public water system. Tharafora, datactad concantrations of PCB
in that Uppar Hudson Rivar hava baan balow tha astablishad
anforoaabla standards and criteria ainca 1983. It is, tharafora,
suggasted that rafaranca to this fact ba addad into saction
B.I.2.2, to provide a frama of rafaranca to tha statamant that tha
Hudson Blver is usad as a sourca of drinking water.

1 Raport states (Saction B.I.2.2, paga B.l-5):
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Hudson River water is also used for doaestic (watering lawns and
gardens) and agricultural purposes (irrigating erops).
The source or basis for the statement that there are domestic and

agricultural uses of the Hudson River was not provided. Personal
communications with County and State Health Departments and NYSDEC
indicated that there are few residences or agricultural lands
adjacent to the Hudson River which would rely on the Hudson River
for water supply. It should also be noted that Upper Hudson River
water has consistently been below regulatory limits for PCB since
19S3 (Metcalf and Eddy, 1990). Therefore, the use of Hudson River
water for residential gardens or agricultural irrigation would not
impact crop or garden food quality. This statement should be made
as a frame of reference for evaluating the implications of the
irrigation and agricultural uses of the Hudson River.
Although Upper Hudson River water is used as a drinking water

source, the water is treated at Municipal water treatment plants by
methodologies which have demonstrated efficiency in the removal of
PCB. Irrespective of the treatment, recent Upper Hudson River
water monitoring data for PCB indicates the levels of PCB have
consistently been below the federal MCL of 0.5 ug/1 and at or below
the NYSDOH action level of 0.1 ppb with an estimated mean PCB
concentration of 0.6 ug/1. Furthermore, this data indicates that
the use of Hudson River water for domestic uses other than drinking
does not pose a significant route for human exposure.
It is recommended that, when discussing the uses of the Hudson

River as a source of drinking water or irrigation, the Phase l
Report reference the following facts:
• Municipal water uses of the Hudson River include treatment by

coagulation/precipitation which is effective at removing PCB.
• Raw surface water from the Hudson River meets NYSDOH drinking

water guidelines of 0.1 ug/1 PCB.

Pg. B.l-7, par 1: EPA states that the barge canal has experienced
a decline in recreational use. This is factually incorrect. The
attached figure, derived from NY Department of Transportation
records (NY DOT, 1989), clearly show an increasing use of the barge
canal for recreation use.
Pg. B.2-1: The estimates of PCB discharges by GE as given by EPA
and others are very speculative. This is particularly true of
those that assume all PCBs in the Upper and Lower Hudson River came
from the 6E Plants in Fort Edward and Hudson Falls. Additionally, »
the use of only production records of PCB purchase records do not, *°
by themselves provide useful information on actual discharges. One
also has to consider the significant changes in production and o
waste generation processes that occurred over time. EPA should not "
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••ploy tha 1.3 Billion pound figura sinca it in not baaad on a
raliabl* astiaating tachniqua.
Pg. B.3-1, Saction B.3.1 (Ovarviaw of Sourcaa and Data Baaa): Tha
axplanation of tha alactronic data baaa davalopad by ZPA to aanaga
tha «xtsnsivs data availabla on tha Hudson Rivar Systaa is usaful.
A forthar explanation of EPA's raviav of tha data input to ansura
that, transcription arrors did not occur would also ba usaful.
Additionally, GE raquasts that EPA maKa availabla to GE and othars
a copy of data filas in alactronic format as wall as aaka availabla
capias of all tha original hard copy filas of tha data (i.a.

, laboratory data shaatsr ate.).
Pg. B.3-1, par. 2: EPA did not considar tha following publically
availabla data (as prasantad in Tabla B.3-1):
1. 1975 report by tha Division of Pure Waters (NY) on the PCB

content of sadiaant, water and affluent. This report contains
data on approxiaataly 15 sadiaant saaplas froa the Upper
Hudson River and 15 sadiaent saaplas froa tributaties.
Additionally, PCB aeasuraaents are reported for a nuabar of
potential PCB dischargers (Sprague Electric, Glens Falls
Landfill, Glens Falls Portland Ceaent, Saratoga Board Mill,
Calente Coapany, and tha Jard Coapany.)

2. The 1983 Gahagen ft Bryant Probing Raport. Although this report
doas not contain PCB analysis of sediments, it does provide
information on sadiaant textures and bed elevations.

3. A 1989 report by NYDOT by Long Lake Energy Corporation that
found that tha aaximum concantration at "Hot Spot" 34
(Borthnaberland Daa) to be 10 parts per Billion instead of tha
500 parts par million reported in 1977.

4. As part of the RCRA Closure and Corrective Action permit, Ciba
Geigy has generated a significant aaount of inforaation on
sediaent and fish contamination above Fort Edward.

Pg. B.3-5, par. 4: EPA reports they do not have detection limits
for the 1976-1978 sediaent saaples. GE has this data and would be
glad to share it with EPA if it is so desired.
Pg. B.3-C, par. 3: Tha stataaant concarning tha NYDEC dasignation
of 1OO.polygons containing PCBs graatar than 50 parts par Billion
of PCBs is not corract. Tha NYDEC dafinad 138 polygons in tha
Thompson Island Pool. Of this nuabar, only 14 had an avaraga PCB
concantration (as dafind by tha NYDEC) graatar than 50 parts par
aillion. Tha taxt should ba corractad.
Pg. B.3-9, par. 2: EPA's approach for calculating avaraga PCB
concantations in tha sadiaant froa tha 1984 data graatly
ovarsstiBatsd tha PCB lavals. In tha 1984 data, all saaplas wara
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screened by Bass spectrometer, a semi-quantitative technique used
to classify sediments into four ranges, less than 10 parts per
million (ppm) ,10-50 ppm, 50 - 100 ppm, and greater than 100 ppm.
Many of the samples that were "cold" (less than 10 ppm), were never
analyzed by the more precise gas chromatograhic techniques. DE£fs
screening technique precludes direct comparison of the two datia
sets. However, it is clear that not including these "cold1* samples
in the analysis of average concentrations will elevate the
calculated averages. The EPA ignored the results from over 400
grab samples and 600 cores. Even if the data points screened as
being less than 10 ppm are conservatively assigned a value of 5 ppm
(one half the detection limit) the calculated average will be cut
nearly in half (approximately 25 ppm).
Pg. B.3-12, par 1: As discussed earlier, the use of radionuclied
dating of sediments form the Upper Hudson River have not yielded
conclusive results. Furthermore, it is clear that EPA must perform
a through review of the data presented by the Lamont-Doherty
Geological Observatory researchers. The interpretation of the data
presented in Figure B.3.6 is far from unambiguous. WheA the raw
data is reviewed in context of other data it can clearly show that
prior to the dam being removed (early to late 1960's when cesium
137 was present) the amount of PCS in the sediment from above the
Fort Edward Dam was fairly small indicting PCB discharges where
being effectively contained behind the dam. After the dam was
removed, a large amount of sediment moved very quickly (non-uniform
sedimentation rate) into the Thompson Island Pool. The best marker
for the 1973 date is not the peak PCB level, but rather the point
of sharp increase from low to high PCB content. This conclusion is
much different from that offered by EPA, NYDEC, or Lamont-Doherty.
Pg. B.3-12, par. 2: 6E concurs with the presence of highly altered
PCB due to biological degradation in the Upper River. In fact, it
was not Bopp who first reported this, but rather. John Brown from
GE's Corporate Research and Development Center. Additionally, what
is probably more significant, is that the vast majority of
sediments in the Upper Hudson River have had significant amounts of
chlorine removed and this alone may account for the mass reduction
seen between the 1977 and 1984 sediment surveys. This will require
much further analysis to confirm. The extent of anaerobic
dechlorination is described in the main portion of GE comments.
Pg. B.3-14, par. 2: The interpretation of the data provided by GE
as presented in Table B.3-8 is incorrect. EPA admitted this
deficiency at a recent public meeting. A revised table needs to be
made available to GE and others. Additionally, EPA needs to revise
the text that derived erroneous conclusions from the misinterpreted
data in the table. 3v
Pg. B.3-15, par. 1: While a limited number of tests have been
performed on metals leachability, the presence of the metals in the o
sediments may make any proposed treatment and disposal more *°
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jlicatad. Additionally, vhila it ia thought tha metals may not
ba readily leachable, if tha raaaon for thia ia tha praaanca of
highly organic matrix undar raducing condition*, than if traataant
to daatroy PCBa alao changaa thaaa conditiona, thaaa metala may

ra raadily availabla. It ia alao intarating to nota that
tha •parametera of concern" dafinad in tha RIB*a program includaa

of tha matala aaan in alavatad lavala in tha aadimant.
Pg. B.3-17, par. 2: With raapact to diacrapanciaa in tha data baaa,
GB agreea that thia doaa praaant aoma limitationa to intarpratation
and us*. To battar undaratand why tha data baaa amployad by EPA
doaa not match that diacuaaad in tha litaratura, GE raquaata accaaa
to tha data baaa baing utilized by BPA.
Pg. B.3-19, par. 1: EPA atataa that aavaral major flood avanta
war* aaaociatad with tha maaa aroaion of tha ramnant dapoaita.
•hat information doaa EPA hava to ahov thara waa maaa aroaion and
that thia coincidad with flood avanta?
Pg. B.3-20, par. 4: In Tabla B.3-10, EPA praaanta aummary
atatiatica on tha auapandad aadimanta maaauramanta mada in tha
Upper Hudaon Rivar by tha U.S. Geological Survay. Thara ia a
difference batvaan tha numbar of maaauramanta of tha auapandad
aadimant concantration and tha numbar of aadimant load data pointa.
An axplanation aa to why thia ia would ba halpful.
Pg. B.3-20, par. 3: Why ia tha data praparad by tha U.S. Geological
Survey, a aiatar fadaral government agency, available to the NYDEC
yet not tha EPA?
Pg. B.3-21, par. 3: Tha detection limit of the U.S. Geological
Survey*a PCB analytical method ia reported aa changing from 0.1
milligrams per liter to 0.01 milligram* par liter in 1984. la thia
a result due to a change in the sample preparation, analytical
techniques or quantitation method or aoma combination of tha above?
Doaa EPA hava a written deacription of any of the analytical or
sampling methods employed by the U.S. Geological Survey? Have
these been evaluated to aee if they are "acceptable"?
Pg. B.3-21, par. 5: In Table B.3-11, the average PCB valuea for
tha water column monitoring atationa are calculated. Ia thia an
arithmetic average? In environmental samples, many parameters are
found to ba log-normally distributed, in which case the geometric
menu ia a better measure of central tendency. Did EPA determine
tha distribution of the PCB valuea to aee if they were normally
distributed? la tha reported standard deviation baaed on the
nondetecta reported at the detection limit or aa being one half tha
detection limit?
Pg. B.3-22, par. 1: The observation that the water column data
suggests that there may be little loss (or addition) of PCB during
transit in the Upper Hudson River ia important. If thia is
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generally the case, then the importance of the source of PCBs
between the Fort Edward monitoring station and the Glens Palls
monitoring station becomes the focus point of the investigation.
EPA should make every attempt to obtain the most recent monitoring
data from the U.S. Geological Survey as this is the only
information available on the water column monitoring since the EPA
mandated remnants remedy occurred. If EPA is not going to do this,
is EPA going to collect water column samples on a routine basis for
a period sufficient to monitor the variation over a complete cycle
of high to low flows (one year?)? The importance of this PCB
source is apparent in the data shown in Table B.3-12.
Pg. B.3-23, par. 1: EPA poses a question on whether there has been
any genuine trend in PCB loading to water over time, or whether the
apparent year to year trends are due to actual variability in the
hydrolog. All the data presented by EPA demonstrate that there has
been a significant reduction in PCB level and load in the river
over time. Why EPA would think this is not genuine is not known.
There is a downward trend over time in the PCB water column values.
Pg. B.3-23, par. 4: Are the reported means geometric means (i.e.
based on an assumption of a log-normal distribution)?
Pg. B.3-23, par. 4: In Table B.3-12, it appears as if the mean
values were calculated using data from 1986 to 1989. According to
EPA, one purpose of calculating the current year mean is as an
input parameter to the risk assessment. GE believes this method
greatly overestimates the PCB values that will be present over the
period of potential exposure (the next thirty years). A more
appropriate method is to note the obvious decline in PCB levels in
the water column and to project the values out over the next thirty
years, using something like an exponential decay function.

Pg. B.3-26, par. 4: EPA is attributing the higher PCB levels seen
in the summer to the presence of boat traffic and the increased use
of locks. EPA believes that this causes an increase in suspended
sediment load and therefore PCB level. Does EPA really believe
this to be the cause and has the suspended sediment measurements
from low flow periods been evaluated to see if this theory is
supported by data?

Pg. B.3-27, par. 1: The theory presented that little or no PCBs
are being release from the sediment anaerobic zone is based upon
the reconstruction of PCB homologs from packed column analysis.
While this is an interesting theory, it is also possible that PCBs,
if released from the anaerobic zone into the aerobic zone, may be
undergoing complete biological destruction since they will contain s
predominately mono and di PCBs. Additionally, GE believes the old »
data being relied upon for reaching such important conclusions
should be replaced with data from capillary column GC-ECD that is 0
collected using appropriate sample handling and preservation o
techniques.
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Pg. B.3-27, par. 3: GE raquast that EPA make available to it tha
referenced data that was givan to EPA fron tha NYDOH on PCB lavals
in tha watar column samples.
Pg. B.3-29, par. 1: It is claimed that tha spring flows during tha
1980 •• wara abnormally low. What data is tha basis for this
conclusion? Is this a qualitativa statement that should rathar
indicata that tha paak flows in tha 1980,s ara lowar than thosa
••an during tha 1970'a. By all indications tha paak flows in tha
1970•• wara abnormally high (saa Figura B.3-7). Doas this indicata
that tba flows in tha 1980's ara actually normal?
Pg. B.3-19, par. 4: 6E raquasts that EPA provida accass to tha
fish data basa baing employed (alactronic form). 6E baliavas it
has tha MUM information (suppliad by Ron Sloan of tha NYDEC) yat
6B is not abla to match soma of tha rasults prasantad by EPA.
Pg. B.3-33, par. 2: EPA raports tha maan laval of PCB from all
fish in tha Uppar Hudson Rivar from tha yaars 1986-1988. Did EPA
employ a maan assuming that tha population (as waightad by
population) is normally distributad? Is a gaomatric maan a battar
maasura of cantral tendency in this casa? Is it also raasonabla to
average all tha fish in tha data basa (1986-1988) which may includa
a larga numbar of fish species that will not ba prafarantially
consumad if caught or that may not ba raprasantativa of tha actual
distribution (as waightad by population) of tha fish spacias in tha
rivar?
Pg. B.3-33, par. 2: EPA'a usa of a constant PCB valua for fish in
a rick assassmant that assumas that axposura will occur ovar a
thirty yaar pariod is outragaous. All tha data prasantad by EPA
and an analysis of tha physical, chamical and biological procassas
taking placa in tha rivar claarly shows that a significant downward
trand in PCB concantration should ba amployad for such an

Pg. B.3-39, par. 3: It appears that EPA may hava misstatad tha
explanation for tha absence of lower chlorinated congeners in the
chironomid and tha absence of the higher chlorinated congeners in
the water. The statement on the last sentence of the paragraph
should read that the higher chlorinated congener were present in
concentrations below detection limits.
Pg. B.3-41, par. 3 and 4: Reference is made to air data generated
jointly by USEPA and NYDEC in 1987. Reference is also made to
other air monitoring events conducted by the NYDEC in 1987, yet
specific data is not supplied. Specific reference is not included
in th« references cited section to these investigations so 6E is
unable to review the cited information. GE requests that this data

available to GB and others.
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Pg. B.3-42, par. 2: EPA cites data from a state wide PCB air
monitoring program and compares it to the local data generated over
time in the Fort Edward area and concludes that the maximum
concentrations are higher in the Fort Edward area. Are the data
sets comparable in technique of collection? Did the state wide
samples focus on potential local sources or on general ambient air
quality? Were samples from Fort Edward biased to attempt to
maximize the PCB concentration levels detected?
Pg. B.3-42 to B.3-43: The Phase 1 Report discusses the potential
for volatilization of PCB to the air in the Lower Hudson River by
citing a study on PCB transport performed by Bopp (1983) . The
Phase 1 Report, EPA states (Phase 1 Report, page B.3-43):
For lev chlorinated homologues (di- aad triohlorobipheayls) ,
Bopp (1983) estimates that about 40 percent is lost, because of
gas exchange, as a given parcel or water travels from Troy to
Foughkeepsio. For the tetra- aad pentaohlorobiphenyls 10 to 20
percent is lost as a result of gas exchange.
Volatilization in the Hudson River is controlled by a number of

factors, many of which were not taken into account by Bopp (1983)
in verifying his model-driven estimate. Because of competing sinks
and sources, it is likely that volatilization of PCB from the
Hudson does not occur as stated in the Phase 1 Report. A
qualifying statement regarding the referenced estimate should be
provided in the Phase 1 Report for the following reasons:
. The values for the phy Biochemical constants utilized in the

formula for volatilization by Bopp (1983) were derived solely
on a theoretical basis and could not be verified by measurement
of those constants.

• Transport of water and suspended sediment in the Hudson River
was assumed by Bopp (1983) to take place according to "plug
flow" and did not consider interactions between the water
column and deposited sediments.

• Seasonal variations in temperature, wind and flow rates,
sediment type, PCB levels and sediment load, as well as
physical, chemical or biological degradative processes were not
considered in the generation of the estimate.

• The model was verified using water column data only, collected
at two locations at one point in time, and did not consider
verifying assumptions through measurement of PCB in deposited ™
sediments at the two locations. t>

• Bopp states in the paper that he does not intend for his §
proposed model to be used as a quantitative measure of mass to
flux.

oo
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Bopp adopted the gaa exchange model developed by Lisa and Slater
(1974) to describe PCB flux associated with the Hudson River. He
rearranged and simplified the equation and utilized predictive
equations to determine input variables in order to develop an
equation for a homolog-specific gaa axchanga constant computed aa
a function of Henry'a Law conatanta, film thickness, and diffusion
coefficients. The procedures used to generate these paranatera are
described below.
Henry's Lav conatanta were computed by grouping PCB congeners

according to degree of chlorination aa aatinatad by tha elution
order of major chromatogram peaka. The activity eoefficienta were
then estimated for each peak by neana of graphical interpolation
based on tha number of chlorine atone and tha estimated activity of
the Aroclor mixture. Vapor pressure waa calculated uaing a
theorised linear extrapolation of vapor pressure over the number of
chlorina molecules.
Diffusion coefficients were computed theoretically uaing a Nilke

Chang (1955) equation, modified for aqueous solutions by Hayduk and
Laudia (1974). A boundard layer thickness of 1.8 x ICT^cm for
water in the Hudson River waa assumed aa par Emerson (1975), while
a gaseous boundard layer thickness of 1 cm waa assumed baaed on an
evaporation model proposed by Sverdrup (Defant, 1961).
Utilising tha above deacribed theoretical aquationa and estimates

and tha Lisa and Slatar (1974) equation, Bopp generated a half-life
equation for honolog-apecific PCB volatilization taking in to
consideration: 1) an estimate of the mass of suspended matter, 2)
an estimate of the average depth of the river, 3) a sediment/water
diatribntion coefficient calculated by analyzing PCB in two samples
of filtered and unfiltared Hudson Rivar water, and , 4) tha gaa
exchange constant for each chromatogram peak aa calculated via the
previously estimated phyaicochemical constants.
The resultant valuaa generated by the equation were "verified"

over tha stretch of the Hudson from Poughkeepsie to Troy, New York.
First, an estimate of residence time was developed based on
calculated water transit timaa between Poughkeepaia and Troy.
Predicted values for each homolog at Poughkeepaia were then
generated for each homolog baaed on the concentrations at Troy and
the half-life equation. The predicted water column concentrations
at Poughkeepsie baaed on the equation for volatilization half-life
were then compared againat unfiltered water column samples
collected at Poughkeepsie. Reduction in PCB concentrations from
Troy to Poughkeepsie were assumed to be losses strictly due to
volatilisation after adjusting for particle settling.
Bopp reported that the model produced good agreement between

predicted losses of lower chlorinated PCB and the observed
difference between upatrean and downstream samples in lower
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chlorinated PCB. The model predicted lover losses among higher
chlorinated homologs due to the greater affinity of higher
congeners for suspended matter, thus making lower congeners .
available for volatilization. Sampling results indicated that the
magnitude of losses in PCB concentrations by homolog, as predicted
by the model, were inversely proportional to the degree ofe
chlorination.
The model described and utilized by Bopp (1983) to generate the

PCB volatilization estimated has a number of possible shortcomings
which could lead to inaccurate predications. They are primarily
related to a high reliance on theoretically derived input variables
(versus measure verified data), the reliance on only t'Wo points of
surface water data and the disregard of factors which influence
volatilization. These factors are described in the following text.
In verifying his model, Bopp treats the water between Troy and

Poughkeepsie as a "plug" of water which receives no dilution from
tributaries, runoff or recharge, and does not gain, lose or recycle
sediment. The model does not consider the existence of additional
sources of flow and sediment between sampling locations. If inputs
to the Hudson River of water and suspended matter between Troy and
Poughkeepsie contained PCB, estimates of volatilization of PCB from
the River would be biased low. Conversely, if water and suspended
matter contributed to the River between Troy and Poughkeepsie
contained lower concentrations of PCB, estimates of volatilization
from the River would be biased high.
One of the assumptions inherent in the model is that the residence

time of suspended matter equals hydraulic residence time. This is
not appropriate because suspended matter is continually deposited
and scoured to and from the river bottom. The residence time for
suspended matter in the water column is, therefore, much greater
than the time required for a given volume of water to pass from one
point to another. Although water sampled at Poughkeepsie may
represent the water column which flowed past Troy approximately 20
days earlier, the suspended matter included in the sample at
Poughkeepsie includes resuspended matter that existed in the water
column which flowed past Troy at a much earlier date. It could
have been scoured from an area which was deposited any weeks or
months prior or included runoff from the stream banks or storm
drains. Consequently, suspended matter included in water samples
analyzed from Poughkeepsie is likely to have undergone physical,
biological and chemical transformation for a period of time longer
than that used to approximate water transit time. It is,
therefore, inappropriate to assume that changes in the sediment *
load had not taken place and is, therefore, invalid to provide a nj
direct comparison between the two points and ascribe observed
differences to volatilization alone. Further investigation of the g
assumption would have included a number of water column samples to
from intermediate points. Also, if the relationship were valid,
then a comparison of upstream versus downstream sediments should g

w
25 w



also raflact a raduction in tha lowar honologa. This was
apparantly not considarad.
A total of two saaplas wara collactad for PCB analysis, ona aach

at Troy and Ponghkaapaia. In ordar to datarmina or confirm tranda
with raspact to PCB coneantrationa in tha Rirar, additional samplaa
ara naoassary. Additional samplas collactad at tha sama locations
as wall as at locations batwaan Troy and Poughkaapsia would provida
a largar sampla siza and could ba usad to avaluata spatial trands
in PCB oonoantrations with a graatar dagraa of oonfidanca.
Tha af facts of biodagradation on PCB in tha Hudson Rivar hava not

lidarad in tha analysis. Aarobic and anaarobic
:ion of PCB hava baan damonstratad to occur in tha
of tha Hudson Rivar (Rhaa at al., 1989). Aarobic

biodagradation is widaspraad and primarily dagradas lowar
chlorinatad PCB (Abramowicz, 1990). Anaarobic dachlorination of
highar chlorinatad PCB rasults in lowar conganars subsaguantly
availabla for aarobic dagradation (Brown at al., 1987). Bacauaa
aaroblc organisms that dagrada PCB could ba aora widaspraad than
anaarobas that do tha sans, and bacauaa aarobic procaasas prograas
mora rapidly than anaarobic raactions, it follows that lowar PCB
conganars could undargo a raduction in watar column coneantrationa
•ora quickly than highar chlorinatad PCB. Tha diffarancas batwaan
aarobic and anaarobic biodagradation could ba tha basis for, in
part, highar dagraa of raduction in lowar conganars maasurad by
Bopp (1983).

Boa-Illtarabla Adsoxbad PCB - In tha calculation of tha
distribotioa coafficiants for tha various hoaologs, PCB adsorbad to
organic colloids, plankton, and othar snail biomass would hava baan
maasurad as dissolvad PCB, or thasa aatarials would hava paasad
through tha filtar. Basad on thair work on PCB flux in Laka
Suparior, Bakar and Zisanraich (1990) found that filtarad samplas
usad for PCS analysis containad not only dissolvad PCB but PCB
adsorbad to non-filtarabla bioaaaa. Conaaquantly, distribution
coafficiants davalopad by Bopp (1963) ara likaly to ba biaaad low
bacauaa tha "dissolvad" PCB bound to colloids and othar filtarabla
matarial ara not availabla for volatilization. This biaa would
rasult in a calculatad volatilization half-Ufa which is highar
than tha volatilization half-lifa axpactad in tha prasanca of
hydrophobie colloidal matariala.

aad Tasporal Variations - Tha impact of variabla
anvironaantal conditions such as wind, tamparatura, ica covar, and
turbulanca wara not considarad in tha modal davalopad by Bopp
(1983). Paris at al., (1978) found that tha rata of volatilization
from watar is strongly influancad by tha turbulanca of tha watar.
Bakar and Kisanraich (1990) atata that tha largast uncartainty in
thair five calculations "rasults from tha strong dapandanca of tha
agnilibrlum and mass-transport paramatars on anvironmantal
conditions. Spacifically wind spaad and tamparatura." Thay stata
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further that ice cover must also be considered in northern waters.
Therefore, even if the 40 day estimate of Bopp (1983) was accurate,
it would vary significantly based on seasonal and temporal
variability in temperature and wind speed. It is, therefore,
misleading to consider, or cite, the 40 day estimate as applicable
to the Hudson River.
Uncertainties in Model - Bopp (1983) provides a conceptual

approach to modeling the behavior at the air water interface. It
was not the intention of the model to provide a quantitative
evaluation of PCB flux to the atmosphere from the Hudson River.
Bopp acknowledged the limitations of his model when he stated "the
main point of the exercise does not lie in detailed consideration
of transit time, boundary layer thickness, or mass fluxes of PCB
components.** (Emphasis added.) Furthermore, Baker and Eisenreich
(1990) state that "further efforts are required to develop and
validate methodologies that directly measure [hydrophobic organic
compound] fluxes across the air-water interface."
Conclusion and Recommendation re Volatisatioa - Based oh the

limited amount of data utilized in the derivation and calculation
of the predicted volatization half-life for the PCB homologs, the
failure to consider processes affecting volatilization and the
reliance on only two water column data points to verify the
predicted values, the volatization estimates provided in Bopp
(1983) should not be considered an accurate basis for predicting
the behavior of the PCB in the Hudson River.

Pg. B.3-43, par 1: GE concurs that the volitization process is one
that needs to be carefully evaluated. While EPA believes this
process has "important ramifications for highly chlorinated
homologs in the lower Hudson," GE believes the real importance is
with the lighter chlorinated homologs that now reside in the highly
degraded PCBs of the Upper Hudson River sediments.

Pg. B.3-43 to B.3-47: The Phase I report discusses PCB uptake by
plants to consider whether significant uptake and accumulation of
PCB in air by plants could result in elevated PCB concentrations in
food crops (Phase 1 Report Section B.3.5.2). The discussion of
this topic centers on a study performed by Bush et al., (1986).
The Phase 1 Report states the conclusions of this study as follows
(page B.3-45):

• the main route of PCB uptake in purple loosestrife is via the aroot system »
• soil, as opposed to air, served as the major pathway of PCB

uptake 0• PCB uptake at the air-leaf interfaoe also occurred. o
A review of the study indicates that PCB plant uptake from soils 0o
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and air dsaonstratad inconsistant raaulta and that additional
stadias would ba raquirad to varify and support tha conclusion that
root translocation is a significant pathway of uptaka of PCB into
plants. It should also ba notad that although uptaka of PCB plants
doas occur, it occurs to a liaitad axtant, as coaparad to
bioaccuaulation in fatty tissuas of animals.

papar prasantad by Bush, at al., (1986), which was tha cantral
point of tha Phasa 1 Raport's discussion of plant uptaka of PCB,
•valuatad PCB uptaka into purpla loosastrifa plants as a function
of PCB lavals in soil and air. PCB concantrations in plants that

>lantad and translocatad batwaan a control sits with low
soil ooaoantrations of PCB (30.2 ng/g) and a Hudson Rivar sita with
alavatad (118.9 ng/g) PCB soil 1 avals wara coaparad. PCB
concantrations in tha air at tha control and Hudson Rivar sitas
wara asosurad to ba <40 ng/a3, raspactivaly. Thraa sats of
conditions wara avaluatad in tha study: Hudson Rivar sita plants
translooatad with Hudson Rivar sita soils to tha control sita,
control sita plants translocatad with control sita soils to tha
Hnrtson Rivar sita, and control plants transplantad to Hudson Rivar
sit* soils at tha Hudson Rivar sita. Existing plants at tha
control sita and Hudson Rivar sita wara nonitorad for PCB as
controls. Monitoring was parfornad by analyzing plant laavas for
PCB. within six waaks of tha tast start, tha thraa scanarios

all indicatad incraasas in PCB concantrations which axcaadad
Lons axhibitad by tha Hudson Rivar control plants. This

observation confounds intarpratation of tha rasults bacausa tha
Hudson Rivar control, which should hava indicatad worst casa
conditions and thus aaxinua PCB concantrations, containad lowar PCB
lavals than tha plants grown in claan soils and translocatad to tha
Hudson Rivar sita.

fact that tha Hudson Rivar sita plants in Hudson Rivar sita
soils which wara translocatad to tha control sita also axhibitad
highar PCB concantrations than tha Hudson Rivar sita control
danonstratas that tha uptaka of PCB by tha plants is inconsistant,
and that sona factor oparating in tha study, othar than thosa
nonitorad and controllad, causad tha inconsistant rasults.

listancias in tha plant PCB uptaka daaonstratad in tha
by Bush at al., (1986) indicata that uptaka of PCB

contaainatad soils and air has not baan charactarizad to tha
axtant raquirad to justify tha conclusions drawn. It is,
tharafora, racoaaandad that tha conclusions of tha Bush at al.,
(1986) study ba qualif lad within tha taxt of tha Phasa 1 Raport to
raflact thasa inconsistancias.
Kg. B.3-5O, chart: Tha prasantad chart should ba axpandad to
include all tha important data sats including tha watar column
data ganaratad by tha U.S. Gaological Survay.
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Pg. B.3-48, Section B.3.7 (Adequacy of PCS and Aroclor
Measurement): EPA must perform a detailed review of every piece of
data employed by EPA, particularly the data used in the risk
assessment. The assessment of the data presented in the Phase I
report is not adequate to meet the EPA requirements given in EPA's
own guidance documents. In particular 6E would like to bring to
EPA's attention the following:

1. Guidance for Data Useability in Risk Assessment,
EPA/54O/G-90/008, OSWER Directive : 9285.7-05, October
1990. On Page 26 of the document the following statement
is made:

"The quality of historical data must be determined
prior to its use in the RI. The difficulty in using
historical analytical data in the RI is that the methods
and the detection limits may not be documented. Also whether
data review was performed may not be known. This information is
required if analytical data are used in the quantitative
components of risk assessment.*
"Historical data of unknown quality may be used in developing
the conceptual model or as a basis for scoping, but not in the
determination of exposure concentration. Analytical data from
PA/SI that meet minimum data useability requirements can be
combined with data from the RI to estimate exposure
concentrations. Similarly, historical data of lower quality may
be used if the concentrations are confirmed by subsequent RI
analysis."

2. Risk Assessment Guidance for Superfund, Volume I Human
Health Evaluation Manual, EPA/540/1-89/002, December 1989

Both of these guidance documents specify the types of evaluations
EPA should perform on data used for Superfund risk assessment. GE
requests that EPA evaluate all the data in a methodical fashion and
make available the result of the evaluation to GE and others. Of
particular concern is the results from the fish data and EPA's
conclusion on Page B.3-62 where it is stated that "the Aroclor
measurements were performed by one laboratory, giving what should
be a consistent set of results. Aroclor results appear reliable."
Did EPA perform a review of any or all of the laboratory to see if
laboratory problems occurred or were the summarized results as
presented by the NYDEC relied upon completely without any
independent verification of data quality? Would EPA make available
to GE and others a copy of the laboratory protocols followed by the
laboratory employed by the NYDEC for the analysis of the fish? Eg
Would EPA make available copies of chromatograms from the PCB *o
anlaysis of fish (NYDEC) and water (U.S. Geological Survey)? Would
EPA make available a copy of the analytical method employed by the §
U.S. Geological Survey for the analysis of PCBs in the water "
column? oo29 u»



. B.4.1, par. 2: EPA presents three pathways for PCBs to interact
biota. EPA ahould consider the effects of the accumulation of
through tha food web.

Bf. mX.4-3: Estiaates of tha daily avaraga flood flow rataa for the
River below Sacandaga are presented and equivalent estiaates
Edward ara presented in Table B.4-1. A coaparison of tha

a discrepancy with the avaraga daily flow estiaates at
It is indicated that the daily avaraga flows at Fort

are lower that than those at the Hudson just balow
Dua to tha difference in drainage area, one would

a larger flow at Fort Edward. This potential discrepancy
ba investigated.

B.4-7, par. 2: GE supports tha reassessment of tha aagnituda
that 100-year flood and concurs with EPA that it ia auch lass
a previously estimated.
a.4.7, par. 3: EPA presents a statement concerning the lower

zeJatttva suspended sediment concentrations in tha Hudaon River
to other similar rivers and attributaa this to lower
input and the presence of dams. What information does EPA

to this conclusion?
19. B.4-8, par. 2: EPA stataa that only aftar tha daa was raaovad
aaa it datarainad that tha aadiaants containad larga aaounts of
PCBs. anat information doas EPA hava to support this conclusion?

B.4-10, par. 2: EPA atataa that a reduction in suspandad
levels occurred after the sediments reached equilibrium
remnant depoaita remediation occurred. The remnant
remediation haa juat been completed and data on auapended
aftar this hava not been preaantad by EPA in tha Phase l
How can EPA attribute this decline to the remnant deposit

without data?
Bf. B.4-12, par. 3s Tha concern on whether dredging may hava made
tba transport of PCB much greater than would hava occurred ia a
legitimate concern. Cara must ba takan than whan making statements

sediment stability basad on tha historical records due to the
of New York that caused destabilization.

Bf. mx.4-17, par. 3: EPA concludes that major portiona of tha yaarly
load may be transported during a few brief flood events. This

to ba soaewhat contradictory to tha atataaent that tha
to flow and PCB transport is weak particularly in tha

recent data. Is this a theory or a conclusion? If it is a
it should ba so stated and EPA ahould teat it by data

collection in later phases of the project.
Bf. a. 4-24, par. 3: Tha statement made that PCBs mobilized in the

Bodson Rivar ara transported through to tha Lowar Hudson
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River is misleading. What the data shows is that the concentration
of PCBs in the water column at various points in the Upper River do
not change as one moves downstream. Why this is so is unknown.
Numerous reasons could be suggested, and the notion that PCB
transport on scoured sediments occurs to the Lower River is by "ho
means the only explanation. *
Pg. B.4-24, par. 3: The conclusion reached that the PCB load in the
Upper Hudson River originates above the Thompson Island Pool is of
major significance. This shows that removing the sediment will
have little or no effect on the PCB load passing through the Upper
Hudson River in any given year. This clearly shows the importance
of obtaining monitoring data from the remnant deposits1 remediation
project to see what effect the remedation has had on the water
column PCB values. This monitoring is mandated to be done by 6E as
part of the agreement entered into by the Federal government and 6E
for the remediation of the remnant deposits.
Pg. B.4-25, par. 2: GE does not agree with the approach being
advocated for estimating annual PCB flux in the river. The
uncertainty of all the methods employed to date is very great. The
basic limitation is a lack of data to accurately determine the
actual PCB flux to the Lower River and the lack of a physically
based model for determining PCB transport. As discussed in Section
2.0 of GE comments, the appropriate way to understand the transport
of PCB is to develop a quantatative framework (i.e. model) that can
handle the complexities of the processes being modeled. The
statistical model employed by EPA is an oversimplification of a
very complex system. EPA needs to interpret the data in a
framework that realistically models the river conditions.
Pg. B.4-26, par. 3: The EPA assessment of PCB loading to the Lower
River from the Upper River presented in this section is very
speculative and the purpose for presenting this is unclear. The
estimates of PCBs discharged are speculative and GE would like EPA
to more critically evaluate this information if the numbers will
continue to be used. The EPA estimates for loading for PCBs from
1977 to 1988, while limited in quality, are the best estimates of
PCB transport to the Lower River. The only reliable estimate that
can be made is that it appears that greater than 15,000 kg of PCB,
were transported into the Lower River. Conclusions based on the
rest of the information presented by EPA is nothing but
speculation.

Pg. B.4-28, par 1: As discussed elsewhere in these comments, the
use of the dated cores does not allow one to conclude that a peak
in PCB concentration occurs in the sediment that corresponds to the x
removal of the dam in the Upper River in 1973. *>*o
Pg. B.4-30, par. 2: As discussed elsewhere, the use of dated cores 0
in the Lower River has been accepted by EPA without a critical o
review of the information. EPA has not presented any information *°
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to suggest that data from such cores could be used to determine, in
a reliable way, the pre-1976 loading over the Federal Dam of PCBs.
Pg. B.4-30, par. 3: It is stated that tha data on the decline in
PCB levels in fish will not be sufficient to reduce the PCB burdens
in many fish species to acceptable levels in a reasonable period of
•time, mnat does EPA consider to be an acceptable level? What is
a reasonable time? Zf a remediation occurs, will this reduce in a
significant way the amount of time for the PCB levels to reach the
•acceptable level*? Has EPA prejudged the need for a remedy or the
effectiveness of a remedy?

B.4-31, par. 2: Does the peak in fish concentration occur at
time as maximum dredging activity?

Pg. B.3-35, par. 2: 6E agrees that tha risk assessment should
include the reduction of PCBs over time. However, the analysis

by EPA also need to remove the background PCB
itration in fish. This will become significant in future

Pg.. B.3—37, par 1: It appears that EPA utilizes a simple
arithmetic mean for calculating PCB levels in the fish. This
method is most likely inappropriate and overestimates the PCB
levels. EPA should determine whether the data are log-normally
distributed (like many other environmental data) and employ the
geometric mean as opposed to the arithmetic mean. This is a more
appropriate measure of the central tendency of the data.
Pg. B.4-37 to B.4-40, Section B.4.4.3 (Relation Between PCB
Concentration in Fish and Water): EPA attempts to define a direct
linear relationship between the PCB levels measured in the water
column end the PCB level measured in the fish. This relationship
is generally referred to as the Bioaccuaulation Factor (BAF).
Based am the data presented in Figure B.4-25, the relationship was
apparent with the data from 1979-1981. However, an obvious
relationship in the later years (when PCB water column values
dropped dramatically) does not occur. This lack of a simple
empirical relationship demonstrates the need to more fully analyze
the dynamics of PCBs within the food chain of the river biota.
This type of analysis needs to consider variations due to PCB
homologs that might help explain the difference over time in the
presence of Aroclor 1016 and Aroclor 1254. The conclusion
presented on page B.4-42 (second bullet) is not supported by the
date for the most recent years and the presented BAF's do not
appear to have any use in the RRZ/F8. As discussed in the main
body of GE comments, EPA must analyze all the data in a framework
that allows the best understanding of PCB dynamic in the river
system to be understood. A simple empirical model (i.e. BAF) does
not OTpl**"* the data nor allow reasonable predictions to be made.
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Pg. B.4-42, par. 2: EPA claims that the water and fish data are
extensive and reliable and the sediment data is somewhat less
reliable. This is a very subjective statement. To address data
uses and limitations, EPA will need to carefully and methodically
develop and document data quality objectives as required by EPA
guidance. After the data quality objectives are defined, then the
adequacy of the historical data can be assessed in a more objective
way. Additionally, it does not appear that EPA actually reviewed
the quality of the data from the fish or water column and,
therefore, the reliability of the data should be qualified until
such time that EPA reviews the quality of the data. The lack of
clearly defined and articulated data quality objectives is of great
concern since the Phase 2A data collection work plan prepared by
EPA was nearly devoid of them.
Pg. B.4-42, bullet 3: The characterization of the projected PCB
level based on a decline with time as the "best-case" estimate is
incorrect. The projection does not assume a more reasonable rate
of decline nor does it employ simple averages. EPA should present
the range of PCB values for the worse case scenarios that it has
evaluated (12 to 1.5 parts per million).
Pg. B.5-6, par. 3: GE concurs that the current sediment scour
estimates made by the NYDEC greatly overestimate the amount of
sediment resuspension that would occur in the Thompson Island Pool
during a 100 year flood. If EPA is going to utilize scour
estimates that might occur during a flood scenario, GE believes
that the use of a noncohesive sediment transport model based on
realistic flow projections will be necessary.
Pg. B.6-2, par. 2: The scope of the risk assessment and the scope
of the project (as presented on page I-l) may not be consistent.
It is GE's understanding that the EPA is attempting to assess the
risk associated with the PCBs in the sediments of the Upper Hudson
River. This particular focus is on the bulk of the contaminated
sediments which are below Rogers Island. This does not include
potential PCB sources within the remnant deposit area or above
Bakers Falls. Therefore, the risk assessment must be based on
information related to the sediments of concern and contributions
to risk from these "background" sources must be removed so that a
real "baseline" risk assessment can be made. EPA needs to
carefully define the project scope.
Pg. B.6-4, par. 1: As noted in an earlier comment, the limitations
of the existing data are not fully understood and there is a
concern that inappropriate conclusions from the data may be made. x
GE believes that EPA must completely evaluate the data being used »
to understand all of it's limitations. Until this is done, any
risk calculations should at best be considered qualitative in 0
nature. <=
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Pg. B.6.4, par. 3: Care Bust be taken in using the results of the
fishing study done by NYDEC on the Hudson River. The study does
not distinguish among the major sections of the river, particularly
above and below Fort Edward. These two segments of the river are
vastly different and, due to the fishing ban, it would appear that
the information presented on rates of fishing clearly do not apply
to the section of river between Fort Edward and Troy.
Pg. B.6.C, par. 2: Zt is stated that it is EPA's policy not to
assume that fishing bans or other similar types of institutional
controls have* any significant long-term effect in reducing the
intake of contaminated fish. Please provide a copy of this policy
with an explanation of how it applies. 6E has to believe that the
statement is not meant as an evaluation of the effectiveness of the
remedy (i.e. fishing restrictions) but rather a statement meant to
convey EPA's policy that for the purposes of the "baseline* risk
assessment, ERA will assume the no-action alternative is occurring.
This allows EPA to evaluate all remedies (including institutional
controls) against a common baseline. Zf this is not the case, GE
believe* EPA most provide all information that has been relied upon
by EPA to conclude that all types of fishing restrictions are
ineffective- in preventing or limiting consumption. This would be
a puzzling conclusion for a risk assessment and is more appropriate
for the feasibility study. The Phase I feasibility study does not
even mention fishing restrictions. Has EPA Region 2 determined
that fishing restrictions are not effective and therefore will not
be evaluated in this feasibility study?
Pg. B.6-B, par. 4: When the final risk assessment is prepared in
Phase 2 EPA will need to reevaluate the rate of decline and average
fish concentration based on the anticipated NYDEC fish data.
Additionally, since realistically a ROD will not be issued until
1993, EPA will need to perform the projections from 1994-2023.
Pg. B.6-», par. is As mentioned previously, the use of the
arithmetic average is probably not the most appropriate indicator
of central tendency. The use of geometric mean is probably the

Pg. B.6-13, par. 2: EPA should request the information from the
MYDOH to substantiate the claims made in the Phase 1 Report
concerning PCB levels in breast milk.
Pg. B.6-13, par. 3: EPA needs to clearly differentiate the
subpopulation being considered in Messena, New York and that along
the Hudson below Fort Edward. There is no indication that
subsistence fishing is of concern on the Hudson River.
Pg. B.6-17, par. 3: EPA attempts to utilize skin-adherence values
based on soils. Since the exposure assumed is to contaminated
sediments, which are generally submerged, the adherence values
should be very much less than those reported for soils. Based on

34
HRP 002 0042



the data reported by EPA in the Phase I report, a value very mien
less than 1.0 mg/sq. en. is reasonable.
Pg. B.6-18, par. 2: As discussed earlier, the EPA estimate of
average PCB content of the Thompson Island Pool is greatly
overestimated since a large amount of the original screening data
was ignored. Additionally, the assumption that all contact will
occur in the Thompson island pool is not reasonable. EPA should
consider the average (a better measure would probably be the
geometric mean) PCB concentration in the entire Upper Hudson River.
The 1977 data would indicate a value less than 25 parts per million
would still be a conservative estimate (see Figure B.3-1).
Pg. B.6-19, par. 3: The assumption that children, 1 to 6 years of
age, eat 200 grams of sediment per day is absurd. Why would very
young children even be near the water, let alone in the water,
where ingest ion could reasonably occur. Secondly, the sediments
being below the water would tend to be washed off hands and items
children may place in their mouths. Therefore, the rate of
ingestion would be much less than for soil consumption. The average
PCB level in the sediment also needs to be adjusted as described in
the previous comment.
Pg. B.6-22, par. 1: Absorption of PCBs from river water through the
skin should be a function of the dissolved PCB level verses the
amount absorbed on particles. Since it is thought the dissolved
load is a small fraction of the total (including that transported
as colloidal material or as macromplecules) EPA should reduce the
average PCB level dramatically. Additionally, since the exposure
is assumed to occur over a long time period, the average PCB level
in the water column over a thirty year period should be used.
Pg. B.6-30, Section B.6.3.4 (Toxicity of Specific PCB Congeners):
The TEF approach does not currently have a sound technical basis
for application to PCB toxicity. Since the approach is described
in the Phase 1 Report, EPA should make available the source of the
information provided (transcript of the December 1990 meeting?) .
Pg. B.6-34, par. 2: While EPA's attempt to explain why the use of
the PDA advisory level for PCBs in fish may not apply to a
Superfund risk assessment, due to specific fish consumption
assumptions, it is not clear why EPA and FDA utilize different
toxicity factors for PCBs. In particular, why, substantively, does
FDA utilize different carcinogenic potency factors (Aroclor 1260
verses Aroclor 1254) for different PCBs and EPA does not?
Pg. B.6-44, par. 1: EPA indirectly references the reevaluation of
the pathology slides from the relevant PCB feeding studies. As EPA
knows, the evaluation is complete. The results with the
interpretation were submitted to EPA prior to the completion of the
risk assessment. 6E has transmitted the report to EPA-Washington
and EPA-New York and has asked that the results be evaluated.
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Additionally, GE has raquastad that this important nav infonution,
which is diractly applicabla to tha Hudson Rivar RRI/FS, ba placad
into tha Adainistrative Racord. To data 6E has not had a formal
rasponsa ralatad to this naw information and EPA has yat to placa
this data in tha Adainistrative Racord.
Pg. B.6-45, par. 1: In tha uncartainty analysis EPA aentions a
nuabar of obtusa issuas ralata to why tha risks Bight ba
undarastimatad and fail to racogniia that dua to tha way EPA
aanages uncartainty in tha Suparfund procass that tha risks
estiaated by EPA ara grossly ovarastimatad and tha raal risk is
aost likaly Buch lovar.
Pg. B.6-45, par. 2: Tha data as prasantad by EPA is insufficiant
to calculata tha risk in tha Lovar Rivar dua to PCBs in tha Upper
Rivar sadiaants. Tha attempt to qualitativaly estiaate tha risk
is no battar than speculation.
Pg. B.7-2, par. 4: Tha dascription of tha tarrastrial acosystaa is
inconsistant with that shown in Plata B.l-4.
Pg. B.7.3, par. 2: Tha prasanca of pockats of watlands ara
Bantionad, yat tha importance of thasa along with emergent watland
araas (fish habitat) is not discussad.
Pg. B.7-16 to B.7-17: Thara Bay ba an arror in tha trophic
partitioning. Tha bluagill's diatary prafaranca would ba Bora
appropriately dascribad as apibanthic invartabratas and yallow
parch as fish/Bacroinvartabrata. Tha list providad in tha text
appaars to ba basad on two litaratura citations. Confusion ovar
tha diatary prafarancas for thasa fish Bay ba dua to aga (i.a.
juvanila fish soBatiaas hava diffarant prafarancas than adults).

Pg. B.7-18, par. 2: EPA statas that tha iaproving conditions as
aaasurad by iaproving biological aaasuras should not nacassarily
raflact tha lack of influanca of PCBs. EPA should ba aora opan
aindad and recognize that ganarally thara doas not appaar to ba a
nagativa affact on tha aquatic systaa dua to tha prasanca of PCBs.
Pg. B.7-22, Tabla B.7-1: Tabla B.7-1 indicates a low laval of
confidanca in data for both tha barring gull and aink. In spita of
insufficiant data, tha Phase X report provides, in Table B.7-3,
proposed ecological guidleines for liaits to PCB concentrations in
birds and aaaaals. Although the footnote indicates that the values
are not enforceable standards, presentaion in this table iaplies
aore knowledge than is currently available regarding allowable
concnetrations of PCBs in wildlife.
Pg. B.7-23, Table B.7-1: The assuaed sediaent PCB level is not
reasonable and should ba reduced to less than 25 parts par Billion.
See the earlier discussion in the Hunan Health risk assessaent.
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Pg. B.7-34, par. 4: It is indicated that vhila fav reports of tha
affects of PCBs on aquatic insects exist, many of the species seen
to exhibit sensitivities similar to those of Panhnia macma. EPA
should make this data available to 6E and others. ^
Pg. Cl-1: The requirements for a feasibility study (FS) from the
National Contingency Plan (NCP) are correctly repeated. However,
EPA does not explain what the purpose of performing the Phase 1 FS
was since we are very early in the RI/FS process. Therefore, it is
difficult to know if the objectives were met or if there will be
additional opportunities for parties to comment on all aspects of
the FS. If the purpose is to identify data needed to Complete the
field investigation, the result is incomplete. The only data
identified as being needed is bench testing of four technologies.
6E believes the following data are also needed:

1. Sufficient data on the physical/chemical and biological
nature of the river so that the fate and transport of PCBs
can be determined under various remedial scenarios. This
will necessitate a complex model that will allow
projections of the PCB concentration (for biota as the
receptor) into the future (for the risk assessment) for
various remedial actions including the no- action
alternative (comparative risk reduction).

2. Evaluation of the feasibility of dredging in the unique
environment presented by the near shoreline locations of
the sediment deposits in the Upper Hudson River.

Pg. C.l-2: EPA mentions that during Phase 2 data on the nature and
extent of contamination will be gathered. To date, EPA has not
defined what the objectives of such an evaluation would be or,
overall, what the data needs might be for the risk assessment or
the feasibility study. EPA not only needs to define to what degree
the nature and extent of contamination must be determined, but also
must determine the time dependent interactions between the various
media. Understanding the nature and extent is not sufficient to
understand the complex chemical/physical/biological system where
the PCBs interact over time. EPA must perform a methodical
analysis of data quality objectives as dictated by EPA guidance.
As an example, if EPA is going to consider dredging as a remedy,
and furthermore, EPA targets areas of high concentration in an
effort to reduce volume, EPA will need to be able to determine
volume to see if the type of equipment to handle the volume of
material is available. Additionally, there are doubts whether EPA
can define "Hot Spots" and remove them. Therefore, to determine ffi
feasibility of dredging, EPA will need to understand how the PCBs »
are distributed on a scale that is meaningful for the type of
dredge and project being considered. o

o
Pg. C.2-1, par. 3: EPA claims it is apparent that the main problem *°
are impacts upon aquatic life and consumers of aquatic life. The 0o
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only hypothetical impacts documented by EPA, using EPA default
assumptions on toxicity, fish consumption, and other exposure
parameters is human consumption of fish (see earlier comments on
the risk assessment). It is imperative that EPA carefully define
the preliminary remedial action objectives as dictated by the RI/FS
guidance, based on appropriate exposure pathways and receptors.
Pg. C.2-1: Under the no-action scenario, EPA lists the use of
institutional controls. Institutional controls are considered to
be an action. EPA should define another category of action
referred to as institutional controls which may include such items
as monitoring, fishing restrictions (various types), and land use
controls. Otherwise, the use of the term is misleading. EPA
should also consider another category that is any combination of.
the above actions. It is possible that there could be a
combination of activities.

Table C.2-1: 1. The table of institutional controls should
include as process options fishing ban, managed fishery (i.e. catch
and release), monitoring, educational programs, land use
restriction. 2. Excavation as a remedy is given as is dredging.,
This would imply that EPA is evaluating something other than the
sediments within the river. What is the scope of the RRI/FS? 3.
A very good compilation of sediment removal options and
technologies is given in the document entitled: Review of Removal,
Contaminant and Treatment of Contaminated Sediment in the Great
Lakes (U.S Army Corps of Engineers - December 119, Miscellaneous
Paper EL 90-25). EPA should consider this relevant and timely
information. This document notes the importance of dredged
material transport options. It is suggested that EPA create a
subcategory under dredging for material transport.
Pg. C.3-1: EPA seems to indicate that nonpromulgated advisories or
guidance documents could substitute for ARARs where there are no
specific ARARs applicable to a situation or where ARARs are not
protective. 6E strongly disagrees that any guidance or
nonpromulgated standard can ever be treated as an ARAR for the
purposes of Superfund/CERCLA.
Table C.3-2: Wetland impacts caused by dredging must be considered
and weighed against the alternative. 6E agrees that this
requirement is applicable.
Pg. c.4-1, par. 3: It is stated that various issues related to
capping need to be investigated, such as ability to withstand
scour, leaching, etc. 6E agrees such investigations are needed and
believes that EPA should begin the investigation of these
technologies at this time. This is a defined data need.
Pg. C.4-7, par. 3: EPA is relying on published data for
determining the fugitive sediment releases from dredging. This is

bable as long as the same type of dredge(s) is evaluated in
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the same type of condition (small channel, high velocity riverine
system). If the data is not comparable, EPA will need to perform
tests to determine if this will be a significant issue.

Pg. C.4-6: An important component of any dredging program
assessment is the evaluation of transportation of the dredged
material. EPA will need to include an evaluation of this in the
future work.
Pg. C.4-8, par. 2: Mention is made that, historically, the NYDOT
has dredged in river. The occurrence of dredging historically
cannot be used alone to determine that dredging is feasible. NYDOT
dredging is in the navigational channel in the center of the River,
not in the near bank areas and in backwater eddies where PCB
containing sediments accumulate.

Pg.C.4-8, par. 2: Is the EPA specifically evaluating the option
considered either historically or currently by the NYDEC?

Pg. C.4-8, Section C.4.4 (Treatment Technologies): This section is
difficult to follow and is overly simplistic. GE believes EPA
needs to prepare preliminary remedial action objectives (RAOs)
prior to evaluating individual technologies. It is not clear what
level of PCB treatment is needed (i.e. What residual level is
acceptable and why?). Also, a major confounding problem with the
treatment of the Hudson River sediment may very well be other
constituents present in the sediments such as metals. This
important consideration is not even discussed. GE believes EPA
should first prepare general site-specific preliminary-RAOs and
then compile and evaluate candidate technologies based on the RAOs.
EPA also relies heavily on information that is either not
referenced, or if it is referenced, is not readily available. GE
again requests that EPA prepare a complete administrative record so
GE can evaluate conclusions reached based on the information that
is otherwise not available to GE.

GE also would like to caution EPA against utilizing vendor supplied
information without independent corroborating information.
Additionally, GE strongly believes that if EPA chooses a treatment
option in the ROD (GE does not advocate this) and that if a vendor-
specific technology is selected that the costs will be
uncontrollable. GE believes EPA should allow selection of the
specific technology as part of remedial design. EPA would instead
set performance standards for the technology to meet.

Pg. C.4-8, par. 3: EPA states that the incineration of PCB
contaminated sediments is the most widely practiced and permitted
method for the management. GE is unaware of any significant
amounts of sediment (contaminated with anything) that have been
incinerated and then landfilled. Additionally, GE is unaware of
any significant upland sediment disposal sites that have been used
for the disposal of significant quantities of PCB (or other
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) contaminated sediments. EPA should provide the data
that indicates the assertion is correct. This information would be
helpful in focusing future work.
Pg. C.4-S, Section C.4.4: If EPA selects a type of technology, GE
strongly recommends that EPA not be overly prescriptive in its
selection, but rather leave latitude for design, where cost and
schedHita* issues can be optimized. EPA should instead provide
realistic treatment levels (i.e. performance standards).
Specifying a specific technology that may only come from a single

vill result in enormous costs. As an example, EPA may find
of chemical treatment technologies have been shown to
GE should be allowed some latitude in deciding which

in nost appropriate after detailed design occurs. In the
of decision, EPA could specify a class of treatment (e.g.

itment) and a performance standard. GE would then,
on. detailed design, select the most efficient method. This

would apply to removal technologies.
Pg. C.4-9. par. 1: EPA should consider the work being done as part
of tmst Federal ARCS program (see comment on Table C.2.1). The
listing of potentially applicable technologies need to be further

with such contemporary literature. Additionally, the
evaluations performed at Massena, New York and New

need to be considered.

Pg.C.4-9, par. 4: EPA refers to a study conducted by Research
Triangle Institute (RTI) yet does not supply a reference to a
pntiHemsMl report. Since this information seems to be the basis of
EPA'st 'ileus on the PCB treatment technologies in general, GE
believe* EPA must make this report available for review in the
administrative record.
Pg. c.4-14, par. 1: Reference is made to a recent study by RCC for
jiiimmliKj liquid sludge or contaminated sediment. The source of
the information is not divulged. This information should be made
available to GE.

Pg. C.4-14, Table C.4-4: In discussions on LEEP, EPA references
Steiner (1991). An examination of the reference section of the
lepuaL indicates this was some sort of seminar material. Since GE
is umsMare of the seminar or how to obtain the materials, GE
requests} tbat the information be made available to GE by EPA.
Pg. C.4-13: For the B.E.S.T. process, EPA should provide cost
infiumntimi if it is available.
Pg. C.4-13, par. 2: EPA indicates that the B.E.S.T. process was
able to achieve a PCB reduction of 99 percent. This result was

that contain much higher levels of PCBs than
found in the Hudson River (5,800 and 420 ppm). Would the
:ion efficiency occur for sediments with lower amounts
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of PCB? It is also indicated that the process yielded sediments
having a PCB level of 16 ppm after six extraction stages. Is this
level acceptable? What is the remedial action objective being used
as a measuring stick for evaluating the effectiveness for these and
other technologies?

Pg. C.4-15, par. 2: It is indicated that LEEP, has feed stream
particle size limitations. What are these limitations and are they
an issue with Hudson River sediment? Does particle size
information on Hudson River sediments need to be gathered?

Pg. C.4-15, Propane Extraction: the only reference to information
on the propane extraction process is a reference cited in Table
C.4-5. In the reference section, all that is given is a personal
communication with the vendor. GE requests that EPA make available
relevant information and not to rely on vendor supplied
information.

Pg. C.4-16,0 par. 2: A number of problems with the propane
extraction system are listed. These problems were found at New
Bedford and the material handling and low extraction efficiencies
seem to indicate that the use on sediments would be limited. Is
EPA planning to gathering the field data necessary to characterize
the Hudson River sediments sufficiently to evaluate these problems?
EPA indicated the process was rejected for the New Bedford
sediments project due to these problems. Why has EPA not rejected
this technology for the Hudson River sediments? What additional
information does EPA have?

Pg. C.4-16, par. 2: What cost estimates are available for the
propane extraction technology?
Pg. C.4-16, Thermal Treatment Technologies: EPA must consider the
fact that significant amounts of metals are present in the
sediments and not just consider the PCB destruction potential but
also the effect the metals might have on the system as well as the
need for extensive emission controls and the fact that after
incineration the metal may be more mobile since organic materials
have been destroyed.

Pg. C.4-17, par. 1: EPA indicates that the Toxic Substances
Control Act (TSCA) requires that PCBs be incinerated at a
temperature of 2,200 degrees fahrenheit. While this is true for
PCBs of certain concentration or those generated under certain
conditions, it does not appear that those sediments in the Hudson
River would fall under the given requirement. EPA also indicates
that PCBs in the residue material would have to be treated to a
level of 2 parts per million or less. Please provide a reference
for this specific requirement and an explanation of why the Hudson
River sediments would have to meet this requirement.
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Pg. C.4-17, par. 3: EPA states that due to the anticipated load
for this project that more than one thermal system will be
required. What is the load (yards of sediment?) being assumed by
EPA?

Pg. C.4-17, par. 3: EPA needs to consider early on in the
feasibility study the likely public opposition to incineration.
This is particularly true given the statement that multiple units
will be necessary.
Pg. C.4-17t EPA does not mention methods for handling materials
that Bay include separation into differing size fractions or for
separating the water. Both of these need to be considered for

of sediments. These may be very important as a
technology for the thermal technologies since they

the volume of material treated as well as significantly
change the required energy inputs.
Pg. C.4-19, par. 3: EPA again mentions the requirement for
destroying PCBs at a temperature of 2200 degrees fahrenheit. EPA
needs to explain its rationale for arriving at the conclusion that
the sediments, regardless of PCB concentration or time an method of
origin ere regulated by the specified requirement.
Pg. C.4-20, par. 2: The fluidized bed incinerator is criticized
for not being transportable. Is ease of transport an important
consideration for the type of project EPA is envisioning?
Pg. C.4-21, par. 3: EPA states that the circulating fluidized bed
incinerator has been shown to destroy PCBs at a temperature below
2200 degrees fahrenheit. Please make available to 6E the
information being relied upon by EPA to make this statement. Does
this also indicate that EPA will accept this as equivalent to a
TSCA incinerator?
Pg. C.4-21, par. 3: Does this technology require that dewatering
of •nrtlments occur?
Pg. C.4-21: On page C.4-20, paragraph 2, EPA rejects the fluidized
bed incinerator due to the fact it does not destroy PCBs at
sufficiently high temperatures and the technology is not
transportable. These same limitations appear to apply to the
circulating bed incinerator, yet EPA has not rejected it as a
technology.
Pg. C.4-21, Conveyor Furnace: EPA does not provide any information
on the us* of this technology for PCB contaminated sediments. Is
this technology capable of handling high moisture content material
and given the low temperatures cited, (operates at less than 2200
degrees fahrenheit) is this material applicable, in EPA's opinion,
to the PCS contaminated materials?
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Pg. C.4-29, par. 3: EPA states that a compositing operation would
require a RCRA liner and leachate collection system meeting the
RCRA minimum technology requirements. Has EPA decided that RCRA is
an ARAR for the Hudson River sediments? ^

Pg. C.4-31, par. 3: EPA identifies additional evaluation and data
it needs to more fully evaluate the applicability of bioremediation
of Hudson River sediments. As pointed out in the other GE
comments, some of this information is available and needs to be
considered by EPA. Based on this statement, it is .not clear if EPA
will perform the needed work or if they are identifying this for GE
to perform. GE is willing to work closely with EPAland others to
gather the information if EPA will consider the information during
the Hudson RRI/FS.

Pg. C.4-32, par. 3: EPA states that subaqueous confinement will
not be considered further since SPA believes that relatively steep
(hydraulic) gradients exist. This is not totally correct and EPA
needs to more thoroughly evaluate the use of either' subaqueous
disposal or a technology that will be used to further- stabilize
existing deposits of contaminated sediment. While the topographic
gradient in the Upper Hudson is relatively steep compared to that
in the Lower Hudson River, the hydraulic gradients within the pools
behind the dams are relatively shallow. The majority of the Upper
River is composed of pools of relatively small hydraulic gradients.
EPA needs to make a more meaningful comparison of water velocities
that the materials in the Upper River will be exposed to and
compare those to tidal areas where disposal has occurred in other
areas of the country. The continued stability of the sediments
present in the Upper Hudson attest to the viability of in river
containment. GE suggests these potential actions be retained for
further analysis.

Pg. C.4-32, par. 4: EPA states that a landfill will need to meet
regulatory requirements for the disposal of PCB contaminated
material. EPA needs to perform a more careful analysis of this
point. It is possible that if dredging were to occur, a vast
majority of the material would contain less than 50 parts per
million of PCB. This material should not have to be put in a
landfill meeting the TSCA requirements. This also points to the
possibility that only a small amount of material dredged may need
to be treated as a TSCA material. Additionally, if the material is
first, processed into size fractions, then the vast majority of
PCBs would be transferred to the very fine grained fraction of the
sediment. The majority of the sediment volume may be relatively
clean and will not need to be managed within the regulatory
framework. ^

aPg. C.4-32, par.4: EPA states the technology for a landfill is *
readily available. This may true in the sense that the type of 0
materials can be controlled in lined landfills. However, the o
application is extremely limited due to potential constraint "
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presented by the site hydrogeology and the inability to site the
landfill. Based on past failed attempts to site a landfill by the
State of Mew York for the purpose of disposing of contaminated
sediments, EPA should view this technology as having limited
potential for application for the project.
Pg. C.6-1, par. 1: EPA states that the data upon which the initial
screening of technologies was based is from various sources. 6E
requests that EPA make the data or information available to 6E. 6E
also request that EPA specifically identify the data and
information relied upon.
Pg. C.6-1, par. 1: The statement made by EPA that it is possible
to render some judgements considering remedial options is somewhat
confusing. The analysis presented by EPA was focused on
technologies without much consideration of how they might be
combined to form a remedial option. Therefore, it is not clear how
EPA will reach a decision. 6E believes, as stated in EPA's own
guidance, that before any technologies are screened preliminary
remedial action objectives must first be identified.
Pg. C.6-1, par. 2: EPA states that technologies related to
excavation of remnant deposits have not been evaluated nor screened'
for further evaluation. Additionally, Figure C.6.1 shows that
excavations as a removal technology has been retained for further
analysis. 6E is very concerned that EPA is attempting to increase
the scope of the RRI/FS without directly acknowledging it. Page I-
1 of the EPA Phase 2 report clearly states that the scope for the
project is limited to the sediments in the Upper River and not to
the remnant deposits of other areas outside the river. EPA has
also stated in public meetings that the focus is only on the
sediments within the Upper River and not outside of the banks. 6E
has implemented an agreement for remediation of the remnant
deposits. The "ink" has barely dried on the agreement and EPA is
suggesting that the 6 milion dollars spent by GE to implement the
EPA chosen remedy was for nothing. Why is EPA considering
excavation of the remnants? EPA must remove all considerations of
remnant excavation from within the confines of this RRI/FS.
Pg. C.6-1, par. 3: EPA states that it is waiting to evaluate the
three types of dredging pending availability of additional
information on material characteristics and quantities. What
specific information is required and when is EPA planning to obtain
this information?
Pg. C.6-2, par. 2: On Table C.6-1, EPA eliminates from
consideration the possibility of subaquesous disposal. As stated
in an earlier comment, EPA should retain this option for further
analysis.
Pg. C.7-1, par. 2: EPA should either perform biological testing as
part of its RI/FS efforts, or work with GE so GE efforts can be
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better directed to meeting EPA program needs for the Hudson River
RRI/FS.

Pg. C.7-1, par. 3: EPA states that they will test a number of
technologies on the bench scale and that they will work with the
developers. GE has extensive experience in such endeavors and
needs to voice a few words of caution. The first is that EPA must
carefully oversee vendors since they have a strong vested interest
in showing their technologies have application. The second problem
is the possibility that if the sediment to be tested is TSCA
regulated (we are not suggesting it is, however, EPA may think it
is), the vendors will have to obtain TSCA research and development
permits prior to testing. This is a time consuming cumbersome
process. GE also requests that EPA develop specific work plans
from each test and specific objectives for measuring success.
These work plans should be made available for public comment prior
to implementation.

References (PP. R-l et seq.i

Many references that are by the same author or organization in
the same year are not differentiated making it difficult to
determine what the source of information was. As an example
see USEPA 1990.

Numerous citations in the text are not included in the
references making it nearly impossible to evaluate conclusions
reached by EPA.

The materials referenced by EPA are a diverse range of
information, most of which is difficult to obtain. For some
material refernced by EPA to a source is not clear and GE does
not know exactly what the information being referred to is.
GE believes, as part of EPA's community involvement project,
that a central library of information be established that will
house All data or information for the project. This would
include copies of all published reports (including peer review
and journal articles) that have relevance to the study.
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APPENDIX B

COMMENT ON THE CHARACTERIZATION
OF PCBs FOUND IN ENVIRONMENTAL

Section B.3.7 of the Phase 1 Report contains a

discussion of PCB nomenclature and methods of analyzing

environmental samples for PCB content. It correctly points out

that PCBs were manufactured and sold as mixtures of congeners and

that the " Aroclor" designations were applied to these mixtures.

It also correctly points out that as soon as any given Aroclor (a

mixture of known composition) is subject to environmental

influences, the composition is altered in a way that cannot be

known without congener-specific analysis. It then notes that the

convention of characterizing PCBs found in environmental samples

by Aroclor is both inaccurate and misleading, since:

"Aroclor designations are no longer
descriptive of the congeners
present and their relative amounts"
(p. B.3-51).

In Subsection B.3.7. 3, the Phase 1 Report summarizes

the various problems that arise in using the existing data
because of both the inaccuracy of the Aroclor nomenclature when

applied to environmental samples as well as the inability of

commonly used laboratory techniques to accurately quant itate the

PCBs in such samples.

6E agrees with EPA's frank criticism of the historic

database. Unfortunately, after saying all of the correct things, »
*0

throughout the Phase 1 Report EPA uses the data as if it were (a) 0
o

fully accurate and (b) uniformly collected and analyzed. In the "°
oo
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absence of congener-or honolog-specific data, EPA repeatedly

treats all PCBs the sane, jumps to conclusions as to PCB source

and fate based on crude Aroclor 'designations, and makes

assunptions about the presence, conposition, and masses of PCBs\

in various environmental media.

Since, as EPA elsewhere in the Phase 1 Report

acknowledges, the toxological and other properties of individual

members of the PCB family vary greatly, glossing over' the

nomenclature and analytic ambiguities of the existing data base

can lead to erroneous conclusions. 6E believes that EPA's

conclusion on page B.3-63 is correct. GE regrets that EPA has

not acted consistently with that conclusion in the rest of the

Phase 1 Report. For the future phases of the RI/FS, and in. the

ultimate EPA decision-making process, GE urges that EPA not .just

pay lip service to its own conclusion, but act as if that

conclusion were valid and highly significant.

In addition, the Phase 1 Report presents an

inappropriate comparison of sediment PCB concentrations collected

from the same regions of the river by GE in 1990, EPA in 1983,

and Malcolm Pirnie in 1978 (p. B.3-14; Table B.3-8). The report

states:

"In four of the six locations, the GE samples
indicate average PCB levels above both the
1976-78 and 1983 values; the remaining two
locations show 1990 PCB levels lower than the
1976-78 and/or 1983 results" (p.B.3-14). K

»
This statement is inaccurate and was made without regard to the *
differences in analytical techniques employed for the different o

NJ

surveys. 0
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The 1978 and 1983 data used in this comparison were

generated by packed column techniques. Packed column separations

of sediment PCB extracts typically cannot resolve Webb and McCall

peak numbers 11 and 14, which contain the more volatile

monochlorinated biphenyls, because they elute with the solvent in

the extract (Webb and McCall, 1973). In contrast, the capillary

column techniques employed to analyze the 1990 GE data provide

sufficient separation to quantify monochlorinated biphenyls.

In samples which have undergone reductive

dechlorination, monochlorinated biphenyls can constitute as much

as 50 percent of the total PCBs (Brown et. al., 1987).

Therefore, for dechlorinated samples, capillary column techniques •

produce a greater total PCB concentration than packed column

methods. For this reason, the comparisons in total PCB

concentrations made in Section B.3.2.4 are inappropriate and lead

the reader to the erroneous conclusion that PCB levels in the

sediments are elevated relative to historical data. Indeed,

comparing the results from the capillary column technique to the

packed column technique is akin to comparing apples to oranges.
References

Brown, J.F., R.E. Wagner, H. Feng, D.L. Bedard, M.J. Brennair,
J.C. Carnakan, and R.J. May, 1987, Environmental Dechlorination
of PCBs. Environ. Toxicol. Chem. 6:579, 593.

Webb, R.G. and A.C. McCall. 1973. Quantitative PCB Standards for
Election Cafture Gas Chromatography. J. Chromatoar. Sci. 11:366-
27JL DCs

ooto

oo



C. COMMEKT ON "TBC" ITEMS

so
50

oo
to



APPENDIX C

COMMENT ON "TBC" ITEMS
%

The National Contingency Plan (NCP) permits EPA, as *

part of its duty to identify applicable or relevant and

appropriate requirements to identify "other advisories, criteria,

or guidance to be considered for a particular releasty" (TBCs)

(NCP § 300.400(g)(3)). The Phase 1 Report briefly refers to

these TBCs in its Section C.3.1.3, and several TBCs are

preliminarily identified in Tables C.3-1 and C.3-2.

One of the items preliminarily identified as ai TBC in

Table C.3-1 is a New York State document, identified as "Sediment

Criteria" and dated December 1989 Sediment Criteria. The Phase 1

Report improperly classifies this document as a TBC, however,

because (1) it does not meet the NCP's definition of a TBC; (2)

it was never intended to be used to establish a clean-up level or

other remedial goal and thus is not appropriate for use in an

RI/FS; and (3) it is scientifically invalid and unreliable.

The document identified in Table C.3-1 apparently

refers to a paper dated December 1989 written by Dr. Arthur J.
Newell of the New York State Department of Environmental

Conservation entitled "Sediment Criteria - December 1989." The

cover, of this paper states:

"Note: This document is used as a a
guidance by the Division of Fish and £>
Wildlife. It is neither a standard nor
a policy of the Department." 0oto

o\
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Because this document has not been expressly adopted by

the State as an official standard or policy, it cannot reasonably

be said to have been "developed" by the State. It is thus quite

clear that the paper was not "developed by EPA, other federal

agencies, or states" (NCP § 300.400(g)(3)). Therefore, it fails

to meet the NCP's express definition of a TBC.

Furthermore, the paper itself is clearly not intended

to be used in establishing sediment clean-up goals. Its sole

purpose is to propose a methodology for mathematically simulating

the fate and transport of a contaminant found in sediments to the

evaluate the effects on human health and the environment of such

contaminants. Thus, if it is relevant all to the RI/FS process,

it is relevant to the site characterization, human health risk,

and ecological assessment elements. EPA has not used the paper

for such purposes, and GE's comments on those elements of the

Phase 1 Report are contained in Sections 2 and 3 of these

comments. In any event, it should be clear that the

unpromulgated, unofficial NYSDEC paper it is not relevant to any

of the NCP's evaluation criteria and therefore cannot be
"appropriate" for use in setting remedial goals or in comparing

alternatives (NCP § 300.400(e)(9)).

Lastly, if by some stretch of the NCP standard the

paper is found to be a "state" guidance that is "appropriate,"

the preamble to the NCP (see 55 Fed. Reg. 8745) makes it clear

that TBCs must be evaluated by EPA for "reliability and

validity." As far as GE is aware, EPA has not performed any
u>



evaluation of this non-peer reviewed paper and must do so if it

is to be used as a TBC. In fact, EPA has rejected sediment

criteria for compounds such as PCBs, due to significant technical

and scientific concerns regarding the validity of the approach
(i.e. , equilibrium partitioning) employed in the paper.

Even a cursory review of the paper, however, reveals a

fundamental flaw. The approach described in the paper relies on

the bioaccumulation factor (BAF) approach to relate PCB levels in

fish and PCB levels in water. As discussed in Section 2.0 of

these comments, the BAF approach (which assumes a linear

relationship between PCB levels in fish and PCB levels in water)

has no physical, chemical or biological basis and is invalid for

the entire range of PCB concentrations. Moreover, the paper's

reliance on the BAF approach is additionally flawed because the

paper fails to account for the fact that different PCB congeners

behave differently in different environmental media and have

significantly different toxicities and physical-chemical

properties.

GE therefore believes that the sediment criteria paper

is improperly identified in the Phase 1 Report as a potential

TBC. It is not a guidance adopted or used by any State agency,

it is not applicable to the setting of remedial goals, and it is

scientifically unreliable and invalid.
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D. RECENT SCIENCE ON PCS TOXICOLOGY

1. Institute for Evaluating Health Risks. 1991.
Reassessment of Liver Findings in Five PCB studies in
Rats.

2. Comments of the General Electric Company or:> the
Advanced Notice of Proposed Rulemaking of the United
States Environmental Protection Agency Concerning
Disposal of Polychlorinated Biphenyls, 55 F.R. 26738.
1990.

3. Chase, K.H., J. Doull, S. Friess, J.V. Rodricks and S.
Safe. 1989. Evaluation of the Toxicology of PCBs.

ooto

oo
<3\
Ul



IEHR
President John A. Moore

Institute for Evaluating Heahh Risks

Suite 608
1101 Vermont Avenue, NW
Washington, DC 20005
Tel: (202) 239-8721
Fax: (202) 289-8530

NAS-Beckaum Cent
Irvine, California

REASSESSMENT OF LIVER FINDINGS
in

FIVE PCB STUDIES IN RATS

July 1, 1991

002 0066



REASSESSMENT OF LIVER FINDINGS
IN PCS STUDIES IN RATS

TABLE OP CONTENTS

1. IEHR LETTER OF TRANSMITTAL TO H. HABICHT, July 1, 1991

2. ZEHR LETTER OF TRANSMITTAL TO E. BRETTHAUER, July 1, 1991

3. PATHOLOGY WORKING GROUP NARRATIVE SUMMARY

4. REASSESSMENT APPENDIX A:
Aroclor 1260 in Female Sherman Rats (Kimbrough et al.,
1975)

5. REASSESSMENT APPENDIX B:
Aroclor 1260 Reproduction Study in Male and Female
Sherman Rats (Linder, et al., 1974)

6. REASSESSMENT APPENDIX C:
Aroclor 1260 in Male and Female Sprague Dawley Rats
(Norback and Waltman, 1985)

7. REASSESSMENT APPENDIX D:
National Cancer Institute (NCI) 1977 Aroclor 1254 Study
in Male and Female Fischer 344 Rats (NCI 1977)

8. REASSESSMENT APPENDIX E:
Clophen A 60 in Male Wi'star Rats (Schaeffer, et al.,
1964) and Clophen A 30 in Male Wistar Rats (Schaeffer,
et al., 1984)

9. REFERENCES:
Induction of Liver Tumors in Sherman Strain Female

Rats bv Polvchlorinated Biphenvl Aroclor 1260.
Kimbrough et al., JNCI (1975) 55:6, 1453-1459.

The Effect of Polvehlorinated Biphenvls on Rat
Reproduction. Linder et al., Fed Cosmet Toxicol (1974)
12:, 63-77.

Bioassv of Aroclor 1254 for Possible
Carcinooenicity. National Cancer Institute
Carcinogenesis Technical Report Series, Number 38,
1978.

Polychlorinated Biphenvl Induction of
Heoatocellular Carcinoma in the Sorague Davley Rat.
Norback, D.H. fc Heltaan, R.H., Env Kith Perspect (1985)
60:, 97-105.

Pathology of Chronic Polvchlorinated Biphenvl
fPCBl Feeding in Rats. Schaeffer, £., Greim, H., fc
Goessner, w. Tox and Applied Pharm. (1984) 75:, 272-
288.

HRP 002 0067



IEHR Institute for Evaluating Health Risks

President John A. Moore

July i, 1991

Suite 608
1101 Vermont Avenue, NW
Wuhington, DC 20005
Tel: (202) 2894721
Fax: (202) 2894530

NAS-Beckman
Irvine, California

The Honorable Hank Habicht
Deputy Administrator
Environmental Protection Agency
401 M Street S.W.
Washington, DC 20460

Dear Hank:

The Institute for Evaluating Health Risks has just completed
a project, funded by General Electric, in which the pathological
diagnoses in five key rat PCB studies were reassessed. This
reassessment is the consensus diagnoses of eminent~pathologists
who are particularly experienced in rodent liver tumors. Using
these diagnoses the studies were then analyzed for consistency of
result and to determine whether the differences in tumor
incidence and type were due to the differing levels of
chlorination in the tested PCB mixtures.

The analysis clearly indicates that a reconsideration of the
Agency's traditional PCB cancer risk policy is warranted. The
policy positions to which I refer are: 1) an assumption that all
PCB formulations are probable human carcinogens; 2) the
assumption that all PCB formulations have the same quantitative
potency to cause cancer.

Both of these positions were initially established years ago
when our knowledge base froa which to determine the cancer
potential of PCBs was meager. They represent the use of
conservative default assumptions. However, since then new data
and knowledge have accrued that have not been effectively
incorporated into the PCB risk assessment. Data, when available,
should have priority over default assumptions.

A revised Agency PCB cancer risk assessment should reflect
the following:

Develop separate risk assessments for each of the ma^or PCB
formulations,

The reassessed data underscore that there are major
differences in carcinogenic potential based on the degree of
chlorination of the PCB mixture. While the results from
studies of mixtures with 60% chlorination consistently
report a high incidence of liver tumors, studies in rats
which were fed mixtures with 54% or 42% chlorination did not
detect statistically significant elevations of liver tumors.
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PCS Cancer Risk Policy 2

It is not proper to continue a policy which doe* not
consider data, developed subsequent to the initial
judgment, that demonstrates other formulations are either
not carcinogens or at best, weak carcinogens. There is
precedent for such action; several years ago the Science
Advisory Panel, which advises the State of California on
cancer designations under Proposition 65, voted to recommend
Aroclor 1260 as a carcinogen rather than all PCBs.

Utilize all available data when calculating* cancer potency
for PCS mixtures that have 60% ehlorination

When one compares the consensus pathology diagnoses across
four studies, in three different laboratories, there appears
to be no scientific basis for continuing the practice of
selecting only part of the available data for deriving
potency estimates. Using this approach, the current EPA
value of 7.7 would be replaced with a value of approximately
1.9.

I am not asking you to focus on an issue that is only of
arcane scientific interest. The current cancer policy is clearly
overstating the cancer risks associated with many exposures to
PCBs in the environment. In a number of instances it is driving
regulatory decisions that, by any standard are a major economic
impact for, at best, trivial public health gain. As an
illustration, mixtures with 60% or greater ehlorination comprised
about 12% of total PCB sales in this country; yet current
policy calculates all PCB exposure as if it were equivalent to
Aroclor 1260. while PCBs in the environment undergo changes in
composition none develops into the chemical "fingerprint" that
identifies Aroclor 1260. Therefore, 88% of the PCB that was used
is being treated as if it were a potent carcinogen when the data
indicate that these lower chlorinated mixtures are either of
markedly diminished potency or not carcinogenic at all!

A request to develop a risk assessment utilizing all
pertinent data, I believe, is consistent with the Agency's stated
goals of focusing on risks which represent true public health or
environmental concern and of reducing the uncertainties in risk
assessment by applying sound scientific knowledge.

I would be pleased to work with the Agency in explaining the
results of this project and discussing alternative approaches to
estimating PCB risks. A copy of the pathology reassessment and a
letter sent to Agency colleagues which provides greater details
on risk related issues is enclosed.

so
Sincerely, *

to
John A. Moore
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IEHR Institute for Evaluating Health Risks

President John A. Moore Suite 608 NAS-Beckman
1101 Vermont Avenue. NW Irvine, Califonua
Washington, DC 20005
Tel: (202) 289-8721

July 1, 1991 Fax:(202)289-8530

The Honorable Erich Bretthauer
Assistant Administrator
Office of Research and Development
Environmental Protection Agency
401 M Street SW
Washington, DC 20460

Dear Erich:
The Institute for Evaluating Health Risks has just completed

a project in which the pathological diagnoses in five key rat PCB
studies were reassessed.1 Based on the results of this
reassessment, a copy of which is enclosed, these studies could
then be analyzed for consistency of result and it could be
determined whether the differences in tumor incidence and type
were due to the differing levels of chlorination in the tested -
PCB mixtures. The analysis clearly indicates that a
reconsideration of the Agency's traditional cancer risk policy is
warranted.

In the studies that were reviewed in this project rats were
chronically exposed to commercial PCB formulations with three
different levels of chlorination. The results of the pathology
reassessment are briefly summarized as follows:
1 The project, which was funded by General Electric, was managed
by the Institute for Evaluating Health Risks; coordination of the;
pathology reassessment was performed by Experimental Pathology
Laboratories Inc.

These specific studies were selected because they were utilized
or discussed in previous EPA risk assessments and they represent
the best studies for evaluating the cancer potential of these
mixtures of chemicals.
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PCB Cancer Risk Policy

reaffirmed that chronic dietary exposure of rats, in three
different studies, to 60% chlorinated PCB femulations
resulted in the development of benign and malignant liver
tumors;

reaffirmed that chronic exposure of rats to a PCB
formulation that was 54% chlorinated did not yield a
statistically significant increase of either benign or
malignant tumors;
revealed that rats chronically exposed to a PCB formulation
that was 42% chlorinated did not develop any increase in
malignant tumors or a statistically significant increase in
benign tumors.

These reassessment results indicate that the following two
traditional EPA PCB policy positions be reconsidered: 1) an
assumption that all PCB formulations are probable human
carcinogens; 2) the assumption that all PCB formulations have the
same quantitative potency to cause cancer.

Both of these positions were initially established years ago
when our knowledge base from which to determine the cancer
potential of PCBs was meager. They represent the use of
conservative default assumptions. However, since then new data
and knowledge have accrued that have not been effectively
incorporated into the PCB risk assessment.2

I believe that a revised PCB cancer risk assessment should
reflect the following:

2 Because of insufficient data default assumptions commonly are a
necessary component of a risk assessment. However, there is
another policy position which should guide the decision that
determines the use of defaults; that overarching policy should
establish a clear bias for the use of data whenever it is
available. In other words the operant policy position is to use
data, the burden should lie on the risk assessor to clearly
establish why available data should not be used before it can be
replaced by a default assumption.
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PCB Cancer Risk Policy

Develop separate risk assessments for each of the ma-ior PCB
formulations. . *

. R

The reassessed data underscore that there are major
differences in carcinogenic potential based on the
degree of chlorination of the PCB mixture. While th*
results from studies of mixtures with',50% chlorination
consistently report a high incidence of liver tumors
studies in rats which were fed mixtures with 54% or 42%
chlorination did not detect statistically significant
elevations of liver tumors. It is not proper to
continue a policy which does not consider data,
developed subsequent to the initial judgement, that
demonstrates other formulations are either not
carcinogens or at best, weak carcinogens. There is
precedent for such action; several years ago'the
Science Advisory Panel, which advises the State of
California on cancer designations under Proposition 65.
voted to recommend Aroclor 1260 as a carcinogen rather
that list all PCBs. •

The tissue diagnoses of the expert group of patholooists
should be used for risk assessment.

There are three factors that support the use of these
consensus diagnoses:

1} it reflects the use of current pathology conventions
that are endorsed by the National Toxicology Program
and the Environmental Protection Agency; an70

V

2) it represents the consensus opinion of pathologist* o
that are experienced in the evaluation of rodent *°
bioassays; specifically liver tumors. o
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3) the results of the present review permits greater
confidence that observed differences in tumor incidence
and type in each' study are due to differences in the
test substances.

Utilize all available data when calculating cancer potency
for PCB mixtures that have 60* chlorination.

There is no logical basis to continue the current
practice of only using the results obtained in female
Sprague Davley rats. A comparison of the results of
each of these studies3 shows a striking similarity in
the nature of the tumor response. It should be noted
that three separate strains of rats were used and that
the similarity of response is apparent when one
compares female Sheman rats, male Wistar rats, and
female Sprague Dawley rats. Male Sprague Dawley rats,
while developing the same type of liver tumors, did so
at a lower incidence. To assume that this reduced
response reflects a generic tendency of male rats not
to develop tumors is not supported by the data. The
greatest incidence of liver tumors (91.2%) was observed
in male Wistar rats. The results in male Wistar rats
also do not support continuing the practice of
censoring the male Sprague Dawley results from the
calculation of a cancer slope factor.

3 Induction of Liver Tumors in Sherman Strain Rats By
Polychlorinated Biphenyl Aroclor 1260. Kimbrough, R.D. et al,
JNCI (1975) 55:6, 1453-1459.
Polychlorinated Biphenyl Induction of Hepatocellular Carcinoma

in the Sprague Dawley Rat. Norback, D.H. & Weltman, R.H., Env
Kith Perspect (1985) 60:, 97-105.
Pathology of Chronic Polychlorinated Biphenyl (PCB) Feeding in

Rats. Schaeffer, E., Greim, H., & Goessner, W., Tox & Applied
Pharm. (1984) 75:, 272-288.
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When using the results from each of these studies one
should apply a consistent decision rule to the
censoring of animals from studies; each author used a
different convention in their publications. Observing
the convention employed by the National Toxicology
Program may be more appropriate and consistent for all
studies.4 The group size in several of these studies
would increase if this recommendation were adopted.

Employing the geometric mean of the cancer potency
factors of the four study groups, female Sherman, male
wistar, male Sprague Dawley, and female Sprague Dawley
rats would reflect a less arbitrary use of all existing
data. There is ample precedent for this approach \n a
number of Agency decisions. The geometric mean, using
the re-evaluation results, would yield a cancer potency
factor of approximately 1.9. The current value
calculated by EPA is 7.7 using only the female Sprague
Dawley rat.

The reassessment of the NCI study5 clarifies the
significance of "nodular hvperplasia"

This study which evaluated a PCB mixture with 54%
chlorination, essentially reaffirmed the original
findings that the bioassay did not show a carcinogenic
response in either male or female F344/N rats. The
group size at each treatment level was 24 rats.

4 Censor all rats that died during the first year of the study or
censor rats that died prior to the diagnosis of the first tumor
in a target organ; whichever date is earlier.
5 Bioassay of Aroclor 1254 for Possible Carcinogenicity. NCI
Carcinogenisis Technical Report Series, Number 38, 1978.
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Utilizing the current pathology nomenclature the
consensus diagnoses by the expert panel classified
"nodular hyperplasia1* lesions, a designation used in
the original report, as nonneoplastic. Therefore,
continuing to incorporate the incidence of nodular
hyperplasia in a cancer potency calculation, as was
done in the most recent Water Quality Criteria
Document6 would fail to have a supportable scientific
basis.

Rather than exclusively focus on how to estimate a
cancer potency factor for the 54% chlorination PCB
mixture I would urge consideration of a more
fundamental question; namely, the estimation of cancer
potency from any negative study.

The reassessment of the pathology diagnoses of legions in
the liver of rats fed a PCB mixture containing 42%
chlorination reveals that there is no statistically
significant increase in tumors.

This study, which was performed in parallel with a PCB
mixture with 60% chlorination, has not been accorded
the attention that it deserves from a risk assessment
perspective.8

6 Drinking Water Criteria Document for Polychlorinated Biphenyls,
April 1988, (PB89-192256) pp VIII-32 to VIII-35.
7 Liver tumor incidence in controls 8/120 (hepatocellular adenoma
6/120, hepatocellular carcinoma 2/120). Liver tumor incidence in
treated group 16/128 (hepatocellular adenoma 14/128,
hepatocellular carcinoma 2/128). Fisher exact test, one tailed,
p «.098). It is arguable that a two tailed test should be used
given that a decrease in pituitary tumors and endocrine tumors
was reported in several of these studies. A two tailed test
would further erode the p value.
8 Pathology of Chronic Polychlorinated Biphenyl Feeding in Rats.
Schaeffer, £., Greim, H., t Goessner, W., Tox. & Applied Pharm.
(1984) 75:, 272-288
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PCB Cancer Risk Policy 7

Factors which underscore the value of this study
include:

1) it is the only major study of a PCB mixture with^
this level of chlorination. y

2) it has far better statistical power to detect an
effect than do most bioassays, e.g., the number of
animals studied were about two and a half times greater
than required by EPA or used by the National Toxicology
Program. ;

3) the selection of male rats as the test subject would
not appear to be a limitation. A parallel group of
male rats, fed a PCB mixture containing -60% chlorine,
yielded a liver tumor incidence of 91%, the highest
incidence reported in any of the studies that were
reassessed.

4) the study duration was approximately 118 weeks, this
is three months longer than the protocol requirements
of either EPA or the National Toxicology Program. It
is generally held that studies of longer duration favor
the detection of tumors, particularly with these types
of chemicals.

I am not asking you to focus on an issue that is only of
arcane scientific interest. The current cancer policy is clearly
overstating the cancer risks associated with many exposures to
PCBs in the environment. In a number of instances it is driving
regulatory decisions that, by any standard are a major economic
impact for, at best, trivial public health gain. As an
illustration, mixtures with 60% or greater chlorination were
about 12% of total PCB sales in this country; current policy
calculates all PCB exposure as if it were equivalent to Aroclor
1260.
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While PCBs in the environment undergo changes in composition they
do not develop into the chemical "fingerprint" that identifies
Aroclor 1260. Therefore, 88% of the PCB that was used is being
treated as if it were a potent carcinogen when the data indicate
that these lower chlorinated mixtures are either of markedly
diminished potency or not carcinogenic at all!

A request to develop a risk'assessment utilizing all
pertinent data, I believe, is consistent with the Agency's stated
goals of focusing on risks which represent true public health or
environmental concern and of reducing the uncertainties in risk
assessment by applying sound scientific knowledge.

I would be pleased to work with the Agency in explaining the
results of this project and discussing alternative approaches to *
estimating PCB risks.

Sincerely,

A/
John A. Moore
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REASSESSMENT OF LIVER FINDINGS \
IN PCB STUDIES IN RATS V

PATHOLOGY WORKING GROUP REVIEW

NARRATIVE SUMMARY
<j

INTRODUCTION ,

Polychlorinated biphenyls (PCBs) are compounds whose
physical and chemical properties led to their widespread use for a

number of commercial applications. Because of their extensive use in

the past and their resistance to chemical and biological breakdown, PCBs

are now widely distributed in the environment.

PCBs were manufactured commercially by the chlorination of

biphenyl. The number and placement of chlorine atoms introduced into

the biphenyl molecule determines each PCBs1 structure. There are 209

possible PCB congeners or homologs. Commercial PCB formulations are

composed of complex mixtures of individual PCBs rather than a single

congener. The percent chlorine by weight increases as the average
number of chlorine atoms per biphenyl is increased. The chlorine
content of various commercial formulations differs according to the

desired physical characteristics for specific applications (Siberhom.
et al., 1990).

A number of studies have been undertaken to assess the «»
potential toxidty and carcinogenicity of commercial PCB preparations.

o
The main target organ of PCBs 1s the liver. A number of investigators °
have studied the potential carcinogenic effect of various PCBs In the o

o
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liver of rats and alee. These studies have Indicated that benign or
malignant hepatocellular tumors and various nonneoplastic hepatic
changes are observed In the liver of rodents when given at appropriate
doses for extended periods of time. These studies also indicated that
PCB mixtures with a high chlorine content are more potent in inducing
neoplastic nodules and hepatocellular carcinomas than mixtures with less
chlorination. In most of these studies, the criteria for diagnosis and
nomenclature designations according to Squire and Levitt were used by

the investigators to classify the hepatocellular changes (Siberhorn, et '
al., 1990).

In the recent past, there have been changes in the criteria

and nomenclature for hepatoproliferative lesions of rats (Maronpot, et
al., 1986). These changes resulted from the increased accumulation of
data, as well as a better understanding of the mechanisms of toxicity
and carcinogenesis. In light of these changes, it was considered
reasonable to reexamine the livers from several earlier PCB studies to

assess the risk posed by these compounds based on the current

understanding of hepatic changes. At the request of the Institute for
Evaluating Health Risks (IEHR), Experimental Pathology Laboratories,

Inc. (EPL) assembled all liver slides from five (5) key chronic PCB
studies for the purpose of reassessment of the liver findings following
current diagnostic criteria and nomenclature. These studies included
the following: Aroclor 1260 in female Sherman rats (Kimbrough, et al.,
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1975); Aroclor 1260 in male and female Sprague-Oawley rats (Norback and

Weltman, 1985); National Cancer Institute (NCI) Aroclor 1254 study in

male and female Fischer 344 rats (NCI, 1977); Clophen A 60 in male

Wistar rats (Schaeffer. et al.. 1984); and Clophen A 30 in male Wistar

rats (Schaeffer, et al., 1984). Additionally, the liver slides fro*

male and female rats used in a reproduction study in male and female

Sherman rats with Aroclor 1260, in which the exposure was limited to

nine months, were reexamined to characterize the degree and extent of

hepatic lesions resulting from subchronic exposure to Aroclor 1260

(Linder, et al., 1974). References for each of these studies are

included in Appendix F. The concurrent review of these studies provide

a unique opportunity to compare the incidence, type and severity of

hepatic lesions observed in each.
A summary of the experimental design for each of the studies

included in this current review is presented on the following table.

oo
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SUMMARY OF EXPERIMENTAL DESIGN
PCB STUDIES IN RATS

Duration

35
HJ

O
0
10

O
0
00
U)

Studv

Kimbrough, et al., 1975

Nor back and Weltman, 1985

Schaeffer, et al., 1984

NCI, 1977

Schaeffer, et al., 1984

Linder, et al., 1974
(Reproduction Study)

Chemical

Aroclor 1260

Aroclor 1260

Chlopen A 60

Aroclor 1254

Clophen A 30

Aroclor 1260

% C1 bv Ht. Strain Sex

60% Sheraan F

60% Sprague- M/F
Dawley

60% Hi star M

52-54% F344 M/F

40-42% Histar M

60% Sherman M/F

Dosage levels of

100 ppM

100 ppM for 16
Months followed
by 50 ppM for 8
Months then control
diet for 5 Months

100 ppM

25 ppM, 50 ppM
100 ppM

100 ppm

100 ppM

Exposure*

23 Months

29 Months

801-832
Days

104-105
Weeks

801-832
Days

9 Months

'Duration of exposure published by original investigator.
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H
METHODS -V

After assembling the hematoxylin and eosin stained
microscope slides and data from each of the studies to be reviewed, the
procedures developed by the National Toxicology Program which utilizes a

Pathology Working Group (PWG) Mere generally followed to conduct the
review. The PWG members consisted of Veterinary Pathologists with

extensive experience in the microscopic evaluation and interpretation of

hepatic changes observed in bioassay studies conducted jin rodents. The
PWG's task was to confirm the incidence of hepatocellular neoplasms.
resolve diagnostic discrepancies, validate treatment-related effects an*

discuss the biological significance of the potential effects .present.
Prior to the PWG review, all slides within each individual

study were randomized by animal number and then coded in ascending

numerical order. The randomized slides were examined without knowledge
of treatment group by the Reviewing Pathologist, Or. Deborah Banas,

Experimental Pathology Laboratories, Inc. The reviewing pathologist
recorded all changes present in the liver sections including both

neoplastic and nonneoplastic lesions. After microscopic examination,
the data was decoded and presented by treatment group for interpretation
of the results and preparation for the Pathology Working Group review.

The Pathology Working Group was chaired by Dr. Jerry F. w
>v

Hardisty, Experimental Pathology Laboratories, Inc.. who organized and
o

presented the material to a panel of five board certified Veterinary 3
oo
CO



EPL
EXPERIMENTAL PATHOLOGY LABORATORIES, INC.

Pathologist;. The PWG review was performed on Nay 29-31, 1991 in the
Research Triangle Park, North Carolina. Individuals attending or
participating in the PHG review are listed as follows:

Dr. W. Ray Brown
Dr. E.E. McConnell
Dr. James A. Popp
Dr. Robert A. Squire
Dr. Jerrold M. Ward
Dr. Deborah A. Banas
Dr. Jerry F. Hardisty

Dr. Ronald Moch
Dr. D. Singh
Dr. Jack Moore
Dr. Renate Kimbrough
Dr. W. Goessner
Dr. Diane Norback
Dr. William M. Busey

PWG Participant
PWG Participant
PWG Participant
PWG Participant)
PWG Participant)
(Reviewing Pathologist)

(PWG Chairperson)
Observer, PDA)
Observer, EPA)
Observer, IEHR)
(Observer, IEHR)
(Observer, GSF)
(Observer, University of Wisconsin)
(Observer, EPL)

Each participant recorded his diagnoses and comments on '

worksheets which were prepared by the PWG Chairman. The worksheets for

each participant are on file at EPL. Each lesion was discussed by the

group, reexamined if necessary and the final opinions were recorded on

the Chairperson's Worksheets also maintained on file at EPL, Inc. The

consensus diagnoses of the PWG was reached when at least three of five

PWG participants were in agreement.
After the PWG completed the slide review for each study and

the diagnoses recorded by the PWG Chairperson, the slides were decoded
by treatment group. The consensus diagnoses was entered into a
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computerized pathology reporting system at EPL, and Histopathology

Incidence Tables for individual animals and Summary Incidence Tables

were prepared for evaluation and interpretation of the PWG findings.

The Histopathology Incidence Tables and Summary Incidence Tables are

presented in Appendices A - E for each of the studies reviewed.

In addition to providing specific diagnoses for neoplastic

and hyperplastic hepatocellular lesions present on the slides examined,

the PWG participants also provided comments and opinions on the presence

of a variety of nonneoplastic changes including foci of cellular *

alteration, and other lesions which may be indicative of potential

hepatotoxicity. The PWG members were consistently in agreement with the

reviewing pathologist concerning the nonneoplastic changes present.
Since the reviewing pathologist had examined all liver slides in both

control and treated animals in these studies using consistent criteria

for diagnosis and severity grading, there was agreement by the PWG
members to accept the reviewing pathologist*s findings for nonneoplastic
changes as the "consensus diagnosis'1. Therefore the consensus diagnoses

presented in the Histopathology Incidence Tables and Summary Incidence
Tables represent the Majority opinion of the PWG for all neoplastic and
hyperplastic changes and the reviewing pathologist's diagnosis for other

nonneoplastic changes.
The diagnostic criteria used by the PWG participants and the

reviewing pathologist for diagnosis of foci of cellular alteration,
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hepatocellular hyperplasia and hepatocellular neoplasns is summarized
below:

Foci of Cellular Alteration I

1. Localized lesions recognized by virtue of. tinctorial staining
variation from surrounding hepatic parenchyma.

2. Usually do not compress but merge imperceptibly with surrounding
parenchyma.

3. Minimal disruption of hepatic lobular architecture.

4. Hepatocytes within focus may have clear, eosinophilic, or
basophilic cytoplasm or a mixture of these and may be larger or

smaller than surrounding hepatocytes.

Focal Hepatocellular Hvoerplasia ^^

1. Usually a mult ifoca1 nodular lesion found associated with previous
or concurrent hepatic damage. In this context, may be considered
as multifocal regenerative hyperplasia.

2. Lesion consists of spherical proliferation of hepatocytes without

nuclear atypia. May contain cytologic alterations similar to

those seen in foci of cellular alteration.
3. An increased number of mitoses nay be evident. Hyperplastic cells

may be hypertrophic or contain intracytoplasmic vacuoles. The a:
cells within a hyperplastic focus are usually uniform and have a *o

homogeneous growth pattern. §
10
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^
4. Hepatic lobular architecture is evident but may be distorted.

Portal triads can often be found within hyperplastic foci.

Heoatocellular Adenoma
u

1. Nodular proliferations of hepatocytes which are sharply demarcated

by definite compression of surrounding hepatic parenchyma and

usually by virtue of tinctorial staining differences.

2. Hepatic plates of an adenoma are usually not continuous with

surrounding liver plates but impinge with them at a sharp angle.

3. Loss of normal lobular architecture.
4. Often have an increased mitotic index, may contain areas of

cellular atypia, and have an irregular growth pattern.

5. Cells within an adenoma may be degenerative, hypertrophic, and/or

contain intracytoplasmic vacuoles.

Heoatocellular Carcinoma
1. Usually considerably larger and more Irregular than hepatocellular

adenoma.

2. Compress or extend Into surrounding hepatic parenchyma.
3. Characterized by one or more of the following: cellular atypia.

local invasiveness, haphazardly arranged cells, broad sheets of
93

cells, "trabecular" patterns, gland-like formations. 3

o
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RESULTS

A. Aroclor 1260 in Female Sherman Rats (Kimbrouoh. et al..

1975)

Only one control female rat had a hepatocellular neoplasm.
Control female 8231 had a hepatocellular carcinoma. In treated female
rats, 21 rats had hepatocellular carcinomas and 135 rats had
hepatocellular adenomas. A few of the treated female rats had both
hepatocellular adenomas and hepatocellular carcinomas. The
hepatocellular carcinomas were we 11 -differentiated trabecular types. '
The hepatocytes varied from a normal appearance to enlarged, acidophilic
or diffusely basophilic cells. The cytoplasm often contained

eosinophilic inclusions within vacuoles. Hepatocellular adenomas were

generally spherical and well demarcated. The cells in the adenomas were

generally enlarged with nuclear and cytoplasmic features similar to the

carcinomas. In three of the treated rats the liver tumors had

glandular, papillary patterns giving the appearance of both hepatocytic

and biliary epithelium (8326, 8377 and 8406). These tumors were

considered to represent a subtype of hepatocellular adenoma or carcinoma

and were not given a unique diagnosis. A summary of the incidence of

rats with only hepatocellular adenoma and those with at least one

hepatocellular carcinoma is presented as follows: 3.

o
o
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No. Examined

No. Animals with only
Hepatocellular Adenoma

No. Animals with at Least
one Hepatocellular Carcinoma

Total Animals
with Hepatocellular Neoplasms

Control

187

0 (0%)

1 (0.5%)

1 (0.5%)

Aroclor 1260

189

117 (61.9%)

21 (11.1%)

138 (73.0%)

Eosinophilic foci were present in 173 of the treated rats

and only seven of the control rats. Other foci frequently occurred jn

addition to the eosinophilic foci in treated rats. The incidence of
focus/foc'i of cellular alteration in the liver of control and treated

female rats is presented as follows:

No. Examined

Focus/Foci, Eosinophilic

Focus/Foci, Basophilic

Focus/Foci, Clear Cell
Focus/Foci, Mixed Cell
No. Animals with Any Type
of Focus/Foci

Control

187

7 (3.7%)

4 (2.1%)

14 (7.5%)

1 (0.5%)

Aroclor 1260

189

173 (91.5%)

67 (35.4%)

67 (35.4%)

38 (20.1%)

25 (13.4%) 177 (93.7%)

Nonneoplastic lesions which appeared to be increased with treatment i£
included centrilobular hepatocytomegaly, centrilobular fatty change, o

10
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bile duct hyperplasia, and pigment deposition. Oval cell proliferation,

angiectasis, and dilated bile ducts were also increased in treated rats.
Focal necrosis was often noted in treated rats in association with
hepatocellular carcinomas. Cholangiofibrosis characterized by atypical

bile ducts surrounded by abundant dense collagenous connective tissue
was present in three treated rats. The incidence of nonneoplastic
lesions which were increased in treated rats as compared to control rats
is presented below:

No. Examined

Centrilobular Hepatocytomegaly

Centrilobular Fatty Change

Bile Duct Hyperplasia

Pigment Deposition

Oval Cell Proliferation

Angiectasis

Dilated Bile Ducts, Focal

Focal Necrosis

Cholangiofibrosis

Control

187

1 (0.5%)

1 (0.5%)

4 (2.1%)

9 (4.8%)

2 (1.1%)

1 (0.5%)

0 (0%)

0 (0%)

0 (0%)

Aroclor 1260

189

108 (57.1%)

32 (16.9%)

29 (15.3%)

66 (34.9%)

17 (9.0%)

17 (9.0%)

14 (7.4%)

13 (6.9%)

3 (1.6%)

12
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B. Reproduction Study With Aroclor 1260 in Male and Famale

Sherman Rats. F. Generation (Under, et al.. 1974)

Slight to severe centrilobular hepatocytomegaly was noted

in all ten treated males, and minimal to moderately severe centrilobulat

hepatocytomegaly was present in seven of ten treated females. This

lesion was characterized by enlarged hepatocytes, occasionally with

atypical nuclei surrounding the central veins and, in the case of

moderately severe or severe lesions, extending over a.fair portion of

the liver lobule. Cytopiasmic inclusions were prominent in these

enlarged hepatocytes in two of the males. Minimal to slight

centrilobular fatty change was noted in two of the treated females and

focal fatty change occurred in one. Single eosinophilic foci were noted
in two treated females. These lesions were characterized by foci of

enlarged, eosinophilic hepatocytes having a ground-glass appearance to

the cytoplasm and having a distinctly different tinctorial appearance
compared to the surrounding parenchyma. Multiple, small, clear cell
foci were noted in one treated male and were characterized by enlarged

hepatocytes having a clear or slightly granular pale cytoplasm. Brown
pigment deposition was noted in four of the treated females.

Other lesions noted in the liver sections of both control

and treated rats were mlcrogranulomas. These lesions consisted of focal
accumulations of macrophages and mononuclear inflammatory cells, and
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were unrelated to treatment with Aroclor 1260. The incidence of these
changes are summarized as follows:

Hale Rats Fee»)e Rats
Control Aroclor 1260 Control Aroclor 1260

No. ExMfntd

Fatty Change. Focal
CytoplaMlc Inclu
HlcrogranulOM(s)
Pigment Deposition

patocytowgaly
nophlllc
r Cell
ntrl tabular
cal
us ions

)
»n

Aroclor 1260

and We It man.

10

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

0 (0%)

3 (30%)

0 (0%)

in Male

1985)

10

10 (100%)

0 (0%)

1 (10%)

0 (0%)

0 (0%)

2 (20%)

2 (20%)

0 (0%)

MMMAM*^^ •

10

0(0%)

0 (0%)
0(0%)
0 (0%)

0 (0%)

0(0%)

5 (50%)

0 (0%)

10

7(70%)
2 (20%)

0 (0%)

2 (20%)

1 (10%)

0 (0%)
3 (30%)

« (40%)

and Female Soraaue-Dawlev Rats (Norback

Hematoxylin and eosin stained slides were examined from 31

male control, 40 male treated, 45 female control and the 46 female
treated Sprague-Dawley rats. Due to the fact that partial hepatectomies

were performed on two control females (30 and 31) and two treated males

(189 and 212), these animals are represented twice in the Histopathology
Incidence Tables. The animal number followed by "A" represents the
liver section examined following the partial hepatectomy and followed by
"B" for the liver section examined at termination.

A marked sex difference in the number of hepatocellular
neoplasms was present in this study. No hepatocellular neoplasms were

present in any of the control male rats. In treated male rats four had
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hepatocellular adenomas and one had a hepatocellular carcinoma. Only

one control female rat had a hepatocellular adenoma. Hepatocellular

adenomas were present in 29 treated female rats and hepatocellular
carcinomas were present in 19 treated female rats. Additionally, three

treated female rats had cholangiocarcinomas. Most of the hepatocellular

carcinomas were well-differentiated trabecular neoplasms.

Hepatocellular neoplasms in treated female rats 192, 212, 213 and 214

had glandular, papillary patterns similar to that described above for

the Kimbrough study in female Sherman rats. Hepatocellular adenoma*

were generally spherical, we11-demarcated tumors composed of well-

differentiated cells which produced mild to moderate compression of the

surrounding hepatic parenchyma. A few of the treated female rats had

both hepatocellular adenoma and carcinoma. A summary of the incidence
of male and female rats with only hepatocellular adenoma and rats with

at least one hepatocellular carcinoma is presented as follows:

Hale Rats Female Rats
Control Aroc lor 1260 Control Aroc lor iTED*

No. Examined 31 40 45 46

No. Anlrnls with only
Hepatocellular Adtnon 0 (0%) 4 (10%) 1 (2.2%) 22* (47.8%)

No. AnlMls with at Ltast
one Hepatocellular Carcinoma 0 (0%) 1 (2.5%) 0 (0%) 19* (41.3%)

Total AnlMls
with Hepatocellular Neoplasms 0 (0%) 5 (12.5%) 1 (2.2%) 41 (89.1%)

•Two fewle rats with hepatocellular adenon and one with hepatocellular carcinoH
also had a cholanglocarclnoea.

An Increased Incidence of eosinophilic cell foci was present
in treated male and female rats as compared to control rats. Although •

15
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few basoph1lie, cltar cell and nixed cell foci were also observed they
did not occur In a treatment-related Manner. A summary of the incidence
of foci of cellular alteration in the liver in Sprague-Dawley Rats is
presented below:

lit iut$

He. ExMlmd 31 40
Focus/foci, EoslnopMIIc 1 (3.2%) 16 (40%)
Focus/Foci, ftuopMHc 1 (3.2%) 0 (0%) 2 (4.4%) 1 (2.2%)
Focus/Foci. ClMr tell 4 (12.9%) 0 (0%) 1 (2.2%) 0 (0%)

Focus/Foci. Nlxtd Ctll 0 (0%) 2 (5%) 0 (0%) 0 (0%)
No. AnlMlt with Any Typt

of Focus/Foci 5 (16.1%) 16 (40%) 7 (15.6%) 36 (78.3%)

Other hepatic lesions which appeared to be increased in
treated groups as compared to control male and female rats included
centrilobular hepatocyt omega ly, centrilobular fatty change and

centrilobular necrosis. In treated female rats the incidence of bile
duct hyperplasia, cholangiofibrosis, cystic bile ducts, peri portal
f ibrosis and pigment deposition was also increased in incidence as

compared to control female rats. The incidence of selected
hepatocellular lesions which were increased in incidence in treated male

and/or female rats as compared to controls are presented as follows:

o
o
CO

so
Wl
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Hale Rats

No. Examined

Centr (tabular Hepatocytonegaly

Centr i lobular Fatty Change

Centr ilobular Necrosis

Bile Duct Hyperplasia

Cholangioflbrosls

Cystic Bile Ducts
Per (portal Fibres is

Pigment Deposition

0. Cloohen A 60

Control

31

0

0

0

6

0

0
2

1

in

(0%)

(0%)

(0%)

(19.4%)

(0%)

(6.5%)

(3.2%)

Male

Aroclor 1260

40

IS

17

7

6

0

1
3

2

(37.5%)

(42.5%)

(17.5%)

(20%)

(0%)

(2.5%)
(7.5%)

(5.0%)

Wistar Rats

Fema
Control

45

0

0

2

2

0

1
0

2

(0%)

(0%)

(4.4%) 'J

(4.4%) :
(0%)

(2.2%)
(0%)

(4.4%)

le Rats \
Aroclor 1260

5

2

4

19

4

5
12

13

fSchaeffer.

46

(10

(4.

(8.

(41

(8.

(10
(26

"(28

.9%)

3%)

7%)

.3%)

7%)

.9%)

.1%)

.3%)

et al.. 19841

Hepatocellular adenomas were present in six control males

and in 85 treated males. Hepatocellular carcinomas were present in two

control males and in 67 treated males. Additionally one of the control

males with a hepatocellular carcinoma also had a cholangiocarcinoma in

the liver. Although most of the hepatocellular neoplasms consisted of

well-differentiated adenomas and carcinomas, nine of the tumors present
in the treated group had glandular, papillary patterns suggestive of a

mixture of hepatocellular and biliary epithelium. Although this pattern
was observed only in treated rats, it was considered to most likely
represent a subclassification of hepatocellular adenoma or carcinoma and

was not given a unique morphologic diagnosis. A few of the treated male
rats had both hepatocellular adenomas and hepatocellular carcinomas. A
summary of the incidence of male Wistar rats with only hepatocellular
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adenoma and rats with at least one hepatocellular carcinoma is presented

as follows:i
1 Control Cloohen A 60

No. Examined 120 125

No. Animals with only
Hepatocellular Adenoma 6 (5.0%) 47 (37.6%)

No. Animals with at Least
one Hepatocellular Carcinoma 2*(1.7%) 67 (53.6%)

Total Animals
with Hepatocellular Neoplasms 8 (6.7%) 114 (91.2%)

*0ne control male also had cholangiocarcinoma.

Eosinophilic foci were present in the liver of 51 control

and 101 treated rats. Additionally, the number of male rats with clear

cell and mixed cell foci were greater in the treated group than in

the control group. The incidence of focus/foci of cellular alteration

in the liver of control and treated rats is presented as follows:

Control Cloohen A 60

No. Examined 120 125

Focus/Foci, Eosinophilic 51 (42.5%) 101 (80.8%)

Focus/Foci, Basophilic 2 (1.7%) 4 (3.2%)

Focus/Foci, Clear Cell 7 <5.8%) 28 (22.4%)

Focus/Foci, Mixed Cell 7 (5.8%) 28 (22.4%)

No. Animals with Any Type
of Focus/Foci 55 (45.8%) 108 (86.4%)
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With the exception of an increased incidence of focal

necrosis which was associated with hepatocellular carcinomas in rats

receiving Clophen a 60, other nonneoplastic lesions appeared to be
comparable or decreased in treated rats.

E. Clophen A 30 in Male Wistar Rats (Schaeffer. et al.. 1984)

The Clophen A 30 study in Wistar rats was conducted at the

same laboratory at the same time as the Clophen A 60 study discussed

above and therefore shared the same control group. In the Clophen A'30

treated rats 14 hepatocellular adenomas and two hepatocellular
carcinomas were present as compared to six adenomas and two carcinomas

in the control group. All of the hepatocellular tumors in the control

and treated rats occurred as singular tumors and none of the rats had

both a hepatocellular adenoma and a hepatocellular carcinoma. One
control male had a cholangiocarcinoma in addition to a hepatocellular

carcinoma. A summary of the incidence of male rats with hepatocellular

neoplasms is presented below:

No. Examined
Hepatocellular Adenoma
Hepatocellular Carcinoma
Total Hepatocellular Neoplasms

19

Control

120

6 (5.0%)

2 (1.7%)
8 (6.7%)

Cloohen A 30

128

14 (10.9%)

2 (1.6%)

16 (12.5%)
03
»
13
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The incidences of focus/foci of cellular alteration of all
types (basophilic, eosinophilic, clear cell and nixed cell) were greater
in treated male rats than in control male rats. The incidence of
focus/foci of cellular alterations present in control and treated groups
is summarized as follows:

Control Cloohen A 30

No. Examined 120 128
Focus/Foci, Eosinophilic 51 (42.5%) 98 (76.6%)

Focus/Foci, Basophilic 2 (1.7%) 15 (11.7%)
Focus/Foci, Clear Cell "7 (5.8%) 39 (30.5%)
Focus/Foci, Mixed Cell 7 (5.8%) 49 (38.3%)
No. Animals with Any Type
of Focus/Foci 55 (45.8%) 106 (82.8%)

The incidence of other nonneoplastic lesions were either decreased or

unchanged in the treated group as compared to the control group.

F. Aroclor 1254 in Male and Female Flscher 344 Rats (NCI. 1977)

The results of the PWG review generally confirmed the
conclusion of the NCI Technical Report that "under the conditions of the

bioassay Aroclor 1254 was not carcinogenic in Fischer 344 rats at the
doses tested; however, a high incidence of hepatocellular proliferative
lesions in both male and female rats was related to administration of

the chemical".

HRP 002 0099
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*
During the PWG review, the PWG panel examined all sections

of liver in which a diagnosis of a hepatocellular neoplasm or nodular

hyperplasia had been either diagnosed by the reviewing pathologist or

reported in the NCI Technical Report. 'j
No hepatocellular neoplasms were observed in control male or

female rats. Hepatocellular adenomas and/or carcinomas were present in

low numbers in all treated groups. When present, they occurred as

singular tumors and none of the affected rats had both a hepatocellular

adenoma and a hepatocellular carcinoma. The incidences of

hepatocellular neoplasms present in male and female F344 rats are

summarized as follows:

Male F344 Rats

Control Low Mid Hioh

No. Examined 24 24 24 23

Hepatocellular Adenoma 0 (0%) 1 (4.2%) 1 (4.2V) 1 (4.3%)
Hepatocellular Carcinoma 0 (0%) 0 (0%) 0 (0%) 2 (8.7%)

Total Animals with
Hepatocellular Neoplasm* 0 (0%) 1 (4.2%) 1 (4.2%) 3 (13%)

a
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No. Examined
Hepatocellular Adenoma
Hepatocellular Carcinoma
Total Animals with
Hepatocellular Neoplasms

Female F344 Rats
Control Low

23 24

0 (0%) 1 (4.2%)

0 (0%) 0 (0%)

Mid Hioh

24 24

2 (8.3%) 1 (4.2%)

0 (0%) 0 (0%)

0 (0%) 1 (4.2%) 2 (8.3%) 1 (4.2%)

Most of the hepatocellular lesions which were reported as
hyperplasia, nodular in the NCI Technical Report were considered to be
foci of cellular alteration when reexamined by the PWG. An increased

number of foci of cellular alteration were present in treated groups in

this study and consisted primarily of basophilic, eosinophilic and mixed

cell foci. The incidences of foci of cellular alteration in the liver

are summarized as follows:

No. Examined

Focus/Foci, Eosinophilic

Focus/Foci, Basophilic
Focus/Foci, Mixed Cell

Focus/Foci, Clear Cell
Total Animals with Any
Type of Focus/Foci

Male F344 Rats
Control Low

24

0 (0%)

Hid Hioh

24 24 23

4 (16.7%) 5 (20.8%) 4 (17.4%)

0 (0%) 1 (4.2%) 0 (0%) 7 (30.4%)
0 (0%) 2 (8.3%) 4 (16.7%) 8 (34.8%)

0 (0%) 0 (0%) 0 (0%) 0 (0%)

0 (0%) 7 (29.2%) 9 (37.5%) 16 (69.6%)

22
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No. Examined

Focus/Foci, Eosinophilic

Focus/Foci, Basophilic

Focus/Foci, Mixed Cell

Focus/Foci, Clear Cell

Total'Animals with Any
Type of Focus/Foci

Female F344 Rats

Control Low Mid High

23 24 24 24

0 (0%) 10 (41.7%) 13 (54.2V) 6 (25*)

2 (8.7%) 2 (8.3%) 0 (0%) 4 (16.7%)

0 (0%) 1 (4.2%) 0 (0%) 5 (20.8%)

0 (0%) 0 (0%) 1 (4.2%) 2 (8.3%)

2 (8.7%) 12 (50%) 14 (58.3%) 15 (62.5%)

Other lesions which occurred more frequently in Aroclor 1254

treated rats included centn'lobular hepatocytomegaly which occurred in a

few treated rats of each sex in each group and pigment deposition which

occurred frequently in treated females, often in conjunction with

foca 1/multifoca 1 granulomatous hepatitis. The incidence of these

nonneoplastic changes are presented as follows:

No. Examined
Centrilobular
Hepatocytomega1y

Pigment Deposition

Male F344 Rats
Control Low

24 24

0 (0%)

0 (0%)

Focal/Multifoca!
Granulomatous Hepatitis 0 (0%)

Mid
24

Hioh

23

3 (12.5%) 3 (12.5%) 3 (13%) -

0 (0%) 2 (8.3%) 2 (8.7%)

0 (0%) 1 (4.2%) 3 (13%)
as
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Female F344 Rats

Control Low Mid High

No. Examined 23 24 24 24
Centrilobular
Hepatocytomegaly 0 (0%) 3 (12.5%) 1 (4.2%) 3 (12.5%)

Pigment Deposition 3 (13%) 16 (66.7%) 16 (66.7%) 18 (75%)
Focal/Multifoca!
Granulomatous Hepatitis 3 (13%) 4 (16.7%) 11 (45.8%) 14 (58.3%)

SUMMARY AND CONCLUSIONS

Of the six studies reviewed by the PWG, four studies used
the PCS Aroclor 1260 or its equivalent, Clophen A 60. Three of these
studies were long-term studies to examine the potential chronic toxicity x

and carcinogenic activity of Aroclor 1260 or Clophen A 60. The fourth

study was a reproduction study in which the FB generation male and

female rats were examined following nine months of exposure to 100 ppm

Aroclor 1260. The other two studies examined by the PWG included long-

term studies of Clophen A 30 and Aroclor 1254. These chemicals differ

from Aroclor 1260 and Clophen A 60, in that they both have a lower j
i

chlorine content. Clophen A 30 has the lowest chlorine content of the

chemicals reviewed.
The studies reviewed varied in the strain of rat used, the j

!
sex of rat utilized, and the age of sacrifice for tissue examination. x \

»
The results of the PWG review revealed that the most prominent *

o
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difference determining the carcinogenic potential was the specifics

chemical tested. Additionally, strain and sex differences were noted in

the spectrum of liver lesions present in the various studies reviewed.

In F0 generation male and female Sherman rats that received
100 ppm of Aroclor 1260 for nine months in a reproduction study,
centrilobular hepatocytoaegaly was the principle effect and appeared to

be slightly more severe in male rats than in female rats at this age.
However, the early appearance of small eosinophilic foci occurred in

female Sherman rats as did the deposition of brown pigment in Kupffer
cells. The overall degree of toxicity in the liver of male and female

rats following nine months of treatment was judged to be minijnal and the

centrilobular hepatocytomegaly represents an adaptive hepatocellular

response to Aroclor 1260 by the liver.

One of the objectives of the PWG review was to compare the

results of the long-term studies which were conducted in various strains

of rats with different polychlorinated biphenyls. The incidence of
hepatic neoplasms, foci of cellular alteration and centrilobular
hepatocytomegaly are presented for each of the long-term studies on the
following page:

25
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Comparison of PVG Results for Chronic Studies Conducted In
Four Strains of Rats with Aroclor 1260. Clophen a 60. Clophen a 30 and Aroclor I2S4*

Chnlcal: Aroclor 1260
Strain: Sheraan
Dose: 100 pot
Sen: FfMle

Control Test
No. Examined 187 189

Hepatocellular AdenoM

NepatoceMular Care (MM

An MM Is with Mepatocelkilar
AdenoM and/or CarclnoH

Cho lang locarc InoM

Centrllobular HepatocytoKgaly

Focus/Foci. Coslnophlllc

Focus/foci. Basophtllc

Focus/Foci. Clear Cell

Focus/Foci. Nlied Cell

0

1

1

0

1

7

4

14

1

13S

21

138

0

108

173

67

67

38

ArocVor I<M
jpr 89v£~vf wy
100 p|M

Nile Fen

Control
31

0

0

0

0

0

1

1

4

0

Test
40

4

1

S

0

IS

16

0

0

2

Control
4S

1

0

1

0

0

S

2

1

0

le

Test
46

29

19

41

3

S

36

1

0

0

darken
Vlstar
IMBfB
Mle

Control A 60
120 I2S

6

2

8

1

1

51

2

7

7

8$

67

114

0

2

101

4

28

28

Aroctor 1254
Flscher 344
IMppa

Mle real*

A 30 Control
128 24

14

2

16

0

2

98

IS

39

49

0

0

0

0

0

0

0

0

0

Test Control
23 23

1

2

3

0

3

4

7

0

8

1

0

0

0

0

•
2

0

0

Test
24

1

•

1

0

3

6

4

2

S

An tails with Focus/Foci
Of Any Type 25 177 16 55 108 106 16 IS

•Aroclor 1254 given at dosages of 25. 50 and 100 pp». Only data for 100 pp» groups presented for comparative purposes.
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In female Sherman rats that received 100 ppm of Aroclor 1260
for up to 23 months, 73% of the treated rats examined were diagnosed

with hepatocellular neoplasms. The overwhelming majority of these

neoplasms were benign (62% of the treated rats examined had only

hepatocellular adenomas; approximately 11% of the rats had
hepatocellular carcinomas or both benign and malignant tumors). Three
rats had unusual tumors with glandular, papillary patterns giving the

appearance of both hepatocellular epithelium and biliary epithelium

simultaneously within a single tumor. Multiple eosinophilic foci <

occurred in nearly all of the treated rats examined, frequently in rats

already diagnosed with hepatocellular neoplasms. The distinction

between large eosinophilic foci with enlarged hepatocytes exhibiting
compression and hepatocellular adenomas was sometimes very difficult.

Other types of foci were also increased in treated rats. Centrilobular

hepatocytomegaly was also a very frequent finding occurring in over 50%

of the treated rats.
In male and female Sprague-Dawley rats that received Aroclor

1260 at 100 ppm for 16 months, followed by eight months at 50 ppm and up

to an additional five months on laboratory chow, 12.5% of the males and
approximately 90% of the females had hepatocellular neoplasms. In
males, four of the five neoplasms were diagnosed as hepatocellular

adenomas. In females, approximately equal numbers of benign and
33

malignant neoplasms were diagnosed with approximately 48% having only »
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benign neoplasms and approximately 41% of the female rats having
malignant or both benign and malignant neoplasms. However, it was noted
that a few of the rats in this study were subjected to surgical
procedures (partial hepatectomy ) . The time on study for the rats
examined varied as much as 12 months with tissues not examined from rats

prior to 18 months, then examined at monthly intervals thereafter up to
29 months. These factors could affect the incidence of various
neoplasms.

Hepatocellular tumors appearing to have mixed hepatocellular
and biliary elements occurred in four female rats and biliary neoplasms

(cholangiocarcinoma) occurred in three treated female rats. These
neoplasms usually occurred in livers in which purely hepatocellular

neoplasms had already been diagnosed. Eosinophilic foci occurred in
slightly less than half of the treated males and in more than three-

fourths of the treated females. These lesions were similar to those

noted in the female Sherman rats and occasionally the distinction
between large eosinophilic foci with enlarged hepatocytes exhibiting

compression and hepatocellular adenomas was sometimes very difficult.

Centrilobular hepatocytomegaly was a common diagnosis in treated males

similar to that noted in male Sherman rats sacrificed at nine months.
In females, only a few rats were diagnosed with this lesion, but this
may be due to the limited amount of nonneoplastic tissue available for
examination.

28

o
o



EPL
EXPERIMENTAL PATHOLOGY LABORATORIES. INC.

^
In male Wistar rats that received 100 ppm of ClophenfcO for

up to 832 days, approximately 91% of the rats examined were diagnosed

with hepatocellular neoplasms. Approximately 38% of the rats had benign

neoplasms only, while 54% of the rats had hepatocellular carcinomas or
•s

both benign and malignant neoplasms. This is a reversal of the

proportions noted in the study utilizing female Sherman rats in which

the majority of the rats had only benign neoplasms. However, it should

be noted that the length of the time the rats received the test material

was also increased. Tumors appearing to have mixed hepatocellular and

biliary elements occurred in nine of the treated rats, frequently in

livers in which purely hepatocellular tumors also had been diagnosed.

Eosinophilic foci occurred in approximately 80% of the treated rats

examined. However, the eosinophilic foci in this study were smaller and

blended better with adjacent parenchyma compared to the large

compressive foci in the study with female Sherman rats. Centrilobular

hepatocytomegaly was not a frequent finding in the treated male Wistar
rats but the diagnosis of this lesion may have been hampered by the

limited amount of hepatocellular tissue available for examination from
each rat. Frequently, only single sections of liver lobes were

available and the entire section was neoplastic.
The principle toxic change noted in rats receiving Aroclor

1260 or Clophen A 60 appeared to be proliferative in nature. Beginning
with centrilobular hepatocytomegaly, probably due to enzyme induction

29
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resulting In proliferation of smooth endoplasmic retlculum and cell
hypertrophy, the affected livers appear to progress to foci of cellular
alteration (principally eosinophilic) and ultimately to neoplasla.
Hepatocellular hyperplasla was only Infrequently diagnosed in the rats
treated with Aroclor 1260 due to the overall absence of significant
areas of degeneration or necrosis which would have triggered attempted
regeneration of hepatic parenchyma. Although bile duct proliferation,
oval cell proliferation and/or periportal fibrosis were present as

i
treatment-related lesions in some of the studies, these lesions were not
usually very severe, and there did not appear to be any significant loss

of hepatic parenchyma in these rats.

In male Wistar rats that received 100 ppm of Clophen A 30

for up to 832 days the incidence of hepatocellular carcinomas was

identical in the control and test group. A mild increase in the

incidence of hepatocellular adenoma was present in the treated group as
compared to the control group (5% in the control and 11% in the treated
group). Increased incidences of foci of cellular alteration of
hepatocytes was present in wale Wistar rats given 100 ppm Clophen A 30.
As noted for Wistar rats given Clophen A 60, centrilobular

hepatocytomegaly was not a frequent finding but this observation may
have been affected by the tissue sampling limiting the amount of hepatic

parenchyma available for microscopic 'examination. so
50
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Administration of Aroclor 1254 to male and female Fischer

344 rats at dosages of 25, 50 and 100 ppm for 104-105 weeks resulted In

an increase in the incidence of foci of cellular alteration in the

liver. A few hepatocellular neoplasms were diagnosed in treated rats,
however; the total number of affected rats was small and within the .
expected range for rats of this age and strain. Centrilobular

hepatocytomegaly and pigment deposition, often occurring with nultifocal

granulomatous hepatitis, also occurred more frequently in Aroclor 1254

treated rats. *

JERgff F. flARDISTY, O.V.f
PWG Chairman

AOate^
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EXECUTIVE SUMMARY

GE has participated with EPA for over a decade in developing rules ang
practical guidance for the proper use and disposal of PCBs. GE has also
performed and supported much research in order to understand better the
potential risks represented by PCBs to human health and the environment

•j

We fully support the Agency's effort in this proposed rulemaking regarding
various issues such as large volume Items, mixed waste and other issues.

However, we believe that there are more fundamental issues, that EPA
should address as part of the rulemaking and that these issues should take
precedence over the practical issues that EPA plans to address. The crux of the
issue is that EPA continues today to regulate all PCBs as if they represented
equivalent risk to Arodor 1260 (60% chlorinated mixture) in the fact of
scientific information that only the 60% chlorinated mixtures art
cardnogenic in rats. Lesser chlorinated mixtures, which made up about 90%
of PCBs sold in this country, art shown to be non-carcinogenic in rats and art
less persistent in the environment

We are submitting a new analysis of 5 earlier long-term cancer bio-
assay studies of rats fed various PCB mixtures conducted by the Institute for
Evaluating Health Risks (IEHR). These studies show that 60% chlorinated
PCB mixtures are less potent than originally determined and that 54% and
42% chlorinated mixtures art non<ardnogenic

o
o
10

Another concern regarding PCBs has been the persistence of PCBs o
released into the environment and the uptake of environmental PCBs by o



people Wt art providing information that PCB levels arc dacrcasing in
many environmental compartments, including tht Hudson River and the
Great Lakes. Furthermore, substantive studies of population groups
involved in activities that were expected to result in significant exposures to
PCB* did not show PCB blood levels elevated over mat of national
background levels. These studies included two groups presumed to consume
PCB contaminated fish. TWs lack of elevation of PCB levels is believed to be
due to the reduction in environmental contamination levels, as well as the
fact that exposure to contaminated soils/ air and water bodies results in fax less
real exposure to PCBs than generally believed by risk iiunon.

Studies of workers, both clinical and retrospective mortality, having
average levels of exposure over an order of magnitude greater man
background exposure levels has not demonstrated adverse dinical effects or
significantly increased causes of death, including cancer.

Hie suggestion that environmental PCB exposure is associated with
minor decreases in neurological development of children has not been

•

validated. It is not dear mat these decreases are real or significant and if they
are, mat they are associated with PCBs, rather man other environmental
contaminants, such as heavy metals, or lifestyle factors, such as smoking and
alcohol consumption.

We are recommending that EPA immediately begin a re evaluation of
all the scientific information in order to arrive at a new basis for regulating
PCBs. On an interim basis, the new information available from the IEHR
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study should be used to establish risk for PCB mixtures. This approach can be
taken without raising risks to human health or the environment

. Recognition of the reduced health risks posed by PCB exposure
supports a reconsideration of the present regulatory framework for PCB
management and disposal Under the current scheme, incineration and
TSCA landfilling are the nearly exclusive options for PCB management
without regard to human health or environmental risk posed by the
materials. Alternative disposal technologies are rarely considered, even
when they could provide equal (or nearly equal) protection in a more cost-
effective manner. Furthermore, the application of stringent regulatory
criteria to all PCB materials, consumes limited incineration and landfill
capacity better preserved for more hazardous materials.

*

The greatest consumption of landfill and incineration capacity results
rrom the stringent application of the Agency's anti«dilution rule, The rule is
now applied to historic contamination which, while never actively diluted, is
now of sufficiently low concentrations that alternative management
scenarios would be appropriate. Application of the anti-dilution role,
however, often requires that these materials be excavated and incinerated at
enormous and unnecessary cost The Agency should consider revisiting this
approach, and at the same time continue to investigate the utility of
alternative disposal technologies. B
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I. INTRODUCTION

General Electric apppredates the opportunity to respond to EPA's June
10,1991 Advance Notice of Proposed Rulemaking ("ANFRfc) regarding
revision of the Agency's PCB regulations. Set 56 Fed. Reg. 2673* EPA has
stated that it 1nten[ds] to reconsider portions of its PCB regulations based
upon information and experience acquired over the past 12 yean... [and] to
modify .the current PCB regulations to allow for maximum flexibility in
controlling PCBs and PCB Items based on their risk to human health and the
environment...

General Electric strongly supports U.S. EPA's initiative and has
prepared the followingoommcnts to provide EPA with scientific and
technical information GB believes EPA should consider as part of this
rulemaldng process. Contained In Section IX is a summary of recent scientific
developments regarding FCBs which provides strong support for the
conclusion that PCB regulation should be re-evaluated to comport with new
scientific information, section PI discusses the approach CB believes EPA
should take in performing such a reevaluation and addresses the probtems
inherent In the current regulatory structure as it relates to PCB cleanup and
disposal issues.

Constrained by the August 9,1991 deadline for submittal of comments,
GE has not been able to include all the relevant scientific technical and cost
information it has begun to compile in response to the ANFR. It Is GFs
understanding, however, that EPA has agreed to accept comments during the
sixty-day period following the formal August 9 deadline. Thus, CB mamas
the right to supplement mis submittal no later than October 8,1991 with
additional comments concerning both issues raised in this submittal and
other matters addressed in the ANPR,

II. RECENT SCIENTIFIC DEVELOPMENTS CONCERNING THETpxicmr AND PERSISTENCE OF PCBS
A. Introduction

The re-evaluation of EPA's approach to the regulation of PCBs is a
natural aspect of the modem, evolutionary process of sctenoa-besed
regulation. That Is, as new scientific information becomes established,
regulation must respond to and incorporate the new understanding so mat
the regulation properly reflects scientific reality.

m particular, when a dass of chemicals has previously been assumed
to possess similar characteristics and Is thus regulated without regard to
individual differences within tht dass, the emergence of new information
that casts doubt on the Initial assumption requires the regulatory HPncy to *•*
assess its regulatory approach accordingly. Indeed, EPA has adopted thu
approach on numerous occasions. For example, EPA's rate on Incidental
generation of PCBs in manufacturing operations recognizes the difference
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discounting factors of 50 and 5, respectively, for mono-
chlorobiphenyls.1 Thus, for purposes of determining if a
containing incidentally generated PCBs retches the regula

chemical mixture
•egulated level of 50 ppm, v

the concentration of monochlorinated biphenyl is divided by 50, and the
concentration of dichlorinated biphenyl by 5.

Similarly, regulations and health standards for many other chemicals
recognize that individual members of chemical families are not equally
hazardous. For example, in the PCDD (dicodn) and PCDF (furan) {amilies,
which EPA has determined are more toxic man PCBs, only about ten percent
of the individual PCDD and PCDF congeners are considered toxic enough to
be measured for risk assessment purposes. This ten percent consists of
congeners that have chlorines in the 2,3,7,8-position*, with additional
chlorines in other positions. Based on toxidty tests, "toxic equivalency
factors" have been calculated relative to the most toxic congener, 2A73-
TCDD. These equivalency factors are used to calculate the sum of TCDD
equivalents" for any mixture of dioxins and furans. Other examples of
differential regulation within a chemical family include FDA and EPA
standards that measure and regulate methyl mercury instead of total mercury
and chromium +6 (hexavalent chromium} instead of total chromium.

GE therefore urges EPA to consider the new scientific information •
seriously and carefully, so that EPA's regulation of PCBs will be based on
"sound science"2 rather than outdated speculation.

^^

The regulation of PCBs in the 1970s was based on the information that
was available and the risks that were perceived at the time. The primary
scientific bases for regulation at that time included:

The 1968 "Yusho" human poisoning incident in Japan, which
produced chloracnc'and other symptoms.
The 1975 finding, by Dr. Renate Kimbrough of the Centers for
Disease Control that high dotage feeding with Arodor 1260, a
mixture containing highly chlorinated PCBs, caused liver cancer
innts.3
The belief that PCBs are generally persistent in the environment
and resistant to biodegradation, which is nature's usual way of
dealing with environmental organic chemical contaminants. ac

*d
Since EPA's initial regulation of PCBs in 1979, substantial "information

oand experience acquired over the past 12 years in dealing with PCBs"4 has
been developed. In particular, recent scientific studies have shown that "

to
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The adverse health effects observed in the "Yusho" and
"Yucheng" incidents are not attributable to PCBs.
Although Khnbrough's finding regarding Arodor 1260 has baan
supported by subsequent studies, subsequent feeding studies
have shown that lower chlorinated mixtures do not cause liver
cancer. Moreover, the potential of Arodor 1260 to cause live?
cancer has been shown to be less than originally determined.
Finally, other data from these studies suggest that mete results
are not relevant to human

• The threat of FCBs in the environment is less than originally
feared because PCBs have been found to btodegrada, and levels
are decreasing in many environmental media.

In addition, new scientific information pertaining to the human health
effects of PCBs has been discovered. These findings indicate mat

• Exposure to PCBs in the environment today does not result in
elevated FCB blood levels.

• Clinical studies of workers exposed to PCBs show no association
between adverse health effects and high levels of exposure.

• Epidemiology (mortality) studies of PCB exposed workers do not
indicate mat FCB exposure leads to elevated causes of death,
whether based on overall cancer mortality or deaths due to
individual cancer types.

• The perceived relationship between PCB exposure and chloracne
is most likely spurious. Any observed linkage likely arises from
contamination of PCB and from uses of PCBs In conjunction
with active agents.

••

• Any suggestion that reproductive or neurodevetopmental effects
in humans is related to low-level exposure to PCBs has not been
validated.

.These findings strongly suggest that human health risks from PCB exposure
have been significantly overestimated in current regulations and mat EPA-
should undertake a thorougll re-evaluation of the actual risks posed by PCB

ac

oo
K>

10
(O

-3 •



1. Recent Scientific Information Indicates That Prior
Speculation Regarding PCB Risks Was Erroneous

a. The "Yusho" Incident Was Not Attributable
To PCBs______

The "Yusho" incident in which about 1500 persons in Japan in 1968
became ill after consuming rice oil that was accidentally contaminated with a
PCB mixture known as "Kanechlor 400," became known as the "PCB
Poisoning Incident" In Japan. A similar Incident known as "Yucheng,*
occurred in Taiwan in 1979. Typical symptoms were chloracne, swelling of
eyelids and eye discharges, brown pi ^mentation of the nails and skin, and
curling of fingernails and toenails. S gns of the disease were also observed in
some offspring of affected mothers. Although the major symptoms
disappeared over the next sixteen to twenty years, subsequent studies
suggested a possible increase of cancer and adverse developmental and
behavioral effects in offspring.

The cause of the incident was extensively studied and the rice oil was
found to contain high levels of polychlorinated dibenzofurans ("PCDFs"), a
chemical that is 100 to 1,000 times more toxic than PCBs. After finding that
workers exposed to much higher levels of PCBs showed minimal adverse
health effects, and after performing dose-response studies on the riot oil
mixture, Japanese and Taiwanese scientists concluded that PCDFs were the
prime causal factor in the Yusho and Yucheng incidents.9

In 1985, Dr. Kunbrough and Dr. Coyer of the National Institutes of
Health unequivocally concluded mat

The scientific community assumes now that most of the
effects observed in these two outbreaks were caused by the
ingestion of the polychlorinated dibenzofurans.6

Likewise, the Kalogenatect Organic* Subcommittee of EPA's Sd
Advisory Board reviewed a PCB health advisory from EPA and concluded
that:

Hie health effects section suggests that the short-term
human exposure to Yusho poisoning is representative of
polychlorinated biphenyl toxicosis. Recent studies
indicate that the major etiologic agents in Yusho wen
polychlorinated dibenzofurans rather than
polychlorinated biphenyls.... Thus, a discussion of the m
human health effects of polychlorinated biphenyls should »
not use 'Yusho' as an example. Industrial exposure data
more accurately reflect human health effects.7 g

Significantly, this scientific re-interpretation of the Yusho and Yucheng
incidents is consistent with data from animal studies that show a relatively 2

ro
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low level of acute toridty - &&, LD-50* ranging from about 1 to 11 mg/kg-
body-weight in rats, depending on the Arodor mixture.* Moreover, this
explanation is consistent with the numerous studies (discussed below) that
show no significant advene health effects in workers who had been exposed
to average levels of FCBs higher than the Yusho patients were.

b. Re-evaluation of Prior Animal Studies Has Resulted In A
Reassessment Of Their Conclusion!

After the 1975 Ktabrough study reported mat high doses of Arodor
1260 caused liver cancer in rats, additional animal studies have been carried
out with Arodor 1260* and Qophen A60 (both of which are 60-percent-
chlorinated mixtures)10, Arodor 1254 (54-percenKiilorinated)/1 and
Oohen A30 (42-percent-chlorinated)l<>. Although the studies performed

1260 and dophen A-60 have supported Kmbrough'switn Arodor 1260 and dophen A-60 have supported Kimbrough's original
finding, the studies with Arodor 1254 and dopnen A30 suggest mat only the
60-percent-chlorinated mixtures are carcinogenic in rat*.

Recently, the liver tissue slides from each of the five original studies
were screened by a panel of expert pathologist* using current guidelines for
interpreting liver lesions, as developed by the National Toxicology Program
and endorsed by EPA. The panel's proceedings were observed by
representatives from EPA, PDA, the original studies, Experimental-Pathology
Laboratories, Inc., and the Institutes for Evaluating Health Risk* (TEHR")1*.

Although this review confirmed that 60-percent- chlorinated mixtures
are carcinogenic to rats, the expert panel found mat the number of animals
with benign or malignant Uver tumors was less nan originally reported. The
panel also confirmed that the study of Arodor 1254 performed by the
National Cancer Institute and the study of Qophen A30 yielded negative
results. These findings demonstrate that different PCB mixtures have

Thus, according to Dr. John Moore, president of IEHR, the panel's
clarification of the results of the original studies present* EPA with the
opportunity of modernizing PCB cancer risk assessments by (1) developing
separate risk assessment* for each of the major PCB formulations, and (2)
utilizing all the available data when calculating cancer potency for PCB
mixtures below 60 percent chtorination, It is, of course, significant that
almost all (88 percent) of the PCBs sold in this country by the sole domestic
supplier from 1957 to the end of production were mixtures that were below
the 60 percent chlorination leveL" (See ExihiWt 1)

«

In addition, the panel's review of the animal studies revealed further
information that should be taken into consideration in estimating the risks of
PCBs:
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• The PCB-exposed rats, induding those with liver tumors, lived
significantly longer than the controls (unexposed rats).10

• The PCB-exposed rats had significantly fewer cancers of all types, \
1&, sum of all cancers, than did the controls (unexposed rats).10

•' The liver tumors, although formally classified as cancers, did not
metastasize to other organs or invade blood vessels.9

In other word?, PCB exposure in rats appears to produce benign (nan-
invasive, ncr-Iife-threate- ng) rat liver cancers and indeed may well produce
beneficial c '- :rts (siznific ..\i life extension and reduction in number of other
cancers rel- 3 to me controls). These conclusions seriously call into
question th . . . levance of the rat liver tumors to human risk. Rattier, they
strongly suggest that, at a minimum, tht classification of PC* mixtures
having less than 60-percent chlorination as animal carcinogens can be made
without endangering human health.

2. New Information On Human Health Effects Necessitates
New Determination Of PCB Risk Assessment

a. Exposures To FCBs In Today's Environment Do Not
Result in Elevated Blood

The Centers for Disease Control has conducted a study of PCB blood
levels of persons thought to have the highest risk of exposure to PCBs at 12
waste sites where PCBs had been disposed13 Site contamination levels
ranged from 3,436 to 330,000 ppm on-sitt to 3 to 133,000 ppm off-site. Persons
who were chosen for indusion in the study reported participating in activities
involving one or more contaminated environmental pathways (Lfc/
swimming in contaminated waters, eating contaminated fish, direct contact
with contaminated soils, etc).

The blood-level screening study resulted in a finding that
[fln 10 of tht 12 site-specific investigations conducted
under this protocol, no excess proportion of potentially
exposed persons was found to nave serum PCB levels
greater than 20 ppfe attributable to nonoccupational
exposures from the sites in spite of high PCB levels in soil
or icachatt on the sites. As a result we conduded that
there was no need for further studies.

&c
Moreover, in tht two settings whtrt elevated blood levels wert found, ont %
was thought to be attributable to "historical prevalence of occupational
exposures," and the other (in New Bedford* Massachusetts) was believed to be g
a result of substantial consumption of PCB-contaminated fish. As a result of "
the latter finding, the Centers tor Disease Control embarked on a broad

N)
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population survey of PCB blood levels in New Bedford.14 That study found
that levels In 1985-86 were within national population background levels.

In addition, the Agency for Toxic Substances and Disease Registry
surveyed a population or residents of Paoli, Pennsylvania, who lived in a
neighborhood where PCB levels in soil ranged from 1 to 6,400 ppm.** The
study found that N[T]he geometric mean and distribution of serum PCB
concentrations in mis group did not differ from the means and distribution of
a large sample of persons from across the United States having no known
environmental exposure." Accordingly, the report concluded that "the
population near the site in Paoli did not show exposure different from other
U.5. populations having no known unusual source of exposure." (See
Exhibits)

These findings - that exposure to PCBs in the environment do not
result in elevated blood levels - coupled with the evidence (discussed below)
that environmental PCB levels are declining, strongly indicate that the public
health risks of PCB sites are much lower than originally assumed.

b Clinical Studies of PCB-Exposed Workers Do Not Indicate
That Adverse Health Effects Are Associated With High

The most extensive long-term exposure of humans to PCBs has
curred in capacitor plants; 17 capadtor plants used PCBs in the United

States. Many employees in these plants had daily PCB skin contact for years
and inhaled PCBs (primarily Arodor 1242 or 1016) at levels in the 100 to 1000
ug/m range.1*

In capadtor plants, the most frequent PCB-reUted health effect
observed was transient skin rashes that affected a small percentage of exposed
employees. In contrast to chloracne, this condition responded to simple
topical treatment and employee reassignment to other work areas. The
medical records of these worker populations have sfcown no obvious
incidence of systemic disease attributable to PCBs.

Medical surveillance by GE of the group of 174 heavily exposed
capadtor workers has consisted of multiple examinations over the last fifteen
years.l7 The ltngth-of- service of mis group averages over 20 yean and
rann* from 1 to 40 years. FCB blood tests of 174 heavily exposed GE capadtor

icated a mean serum level of about 500workers have Indicated a mean serum level of about 500 ppb. Ten percent of
the individuals' analyses were above 1000 ppb. By comparison, mean serum
PCB background levels for people exposed to environmental background
levels in the United States range from 2 to 24 ppb, with a mean of
approximately 6 ppb. The only clinical parameter found to be statistically
correlated with serum PCB level is that of serum triglycerides. The
interpretation of this correlation is confounded by the fact that PCBs distribute
equally among all lipid pools in the body, including those in the blood; hence,
for any given PCB body burden the serum PCB level must vary directly with
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the level of serum lipids. Thus, for any given PCB body burden, increased
serum PCB levels are the result, not the cause, of increased serum lipids.il

Medical examinations of these workers have not revealed serious
health problems related to PCB exposure. The pulmonary function tests of
the non-smokers in this heavily exposed population were in the normal
range.

A number of other worker clinical studies have been carried out in this
country and abroad.19 Observations of high PCB blood levels, some dermal
conditions, and isolated cases of chloraone have been reported in the
industrial hygiene literature of Japan, Finland, Australia and Italy. Although
the reported biochemical examinations identify scattered individual
abnormalities in serum enzymes, the various liver function tests were
generally considered normal. The Italian chloracne cases were observed in
men who had worked where the air levels of Arodor 1254 were 5200 to 6800
ppb QJL/ 10 to 14 times the US. permissible exposure level). The Finnish
capadtor workers were also found to be in good health, despite PCB
concentrations in their blood approximately 50 times greater than that of a
control group. The researchers were unable to detect any biological effect
caused by PCB in these workers.

The findings from these studies were summarized by A.B. Smith, M.D.,
of NIOSH, as follow*

None of the published occupational or epidemiological
studies (including ours) have shown that occupational
exposures to PCBs is associated with any adverse health
outcome . . . except for the occurrence of chloracne.20

Notably, chloracne was not observed by the NIOSH researchers. The
relationship of PCB exposure to occurrence of chloracne is discussed below.

»

c Epidemiologfcal Studies Do Not Link PCB Exposure to
Excess

Seven cohort mortality studies involving PCB-exposed workers have
been performed.21 Most of these studies involve capadtor manufacturing;
workers who were exposed to lightly chlorinated PCBs, such as Arodors 1242
or 1016 (predominant exposure) and Arodor 1254 (minor exposure). One
case-control study involved transformer manufacturing workers who were
exposed to Arodors 1260 (major exposure) and 1254 (minor exposure).22 (See
Exhibits) In none of the seven studies did the authors conduce that PCB
exposure was associated with cancer or any other cause of death.

33

With a few exceptions, the seven studies suffered from the fact that the t>
absolute number of deaths was small. As a result, the ratios of the observed to
the expected numbers of deaths due to individual cancer types ("odds ratios") §
were usually based on small numbers, and results were therefore generally "
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not statistically significant This effect can be overcome, however, by
combining various cohort studies into a single cohort and calculating
combined odds ratios. This approach, called "meu-antlvsis," tends to average
out findings that are not consistent from study to study and to highlight those
that art.

Such a meta-analytic approach was used by Nlcholsoa in 1987 in which
he combined data from five such studies into a single cohort** Although
Nicholson's study may not be a valid basis for reaching conclusions about
causality because of substantial dissimilarities among the studies and because
of methodological flaws in performing the meta-aiuuysis, it remains useful as
an hypothesis-generating tool

Nicholson's analysis indicates a significant increase in deaths resulting
from a grouping of liver, biliary and gall bladder cancers.14 (See Exhibit 4)
However, when the data from the Taylor (Harvard: Set Exhibit 5) and Sinks
(NIOSH) studies were added to the Nicholson combined cohort with
appropriate adjustments because of overlap of Taylor's cohort with two of tilt
previous cohorts in the Nicholson study, the results showed a statistically
insignificant relationship.**

e o te eeven cancers were not conrme patoogcay;
the cancers was confirmed as intrahepatic (the animal studies

ly hepatocellular carcinomas occur). Furthermore, the
liver, gall bladder, and biliary tract cancer indicates that the

Other considerations further reduce the likelihood of a PCB-reiated
increase. For example, five of the persons had worked a year or less in PCB
exposed Jobs; five of the eleven cancers were not confirmed pathologically;
and only one of the cancers was confirmed as * *
indicate that onh "
epidemiology of I
etiologies of these cancer types are quite different and suggest that they should
be studied separately when attempting to determine causality. Although this
evidence docs not support a finding that PCB exposure causes liver, biliary
and gall bladder in humans, it b prudent to continue to observe results in
this area for further clarification.

GE's analysis of tilt epidemiologlcal data b consistent with that of
Chase, Doull, Fries*, Rodrkks and Safe, who concluded:

There b insufficient evidence to show a causal relationship
between PCB exposure and the subsequent development of any
formpf cancer. In light of the long-term and widespread usage
of PCBs in the workplace and, in some
exposures of workers, it is "
in humans would have been observed in the various
epidemiological studies discussed above if PCBs were in fact
potent carcinogens,2* (Set Exhibit 6)
d Any Linkage Between Chloracnt And PCB Exposure b

PrnDabl v Snuriou* __ O
oro

tooo
•9 -



Because FCBs are sometimes contaminants in, or are contaminated by,
other halogenated aromatic compounds, the interpretation of both animal
toxidty and human health effects studies has been difficult The first
commercial use of PCBs was as a low-level additive in chlorinated
napthalenes, which are known to be chloracnegenic and to cause liver
toxicity. These mixtures were used as solid electrical insulating compounds
called "Halowax" or "Chlorowax" Exposure to these mixtures during their
manufacture and use resulted in reports of chloracne and liver disease

Following one such occurrence, Bennett Drinker, and Warren (1938)
conducted studies of rats given doses of individual components of the
Halowax compound and reported that "chlorinated diphenyl gave evidence
of being the most toxic"27 A year later. Drinker reported that this compound
had been erroneously labeled as chlorinated diphenyL An authentic sample
of 68-percent-chlorinated biphenyl proved to be "almost non-toxic"21 As
noted by NIOSH in 1977, "[tjhese animal experiments reported by Drinker and
by Bennett have continued to be erroneously dted."2*

The first inddent involving chloracne and FCB exposure in the
absence of chlorinated napthalenes was reported in 1936.30 After performing
skin patch tests with suspect chemicals, including PCBs, on FCB exposed
workers, the authors of this report concluded that the cause was an impurity
in the benzene used to make the biphenyl and that "the chlorinated diphenyl
can absolutely be absolved as the irritating agent"

The second episode involving PCBs and chloracne occurred in 1950
and 1951, when 14 people were exposed to PCB vapors (reported at 100 ug/m3)
from a leaky heat exchanger, and seven of the 14 developed chloracne.91 A
third episode was noted in the early 1960s when 13 of 16 people exposed to
vapors from an oven in which PCB-plastidzed enamels were being baked
were similarly affected.32 Other occurrences of chloracne have involved PCB
usage abroad, where data on conditions of use or contaminant concentrations
do not permit one to draw reliable condusions about the cause of the health
effect

In light of the circumstances surrounding these PCF exposures, Lt,
impurities to the materials and the heating of PCBs under ^ddative
conditions, it seems reasonable to attribute the chloracne t contamination by
polychlorinated dibenzofurans ("FCDFs"). As demonstrate: DV the
Vusho/Yucheng inddents, and confirmed in the laboratory, PCDFs can be
formed by partial oxidation of FCBs at elevated temperature. PCDFs also occur
in varying concentrations in commercial PCB mixtures, with higher
concentrations in Japanese and European products than in arodors. As
pointed out by NIOsH (1977), *[c]hloracne has frequently been associated with
processes where the PCBs were heated."21

i

Perhaps most revealing, however, to the fact mat in the three largest
and most recent studies of capadtor manufacturing and transformer repair
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workers, not ont case of chloraoit was identified.17* *. 32 this result is
particularly significant because the mean PCB serum levels in one of the
studies were two orders of magnitude greater than national population mean
levels and because one of the researchers, Dr. E Emmett of Johns Hbpktos
University, was a dermatologist and made a special search for signs of
chloracne.3*

to short much like the Initial hypotheses that surrounded the Yusho

Any Relationship Between Reproductive Or Neurp-
developmental Effects to Humans And Low-level PCB%• Ha* Vot - - - - - - -

The suggestion mat iieurodevelopmental effects to humans is
associated with low-level exposure to PCBs to the environment Is based on
two sets of studies, ifc, Few, Jacobsen, et al*34 and GUden, «t aLM While it
is generally acknowledged that these studies are not sufficient to establish a
causal relationship of PCB exposure to the reported deficits, it is Important to
recognize that there are shortcomings to the studies that may make it
impossible to reach conclusions with these cohorts.

Fein, et al reported mat newboms born to mothers who ate fish
containing PCBs had significantly decreased birth weight head circumference,
and gestational age. However, other statistically significant differences
between the control and exposed populations wen observed including the
fact that the incidence of mothers ingesting alcohol during pregnancy was
three-fold higher to the exposed populations. Alcohol is well known to
produce a number of birth defects. As the changes to Wrthwdght and head
circumference described by Fein, et aL in the newboms of TCB-exposed
mothers" were small, the increased alcohol consumption by these women
could easily explain the observed changes, to addition/ the use of cough nd
cold preparations and caffeine was also higher to the group listed as the PCB-
exposed population. Fein, et ai failed to account for the posslbk effects of
other persistent environmental contaminants (such as cuoxins and furans)
which may be present to Great Lakes fish, Therefore, because significant
differences between the axpoied and control populations to addition to
alcohol wen not controlled for to the Fern, et aL study, the effects described to
this paper cannot be attributed to PCBs.

The Qaden, et aL study involves 802 infants who wen
i* to PCBs and DDE transplacsntaUy and from mothers' milk. These

wen followed up frequently with numerous observations of sodal,
levelopmental status, toand developmental status, to particular, observations wen mad* at

and twelve months of age with regard to a Mental Development
Index (MOD and a Psychomotor Development Index (PDO. Of sixteen o

"associations that wen examined, three achieved statistical significance. These
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associations indicated that transplacental PCB exposure was inversely related
to PDI (more so at twelve man six months of ace) and that DDE exposure was
positively related to MDI only at six months of age. The authors make no
explicit interpretive statement of the relationship between transplacental PCB
exposure and PDL Rather, they state, "Clinically, the relatively small
" ferences we observed... are undetectable, [and].. .can easily be seen when

a single child is retesteoV They acknowledge that the association found may
be "... related to some factor tnat we did not measure, or to residual
uncontrolled confounding." There is a strong likelihood that the association
reported between PCBs and PDI is attributable to chance, bias or to residual
confounding.

The dose-response relationship Is based almost entirely on cases at tht
lowest and highest levels of exposure. Intermediate exposure levels show no
suggestion of dose response, but instead, * suggestion that higher PCBs art
assodated with higher PDI. Other factors, not completely accounted for, such
as education and income, could also strongly confound the results.

In summary, GE believes that these findings are of interest and mat
further studies should be planned. However, prior to carrying out additional
studies, a standard protocol should be developed in order to maximize the
opportunity to obtain reliable information. Among other things, this
protocol should contain detailed procedures to identify, quantitate and
evaluate, statistically, the role of all environmental contaminants, Including
heavy metals as weU as organics, in affecting neurological development in
children.

3. Current Sdence Does Not Support The Application of
Dioxin TEFs To PCBs

In December 1990 the U.S. EPA sponsored a workshop in Washington,
DC, to discuss the concept of Toxidty Equivalency Factors for PCBs.

The scheme, as proposed by Dr. Stephen Safe, of Texas AecM
University, and discussed at the workshop, would assign TEFs for three so- -
called 'coplanar* PCBs, for 8 congeners with a single chlorine in an oithfi
position, and for certdn di-fidhfi congeners. These proposed .TEFs are based
primarily on in vitro studies done by Dr. Safe.36

The attempt to develop a common basis for risk assessment and
regulations of several families of chlorinated hydrocarbons is laudable since It
would in theory be simple to implement However, there are certain criteria
that must be met before such an approach is feasible. At a minimum, these
are:

• The expression of toxidty for endpoints of concern for each of At
families of chemicals must proceed through a common
mechanism - in this cast proceeding through binding with the Ah
receptor.

-12-
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• Sinottht TIP approach is based on Adding TCDD toxic equivalents
to determine risk, the sum of TEQs should, with reasonable
accuracy, predict tht toxidty of mixture*.

• TEFs should be based on data that most closely represent tcodc
tndpoints of concern, L&, thost tndpoints that art used in risk

' assessment
• Analytical capabilities should be readily available to measure

congeners having TEFs.
Our analysis of the situation indicates that me proposed TEFs for FCB

congeners do not meet any of these criteria, Ce
The toxidty endpoint of greatest concern for PCBs, Jjt, the endpoint on

which risk assessment is based is cardnogenidty. MOM specifically, EPA uses
data from a rat feeding study with Arodor 1260 of Norback and Weltman to
calculate the carcinogenic potency factor (CPF) that is used in risk assessments
for all PCBs. We have used specific congener analytical data and the TEFi
proposed by Safe to calculate toxic equivalents for Arodor 1260,1254 and
uophen A50 and CFFs calculated using the rat slide reread data of Moore.

We determine from these data that cancer potency of PCB mixtures
bears no relationship to either total TEQs, coplanar congener TEQs, or mono
ortho coplanar TEQs. (The trends for CPFs and diortho coplanar TEQs are in
the proper direction, but we are not suggesting a causal relationship).

We also considered an alternative explanation, Li* mat PCB congener
TEQs do predict cardnogenidty, but that levels in the feeding experiments
were too low to elidt a response. This requires that the positive Arodor 1260
result was caused by an alterrutivemechanisin. Therefore, we calculated
daily TEQ feedings forme three FCB mixture bioassays and compared them to
the Kbdba feeding of TCDD. We determined that the feedinc of TCDD
equivalents in each of the PCB feeding experiments exceeded the Kodb*
feeding of TCDD by factors of 2-6,

Thus, each experiment should have resulted in a strong positive}
response if PCB TEQi were "dioadn like" in the carcmogenic btoassay. In fact
only the experiment with 60% d mixtures, with the lowest daily TEQ feeding
was positive).

In addition, it was acknowledged by Dr. Safe at the December workshop
that the sum of FCB TEC • overestimates the AHH Induction potency
measured for Arodor 12! 4.

There are a number of possible explanations for the failure of PCB *
mixture TEQs to predict mixture toxidty results. All may be correct, as 0
discussed below: S

,„
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• TEFs as proposed by Safe are wrong. The range of relative
potency data in which the TEFs are selected is quite large, up to
three orders of magnitude, and Safe has generally selected TEFs
at the high end of the potency range; for example, he describes
the value for mono-ortho congeners as "highly conservative".

• ' The analysis of "DL" congeners is inaccurate This is almost
certainly the case but is not likely to change the conclusions
discussed above The workshop concluded that much work
needs to be done on analysis.

• TEFs based on in vitro and sub-chronic in vivo tests do not
predict cardnogenidty in rats. This is clearly the case lor PCBs,
and may be the case for dicodns and furans.

• Other PCB congeners interact with the Ah receptor and diminish
the activity of DL congeners. Numerous studies have
demonstrated this type of effect, while others have shown the
opposite These results argue against the additivity of TEQs.

At the December workshop, it was suggested that PCB TEQs be added to
TEQs for PGDDs and PCDFs to estimate the total "dioxin-like* risk for
environmental mixtures. Since PCB TEQs do not predict either carcinogenic
potency or AHH induction in PCB mixtures, it is dear that current science
does not support this approach.

4. Widespread Natural Bjodgfradation Is Occurring

New evidence shows that PCBs, which were once thought to be
virtually indestructible, have been naturally biodegrading throughout the
world. PCB measurements have shown significant decreases, for example, in
a variety of environmental media in Connecticut,*7 Pennsylvania,**
Michigan,*' New York,4* Wisconsin," Massachusetts." Canada,4* and
Yugoslavia.44

In particular, these decreases may be attributed to two different yet
complementary,microbial remediation processes; aerobic PCB degradation
and anaerobic PCB dechlorination. Aerobic microorganisms are capable of
oxidatively attacking lightly-chlorinated PCBs, resulting in their ultimate
conversion to carbon dioxide and water. Anaerobic microorganisms, on the
other hand, reductively attack PCBs, resulting in a stepwise dechlorination to
less chlorinated PCBs. These different natural activities are complementary,
with the anaerobic process first dechlorinaong even highly chlorinated PCB
congeners into products that are readily degraded by aerobic organisms.4*
(See Exhibit 7)
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a. Aerobic PCB Biodegradatjop

Organisms capable of aerobically degrading FCBt are well known46 and
are known to be widespread in tht -environment47 Ingeneral, these
organisms are able to degrade only lightly chlorinated PCB congeners (L§v
PcBs containing less than four chlorines). However, organisms capable of
degrading most of the oongeners in Arodor 1242 and even Arodor 1254 are
also known.4* (See Exhibit 8) These organisms are effective in the
destruction of FCBs by reducing the toxidty, volume, and mobility of the
contaminated material. For example, over 90 percent removal or Arodor
1242 can be accomplished by naturally occurring bacteria within 24 hour*.4*
In addition, the mobility of the residual contamination is generally reduced,
because the more available FCBs in environmental samples are preferentially
degraded.4*

b. Anaerobic Deehlorination

Natural anaerobic PCB dechlorination, which results in the
preferential loss of mitt and pin chlorines from even highly chlorinated
FCBs, occurs in many different aquatic systems.47 For instance, in tht upper
Hudson River, the most studied system to date, natural anaerobic
dechlorination is widespread and nearly ubiquitous.47 Indeed, anaerobic
microorganisms have been shown to be capable of degrading even Arodor
1260,4* a highly chlorinated mixture of FCBs that cannot be adequately
degraded by aerobic microorganisms.

the
meta and ica

Anaerobic PCB dechlorination is particularly effective in reducing
toxidty of FCB-contaminated materials, oecause it removes the meta and
chlorines, thereby significantly reducing the theoretical health risks associated

CB residwith the PCB residues. Specifically, the detoxification afforded by meja and
gin dechlorination results in an 80 percent reduction in tht) "dicodn-like*
PCB congeners.4* * "

In addition, recent studies have suggested that anaerobic
dechlorination may remove firjhfi-chlorinet at well.50 Anaerobic mioobial
dechlorination alone can therefore reduce the volume of contaminated
material by decreasing PCB concentrations via fitthfl, milt, and gilft removal.

uiiMufatf ofi> F*» It* •»almlf on Of

As noted to tht lexicological Profile for Selected PCBt prepared by tht
Agency for Toxic Substances and Disease Registry ("ATSDRT) (ATSDR/TP-
88/21; June 1989), EPA's position that FCBt, as an ̂ differentiated group, art
probable human carcinogens if based primarily on studies conducttd with *
Arodor 1260; and specifically on the results of a single animal study by
Norback and Weltman.' Tb» risk assessment based on this study superseded
an earlier EPA assessment based on a 1975 study by Kimbrough, et aL» ooto
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As detailed above, hov, t ver, recc:,: studies have changed the
condusions of these two studies, and indicates that FCB mixtures having lets
than 60% chlorination are not carcinogenic. EPA should now re-evaluate its
approach toward the regulation of PCBs. Two approaches can be considered:
1) the toxic equivalency factor (TEF") approach; and 2) the "closest Arodor"
approach. As will be discussed, the TEF approach has significant
shortcomings that render it indefensible at this time. Therefore, the approach
advocated by GE is the "closest Arodor4* approach.

1. TV? Toxic Eauivalgnfv Factor Appro*A

One possible s -roach toward recognizing the different health risk
posed by different PC : congeners is the toxic-eauivalency-factor CTEF)
approach. As discus: ,J above, such an approach would require EPA to assign
a TEF to each PC8 congener that exhibits 4cuoxJn-Uke" effects and to
determine total TCDD equivalents for any mixture of PCBs.

GE believes, however, that such an approach does not appear .
appropriate for the regulation of PCBs at this time. The cancer potencies of
FCB mixtures do not correlate with the sum of the TEFs derived from the
toxicological data. Although it might be possible to design a more rigorous set
of experiments to estimate more accurately the TEFs for the various Arodors,
the current data do n ' permit reasonable reliance on the TEF approach for
the regulation of PCE. To the extent EPA is interested in pursuing such
research, GE would, c course, be happy to cooperate with EPA in conducting
the research necessary to support this regulatory approach.

2. The "Closest Aroelor* Approach

Another approach, and one mat GB believes EPA should adopt, is to
regulate PCBs according to their degree of chJorinatior,, rather than as a
group. EFA's risk assessment policy currently treab all PCBs as having the
same cancer potency as Arodor 1260, even if no Arodor 1260 was present at
the site in question.

On the basis of the recent sdcntific studies described above, and in
particular the EHR study, CE submits mat a dear and suffident scientific
basis is now available to warrant regulation of PCBs by their degree of
chlorination (*cbsest Arodor* approach). To accomplish this, GE believes
both a short-ten.-, and long-term plan is needed.

For the short term, the re-read results allows EPA to treat the risk
assessment of Arodors 1260,1254 and 1242 differently. With respect to Arodor
1260, EPA should utilize a cancer potency of 1.9. There is no logical basis to
continue the current practice of only using the results obtained in female s
Sprague-Dawley rab. A comparison of the results of each of the cancer g
bloassays with 60% chlorination shows a striking similarity in the nature of
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the tumor response. It should be noted that three separate s&atasc^ were

SlEEttSRasBRaaBasasa
t

calculation of a cancer slop* factor.

i a m « u D » w l e y r a t
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factors, if EPA chost to do so, it
and the environment

term change.
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III. THE RESULTS OF RECENT SCIENTIFIC STUDIES WARRANT A
RE-EVALUATION OF THE PRESENT REGULATORY
FRAMEWORK FOR PCB CLEANUP AND DISPOSAL

A. PCB Cleanup and Disposal Requirements Must Be Revised To
' - Reflect The Rational Frioritization Of PCB Regulation Witkia

OUT National Waste Management Program

s the preceding discussion demonstrates, the scientific evidence
' since Congress' decision in 1976 to regulate FCBs strongly indicates

substances do not pose the extreme risk to human health and the
t that we once believed them to present Over the last fifteen
'PA and the regulated community have learned much about the

isk of PCBs and how to more accurately assess that risk as it
<n health and environmental protection. It is time, therefore,

evise the approach taken to date regarding PCB regulation to
'vely reflect the reduced risk that scientific evidence

by the presence of PCBs in the environment
known speech last year before the National Press dub,

eviewed the strengths and weaknesses of this country's
•ironmental policy over the last two decades and% has come to start taking aim before we open fire* on

facing our society. "Aiming Before We Shoot; The
v -^ental Policy/' September 26,1990. As part of

itor called for an Agency-wide "strategic
Tocusing our attention and resources on areas of
ntial for risk reduction." Id. In view of this
"•PA use this rulemaking as an opportunity to

' has taken to PCB regulation over the past
7am based on a realistic assessment of this
sts of PCB management and disposal, in
ve on human health and environmental
'pacity, development of alternative

materials recycling and conveyance of

EPA to conduct a comprehensive
'lit)-, effectiveness, ana cost of all

•idered for inclusion in a revised
ill likely receive some data in the

>e available for submittal of
vlPR request will undoubtedly
in. Thus, EPA should invest
tensive study of the status
?ring information from

-•* *ed community. Much

cc& 0/2.7



valuable information concerning the effectiveness and feasibility of various
PCB disposal options has been generated by EF A, and private industry which
the Office of Toxic Substances should have in re-evaluating the PCB
regulatory program.

A comprehensive information-gathering effort would be most
successful if the Agency had full participation from the regulated community.
Given the need for such data and the number of issues that have arisen since
the PCB regulations were promulgated, GE suggests that the Agency make
this proposed rulemaking a negotiated process to facilitate a cooperative effort
between EPA, the regulated community and other interested parties. GE
believes such an approach would be a much more effective means of
addressing the PCB issues presently being considered than would the
traditional rulemaking process.

To evaluate the appropriateness of various disposal options without
adequate information, as Is presently the case, is not an efficient use of the
rulemaking process and win likely result in a superficial treatment of the
scientific, technical, and regulatory issues involved in PCB waste disposal.
EPA needs to develop full information concerning the technical, economic
and sodal aspects of all available disposal options so that it can evaluate the
appropriateness of using each option in a given cleanup situation.

To illustrate, there exist a number of disposal mechanisms that are or
could be provided for under a nyjsjsl PCB regulatory disposal scheme. These
can be generally categorized as follows:

• Incineration;
• Disposal in a TSCA-permitted landfill;
• Alternative disposal technologies, such as thermal destruction,

physical separation, stabilization and biological or chemical
dechlorination; and

• Disposal in place or in landfills meeting requirements less
stringent than TSCA units.

Incineration and TSCA landfilling are the principal options provided
for under the current regulatory scheme and were made the favored means of
disposal at a time when EPA knew much less than is now known about the
disposal characteristics of PCBs and their relative lack of potential to persist
ana migrate in the environment While the stringency of these disposal
options may maximize human health and environmental protection, serious
questions arise as to the practical feasibility of requiring their use for disposal
of most FCB waste, much of which contains low-level contamination. EPA
needs to reexamine its emphasis on use of incineration and TSCA landfilling, 03
factoring in such issues as the growing scarcity of available landfill and *
incineration capacity, the strong public opposition to new facilities siting, and

o
ro

'19' 5
00



the risks attendant in the long distance transport required to get PCB waste to
a permitted facility. This requires collection of a body of information EPA
does not presently have but should obtain to aid it in the policymaking
process.

Alternative disposal technologies art beginning to be developed but are
still in varying degrees of nascency in large part because of impediments
posed by the present regulatory framework, a problem discussed in more
detail below. Notwithstanding the preliminary nature of these technologies,
data do exist concerning their potential feasibility, effectiveness and cost EPA
needs to compile all available information concerning these alternative
disposal methods and evaluate which of the technologies that have been or
are being developed may provide long-term solutions to PCB waste disposal.
EPA appears to be moving in this direction through issuance of draft
guidance on certain non-destructive disposal technologies, Sd "Draft
interim Guidance on Non-Liquid PCB Disposal Methods To Be Used As
Alternatives to a 40 C.F.R. 761.75 Chemical Waste Landfill" <July3, 1990)
("EPA Alternative Disposal Guidance"). GE Strongly supports EPA's
initiative and urges the Agency to undertake an even more systematic, in-
depth look at the priority alternative disposal technologies which should be
considered among other available PCB disposal options.

Finally, EPA needs to consider the appropriateness of allowing in-plac*
disposal or disposal in landfill units that are not subject to the same
requirements as TSCA landfills. EPA made the determination that PCB-
contaminated soil and debris generated during cleanup operations could bt
TSCA-landfilled rather than incinerated without compromising concerns for
environmental protection. In light of tht scientific evidence discussed above,
the Agency now needs to examine how it should approach disposal of low-
level PCB-contaminated soil, industrial demolition debris and machinery. If
considerations of realistic risk, limited landfill capacity and cost effectiveness
are kept in mind, EPA will likely find that in-place and alternative landfill
options would be appropriate fora number of PCB waste types.

•

B. A National PCB Disposal Policy Is Needed To Give Certainty
To Tin* RggtilafoCTr svrtMH

Re-evaluating tht present regulatory structure is tht first step required
to render the system more resource-efficient. However, EPA will not achieve
its goal of increasing flexibility in tht safe, effective management of PCBs
unless tht Agency adopts a national policy that articulates a federal
preemptive interest in tht uniform application of PCB disposal requirements.
If a regulatory program is to achieve optimum compliance and encourage x
voluntary cleanup efforts among tht regulated community, tht dements of »
the program must bt dear and unambiguous. In tht world of PCBs,
inconsistency is one of tht biggest obstacles to understanding tht dictates of
the regulatory program, in large part because of the myriad of standards and
requirements imposed at the EPA region, state and local levels in the area of
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PCB deanup and disposal. As discussed in mort detail below, the regulated
community is faced with extreme inconsistency in the enforcement of PCB
regulations, and as a result must spend inordinate amounts of time and
money negotiating with multiple regulatory authorities over deanup
standards and procedures that do not necessarily bear any relation to human
health or environmental risk. To restore certainty and predictability to the
regulatory process, GE urges EPA to establish a national PCB disposal policy,
consolidate management of this area at the federal level, and set dear, concise
standards that can be uniformly applied by the EPA regions across the
country.

C« IMMM Involved Tn AddrMglng PCB Soil Contamination

1. Present Regulatory Framework Allows Limited Disposal
Options

The problems associated with addressing historical PCB contamination
in soil provide a perfect illustration of how the present regulatory system is
ill-designed to facilitate environmentally protective, cost-effective
prioritization of available disposal options. Under the present regulatory
system, excavation is theprindpal means available for addressing PCB-
contaminated soil, and EPA's application of the anti-dilution rule to PCB-
contaminated soil further expands the scope of materials that mutt bs>
excavated. As a result, facilities across the country are being required to
excavate and TSCA landfill or incinerate thousands of cubic yards of
material-much of which is contaminated at concentration* that in the cast
of "new* spills, are allowed to be left in place under the PCB Spill Cleanup
Policy. Furthermore, limited TSCA landfill space is being used for disposal of
material that is not even subject to regulation, because there art few non-
TSCA landfills willing to accept low-level, unregulated PCB-contaminated
soil. Considering the, average cost of $500 per cubic yard for analysis,
transportation and disposal of such waste-not to mention trie road miles
involved in moving the material to its destination-requiring TSCA-
landfilling of low-level contaminated waste dots not niake good economic or
environmental senst.

2. Development of Alternative Disposal Technology b

The PCB regulations do provide mechanisms for employing
alternative methods of disposing of PCB-contaminated soil For example, 40
CF.R. S 76L6(Xt) provides for the permitting of alternative destruction
technologies, and EPA hat applied this stetson to permit the use of non-
destructive disposal methodj. Also, 40 CJ.R. § 76175(0(4) allows the
permitting of landfills with less stringent requirements. However, tht
process involved in obtaining approval of alternative technologies and tht
restrictions and inconsistencies associated with implementation create such
impediments that it is not often feasible for tht regulated community to
take advantage of alternative disposal mechanisms. Part of the problem has

HRP 002 0140
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to do with the fact that the PCB regulations create a preference for
destruction technologies which are much more difficult to develop than
other methods that reduce the mobility and toxidty of the PCB material
See, e.g.. Memorandum from John Smith to Bob Murphy, EPA Region VI,
attached as Exhibit 9. Moreover, the Agency's equivalency standard based \
on destruction of PCBs to 2 ppm can not be practically achieved by most '
alternative methods. Maintaining a bias in favor of destruction
technologies will ensure inhibition of research and development into
innovative PCB waste disposal methods. EPA's Draft Alternative Disposal
Guidance is a step toward correcting that bias and should be further
developed to allow advancement of non-destructive PCB disposal options.

A larger problem involving application of these alternative disposal
technologies involves the lack of uniform standards to which the regulated
community can look to determine the extent of deanup reauired. Case-by-
case determinations are made by regional EPA offices which set deanup
levels varying from background concentration to 25 or 50 ppm. This .
inconsistency occurs not only from region to region but even within a
particular region with respect to similar sites. To aggravate matters, state and
local regulatory agendes often become involved in site deanup
determinations and set standards even lower than those prescribed by the
region. Faced with such inconsistent and often unattainable deanup levels,
very few companies in private industry can afford-and even fewer lending
institutions are willing to invest in—uncertain technology that may not be •
approved because it cannot achieve stated cleanup leveu.

Equally as troublesome are the burdensome permit requirements with
which industry must comply to perform research and development on
promising technologies that have potential commercial use. the process of
applying for and obtaining a permit for each step in the R&D process—from
bench scale test to pilot study to demonstration-is time consuming and
expensive. In GE's experience, an average of six to twelve months has been
required for permit preparation and approval at a cost of $50,000 to $75,000 per
permit. In many cases, parties simply forgo conducting site-specific studies on
alternative disposal technologies because the time and cost involved in
developing and negotiating an alternative disposal permit with the Agency
outweighs the cost of excavation and redisposal in a TSCA landfill. Further,
the pressures of other regulatory deadlines, such as remediation timeframes
established in Superfund orders, do not allow for the significant amount of
time needed to omaln a TSCA permit This is especially a problem in cases
where both headquarters and regional approval are required for technology to
be used in more than one region.

These restraints on research and development also impede this »
country from taking advantage of potentially useful PCB waste treatment
technologies being developed around the world. Under existing regulation, o
access to these technologies requires that foreign personnel and their S
equipment be brought to the United States so that feasibility studies of their
technology can be conducted on soil from domestic facilities. This has been °
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necessary on two occasions in connection with R&D permits granted to GE in
the last year. It is an extremely burdensome and expensive undertaking to
arrange short term lab projects here in the U.S. just for the purpose of making
an initial evaluation of the applicability of a treatment technique. Yet given
the present structure of the regulations, cost-effective alternatives are not
available.

3. EPA Must Revamp The System Using A More Resource-
Effident Approach To PCB Soil Disposal

In short the regulated community is faced with a regulatory structure
that stymies development of innovative technology and limits available
FCB disposal options to excavation and use of scarce landfill space with no
appreciable increase in environmental protection. In light of the scientific
evidence discussed above, such an approach is no longer appropriate and
needs to be re-evaluated to take into account the true risk, cost and
effectiveness of both conventional and emerging methods of PCB soil
disposal

The first step in EPA's re-evaluation must involve eliminating
application of the anti-dilution rule to cleanup of historical soil
contamination. GE agrees that the anti-dilution rule serves an important
function as applied to recent spills of PCBs and maintenance of active PCB
electrical equipment However, rote application of the rule to pre existing
contamination make* no sense and results in the inappropriate use of
limited chemical waste landfill capacity and an undue financial burden on
the regulated community. The Superfund program has recognized mis
logic and eliminated application oc the rule to CERCLA cleanups; there is no
principled reason why the rule should apply to cleanup of old PCB
contamination. In fact taking PCB contamination levels in soil and other
materials "as found* would be consistent with EPA's regulation of electrical
equipment because in reality, the PCB concentration mat triggers regulation
of a transformer or capacitor is actually an "as found" concentration of
material that was originally 100% PCBs and has become diluted over tint.
Furthermore, eliminating application of the rule to the form and
concentration of old PCB contamination in soil would not mean parties
would have incentive or be fret to further dilute contaminated materials to
avoid disposal requirements, because the rule would still hold for such
unauthorized activities. However, it is a wasteful misuse of resources and
does not servt any tangible goal of environmental protection to require;
excavation and TSCA landfiUing of low-level contamination merely^
because the contamination originated years before from a high-level PCB
concentration source.

In re-examining the scope of materials that art inappropriately subject Sg
to regulation; GE also urges EPA to clarify the issue concerning retroactive *
application of the FCB regulations raised in In Re Standard Soap Metal
Company. TSCA V-C-288, Appeal No. 87-4, August 2,1990. In enacting the §



Toxic Substances Control Act Congress did not evince t legislative intent to
regulate PCBs disposed or otherwise placed in the environment prior to
enactment of the statute To resolve the uncertainty that the Standard Scrap
decision has created, EPA is urged to clirify that the regulatory obligation to
dean up applies only to PCB contamination that occurred after February 17,
1978.

Another issue GE believes EPA should consider is the appropriateness
of allowing disposal in place and use of non-TSCA landfills asjprotective,
cost-effective disposal options for certain contaminated soils. EPA has
recognized that tne major potential exposure pathways associated with the
disposal of non-liquid PCBs are inhalation and dermal contact EPA
Alternative Disposal Guidance at 2. In-sltu remediation techniques that
contain PCBs can effectively address potential risks posed by these pathways.
For example, capping of a site as an interim measure until a use change
occurred-with provision for re-evaluation of remedial options at the time
the use changea-would be a more workable solution at an ongoing facility
than extensive excavation. EPA could also consider establishing fixation
requirements for low level contaminated soil, and allow disposal in an
industrial or spedal waste landfUL

With respect to alternative disposal technologies, GE has experience .
with a number of promising methods that have potential field application,
and information concerning such technologies is provided below. However,
if EPA is truly serious about investigating and developing alternative disposal
methods, it must revamp the PCB regulatory structure to encourage rather
than inhibit research and development First, a reasonable, uniform standard
or set of standards for addressing historical contamination must be developed
and implemented on a national basis so that the regulated community has
certainty as to the level of cleanup required. While different standards may
be required depending on the location and nature of the contamination,
generic standards applicable to various types of situations can and should be
developed based on realistic assessments of risk, cost, constructability and
achievable treatment levels. Based on the scientific evidence discussed above,
there is strong support in favor of soil cleanup levels in the range of or higher
than those contained in the PCB Spill Cleanup Policy. Additional support is
provided in a recent study conducted by Terra, Inc. which concludes that the

these data, revise its risk assessments, and develop uniform cleanup
standards that the regulated community can reasonably be expected to meet

Second, EPA must revise the manner in which it regulates research ffi
and development activities to allow greater ease and flexibility in »
conducting bench scale and pilot tests of new technologies. GE believes the *
best way to accomplish this is through adoption of provisions analogous to
the exemptions set forth in 40 CF.R. §26L4 (d), (e) and (f) for hazardous
waste samples, treatability samples and samples undergoing treatability
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studies at laboratories and testing facilities. The requirement* contained in
these provisions concerning agency notification, sample identification,
recordkeeping, storage and transportation would provide an ample measure
of protection, but would greatly ease the administrative burden laboratories
presently face under the current regulatory system. GE also suggests that
EPA modify the RCRA provisions as follows to ensure that the exemptions
are workable in the context of PCB research and development Many of the
suggestions below have been incorporated in current GE R&D permits and
could be adopted on a general basis:

1) Accumulation, transport and study of samples at least as
large as twelve cubic yards (10,000-15,000 kg) should be allowed. It is often
necessary, for example, to perform parametric studies on a pilot plant scale
to determine optimum operating conditions and reliably estimate the
practicality and benefit effectiveness of a process. (Parametric pilot scale
treatability studies should not be confused with demonstration tests of an
optimized process leading to the granting of an operating permit)
Extrapolation of the results of bench scale feasibility studies performed at a
level of pounds per day to operation of a process at a level of tons per day
can lead to inaccurate conclusions. Pilot plant studies fill this gap and can
require quantities of sample substantially larger man 1000 kg, the upper limit
contained in the RCRA regulations.

2) .. The duration for exemption from disposal of PCB waste
samples at labs and test facilities should be independent of the date of
collection or shipment and should be defined as one year following
completion of treatability testing. It is not reasonable tomandate that RfcD
studies leading to a successful treatment process for * PCB waste material be
completed within one year of initiation. Such a limitation actually deters
investment of time and energy in RetD to develop superior technology.
Further, because of the demand for disposal facilities, it is often necessary to
schedule actual disposal more man ninety days in advance. The one-year
period for disposal following completion of treatability studies allows the
studies to reach their natural conclusion rather than a premature ending
imposed by disposal scheduling.

3) Provision should be made for allowing transfer of small
samples (1 kg or less) from research or test facilities to third-party
laboratories for the purposes of PCB waste analysis and other
characterizatii

4) Exemption should be made for archival retention of
small samples taken before, during and after treatment

5) The exemptions should be extended to import and
export of small R&D samples (for example, five gallons or twenty-five
kilograms) to facilitate the introduction of innovative foreign technologies
for the treatment and disposal of PCB*.
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6) The RCRA exemption provisions provide for Regional
Administrator discretion in making certain additions to the exemption.
When labs in more than one region are involved in sample collection,
transport and performance of treatability studies, provision should be made
to centralize discretionary decisions through the region in which the studies
are being performed.

Another means EPA could consider to ease present restrictions on
research and development would be through issuance of permits by rule.
EPA has substantial experience in reviewing and issuing TSCA alternative
disposal permits. This wealth of experience could be used to establish
generic standards to be met in order to conduct studies. This approach
would also eliminate the burdensome and time-consuming procedural
hurdles of the permit process, but allow EPA to retain substantial control
over the conditions under which studies an conducted.

4. Alternative Treatment Technologies Show Great Promise
And Should Bg Encouraed

In EPA's Alternative Disposal Guidance, the Agency identifies five
jups of treatment technologies that may be appropriate for use in the

disposal of non-liquid PCBs. GE has experience witn a number of the
technologies and treatment groups identified. This experience Includes
laboratory research, pilot testing, and full-scale demonstration of technologies
conducted by GE individually or in collaboration with technology vendors.
Based on this experience, GE offers the following comments.

a. Bioremediation

Bioremediation of PCBs is an ana of research at the forefront of
technology, and it offers the realistic prospect of an effective, economic, and
environmentally sound remedial or disposal alternative for PCBs. As EPA
itself has noted:

EPA recognizes mat new, innovative technologies an
needed to effectively prevent treat, and remediate the
growing environmental problems facing the nation. The
Agency believes that biotechnology offers significant
potential for the prevention, reductic: and treatment of
pollution.

Because aerobic and anaerobic organisms are capable of surviving
under very different environmental conditions, bioremediation applies in a n
wide range of environmental media. Moreover, although the cost of PCB »
bioremediation is difficult to estimate with precision, given the importance of
site-specific factors, one researcher has estimated that aerobic biological 0
treatment may cost from $50 to $100 per ton of contaminated material. £

01
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Perhaps the most significant aspect of bioremediation is that it has
minim-1, if any, negative environmental impacts. Naturally-occurring
microorganisms, nutrients, and oxygen may be all that is necessary to apply
the technology successfully. In fact, the widespread abundance of natural'
PCS-degrading microorganisms, may make inoculation with bacteria
unnecessary for most sites.

In sum, both aerobic and anaerobic PCB biodegradation offer reasonable
alternatives to traditional, high-energy PCB destruction processes. An
important advantage of these new methods is a great*? compatibility with the
environment Changes in current PCB regulations will, however, Hit required
for these technologies to achieve their potential, because these low-energy
processes are slower and accomplish less complete PCB destruction then
traditional methods. EPA's recognition of the promise of biorcmediation of
FCBs as a remedial and disposal alternative, combined with the demonstrated
effectiveness of bioremediation, provides dear and sufficient reason to adapt
to this new technology.

b. Solidification /Stabilization

Chemical Fixation -In Situ Inorganic Polvmer. Since 1985, GE has
worked with International Waste Technologies (TWT), a vendor of
solidification/stabilization ("S/S") technology on the remediation of a
nonregulated, FCB-contaminated site located in Hialeah, Florida. GE allowed
IWT and Geo Con, the installer, to use the site in EPA's Superfund
Innovative Technology Evaluation ("SITE") Program.

GE believes that the results from the SITE demonstration conducted in
1988 show that S/S effectively isolates PCBs from the environment The
results also convinced local regulators to accept chemical fixation as an
acceptable alternative for site remediation. The results of this demonstration
project which was conducted on soils containing total PCB concentrations
ranging from less than 1 ppm to 950 ppm PCB, are reported in the following
two reports published by EPA: .*

• International Waste Technologies/Geo-Con In Situ
Stabilization/Solidification Applications Analysis Report"
(EPA/540/A5-89/004 August 1»0)

• Technology Demonstration Summary International Waste
TechnologTes/Geo-Con In Situ Stabilization/Solidification
Update Report-(EPA/540/55-89/004a January 1991)

Copies of these reports are attached as Exhibits 11 and 12.
In order to measure the effectiveness of the S/Sprocess, EPA conducted m

a number of tests on the treated material, including TCLP testing, »
permeability, and the unconfined compressive strength. GE befleves that
each of these tests showed significantly positive results. TCLP testing of o
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unweathered samples conducted twelve months post-treatment showed lest
than 02 ug/1 PCB, with many results below 0.1 ug/1 PCB in the leachate.
Permeability testing showed that S/S achieved a reduction in permeability to
0.6 x 10*® to 5.6 x 10*7 cm/s in samples analyzed one year following treatment
Similarly, unconfined compress!ve strength testing demonstrated increases
by over a factor of two in samples analyzed one year following treatment \

Future tests of the effectiveness of S/S technology should be aimed at
measuring S/S efficiency by evaluating the leaching potential of the treated
media. An appropriate test of leaching potential should simulate the
conditions that exist at the treatment site rather than using a standard TCLF
test; which requires grinding a sample and leaching with an addic solution.
Grinding a sample totally defeats the purpose of S/S. Rather than using
TCLP, GE suggests that the EPA adopt testing procedures similar to ANS 16.1
and MCC-1 so the fixed mass can be tested as a monolith. Descriptions of the
ANS 16.1 and MCC-1 tests are attached as Exhibits 13 and 14-

In determining the acceptability of S/S, EPA should also look at the
relationship between the permeability of the fixed mass and the permeability
of the surrounding soil. Depending on where the fixed mass sits in .
relationship to the water table and the gradient of the water table, one or two
orders of magnitude difference in permeability could be sufficient to isolate
contamination. EPA should not arbitrarily set permeability requirements at
10-7 cm/i

Experience with S/S in the SITE Program and during full scale
remediation has given GE many ideas for process improvement Hie process
as demonstrated ui the Site Program and operated during remediation is
described in Exhibits 11 and 12, discussed above. Operation to depths of 25 to
30 feet was uneventful The installer was able to treat contaminated soil with
15% by weight additive when the soil had t void space of about 17 -19%.
TCLP leach tests run on treated soil during installation had PCB leach values
less than 0.2 ppb on most samples which 5 similar to the results achieved in
the SITE Program demonstration! Below 30 feet, the contractor had difficulty
penetrating the soil and controlling injection. Excess fluid was injected to
ease penetrations. GE believes this problem can be minimized by changing
the design of the cutting head and by relocating the fluid injection points to
the outer edge of the cutting head.

GE believes S/S as applied at Hialeah effectively isolates PCBs from the
environment Although GE has only used this process on a sandy soil, it
believes the process will be effective for reducing PCB mobility in most soils,
although day and cobble soil types may be difficult to treat Additionally, S/S
is likely to be an economical alternative to incineration or a TSCA landfill
provided organic contaminant concentration is not too high. ("High" cannot
be defined at this time.) This process also appears to be effective in the
treatment of heavy metals, low-level volatile organic contaminants
("VCCs"), and in situations where treatment below the water table is
required. Attached as Exhibit 15 is a report entitled Treatability Study Report
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for the Effects of Fixation on VOCV which describes the results of a test
conducted by GE on low-level VOC contamination.

GE has recently seen indications that the S/S process may also act to
dechlorinate PCBs. It appears that S/S additives containing iron act to
dechlorinate halogenated compounds. It is likely that this reaction will only
take place in the presence of water. Because this process is so new, it is not
possible at this time to tell whether sufficient water will be present in the
fixed mass to permit the dechlorination reaction to take place or whether the
iron will shift valence states reducing the opportunity for the reaction to
occur. This or a similar reaction has Been verified by the University of
Waterloo and a patent application has been filed for its use in a reactive cut-
off wall for treatment of groundwater plumes contaminated with chlorinated
solvents. If this or a similar reaction is taking place in the fixed mass, it is
conceivable that the PCBs will be destroyed.

The incremental cost of implementing S/S at the Hialeah site is
approximately $160/yd3. In comparison, the cost of TSCA landfill disposal is
about $500/yd3. Using S/S at the Hialeah site to treat approximately 11,000
yd3 of material will result in a cost savings of over $3 million when
compared to landfill cost The cost effectiveness is even greater if one
considers the cost of shoring and water treatment that would be required with
excavation.

Vitrification. GE has worked with Battelle and its spin-off, Geosafe, on
use of this process at its Spokane facility. A Bechtel report entitled
"Evaluation of In-Situ Vitrification for Stabilization of PCB Soil
Contamination" evaluates this technology and is enclosed as Exhibit 16.
Vitrification of PCB-contaminated soil showed PCB destruction efficiency of
99.9999%. Process costs are favorable when compared to TSCA landfill costs.
The Bechtel report shows vitrification costs of $220/ton in comparison to
TSCA landfill costs of $290/ton at a hypothetical site.

c Thermal Destruction

In GFs experience, on-site thermal destruction is not economical in
comparison to disposal in a TSCA landfill for small volumes of contaminated
soils less than 7,000-10,000 yd?. On-site thermal destruction is also limited in
its application due to the extensive space requirements for implementing mis
technology.

dL Physical Separation

GE and Mosmans KQneraaltechniek of Oss, tht Netherlands,
collaborated to perform physical separation bench-scale testing using water ffi
and additives. Separation results were promising and achieved results below »
25 pptn PCB for tilt soil types tested. A report entitled "Indicative Testing on
Soil Contaminated with rXfBs" describes this process and is attached as Exhibit o
17. GE is investigating this technology further to determine its potential °oN>



e. Chemical Dechlorination

GE developed t KOH/PEG (potassium hydroxide/polyethylene elycoD
process for treatment of PCB contaminated oil and soil and has worked with
Gabon Technical Services to further develop the process. Work by GE shows
the process to be sensitive to water (10% moisture content greatly lowers
efficiency) and less effective on dechlorination of lower chlorinated Arodors
than higher chlorinated Arodors.

As the foregoing illustrates, certain alternative disposal technologies
are further along in their development than others. Companies such as GE
are eager to continue research efforts to determine which of these and other
methods are best suited as long-term commercially workable PCB treatment
options. Hie rate of progress toward that goal will increase once EPA
removes the impediments to research and development by adopting the
reforms suggested in these comments.

D. Issues Involved la Addressing Industrial Building
Contamination

For businesses which have been in operation for the better part of this
century, dealing with historical PCB contamination in industrial buildings
is a two-fold issue 1) addressing decontamination of buildings that have
continued industrial or other uses; and 2) disposal of materials from
building demolition. Because EPA has no uniform cleanup standards that
prescribe acceptable cleanup levels, the regulated community is faced with
the same inconsistency among regions ana state agencies that plagues the
area of soil cleanup. In most cases, overly conservative cleanup levels arc
imposed that cost industry hundreds of thousand* of dollars per year in
environmentally unnecessary expenditures.

The extent of the problem Is most serious with respect to deanup of
porous surfaces such as concrete, brick, wood, cinder block and sheet rock,
and stems essentially from application of the wipe test to these porous
surfaces. EPA notes in its preamble to the PCB Spill Cleanup Policy that old
PCB contamination is generally more difficult to clean up than more recent

, "particularly on porous surfaces such as concrete . . . .* 52 Fed. Reg.
, 10689 (April 2, 1987). Notwithstanding its inappropriateness, in most

levels for historical building
ug/100 on2 or lower are prescribed. Experience shows that attaining these
levels of decontamination is an extremely time-consuming and costly
undertaking.
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To illustrate, after one cleaning of a concrete surface, approximately
75% of a remediated area is often below 100 ug/100 cm2, and most of the area
is below 300 ug/100 cm2. Depending on how the site was used, only small
areas-approximately 10% of the totalspace-are above 1000 ug/100 cm2.
Three and sometimes four redeanings are required to achieve 10 ug/100 cm2

with several localized areas between 10-100 ug/100 cm2 remaining. These
areas must be scarified to remove a quarter inch or more of the surface.
One-time detergent deanings cost approximately $ JO-LOO per square foot By
contrast, scarification costs in the range of $8-10 per square foot win no
guarantee that wipe test results below 10 ug/100 cm2 will be achieved. Thus,
in an average building of 50,000 square feet, the cost to achieve 100 ug/100
cm2 would oe in the range of $150,000 - $250,000, whereas the cost to achieve
10 ug/100 on2 would be $350,000 • $450,000.

The costs involved in attaining deanup levels at or below those
prescribed in the PCB Spill Cleanup Policy are not Justified in view of the
risk analysis used to arrive at those levels. EPA acknowledges, again in its
preamble to the Spill Cleanup Policy, mat PCB transfer rates are ukely much
lower with respect to rough, porous surfaces than they are for impervious
surfaces such as metal or glass. 52 Fed. Reg. at 10696. Nonetheless, the same
transfer rate is used for both impervious and non-impervious surfaces in
the risk analysis used to determine acceptable surface cleanup standards. M.

EPA's assumptions about other factors such as volatilization, lifetime
average contact fraction, fraction area contaminated, absorption rate and
potency factor put into further question the reliability of EPA's basis for
surface deanup standards. These are discussed in more detail in a study
entitled "A Critique of EPA's Risk Analysis of PCB-Contaminated Surfaces"
conducted by Everest Consulting Associates in 1986, a copy of which is
attached as Exhibit 18. While some of the assumptions EPA ultimately
relied on in developing the PCB Spill Cleanup Policy may differ slightly
from those reviewed by Everest the report highlights the general ultra-
conservatism of EPA's approach: In lignt of the most recently generated
scientific data concerning PCBs, it is time to revisit the exposure and risk
analyses relied upon in determining surface deanup levels, develop more
realistic analytic inputs based on the characteristics of porous materials, and
establish reasonable deanup levels for historical PCB contamination of
these surf aces*

As part of this re-evaluation, EPA should also revise the regulations
to standardize tilt use of encapsulation of low-contact industrial surfaces for
bom old and new PCB contamination. Encapsulation is presently
considered an acceptable discretionary remedial method for new spills onto
low-contact non-impervious surfaces. Sfit 40 CF.R. § 76U25(cX3)aii) and
(c)(4)(iv). To ensure consistent implementation, EPA could easily establish
standards that would facilitate monitoring of the encapsulated area. For
example, EPA could require mat a uniform warning color, such as tilt
yellow and black used on PCB stickers, be applied directly on top of the
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contact surface with the encapsulating material then applied on top of the
warning color. This way, it would be dear as to when the encapsulation was
wearing off and needed to be reapplied. Whatever criteria EPA might
choose, given the technical and cost effectiveness of encapsulation, it should
be considered a viable cleanup technique for minimizing exposure from
low-contact porous surfaces.

EPA also needs to develop a new test for sampling of these surfaces.
Given the nature of porous materials and the tendency of old PCB
contamination to settle into the pores of the material, the wipe test yield*
extremely inconsistent results that depend in large part on the pressure
applied during the wipe. Aside from the inconsistency that results, such a
method is inherently unrepresentative of the actual transfer that takes place
when clothing or skin contacts a non-impervious surface, and thus, cannot
accurately reflect the true human exposure potential of the PCB*.

A similar problem arises in testing of these materials for disposal.
Given that the primary concern in a disposal situation is the potential of the
PCBs to migrate out of the waste and into the environment a leach test of
the material in the form in which it is disposed would be much more
representative of the effect of the waste on the environment than a wipe test
or a measurement of total PCBs in a core or chip sample, which in GE's
experience, have been the test methods required. With respect to core
samples, for example, the distribution of PCBs throughout the core varies
depending on the orientation of the core to the exposed surface, the
permeability, and the physical and chemical composition of the material.
Thus, analysis of core samples will yield different results depending on
whether the total core is analyzed or whether the core is sectioned and the
various strata are analyzed individually. For these reasons, GE believes that
EPA should adopt test procedures similar to the ANS 16.1 and MCC-1
methods discussed above which provide for testing of material in it* fixed
form. If a stated cleanup objective is to be completely reliable, the sampling
method used to determine attainment of the objective must be
representative. The sample methods presently used do not reflect the real
potential human or environmental risk posed by PCB-contaminated non-
impervious surfaces and, therefore, should be replaced.

X Imrr*vtoua Surfaces

In the area of cleanup of historically-contaminated impervious
industrial building surfaces, mere are three main issues GE urges EPA to
address: 0 the difficulty involved In cleaning isolated low-contact surface*,
such as wall-to-ceiling joint*, rafters and hard to reach building recesses; 2)
disposal of building materials in connection with demolition; and 3)
standards for cleanup of incidentally-contaminated machinery. The
problem with respect to all of these issues lies, again, in the inconsistent §
ultra-conservative requirements that regions and states apply in the absence *°
of reasonable, uniform cleanup and disposal standards for these material*. 0
Isolated upper surfaces and recesses of a building pose a minimal dermal £
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exposure potential because of the fact that they are so inaccessible. Yet
cleanup standards applied to these areas are often in the range of 10 ug/100
cm2 or lower, based on the PCB Spill Cleanup Policy. The time and effort
required to reach these levels multiplies the cost of a cleanicleanup by several
factors with no discernible increase in environmental protection. It would
be much more reasonable and cost effective to apply to high level recesses
and surfaces the 100 ug/100 cm2 standard the Spfll Cleanup Policy applies to
low contact outdoor surfaces in industrial facilities, Jfifi 40 CFJL $
761125(0(3), because of the similarity of these areas regarding potential for
dermal exposure.

Regulatory certainty as to tht acceptable level required for disposal of
impervious building materials such as steel and metal in connection with
demolition is also needed. Given the lack of uniform standards, regulatory
agencies often set standards that are impractical to meet and landfills and
scrap facilities around the country either refuse to take the material or set
varying, arbitrary levels for acceptance. Confusion and uncertainty would
be minimized if EPA would establish national criteria for cleaning
impervious building materials to specified levels based on the planned
disposition of the material as scrap, as reuseable machinery, for smelting, or
for disposal in a TSCA or special/industrial waste landfill, depending on the
concentration of PCBs remaining on the material.

National standards of the type described above should also be applied
to cleanup of incidentally-contaminated machinery to resolve the)
inconsistency and uncertainty that results from EPA's lack of uniform
standards for addressing this category of PCB-contaminated materials. Of

the standard wipe test Given the number of different surfaces on a piece of
equipment use of the standard size templates of ten by ten centimeters
provided for under 40 CFJL § 761.123 is not always possible and, in any event
to sample the entire machine, requires analysis of hundreds of template* at
an exhorbitant cost A re-evaluation of the most economically and
technically feasible method of sampling PCB-contaminated machinery for
proper disposal is needed to address this problem.

One final issue with respect to cleanup of inddentallv-contaminated
machinery that also warrants EFA's attention concerns the disposal of
wastewater generated during cleaning of this equipment Characteristically,
this wastewater contains low-level PCB contamination up to 30 ppb. Yet by
operation of EFA's application of the anti-dilution rule, this water would be
considered to contain the PCB concentration of the original source and, thus,
would have to be incinerated in accordance with the PCB disposal
regulations. This is an absurd result that requires needless expenditure of mhuge sums of money that can and should be put to more environmentally »
beneficial uses. In the interests of wise resource allocation, EPA is again
strongly urged to reinterpret the anti-dilution rule not to apply to historical o
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PCB contamination or wastes generated during the cleanup of such
contamination.

IV. CONCLUSION

GE appreciates the complexity of the process involved in translating
scientific data into regulatory standards that are protective of human health
and the environment Nonetheless, as knowledge in the scientific area
becomes more refined, it is incumbent upon the Agency to make
adjustments in both the assumptions that underlie the framework of
regulation and the regulatory framework itself. These comments fure
directed at both of these issues and are intended to provide information the
Agency should have before it in reassessing the scientific and regulatory
status of PCB*. The issues GE has raised herein art of serious concern to it
and other members of the regulated community. Thus, the Agency is urged
to consider them carefully.

As noted above, time constraints have prevented GE from providing
comments and technical data on all of the issues raised in the ANPR. -
Therefore, in accordance with the Agency's willingness to consider
information provided subsequent to the ANFR's August 9,1991 dose of the
comment period, GE plans to supplement its submitted within the next
several weeks concerning both the issues raised in these comments and
other matters discussed in EPA's Advance Notice

If there are questions about the comments and suggestions submitted
above, please contact Stephen B. Hamilton, Ph.D. at 203/373-2316.
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I. EXECUTIVE SlfMARY

Polychlorinated biphenyls (PCBs) are a class of chemical compounds that
were widtly used as lubricants and fluids In electrical equipment, among
many other uses, until concerns about their potential hazards from
environmental exposures arose In the 1970s. This report sets out an
assessment of the available scientific literature concerning the hazards,
particularly cancer, resulting from human exposure to PCBs. It was prepared
under the guidance of a panel of Internationally recognized experts 1n
medicine, toxicology, and epidemiology and has been subjected to scientific
peer review. (The curricula vltae of the panel are set out 1n Appendix A.)
The panelists have unanimously endorsed the findings presented 1n the study.

The study focuses on whether low-level environmental exposure to PCB 1s
likely to cause cancer in humans. The panel observes that other possible
human impacts from low-level environmental exposures to PCBs are of far
lower likelihood than any possible carcinogenic effects. Health effects,
other than cardnogenldty, that have been observed following exposure of
laboratory animals to PCB mixtures Include liver and stomach lesions and
reproductive effects. The panel notes that these effects, as well as skin
lesions (i.e., chloracne) that have been reported In humans following
exposure to very high levels of PCBs, occur at higher doses than those
associated with risk levels of concern for potential carcinogenic effects.
Thus, exposure levels that pose no significant risk of cancer should not be
of concern with regard to other health effects.

A variety of epidemlologlc studies have examined whether PCB-exposed
workers have Incurred a greater likelihood of cancer mortality than the
general population. The report summarizes the literature in the field. The
panel concludes that the body of epidemic!oglcal evidence does not
demonstrate a causal relationship between PCB exposure and any form of
cancer. This conclusion 1s confirmed by reviews of several other expert a
groups, Including the EPA, FOA, and the World Health Organization. In light *
of the long-term and widespread usage of PCBs In numerous Industrial oo
settings and the extensive exposure of workers In some cases, It Is likely *°
that evidence of cardnogenlcity would have already been revealed by the o
studies if PCBs were in fact a potent human carcinogen. j
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Experiments have also been conducted with laboratory animals to estimate
the potential Impacts of PCBs on humans. In such studies the subject
animals are chronically exposed over a long time period to high does of PCBs
through, for example, the addition of PCBs to the animals' food. The
studies show that, of the PCB mixtures that have been adequately tested, only
certain mixtures ~ commercial mixtures of PCBs containing approximately 60
percent chlorine by weight (Aroclor 1260 and Clophen A60) — produce a
statistically significant Increase 1n the Incidence of malignant liver
tumors In rodents. In a study conducted by the National Cancer Institute,
Aroclor 1254 (approximately 54% chlorine by weight) was not found to be
carcinogenic. Other Aroclors have not been tested In acceptable animal
bloassays for card nogenl city. Clophen A30, which closely matches Aroclor
1242 In composition (approximately 42 percent chlorine by weight), has been
tested; 1t causes an Increase 1n benign (non-cancerous) liver tumors and 1s
less potent than Clophen A60 when both mixtures were tested 1n bloassays of
identical design.

Based on the fact that no statistically significant Increase In
malignant tumors Is seen 1n animal studies with lower chlorinated PCB
mixtures, the panel concludes that. If the lower chlorinated PCB mixtures
are carcinogenic at all, their potencies are far less than those of. mixtures
with 60 percent chlorine content.

The panel points out that animal studies have limitations as a reliable
Indicator of effects in humans. Because of inter species differences in
factors such as absorption, metabolism, and elimination of a test substance,
effects that are observed In animals may not occur 1n human populations, or
may occur with different frequencies. Moreover, in order to apply the
results from animal studies to humans, it is necessary to make adjustments
to account for the fact that environmental exposures of humans are many
orders of magnitude less than those to which the rodents were exposed in the
animal studies. There are substantial experimental data from which it can
be Inferred that the carcinogenic effects, if any, from PCB exposure arise
only after a certain threshold exposure has been exceeded. Thus, at the low
doses that are typical from human environmental exposures to PCBs. the panel »
concludes that no cancer risk may exist.
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Despite the limitations of the animal data, It 1s common for regulatory
agencies to estimate potential risks to humans by extrapolating observations
in highly exposed animals to humans. The typical extrapolation procedure
also assumes the absence of a threshold and a direct proportion between risk^
and exposure at low doses. Such an application of the animal data reflects
a policy decision to adopt a conservative estimate of potential human risk
from exposure, and It 1s the approach taken 1n this report. Even If this
approach were applied to the data on PCBs, however, the panel concludes that
1t 1s necessary, at the least, to recognize the difference* 1n notency among
the various types of PCB mixtures. The report defines the appropriate
adjustments for the various mixtures. -'

In summary, while the data show that some carcinogenic effects are
observed 1n rodents that are exposed over a long term to high doses of 60
percent chlorinated PCB mixtures, these animal data have uncertain .
implications for human exposure. Moreover, no statistically significant
increase 1n malignancies are seen 1n animals exposed to high levels of lower
chlorinated PCB mixtures. Thus, even 1f the animal data were deemed
relevant to the environmental exposure of humans, at the least, adjustments
must be made for lower potency of the lower chlorinated PCB mixtures. In
any event, the panel 'concludes that the evidence does not demonstrate a
causal relationship between exposure to PCBs of any type and any form of
human cancer.
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II. INTRODUCTION

Polychlocinated biphenyls (PCBs) ace a class of chemical
compounds that were widely used as lubricants and as fluids in
electrical equipment, among many other uses, until concerns
about their potential hazards arose in the late 1970s.

This report examines the available scientific data
regarding the potential carcinogenicity of commercial PCB
mixtures. It has been prepared by'a group of independent
experts who have been engaged to assist Texas Eastern and
subjected to scientific peer review. The curricula vitae of
the members of the group are set out as Appendix A.

This analysis is confined to an examination of the data
regarding the potential tumorigenicity of PCBs because this is
the toxicity endpoint of primary concern with regard to
low-level, environmental exposures to PCBs. Other health
effects demonstrated in animal models occur at higher doses
than the doses associated with risk levels of concern for
potential tumorigenic effects. Thus, the exposure levels that
pose no significant risk for tumorgenicity from chronic
exposure should not be of concern for other health effects.
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III. SCIENTIFIC EVIDENCE RELATED TO THE
TUMORIGENIC POTENTIAL OF PCBs
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III. SCIENTIFIC EVIDENCE RELATED TO THE
TUMORIGENIC POTENTIAL OF PCBs

A. Summary and Conclusions
This report provides a summary of epidemiological and

toxicological data related to the potential tumorigenic effects
of PCBs. The data reveal that there is insufficient evidence
to classify PCBs as human carcinogens, i.e., the available
epidemiological data do not show a causal relationship between
PCB exposures and human cancer. This conclusion is supported
by reviews conducted by several expert panels (e.g., EPA 1988,
ATSDR 1987).

The data also show that certain mixtures of PCBs, those
associated with Aroclor 1260,— produce excess tumors- of
the liver in rodents in long-term feeding studies at very high
doses. Because there is some equivocal evidence that other,
mixtures of PCBs may produce excess tumors in experimental
animals, we cannot reject the hypothesis that other mixtures of
PCBs (those associated with other Aroclors) are animal
tumorigens. Nevertheless, it will be shown that, if these
other mixtures of PCBs are tumorigens, they are certainly of .
lower tumorigenic potency (tumorigenic risk per amount of
exposure) than those associated with Aroclor 1260.

As will be discussed herein, there are a variety of
different types of PCBs. Acoclor 1260 was a tradename for
a particular PCB mixture containing 60 percent chlorine by
weight. Lower chlorinated Aroclor mixtures (for example,
Aroclors 1248 and 1242, 48 and 42 percent chlorine,
respectively) were also widely used.
The excess tumors may be either benign (non-cancerous) or
malignant (cancerous). It is conservatively assumed by
regulatory agencies that both types should initially be a
counted equally in estimating carcinogenic potency. PCBs %
are therefore referred to as tumorigens, i.e., capable of
producing either type of tumor. ooto
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In the concluding pact of this report, we shall present
estimates of the turaocigenic potencies of the mixtures of PCBs
associated with Aroclors 1260, 1254, 1248, 1242, and 1232.
These potency values are included in this report because of
their use in estimating the potential carcinogenic risk that
might result from human exposure to these mixtures.

Before presenting a review of the data related to
carcinogenicity, a discussion of the chemical compositions of
various sets of PCBs is presented.

B. Chemical Composition of Aroclors
Polychlorinated biphenyls (PCBs) are mixtures of

chemically related compounds. The various PCBs all share the
same basic biphenyl (12-carbon) structure (figure 1) with a
varying number of chlorine atoms. Up to ten of the carbon
atoms of the biphenyl molecule can chemically bond (attach) to
chlorine atoms. If only one chlorine atom is bonded to the
biphenyl molecule, the product is referred to as
monochlorobiphenyl. It is possible for the single chlorine
atom to bond to carbon atoms in different positions in the
biphenyl structure* and each-such bonding creates a new
chemical (figure 1). There are thus several different forms of
monochlorobiphenyls that may have different properties. These
different structures are referred to as monochlorobiphenyl
isomers. Similarly, different isomers may be created when two
chlorines are present (dichlorobiphenyls), when three chlorines
are present (trichlorobiphenyls), etc., depending on the
location of the chlorine atoms with reference to the carbon
atoms in the biphenyl structure. PCBs that have different
numbers of chlorines, e.g., 5 chlorines (pentachlorobiphenyls)
and 6 chlorines (hexachlorobiphenyls), are called congeners.
The various PCB mixtures are referred to as sets of congeners,
even though some of these sets contain PCBs related to eac*

EC
other as isomers. %
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x + y a 1-10
«,y * 5*

Figure 1. Structure and nomenclature of PCBs. Top left:
Biphenyl structure with notation of variable number
of chlorines. Top right: Biphenyl structure with
numbering of carbon atoms for designating isoners.
Bottom: Three isomers of dichlorobipher.yl :
3. 4-dichlorobiphenyl, 2,5-dichlorobipher.yl, and
4,4' dichlorobiphenyl .
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Individual chlorinated biphenyls can be separated from a
mixture by a technique called gas chroma tography, and their
structures can be confirmed using mass spectroscopy. Figure 2
is a schematic that was produced from the results of such a
procedure for Aroclors 1260, 1254, and 1242. When the results
of such a separation are represented in a graph (i.e., a
chromatograph) as in figure 2, the horizontal location of the
bar (labelled "Peak Number") is an indication of the specific
PCS congener, or congeners if the separation is not complete.
(The relation between these Peak Numbers and PCB congeners by
chemical designation is described in Appendix B.) The height
of the bar is a measure of the amount (i.e., mass fraction) of
each of the various chlorinated biphenyls that are present.
Such chromatographs are sometimes called fingerprints, because
they can be used to determine the degree of similarity between
two mixtures of chemicals even when all of the components of
the mixture have not been identified.

Although the correlation is imperfect, as a general rule
the number of chlorine atoms per biphenyl molecule increases
with Peak Number. Mos-t of the congeners in Aroclor 1260 have
more than 4 chlorines, and the average is about 6 chlorines.
The chlorine content of Aroclor 1254 is lower than for Aroclor
1260, averaging about five chlorines, and that of Aroclor 1242
lower still, averaging about three chlorines. Thus, although
all three are mixtures of PCBs, the actual chemical composition
of the mixtures (i.e., the fingerprint) is quite different.
Even so, it is readily apparent from figure 2 that the spectra
of congeners (i.e., the chemicals present) in the three
mixtures overlap (i.e., have some chemicals in common for the
mixtures), especially for Arocior 1260 and Aroclor 1254.
Aroclor 1260 has relatively little overlap with Aroclor 1242.
Because the chemicals that comprise these mixtures are
different, the chemical, physical, and toxicological properties
of each mixture would also be expected to differ. »

•a
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Figure 2. Distribution of mass fractions of PCB congeners in
Aroclors 1242, 1254. and 1260.
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Two other commercially produced PCBs — Clophen A30 and
Clophen A60 — are relevant to this discussion. These
substances were produced in West Germany and have compositions
similar to the Aroclors. Specifically, Clophen A60 is
approximately identical to Aroclor 1260, and Clophen A30 is
similar to Aroclor 1242. The importance of these similarities
will be discussed later.

C. Epidemioloqical Data

1: General Considerations
The study design that is most commonly used to

examine the occurrence of cancers in PCB-exposed
populations is a type of cohort study (mortality study) in
which death from cancer (all cancers and site-specific-''
cancers) is the endpoint of interest. In the majority of
these studies, the cancer mortality of the population
exposed to PCBs is compared to cancer mortality rates of
the general population. Standardized Mortality Ratios
(SMRs) are then determined by dividing the number of
cancer deaths (either total or site specific) in the
exposed group by the number of deaths'that would be
expected by applying rates developed from a reference
population. The choice of the reference population (e.g.,
U.S. average, regional, or state) is critical for the
analysis because the normal occurrence of cancer or a
particular type of cancer may vary with the population
selected. It is often preferable to use a local
population (i.e.. from the same region or locality as the
study population) as the reference population to account
for possible unknown confounding variables that could

I/Refers to the anatomical site (e.g., liver) at which the jg
cancer was identified. *

o
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influence the mortality experience of the study. For
example, if drinking water contaminants increased the
cancer mortality of the study (and local) populations, the
use of cancer mortality rates based on the U.S. population
would not account foe this, whereas the use of local rates
would.

Statistical analyses are generally conducted on the
findings to determine whether any observed increase in the
general or site-specific mortality rates in the exposed
cohort is statistically significant.-' It should be
noted that the probability that one or more comparisons
will be found to be statistically significant by chance
alone increases with the number of comparisons that are
made (e.g., number of site-specific cancer mortality rates
in the study cohort vs. the number expected based on
reference population rates) (Daniel 1983).

If a statistically significant increase in the
overall or site-specific rate of cancer mortality is found
in the study cohort, one must assess whether the observed
difference might have resulted from bias in the manner of
data collection. This involves evaluating the ability of
the investigators to determine who was exposed (and to
what extent) and the methods used for identifying cases of
cancer mortality. One must also determine whether the
finding might have resulted from the effects of
uncontrolled or "confounding variables." This is done by
assessing the degree to which investigators accounted for
other risk factors (e.g., smoking) in the study design and
analysis.

I/The level of statistical significance, or p-value, is
generally used to determine this. Traditionally, if a
p-value is less than 0.05, chance (although always a g
possibility) is considered to be an improbable explanation of K>
the results. Conversely, if the p-value is greater than
0.05, chance is considered to be a likely explanation for the g
observed effect, e.g., cancer. oo
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In the particular case of examination of
epidemiological data related to cancer endpoints, there
are a number of specific methodological issues that should
be considered. These include:

Latency Period: For many cancer endpoints, a long
interval may occur between exposure and detectable
tumor development. Thus, any cohort study should
have a sufficiently long period of follow-up to
account for this factor.

Misclassification: It is necessary to classify
accurately the exposure status of humans to the
substance of interest over time. Important
differences in interpretation of epidemiological
findings may be obscured if persons are misclassified
with regard to exposure.

Pathological Verification of Disease: It is
important that investigators clearly state the
methods used for identifying disease. There is
considerable uncertainty associated with the
diagnoses based on death certificates. These should
be confirmed using pathology records whenever
possible. This is especially important in
identifying primary cancer sites because of the
tendency of malignancies to metastasize, i.e.. to
spread to organs other than the site affected by the
substance of interest.

Confounding Variables: Exposure to an agent, such as
PCBs, may be associated with other possible
determinants of cancer risk. For example, cancer
rates differ on both a regional and community basis. i§
These differences may in some cases be attributable
to qualitative and quantitative variations in the §
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spectrum of environmental agents (e.g., chemicals in
air and water) to which local populations are
exposed. Exposure associated with personal habits
(e.g., smoking) and past occupations may also account
for an observed increase in cancer mortality in a
study population. If information is available on the
potential confounding variables, it may be possible
to adjust for their effects in the analysis. In many
cases, however, the relevant confounding variables
may be unknown oe difficult to measure, complicating
the determination of conclusions regarding causation.

After assessing the possible effects of the above
factors in an individual epidemiological study, it is
generally necessary to apply.certain additional criteria
in making a judgment as to causality — i.e., whether
exposure to the agent was the cause of the observed health
effect. These criteria are frequently presented and
discussed in general textbooks of epidemiology (e.g.,
Rothman 1982, Mausner and Kramer 1985). Most authors base
their discussions of the subject on the nine criteria that
were noted by Hill (1965) as especially important for
consideration when reaching a judgment on the causal
nature of an association. The current practice among
epidemiologists is to adopt a set of criteria that
represent a modification of those originally presented by
Hill. Hausner and Kramer (1985) identified the following
criteria to evaluate the likelihood that an association is
causal:

Strength of the Association: This criterion refers
to the degree to which the incidence of the disease
is elevated in the exposed population as compared to »
the control population. In mortality studies, the
strength of the association is indicated by the §
magnitude of the Standardized Mortality Ratio (SMR).

00
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Statistical analysis of the data is necessary to
determine the likelihood that an observed association
between exposure to an agent and the subsequent
development of disease (e.g., as indicated by an
elevated SMR) is a chance outcome or is indicative of
a true association.

Dose-Response Relationship: This refers to the
criterion that the risk of developing the disease
usually increases as the exposure increases. The
demonstration of such a dose-response relationship
increases the likelihood of a causal association.

Consistency of the Association; This criterion
refers to the repeated observation of an association
in different populations under different
circumstances (e.g., under different patterns of
exposure) .

Temporally Correct Association; Exposure to the
suspected causative agent must precede the effect in
time. Also, with respect to cancer, a sufficient
latency period (i.e., period between exposure and the
development of the disease) is necessary for the
association between exposure to the agent and the
development of disease to be biologically plausible.

Specificity of the Association; This criterion
requires that exposure to a causative agent should
lead to a unique effect. While the observation of
specificity is strong evidence for causal
association, its absence is of less significance.
Some agents (e.g., smoking) have been strongly linked
to multiple effects. jjg
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Coherence With Existing Information: This criterion
usually refers to the extent to which a causal
interpretation is biologically plausible given the
current state of scientific knowledge. The
likelihood of an association is stronger if it is *
supported by experimental evidence.

As noted by Rothman (1982), there is no rigid rule to
specify when a causal relationship has been established.
Any conclusion regarding the likelihood of a causative
association is ultimately based on individual, expert
judgment. The more criteria that are met for an exposure
in question, the greater the likelihood of a causal
association. The observation of a statistical association
in one or more epidemiclogical studies usually is •
insufficient, by itself, to establish causation.

2. Review, of Studies
The potential biological effects of human exposure to

PCBs have been examined in several populations, primarily
workers exposed through occupational activities. As noted
previously, EPA (1988) and the Agency for Toxic Substances
and Disease Registry (ATSDR 1987) have concluded that the
available data are not sufficient to demonstrate that PCBs
cause cancer in humans. Nevertheless, the available data,
and the strengths and weaknesses of the studies, are
reviewed in this section.

The majority of these studies involve occupationally
exposed cohorts, and most include only rough measures of
exposure (e.g., duration of employment, employment
category). The studies differ in the extent to which
investigators were able to account for possible
confounding variables. As noted above, in some cases such
variables could account for any observed increases in *

T3cancer mortality in the study population.
ooto
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a) Brown and Jones (1981); Brown (1987)
Brown and Jones (1981) reported the results of a

retrospective mortality study of 2,567 electrical
capacitor workers in two plants located in the United
States. An update of this study was subsequently
published by Brown in 1987. The type of PCB mixture
used in the plants varied over the years and included
Aroclors 1254, 1242, and 1016. (The latter is a
purified version of Aroclor 1242.)

In the initial study (Brown and Jones 1981), the
cohort was followed until January 1, 1976, and
included all workers with at least 3 months of
employment (after 1940) in areas where there was
potential PCB exposure. The expected number of
deaths in the cohort was determined using
age-adjusted U.S. mortality rates (white males and
white females) for the appropriate time periods. The
total mortality in the study cohort was lower than
expected (163 observed vs. 182 expected), as were the
total number of cancer deaths (39 observed vs. 44
expected). The Standardized Mortality Ratio (SMR *
[observed deaths/expected deaths] x 100) for cancer
deaths in the study cohort was 89. Thus, there were
fewer cancer deaths among those exposed to PCBs than
would be expected in a general, non-exposed
population.

with regard to site-specific cancer mortality,
Brown and Jones (1981) reported a greater than
expected number of deaths due to rectal cancer (4
observed vs. 1.19 expected) and cancer of the liver,
gallbladder, and biliary passages (3 observed vs.
1.07 expected). These findings, however, were not
statistically significant which strongly suggests
that the observed increases are chance occurrences.

In the update of the original study. Brown »
(1987) followed the mortality experience of the

oo
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original cohort through 1982. Once again, the total
mortality in the study cohort was lower than expected
(295 observed vs. 317.6 expected), with an SttR of 78.

During the additional observation period no
additional deaths from cancer of the rectum were
observed, resulting in a lowering of the SMR from 336
to 211 (4 observed vs. 1.9 expected). Two more deaths
from the disease categories that include cancers of
the liver, gallbladder, or biliary passage were
reported; these sites were not analyzed individually
for statistical significance. This resulted in a
statistically significant excess in mortality when
the observed number of deaths from these different
categories were combined (5 observed vs. 1.9
expected). But the grouping of the 5 cases of liver,
gallbladder, and biliary tract cancer into one
category (and thus treating them as a single disease)
is questionable.- The etiology of the cancers
also suggests that they should be considered .
separately. The evidence for an association between
exposure to some environmental agents (e.g.,
mycotoxins, hepatitis B virus) and an increased risk,
of developing hepatocellular (liver cell) carcinoma
is relatively strong, whereas that for cancer of the
hepatobiliary tract (bile ducts found within the
liver) is much less compelling (for example, see
Zimmerman 1978). Moreover, none of the 5 cases that
were grouped by Brown (1987) were identified as a
primary carcinoma of the liver, suggesting that liver

I/The International Classification of Diseases (ZCD) code
(Eighth Revision) for deaths from cancer at each of these s
sites is different, indicating that ICD considers them »
different diseases.

CO
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might merely be the common site of metastasis foe
cancers from sites of unrelated origin.

An analysis of the data did not show an increase
in risk with an increase in latency (time since first
employment) or any indication of a dose-response
relationship (as measured by length of employment)
among the deaths from cancers of the liver.
gallbladder* or biliary tract. In discussing the
study findings. Brown noted that, due to the small
number of deaths and the variability of specific
cause of death (i.e., within the category including
mortality from malignancies of the liver.
gallbladder, and biliary tract), it is difficult to
interpret the significance of the findings with
regard to PCB exposure.

b> Bertazzi et al. (1982. 1987)
Bertazzi and coworkers (1982) reported

preliminary results of a retrospective mortality
study of production workers in a capacitor
manufacturing facility who were employed for at least
6 months between 1946 and 1970. During the early
years of production, workers were primarily exposed
to PCB mixtures containing 54% chlorine (Aroclor 1254
and Pyralene 1476) that were later replaced by
mixtures containing 42% chlorine (Pyralene 3010 and
3011). Mortality was observed between 1954 and 1978
and compared to local rates. The authors reported a
statistically significant increase in cancer
mortality among males. The observed excesses in
cancer deaths in males were primarily attributed to
malignancies of the lymphatic and hematopoietic
(blood forming) tissues and the digestive system.

In the update of this study (Bertazzi et al.
1987), the cohort was expanded to include a
non-production workers. The investigators also *
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decreased the minimum period of employment (after
1946) needed for inclusion in the cohort from 6
months to l week. The mortality experience of the
cohort was followed from 1946 to 1982.

The short minimum exposure period is a major
flaw in the study design. By defining the cohort in
this manner/ the authors could attribute cases of
cancer mortality to PCB exposure that were likely due
to other causes or factors. For example, of the 12
cases of mortality that were identified in females,
only four were fully characterized with respect to
parameters such as length of exposure, and one of
these had an exposure period of only three months.
It is possible that the remaining eight cases include
women who were exposed for very limited periods,
making it much less likely that the cancers were
associated with work-related exposures.

The total number of deaths in the cohort by 1982
was 64 (30 men and 34 women). Bertazzi et al. used
both national and local mortality rates'(adjusted by
a.ge, sex, and year) to determine the expected number' .
of deaths in the study cohort. Total mortality
(i.e., from all causes) was not elevated for males,
but there was a statistically significant increase in
overall cancer deaths (as indicated by the
Standardized Mortality Ratio [SMR]) and in cancers of
the gastrointestinal tract, based on either national
or local mortality rates.

In females, statistically significantly
increased SMRs were observed only when local
mortality rates were used to determine expected
numbers of cause-specific deaths. Significant
excesses were observed for the categories of deaths
due to malignant tumors (cancers) (SMR » 226) and jg
deaths due to hematologic neoplasms (cancers of the v

blood system) (SMR » 377). The local mortality rates °
10
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foe females in the age group of concern (geneially
less than 45 years old), however, are associated with
a high degree of uncertainty because of the
relatively few deaths that occurred among women of
this age group in the town (population 150,000).

Bertazzi et al. (1987) reported that when the
data were analyzed by duration of exposure, latency,
and the year of first exposure, no pattern or trend
in mortality was observed for any category of cancer
mortality in males or females. They also noted that,
in some cases, an examination of the employment
history of cancer victims tends to reduce the
probability of an association with PCB exposure, in
particular with regard to the males with the excess
of digestive system cancer (6 observed vs. 1.7
[national] or 2.2 [local] expected). Upon closer
analysis of these cases, the authors state that one
individual with stomach cancer had been hired at an
advanced age and received a very short exposure.
Furthermore, two of the individuals (one with stomach
cancer, one with pancreatic cancer) had been, security
guards with no history of direct PCB exposure. This
suggests that only 3 of the observed cases may be in
people who had any significant exposure to PCBs, and
only one individual (with pancreatic cancer) was
exposed for more than one year.

The findings of the epidemiological study
conducted by Bertazzi et al. (1987) are not
indicative of a causative link between exposure to
PCBs and the subsequent development of cancer in
humans. In the cancer mortality cases that were
identified, no dose-response relationship was
observed and no pattern was observed with regard to
latency and disease. As noted by the authors, some so
of the male cancer mortality cases had little or no *
opportunity for direct PCB exposure. Finally, o
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interpretation of the study results is constrained by
the small number of deaths that had occurred in the
study cohort, the shgrt minimum exposure period
required for inclusion in the study cohort, and the
use of relatively unstable local mortality rates as &
standard of reference.

c) Gustavsson et al. (1986)
Gustavsson et al. (1986) reported the results of

a study of the mortality and cancer incidence among a
cohort of 142 male Swedish capacitor manufacturing
workers during the period of 1965 to 1982 (with
cancer incidence followed through 1980). The workers
had been employed for a period of at least six months
between 1965 and 1978 and had been exposed to'Aroclor
1242 (or equivalent). Airborne PCB levels were
measured at 0.1 mg/ra3 in 1973, with possibly higher
levels in the 1960 's.

A total of seven cancer deaths were identified
'in the cohort, which was not significantly different
from the expected number ( 5. 4") / calculated 'using
national statistics. There was also no tendency
towards an increase in the mortality or cancer
incidence in the most highly exposed subgroup of 19
workers. Although the results indicate no increase
in cancer mortality in the study cohort during the
study period, the results are not conclusive because
of the small cohort size and brief follow-up period.

d) Bahn et al. 1976
Bahn et al. (1976) reported a statistically

significant (p < 0.001) increase in deaths due to
malignant melanoma (2 observed vs. 0.04 expected) in
a small group (31) of research and development ECyO
employees believed to have been heavily exposed to *
PCBs. The major pathways of exposure were not o
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identified by the authors. The workers were exposed
to Aroclor 1254, among other chemicals, during
various periods between 1949 and 1957. Although the
authors suggest that PCS exposure may account for the
observed excess of malignant melanoma, the small size
of the study cohort and the fact that individuals
were exposed to other toxic and potentially
carcinogenic compounds during their employment makes
it impossible to attribute the excess cancer cases to
any specific agent.

Bahn et al. reported their findings in the form
of a letter. They have never been presented in the
form of an epidemiological study with data that can
be independently evaluated and published in a journal
for peer review. Therefore, these findings are
difficult to evaluate as part of the "weight of
evidence" regarding the carcinogenicity of PCBs in
humans .

A letter by Lawrence (1977) questioned whether
the study demonstrated any adverse effects from
exposure to PCBs due .tq cpncommitant exposure of
workers to other, possibly carcinogenic, chemicals.
In response, Bahn et al. (1977) maintained the
assertion of a "possible association" between PCBs
and malignant melanoma, but agreed that the data were
not conclusive.

e) Studies in Populations Fol loving the Accidental
Ingest ion of PCBs, PCDFs. and Other Contaminants
Kuratsune et al. (1986) reported on the results

of mortality studies of Japanese "Yusho" patients who
had ingested contaminated rice oil in 1968. The oil
was contaminated with Kanechlor 400 (similar in PCB
composition to Aroclor 1248) as well as B
polychlorinated dibenzofurans (PCDFs) and *
polychlorinated guaterphenyls (PCQs). The o
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composition of the Kanechlor 400 involved in this
incident had been altered (i.e., there was a much
higher concentration of contaminants than the
commercial grade mixture) as a result of its use in a
heat exchanger. It is also probable that additional
contaminants were generated during the use of rice
oil in cooking.

In the 887 males who were included in the
cohort, statistically significant increases in
mortality from all malignancies (33 observed vs. IS'. 5
expected), liver cancer (9 observed vs. 1.6
expected), and lung cancer (8 observed vs. 2.5
expected) were reported, based on national rates.
The use of local rates decreased the SMR for liver.
cancer from 560 to 390, which was still statistically
significant. No SMR based on local mortality rates
was calculated for lung cancer. No significant
excesses in cancer mortality were observed for the
874 female patients included in the cohort.

There is evidence that confounding factors could
have influenced the findings of Kuratsune et al.
(1986). It has been reported that 70% of the
identified Yusho patients are from two prefectures
that have reported the highest incidence of liver
cancers in Japan (Kuratsune 1986), suggesting the
possible existence of local factors that have not
been identified. For example, as reported in Ikeda
et al. (1986), the rate of mortality from liver
cancer was substantially different for the Yusho
patients in Fukuoka prefecture than in Nagasaki
prefecture. This led the authors to conclude that
"Such a remarkably uneven geographic distribution of
livear [sic] cancer deaths makes it hard to consider

SB
the observed increased risk of liver cancer as simplj »
due to the poisoning." Kuratsune et al. (1986) were
also unable to control for possible confounding °
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factors such as smoking habits (especially important
with regard to the observed excess of lung cancers),
drinking habits, and occupational exposures.

The liver cancer diagnoses on which Kuratsune et
al. rely were obtained from death certificates,
without any confirmation of pathology through tissue
examination. The cases were thus not restricted to
primary liver cancers, but also would have included
cases in which the liver was a site of metastasis for
cancers originating at other sites. The significance
of the elevated incidence of liver cancer is thus
subject to question.

Many investigators also believe that exposure to
PCDF congeners is the primary cause of the symptom
pattern observed in Yusho (Miyata et al. 1985,
Kashimoto et al. 1985, Masuda 1985). They support
this contention by reference to the high degree of
toxicity (primarily to the liver) of certain of the
PCDF congeners in laboratory animals. These toxic
PCDF congeners (including 2,3,7,8-tetrachlorinated;
2,3,4,7,8-pentachlorinated; and 1,2.3,4,7,8-
hexachlorinated dibenzofuran isomers) were identified
in Yusho oil and in the tissues of Yusho victims
(Miyata et al. 1985). As further evidence that PCDFs
were the agents most likely responsible for the
severity of Yusho symptoms, Kashimoto et al. (1985)
and Hara (1985) refer to the relatively mild
symptoms observed in PCB-exposed workers who had
serum PCS levels similar to those observed in Yusho
victims, but without detectable levels of PCDFs.

A second major outbreak of disease caused by
ingestion of contaminated rice oil (called Yu-Cheng
in Chinese) occurred in central western Taiwan in
1979. The oil that was responsible for this incident
contained PCBs, PCDFs. and PCQs that were comprised j»
of congeners similar to those identified in Yusho *°
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specimens (Miyata et al. 1985). No data were located
regarding the incidence of cancer mortality in
Yu-Cheng victims. It is possible that there has been
an insufficient number of deaths in this group for
any meaningful analysis of mortality data.

3. Conclusions Regarding Epidemiology Data
Although several studies have investigated the

possibility of an association between PCB exposure and
human cancer, the results do not support a causal
relationship. The primary reasons for this conclusion are:

(i) Strength of the Association: When the excess
cancer cases observed by Bertazzi et al. (1987)
and Brown (1987) are examined closely, the
relationship of the excess cancers to PCB
exposure appears doubtful. For example, 2 of
the 6 cases of digestive system cancer that were
identified in the male subcohort by Bertazzi et
al. were in individuals whose jobs involved
little or no direct PCB exposure, and a third
case was in a worker who began employment at an
advanced age. Furthermore, any perceived
linkage between any chronic effect and
employment is dubious because the cohort
includes individuals with only one week of
employment. None of the 5 excess liver,
gallbladder, oe biliary tract cancers observed
by Brown (1987) was identified as primary liver
cancer, thus rendering suspect the
identification of the liver as the target
organ. The findings of statistically
significant increases in liver cancer among male
Yusho victims (Kuratsune et al. 1986) cannot be so
attributed to PCBs because of concurrent f
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exposure to high concentrations of other toxic
contaminants (e.g., PCOFs).

(ii) Dose-Response Relationship: In studies in
which excess cancers were observed, there is no
relationship between degree of PCB exposure and
cancer risk. For example, in the follow-up
study by Brown (1987), 4 of the 5 excess liver
or biliary tract cancer cases were observed in
the lowest exposure group, with none in the
highest exposure category. Bertazzi et al.
(1987) were also unable to identify a
dose-response relationship between PCB exposure
and increased cancer risk.

(iii) Consistency and Specificity of the Association:
There is no consistent pattern of associations
among the various studies, either with respect
to the type of human cancers observed or the
nature and extent of PCB exposures.

(iv) Temporally Correct Association; For some of
the cases identified by Bertazzi et al. (1987),
it appeared that there was little or no
opportunity for exposure before development of
disease. Also, no pattern of increased risk
with an increase in latency was reported by
Brown or Bertazzi et al.

(v) Coherence with Existing Information:
Experimental data do not suggest that PCBs are
a causative agent for cancer in mammals at
sites other than the liver. The evidence that
PCBs are causative agents for liver cancer in
humans is inadequate. A statistically so50
significant increase in mortality from cancer *°
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of the liver, gallbladder, or biliary tract
(combined) was observed in one occupationally
exposed cohort (Brown 1987); however, none of
these cases were identified as primary liver
cancer. There was no confirmation, by tissues
analysis, of the Yusho liver cancer victims ^
identified by Kucatsune et al. (1986). These
cases were also not restricted to primary liver
cancers.•

u

There is insufficient evidence to show a causal
relationship between PCB exposure and the subsequent
development of any form of cancer. In light of the
long-term and widespread usage of PCBs in the workplace
and, in some cases, the extensive exposures of workers, it
is likely that evidence of carcinogenicity in humans would
have been observed in the various epidemiclogical studies
discussed above if PCBs were in fact potent carcinogens.

D. Animal Studies .

1. Introduction
The numerous human studies are insufficient to show

that PCBs cause cancer in humans. When data from human
exposure are inadequate to assess the potential hazards
from a substance, experiments with laboratory animals are
often performed to identify potential adverse effects that
might occur in humans. While animal studies have been
accepted as a general indicator of possible effects in
humans, not all effects observed in all animals will occur
in humans. A chemical-specific evaluation may indicate
the data from animals is inappropriate, especially when
the effects are observed in only one species of animal and
cannot be duplicated in other species. For this reason,

QC
consistent results from studies in several species are ^
required to justify convincingly that it is proper to oo
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extrapolate results of studies of laboratory animals to
humans.

Although laboratory animal testing is, in general, a
useful tool for predicting the impact of an agent on
humans, the limitations of these tests must be
acknowledged. For some chemicals or chemical-specific
effects (e.g., tumor forming potential), there can be
considerable uncertainty with regard to the applicability
of test results in predicting human response. The most
obvious and important reason for this is the fact that
such animals are physiologically different than the human
species. No matter how convincing the results from animal
studies, a question always remains about their relevance
to human populations because of interspecies differences
in factors such as absorption, metabolism, and elimination
of a test substance.- In addition, some types of tumor
responses (e.g., the rodent liver tumors that are the only
clear animal response produced by any of the PCBs) are
much less certain predictors of human cancer than are
other types of tumor responses.-' Finally, all studies
must be critically evaluated with respect to the quality
of test designs and conduct.

Although there are limitations associated with animal
tests, such studies are frequently used for regulating

I/For example, metabolic differences may undermine the
validity of extrapolating from animals to man if the
carcinogen is a metabolite of the original chemical and the
animals used in the bioassay differ substantially from humans
in their production of that metabolite.

i/There is a high and variable incidence of liver tumors in
various strains of commonly used laboratory mice, as well as a
high spontaneous incidence in the livers of rats of
preneoplastic cells (i.e., cells in an altered state that may
have carcinogenic potential) that can be stimulated by
promoting agents to produce tumors (Nutrition Foundation
1983, Schulte-Herraan et al. 1983). 53
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environmental carcinogens. The use of animal test data in
this fashion, even when available human data do not
suggest a problem (as in the case of PCBs), is based on
the policy goal of regulators of providing maximum
assurance of public health protection in the absence of
complete scientific certainty.

For purposes of this report, the animal data on PCBs
will be used to determine potential health risk because
data from human exposures show no demonstrable health
effects other than chloracne. Therefore, the animal data
are presented on the most sensitive endpoint of concern
with respect to PCBs: rodent tumorigenicity. In choosing
this endpoint as the most sensitive, the conservative
assumption is made (as it is by regulatory agencies) that
all of the different commercial PCS mixtures are
tumorigenic, even though this has not been demonstrated in
laboratory or epidemiological studies.

There are effects other than tumorigenicity that have
been observed in animals exposed to PCBs at relatively low
exposure levels. These include reproductive effects such
as reduced birth weight and .hyperactivity in the offspring
of exposed monkeys (Barsotti and Van Miller 1984, Bowman
et al. 1981) and altered menstrual cycles in exposed
monkeys (Alien et al. 1979), as well as induction of
hepatic microsomal enzymes (enzymes produced by liver
cells) in rats (Litterst et al. 1972). Tumorigenicity,
however, is the most sensitive endpoint for low-level,
environmental exposures to PCBs. Therefore, protection of
public health based on tumorigenic risk is protective of
adverse effects for other sensitive potential endpoints,
such as reproductive effects. Other PCB-related effects
would have to be considered if we were concerned with
short term, high-level exposure to PCBs.

EB
»
*O

2. Animal Studies Regarding the Tumorigenicity
of Commercial PCBs__________________ 2^^—————————————^^—————————————————— Q

The PCB mixtures that have thus far been tested in *°
acceptable animal chronic bioassays for tumorigenicity °
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include Acocloc 1260, Clophen A60, Acocloc 1254, and
Clophen A30. Each of these bioassays is discussed below.

There ace no acceptable bioassays concerning the
carcinogenicity of Aroclors 1248 or 1242. While there are
some animal studies on Aroclor 1242; Aroclor 1248; and
Kanechlors 300, 400, and 500 (Japanese commercial
mixtures), which qualitatively add to the body of
knowledge concerning the potential tumorigenicity of PCBs,
these studies are not conclusive and cannot be relied upon
for quantitative determinations. This is primarily
because of inadequacies in the design (e.g..
insufficiencies in study length, numbers of test animals,
dose levels tested) of the studies that have been
conducted to date. Cancer bioassays conducted by
Industrial Bio-Test Laboratories (1ST) have generally been
considered invalid by regulatory agencies (cf. Garmon
1981); therefore, this series of chronic animal studies on
Aroclors 1242, 1254, and 1260 will not be used for this
quantitative analysis.-

In light of the limited number of studies, the cancer
potency factors for the various Aroclor mixtures must be
derived from the sets of animal data for Aroclor 1260,
Clophen A60, Aroclor 1254, and Clophen A30. The
importance of the difference in tumorigenic potency among
the congeners, as well as the procedure used for adjusting
these data for use in risk assessments, is discussed later.

I/Both the FDA and BPA consider these studies to be invalid
because of severe procedural and record-keeping deficiencies.
Also, the results of a re-evaluation of the original data by
Calandra (1976) used terminology that does not conform to
current practice foe diagnosing hepatocellular proliferative
lesions (tissue in which liver cells are dividing at an
abnormally fast rate). a
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The analysis presented in this report follows the
current regulatory practice of treating PCBs as complete
carcinogens- . Several factors, however, demonstrate
that some of the carcinogenic effects of PCBs are due to
promotion rather than initiation:

1. A substantial number of experiments have shown
that PCBs do not cause direct genetic effects in
several assay systems (e.g., as reviewed by
ATSDR 1988).

2. PCBs have been shown to cause the promotion of
liver tumors in rodents initiated by other
compounds (e.g./ Kimura et al. 1976; Nishizumi
1976, 1979; Tatematsu et al. 1979; Preston et
al. 1981).

Other compounds that act as promoters have threshold doses
(e.g., .a dose below which no effect is observed) that have
been demonstrated experimentally (e.g., as reviewed in
Butterworth and Slaga 1987 and -Scnulte-Hermann 1985). It
is believed that a threshold exists for all chemicals that
act solely as promoters.

These points have important implications for
carcinogenic risks from exposure to PCBs at very low
dosages, such as might arise from environmental

I/The process of carcinogenesis is generally regarded as a
multistage process. It is considered to consist of, at a
minimum, an initial stage in which the genetic material of a
cell is permanently altered (initiation) followed by later
stages (that may occur many years later) in which the
initiated cell undergoes changes which are not fully
understood, but which include cell division (promotion). A a
complete carcinogen is a substance which acts as both an ?
initiator and a promoter in that it can, by itself, cause an
increase in tumor formation. <=>
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exposures. If the tumorigenic effects of PCBs in
laboratory animals are solely or primarily due to
promotion, the potential tumorigenic risk will be greatly
overstated at very low dosages. Studies with other
promoters indicate that the carcinogenic effects of
promoters are, at least to some degree, reversible and
that a threshold exposure level must be exceeded to
produce any effect on carcinogenesis. Thus, the
no-threshold, linearized multistage model, which assumes
that any level of exposure has some risk, will overstate
the risk, especially at low doses (exposures). If PCSs
were solely promoters, no tumorigenic risk whatsoever
would be expected from doses (exposures) that are below
the threshold. It is thus very possible, even if the
animal data are reliable indicators of effects in humans
at high doses, that no risk would result from low-dose
environmental exposures to humans.

a) Aroclor 1260
There are two cancer bioassays of Aroclor 1260:

tforback'and Weltman (1985) and Kimbrough et al.
(1975).

Norback and Weltman initially exposed 70 male
and 70 female Sprague-Dawley rats to dietary
concentrations of 100 ppm Aroclor 1260 for 16 months,
SO ppm for 8 subsequent months, and control diets for
5 months. The control group consisted of 63 male and
63 female control rats. At months 1, 3, 6, 9, 12,
15, and 18, four controls and six PCS-treated rats
had partial hepatectomies (removal of the liver) in
order to observe sequential morphological changes and
progression to neoplasms- . One set of rats was

I/The term neoplasm refers to a new and abnormal formation of
tissue, which can be in the form of a tumor. A neoplasm may
be benign (not spreading into surrounding tissues) or
malignant (i.e.. cancerous).
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sacrificed at 24 months; at 29 months, terminal
sacrifices on all remaining rats were completed.
Sequential observations showed that an increase in
the size of some liver cells (centrilobular cell
hypertrophy) was present at 1 month; small organized^
regions of changes in liver cells (foci of hepatocyte
alterations) were seen at 3 months; larger areas of
liver cell (hepatocyte) alterations were observed
after 6 months; benign, i.e., non-cancerous, tumors
(neoplastic nodules) appeared at 12 month*1 and
malignant tumors (trabecular carcinoma and
adenocarcinoma)- were apparent later (after 15 and
24 months, respectively).

The total incidence in Norback and WeItman of
trabecular carcinoma was 23% (21/93) with 2/46 and
19/47 in males and females, respectively.
Adenocarcinoma appeared at an incidence of 26%
(24/93) of which 24/47 occurred in females and 0/46
in males. Neoplastic nodules were observed in 8%
(7/93) of the Aroclor 1260 animals (5 males and 2
females). Neoplastic nodules were observed in one
female control animal, resulting in a total incidence
of 1% (1/81) for neoplastic nodules in controls. No
other hepatocellular neoplasms (liver tumors)
occurred in the control group. Bile duct hyperplasia
(excessive proliferation of normal cells), cysts, and
adenofibrosis (benign tumor containing connective
tissue) were seen in 38%, 8%, and 9% of the treated
animals, and 5%, 1%, and 4% of the control animals,
respectively. Although hepatocellular neoplasms were
present in 96% of the treated females and 15% of the

i/Adenocarcinoma refers to a malignant tumor arising from
glandular tissue (in this case the liver); trabecular 0carcinoma refers to a specific type of liver cancer. <=>
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treated males, the neoplasms did not metastasize or
cause increased mortality relative to controls.

An analysis of the data using Fisher's Exact
Test shows the incidence of carcinoma in the females
was statistically significantly greater than control
females; however, this was not so for males. The
incidence of total liver tumors (carcinomas and
neoplastic nodules) in males and females was
statistically significantly greater than their
respective control groups.

Kimbrough et al. (1975) also performed a rodent
bioassay for Aroclor 1260. Initially, 200 female
Sherman strain rats were fed 100 ppm of Aroclor 1260
for 21 months. Dietary exposure was discontinued for
six weeks before all exposed animals were
sacrificed. The initial control group consisted of
200 female rats. Malignant tumors (hepatocellular
carcinomas) were observed in 26 of the 184 surviving
PCB-exposed rats, and benign (non-cancerous) tumors
(neoplastic nodules) of the liver were observed in an
additional 144 of the exposed rats. Only 1 of the
173 surviving control animals developed
hepatocellular carcinoma while none of the control
rats developed neoplastic nodules. Analysis of this
data using Fisher's Exact Test shows the incidence of
carcinoma in exposed rats was statistically
significantly greater than in controls.

Kimbrough et al. (1975) also reported the
incidence of tumors in organs other than the liver.
A number of organ sites showed lower tumor incidence
in PCB-treated animals than in the controls. If the
total number of tumors at all sites is summed,
however, the lower incidence of certain tumor types
in the PCB-treated animals as compared to controls
was more than counterbalanced by the increase in
liver and other tumors compared to control animals.
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b) Clophen A60
Clophen A60, the German commercial equivalent of

Aroclor 1260, was tested in a cancer bioassay in
wistar rats by Schaeffer et al. (1984). Hale Wiscar
rats received dietary concentrations of 100 ppm
Clophen A60 over a period of 832 days. Malignant
tumor (hepatocellular carcinoma) incidence in the
treated group at 48% (61/126) was statistically
significant compared to 0.76% (1/131) in controls.
Benign tumors (neoplastic nodules) of the liver were
also statistically significant at 49% (62/126) in the
Clophen A60 group compared to 3.8% (5/131) in the
control groups.

It is important to note, however, that there was
a statistically significant lower survival in control
animals compared to the Clophen A60 group, i.e., the
animals that were exposed to PCBs tended to live
longer than animals that were not exposed
(controls). This lower survival of the control
animals may have led to a lower tumor incidence in
controls than might have been seen if survival among
the controls had been equivalent to that of the
exposed animals, because tumor incidence generally
increases with age. When comparing animals with the
same length of survival, however, there is still a
statistically significant increase in liver tumors in
the Clophen-exposed animals versus controls.

c) Aroclor 1254
The National Cancer Institute (NCI 1978) and

Kimbrough and Linder (1974) conducted bioassays on
the carcinogenicity of Aroclor 1254 in rats and mice,
respectively.

The NCI study protocol consisted of 24 male and
24 female Fischer 344 rats that received diets
containing either 0, 25, 50, or 100 ppm Aroclor 1254
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for 104 to 105 weeks. There was a small, dose-related
increase in the incidence of combined benign (adenoma)
and malignant (carcinoma) tumors. There was a larger
increase in the incidence of nodular hyperpl'asia.-'
Although the occurrence of the liver lesions in these
rats was not statistically significant, none of the
benign or malignant changes in the liver (including
hyperplastic nodules, adenomas, or carcinomas) were
observed in control animals. Additionally, four
adenocarcinomas and one carcinoma of the
gastrointestinal tract observed in treated rats may
have been treatment related, according to NCI,
because the historical incidence of these tumors in
this laboratory is only 6/600 in males and 2/600 in
females. In this bioassay, however, few sections of
the stomach had been evaluated. NCI (1978) concluded
that the high incidence of hepatocellular
proliferative lesions in male and female rats were
related to treatment, but that Aroclor 1254 was not
carcinogenic in this bioassay.

A re-evaluation of the NCI data by Morgan et al.
(1981), which focused only on the tumors of the
gastrointestinal tract, revealed greater numbers of
stomach tumors than originally reported. These
tumors were not statistically significantly greater
than controls and did not appear to be dose-related.
When compared with the incidence of historical
controls (includes all control animals of this strain
from past studies), the total incidence of
adenocarcinonas of the stomach in all dose groups

I/Hyperplasia is the condition in which normal appearing
cells are proliferating at an excessive rate. A nodule is a
small aggregation of these cells. a,
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combined (6/144) was significant. It is important to
note, however, that the historical controls may not
have been examined, in a manner as sensitive to
detecting tumors as that used by Morgan et al.

In a subsequent paper. Ward (1985) reported the
results of the same re-evaluation by Morgan et al.
including data concerning proliferative lesions of
the liver, as well as the glandular stomach. This
re-evaluation showed a statistically significant
increase in benign (i.e., non-cancerous) tumors
(hepatocellular adenomas) in male rats exposed to 100
ppm Aroclor 1254 compared to controls. The original
NCI bioassay had only reported one hepatocellular
adenoma in high-dose males; Ward reported seven
adenomas. Ward also showed a dose-related trend in
hepatocellular adenomas. This difference may be due
to a disagreement in pathological evaluations of
tissues.

In a study by Kimbrough and Linder (1974). 9/22
(41%) male BALB/cJ mice fed 300 ppm Aroclor 1254 for
11 months developed tumors of the liver (hepatomas).
A similar group receiving the treated diet for only 6
months, followed by control diet for 5 months only
had a 4% (1/24) incidence of hepatomas. No hepatomas
were observed in 58 control mice. Additionally, all
PCB-treated mice had enlarged livers and
adenofibrosis of the liver. A major limitation of
the study was the high early mortality with
subsequent autolysis (tissue degeneration following
the death of an animal), thereby eliminating over 50%
of the original mice from the final results.

In sun, Aroelor 1254 has not been shown to be
carcinogenic in animal studies. There is some »

»devidence that there was a treatment-related increase
in non-cancerous changes (hepatocellular §
proliferative lesions) in rats in the NCI (1978)
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study; however, the response was weak (and not
statistically significant). No conclusions can be
drawn from the re-evaluation of these data by Ward
(1985) and Morgan et al. (1981) because of
uncertainties associated with their analyses. The
findings of Kimbrough and Linder (1974) suggest a
treatment-related increase in benign liver tumors in
mice treated with Aroclor 1254. The interpretation
of these results are limited by previously noted
study inadequacies.

d) Aroclors 1248. 1242. and 1232
At present, there are no studies concerning the

tumorigenicity of Aroclors 1248, 1242, or 1232 from
which reliable carcinogenic potency factors could be
derived. Mammalian carcinogenicity bioassays of
acceptable quality (e.g., sufficient duration, number
of test animals, and test doses) have not been
conducted on these Aroclors. Moreover, these PCB
mixtures may not be of sufficient tumorigenic potency
to cause an observable increase in tumor incidence
when tested in a standard rodent bioassay. There
are, however, two primate studies (one on Aroclor
1248 and the other on Aroclor 1242) that describe
modifications and lesions of the gastric raucosa.
Although these studies do not show tumorigenicity as
an endpoint, they may be qualitatively significant in
light of the stomach adenocarcinomas observed in
Aroclor 1254-exposed rats (NCX 1978, Morgan et al.
1981, Ward 1985).

Two studies. Alien et al. (1973) and Becker et
al. (1979), reported PCB-induced changes in the
stomach, but no increase in stomach tumors. The
severity of the effect was correlated with the
duration and level of exposure and was observed at
relatively low concentrations (0.12 mg/kg/day in the
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Seeker et al. study). Neither of these studies was
designed to examine carcinogenesis nor can they be
used for cancer potency estimation of Aroclor 1248 or
Aroclor 1242. When considered along with the results
of the NCI bioassay, these results suggest that the \
stomach cannot be discounted as a potential target
organ for PCS. It is important to note, however,
that there has been no reported incidence of stomach
tumors in bioassays of Aroclor 1260, Cldphen A60, or
Clophen A30. Further, the incidence of stumach
tumors in Aroclor 1254-exposed animals was not
significantly greater than in controls, was not dose
related, and was so low that even if stomach tumors
were considered, they would have no effect on the
tumorigenic potency estimates derived in this •
document.

e) Clophen A30
Clophen A30. a German commercial PCB mixture-

similar to Aroclor 1242, was also tested in the
previously-cited study by Schaeffer et al. (1984).
Male Wistar rats received dietary concentrations of
100 ppm Clophen A30 over a period of 832 days. Liver
cancer (hepatocellular carcinoma) incidence in the
treated group was 3% (4/130), while in the control
group the incidence of hepatocellular carcinoma was
0.76% (1/131). Non-cancerous tumors (neoplastic
nodules) of the liver were 29% (38/130) and 3.8%
(5/131) in the Clophen A30 and control groups,
respectively. The incidence of neoplastic nodules
but not the incidence of hepatocellular carcinoma
(malignant tumors), in the Clophen A30 group was
statistically significantly increased compared to
controls.
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f) Kanechlors 300. 400, and 500
Three rodent studies of Kanechlors 300, 400, and

500 add qualitative support to the variation of
tumorigenic potency among the PCS mixtures. These
include rat studies by Kimura and Baba (1973) and Ito
et al. (1974) and mouse studies by Ito et al. (1973).

Kimura and Baba (1973) exposed male and female
Donryu rats to Kanechlor 400; initial exposure was
38.5 ppm in diet but was increased to the very high
dose of 616 ppm to keep pace with body weight gain.
When severe body weight loss was observed, the dose
was reduced to 462 ppm. The total Kanechlor
consumption in females ranged from 700 to 1,500 mg
and in males from 450 to 1,800 mg. Non-cancerous
(adenomatous) nodules were observed in 6/10 of the
females consuming more than 1.200 mg of Kanechlor
400; no such lesions were observed in the males. EPA
(1988) concluded that this study was too short and
the exposure level too high (treated animals received
doses exceeding the maximum tolerated dose) to
provide a good experimental basis for the
determination of the carcinogenic potential of
Kanechlor 400.

In a second rat study, Ito et al. (1974) exposed
male Wistar rats (via feed) to 100; 500; or 1,000 ppm
of either Kanechlor 300, 400, or 500 for 28 weeks to
one year. Modular hyperplasia was observed in all of
the Kanechlor 500 dose groups and in the 100 and
1,000 ppm dose groups exposed to Kanechlor 400 and
Kanechlor 300. The incidence of this nodular
hyperplasia increased with dose as well as with
percent chlorine content. EPA (1988) stated that
this study does not demonstrate tumorigenicity, but
it cannot be considered evidence of non-tumorigenicity
because of the short duration and small number of
subjects per group limit the ability of the study to
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detect tumorigenicity. EPA also concluded that the
nodular hyperplasia, which appeared as early as 40
weeks, further precludes considering this study a
negative finding. In addition, this study did not
include female rats, which in light of the Kimura and
Baba (1973) study results, may be more sensitive than
males.

In a series of mouse studies by Ito et al.
(1973), male mice were exposed to either Kanechlor
500, 400, or 300 in feed at concentrations of either
500, 250, or 100 ppm for 32 weeks. Although liver
weight increase in all treatment groups was greater
than controls, liver cancer (hepatocellular
carcinomas) and increase in the number of liver cells
(nodular hyperplasia) were induced in only the high
dose (500 ppm) group exposed to Kanechlor 500.
Forty-two percent (5/12) of the high-dose Kanechlor
500 group showed hepatocellular carcinomas, while 58%
(7/12) showed hyperplastic nodules. Amyloid
degeneration- of the liver was observed in mice
fed Kanechlor 500 or 400 at 250 ppm or 100 ppm, but
not in the 500 ppm groups; however, according to the
authors, the effects seen in the Kanechlor 500 group
(nodular hyperplasia and hepatocellular carcinomas)
could have masked any amyloid degeneration. Some
mice fed Kanechlor 300 in the 500 ppm, 250 ppm, and
100 ppm dose groups also showed amyloid
degeneration. None of the controls showed
hepatocellular carcinomas, nodular hyperplasia, or
amyloid degeneration. For evaluating
carcinogenicity, interpretation of this study is

I/This is a type of tissue or organ degeneration that is
characterized by the deposition of a starchlike substance
(amyloid) in the tissues.
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limited by several factors including short study
duration (52 weeks), lack of data on female mice, the
small number of mice per dose group, and a lack of
dose-response.

In conclusion, the Kanechlor data seem to
indicate tumorigenic potential of these mixtures in
rodents. The limitations of study design suggest
that these data should not be used to derive a cancer
potency factor; however, they do qualitatively
support the liver as a site of action for PCBs in
rodents.

g) Conclusions Regarding Animal
Data on Tumoriaenicitv____
There is clear evidence indicating that some of

the highly chlorinated commercial PCB mixtures are
tumorigenic in some animals. The responses are
mostly limited to the livers in rats and mice,
although there is a suggestion that some PCB mixtures
may also affect the stomach of rats and monkeys.

There is uncertainty as to whether or not
Aroclors 1248; L242, and 1232 are tumorigenic in
animals. Because there are no valid cancer bioassays
for these mixtures, a comparison with other
commercial PCB mixtures based on comparative
composition is the only basis for evaluation. The
best evidence for comparison comes from the study by
Schaeffer et al. (1984) in which male rats were
exposed to either Clophen A60 or Clophen A30. As
previously explained, the Clophen A60 rats showed a
48% incidence of hepatocellular carcinoma, while the
Clophen A30 rats showed only a 3% incidence of
hepatocellular carcinoma that was not statistically
significant. Although these results are not evidence
for tumorigenicity for the lower-chlorinated Aroclors
or Clophens, the data can be used to derive a
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preliminary and conservative estimate of relative
cancer potency. If we assume Clophen A60 parallels
the cancer potency of Aroclor 1260 and Clophen A30
parallels that of Aroclor 1242, then we can conclude
that the cancer potency of Aroclor 1242 is much lower
(at least 16 times lower) than that of Aroclor 1260.
The data for Aroclor 1254 qualitatively indicate an
even lower potency than Aroclor 1260 than indicated
by the Clophen data. These data, however, are not as
well suited for use in quantitative estimation of
cancer potency as the Clophen data because the data
for Aroclor 1254 are from a different strain of rats
than the data for Aroclor 1260.

It must be emphasized that reliance on the
rodent liver-tumor data to estimate effects in humans
may be conservative. As previously noted, the
relevance of liver tumors in rodents to humans has
been questioned because of the high and variable
incidence of liver tumors in various strains of mice
(e.g., Butler and Newberne 1975, Nutrition Foundation
1983, Clayson '1981) and the high spontaneous
incidence in the livers of rats of preneoplastic
cells that can be induced by promoting agents to
produce tumors (e.g., Ogawa et al. 1981, Ward 1983,
Schulte-Hermann et al. 1983).

Indeed, in a review of proliferative
hepatocellular (liver) lesions of the rat. EPA (1986)
has stated that, although neoplastic nodules are
increased in animals receiving carcinogens and some
neoplastic nodules may have "malignant potential,"
others may only be "hyperplastic" lesions and still
others may regress following cessation of exposure.
Thus, EPA (1986) stated that "the exact contribution x

50of neoplastic nodules to the overall incidence of t>
hepatocellular tumors in the rats is unclear at this 0oto
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time." Nonetheless, despite the skepticism that must
surround reliance on observations of hepatocellular
tumors in rats as indicators of tumorigenic effects
in humans, the standard regulatory practice is to
assume these data are accurate predictors of
carcinogenic potency in humans. This approach must
be seen as possibly resulting in exaggeration of the
hazards of PCBs.

E. Cancer Potency Differences Among PCB Congeners

1. Importance of Differences Among
Mixtures of PCB Congeners____
In light of the limitations in the available animal

test data, a cautious approach would be to classify the
various Aroclors as potential animal tumorigens. The
considerations that lead to this position may be briefly
summarized:

(i) There are no valid test data on "Aroclors"
other than Aroclor 1260 and Aroclor 1254.

(ii) It is not clear which specific congeners are
responsible for Aroclor 1260-induced
tumorigenicity.-' Figure 2 reveals that all
commercial PCB products have some congeners in
common. Thus, it is possible that all Aroclors
contain some tumorigenic congeners.

(ill) The tests of Aroclors 1260 and 1254 involved
different strains of rats, and the different

I/There are strong reasons to believe that substantial jg
differences exist in the toxicity and tumorigenicity of *
various PCB congeners. ooto
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outcomes could possibly reflect differences in
experimental design.

(iv) Clophen A30 produces excess benign tumors in
the rat liver, thereby suggesting a tumorigenic\
response for a mixture of congeners similar to
that associated with Aroclor 1242.

For the above reasons the possibility of animal
tumorigenicity cannot be ruled out for Aroclorr.', other than
Aroclor 1260. Nevertheless, the available data reveal
clear differences in tumorigenic potencies among these
sets of congeners. (By "potency" we refer to the
incidence of tumors, i.e., risk, associated with a
specific PCS dose.) These patency estimates are critical
to an evaluation of PCB risks and are discussed in the
next section.

There is some evidence that, for certain noncancer
endpoints, the biological activity of PCBs increases with
increasing chlorine content (see section III.E.3 for
discussion). Studies'by Ito et al. (1973) and Roller - • -
(1977) have shown that the degree of liver cell
proliferation and pathologic alterations is much higher in
mice chronically exposed to commercial PCB mixtures of
higher chlorine content than to those with lower chlorine
content. Hepatic microsomal enzyme induction potency also
increases with increasing chlorine content (Litterst et
al. 1972). PCBs containing 54% or greater chlorine
content appear to be the most potent at inducing these
effects. The differences in the ability of various PCB
mixtures to ellicit biological changes other than cancer
may be important indicators of differences in tumorigenic
potency as well. Some of these endpoints, such as liver ™

*acell proliferation, may be associated with cellular events
that might affect the cate of tumor formation. g
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Thus, the observed differences in carcinogenic potency and
in other biological effects among the PC3 mixtures may be
correlated, but a definitive causal relationship has not
been established.

2. Relative Potencies of Aroclors
The most compelling evidence foe potency differences

among the commercial PCBs is derived from the studies of
Clophen A60 and Clophen A30. These products were tested
in experiments of identical design and yielded quite
different outcomes. As previously shown, the incidence of
hepatocellular carcinoma in the Clophen A60 rats was 16
times greater than the incidence in the Clophen A3Q rats
(Schaeffer et al. 1984). Combining the incidence of both
hepatocellular carcinomas and neoplastic nodules yields a
smaller difference in cancer potency between Clophen A60
and Clophen A30. Specifically, the tumor igenic potency of
Clophen A30 proved to be at least 10 times less than that
of Clophen A60. This comparison is based on the highly
"onservative assumption that the excess benign tumors
observed in the Clophen A30 experiment should be 'given
equal weight to the malignant tumors produced by Clophen
A60. If the benign and malignant tumors are weighted
differently, the potency difference is even greater.

Because of the strong chemical similarities between
Clophen A60 and Aroclor 1260 and between Clophen A30 and
Aroclor 1242, the data on the Clophens can be used to
estimate the potency of (untested) Aroclor 1242 relative
to that of Aroclor 1260. Specifically, we propose to
assign a potency of 0.1 to Aroclor 1242 relative to 1.3
for Aroclor 1260 (see section I I I. P. 2. b for discussion).

The potency difference observed for Clophens is
supported by the results of the experiments involving
Aroclors 1260 and 12S4. Although the difference in
potency between Aroclors 1260 and 1254 appears to be even
greater than that between Clophens A60 and A30, it must be

to
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recognized that the two Aroclocs were assayed in different
rat strains, whereas the two Clophens were tested in
identical experiments. The difference in potencies
between Aroclors 1260 and 1254 nonetheless suggests that
our reliance on the potency differential between the
Clophens is highly conservative, i.e., highly
overestimates the tumorigenic potency of the less
chlorinated Aroclors.

3. Information on Mechanism of PCS-Induced
Toxicitv Supports Potency Differences
The role of structure on the potencies of PCB isomers

and congeners has been extensively investigated (Safe
1984}. The most potent compounds, namely
3,3',4,4'-tetra-; 3,3',4,4',5-penta-; and
3,3',4,4',5,5'-hexachlorobiphenyl are all coplanar (i.e.,
flat) in structure and bind with high affinity to the aryl
hydrocarbon (Ah) receptor.- These compounds, however,
are either not detectable or are present in only trace
levels in the.lower chlorinated PCB mixtures.

Several studies have demonstrated th^t the responses
caused by 11 monoortho analogs (i.e., specific congeners)
of the coplanar PCBs resemble those described for the
higher chlorinated commercial PCBs. This group of 11
congeners (see figure 3), although they are not coplanar,
bind with low to moderate affinity to the Ah receptor but
are much less potent than the coplanar PCBs. These 11

I/The Ah receptor is a protein molecule that binds a variety
of chlorinated hydrocarbons such as PCBs, polychlorinated
dibenzofurans, and polychlorinated dibenzo-p-dioxins.
Experiments have shown: (1) the strength of the binding
varies among the isomers of each of these classes of jjj}
compounds and (2) inbred strains of animals that have high *a
levels of this receptor are more sensitive to some of the
toxic effects of these chemicals than strains that have low g
levels of the receptor. ^
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W.3',4.41

2,3'.4.<3

2.3.3X4'.3'

Figure 3. Monoortho substituted tstr*-, pent*-, h«xa-, and
hcptachlorobiphsnyls. Letters a, b, and c are _
alternate positions for chlorine substitution. For »
example in the first structure, the molecule is **
2,3',4.4'-tetrachlorobiphenyl if a chlorine atom is _
in the MaH position.
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PCBs, however, have been identified in the commercial
Aroclors and are a major contributor to the activity of
these mixtures.

The tumorigenic potencies of individual PCBs have not
been determined; however, mechanistic studies indicate
that PCBs and related halogenated aryl hydrocarbons act as
tumor promoters. Moreover, at least in the skin model for
carcinogenesis using hairless mice,-' the observed
structure-activity relationships confirm the role of the
Ah receptor in this process. If one accepts the
hypothesis that the mechanism of PCB tumorigenicity
involves interaction with the Ah receptor, the
structure-toxicity relationships that are also dependent
on relative binding affinities for the Ah receptor protein
can also be used to estimate tumorigenic potencies of
individual PCBs and PCB mixtures.

F. Estimation of Potencies of PCB
Mixtures________________

1. EPA Approach to Estimating Cancer Potency Factors .
EPA (1986) has developed specific guidelines for risk

assessment involving carcinogens. These guidelines
require the derivation of a cancer potency factor (CPF)
through the application of a mathematical model to
extrapolate the observed dose-response data to very low
doses at which humans are exposed (typically, hundreds of
thousands of times lower than those used experimentally).
It is not known whether the model is accurate; in fact.

I/The skin of (genetically) hairless mice has been used as a
model system for evaluating the potential of some chemicals sto promote cancer. Usually, the cancer initiator is either »
injected or painted on the skin, followed by repeated
applications of the suspected promoter. Appearance of skin 0
lesions, including tumors, is recorded. »
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according to EPA, its use is designed to produce an upper
limit on risks. The true risk, according to EPA (1986),
is likely to be lower and could be zero.

EPA's CPFs are derived using the 95% upper bound of
the slope of the linearized, multistage model for
extrapolation to low doses. This model is based on
certain assumptions about the action of carcinogens that
may or may not be appropriate for PCBs. Furthermore, this
model is one of the more conservative extrapolation
models, i.e.. it usually estimates a higher CPF than other
models. Even though the analysis that follows is based on
EPA's CPF, a further review of the scientific data may
justify a different procedure for extrapolating to low
doses.

EPA (1988) has calculated a CPF for PCBs of 7.7
(mg/kg/day)"1 based on the Norback and Weltman (198S)
study.-' Prior to this, EPA (1984) had determined the
CPF for PCBs to be 4.34 (mg/kg/day)"1 based on the
Kimbrough et al. study. Both of EPA's CPFs are based on
studies in which rats were exposed to Aroclor 1260, and
the agency has suggested that this CPF should-be used for
all PCBs. EPA (1988) has published, however, a
"preliminary calculation" indicating a CPF of 2.6
(mg/kg/day)'1 for Aroclor 1254 based on the 1978 NCI
bioassay data. EPA states that, although the Aroclor 1260
data are the best for estimating the cancer potency of
PCBs as a whole class of compounds, it is appropriate to
ask whether existing data on other PCB mixtures are
adequate foe making separate cancer potency estimates.
Citing limitations in the data for calculating separate

I/The units on CPF are "risk per unit dose", where dose is
expressed in mg/kg body weight/day. Multiplying "risk per
unit dose" by the "estimated lifetime average daily dose" (in
units of mg/kg body weight/day) yields an upper-bound
estimate of lifetime risk.
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cancer potency estimates for each PCB mixture, EPA has
made a policy choice to use the CPF from Aroclor 1260 to
characterize the upper limits on risks for all other PCB
mixtures. As discussed below, EPA's approach is not
supported by the available scientific information. \

2. Modification of EPA Approach Based
on Relative Potency Adjustment
EPA's cancer potency estimate for PCBs should be

modified in two significant ways: a) the EPA potency
estimate (based on Aroclor 1260) should be changed to
reflect the lower potencies of Aroclor 1254, Aroclor 1248,
Aroclor 1242, and Aroclor 1232; and b) the interspecies
extrapolation factor used by EPA should be changed from a
dosage per surface area scaling factor (i.e., mg/m. /day)
to a dose per unit body weight scaling factor (i.e.,
mg/kg/day).

a) Interspecies Scaling
The interspecies scaling (i.e.,. extrapolation)

of dose is. necessary to compensate for differences
between humans and laboratory animals for such
factors as size, lifespan, and basal metabolic rate.
The most commonly used measures of dose are
milligrams of chemical per kilogram of body weight of
the animal per day (mg/kg/day) and milligrams of
chemical per square meter body surface area per day
(mg/m /day). Debate over the choice of dosage unit
has centered on the appropriate measure for body size
(kg body weight or m body surface area) and on the
temporal descriptor (per day or per lifetime) (cf.
Hoel et al. 1975, Crump et al. 1980, Food Safety
Council 1980, Alien et al. 1987). For carcinogenic
compounds, both scaling factors have been used in »
risk assessment by different federal agencies, and
both scaling factors were considered valid when §
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reviewed by the Office of Science Technology and
Policy (OSTP 1985). For example, the EPA uses
mg/m2/day while the Food and Drug Administration
uses mg/kg/day. (EPA recently published a notice in
which, among other matters, it requested comments on
whether to modify its approach.)

The use of mg/m /day as a scaling factor tends
to give higher risk estimates per unit of dose than
does mg/kg/day. (Risk is presumed in the linear
no-threshold model to be directly proportional to
dose.) For example, in extrapolating from mouse to

2"man, the use of mg/m /day will result in a risk
estimate (per unit of dose) that is approximately 12
times greater than the estimate obtained using
mg/kg/day. In extrapolating from rat to man the risk
estimate is approximately 7 times greater when
surface area scaling (mg/m /day) is used as opposed
to mg/kg/day.

There are a number of reasons why extrapolation
should be undertaken on a body weight basis. First,
consider the basis of the surface area scaling
factor. Hoel et al. (1975) proposed the use of
dosage units in mg/m /day on the basis of studies
of the acute toxicity of anticancer drugs in humans
and animals. In these studies, the acutely toxic
level was similar in mouse, rat, hamster, dog.
monkey, and man when dosage was expressed as
mg/m /day. This finding is not unexpected. In
many cases toxic substance are detoxified by the
metabolic processes of the organism. The body
surface area of an animal is an indirect measure of
the animal's basal metabolic rate. It is this
relationship between body surface area and metabolic
rate that explains the interspecies similarity in ffl
dosages when expressed on a surface area basis. But f§
this relationship for acute toxic effects does not 0
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necessarily apply Cor other effects. The
relationship between dose and body surface area, a
priori means very little when considering chronic

T""X effects such as cancer.
In contrast, the Scientific Committee of the

Food Safety Council (1980) favored the use of body
; weight as the basis for extrapolation. The council

explained that "with long experience of the value of
extrapolation on body weight basis, we recognize this
as the most satisfactory procedure." Crump et al.
(1980) and Alien et al. (1987) determined, based on
an analysis comparing the carcinogenic potency of 13
chemicals in humans and rodents, that the unit of
dosage measurement giving the closest correlation
between species was mg/kg/day.

A similar conclusion was reached by Crouch
(1983), after examining a large data set on chemicals
that had been tested for carcinogenicity in more than
one species. Some of the chemicals in this data set
had also been studied epidemic logically in humans.

• Crouch (1983) found that he could derive a range of
scaling factors to extrapolate among species,
strains, or sexes, but argued that a body-weight
scaling factor value of 1 (i.e., mg/kg/day) should be
chosen for general extrapolation from rodents to
humans .

In the absence off good evidence for the use of a
more complex procedure, we believe that the use of
mg/kg/day it the most appropriate basis for
interspecies dosage comparison. In addition to its
relative simplicity, this procedure appears to have
the best empirical support (Crump et al. 1980, Alien
et al. 1987).
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b) Potency Differences
Based on the above discussion of interspecies

scaling factors and the earlier discussion of
observed potency differences, it becomes possible to
derive potency factors for each commercial PCB
mixture. EPA derived a potency factor of 7.7 per
mg/kg/day for Aroclor 1260 based on the study by
Nocbaclc and We It man (1985). In deriving a potency
value for this report, we preserve EPA's conservative
linearized multistage low-dose extrapolation model,
but modify the interspecies scaling procedure by
about six-fold,-' as discussed above. This leads
to a potency factor of 1.3 per mg/kg/day for Aroclor
1260.

As noted earlier, Clophen A60 is at least ten
times more potent than Clophen A30 in studies of
identical design. Because Aroclor 1260 is similar in
composition to Clophen A60 and Aroclor 1242 is
similar to Clophen A30, it is reasonable to assume
that Aroclor 1242 should exhibit a potency no more
than one-tenth that of Aroclor 1260. We thus assign
a potency to Aroclor 1242 of 0.13 per mg/kg/day. It
should be noted, however, that there are no studies
that show a statistically significant increase in
tumors for any mixture of PCBs other than Aroclor
1260 and Clophen A60. The potency of the less
chlorinated mixtures of PCBs may thus be appreciably
less than ouc estimate.

A simple interpolation procedure can be used to
assign potencies to the other Aroclors. The

I/The potency value is based on a study in rats. EPA's
estimate is 7.7 per mg/kg/day. we used actual body weight *
data from the Norback and Weltman study rather than the *
generic factor of 7. 0
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procedure assumes that potency declines
proportionally with chlorine content. This can be
approached either through an analysis by percent
chlorine content of a particular Aroclor type or
through an analysis by average chlorine number by
Aroclor type. For example, if potencies of 1.3 and
0.13 are assigned to Acoclor 1260 (60% chlorine) and
Aroclor 1242 (42% chlorine), respectively, then
potencies can be assigned to Aroclors 1254, 1248, and
1232 based on their respective percent chlorine:
54%, 48%, and 32%. Similarly, the potencies of
Aroclor 1260 and Aroclor 1242 can be used as the
basis for interpolation of potency factors for
Aroclors 1254, 1248, and 1232 from the average number
of chlorine atoms in each Aroclor.

Because commercial PCBs are complex hydrocarbon
mixtures, which are not completely identical with
respect to specific isomer content, chlorine number
can vary within Aroclor type. In order to derive a
potency value based on actual chlorine number, rather
than percent chlorine, an average value for chlorine
number per Aroclor type must be determined. Several
approaches have been used to derive the average
chlorine number: a probabilistic (pseudo-stochastic)
approach in which chlorine number is calculated based
on the relationship between percent chlorine and
chlorine number in individual PCS congeners; an
approach calculating the average chlorine number
based on weight percentages of congeners in
commercial PCBs; and an approach calculating the
average chlorine number based on data present in an
ENVIRON (1987) report listing amount (percent mass
fraction) of specific congeners in Aroclors 1260,
1254, and 1242. Slight variations in the average aw
chlorine number per Aroclor type are seen among these *°
three different approaches. When these alternative o
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values of chlorine number are each used to derive a
cancer potency estimate, however, virtually no
difference in potency exists. Therefore, the values
for cancer potency are virtually the same no matter
which approach is used to derive average chlorine
number.

The tumorigenic potency values derived for
various Aroclors using a percent chlorine approach
and an average chlorine number approach are presented
in table L. All potencies except the potency for
Aroclor 1260 (that provides the basis for the other
estimates) are rounded to one significant figure. It
is evident that the cancer potency values derived
using a percent chlorine approach are virtually
identical to those using an average chlorine number
approach. Because it is our hypothesis that the
cancer potency of PCBs varies with chlorine number.
it is probably more accurate to rely on the mean
chlorine number.

It is important to note that the TPFs in table 1
have been developed by combining the incidence data
for benign and malignant tumors. Some individuals
have suggested that only malignant tumors should be
used to estimate cancer potency. If the data on the
incidence of animals with malignant liver tumors
(carcinoma~or adenocarcinoma) only, i.e., excluding
neoplastic nodules, weee used, the potency factor for
Aroclor 1260 would be 0.98 per tng/kg/day. Based on
an analysis of malignant tumors only, Clophen A60 is
about 13 times more potent than Clophen A30. Hence,
the potency of Aroclor 1242. which is similar in
composition to Clophen A30, should exhibit a potency
no more than one-thirteenth that of Aroclor 1260. if
malignant tumors only are considered. This would
reduce the potency value of Aroclor 1242 to 0.075 «*•-
mg/kg/day. These values are slightly lower than »
those estimated in table 1.
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TABLE 1

Alternative Estimation of Tumorigenic Potency (TPF)
Factors For Various PCS Mixtures — Benign

and Malignant Tumors Combined-I/

TPF <mg/kg/d)-l
Based on %

TPF (mg/kg/d)-1
Based on Mean

PCS Mixture
Aroclor 1260

Aroclor 1254

Aroclor 1248

Aroclor 1242

Aroclor 1232

% Chlorine

60

54

48

42

32

Chlorine
1

0

0

0

0

.3

.9

.5

.1

.08

Chlorine Number
: 1.3

0.8

0.4

1 0.1

0.07

I/Based on a comparision of data from Clophens A60 and A30,
combining benign and malignant tumors as discussed in the
text.
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3. Uncertainties and Limitations
There are several important limitations that tend to
contribute to the conservative nature of this
analysis:

1. All environmental PCB mixtures are assumed to be
potential animal tumorigens, even though data
are available to support such a conclusion only

i for those closely resembling Aroclor 1260.

2. Those PCB mixtures that are known or potential
animal tumorigens are assumed to have the
potential to cause tumors in humans,
notwithstanding the absence of evidence of a
causal relationship from all available
epidemiology data.

3. A linear, no-threshold, low-dose extrapolation
model is used to estimate potencies for all
PCBs. notwithstanding the fact that PCBs do not
exhibit many of the characteristics of

• • carcinogens for which such models were
. developed. Indeed, it is possible that there is
a threshold dose that must be exceeded before
PCBs could pose any cancer risk, whatsoever.

G. Conclusions
Although some workers have been exposed to high levels of

PCBs for long periods of time, several studies of such
populations have not provided information establishing that
PCBs cause cancer in human beings. If PCBs were potent human
carcinogens, it is likely that such an increase in cancers
among these several worker populations would have been
observed. Therefore, based solely on data from exposure of
people, it is not possible to conclude that PCBs are §§
carcinogenic to humans. ^
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Of the PCS mixtures that have been tested in animals,
those that are 60% chlorinated (i.e., Aroclor 1260 and Clopher.
A60) ace carcinogenic in rats. Tests in other species have not
been adequate to demonstrate or rule out carcinogenicity. PC3
mixtures that are less chlorinated (i.e., Aroclor 1254, 54%
chlorinated, and Clophen A30, 42% chlorinated) were not
carcinogenic in rats, but the latter increased the incidence of
non-malignant tumors. Two conclusions can be reached from
these data:

1. Highly (60%) chlorinated PCBs are carcinogenic in one
animal species.

2. Less chlorinated PCBs are either not carcinogenic or
are substantially less potent than the more highly
chlorinated mixtures.

Guided by these conclusions, it is possible to make several
conservative hypotheses:

1. -If-60% chlorinated PCBs are carcinogenic in one
mammalian species, it is assumed they may be
carcinogenic in others* including humans, i.e.,
Aroclor 1260 and Clophen A60 may be carcinogenic in
humans. It must be noted that this is a conservative
assumption, based on current regulatory practice.

2. Because there is some overlap in the congener
composition of the commercially available PCS
mixtures and because no data exist to determine
unequivocally which of the congeners are responsible
for the animal carcinogenicity, other mixtures of
PCBs may be viewed as carcinogenic. Again, this is
an assumption that is consistent with current g

Irtregulatory practice.
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3. If all PCBs are assumed to be tumorigenic in humans,
the maximum potencies of less chlorinated PCBs car. be
estimated from the available bioassay data.

These hypotheses form the basis of the estimates of human
carcinogenic potency that are derived in this report. As is
discussed herein, however, these estimates constitute a
conservative upper bound on cancer potency. In the case of
PCBs, the carcinogenic risks to humans from environmental
exposure are almost certainly less than our estimates and, in
fact, could well be zero. EPA (1986) has also acknowledged the
conservative nature of upper-bound cancer potency estimates.
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ABSTRACT

Transport Properties of Fine-Grained Sediments

by

Yao-Jun Xu !j

Resuspensioa, floeculation, and settling experiments were conducted on fine-grained
sediments from the Fox River, Green Bay, and the Buffalo River, and on bentonite clay.
The purpose was to quantitatively determine the transport properties of these' sediments,
the parameters on which these properties depend, and their variation within the aquatic sys-
tem.

In annular flume experiments, the amount of sediment resuspeoded was quantitatively
determined as a function of the fluid sneer and bed compaction. It was shown tha( the
higher the fluid shear and the shorter the consolidation time, the larger the amount of sedi-
ment resuspeoded. Field measurements with a shaker on undisturbed sediments were done
to supplement the laboratory studies. Preliminary work on the influence of a current on the
resuspension of sediment was also done. IB this case, the amount of sediment resuspended
was significantly greater than for sediments deposited in a quiescent body of water.

Floeculation experiments were done with a Couette vbcometer. The dependence of
median floe sizes oa the fluid shear aad the concentration were quantitatively obtained.
The results have shown that the lower the fluid shear and the lower the concentration, the
larger the floe diameters in the steady date and the longer the time required to reach steady
state. The average density and the density function have been derived from the diameters
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of floes and the size distribution.

The settling speeds of floes were measured in a rigid-mounted, thermally-isolated tube
by microscopy. It was demonstrated that the settling speeds of floes depend on the condi-
tions of formation. The higher the fluid shear and the higher the concentration, the higher
the settling speeds that the floes formed ia web conditions have. Larger floes were
observed to have greater settling speeds. The drag coefficients have been computed from
the experimental data in different ways. It was found that Stokes' law uederpredicts the
drag coefficient significantly for large fiocs.

This data is of importance ia accurately predicting the transport of these sediments
and the contaminants associated with these sediments. The data is presently being used ia
numerical models of sediment and contaminant transport in the Fox River, Oreea Bay, the
Buffalo River, and as preliminary data for the transport of drilling muds from off-shore oil
platforms.
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ABSTRACT

The general purpose of the present study was to study the transport of the sediments
and associated contaminants in the lower Fox River and from the Fox into Green Bay. For
this reason, a numerical model of the transport and fate of suspended solids in the lower
Fox River has been developed and verified. The model consists of a two-dimensional,
vertically-integrated, time-dependent hydrodynamic and transport model coupled with a
three-dimensional, time-dependent model of the sediment bed and its properties. Settling
speeds and sediment resuspension parameters needed in the model were determined from
laboratory and field tests.

In the description of the transport of suspended solids, three components of solids are
considered, Le., fine (zero settling speed), medium (moderate settling speed affected by
flocculation), and coarse (large settling speed). It is assumed that the sediment bed is
layered in the vertical direction. The properties of each layer depend on time after
deposition (and therefore with depth) and composition (relative fractions of medium and
coarse sediments), and the number of layers and their thicknesses can be arbitrarily
specified at the beginning of the calculation. The thickness of the surface layer changes
with time depending on die rates of resuspension and deposition.

Calculations were made for steady flows at high, medium, and low flow rates as well
as for real, time-varying flow events. In particular, two flow events were modeled in
detail, the first from May 22, 1989 to June 20. 1989 (this included a once in a ten year high
flow as well as moderate to low flows) and the second from March 24, 1989 to April 10,
1989. For these events, calculated sediment concentrations at the river mouth were
compared with observations. Good agreement between die calculations and observations
was obtained, thereby validating the model and the description of the physical processes
implied in the modeling. In particular, the presence and effect of an easily resuspendable
surficial layer was demonstrated. a

Keywords: Suspended Solids, Transport, Fox River §
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INTRODUCTION

The Fox River in Wisconsin is 56 km long and runs from Lake Winnebago in the
south to Green Bay in the north. The valley through which the Fox runs is heavily V
industrialized and contains the largest concentration of pulp and paper industries in the
world. Because of this, the waters and sediments in the Fox are heavily polluted. In the
present study, the particular concern is with the tower Fox River which extends to Green
Bay from a dam at DePere, 11 km upstream from the mouth of the river.

The purpose of this study was to develop a quantitative, predictive model of the
resuspension, deposition, and transport of fine-grained sediments in die Fox River and
especially the transport of these sediments from the river into Green Bay. Many
contaminants, e.g., PCBs, are associated with fine-grained sediments, and -it is the
transport of these contaminants from the river into Green Bay which is of major concern.
This transport is an essential component of the Green Bay/Fox River Mass Balance Project,
a study of the sources, pathways, and sinks of toxics in a well-defined, medium-size,
aquatic system. Three sessions at the 34th Great Lakes Conference were devoted to this
topic, and die papers presented mere should be consulted for general details on the project

A bathymetric map of the lower Fox River (Figure 1) shows that die upstream portion
(defined as upstream of die Ft Howard Paper Company) is wide with many shallow pool-
like areas less than two meters in depdi. These areas are characterized by tow water
velocities and large areas of plant growdt This portion is no longer dredged, but previous
dredging has established a channel up to five meters deep which is still present today. The
depths used to develop Figure 1 were obtained from National Oceanograpbic and
Atmospheric Administration (NOAA) maps and from U.S. Army Corp of Engineers
dredging maps supplied by Robert Mundelius of the Kewaunee branch. The bottom
sediments in this upstream portion are essentially all fine-grained, cohesive sediments, &
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predominantly silts and clays. Measurements of die itsuspension and transport properties *
of tiiese sediments as well as tiiose in die downstream portion of die river have been made
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(Xu, 1991). From these studies, it can be shown that all sediments in the upstream portion
have reasonably similar properties typical of fine-grained, cohesive sediments.

The river narrows near its midpoint at Fort Howard and remains narrow down to its
mouth at Green Bay. The U.S. Army Corp of Engineers dredges this narrow portion as
needed to allow large ship passage. Sediments in the deeper channels of this downstream
area are generally coarse-grained and sandy. In the shallow, near-shore areas, the
sediments are *g*'i fine-grained find cohesive. The only significant tributary to the lower
Fox River is the East River which joins the Fox approximately 2 km upstream from the
mouth. The junction of the two rivers has been widened and dredged to form a turning
basin for large ships. The flow in the East River has been estimated to be approximately
ten percent of the flow in the Fox River (a median flow of 105 m3/s). Point sources along
the lower Fox River, such as paper mills and sewage treatment plants, have been
determined to add less than 3% to the total suspended solids load in the river (MarkVelleux
of the Environmental Protection Agency, personal communication) and have therefore not
been included in die calculations.

The flow in the Fox is controlled primarily by two dams upstream of the lower Fox.
This flow can be increased so as to allow continued navigation in the river and to maintain
water quality, or decreased so as to allow additional water storage in Lake Winnebago.
Because of this control, extreme flow variations are now kss than before control and less
than in most other comparable riven without control A moderately high flow event can be
caused either by a storm when the river is allowed to flow freely or by the opening of a
sluice gate on one of the dams. Also, a large storm may not necessarily result in greatly
increased flow rates if most of the water is retained behind die dams.

Fluctuations in me lake level in Green Bay have a significant impact on the flow
velocity in die Fox River near the mouth. Increasing lake levels during low flow periods
often reverse the direction of flow in the river, while falling lake levels, especially during
high flow periods, may significantly increase die speed of the currents. As will be shown
later, this hat a significant effect on the fctoffffnttop uid deposition of sediments in die
lower Fox. Typical lake level changes are about twenty centimeters during a twelve hour
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period, and changes of sixty-five centimeters during a twelve hour period will occur several
times during a year. Hourly lake level data was supplied by Peter Hughes of die U.S.
Geological Survey (USGS).

During 1989, daily concentration measurements were made at the DePere dam and at
the river mourn by the Wisconsin Department of Natural Resources (DNR) and the USGS.
An automatic sampler took samples three times a day at the mouth and four times a day at
the dam to obtain averaged daily concentrations. The concentration data was supplied by
Leo House of the USGS. The USGS also takes daily avenged flow rate measurements at
thedanvthisdauwassuppUedbyBan^HolmsODmoftheUSGSandNfaricVelkuxofthe
EPA.

A widely used numerical model for evaluating sediment transport processes in rivers
has been HEC-6 (U.S. Army Corps of Engineers, 1977). This model has proven to be
quite useful in a number of studies; however, it does have its limitations. First, HEC-6 is a
one-dimensional hydrodynamic model so mat lateral variations in the river flow cannot be
resolved. This limitation is especially important when studying rivers such as the Fox.
Secondly. HEC-6 does not model erosion of fine-grained, cohesive sediments; only
deposition of clays and silts is allowed in the version of the model presently available. A
new, unreleased version of HEC-6 accounts for the erosion of clays and silts (UJS. Army
Corps of Engineers, 1990). The work of Fmheniades (1965) and ArUthuni and Krone
(1976) has been incorporated into mis new, untested version of HEC-6.

The application of two-dimensional and three-dimensional models of cohesive
sediment transport has been reviewed by the Task Committee of ASCE on Fine Sediment
Transport Processes (1989). Various models were discussed with an emphasis on the
STUDH model, which is a two-dimensional, vertically-integrated model employing the
sediment dynamics of Ariathurai and Krone (1976). Reviewed applications were primarily
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limited to cohesive sedtaem transport in estuaries and coastal waters, with no presentation "
of studies in rivers. Applicatk»c? a vertically-integrated, finite eta o
sediment transport, CSTM-H, to simulation of sedimentation fa a small yacht basin was M
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presented by Hayter and Mehta (1986).
Both of the sediment transport models mentioned above, STUDH and CSTM-H, do

not adequately describe the resuspension of fine-grained, cohesive sediments and the
variation of resuspension properties with depth. These models also do not account for the
effects of flocculation on the deposition rate. A sediment transport model which does
possess these attributes has been developed by us and has been applied to the Fox River
using the data previously discussed for input and verification. For the hydrodynamics and
sediment transport, a two-dimensional vertically-integrated, time-dependent model was
used (ZSegler and Lick. 1986; Zieglcr et al. 1989); this is briefly described in the following
section. In order to describe the resuspension and deposition adequately, this model was
then coupled with a three-dimensional, time-dependent model of the sediment bed and its
properties. Settling speeds and sediment resuspension parameters needed in the model
were determined from laboratory and field tests. The properties and dynamics of the
sediment bed are described in me third section.

For a basic understanding of the hydrodynamics and sediment transport in the Fox,
calculations were made for steady flows at high, medium, and tow flow rates. In addition,
for calibration and verification of the model and for further understanding, calculations of
real, time-varying flows were made and also compared with observations. In particular,
two flow events were modeled; the first was from May 22,1989 to June 20,1989 while
the second was from March 24,1989 to April 10,1989. These calculations were made
with the best estimates of sediment properties available (Xu, 1991), and generally good
agreement between the calculations and observations was obtained, especially at moderate
flows. However, at very high and low flows and during rapidly increasing flows, mere
were significant differences between the calculations and observations that infBcitifd *htt the
description of the ^suspension/deposition processes and especially die parameters
necessary for this description needed further refinements. After these refinements were
made, excellent agreement between calculations and observations was tf*r*w4 The
modifications to the model, the results of the calculations, and comparisons of the
calculations with observations are discussed in the fourth section. A summary and
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concluding remarks are presented in the final section.

Hydrodynamics tnd Sediment Transport

In order to simply describe the hydrodynamics and sediment transport in the river,
vertically integrated equations of motion were used. These equations are a valid
approximation in shallow waters when the horizontal velocities and suspended sediment
concentrations are approximately independent of depth, Le., when there is almost complete
mixing of the water column in the vertical direction. For the Fox River, which is only 1 to
7 meters deep, this as almost always true except perhaps during a few low flow, highly
stratified events. Continuous velocity readings for current meters located at the mouth at
five and sixteen feet depths for 1989 and 1990 (Peter Hughes of the USGS in Madison,
Wisconsin, personal communication) indicated mat at almost all flow rates the velocities are
independent of depth at the mouth.

The vertically integrated hydrodynamic equations are:

3(u2/h)
5x y

8(UV/h) 3
*^

O
o
(O

o
to



where the total water depth is h « h,, + TI, l^foy) is die equilibrium water depth, T|(x.y) is
die surface displacement from diat equilibrium, U and V are vertically integrated velocities

defined by U » / u dz, V • jf v dz. u and v are velocities in die x and y directions
-b. -h0

respectively, z is die vertical coordinate. tw is die wind stress, tb is die bottom stress
whose components are given by tj » Cf qu and ty • Cf qv, where q • (u2 <f v2)1^, cf is a
friction factor, AH is die constant horizontal eddy viscosity, and g is die acceleration due to
gravity. The coefficient Cf has been assumed to be 0.003, a value typically used in flow
problems of dus type in rivers, lakes, and oceans.

The vertically integrated transport equation for die concentration of suspended solids
of each size-class k, C .̂ is

where DH is die eddy diffusivity and QIfK is die sediment flux at die sediment-water
interface of die k'di component of die sediment Only suspended sediment transport is
considered here; bed load transport is notexplicidy modelled.

Sizes of sediment particles in die Fox vary from less dian 1 |tm to over 1 mm but are
predominandy in die clay and silt size range, Le^ from 1 to 100pm. In order to accurately
model sediment transport, it was found diat a minimum of diree size-classes of sediments
were required: fine, medium, and coarse. Fine-grained sediments (generally less dian 10
jim) have negligible setding speeds and are transported dirough die river without
appreciable deposition on die bottom. These fine sediments make up a significant fraction
of die suspended solids only during low flow periods. The medium size sediments (on die
order of 10 to 100 |im) are present during all flows and generally are die major fraction of
die suspended solids. It is assumed mat dwse sediments are cohesive and dierefore
flocculate, wididieir setding speed dependent upon dieir state of flocculation. Coarse- »v
grained sediments (generally greater man 100 |im) are a small fraction of die total load at
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low and medium flow rates. However, during large storms and high run-off events, large
amounts of coarse-grained material can be washed out of the surrounding drainage basin
into the river. When this occurs, coarse-grained material may become a significant fraction
of the total suspended solids load in the river. It is assumed that this coarse grain material \
is non-cohesive and does not flocculate.

Resuspenslon and Deposition

The resuspension properties of bottom sediments are significantly affected by panicle
size variations and also by cohesion between particles. At low stresses, only the finer
particles on the surface of the bed can be resuspended while the larger panicles are left
behind and armor the bed. In addition, cohesion of particles and the resulting compaction
of the bed cause the resuspension rate to vary with depth and with time after deposition.
Because of this, sediments near the surface are Jess compacted and are relatively easy to
resuspend. while sediments further down are more compacted and more difficult to
resuspend The result of all this is that, for fine-grained sediments at any particular stress,
only a finite and relatively small amount of sediment can be resuspended as opposed to
noncohesive, uniform-size sediments, which have a uniform rate of resuspension
(Massion, 1982; Tsai and Lick, 1987).

For cohesive sediments from both lakes and oceans, experimental work (Krone,
1962; Partheniades, 1972; Mehta, 1973; Lee et aL 1981; Lick and Kang. 1987; Tsai and
Lick, 1987; Maclntyre et al, 1990) has determined that the resuspension rate and the total
amount of sediment t mat can be resuspended at a particular stress are functions of (•) the
turbulent stress at the sediment-water interface and (b) the water content of the deposited
sediments (or die time after deposition). In particular, it can be demonstrated that the rate
of bed compaction (and the associated reduction in resuspension) is greatest immediately

at
after the bottom sediments are deposited *T*̂  then decreases with ^me jg ff**ft fatfi. the £5
effects of benthic organisms must also be considered. These organisms continually rework 0o
the sediments. When these organisms are present and active, the properties of the sediment M
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bed change rapidly in the first few days after deposition, as in the absence of organisms,
but then are essentially constant after five to seven days (Tsai and Lick, 1987).

A formula for e which approximates the existing experimental data can be written as

• 0 fort* to (5)

where c is the net amount of resuspended sediment per unit surface area ingm/cm2, BQ is
approximately equal to 8 x 10"3,tj is the time after deposition in days, nis approximately
equal to 2, m is approximately equal to 3. t is the shear stress (dynes/cm2) produced by
wave action and currents, and t0 is an effective critical stress which varies from
approximately 0.1 dynes/cm2 for freshly deposited sediments to approximately 1 dyne/cm2

for tj greater than one day. Each of the parameters t^, a^ m, and n is dependent on the
particular sediment (and the effects of benthic organisms) and needs to be determined
experimentally. However, the above values are reasonable first approximations for fine-
grained sediments. A more detailed discussion of the physical properties of the sediments
in the Fox River and Green Bay and a determination of the values of the parameters in Eq.
(5) is given by Xu (1991).

Experimental results, snnnmiriTfd by Eq. (5), have only been obtained for a very
limited range of parameters and conditions. Limitations on me experimental data and Eq.
(5) are as follows. (l)Data is only available for low to moderate shear stresses, generally
below about 10 dynes/cm2. (2) Data is only available for times of compaction of 1 to 30
days. Most importantly, insufficient data is available for very recently deposited
sediments. (3) Data is only available for sediments depositing in a quiescent fluid. This is
a valid approximation for sediments depositing in a lake, for example, where currents are
generally small However, in a river, currents are generally ouch larger and continuously
present The effects of currents on deposition can be shown to be of major signifka
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(Xu, 1991). but have not been sufficiently investigated. Although Eq. (5) is a valid
description of existing experimental data and is useful as a first approximation to describe
the variation of E in many realistic situations, it will be demonstrated below that significant
additional information is needed for an adequate description of sediment resuspension in
the Fox and other similar rivers.

The above formula is for the net resuspension. The total amount of sediment is not
resuspended instantaneously but over • period of time on the order of an hour. In our
present computations, it was assumed that die resuspension rate was constant and equal to
its initial value until all available sediment was resuspended and was then zero until further
sediment was deposited and available for resuspensioo. or until the shear stress increased
further.

In our present model, in order to accurately describe the resuspension of the bottom
sediments, the sediment bed is assumed to consist of layers in the vertical direction; the
properties of each layer depend on time after deposition and composition (relative fractions
of medium and coarse sediments) and are allowed to vary in the horizontal direction. An
arbitrary number of layers and their thicknesses can be defined initially. In the present
calculations, 1 1 layers were assumed. This is more than sufficient The top layer is
assumed to be newly deposited sediment less than three hours old. It has a very high water
content and is more like a thick soup rather dun a mud. Because of this characteristic, it
has a very low critical shear stress (TO • 0.1 dynes/cm2) and is easily resuspended. Below
this fresh layer are three, six, and twelve hour old layers with critical shear stresses
increasing with age (TQ • 0.2, 0.4, and 0.8 dynes/cm2 respectively). Below these layers
are 7 layers one to seven days old with age increasing with depth. For these layers, it has
been assumed that TO «1.0 dynes/cm2. As a first approximation, all layers compact with
time withe for each layer given by Eq. (5) above.

The program monitors changes in the sediment bed for each cell in the river model
Deposited material is added to and sediment is resuspended from the surface layer. The
program also monitors the aging of the bed The fresh layer material is moved into the
three hour old layer every three hours, the three hour old material is moved into the six
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hour old layer every six hours, and so forth. For a given cell in the model, any or all layers
may be empty. Frequently the bottom layer (seven days old) is die only layer containing
sediment, and therefore it is the surface layer.

The net sediment flux is of course given by the difference between the resuspension
rate (e/3600 s) and the deposition rate. Deposition is assumed to be due to settling of the
suspended particles, so mat the deposition rate D is given by

D- I wACk (6)
k-l

where w^ is die effective settling speed for the k*th class of particles. As noted above, die
settling speed is different for each of die diree classes of sediment For the fine grain class
of sediments, w$ * 0.

For the medium sized class of sediments, which are assumed to be cohesive and
dierefore flocculate, wt depends on die floe diameter and a variable effective density which
in torn depends on the conditions (fluid shear and sediment concentration) under which die
floe was formed (Burban et al, 1990). This is different from non-cohesive panicles whose
settling speed depends only on the panicle diameter and a constant density. For floes in
quasi-equilibrium with die local flow conditions, experimental data has shown that the
avenge floe diameter can be approximated by

a)

where o^ is die median floe diameter (cm). 0 is me fluid shear stress (dynes/cm2), and c^
is an experimentally determined constant (Lick and Lick, 1988). For fine-grained,
cohesive sediments in fresh water, c^ » 10"* gm*£m* •*. From laboratory experiments
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where B| » 9.6 x 10*4, B2 - 7.5 x 10"6, and both are experimentally determined
constants. Settling speeds for these floes range from 60 nm/s to 160 jim/s and are always
less than that for a solid particle of equal diameter, generally by several orders of
magnitude. It can be seen that w, increases as either C or G increases.

The coarse class size of particles are non-cohesive and have a faster settling speed
than the medium class size. For this class of panicles, an average settling speed of Imm/s

Numerical Calculations

The above sediment bed model was combined with the hydrodynamic and sediment
transport model described previously. The resulting model is valid for rivers, lakes, and
near-shore areas of the ocean whenever the vertically-averaged approximation is valid.

The specific application here is to the lower Fox River (Figure 1). In these
calculations, rectangular grid elements, 90 m by 30 m, were used. As input data, the
model requires specified flows and suspended solids concentrations at the DePere Dam and
the East River. It also allows specified changes in water surface elevations at the mouth of
the Fox due to seiches in Green Bay while, at the same time, allowing waves and other
surface motions to propagate out of the Fox into the Bay without reflection at this
boundary. With this treatment of (he boundary, reverse flows from Green Bay into the
Fox are allowed and are correctly modeled when they occur.

For purposes of calibration and verification, calculations were made for a wide range
of real, time-varying flows and were then compared with field measurements. These
calculations are presented and discussed below. However, for purposes of quantitatively
understanding some of the main features of the flows and the effects of flow rate, several

03
calculations of steady-state flows were also made. The results of these latter calculations *
will be discussed first 0

O
K)



Steady-State Flows

In the following calculations, it has been assumed mat the flows are steady, that all
sediments are medium size, and that the properties of the sediment bed are initially
independent of depth and correspond to a seven day old bed with e given by Eq. (S). The
flow in the East River was assumed to be 10% of the flow into the Fox over the DePere
Dam with the same solids concentration in the East River as at die Dam.

In the first calculation, a steady-state flow of 105 m*/i, corresponding to the median
flow in the Fox, and a suspended solids concentration at the Dam of 30 mg/l, typical of
median flows, were assumed. Calculated results for die depth-averaged velocities are
shown in Figure 2a. The flow generally follows the deeper parts of die river channel
except near DePere Dam where the inertia of the flow causes higher currents in shallow
legions of the river. Compared to the upstream pan of the river, currents are significantly
higher in the downstream pan of the river where it is relatively deep but nanow.

Bottom shear stresses corresponding to this flow are shown in Figure 2b. The shear
stresses are generally comparatively low. In die upstream pan of the river, shears are
almost always below 0.5 dynes/cm2 while, in die downstream pan, shears are somewhat
greater, especially in the deep and narrow pan of the river where shears range from 025
dynes/cm2 to above 1.0 dynes/cm2 in a few isolated areas.

Deposidonal and erosfonal areas are shown in Figure 2c. Because of the low shear
stresses, erosion occurs at only a few, small, isolated anas. Deposition occurs in the
shallow, near-shore areas with much greater deposition in the upstream portion than in the
downstream portion. More specifically, large amounts of deposition occur in the shallow
regions near DePere Dam, near Fbn Howard, and near the mouth of the Bast River. It
should be noted that mere are large areas where neither net resuspension nor net deposition
occur.

The concentration of suspended solids is shown in Figure 24. The concentration
s more npidly in the upstream portion because of the large deposido

m the shallow areas near die Dam and at Fort Howard. In die downstream portion, the
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concentration is fairly constant since there is link deposition in this portion of the river. Of
the total amount of solids input to the river, approximately 80% is deposited in the river.

A calculation was also made for a 99.7 percentile flow of 280 m3/s. The suspended
solids concentration at the Dam was •«f»*«fd to be 75 mg//, a typical concentration for a y
flow of this magnitude. Currents are shown in Figure 3a and are qualitatively similar to
those shown in Figure 2a, except higher of course. Bottom shear stresses are shown in
Figure 3b. In the upper portion of the river, large bottom areas now have stresses above 1
dyne/cm2 with a maximum a little over 4 dynes/cm2. In the tower portico of the river,
most of the channel now has stresses greater than 1 dyne/cm2 with considerable areas
having stresses of 2 to 5 dynes/cm2.

Calculated results for erosion and depositon axe shown in Figure 3c. It can be seen
that, because of increased stresses, large pans of the river now show erosion while
deposition is more confined to the near-shore, shallow regions.

The suspended solids concentrations are shown in Figure 3d. Again, the most rapid
decrease in concentration occurs in die upstream pan of the river where most depositon
occurs. The solids concentration in the lower part of the river is almost constant Of the
total amount of solids input to the River, approximately 24% is deposited in the River.

From the data on flow rates and sediment concentrations, rates of sediment transport
and deposition can be calculated. From this data, it follows that much more sediment is
transported to Green Bay during a high flow (17.56 x 103 gm/s) than during a medium
flow (0.71 x 103 gm/s), but also (and somewhat surprisingly) more sediments are
deposited in the river during a high flow (5.54 x 103 gm/s) than during t medium flow
(2.75 x 103 gm/s).

Time-Varying Flow Event*

For purposes of calibration and verification of the model and for further
understanding, calculations of several real, time-varying flows were made and compared
with observations. In particular, two flow events were modeled; the first was from May »
22,1989 to June 20,1989 while the second was from March 24,1989 to April 10,1989.
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The first period included low and medium flows as well as a once-in-ten-year high flow
(maximum flow of 432 m3/s). The second period included medium and moderately high
flows.

For the first event, the flow rate and measured sediment concentrations at DePere
Dam and at die mouth of the river at Green Bay are shown in Figure 4a. At the beginning,
mere are three days of tow flow (less than 75 m3/s). The flow men increases rapidly to
about 150 to 200 m3/s. On May 30, the flow increases rapidly again and reaches a peak of
432 m3/*, stays reasonably constant for about five days, and men gradually declines over a
period of 10 to 12 days to about 150 to 175 m3/*.

In the beginning during low flows, suspended solids concentrations at both DePere
and at the river mouth are relatively low. As the flow increases on May 25, solids
concentrations at both places increase rapidly to a peak and then decline rapidly. As the
flow increases again on May 30, the solids concentrations at both DePere and the mouth
ygain increase rapidly and then decline with a more rapid decline initially at the mouth than
at the Dam. During high flows, the solids concentrations at the mouth are a significantly
smaller fraction of the solids concentrations at DePere man during tow flows. The high
solids concentration at DePere on June 14 is unexplained and probably is a measurement
error.

With the flow rate and solids concentration at the Dam as input, calculations were
made of currents, bottom shear stresses, areas and amounts of resuspension/deposition,
and suspended solids concentrations. In our first calculations, two simple, but critical,
assumptions were made. One was that all sediments were medium size, while die second
was that the properties of the sediment bed were initially constant with depth and
corresponded to those of a seven-day old bed although they could change later as
resuspension/deposition occurred. For accurate results, both of these assumptions need to
be modified as will be demonstrated below.

When calculations were made with these approximations, reasonably good aj
between the calculated and observed suspended solids concentration at the mourn of the
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river was obtained (Figure 4b). However, it is also evident from this figure that, at high
flows, the predicted concentrations were higher than observed and. at very low flows, the
predicted concentrations were lower than observed.

The reasons for this are assumed to be as follows. During large storms and hence
high flows, more of the larger, coarse-grained material in the surrounding drainage basin
can be washed into die river. These large particles have much greater settling speeds than
do medium-size particles, are more difficult to resuspend, and hence cause lower
suspended solids concentrations than if they were medium size. However, as noted above.
only ipfdiuiifl f?Tf panicles were jpclwltd in me inftfal calculations. If it is assumed that
large panicles are present during high flows with weir reaction of the total load increasing
with flow rate, much better agreement between the computed and measured concentrations
is obtained during high flows. • .

Similarly, for low flows, a significant traction of the total load must be fine-grained
panicles which have very small settling speeds and essentially travel through the system
without settling. Because of this, their concentrations would be greater than those of
mcdiurft sin? sediments under the ttrnf flow conditions. Therefore, if it is i twined that a
fraction of the total suspended solids load at low flows is fine-grained, the discrepancy
between die observed and calculated tolidt conctt>tr*t*"nf is rpd\Krd

To accommodate the entire flow range, three size classes of sediments were therefore
assumed widi die relative proportion of each dependent on die flow rateQ. (See Figure 5.)
At very low flows, almost all of the load can be fine-grained material with no coarse
material present while, at high flows, the dominant nmtfrial is rncdiuiB-g**'"*^ sediments
win some coarse but no fines present For large flows greater than 250 m'/s, it was
assumed mat, after the ""̂ ""urn flow was reached, die rnfiti""1 tiiy fraction was given by
0.9 - .0026 (Q • 150), and die rest was coarse-grain material with no fine-grained material
present

With mis modification, the agreement between calculated and observed solids
concefflnrioMwu significandy improved; e g

*9
the flow was steady or declining in magnitude. However, when the flow rates increased
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rapidly (for example, on May 25 and May 31), it can be seen from Figure 4a that large
peaks in solids concentrations occurred. Although these peaks were present in the
calculations, they were not reproduced well, especially the first peak.

The reason for these peaks is resuspension of an easily icsuspendable surficial layer,
the presence of this layer was not taken into account in the above calculations, border to
reproduce the first peak on May 25 reasonably well, a surficial layer with a mass of OJ
pntam2 and an a,, (see Eq. (5)) of 0.1 was added to the sediment bed. With this
modification, the results as shown in Figure 4c were produced. As can be seen, the
agreement between die calculated and measured concentrations is excellent

It should be noted mat water level changes, or seiche effects, in Green Bay are very
significant in modifying the currents, shear stresses, and sediment erosion in the Fox River
during this period. Due to seiche effects, the flow velocity in the Fox can be retarded or
increased by as much as 20 cm/s, and changes in shear stresses during a twelve hour
period can be as great as 15 dynes/cm2. During the period of maximum flow, from May
30 to June 3, typical shear stresses in the lower pan of the river may be as high as 27
dynesfcm2. Without the inclusion of seiche effects, these shear stresses would be
decreased to 19 dynes/cm2. This reduction in shear stress would decrease the erosion in
pans of the river by as much as a factor of three.

For further verification, a second calculation, which included the period from March
24,1989 to April 10,1989, was also made. At the beginning of this period, the flow rates
(Figure 5a) were about 150 m3/s, then increased 10 about 200 to 250 n?/t before declining
near the end of the period. The solids concentrations were low at the beginning of the
period. As in the previous calculation, when the flow rate increased rapidly, the solids
concentrations at bom DePere and at die mouth of the river increased rapidly to a peak tad
then declined rapidly. After mis, the concentrations declined slowly for the rest of the
period.

The parameters used in this second calculation were the same as in the previous
calculation. A comparison of the calculated and rnfirorpd toiidt nwfntratidi* at die

#
mouth of the River is shown in Figure 5b. It can be seen that the agreement is very good. *°
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In this calculation the seiche effect also resulted in greater erosion in the lower portion
of the river. Shear stresses which would have been approximately 9.5 dynes/cm2 had the
lake level been kept constant increased to a peak value of 12.9 dynes/cm2. This resulted in
up to 2.5 times as much erosion.

Although not shown here, calculations were also made for low flow events.
Generally good agreement between calculated and observed solids concentrations was
obtained.

Concluding Remarks

A numerical model of the transport and fate of suspended solids in the lower Fox
River has been developed and verified by comparison of the calculated and measured
suspended solids concentrations at the mouth of the river. These comparisons were made
and the model was verified for two long-term events of 30 days and 18 days (which
included low, medium, and high flows) and several short term low flow events. In
preliminary calculations of time-varying events, two critical assumptions were made.
These were that the sediments were all medium size and the sediment properties were
initially uniform with depth. With these assumptions, reasonable agreement between
calculated and measured solids concentrations was obtained. However, at very high and
low flows and during rapidly increasing flows, there were significant differences between
the calculations and observations. These differences were attributed to and reduced by
modifying the two assumptions mentioned above, Le., (1) three size classes of sediments
were assumed with the relative proportion of each dependent on the flow rate, and (2) an
easily resuspendable surficial layer was assumed to be present at the beginning of the
event With these modifications, the agreement between the calculated and measured solids
concentrations increased markedly, and excellent approximations to the suspended solids
concentrations and the flux from the Fox info Green Bay were obtained.
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These modifications lie realistic but nevertheless are somewhat annoying in that they
could not be quantitatively determined a priori The fact that the median size of suspended
sediments in a river flow increases as the flow rate increases is well-known. However, the
specific variation of size with flow rate is not known and especially so for the Fox where
size distribution as a function of flow rate was never measured. Similarly, the presence of
an easily resuspendable surficial layer in both rivers and lakes is well-known from field and
laboratory observations. However, the thickness and amount of solids in this layer is not
known nor are the parameters on which this layer depends. Because of this, an accurate a
priori evaluation of all parameters needed in the model was not possible. Nevertheless,
after all is said and done, it should be emphasized that the present model, even with the
assumptions of constant properties, describes the suspended solids concentration and flux
10 Green Bay quite accurately.

Although the effects of the easily resuspendable surficial layer are quite evident in the
concentration vs time record, the resuspension of this layer (because the total amount of
material in this layer is relatively small) does not contribute more than 10 to 20% of the total
flux of solids to Green Bay during the periods being modeled. In other periods, where me
flow is changing more slowly, the effects of this surficial layer should be even less.
Because of this and as a first approximation, it may be valid to ignore this layer in long-
term calculations.

Nevertheless, the presence of this layer is obvious, and its effects are intriguing and
need to be understood, especially in terms of contaminant flux from the sediments. Before
this layer is adequately understood, considerable work needs to be done on the deposition
of fine-grained sediments fa a flowing stream. Also, as mentioned above, the variation of
the suspended solids size distribution as a function of flow rate is not quantitatively
pndfniood and needs invfitJgation.

The shear stress coefficient Cf was assumed to be constant and equal to 0.003. It is
well known mat this coefficient varies with flow rate, depth, and bed roughness scale
length (Cnristoffenen and Jonsson, 1985). However, the characteristics of the bottom a

50
sediments in the Fox are not well known, and it was felt that the assumption of a constant ""
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coefficient of 0.003 was adequate at die present state of the investigation.
In summary, a numerical model of the transport and fate of suspended solids in the

lower Fox has been developed and verified. As a first approximation, the suspended solids
concentradon and flux to Green Bay can be calculated on the basis of sediment parameters *
determined a priori from field and laboratory measurements. Because of this, it should be
possible to apply this model to other rivers and lakes, again with sediment parameters
determined only and a priori from laboratory and field measurements. Little or no field
calibration should be necessary. Of course, diis needs to be verified for orfrer riven and
lakes. Further refinements of the model were based on calibrating the model by
comparison of the calculated and measured suspended solids concentration.
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Figures

1. Fox River Bathymetry, Contour Interval is 1m.

2. Calculated Results at a SO Percentiie Flow Rate, 105 m3/*.
a. Velocities
b. Shear Stress. Contour interval is 0.25 dynes/cm2

c. Deposition/Resuspension Areas.
Deposition rate contour interval is 2 cm/cm2 - year.
Zero net deposition areas are shaded as ///.
Net resuspension areas are shaded as....

d. Suspended Solids Concentrations. Contour interval is 5 ing/tun

3. Calculated Results at a 99.7 Percentiie Flow Rate, 280 ms/s.
a. Velocities
b. Shear Stress. Contour interval is 1.0 dynes/cm2

c. Deposition/Resuspension Areas.
Deposition rate contour interval is 5 gtuAJii2 • year.
Zero net deposition areas are shaded as ///.
Net resuspension areas are shaded as.....

d. Suspended Solids Concentrations. Contour interval is 5 mg/l

4. Flow Event from May 20,1989 to June 20,1989
a. Measured Flows and Concentrations at DePere and at Mouth of River
b. Comparison of Computed and Observed Suspended Solids Concentrations at

the Mouth of the River. First Approximation, Calculation Includes Only One
Size Class and No Surficial Layer.

c. Comparison of Computed and Observed Suspended Solids Concentrations at
the Mouth of the River. Calculation Includes Three Size Classes of Suspended
Sediments and an Easily Resuspendable Surficial Layer.

5. Per Cent of Sediment Size-Class as a Function of Flow Rate.

6. Flow Event from March 23.1989 to April 10,1989.
a. Measured Flows and Concentrations at DePere and at Mouth of River
b. Comparison of Computed and Observed Suspended Solids Concentrations at

the Mouth of the River.
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The present npoit Is • rough dnft tot the piBpOMt of eetly <tinnnii>itloo of a woridnf ymiinn

OB sBouncDt BMSpon sod to wee*** cnncisnu sod helpful SQuesuoos wt infiwuiHM to Be proym.
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I. INTRODUCTION

The sediment transport model, SEDZL, can be a very useful tod in determining the transport and

fate of fine-grained, cohesive sediment* in shallow waters. Use of SEDZL can be complicated, how.

ever, due to the generality and flexibility built into the model. The purpose of this report is to provide^

the user with instructions which make the use of SEDZL a straight-forward process. Included win me

SEDZL code is a user-friendly interface called tetup which makes input file creation and modification

relatively easy.

The following topics are discussed in Section 2: the governing equations vhich are solved

numerically by die node! along with a description of the sediment dynamics included n die model;

Bumerical parameters and stability limits; capabilities of die model; computer imulrrments; and

software innall"**" Section 3 deals with anxilliary input files which 10101 be errand ID order to

analyze a particular problem. Section 4 describes in detail die input file and act of Kip for easy crea-

tion and •***•*!**** of die input file. Finally, two example problems, die Lower Fox River and Green

Bay. are presented in Section 5. Included with both examples are all of die input files used in die cal-

dUAtlOQS 8&fl tu6 VGdlltllKil OUtDUt fijCC*

SEDZL and tetup have been extensively debugged and tested; however, die possibility exists of

minor errors still existing in die programs. The user is encouraged to contact die authors of diis report

if errors or bugs in die programs are discovered. In addition, user comments on program improvements

and modifications are also welcome.
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2. MODEL DESCRIPTION

2.1 VERTICALLY INTEGRATED SEDIMENT TRANSPORT MODEL

Vertically integrated hydrodynamic and sediment transport equations have been used in SEDZL in

order to simplify the numerical analysis (Ziegler and Lick. 1986). The primary assumptions used to

derive these equations are: hydrostatic pressure variation, complete mixing of the water column in the

vertical direction, and the horizontal velocities and suspended sediment concentrations are approxi-

mately independent of depth. These equations are valid approximations for situations where the water

is relatively shallow and where the vertical stratification of the water column is weak. The resulting

hydrodynamic equations are:

•
02)

J °* I ** Jj
v\*Jrn I wlt/V/B I *. .

—S—-^T^/f

3y

> *
fv

where the total water depth is A « A, + 1), h,(*y) is the equilibrium water depth. n(r j) is the surface

displacement from that equilibrium. V and V are vertically integrated velocities defined by

V- J «*.
-*

v- I »*.-*
ii and v are velocities in me x and y directions, respectively, s is the vertical <wnl»natf. t* is the

wind stress, t* is the bottom stress whose components are given by t/«e/ •!•! aad^«c/ v l v l

where <y is a friction actor. AH is the constant horizontal eddy viscosily. / is the Coriolis parameter.
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to

o
ro
oo
to



and i is the acceleration doe 10 gravity.

The vertically integrated transport equation for suspended sediment concentration of size-clan k.

* —s^ *
where J>* is the constant eddy diffasiviiy and CM i> the sediment flux at the sedfenent-waier interface

of sediment particle i*™^**** k. Equation 14 must be solved separately for each sediment tfre-clan

being modelkd. Only suspended sediment transport is considered here; bed load transport is not

The transport and fate of three different sediment size-classes can be aaodeDed. A fine size-class

which does not deposit on the sediment bed, Le., aero effective settling apeed, repieaeuu very small

sediment particles, fine-grained, cohesive srdrmenu which flocculate are modelled by a medium size-

class. Finally, coarser, non-cohesive sediments comprise the coarse size-class. The medium and coarse

riTfKlaare cm U deposits* OB to and iesuspended from te

Sediment dynamics are the crucial element in a transport model for accurately and realistically

determining the fate of fine-grained, cohesive sediments. The sediment dynamics incorporated into

SEDZL are bated on valid laboratory and field audies concerning the deposition and resaspeasioa of

fine-grained, cohesive sediments (Fokoda and Lkk. 1980; Lee et aL. 1981; Lfck, 1982; Taai et aL.

1987; Tsai and Lick. 1988; Burben et aL. 1989, 1990; Xo. 1990). A brief review of the sediment

dynamics need in the saodel wffl aow be presented; a more detailed dbcnaciao can be found in GeUani

etaU199a

The sediment flux at me sediment-water interface of sediment particle aba-class *. fi,^. is sim-

ply the difference between the lasaspentJon ate. ft». and the deposition rate, />t. For me fine particle

size-class. Z>|«0 and Jl|*0. The deposition rates for the medium and coarse size-classes are given

by

(25)
where Bt is the effedve settling speed of size-class i. The coarse size-class is assumed to be BOB- »*o
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ro

09
Ul



flocculating so this class has a constant effective settling speed, fa. In SEDZL, f)3 is specified by the

user through the variable BETA, see Line 14 of the input file in Section 4.1.

The medium size-class flocculates and laboratory resulu have been used to construct an approxi-

mate flocculation model. These experiments indicate that the following relationship is a valid fira

approximation

where 4. is the median floe diameter, C is the sediment concentration of the medium size-class, C is

the local fluid shear stress, and a, is an experimentally determined constant For sediments in fresh

water, a. « 1(T* jrwnVcm1-** and C is in grans/cm*. dm is in em. and the units of C are

dynes/cm*. Thus, the median floe diameter. dm, at any point in the solution domain of a particular

problem can be deierimined once the medium tho-clam concentration and fluid shear stress at that

point m calculated.

Once 4. is deterimined, the effective settling apeed of the medium size-class, 63, can be deter-

mined. Experiments have shown that fe primarily depends on the floe diameter but the concentration

and shear stress at which the floe was created are important secondary effects (Durban et aL, 1990).

Based upon floe settling speed experiments, a valid first approximation for fc, in on/*, is:

fc - *, c c o y ^ ' (2.7)

where BI m 96* 10*** and £2 • 7.5 x KT*. As the present time, experimental limitations restrict

the maximum median floe diameter to 04)200 cm (200 |im). This restriction creates minor errors in me

determination of sealing speeds. As more experimental data becomes available, mis restriction can be

removed. The maximum floe diameter is controlled IB the model by the variable DMAX, see Line 14

of the input file in Section 4.1. Using Eqs. 2j6 and 2.7, calculated sealing speeds range from 60 iimft

to 160 \un/t. Comparison of numerical results with field data has also indicated mat BO deposition of

medium class-she •*^ftii«tt« occurs when the bottom shear stress is greater than 0.1 dynes/at?. Vari-

able TCRDEP. see Line 14 of the input file, controls die value of the nuuimnm shear stress for medium

o
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The ŝuspension properties of fine-grained, cohesive sediments differ significantly from non-

cohesive sediments, i*^ sand. Non-cohesive sediments will be itauspended at a constant rate if the

aediment bed is subjected to a uniform shear sows, T. which is greater than some critical shear stress.

V As long as there is a supply of non-cohesive sediment, itsuspension will occur. However, labora-

tory and field experiments clearly indicate that only a finite amount of fine-grained, cohesive sediment

can be resuspended under the same conditions (Tsai and Lick. 1988). Based upon these experimental

results, the total amount of sediment, e ( grams/an* ), which can be resuspended at a particular bot-I

tom shear stress is

C2J)

-0

where t is the bottom ahear Sanaa due to currents and waves (fir*u/tm\ t, is the critical abaar i

which is site-specific and varies with dap* in the sediment bed (<*>î cm^ << is in* time aft» deposi-

tion of die sediments in die aediment bed diays), «, b a aUe-apedfic constant (fm-rfoyVon*), and

• » 3. The parameters 4, and » are user specified and are input mrough the variables AOIN and

RESEXP.respectrvdy. see Line 14 rfrt«inpatnkta Section 4.1. Experimeaa have also shown that
MMMviMhaiAlu JMIA luMW ^KkA AA*«HHMMfjWfe £• MtAjlA &• t^A ^BJM|*1 flfhAft fl^AnMuuuinuciy one uuui. ine aiiuiiiuuuu is BHQC • me wioBrj mat me

A iBaHihc anode! of me sediment bed structure is also necessary if the transport processes are to

be Bodelled properiy. A layered sediment bed model has been created and it b depicted in Figure 2.1.

The effects of compaction OB resuspension are accounted for by me parameter g in Eq. 24, which

{4 214ity after which time • ia assumed to be constant. Experiments! results have shown that com*

paction effects begin to becoma oegUglble for ̂  > 6 to 7 days, approxteately.

Model input variables concroQing the stractm of the sediflMiu bed amkl are discasaed fiffher te

in Table 2.1. Vahjes of die panmetars used in the lower Fox River and Green Bay examples are given a:
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in Figures S.4 and 5.6.

A volume integral method was used to derive finite difference equations which are used to

numerically solve Eqs. 2.1, 12, 13, and 2.4 (Ziegler and Lick, 1986). Interior and boundary point

equations were developed which have the following attributes: explicit, second-order accurate, locally

conservative, and boundary conditions are treated correctly. A unique feature of mis model is its suc-

cessful treatment of open boundary conditions (Lick et at, 1986; lick et al. 1987).

12 NUMERICAL PARAMETERS AND STABILITY LIMITS

Accurate and stable numerical solutions of Eqs. 11 to 2.4 depend on the grid element size

(Ax. Ay), timestep size (Ai). eddy viscosity (/!«), and eddy diffurivity (f>H). The values of these

parameters which yield accurate and stable solutions are controlled by several dimenrionless relations.

Generally, the computational grid for • particular problem is first cnnnnicted, see Section 3.1. and this

determines the values of Ax and A?. The bathymetry of the aquatic system, A»(xjr), is also discretized

and input to the model, aee Section 32, Let //.» • ft.*.. + DELTAH. where DELTAH is a correc-

tion for long term changes in the mean water depth, aee Line 22 of the the input file in Section 4.1.

The maximum wave speed in the solution domain is then c.̂ « » (I//BM)'*. Now, the Courant
c.A/number, o • — r— . where 5 • (X5(Ax + Ay), must be less man approximately 0.6 for stable hydro-

dynamic solutions. This stability limit restricts the maximum timestep size to

AWBO6— 2— . (19)
f»4MI

A similar stability limit exists for the sediment transport equation except that stability is based on

the minimum current velocity. Thus, if me sediment transport timestep is denoted by A/^, then

*. "0.6——.

where >— ~ is the mMhimm uiiieut velocity occurring in me r*l<>iilft*"*> The sediment transport

tfanestep is input as an integer multiple of the hydrodynamk timestep, see Line 6 of die input file.
a:

In addition to numerical stability, nalistic and accurate solutions depend on the value of AH used. ^

o
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Generally, one should use the smallest AH possible as this will usually produce the most realistic solu-

! tion. However, there are numerical limitations on die minimum value of AH, and these restrictions

depend not only on the grid size but also on die velocity field of a particular problem. For accurate

solutions, die theoretical value of die ffH Reynolds number, ~

i MIN (Ax. Ay), should be less than approximately 2. Thus, die dteoretical minimum AH is given

0.3 • = - . . (2.H)
••H >4

A similar relation holds for the eddy diffurivity in Eq. O4):

. (2.12)
•SJBJM

Practically, much lower values of 4* and D* can be ated nan die minimum vanes given- iaEqs. 2.11

and 2.12. Generally. one can obtain realistic sdndons with Re— values of op to 10. Numerical exper-

imenmion is die best method for determining die samiinnm values of 4* and DM tat a particular prob-

lem and Eqi 2.11 and 2.12 should be used as guidelines. Also, a good assumption fcr most problems

Two other hydrodynamk parameters most also be specified, c/ and /. The value of die bottom

friction factor can range from 0.002 tor clay/sQt sediment beds to 0.004 for sandy sediment beds, b

nearly all problems to be solved using SEDZL. «sing c/ • OJ002 is a very good approximation. The

effect of bed forms on c/ is aot accounted for here.

b evaluating die Coriotis terms in Eqs. (2J) and (13). die (plane approximation k aaod . Le../

is constant over die solution domain, and diis appioidmarinn is valid for problems in which die North-

Soothextmof theaolutk»domaaistetoabo« 1WH The

value of/ is then determined from

/-lOafa* (2.13)
wham fi is angular velocity of the Barn (0 • 7 J72 z 1<T* **) and * is the hwilade at the osaw of

die solution domain.
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2J CAPABILITIES OF THE NUMERICAL MODEL

SEDZL is a flexible and general sediment transport model but it does have limitations as to the

types of aquatic systems it can be applied to and the kinds of problems it can solve. This section win

broadly describe the capabilities and limitations of the model Detailed descriptions of various prognm

options and inputs are provided in Sections 3 and 4.

The numerical model can be applied to rivets, partially-enclosed bays, shallow lakes, and

partially-enclosed welNmixed estuaries. Examples of systems which have been modelled using SEDZL

are: Venice Lagoon Otaly), Trenton Channel of me Detroit River, Lower Fox River. Lake Erie, and

Green Bay. The main restriction on the geometry is mat two open boundaries cannot be joined at a 1/4

element intenection. see Section 3.1 and Figure 34. This limitation means that Sow from a river into

an unbounded lake or ocean cannot be modelled with mis version of SEDZl. The mndrtlrr must also

be sure mat the assumptions concerning vertical mixing of the water column made in deriving ftc

governing equations are valid. Shallow lakes which are strongly fhennauy stratified and estuaries wbh

a well-defined salt wedge should not be modelled using SEDZL.

A total of 24 prognm options are available for controlling prognm execution, input, and output

These options are described m Section 4.1 and summarized in Table 42. The model is capable of per-

forming three types of calculations: (1) toe-dependent hydrodynamics, (2) time-dependent hydro-

dynamics and sediment transport, or (3) time-dependent sediment oansport using steady-state hydro-

dynamics. As mentioned in Section 2.1, a maximum of three sediment particle siKxlsitm can be

modelled (fine, medium, and coarse). The modeller has the option of simulating the transport of a oae.

two, or three sediment component system, see line 9 of me input file in Section 4.1. Resuspensfoo of

fine*gnuned sediments can be caused by cunvots and wind waves. A wind wave model Is bout mto

SEDZL (Ziegter et aL, 1989) for deiennming bottom stresses diie to wind waves for either a constant or

time-varying wind field.

The

grid, sat Section 3.1 and Une 3 of the input Ala. The physical boundaries of the aquatic system being

examined are apptoniniitrd using BUS rectangular grid and mis geomeuy is controlled by an auxiliary

oto
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input file called node which is described in Section 3.1. The computer program does not have to be

modified and recompiled in order to model different geometries. Proper modifications of the node file

are aU that is necessary in order to study different problems. The variable bathymetry of the water

body is also input from an auxiliary input file, see Section 3.2. Long-term variations in mean water

depth can also be accounted for by SEDZL. see Line 22 of the input file in Section 4.1.

Hie present version of the code will work for a maximum problem size of 2100 frid points.

ja^-127. and MT^-SO. which to slightly larger than the Fox River example to Sections.

Many problems can be solved Mint »*» limits and it to not advised that larger abed problems be

23 far tether discussion of code sfae modification and computer requirements.

A variety of program options are available for specifying the hydrodynamk forcing for a particu-

lar problem. A time-varying, spatially-constant wind soess can be input, aee Section 33.1. Time-

varying inlet flow rates, from multiple inlets, can be specified, aee Section 332. For example, this

option could be used to model a river with two tributaries, independently varying the flow rate at each

of the three inlets. The flow rates can also be expressed as velocities (fm/t) or volumeeically On'/r or

eft). TldaVsekhe forcing can also be «ed to drive the system, aw Section 333 and Line 49 of die

input file. Specified incoming flows at an open pfflinnsry can also be superposed on ffuigimtg flows

generated in me interior of the solution domain, see Section 3.1.

Similar to the mlft flow rax, time-variable rHi""1*! *ff*t>>g at inltn fan be ajfflfiH. see Sec-

tion 3.4. The composition of the total sediment load can be controlled by setting the i

Of ttaCB

The total number of layers in the sediment bad to sat by variible LAYMAX (Line 15 of the mput fik)

and k can have a •*r«h*r» value of 14. The initial composition of the sediment bad for a mold-

OK 4% flUXtDffe OB BkOQIQOI 100 OOaMC

J__ .̂̂ . —— **~ —— *fl̂ ^h.*MaV*«^ «aV^ r̂î a^Sĵ  ^J^^A^ ^MA V tm^ f A ^M aaV* l̂ ^aa^ M&~. ^»GlD Dw •aHUvaTID HaTwOaUawB« Vav flDKBDQB QDDHB1* BBv JwBaV mw QK VaV ••aWK HIBa QaT

see Section 35. The initial •mkkness* of each sediment bed layer can abo be specified by me user,
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see Line 17 of the input file. Generally, a sediment calculation is started with the oldest sediment layer,

L-LAYMAX, having sediment in it and all other layer 'thicknesses' initially set to zero, see the exam-

pies in Section 5. Resuspension properties of each sediment bed layer are also set by die modeller.

The time after deposition, t4, of bed layer L corresponds to input variable FTIME(L), aee Line 16 of

the input file in Section 4.1. The critical stress also increases with depth, and t, of layer L is specified

by variable TAUCR(L), see Line 18 of the input file in Section 4.1. Recommended values tor

FTIME(L) and TAUCR(L) are given in Table 12 and illustrated in Figure 2.1.

24 PROGRAM OUTPUT

Output from numerical calculations can come in several forms. Hard copy or graphics output of

solution domain distributions is available for velocities (it, v), surface displacement ft), suspended sed-

iment concentrations (C»). change in sediment bed 'thickness', and sediment bed composition, see Lines

52 to 39 of the input file. Output of these distributions at periodic times during program execution is

user controlled, see Line 60 of the input file. Time-histories at specific grid points in the solution

domain of i), C». sediment bed thickness, and total bottom shear stress can also be generated, aee Lines

62 so 107 of the input file.

Structure of the various graphics and time-history output files will now be dimmed The nser

may need to write a computer program to convert nese output files to any tp*r*f* format feonired by

the user's graphics software. The velocity graphics output file, uvgraph. contains the t^j and v, j velo-

cities necessary for generation of a vector plot of the velocity field. The velocities are output in units

of cm/*. All velocities at solid boundaries and outside of the solution domain are zero. The format of

the file is 20F6.1 and its structure it shown in Figure 2Ja, If MX is greater than 20. then each line

wfll wrap around; for a given j value, I ft $30 wQl be on the first line, then 21 £ f S 40 will be on

the next line, and so on until UMX is reached. See Section 3.1 for definitions of MX and MY. The

first line is free format and it contains the TIME1 value which is the time, in hours, at which die at and

v values immediately below it were output Lines 2 so MY+1 contain « values at TiMEl and Lines
Cfi»

MY+2 to 2'MY+l contain v values si TIME1. The program has the option of outtutting intermediate *>
o
o
to

o
to
IO
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data. INPOPT(19)-1. so TIME2 - TIME1 + OUTINT, see Line 60 of the input file. The H and v

values at TIME2 are output on the lines immediately below it. Lines 2*MY+3 to 4*MY+2. At each

intermediate output interval, the TIME, H, and v data are written to the end of file wgraph in a similar

manner.

The data in the graphics output files etagraph. cgraphl. cgraph2, cgraphS. egrapM. bedgraph.

toAfracgraph are intended to be used to generate contour plots of the various variables, see Lanes 53 to

59 of the input file in Section 4.1. File etagraph contains surface displacements, it,/, throughout the

solution domain. The units of output i) values are in centimeters. The egraph files contain suspended

sediment concentration distributions which have units of mg/Kter.

The file bedgraph contains the sediment bed 'thickness* distribution, which seeds some further

*j~<~*~> The units of this 'thickness*. *. are grams/cm* and one would need to specify tte porosity

of the sediment fa order to obtain me actual thickness of the sediment bed. The following formula can

be used to determine the sediment thickness (Ziegler et al, 1989)

O.14)

where 7* is the sediment thickness to cm, 4 is e*i»eued to grams/cm*, 7 is the volume fraction of

water to the sediment bed (porosity), and p, is the density of the solid sediment For me •ao-gntoed

sedaneats examined here, p, »165 grams/cm*. The output 'mickneas*. •. is die deviation of me i

t bed with respect to the initial total sediment 'inkkness* specific by the SAOdeDer. La*

MDMX MIKflr
C"5)

t*t M
wfaere *t is the present calculated 'thickness* of layer L and t.j. b the initial specified 'thkkne*' of

layer L. +,4, • TSEDOCL). Anas of Bet erosion occur where Q> is negative and positive values of •
•wwflwWl fin J^B>w^B>ffitfWftAi AMiaMi l^ui •%ww*awMM& Mff •1Wftfjtt(ffeai ttui tv^Mtail aUMvHwMbMk t& •MuMmM. a^B^K

mentiDthesedimcmbed. The omput in mis file ranges in value from 0 to 1 with 0 representing a pure

AH of the above contoor plot omput files have die ante structure, which is lUnamed to Figure

2Jb. and the fonnai of these files is 15E10.4. If MX is greater than 15. than eech toe wffl wrap
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around; for a given j value, 1 £ i $15 will be on the first line, then 16 £ i S 30 will be on the next

line, and so on until i-MX is reached. The first line is free format, and it contains the TIME1 value

which is the time, in hours. Similar to file wgraph. the contour plotting data can be output at inter-

mediate time intervals.

The files containing time-history output data at specific grid points, eiahist, chut, tedhist, and

tauhist. all have the* same format of 21E10.4. The tlahist file structure is as follows:
Line Time Period

1 1
2 2
3 3

TIME ETA(l)
JtxxxE-xx JtxxxE-xx
JtxxxE-xx jtxxxE-xx
JtxxxE-xx jtxxxE-xx

... ETA(META)

... jtxxxE-xx
_ JtxxxE-xx

JtxxxE-xx

where TIME is in hours, ETA(l) represents iWow^O)- ETA(META) represents TLH(wM»M(mv **&

i) values are in centimeters, sec Lines 63 to 83 of the input file. The tedhist and tauhist files are struc-

tured in the same manner as file ttahist, except that the data values are output at ICT(M),JCT(M).

M«l_.>fCT. The chut file is setup slightly differently in order to account for the concentrations of

different sediment size-classes. This file's structure is
Line

1
2
3
4
S
6
7
8
9

Time Period
1
1
1
2
2
2
3
3
3

*

Size-class
Hne

Medium
Coarse
Hne

Medium
Come
Hne

Medium
Come

•

TIME C(D ~. C(MCT)
jtxxxE-xx JtxxxE-xx ... JtxxxE-xx
JtxxxE-xx JtxxxE-xx .. JtxxxE-xx
JDKXX£*XX JDOUt£*XX ••• JDCXXE'JU
JtxxxE-xx JCtxxE-xx .. JtxxxE-xx
JtxxxE-xx JtxxxE-xx _ JUtxxE-xx
JtxxxE-xx JtxxxE-xx ~. JtxxxE-xx
«r««B«}m jtxxxE-xx w. JtxxxE-xx
jtxxxE-xx JtxxxE-xx ». JCTF^J -̂TCT
JtxxxE-xx jtxxxE-xx .. JtxxxE-xx

• *•• •

where it has been assumed that KCr«3. C(l) represents CMQ)jtoO)< n^ C(MCT) represents

CkKMCfv/MOMty P* KCTO, medium din-clan concentiations are output before coarse airfKlass con-

centrations at each time interval.

Output of the values of an dependent variables at the end of a calculation to a flk catted tana is

also possible, see INPOPT(20) in Section 4.1. This file can then be toed « the initial conditions to
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stan a future run. This option is very useful when a series of calculations need to be made. Se the

Lower Fox River example in Section 5.1.

The generality and flexibility that has been built into SEDZL make fc a very powerful computer

program but these attributes also create the need for an input file which can be quite complex. A user-

friendly faterftee called tttup has been developed which greatly tHr'Mtff input file creation and *

modification. Installation and use of tetvp are discussed in Sections 16 and 4.2. resepectively.

2J COMPUTER REQUIREMENTS -

The source code for germ consists of a main driver program (ctl .main f) which calls S3 subrou-

tines and 2 functions. The source code files are divided into time categories:

ctl* J • controls input/output, calculates constants;

h.*.f • calculates hydrodynamics;

a* J • calculate* sedknent transport

The modular design of die suum code mains it easy to modify the code. However, code modifications

should not be made unless die user to extremely familiar with die structure of die code and its underty-

fag theory.

The code to written in FORTRAN 77, and fc has been compiled and executed on die following

machines: DEC MkroVAX n. Sun Spsrcstation 1. Sun Sparcstation 330, and Convex C-l. The only

device-dependent statement in die program toon one 129 of ctl main r

CALL ABRUPTJUNDERFlXyW

This statement to specifically for execution on Sun Sparcstations. It should be deleted before die pro-

ing poim recalculation. On IEEE conforming computers, dus code wfll take up to twice as long to run.

unless die recalculation to turned off. If die Bier's system has dus problem, dttre saay be • abnfltor

command to nan off d* recalculation

The matrices and arrays in dw source code are sized to ran a problem with t •»**̂ r* of 2100

grid poinu and MX- 127 and MY- SO, see Section 3.1 for definitions of MX and MY. TVs size of
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program generates an executable file that requires 8 Mbytes of internal memory. If larger arrays are

needed in order to solve a particular problem, then each source code file must be edited. Each matrix

that is presently sized 12740 must be changed to the desired MX.MY values in the REAL, DOUBLE

PRECISION, and INTEGER declaration statmentt of each source code file. Similarly, all arrays

currently set at 2100 must be resized to a new maximum total grid point size. Note that die maximum

number of grid points is the number actually in the solution domain; grid points outside of me domain

(node-number • 0) are not counted in mis total The user must keep in mind that increasing

arrayAnatrix size will also increase die internal memory requirements of die executable code.

24 INSTALLATION OF SEDZL AND wtop

Only a few simple commands are needed to compile and install SEDZL and temp. The software

provided with die SEDZL package is ready to compile on any SunOS machine which has SysV tools

and Sun FORTRAN installed on it. If die user has a different computer system, then small changes in

two different Makefiles -may be necessary prior to compiling and installing die software. Please read

and understand this entire section before attempting to install these programs. If die user is uncomfort-

able about installing die software after reading tills aection, see if there is a System Administrator or

someone else available at your site to help you install die codes.

The SEDZL software package it provided in a directory called tedxtJir which contains ue four

sob-directories trcdir. tetupMir. fuuSr. tod gbayJir. The sub-directory trcJir contains an of die

source code files for SEDZL dial were dimmed in Section 2J. Files for die temp program are con-

tained in die utupjKr sab-directory. Input and output files for die Lower Fox River and Green Bay

examples presented in Section 5 are in the/Httfr and gbayjlir sub-directories, respectively.

USE OF MakeXet

Both SEDZL and tetup come widi Makefiles which allow automatic compilation and installation

of die sofrwarewiu UK mob program. The mate program is standard on UNIX systems, and it is also

available os many other operating systems a* welL The first section of each Makefile contains ™
ha

definitions of which compiler to use. what to can die compiled program, where to put it. etc. Thus, k
oo
to

svo



is fairly easy to modify the Makefile included with the SEDZL package to reflect the software available

on the user's system.

2*2 INSTALLING SEDZL

To compile SEDZL. the user's computer system needs to have a FORTRAN compiler. If mote is

available on the user's system, k can be used to automatically install the software. If make is unavail-

able, simply use the FORTRAN compiler on your system to compile all of toe ^umwjj code files m

teMJMsrtMr, which an the files ending with J, and place the resulting compiled program in me

directory in which it is to be used.

243 INSTALLING SEDZL USING auke

The user should be in the directory tedtljduifcJ^ when executing the instructions in Ibis sec*

lion. The software package comes with a Makefile set up for SEDZL installation OB a SunOS system

which has the Sun FORTRAN compiler. If yon are on such a system, the Makefile should act aeed to

be changed. Be sure to read mis entire section to make sure mat Makefile modification is mmrr ssary.

If you are convinced that the provided Makefile is compatible with your computer system, simply type

make and then press the RETURN/ENTER key. This command wffl start the «?Tnrt<r'' process,

which can take up to 30 minutes on a Sun Sparcstatkm 1. If make gencram any error messagfi, she

Makefile vUl have ID be edited. Modifying the Makefile is discussed below. The error messages should

^t tf»f na*Trf flf the pmMttn, f?r*iflfftftg a Syiwp A<*"»**>*PT|"' iff hflr tf^

diagnose the problem may be necessary.

If no errors are encotsiieied during the make process, the compiled program wfll be ready tot

Super-user access is usually required far mis stsp. Once super-user access has been

obtained, type make autoff and then press the RETURNIENTER key. The SEDZL eiecutabk fie.

rwuMAttA wffl then be installed into the proper directory and be avaflabk for use.

If the user does uot have a SunOS computer system, or • BOOTS wave ascouBtSfed fliaing me

to be modified. Ofytetom^&toMakefiUiimtttAiDtottoa&tlnmotciie*. Do not
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edit below the WARNING line unless you know what you are doing. Always make a backup copy of

the Makefile before making any changes.

The first section of the Makefile is where variables are defined to be used in the second section.

which contains the rules for compiling the program. To change the variables, simply edit the line in

the, Makefile so that proper execution occurs on your system.

The first variable is FP. which defines the FORTRAN compiler used on the system. Most sys-

tems use /77 although some use /c instead. The variable FP is set by default to/77. FFLAGS defines

what flags to use with the compiler. If there are any special settings for your FORTRAN compiler, put

them on this line. Most compilers have some son of optimization. The highest level of optimization

should be used, as the savings in run-lime wiD far outweigh the extra compile-time needed. The optim-

ization flag should be set here. This flag is currently set to -O3 which is the highest level of optimiza-

tion available with the Sun FORTRAN compiler. Check your manual for details if you have a different

compiler. The flag -O works with mod compilers, but usually does not produce the best optimization.

The following variables define the directories in which the software and the manual pages are to

be put The variable BINDIR is the directory where make will put the compiled program. Most sys-

tems have a lusrlbcallbin directory where locally installed software is kept This directory must be in

the user's account path in order to run the software. If mis directory is not present on your machine, or

you wish to place the software in a different directory, change this line. Installing software into this

directory usually involves getting super-user access. If you cannot get this access, change BINDIR to

one of your own directories.

MANDIR is the directory where mate will put the on-line manual page. On almost every UNIX

system, this directory is turfman. Matt wffl put the manual page in the maul directory Just below this

directory. Installing the OTIP*E manual page usually involves getting super *user fry** If you cannot

get ibis access, make wfll generate an error message when it tries to install die manual page. This error

message can be ignored. The variable MAN1 defines the manual pages to install in section 1 (user pro-

grams) of Makefile. Only one manual page is currently available, tedtlJ.
a

o
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Hie variable BINNAME is the name of the compiled SEDZL program. BINNAME is currency Kt

to rtMMdtljc, but the user can change the name of the executable file if so desired. Using the default

setting of BINNAME. the example in Section S.I could be run by using the command

runjedzlJt < infoxJ > outfoxJ

and all of the output files for ran JtotJ would be created.

You should not need to make any changes in the Makefile put this point Once yon have made

any changes, save the (Ue and type matt from the UNIX prompt As discus**! stove, this command

wul start the f<||>p"*"n>| process.

If make fives yon any enon at this point, you probably need to adit the Makefile again and

correct the errors. The error message should give some indication of what the problem is. If you are

not sure, try 10 find a System Administrator to help you diagnose the problem.

Once you successfully complete this sup. you can install the SEDZL executable code into the

pru|Ki directory. Super-lisa acccii is usually required for this step. Once super«vser acccii has been

obtained, type make install and the software will be installed into the proper directories, as discussed

above.

At this point, me SEDZL software should be ready to use. Make sure that the BINDIR directory

is in the user's account path. If you use oft as your shell, you nay need to type the command rehash

before the software is executable. If you use a different shell, you may need to logout and login again

before using the program.

2JM INSTALLING

i Bead to have a C compiler and a emu library. Both an

UNIX sysasms. C compilers are available MI Beany •vary operating system and emu Ubranes are

available OB other systems, alihimgh they are aot standard. If me user's operating system does not have

a C compiler and cams library, then you wm be limited to msftual editing of SED2L input files.

oo
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2.6.5 INSTALLING setup USING make

The user should be in the directory tedtl.dSrfutup.dir when executing the instructions in this sec-

tion. The software package comes with a Makefile configured for setup installation on a SunOS system

which has the SysV tools. If you are on such a system, the Makefile should not need to be changed.

Be sure to read this entire section to make sure that Makefile modification is unnecessary. If you are

convinced that the provided Makefile is compatible with your computer system, men simply type make

and then press the RETURN/ENTER key. This command will start the compilation process, which takes

about S minutes on a Sun Sparcstatioo 1. If make generates any enor messages, the Makefile will have

to be edited. Modifying the Makefile is discussed below. The enor messages should gjve some indica-

tion of the nature of the problem. Contacting • System Administrator to help the user diagnose the

problem may be i

If no errors are encountered during the make process, the compiled program will be ready fix

installation. Super-user access is usually required for this step. Once super-user access has been

obtained, type make install and then press the RETURN/ENTER key. The executable file setup will

then be installed into the proper directory and be available for use.

If the nser does not have a SunOS computer system or if errors were encountered during the

make process discussed above, then the Makefile provided with the SEDZL software package will need

to be modified. Only the first section of the Makefile will need to be changed in most cases. Do not

edit below die WARNING line unless yon know what you are doing. Always make a backup copy of

the Makefile before making any changes.

The first section of the Makefile is where variables an defined to be used in the second section,

which contains the rates fat compiling tbe program. To change the variables, simply edit the line in

the Makefile so that piopei execution oocmr on your system.

The first variable is CCP, which defines die C compiler used on the system. This variable is set

to cc. which is what most systems toe. The variable CFLAGS defines what flags to ose with die com-

piler. If there are any special settings yon need to give your C compiler, put diem OB ttds toe. This

variable is currently set to -0 which will ran it duough die standard optimization. Optimization is not
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critical to this program. Be sure your compiler supports this flag.

The following variables define the directories in which some of the support files and compiled

programs are to be put after compilation. The variable BINDIR is the directory where make wffl put

the compiled program. Most systems have a lusrllocal/bin directory where locally installed software is

kept This directory man be in your palh in order to ran the software. If this directory is not present

OB your machine, or you wish to place the software to a different directory, change this line. Tnaafling

software tote this directory usually involves getting supeMuer access. If yon cannot get this access.

change this 10 ooe of your own directories.
*
'>

The variable MENUDOt is the directory where the configurable neons for the tan? program win

be kept This variable is currently act to twr/hcaUUbtietiip. V the harllocdllib directory is not

present on your machine, or yon wish to place the menus in a different directory, change this line.

Installing files into this directory usually involves getting super-user access. If you cannot get this

access, change this to one of your own directories.

The variable MAMDOt is the directory where matt will put the on-Une aaaaual pages. On almost

every UNIX system, this directory is Itartwu*. Make will put die manual pages to me atari and mart

directories just below this directory. *»««iK"| the online manual pages usually involves getting super*

the manual pages. This error message can be ignored. The variable MAN1 defines tie manual pages 10

install m section i (user programs). Only one manual page is provided to this section, arapJ. The

variable MAMS defines the manual pages to install in section 5 (file formats). There is only one manual

page in this section, mamj.

The variable AJNKAME is the aero* of the compiled *en? program Thb variable b currently set

to Mtvp, but yon can change it 10 anything you want.

You ^fiflf not need 10 stake any changes to tftt MokeJUe pest tf^it point Onct you have asade

a&y f*iiHgft. save die file and type met* from die UNIX piuuipu This command win sort the compi-

lation process, which was dteussed above.
»
•a
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If mate generates any error messages at this point, you probably need to edit the Makefile again

and correct the errors. The error message should give some indication of what the problem is. If you

are not sure, try to find a System Administrator to help you diagnose the problem.

Once you successfully complete this step, you can install the setup executable code into the

proper directory. Super-user access is usually required for this step. Once super-user access has been

obtained, type make install and the aoftware will be installed into the proper directories, as discutsed

above.
X

At this point, the temp software should be ready to use. Make sure that the BINDOt directory is

in me user's account path. If you use cf A as your shell, you may need to type the command rehash

before the aoftware is executable. If you use a different abeO. you may need to logout aad login again

before using the program.
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3. PROBLEM SETUP

Modelling the sediment transport processes in a particular aquatic system requires preparation of

various auxiliary input files whkh are used by the computer program during a simulation, Two files

whkh are required for any type of run are the node fite and the depth file. Node is used to specify the

geometry of the water body while depth contains its bathymetry. Optional files can also be construcied

so that time-varying hydrodynamk forcing and sediment loading as weU as spatially-varying sediment

bed properties can be specified. Details concerning the construction of these files will be presented in

mis section.

3.1 GEOMETRY: NODE FILE CONSTRUCTION

The node fik is used to input the geometry of a particular aquatic system. L&, river, lake, or estu-

ary. Different water bodies can be modelled by simply changing the node file; no modification of the

.computer code is necessary. Each grid point in a problem has a particular number (node-number) asso-

ciated with it The node-number determines what type of numerical dement surrounds the grid point

The computer program then uses the node-numbers to apply the conta equations to each grid point

OUTIOff CttCQUsQQQS*

The use of four bask numerical dements makes it possible to accurately approximate complex

geometries even though a uniform, rectangular grid is used. A fun element is used for interior points.

see Figure 3.U. Boundaries are defined by using 1/4 dements far 90* corners (Figure 3.1b), 1/2 ele-

ments for straight boundaries (Figure 3.1c), and 3/1 dements for 270* corners (Figure 3.1d). Each of

these boundary dements can be oriented in 4 different directions with respect to the *y coordinate sys-

tem. AO possible dement orientations are Unseated in Figures 33 to 3.4. The nodt-nunbm

corresponding to each element type and orientation are Ussad fat Tabk 2.1.

Boundaries involving inflow/outflow aeed some further explanation. A Ml element with a

specified inflow is a boundary where only incoming flow is allowed. Any outgoing flow generated in

the interior of the solution domain wfll be perfectly reflected by mis type of dement. Examples of ffl

situations where this element type is appropriate are a dam or the upstream limit of a river. A 1/2 ^
o. o
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element at an open boundary allows both incoming and outgoing flow to pass across it The incoming

flow is specified but the outflow is calculated with negligible reflection and distortion. The tool flow is

then determined by superposition. A river mouth which is affected by tidal/niche notion is an exam-

ple where an open boundary should be used. Partially-open 1/4 elements are used to connect the

spedfied-inflow or open boundary 1/2 elements with other 1/2 element solid boundaries.

Certain element combinations are not allowed due to the structure of the computer code. Ele-

ments which cannot be next to each other are:

1) full element and element outside aoludon domain, 64.. 1 0;

2) two 3/4 elements, e.g., 31 32;

3) a 3/4 element and a partially-open 1/4 dement, e.g., 34 62.

Other combinations are not pntsiNt due to geometric constraints. As discussed in Section 23, two

open boundaries cannot be joined together by • partially open corner, aee Figure 3 J. The computer

code checks the node file for errors at the beginning of each run. If node-lumber errors are detected,

messages are displayed describing the error and fci location. Program execution is then halted. An

error-free node file results in no action or response.

The format of the node file is 2013. The file must be sffucmred as follows:

Line

1

2

MY-1

MY

J

MY

MY-1

2

1

t-1 i-2 - »-MX

XX XX «. XX

XX XX ~ XX

XX XX ~ XX

XX XX ~. XX

The i index increases in me positive x •direction whDe the J index increases in the positive y Direction.

The maximum f and > indices are MX and MY. respectively. If MX is greater than 20, men each line
O
U>
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wfll wrap around; for a given j value, lif S20 will be on the first line, then 21 S/$40 will be on

the next line, and so on untfl i*MX is reached. Orienting the numerical grid such that either the* or j

axis is parallel to the North-South map direction is recommended. Examples of node files for the lower

Fox River and Green Bay are shown in Section 5.

The size of the rectangular grid element determines the values of MX and MY. Let the overall

horizontal lengths of the aolnioo domain in the *• and y- directions be denoted by L, and L,, respec-

tively. The total number of grid points in the *> direction is men

and in they- direction

Ay
where Ax is the grid element ate m the *• direction and Ay is the grid element size in me y- direction.

Generally, use of a square grid element. Le.. Ax • Ay, produces me best numerical results. Use of a

rectangular grid is permissible but the ratio between the two element dimensions should not exceed 5.

A ••••••giii** element with a Ugh aspect ratio, greater man S. can result m fa***"*"*** numerical solu-

tions. The mat number of grid elements in the x- and y- directions are MX-I and JrT-1. respectively.

3.2 BATHYMETRY: DEPTH FILE CONSTRUCTION

Accurately determining die bathymetry of an aquatic system is one of the most important steps to

ptodutlng a realistic model of the sysiatu. Bottom depths must be determined at each grid point m me

solution domain and than entered into me Aptk file, which is sunibr to structure to the M* file du-

cussed previously. Generally, U«S* Army Corps of Engineers sounding maps are the most accurate
(•mtttMVk^atv^fc aviaMMt •VBBtlBtaaW •mia l̂ ftaf^MWM jlaWtfh Jtantal mtwMtttft BMt OainVBMk 4bMajk ••^aMfBi •vtk^uBiAttnaiv 4W^H>atBtla>

Areas which lack navigation chaaaels, however, n^ ntt tenured by the Conp of Engineers, so one

must nen rely on NOAA maps. BBuaDy. Note that die water depths on these maps are referenced to

actual mean water depth considerably. The computer program has an option by which adjustments can

Ou>o
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be made for these long-term mean depth changes, see Line 22 of the input file in Section 4.1. Thus, it

is recommended that the depth file contain the datum-referenced water depths from the maps used.

The format of the depth file is 20F6.0. Similar to the node file, the depth file most be structured

as follows:

Line

1

2

MY-1

MY

j

MY

MY-1

2

1

i- 1 i-2 _ i-MX

lOUt. XXX. ._ TOOL

xxx. xxx. .~ mm_

• • ••• •

• • ••* •

• • ••• •

XXX. XXX. ~ XXX.

XXX. XXX. ™ XXX.

Examples of depth files-fbr die lower Fox River and Often Bay are included with die SEDZL aofkware

package.

All depths must be input in centimeters and be positive. The maximum depth possible is 99999

cm (999.99 meters or 3280 feet). Zero depths are not permitted. The computer program will check die

depth file to make sore that each grid point in die aolutioo domain has • depth assigned to it. If a grid

point has zero depth, program cifrution will atop and an error message stating die location of the aero

depth win be printed out No action or response results from an error free depth file.

3J TIME-VARYING HYDRODYNAMIC FORCING

Real riven, lakes, and estuaries mt subjected to forces which are continually changing, border

to properly node! die transient nature of diese systems, it is possible to construct files used by die com-

puter program which specify time-varying wind stresses, flow ntes. and water level variations

(tide/seiche). Construction of diese files, wind, tylm-, and tide, wfll now be discussed. The program *

options which enable die use of these files are discussed in Section 4.1. §
to
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3 J.I WIND STRESSES

Shear stresses doe to time-varying winds can be imposed by using the wind file. The wind shear

stress is assumed to be spatially constant over the entire solution domain. Three wind parameters are

specified in me wind file: direction, velocity, and air temperature. The velocity must be input in
%

centimeters/second and be positive. The air temperature is used to adjust for air density variations V

when calculating the wind shear stress and it must be expressed in degrees Celsius.

Sixteen different wind directions can be specified with a difference of 2X5* between each direc-

tion. Each direction is denoted by a number, ranging from 1 to 16. The orientation of each direction

with respect to me x-y coordinate system of the numerical grid is shown • figure 34. Note dm me

orientation of the numerical grid with respect to North must be o t̂ennined b order to correctly convert

wind directions obtained from meteorological data to the dii«cticm tuvd by the computer program. The

wind direction specified means that the wind is blowing from that direction.

The wind file is constructed such mat the direction, velocity, and temperature at a specific time

are entered on a line. Each line of the file upmsaiu the wind conditions at a different time and it is

assumed that the data are uniformly spaced in time. Specification of me time interval, assumed tfr be in

hours, between each wind data point is discussed in Section 4.1. The wind file must be structured as

follow*

Line

1

2

3

NWIND+1

Time period

1

2

•

NWB4D

DDL VEL. TEMP.

NWIND

n x . n x . n x .

• •

m . n x . n x . no
50
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NWIND is the total number of time periods listed in the file. For the program to function properly.

NWIND must be one time period longer than the actual length of the calculation. For example, if a 96

hour long run was to be made and the time interval between each wind data input was 1 hour, then

NWIND should be 97 and one additional Une of wind data is needed after hour 96. Tbe format of each

data line is 3F6.0 and columns 1 through 3 contain direction, velocity, and temperature, respectively. A

wind file is included with the Green Bay example, aee Section 5.2.

3AJ FLOW RATES

Time-varying flow rates, either fa mVx or 0. can be specified by using the inflow file. Input

flow rates must be uniformly spaced in time and the time interval between each value most be specified

in hours. Tbe program can vary the flow rate between two consecutive time periods either by a discon-

tinuous step-function or a linear ramping. Details on this subject are presented in Section 4.1.

The format of the inflow file is 20F6.0, and it is constructed as follows:

Line

1

2

3

4

S

Tune period

1-20

21-40

41-60

FLOW

QOLD

XXX. XXX. ~ XXX.

XXX. XXX. «. XXX.

XXX. XXX. _ XXX.

• • •

• • •

• • •

Flow rate values are entered fa inflow as shown above until die hut tine period is reached One addi-

tional flow rate value is accessary after ne last tine period value for proper tamping of flow sales at

the end of die calculation. AD flow ntes mat be positive and can be expressed either as mf/t or cA

The variable FLOW on die first Hue of inflow determines die units of die flow rates fa dte fik. Eater

tfs on die first line for flow sates fa ds and set FLOW equal to meter for flow rates fa mVi. The

50
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varable QOLD on the second line of inflow is the flow rate value M the start of the calculation, see

Figure 42. A inflow file is included with the lower Fox River example, see Section 5.1.

3JJ WATER LEVEL VARIATIONS CODE/SEICHE)

The water level, with respect to A, + DELTAH, at an open boundary can be specified by using

the tide file. The time-varying water level. i)(f), must be specified uniformly in time with the interval

between each i)(t*) value being measured in hours. The mitt of i)(f") are in centimeters and ft is

measured with respect to the equilibrium depth at the open boundary where k is specified. Thus. t|(i*)

can hive both positive and negative values. At the opeu rmifHtary. n is varied linearly between die

values of n(r") and nO"41).

The tide file is constructed as follows:

Line

1

2

3

4

NUNE+1

Time period

1-30

31-60

61-90

NLINE TTIME

XXX. XXX. ... XXX.

XXX. XXX. ~ XXX.

XXX. XXX. _ XXX.

XXX. XXX. .. XXX.

where NLINE is me total number of lines of data to read and TTIME is the time period between each

n(»') to boon. !VfimUDeisfrwfanimwhikthewuerkvdd«ttIiimhaveafonimof20FSX). If

the Ut» 4H* Bnt has has *hf*T 20 data eiuries in ft, then seros most be M *̂* after the **** tf*"^

vatoe to line NLJNE+1 so that the Itoe has 20 onto to k. One additional water elevation most added

after the last data point for the

River example, see Section 5.1

to function comedy. A 4de file is included win the lower Fox a
»
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14 TIME-VARYING SEDIMENT LOADING

Time-varying sediment concentrations, in mg/liter units, can be specified in much the same

manner as the flow rates discussed in Section 332 by using a file called tedload. Specified concentra-

tions in tedload are uniformly spaced in time with the interval between each concentration being in

hours. The concentration profile between two consecutive time periods can be varied either as a step-

function or a linear ramping, see Section 4.1 for further details.

Sediment suspended in the water column consists of a wide range of panicle sizes. As discussed

in Section 23, the computer program can model the transport of three sue clasaes of particles: fine,

medium, and coarse. The fraction of the total sediment load (concentration) of each of these size

fi p( tpftffifty/l in the tttfppfl filt.

The format of the tedload file is 2QF6.0 and k is constructed as follows:

Line

1

2

3

4

S

6

7

8

9

10

Time period

1-20

1-20

1-20

21-40

21-40

21-40

41-60

41-60

41-60

Size-class

Fine

Medium

Coarse

Fine

Medium

Coarse

Fine

Medium

Cone

COLD<k).k.l...4CCT

XXX. XXX. ... XXX.

xxx* ^pm, 9m^ xxx*

XXX. XXX. _ XXX.

XXX. XXX. .. XXX.

BCT_ XXXi M* XJCTt

XXX. XXX. -. XXX.

XXX. XXX. .. XXX.

XXX. XXX. .» XXX.

^p^y jp^y ^^ J£Jfl[

ac
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Concentration values are entered in sedloed as shown above until the last time period is reached. Simi-

lar to an inflow file, one additional concentration for each sediment f*T*-c1itfT is necessary after the i*fl

time period value for proper tamping of concentrations at the end of the calculation. AH concentrations

must be expressed in mt/littr and the variable COLDQc) oa the first line of the file is the value of the

concentration of sediment size-class i at the start of the calculation, aee Figure 42. If KCT»1, then

only medium size-class concentrations are spredfied. If KCT«2, then k»l denotes medium shf-dan

and k-2 denotes coarse size-class. If KCT-3, then k»l denotes fine ihr-dass, k-2 denotes medium

size-class, and k«3 denotes coarse rise-clan The example shown it for KCT-3. Lines 2 to 4 are me

sediment ccacenaations for the three size-classes daring time periods 1 to 20. Lines 5 to 7 are for time

periods 21 to 40 and so on. If KCT«2. then only lines 2 and 3 would represent time periods 1 to 20

with line 2 being concentrations for the medium she-claw and line 3 being for the coarse size-size

class. For KCT-1. then only line 2 would be present for the medium size-class during time periods 1

to 20. An example of a atdtootffik can be found in Section S.I.

a:»•o
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3.5 SPATIALLY-VARYING SEDIMENT BED PROPERTIES

The sediment bed consists of a mixture of medium and coarse panicles. The initial spatial distri-

bution of the fraction of medium sediment panicles in the sediment bed can be specified by nsing the

tedbed file. The fraction of medium panicles in the sediment bed can range from 0 to 1. with 0 being

a pure coarse bed and 1 being a pure medium bed. The format of tedbed is 15E10.4 and iti structure is

similar to the node and depth files. Le*

Line j

1 MY

2 MY-1

MY-1 2

MY 1

i-1 U2

^w^ .̂flrc juixxE-xx

JDDtxE-XX JDUXE-XX

• •

• •

• •

J(XXXE-XX JUXXE-XX

JUQDiE*xx jcxxx£*xx

t-MX

•» î ^^F-CT

M* JixxxE-xx

•M •

-. JOXxE-xx

_ jCTjpJ.jp;

o
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4. INPUT FILE SETUP

The generality and flexibility of SEDZL make it a very powerful tool for analyzing sediment tran-

sport piocesses in rivers, lakes, and estuaries. However, these same attributes necessitate the use of an

input file which can be rather complex. A user-friendly interface called tetup has been created in order %

to make input file construction and modification an easy task.

This section first describes all of the input variables that can be included in the input file on a

tine-by-line basis. Various program options are also discussed. Next. Mtup use is presented m detail

Finally, manual input file setup is described for SEDZL users who do not have access to a computer

with a UNIX operating system.

4.1 INPUT FILE PARAMETERS AND PROGRAM OPTIONS

The input file can have a possible length of 107 lines and input/output to 27 different files. A

load of 24 options ate available for controlling program execution. Summaries of the input file struc-

ture and program options can be found in Tables 4.1 and 4.2, respectively.

Each input line wffl now be described. Lines 1 to S of the input file must always be included.

AD lines past Line 8 are optional, meaning that each line is included only if the option variable,

INPOPT(n). for that particular line is set to the value indicated fat Table 4.1. If INPOPT(n) - 0 for a

particular line, then that Kne is not to be included. The FORTRAN data type of each variable is shown

in parantheses.

Unel: RUNNO
Label for this nm. (CHARACTER-64)

Unei 1NPOPTOO.B-U-J4
Program option variables, 24 total (INTEGER)

Line 3: MX MY XSTP YSTP
CO
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MX • maximum i index in x-direction (INTEGER)
MY • maximum j index in y-direction (INTEGER)
XSTP • grid element size in x-directioa. in centimeters (REAL)
YSTP • grid element size in y-diiection, in centimeters (REAL)

• Genenlly, the ratio between XSTP and YSTP should be less than S, see Section 3.1.

Line 4: node FILE NAME
See Section 3.1 for a description of Ibis file. (CHARACTER'64)

Line S: depth FILE NAME
See Section 32 for a description of Ibis file. (CHARACTER'64)

Line & TSTP IRTSTP TMAX
TSTP_* hydrodynamic timesttp. in seconds (REAL)
IRTSTP • integer to multiply TSTP by to determine sediment transport timestep (INTEGER)
TMAX •maximum time for this nm.ni boon (REAL)

• If die hydrodynamic timestep is 10 s and a sediment transport timestep of SO s is desired,
then IRTSTP • S.

• IRTSTP il

Line?: AH CF
AH • eddy viscosity, in aiAs (REAL)
CF • friction factor for bottom stress (REAL)

Line 8: UO UL VO VL
IX) • constant specified inflow at PUB x 1/2 aleneau node-namber-41 (REAL)
UL • constant specified inflow at Minus x 1/2 element, node-nnmber*42 (REAL)
VO • constant specified inflow at Flos y 1/2 clement, node-number»43 (REAL)
VL • constant specified inflow at Minus y 1/2 clement, oode-number»<4 (REAL)

• See Figure 4.1 for orientations of UO.UL.VO.VL.
• Positive values of U^in^VO,VLprotaceitt»ni^
• Units of UO • VL are to emVr Oatexnted velocities) onless INPOPT(11) > 0. see

INPOPT(ll) for details.
• These inflows are not time-variabk onless INPOPT(12) is used, see Lines 26 to 29.

Line 9: DH KCT (indudeonlylf 1NPOTTOH)
DH.eddydiffosivity.faonV* (REAL)
KCT • total number of sediment particle thxlatsfs. maximum of 3 (INTEGER) x

• It KCT «1, then medium sfae-da» particles only. ^
• If KCT'2. then medium and coamafee<lasi particles. 0
• If KCT « 3. then n^. medium, and coarse size<lsss particles. S

o
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Line 10: CXO(k). k-l^JCCT (include only if INPOFT(l)-l)
Specified concentntion of size-class k, in mg/liter, at Plus x 1/2 element (REAL)

• If KCT • 1. then medium size-class panicles only.
• If KCT • 2, then k«l is medium size-class and k»2 is coarse size-class.
• If KCT • 3, then k»l is fine size-class, k«2 is medium size-class and k»3 is ooarse size-

class.
• These concentrations are not time-variable.
• These concentrations are generally applied at a specified inflow, node-lumber Ml. How-

ever, using these eoncenntions at an open boundary, node-number «51. will result in the
value of CXO(k) being applied if the velocity at the open boundary is incoming.
reversed flow.

Line 11: CXL00. k-l̂ KCT (include only if INPOPT(l)-l)
Specified concentration of size-class k. fa mg/liier. at Minus x 1/2 element (REAL)

• If KCT • 1, then medium ato-dass panicles only.

• If KCT • 3, then k»l to fine she-flats, k»2 to medium tiirnrlais and k»3 to coarse size-
class.

• These eoncenntions are not time-variable.
• These eoncenntions are generally applied at a specified inflow, node-nunber -42. How-

ever, using these eoncenntions at an open boundary, node-number «52, will result in me
value of CXLQt) being applied if the velocity at the open boundary to incoming. Le«
reversed flow.

Line 12: CYOfr). k-l^KCT (include only if INPOPT(l).l)
Specified coocenntion of size^lajsk, to mg/liter. at Ifey 1/2 element (REAL)

If KCT • 1. then medtam size-class particles only.
If KCT • 2. then k*l is i**4fap* ****~*i»t» and k»2 is *
If KCT • 3, then k-1 is fine abe-class. k-2 it mediom size-class and k-3 to ooarse size,
class.

These eoncenntions are generally applied at a specified inflow. noA-wnfter-43. How-
ever, using these concentrations at an open boundary, node-number «53, win result • me
value of CYOQO being applied if the velocity at the open boundary to mooning,

Line 13: CYLfc). k»l_*CT Qnclode only if 1NPC*T(1)-1)
Spedfled coocenntion of size<latt k, m aag/liter, si IvBras y 1/2 element (REAL)

• If KCT •!, then BMdbnsb*<laBipeitkks only.
• If KCT • 2. ihffl k*l to "*t"1'irni sixe l̂ass a**4 fcH2 to ooarse aize^daas.
• If KCT » 3. then b>l to fine ahxlati. k»2 to medium size-class and k*3 to coarse size*

These eoncenntions are not time-variable.

o
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• These concentrations are generally applied at a specified inflow, node-number -44. How-
ever, using these concentrations at an open boundary, node-number «54, will result in the
value of CYO(k) being applied if the velocity at the open boundary is incoming, Le.,
reversed flow.

Line 14: AOIN ALPHA DMAX RESEXP BETA CB TCRDEP Cmclude only if INPOPT(1)-1)
AOINma, toresuspensionequation.Eq.(2.8) (REAL)
ALPHA » o in flocculation equation, Eq. (16) (REAL)
DMAX • maximum floe diameter, in microns (REAL)
RESEXP • exponent 'a* in resuspension equation, Eq. (2.8) (REAL)
BETA •settling speed of coarse size-class particles, in microns/second (REAL)
CB • bottom shear stress factor for boundary elements (REAL)
TCRDEP • critical bottom shear stress for ao deposition of medium size-class (REAL)

• For a boundary element, t* • CB tf where t<* is the bottom shear at the nearest interior
grid point and 0 $ CB <1. RECOMMENDATION: use CB - 1.0.

• See Sections 11 and 5 for discussions ea appropriate values of «,. o. DMAX, RESEXP.
BETA, and TCRDEP.

Line 15: LAYMAX (include only if TNPOPT(l)-l)
• Total Dumber of layers in sediment bed, see Sections 2.1,23 and 5 (INTEGER)
• Maximum value of LAYMAX is 14.

Line 16: FTIME(L). L-1_J-AYMAX (include only if INPOPT(1>-1)
FTIME(L) • time after deposition of sediment bed layer 1 (REAL)

• FTIME has units of days and is f4 mEo,(2.8). see Sections 2.1.23 and 5.

Line 17: TSEDO(L). L»U JAYMAX (include only if INPORQH)
TSEDO(L). im^i«lfihickM«'of sediment bed liyerL (REAL)

• TSEDO has mutt of trams/em1 so the actual thickness of the layer can be determined once
the porosity of the layer is specified, see Sections 11,23 and 5.

Line 18: TAUCR(L), L-1_JLAYMAX (include only if INPOPT(1^1)
TAUCR(L) • critical bottom shear stress of sediment bed layer L (REAL)

• TAUCRhuuniuof^MX/cm'andist. mEq. (18). see Sections 2.1.13 and S.

Line 19: PO (include only if WPOFTOH and KCT>1)
ro«fr»ctk»ofmediBnsize<lmpertick«mtaitiil» (REAL)

• Values of PO must be such that 0 if Oil. For RV1. a* initial *edin>e« bed consists of
pure medium-size class particles. For PO-0, the initial sediment bed is 100% coarse-size
class panicles.

• PO is aywicd to be constant fV^'ihont the tf^y sediment bed, if, for each sediment hful
layer at all grid points.

=c
Line 2ft CTICQc). k-l^JCCT (include only if 1NPOPT(1M) ^
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CTIC(k) • initial concentration of size-class k. in mg/liier (REAL)

• CTICQO is constant throughout the solution domain.
• If KCT • 1. then medium size-class panicles only.
• If KCT • 2, then k»l is medium size-class and k»2 is coarse size-class.
• If KCT • 3. then k»l is fine size-class, k«2 is medium size-class and k»3 is coarse size-

class.

Line 21: ton FILE NAME
/cut is a file generated at the end of a previous run. This file contains an of the hydro-
dynamic and sediment transport data needed to start the current calculation from the point
where the previous run ended. File ton for the current run is the same as file ieou of die
previous run. see Line 61 and INPQPT(20). (CHARACTER'64)

Line 22: DELTAH Gnclude only if INPOPTOH)
DELTAH • constant depth added to aH bottom depths, in centimeters (REAL)

• Generally, bottom depths used in the dtptk file have been measured with respect to some
datum. Long-term lake level or tidal variations may cause the actual mean water depth to
be significantly different from the depths specified m the depth file. DELTAH can be used
to adjust the bathymetry so that the correct mean water depth is bang used.

• Positive DELTAH adds to the bottom depths while negative DELTAH subtracts from me
bottom depths. DELTAH is constant throughout the solution domain.

Line 23: tide FILE NAME (include only if INPOPT(9>1)
See Section 3 33 for a description of this file. (CHARACTER'64)

Line 24: wind FILE NAME Qnclude only if INPCfT(6>l)
See Section 3 3.1 tor a description of this file. (CHARACTER'64)

Line 25: TWIND (include only tf INPOFT(6>1 and INPOPT(7>1)
TWIND is the time, in hours, between each wind measurement used to the wM file, see
Section 33.1. (REAL)

Line 26: NRAMP(1) (include only If 1NPOPT(12>1)
NRAMPQ) • number of hydrodynamk timesteps to linearly increase UP (INTEGER)

• Tbisoptkmbtebeusedonry wbeaacoittattinflowsiaFhisxl/2{
-41. is dented, aee Line I.

• The flow rate wffl be inearly ramped from 0 at d» start of the calculation to UP over a
rime period of NRAMP*TST? seconds. Use of this option will solve nomerkal problems
associated with sharp wave fronts generated by • discontinuous increase in flow rate, espe-
daDy when large UO values are used.

Line 27: NRAMPQ) (include only if INKFr(12>l)
NRAMPQ)* number of hydrodynamk timesteps to linearly increase UL (INTEGER)

SB
• This option is to be used only when a constant inflow at a Minus x 1/2 dement. *odt- 2

lumper -42, is desired, aee Une 8.
o
o
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• The flow rate will be linearly ramped from 0 at the sun of the calculation to UL over a
time period of NRAMP-TSTP seconds. Use of this option will solve numerical problems
associated with sharp wave fronts generated by a discontinuous increase in flow rate, espe-
cially when large UL values are used.

Line 28: NRAMPQ) (include only if INPOPT(12)-1)
NRAMP(3) • number of hydrodynamk timettcps to linearly increase VO (INTEGER)

• This option is to be used only when a constant inflow at a Plus y 1/2 element, node-lumber
•43, is desired, see Line 8.

• The flow rate wfll be linearly ramped from 0 at the start of the calculation to VO over a
time period of NRAMP-TSTP seconds. Use of this option wfll solve numerical problems
associated with sharp wave fronts generated by a discontinuous increase to flow rate, espe-
cially when large VO values are used.

Line 29: NRAMP(4) (mclude only if XNPOPT(12>1)
NRAMP(4) • number of hydrodynamk timesteps to linearly increase VL (INTEGER)

• This option is to be used only when • constant inflow it a Minus y 1/2 dement, node-
Hianber -44. is desired, see Line 8.

• The flow rate will be linearly ramped from 0 at me ion of the calculation to VL over a
time period of NRAMP-TSTP seconds. Use of this option wfll solve numerical problems
associated with sharp wave fronts generated by a discontinuous increase to flow rate, espe-
cially when large VL values are used.

Line 30: NQIN (include only if INPC»T(13)-1)
Total number of irfaw files to input, ate Section 33.2. (INTEGER)

Line 31: ii^lewj FILE NAME (include only if INPOPT(13>.1)
See Section 333 for a description of nfa file. (CHARACTER-64)

Line 32: tyt"# FILE NAME (include only if INPOFT(13)-1 «dNQ!N*2)
See Section 333 fa a description of this file. (CHARACTER-64)

Line 33: inflow! FILE NAME (include only if WPOPT(13).l and NQIN 2 3)
See Section 333 fa a description of Ms fife. (CHARACTER-64)

Line 34: I*flow4 FILE NAME (include only tf WPOPT(13H «* NOJN-4)
See Section 333 fa a description of this file. (CHARACTER-64)

Line 35: NODEQO) NTS(l) TS(1) TR(1) Onctade only if 1NPOPT(13)-1)
NOreQ(l)«icde-iuOTbwttwtiic»» specify dm* (INTEGER)
NTSO) • «al number of inflow values to read from 'inflowl* file (INTEGER)
TS®)«time between each inflow value, to hours (REAL)
TR(I) • nmping time, m boon (REAL)

NODEQ<l)caneo^41.42,43, cr 44 dee«rdinf on whfchspedfied inflow 1/2
that irfowl is to be applied at

HRP 002 0316



• TR(1) is used to control how the specified inflow varies between two consecutive values.
Now. 0 S TR(1) S TS(1). For TR(1H>. the specified inflow varies diacontinuously. For
TR(1>>TS(1). the specified inflow varies linearly between the two consecutive values, see
Figure 4.2.

Line 36: NODEQK2) NTS(2) TS(2) TR(2) @nclude only if INFQPT(13)-1 and NQIN 2 2)
NODEQX2) • node-number at which to specify time-variable inflow (INTEGER)
NTS(2) • total number of inflow values to read from 'inflow!' file (INTEGER)
TS(2) • time between each inflow value, in hours (REAL)
TR{2) • ramping time, in hours (REAL)

• NODEQ0) en equal 41. 42.43. or 44 depending on which apecified inflow 1/2 dement
that inflow! is to be applied it

• NODEQ(1)*NODEQX2)
• TR(2) can be used to control how the specified inflow varies between.two consecutive

values. Now.OSTR(2)STS(2). For TRQH). the apecified inflow vari^disconUnueasly.
Far TR(2XTS(2) the apecified inflow varies linearly between the two cooMcative values,
ace Figure 4i :

Line 37: NODEQO) NTS(3) TS(3) TR(3) (include only if ]NFOfT(13H and NOJN 2 3)
NODEQO) • node-number at which to specify time-variable inflow (INTEGER)
NTS(3) • total number of inflow values to read from 1nflow3' file (INTEGER) '
TS(3) • time between each inflow value, in hours (REAL)
TR(3) • ramping time, to boon (REAL)

• NODEQ(3) can equal 41, 42. 43. or 44 depending on which apecified inflow 1/2 dement
that injlo>w3-b to be applied at

• NOD£<X1)*NODEQ(2)*NODEQ(3)
• TR(3) can be used to control bow the specified inflow varies between two consecutive

values. Now. 0 £ TR(3) S TS(3). For TR(3H>. the apecified inflow varies discontinuously.
For TR(3)»TS(3), the apecified inflow varies linearly between the two consecutive values,
aee Figure 4.2.

Line 38: NODEQ(4) NTS(4) TS(4) TR(4) Onclode only if INPOPT(13>.1 and NQINM)
NOD£Q<4)« node-number at which to specify time-variable inflow (INTEGER)
NTS(4)« total number of inflow values to read from 'inflow4'fik (INTEGER)
TS(4) • time between each inflow value, ta boon (REAL)
TR(4). ramping time,» hours (REAL)

• NODEQX4) can •qutl 41.42,43, or 44 depending on which apecified inflow 1/2 dement
that tymrf is to be applied at

• NODEQ(l)«»NODEQ(2)*NODEQ(3)*NODeQ(4)
• TR(4) can be used to uunuui bow the apecified inflow vanes between two consecutive

values. Now. 0 * TR(4) * TS(4). For TR(4>0. me apecified inflow varies doKntinuoady.
For TR(4)»TS(4),the apedfied inflow varies hnearly between the two consecutive values,
see Figure 4.2.

Line 39: NON (ujclude only if 1NPOPT(1 >1 and INPOPTa3).l) s
Total number of jwfloorf files to input, aee Section 3A. (INTEGER) *

o
o
to



-40-

Line 40: sedloadl FILE NAME (indude only if INPOPT(1)-1 and INPOPT(13)-1)
See Section 3.4 for a description of this file. (CHARACTER'64)

Line 41: tedheuD FILE NAME (inclnde only if INPOPT(1)-1 and INPOFT(13)-1 and NCIN 2 2)
See Section 3.4 for i description of thi* file. (CHARACTER'64)

Line 42: sedhadS FILE NAME (indude only if INPOPT(1>1 and INPOFT(13)-1 and NCIN * 3)
See Section 3.4 for a description of this file. (CHARACTER'64)

Line 43: sedload4 FILE NAME (include only if INPOPT(1)-1 and INPOFT(13H and NON-4)
See Section 3.4 for a description oflhis file. (CHARACTER'64)

Line 44: NODECO) NTC(l) TSC(l) TRC(1) Onclnde only if 1NPOPT(1)-1 and INPOPT(13)-1)
NODECO) • node-number at which to specify rime-variable concentntion (INTEOER)
NTC(1) • total number of coocenntion values to read fiora 'sedtoadl* fik (INTEGER)
TSC(l) • time between each concentration value, fa hours (REAL)
TRC(1) • nunping time, in boors (REAL)

• NODECO) can equal 41. 42, 43. or 44 depending on which specified inflow 1/2 dement
that tulloadJ is to be applied at.

• TRC(1) can be used to control how the specified concentration varies between two consecu-
tive values. Now. 0 $ TRC(1) * TSCU). For TRC(1)-0. me specified concentration varies '
discontinuously. For TRC(1>TSC(1). the specified concentration varies linearly between
the two consecutive values, see Figure 42.

Line 45: NODECQ) NTC(2) TSCC2) TRC(2) frcude only if INPOFT(2M and WPOPT(13)-1 and
NON22)

NODEC(2) • node-number at which to specify time-variable concentration (INTEOER)
NTC(2) • total number of concentration values to read from 'aedload2' file (INTEGER)
TSC(2) • time between each concentration value, in hours (REAL)
TRC0) • tamping time, in boors (REAL)

• NODEC0) can equal 41.42.43. or 44 depending on which specified inflow 1/2 dement
t** î tttPt"^? it IP be acriiftd **

• NODEC(1)*NODEC(2)
• TRC(2) can be used to eonaol bow the specified concentration varies between two consecu-

tive value*. Now,0*TRC(2)*TSC0). For TRC(2)-0. the specified concentration varies
dUcontinuoosly. For TRC(2>TSC(2). the specified concentration varies linearly between
the two consecutive values, aee Figure 4.2.

Line 46: NODEC(3) NTC0) TSC(3) TRC(3) (tocbde only if INPOPT(3)-1 end 1NFOFTU3M and
NONi3)

NODCCQ) • node-number at which to specify time-variable concentration (INTEGER)
NTC(3) • total number of concentration values to read from 'sedkedS* fik ONTEGER)
TSC(3)«tiine between escfc concentration value, in boon (REAL)
TRC(3)-ramping time, ta hours (REAL) »*o

• NODECO) can equal 41.42.43. or 44 depending on which specified inflow 1/2 dement
that t«dhad3 is to be applied at §

to
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• NODEC(l) * NODEC(2) * NODEC(3)
• TRQ3) can be used to control how the specified concentration varies between two consecu-

tive values. Now. 0 S TRC(3) S TSC(3). For THC0M>, die specified concentration varies
discontinuously. For TRC(3)*TSC(3). the specified concentration varies linearly between
the two consecutive values, see Figure 42.

Line 47: NODEC(4) NTC(4) TSC(4) TRC(4) (include only if 1NPOIT(4).1 and WPOPT(13)-1 and
NON-4)

NODEC(4) • node-number at which to specify time-variable concentration (INTEGER)
NTC(4) • total number of conceantion values to read from 'sedloaaV file (INTEGER)
TSC(4) • time between each concentration value, in hours (REAL)
TRC(4) • nunpuif time, in hours (REAL)

• NODEC(4) can equal 41. 42. 43. or 44 depending on which specified inflow 1/2 element
that tedloadi is to be applied at.

• NODECd)0NOOEC(2)*NOI«C(3)*NODEC(4)
• TRC(4) can be used to control how the specified concentration varies between two consecu-

tive valuei, Now. 0 i TRC(4) S TSC<4). For TRC(4H>. ne specified concentration varies
discontinoously. For TRC(4KTSC(4), the specified concemrttion varies linearly between
the two consecutive values, see Figure 42.

Line 48: PCOR (indudeooly if INPOPT(8).l)
FCOR is me Coriolis parameter, t and has units of *"'. (REAL)

Line 49: ASEI OMSEI (include only if 1NPOPT(1QM)
ASH • amplitude of sinusoidally-varyiog tide/seiche. in oentimeters (REAL)
OMSEI •period of sinusoidally-varying tide/seiche, to hours (REAL)

• For use at an open boundary where H(0"A sin ax with A « ASEI and

Line SO: NODTID (Include only if INFOPT(9^1 or 1NPOFT(1QM)
NODTID is the Mode-umber ofthe open boundary si which a> apply either a specified
time-varying tide/seiche (INPOPT(9)»1) or a sinnsoidally-varying tide/seiche
(INPOPT(10>.1X NODTID can equal 51, 52, 53, or 54. (INTEGER)

Line 31: ttdbtd FILE NAME (indnde only if INPOPT(14).l)
SaeSectkaSJtloradsaeriptionofthJsfile. (CHARACTER-64)

Line 52: mgrapk FILE NAME (inctodeonly tflNPOPIXlS)-! or 3)
Velocity gi allies output file, see Section 24 for a description of this file. Units of ouipm
velocities an on/*. (CHARACTER'64)

Une 53: ttaraph FILE NAME (todudeonly ifINPOFT(16>l or3)
Surface displacemeot giaplilcs output file, see Section 24 for a description of this file.
Units of output i| values are cm. (CHARACTERS) B

«
Ltae 54: eirapW FILE NAME Qncludeonly tf INPOPT(17>1 or 3)

oo
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Total concentration graphics output file, see Section 2.4 for a ascription of this file. Units
of output concentrations are ifuj/toer. (CHARACTERS)

Line 55: cgnph2 FILE NAME (include only if WPOPT(17)-1 or 3 «nd KCT-3)
Line 56: cgraphS FILE NAME (include only if WPOPT(17)-1 or 3 and KCT>1)
Line 57: cgnpM FILE NAME (include only if WPOFT(17)-1 or 3 and KCT>1)

• cgraph2 is the graphics output file for fine size-class concentration. (CHARACTER'64)
• egraphS is the graphics output file Cor medium size-class concentration. (CHARAC-

TER'64)
• cgrapM is the grtphks output file for coarse size-class concentration. (CHARACTER'64)
• See Section 2.4 for a description of these files. Utiu of output concetutations are »u/bfer.

Line 58: bedfapk FILE NAME (include only if INPOPT(18).l or 3)
Sediment bed thickness fraphics outpol file, see Section 2.4 for a description of Ibis file.
Units of output sediment bed 'thickness' are ra~/o" ̂ CHARACTER «64)

Line Sbfrocgnpk FILE NAME (include only if WPOPT(18)-1 or 3 aod KCT>1)
Graphics output file for Unction of medium size-class particle in the sediment bed. see Sec-
tion 2.4 for a description of this file. (CHARACTER'64)

Line 60: OUTINT (include only if 1NPOFT(1?>1)
Time interval, in hoars, between etch intermediate output, either graphics or hard copy.
(REAL)

Line 61: icoui FILE NAME (include only if INPOPTC20)«1)
icout is a file generated at the end of the cnrrent mn. This file contains all of the necessary
hydrodynamic and sediment transport data 10 sun a future calculation from the point where
the cnrrent ran ended. Fife icota for die current run is the same as file id* of a future ran,
see Line 21 and INPOPT(3). (CHARACTER'64)

Line 62; etahiu FILE NAME (include only if TNPOfT(21).l)
• Output file for time-history of surface displacement. n(f ). at specific grid points, see Section

2.4 fa a description of this file, (CHARACTER'64)
• f|(f ) at each timestep during the calculation will be output.

Line 63: META (include only if INFGPK21H)
Total number of grid points at which to output time Usury of i). Maximum of 20 grid
points can be output. (INTEGER)

Lines 64 to S3: lETA(m) JETA(m) (include only If FNPOPT(21>-1)
IETA(m) *i index of poim mat which to ooiputr)(0 (INTEGER)
JETAfc) «j index of point • at which to output ttff) (INTEGER) g

•«
• Each grid point Oj) at which n(r) it lo be output is denoted by (T£TA(m)JETA(m)). A

total of META lines, each containing a single (IETA(m) JETA(m)) pair, must be included, g
(O

o
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Line 84: cfust FILE NAME (include only if INPOPT(22)-1)
Output file for time-history of sediment concentrations, C*(0> ** *J«cific frid points, see
Section 2.4 for • description of this file. (CHARACTER'64)

Line 85: MCT CTOUT Cuclude only if WPOPT(22).l)
MCT • totil number of grid points at which to output Ct(Q (INTEGER)
CTOUT • time tetervil, in hours, between etch Ct(0 output (REAL)

• Maximum of 20 grid points on be output.

Lines 86 to 105: ICT(m) JCT(m) (include only if INPOPT<22)-1)
ICT(m) •! index of point mft t which to output Ct(r) (INTEGER)
JCT(m)BJ index of point mat which to output Ct(f) (INTEGER)

• Eacb|ridpoiMaj)ttwUchCta)isiobeo«pttisdeiioiedbyOCrCm)JCT(m)). A tool
of MCT lines, each contiining • single (ICT(m) JCT(m)) pair, must be included.

Line 106: ttdUst FILE NAME (include only if INPOFT(22)-1 and INPOPT(23)-1)
Output file for time-history of irftinvnt bed thickness at specific grid points. This option
must be used in conjunction with ehist output, INPOPT(22)"1. Thicknesses are output at
the same grid points and times specified for Ct(r). See Section 14 for a description of this
file. (CHARACTER'64)

Line 107: awtisf FILE NAME Oaclnde only if INPOPT(22)-1 and INPOPT(24>il)
Oii^ut file for time-history of total bottom shear aocss at specific grid points. This option
oust be used in conjunction with chut output, INFOFT(22M. Bottom shear stresses are
output at the same grid points and times specified for C«(r). See Section 24 for a descrip-
tion of this file. (CHARACTER'64)
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Program options are controlled by use of the INPOPT(n) variable as shown above. A total of 24

options are available to control various program functions. See Table 43, for a summary of INPOFT(n)

values and effects. The general purpose, as well as any particular details, of each option will now be

Hi*

INPOPT(1)
Controls whether a hydrodynamic only or a hydrodynamic and sediment transport calcula-
tion is to be performed.

INPOPTC2)
Performs a sediment oansport *»î i««fa« which assumes that the hydrodynamics are at a
steady-state. This calculation will require much less computer time than t.'calculation using
ojnexlependent hydrodynamics. In order to use this option, • previous hydrodynamic run
must have been performed is order to generate an ion we to use as tupul for the current
run. Care must be taken that the previous calculation was ran long enough for the hydro-
dynamics to approach a steady-state. Using an id* file for which me hydrodynamics are
not close to steady-state will result in a sediment (rmspon calculation which does not con*

INPOFT0)
Input icin generated nom a previous run.

INPOFT(4)
Controb whether constant or variable bathymetry is to be specified. Generally, a constant
booom depth is only used for program debugging or numerical experiments. If a constant
bottom depth is desired (INPOFT(4>4), then the depth file wiH contain only one line which
will be the constant bottom depth, in centimeters.

INPOPT(S)
Adds DELTAH to «U bottom depths, aee Line 22 of the input file.

INPOPT(6)
Determines if wind stresses, for both hydrodynamics and sediment vansport, are to be

I in tMt calculation.

INPOPT(7)
Cfl^K^klJa^A M^hAftm^w fluV* MjeW^t ^BMMM^^M ^^M atefc l^at ja4MUB)^MS) d^p •^MhA_M^«i*%klA T&^ A^^K^A^^** ^k^^kjlapocum wDdnv no WDO Hremv BV •> oc OBDHBH o> HBM^WIUH* rcr oooim wno
BtresaKONFOPT(7>^.iDewtetfnteeottiworonlyaDclnw. b me wM file. The vabe*
oftT and t^ are entered on the first Hne and tree format is used. The units of me wind
atresses are dyiui/cm* and then- orientation with respect to ne *-y f^H^w system is
shown in Figure 43.

INPOPT(S)
Determines whether or aot to tachide effects of me CbrioUs acceleration. OeaeraDy. me
CorioHs acceleration is negligibk in rivers and bodies of water wnh dimensions less man
SO kilometers. Accounting for the Coriolis acceleration will increase the execution time of
the hydrodynamic portion of the model.

o
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INPOPT(9)
Input specified time-varying tide/seiche from tide file, see Section 333.

INPOPT(10)
Apply sinusoidally time-varying tide/seiche at open boundary, see Line 49 of the input file.

INPOFT01)
Controls units of constant specified inflows. If INPOPT(ll) • 0, then onits of
UO.UL.VO.VL (Line 8) are in emV* (integrated velocity). If INPOFT(H)-1. anitt of
UO.UL.VO.VL are in tm/t. If INPOPT(11) « 2. then units of these inflows are in mVi. If
INPOPT(11) • 3, then units are in eft.

INPOFT(12)
Linearly ramp constant inflow, see Lines 26 to 29 of the input file.

INPOPT(13)
Input time-variable flow rates and sediment loads from inflow and tedtoad files, aee Sec-
tions 33.2 and 3.4 for descriptions of these files.

INPOPT(U)
Input spatially-variable sediment bed properties from the tedbed file, see Section 33 for a
description of this file.

WPOFT(15)
Controls output of velocity field. If INPOFT(15)-0, no output of velocity field. If
INPOPT(15)-1, then graphics output is written to file uvgrapH, see Section 23.6 for a
description of this file. If INPOPT(lS>d, then only hard copy is written to standard oumut.
If INPOFT(15)"3, then both graphics and hard copy output is generated. For most real
problems, hard copy output is not advised since rather large output files can result.

INPOPT(16)
Controls output of surface displacement (T\) distribution. If INPOPT(16H>. no output of tj
distribution. If INPOPT(16>1, then graphics output is written to file etagraph. see Section
23.6 for a description of this file. If 1NPOPT(16>2, then only bard copy is written to stan-
dard output. If INPOPT(16>3, then both graphics and hard copy oumut is generated. For
most real problems, hard copy output is not advised since rather large output files can

INPOPT(17)
Qxuroboutpm of sedimem concentratkw disml>ution. ffINPOPT(17H). no output of con-
centration distribution. If INPOPTCITH, then graphics output is written to the cgnpk
^,&Sec^23.1rtl^S4-tfatite^tetat*teKriptooa(tot»ttkt. If
INPOPT(17)"2, then only hard copy is written to standard output If INPOPT(17)»3, men
both graphics and hard copy output Is generated. For most real problems, bard copy output
is not advised since rather targe output files can result.

33

1NPOFT(18) *
Controls output of sediment bed fhfekneat and composition distributions. If INPOFT(18M), 0
no oumut of sediment bed distributions. If INPOPT(18)»1, then graphics output is written oNJ

o
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to the bedtraph vAfracpaph files, see Section 23.7 and Lines 58-59 of the input file fo
a description of these files. If INPOFT(18)»2, then only hard copy is written to standard
output If INPOPT(18)»3, then both graphics and hard copy output is generated. For most
real problems, hard copy output is not advised since rather large output files can result.

INPOPT{19)
Controls output of intermediate results, see Line 60 of the input file.

INPOFT(20)
Controls output of teem fife for use in a fame run.

WFOFTC21)
Controls output of time-history of n at specific grid points, tee Lines 62-83 of the input file.

INFOPTC22)
Controls output of time-history of concentration at apedfic grid points, aee Lines 84-105 of
the input file.

INPOPTO3)
Controls output of time-history of sediment bed thickness at specific gridpoints, tee Line
106 of the input file. This option must be used in conjunction with INPOPT(22).

1NPOFTC24)
Controls output of time-history of bottom shear stress at specific grid points, see Line 107
of the input file. This option must be used in conjunction with 1NPOFT(22).

3
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4.2 USE OF setup TO CREATE AND MODIFY INPUT FILES

Setup was created in order to give an easy, error-proof way of creating and modifying input files

for SEDZL. A series of menus are used in letup to input the variables needed to create the input file.

If the input file already exists, tetup will read the existing file and use the values in it as defaults.

4JJ setup MENUS

Three types of menus are used to tetup. Toe first type is a selection menu, such as the Main

Menu (Figure 43). In this type of menu, sub-menus are selected by pressing the letter code that

appears in front of the choice. Pressing RETURN or SPACE BAR wfll select the next letter in the

The second type of menu is the option menu. e.g- Menu A in Figure 4 A b this kmd of menu,

you press SPACEBAR to toggle between values and RETURN to proceed to the next input line. Most

options are either a 0 or 1 value, but acme options will go up to 3. Setup wfll only let you select valid

option values.

The third type of menu is the input menu, e-g- Menu C in Figure 4 A. In this type of menu, you

can press RETURN to accept the current variable value and proceed to the next input variable. If yon

wish to change the value of the variable, press SPACE BAR causing the current variable value to disap-

pear. A aew value can men be typed in after which RETURN is pressed in order to go on to the next

input line. There b currently no provision (or restoring die old value once you have pressed SPACE

BAR to enter a new value. If an incorrect variable value or file name is input in any menu, simply

repeat that menu and make the correction.

For faput menus, the program wfll only let you enter values if the proper option has been set. as

wen as any other necessary variables having the appropriate values. If these conditions are not met. the

program wfll write the label (Option not uttd) where the variable would be and go on to the aext varf-
EC

able. With certain option settings, an entire menu wfll not be needed. In this case, on nst terminals, g

the screen wfll Just blink quickly and return to (he preview nteiiu. Oify oa slower terminate wfll you 0o
see the (Option net used) labels for the entire menu. "
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When running setup to generate a new input file, alphanumeric Brings, e.fc., a node file name for

use in Menu H (Figure 4.17). will be empty by default Be sure to input a file name for each file that

temp asks for. If you exit from tetup before inputting each requested file name, letup win write a

blank one to me input file. Because of this blank line, neither letup nor SEDZL will be able to use the

input file without error. To recover from this condition, yon can manually adit the input file and

replace any blank lines with an alphanumeric string and then run either letup or SEDZL using the

modified input file.

412 RUNNING sttap

Before raining letup, yon need to make sure mat the terminal type is set If you MB ah. you

can set it by typing tet termmtype, where type is the termcap code for the tenninal you are using, and

press RETURN. Popular tenninal types include sun, sun-cmd. xtenn, nlOO. etc. The tenninal type must

be known to your system. They are usually defined in the file letcltermcap. Read the termcap manual

page for more information. Setup will not run properly if the incorrect terminal type is defined. Other

tools, such as vi also rely on this setting. If W works, then letup should also work.

To start tetup. type tetup and then press REWRN. Yon can specify the ran number to be nasd

by typing the ran number on die command line. For example, if yon wanted ID use the no number

lest J. you would type letup testJ. If ran number is not specified on die command line, die program

wfll first ask for this to be input It wffl then open a file of the form Jn.{nwjuaiBVr}. ê ., tnM*.l.

This is a file formatted to die SEDZL input file specification.

Yon wffl then be presented with the Main Menu (Figure 4.5). From die Mala Menu, yon can

aelect Menus A through I or quit by pressing J. Press RETURN or SPACE MAR to sequentially go

ttrongh each neon, from A through L Menus should be completed to their given order in most cases,

as option settings m die first menus affect whether or not certain variables are input later in die pro-

Menus A and B (Figures 4.6 and 4.7) are where die options are set Mean A Domains the options

controlling input while Menu B is for setting die options controlling program output Most of these

HRP 002 0327
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options detennine whether or not other variables are to be input in Menus C through L Hence. Menus

A and B should be completed before using the other menus.

Menus C through F (Figures 4.8 through 4.11) are input menus for various input variables.

Menu G (Figure 4.12) contains four sub-menus. Like the Main Menu, yon can access the sub-

menus by pressing the keys A through D or E to quit Menu QA (Figure 4.13) asks for input of the

LAYMAX variable. The value entered here determines the number of values input in Menus GJb

through Qjd (Figures 4.14 through 4.16). Pressing E from Menu G wfll return you to the Main Menu.

Names of input and output files are specified in Menu H (Figure 4.17).

Menu I (Figure 4.18) contains nine sub-menus. You can access further menus by pressing me

keys A through I, or I to quit Menus La through U (Figures 4.19 through 4.27) are an mpnt menus.

When yon press J. you will be returned to the Main Menu.

Pressing J from the Main Menu will store all of the input variables in file in.{nt*juonbcr) and

men exit the tetvp program. This process will overwrite the old input file, if it exists. Prior ID modify-

ing an existing input file, you should make a backup copy of the original input file in case you make a

mistake.

This input file can then be fed directly into the SEDZL program.

3
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4J MANUAL CREATION/MODIFICATION OF INPUT FILES

The user can use a text editor to manually create or modify a SEDZL input file. The order and

content of each line of the input file must be as described in Section 4.1 with optional fines only

included if the proper value of INPOFT(n) is set on Line 2. SEDZL leads input using free format so

only a single space needs to separate each variable on a particular line. Aa input file which is V

incorrectly constructed win cause SEDZL to abort during execution. The user must be sore mat afi

necessary lines have been induded in the input file for the specified option/variable settings of a panic-

ularrun.

as
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5. EXAMPLE CALCULATIONS

Two example problems will be presented in this section in order to demonstrate bow to use

SEDZL. The Lower Fox River and Oreen Bay are the areas for which example calculations have been

made. The primary purpose of these examples is to provide the user with samples of input and ounut

fi!estocomplemeMiheinsinKtionsiHOvidedinSeciions2.3.and4. White typical hydredynamk fbn>

ing and aediment loading values, as well as noommended sediment property parameters, have been

ned. it must be emphasized that these calculations are only examples and their results are not neces-

aaruy realistic or accurate.

The input files for the exampte calculatem. fcjbxJ, te/ozJ. and in^bayJ were all generated

using temp. The user is encouraged to practice using tttup by utilizing these input files as models fcr

comparison. Be sot to use dummy fite names when testing ttnp so that the exampte input files mt

not accidentally modified The user should also repeat the exampte runs using the provided input files,

but generate output files with different names nan the output files provided in the SEDZL software

package, e.gn outfoxJjtew instead of oatfat.1 and eitfjfv/axJjicw in place of ma.w/axJ. These

newly created output files should be compared win the provided output files to make sore that there is

no difference between them. If there are significant differences between the two sets of OUHMII fifes,

then SEDZL probably has not been installed correctly on ne user's computer system. Different com-

puter systems may produce slightly different aumerical results for identical input files due to found-off

If vi*it7-i . has been Jnitalkn) as discussed la Section 26 v4 the T*ffiftsMf file nm ttdiJ it has

been put in the directory /itir/10cal/Ma. then ne asar can execute nuuedttjt from any directory desired.
To f^vfimft ifca\ fiwf

nnucdtfjc < aiJbxJ > oufoxJ A

and ne hard copy output fite out fdxJ wffl be created. Use of me A puts ne Job in background which

should always be done when running SEDZL doe to the length of ne inns.

oo
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5.1 LOWER FOX RIVER EXAMPLE

The Lower Fox River comprises the 11 km reach from Depere Dam to the river mouth at Green

Bay in Wisconsin. Two example calculations were performed for the Lower Fox River, a 6 boor long

bydrodynamic ran and a hydrodynamic/sediment transport ralnilirion with a duration of 12 hoars. Far

a detailed discussion of the sediment transport processes in the Lower Fox River tee Gaflani et al..

1990.

The bathymetry and computational grid boundaries tor the Lower Fox River are shown in Figure

3.1. The node fik osed for die Lower Fox River is called node/ox and me file is illustrated in Figure

5.2a and 5 Jh in matrix form. Note that the smtctore of node/fax l> different from what is shown to

Figure S3. which is for fflufflirive purposes only. For this problem, MX-12S and MY-50 with the i

aobscript increasing as one travels from the dam to the mouth. The a-y coordinate system is oriented

soch that North is 30* from the positive x- axis. Specified inflows have been placed at Depere Dam

(node-number - 43) and at the East River inlet (node-wortcr - 41X An open boundary (node-nianbcr

• 52) exists at the river month. The file deptk/ox contains bathymetry data for the Lower Fox River.

and the water depths to this fik are referenced to the Great Lakes Datum of 576J feet. A grid element

size of Ax • 9000 cm and Ay • 3000 cm was used here, which allowed a omestep sue of 3 seconds

when a DELTAH of SO en was added to the bottom depths.

The first ffiVr1!**?* performed was • 6 boor bydrodynamk ton. Performing a abort bydro-

din>emtiBniponca^^ By dotag mix, most

unwanted bydrodynamic Bansknts dae to model startup wffl be eHminanid. The taput file for this run

is nJfaxJ and ft was generated using amp. The auxiliary toput files jctefc/nJ and tybw/hxJ were

osed to this caknunko. The fik aricAr/oxJ la a tfdk flk (see Section 3A3) and « to applied at me

open boundary at ne river axiom. The time period between seiche values to this fik is 1 boor, and

there are a tool of 7 values. Note that the initial water elevation is tero. This initial value for starting

a tide/seiche driven problem is recommended so dot large waves are not generated doe to a sharp

dlaconttooity at the first ttoewep of ne ran. The fik MjbM'JhxJ is an bfrw fik (pee Section 33.2)

and it contains the time-varying inflow data at Depere Dam to m'/r. The QOLD value was set at tero
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in order to smoothly start the flow in the river. Hie time interval between the inflow values is 3 hours

with a ramping time of 1 hour. The East River inlet is assumed 10 have a constant specified inflow of

IS cm/s and this flow rate was initially ramped over 600 timesteps (0.5 hour). Wind nesses and

Coriolis effects were assumed to be negligible in this problem.

3. A

listing of all input parameters is included in this file. Note that minimum and maximum values of veto-

city and surface displacement at each intermediate output are included in this flic. The graphics output

files out.uvfoxJ (itvgraph) and ota*tafaxJ (ttatnph) were generated along with fik outftehia/axJ

(eiaHa) which contains tj(r ) at three grid points. A plot of die velocity field at the cod of run foxJ in

shown in Figure 5.4. Note that only every ether velocity vector in this abandon has been plotted for

clarity. In addition, the file cutJcfoxJ was created, and this is an icovt fik containing the values of

the hydrodynamic variables at the end of Ae ma This file will be used as the initial condition! for die

next calculation.

A second calculation modelled die sediment transport processes in die Lower Fox River. The

input fik for this ran is 6i/a&2. The file outJcfoxJ will be die Id* file for diis ralmlarinn A sedi-

ment transport timestep of 15 seconds was ased so 1RTST?»5. The tide fik for this ran is teickefoxJ.

and its values have a time period between them of 1 hour. Note that the first value in tachefoxJ is

the same at die last value used in •tfcftcJhxJ. These two values must be die same when doing this

type of aerial calculation so diet no discontinuity in surface elevation occuis at die start of the trr***1?

calculation, The In/lew fik for die sediment raaport ran is inflowfox3. This fik contains 5 flow

values with a time interval of 3 hours said a 1 hour ramping time. Note that die first value in

hflmt/ox2 is die aame as die last value fa tybw/uJ and diat die value of QGLD fa aVbw/bsJ was

set at 46 mVf which is the average of die last two inflow values fa WowfoxJ. Use of these values

ensures B^ • continuous flow tale ft the atari of Ae/hxJ ran will result For diis ran, KCT«3. so

time-varying sediment loads for the fine, toedium. and coarv size<buses are specified at die dam. The
DO

fik itdloadfaxJ contains sedimeot load input far dus calculation There are four vahjes for each sedt- ?

ment size<]ass to this file, and the time interval between each concentration value it 4 hoars wi* a g
to

o
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ramping time of 1 hour. The initial ooncentntioo values at the dam (COLDOO) for the fine, medium,

and coarse size-classes are S. 10, and 5 me/liter, respectively. Constant specified concentrations of 5.

i IS, and 7 mg/liier were applied at the East River inlet.

An hydrodynamic and sediment transport parameters for this ran are included in ne bardcopy

output file, oia/oxJ. shown in Figure 5.5. Note that output for this run was generated at times of 12

and 18 boon. The time at the end of ran foxJ was 6 boon which was ne value output to file

Mtf Jcfox.1; this value was then the time at the start of ran/azJ.

Velocity and surface displacement graphics files, o*M>fox3 and outjttafoxl, were generated by

this ran. The graphics output files for the sediment concentrations an HttjOotfoxJ (egnpU),

oiaxt.ifafox2 (cgrapto), eutxt&mdfoxJ (cgraph3). and ourccor/axJ (egrapM). The file

enr.taf/ax.2 (btdgraph) contains graphics output far the change in aediment bed 'thickness*. •. while

our/Voc/ozJ (fracgraph) has graphics data for the bed composition. Tune-histories at three grid points

Tbe above two calculations were done on a Sun Spamatioo 330 computer which is a 16 MIPS,

2J Mflops machine. The/ocJ ran tcxA 25 cpunimoteswhik/«j^2todc 71 cpu minutes.

5.2 GREEN BAY EXAMPLE

The aecond example calculation concerns wind-driven circulation in Green Bay and aediment

lesuspension due to wind waves. The assumptions have bean made that aediment loading from the

lower Pox River and interchange between Preen Bay and Lake Michigan are negligible. The resulting

encloaed computational grid tar Oreen Bay is shown to Figure 5.6. This muamtion of the node file for

Green Bay. nodr f̂tqp. has ate noun of the Lower FOR River located at approsiinatery M and j-26.

bcmsian of Chambers Island in central Green Bay la also shown. For dris problem, MX»77 and

MY-34 with North being ncuned by 30* with reapect to me * axis. A grid •leaMBt ate of Ax -

243340 cm (8000 feet) and Ay - 121.920 cm (4000 feet) was used Green Bay bathymetry, with

respect to Great Lakes Datum of S76J feet, is provided in ApdLffcay. and a DELTAH of 100 cm hu

been added to these bottom depths. Tbe bydtodynamk timestep size is 45 seconds, and fee aediment
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transport timestep is 225 seconds. A total of 96 boon (4 days) was modelled.

The wind forcing for this nm is given in file wind.gbay. Note that the time interval between each

i wind data point is 1 hour and that there is one additional value, hour 97. in the file, as discussed in Sec-

tion 33.1.
{

The purpose of this ran was to examine sediment resuspcnrion due to wind waves and subsequent

I transport and deposition. Therefore, a two component sediment size-class system was employed in ran

gbayj. Le^ KCT«2. The sediment bed was assumed to be initially composed of a 50-50 mixture of

medium and coarse size-class particles 90 • 05). The initial sediment thickncissrt. TSHXKL). are

given in Figure 5.7, file out.gbay.l. along with all of the other parameters used in this «*vi»i*tb*« Ini-

tial suspended sediment concentrations were set to aero so that the sediment bed was the source of an

sediment in this run. The various output files generated by the ran are also listed in this file. A plot of

the velocity field midway through the calculation, at 48 hours, is shown in Figure 5.8.

One interesting result of this calculation was die generation of negative sediment concentrations.

which are physically impossible. Negative concentrations indicate Re^n problems, see Section 12, and

flitj mfjtit ft««t |oe value of DH nffili to be Hrffit*1^ The negative concentrations raTritlai*^ in

^w ran are very small, however, and cause negligible errors.

This calculation was carried out on a Sun Sparcstation 330 and it took 28 cpo minutes.
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TABLE 2.1: RECOMMENDED SEDIMENT PROPERTIES

PARAMETER

«.

0.

Maximum floe diameter

B

Coartf sixt-ctast
•eating speed

Boundary element shear
street factor

Critical t. for no deposition
of medium size*c]ass

Maximum number of
aediment bed layers

iDuial EractiQA oc meoiiuD
size-class in sediment bed

EQUATION

2J

16

18

VARIABLE

AOIN

ALPHA

DMAX

RESEXP

BETA

CB

TCRDEP

LAYMAX

PO

RECOMMENDED VALUE

0.008 gram-dayman^

KT* iramVcm1-*1 (Freshwater)

200 M"> (0.0200cm)

3

lOOOtun/j

OJ

0.1 dyne/em2

10

OJ

£C

O
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TABLE 2A RECOMMENDED SEDIMENT BED STRUCTURE

LAYER
L

1

2

3

4

S

6

7

8

9

10

TIME AFTER DEPOSITION
FHMEOL) (days)

0.005

0.125

O2S

03

1

2

3

4

S

6

CRITICAL SHEAR STRESS
TAUCRO-) (dy*s/cm*)

0.1

02

<U

OJ

1JO

1.0

U

1JO

1JO

1JO

so
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TABLE 3.1: NODE-NUMBER DEFINITIONS

ELEMENT TYPE/ORIENTATION

Outside solution domain~ — *~ «w^w

Fun dement

1/2 element solid boundary
Plusx
Minos x
Plui y
Minus y

1/4 element solid boundary
Quadrant 1
Quadrant 2
Quadrant}
Quadrant 4

3/4 element aolid boundary
Quadrant 1
Quadrant 2
Quadrant3
Quadrant 4

1/2 element specified-inflow
Plusx
Minus x
Plusy
Minus y

1/2 alemeot open-boundary
Plusx
Minos x
Ptasy
Minus y

1M element partially-open
Quadrant 1
Quadnm2
Quadra«3
Quadrant 4

NODE-NUMBER

0

1

11
12
13
14

21
22
23
24

31
32
33
34

41
42
43
44

SI
52
S3
54

61
62
63
64

a
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TABLE 4.1: INPUT HLE STRUCTURE

NOTE: INPOPT-*** indicates that this line is NOT OPTIONAL

LINE

1

2

3

4

5

6

7

8

9

10

11

12

13

14

IS

16

17

18

19

20

INPOPT

•••

•••

•••

•••

•••

•••

*••

»••

1

1

1

1

1

1

1

1

1

1

1

1

VALUE

1

1

1

1

1

1

1

1

1

1

1

1

VARIABLE^)

RUNNO

INPOPT(n),D.l_.24

MX MY XSTP YSTP

node FILE NAME

depth FILE NAME

TSTP IRTSTP TMAX

AH CF

UO UL VO VL

X>H KCT

CXO(k). W^JCCT

CXL<k).krt,-*CT

CYO(k),k.L«JCCT

CYL(k).kpUJCCr

AfflN ALPHA DMAX RESEXP BETA CB TCRDEP

LAYMAX

FTIMB(I),I.1 1̂LAYMAX

TSEDOO). M^LAYMAX

TAUCRO), M^JAYMAX

PO (ioclodeonlyifKCT>l)

CnCOtXW^KCT
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TABLE 4.1 (coot)

LINE

21

22

23

24

25

26
27
28
29

30

31
32
33
34

33
36
37
38

39

40
41
42
43

44
45
46
47

48

49

50

INPOPT

3

5

9

6

6and7

12
12
12
12

13

13
13
13
13

13
13
13
13

land 13

land 13
land 13
land 13
land 13

land 13
land 13
land 13
land 13

8

10

9 or 10

VALUE

1

1

1

1

1

1
1
1
1

1

1

1

VARIABLES)

tan FILE NAME

DELTAH

tide FILE NAME

wind FILE NAME

TWIND

NRAMPd)
NRAMPQ)
NRAMPO)
NRAMP(4)

NQIN

taflowl FILE NAME (NQIN files)
taflow2 FILE NAME
inflows FILE NAME
tafiow4 FILE NAME

NODEQd) NTS(1) TS(1) TR (1) (NQIN ones)
NODECK2) NTS(2) TS<2) TR (2)
NODEQ(3) NTS(3) TS(3) TR (3)
NODEQ(4) NTS(4) TS(4) TR (4)

NON

•edtoadl FILE NAME <NON files)
aedload2 FILE NAME
•edtoatt FILE NAME
sedk»d4 FILE NAME

NODEC<1) NTCO) TSO(1) TRC(1) (NON fines)
NODEC(2) NTC(2) TSG(2) TRCC2)
NODEC(3) NTC(3) TSC(3) TRC(3)
NODEC(4) NTC(4) TSO(4) TRC(4)

POOR

ASEI OMSEI

NODTID
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TABLE 4.1 (cent)

LINE

SI

52

S3

54

55
56
57

58

59

60

61

62

63

64to83

84

85

86tol05

106

107

INPOPT

14

15

16

17

17
17
17

18

18

19

20

21

21

21

22

22

22

22nd 23

22nd 24

VALUE

1

lor 3

lor 3

lor 3

lor 3
lor 3
lor 3

lor 3

lor 3

1

1

1

1

1

1

1

1

1

1

VARIABLE®)

Mdbed FILE NAME

ovfnph FILE NAME

etagraph FILE NAME

cgnphl FILENAME (total concentration)

cgnph2 FILE NAME (fine concn only if KCT » 3)
cgraph3 FILE NAME (medinn cone., only if KCT > 1)
cgnpM FILE NAME (coarse cone., only if KCT > 1)

bedgraph FILE NAME

tacgnph FILE NAME (include only if KCT > 1)

OUTINT

fcout FILE NAME

etahis FILE NAME

META

lETA(m) JETA(m) (m-l^META Uoo)

Chitt RLE NAME

MCT CTOOT

1CT&B) JCTCm) (n-l^MCT linet)

•date RLE NAME

taahiJl FILE NAME

as
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TABLE 4.2: PROGRAM OPTIONS

INPOPT

1

2

3

4

5

6

7

t

9

10

11

VALUE

0

1

1

1

0

1

1

0

1

0

1

1

1

1

1
2

3

DESCRIPTION

Hydrodynamk calmlarion only

« ——— - M_I_« •!. IWim naiJnii* — ULinput ion tue Bom previous ran

Variable bathymetry

Add DELTAH to all bottom depths

No wind stresses used in calculation

Time-variable wind atress

famlmlgt ^VviAlt* aMW*aiiiW îm>

bpot specified time-nvyinf tkk/Kkbe from 'tide* tie

Vrt •iinitft'HMly timv-Yantat tfiff/ttirhf

Constant specified inflows an velocities (cm/s)

vfltiiifff specified inflows axe in cubic metMyseccod

Constant specified inflows are in cf s
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TABLE 4J (cent.)

INPOPT

12

13

14

15

16

17

18

19

20

VALUE

1

1

1

0
1
2
3

0
1
2
3

0
1
2
3

0
1
2
3

1

1

DESCRIPTION

Linearly tamp constant apfciltad foflc"?

brat tune>variaMe fl(w ratrt and mfimtnt loads from 'inflow' t*>4 *^flo*d'•Mjnaw MH*v^ WftflBljMv MWW aMiMV 10UW V«Afl>wmMafc M^HWv MWM •••••̂ ^^ VVMIV ^WMM^^M*

Input BpadaQy-variable aadinent bed from 'aedbed* file

V*lm4tw .-.lii-B jjLJLImJ

No oulpul
Gnpnics only Covfraph*)
Hard copy only (jaundvd output)
Onphics and hankopy

Noooqwt
Oaphics only Cetagnph*)
Hard copy only (sundard ottput)
Ot«fJii^« *fwl hnd ctwtv

No ouniui
Oiaphics only Ccfuph')
Hard copy only (ataadard 00901)
Onphics and hard copy

Sediment bod oatpot conool
No output
Onphict only (aMfHph and fracfraph^
Hard copy only (ftaodvd 00901)

Output iiUBinmdiaiP moni

Oopot Icoot* flte to «e tor future ron
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TABLE 4.2 (tout.)

INPOPT

21

22

23

24

VALUE

1

1

1

1

DESCRIPTION

Output time-history of surface displacement at tpffifJc grid points

Output time-history of cooceotntiop at specific grid points

Output time-history of sediment bed thickness at specific grid-points

Output time-history of bottom shear stress at specific grid points

ooto
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F1GURE 2.1: SEDIMENT BED MODEL

WATER

0.005 dory. % * 0.1 dyne/cm*

0.125 day, t0 « 0.2 dyne/cm2

0.25 day, % * 0.4 dyne/cm*

0.5 day, tc « 0.8 dyne/cm*

l day. ttf « 1 dyne/cm*

days, \9 m 1 dyne/cm*

LAYERS 3. 4. 5, 6

, t. » I

SB
»•a
o
o
(O

o
u>
*»
00



70-

FIGURE 22: STRUCTURE OF THE GRAPHICS OUTPUT FILES

a. VELOCmr FIELD FILE

Line
1
2
3

MY+1
MY+2
MY+3

2*MY+1
2*MY+2
2»MY+3
2*MY+4

3»MY+2
3»MY+3
3*MY+4

4»MY+2

J

MY
MY-1

1
MY

MY-1

1

MY
MY-1

1
MY

MY-1

1

*•!
TIME1
nut
HLO

*

HLO
W.V
w.v

w.v
HME2
•0.1
MUI

OLD
W.V
W.V

*

W.V

i- 2 ...

UtLU M.
ttU.0 _

BtUI M.
W.V _
W.V ~.

W.V «.

BU.O ._
Oa.ll -.

OU.Q ».
W.V .̂
W.V .̂

w.v .«

i- MX

OtLO
BILO

BU.U
w.v
w.v

w.v

OO.B
tULU

mtn
w.v
w.v

*

w.v

b. CONTOUR FLOTTINO FILE

Line
1
2
3

MY+1
MY+2
MY+3
MY+4

j

MY
MY-1

1

MY
MY-1

1

*•!
HME1 '

imrnF-n

•

T1ME2

JooxE-n

jcxxxE-xx

W2 ^

JDOXE-XX -.

joxxE-xx _

»^^p-̂ ^ «.
jcxxxE-xx ~.

jnpmE-CT ' .̂

i-MX

JDCXXE-XX
JDDOE-XX

*

jooxE-xx

joxxE-xx
Oo
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VO
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c. H Element
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X-l iff

rf. 3/4 Element

i

as
50

Rgwt 3.1 (com.) Coopottiiooal frid element!.
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a. Plus x orienution.

i+l

b. Minus x orienution.

1 '

e. Pins y orienution.
JL
•

i+l
•

7̂77:
d. Minus y orientation.

X-l

1/2 element orkntuionB.

SB
»
•O

o
o
10

o
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a. Quadrant 1

itl

b. Quadrant 2

x-l

c. Quadrant 3

X-l

d. Quadrant 4

. i "I
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OPEN BOUNDARY

~l

OPEN BOUNDARY

SECTION OF LAKE

RIVER

OPEN BOUNDARY

H|vt3.3 Exampk oft disallowed opea boonlary ekneu coafifonttoa.
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TRC

COLD

trsc1

k

u TRC«0

TKC-TSC
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MAIN KM): SEEL INPUT Fill SEW
ft. INPUT OPTIONS
I. OUTPUT OPTIONS ___
C. GEOMETRIC PARAMETERS
D. TIME PARAMETERS
E. HYDRODYNAMICS
F. SEDIMENT TRANSPORT
6. SOINENT BED STRUCTURE
H. INPUT/OUTPUT FILE NAMES
I. ADDITIONAL INPUT/OUTPUT
J. QUIT

HNC YOUR SELECTION:

Figwe4.5 Main menu for tenip.

ICNU OPTIONS COKTRDLLIH5 PROGWH IITUT <INPOPT(n»
SEDIICNT TRMSPORT IN ftBBinON TO HYBRO U>t

SO1HENT TWNSPORT WITH S-S HYDRO (2>:
READ ieln FMN PREVIOUS MN G):

READ VARIfULE BATHYMETRY FROM ftpth <4>t
ADD *It* TO DOTTOM DEPTHS (I):

USE HIND STRESSES <S>:
READ TItC VAR1AU HINDS FROM rtnd (7)t

INCLUDE CORIOLIS ACCELERATION EFFECTS <•)$
READ VARIAftE TIDL^IOC FRON tidt «>t

USE SINUSOIDAL TIE/SEICHE <10):
UNITS OF CONSTANT SPECIFIED INFLOUI Ol)t

LINEARLY RAMP CONSTANT SPECIFIED INFLOH <12>:
TIHE VARIA1LE INFLOU AND CONCENTRATION (IS):
READ VARIAUE SEDUCNT DED FROM Mted (14):

Mean A tar ttnp.
HRP 002 0362



MENU I: OPTIONS CONTROLLING PROGRAM OUTPUT <INPOPT(n»

VELOCITY OUTPUT <u,v> (15):
SURFACE DISPLACEMENT OUTPUT <«U) U6>:
SEDIMENT CONCENTRATION OUTPUT (C> (17):

SEDIMENT BED OUTPUT (T, p) (18):
INTERMEDIATE OUPUT (19):

OUTPUT iceut FOR FUTURE RUN (20):
OUTPUT TIME HISTORY OF «U (21):

OUTPUT TIME HISTORY OF CONCENTRATION (22):
OUTPUT TIME HISTORY OF SEDIMENT THI09CSS (23):

OUTPUT TIME HISTORY OF BOTTOM STRESS (24):

Figure 4.7 Menu B fat setup.

MENU C: GEOMETRIC PARAMETERS

NUMBER OF GRID POINTS IN K-JIRffTlON:
NUMBER OF GRID POINTS IN

GRID ELEMENT SIZE, x-IIRtCTIW
GRID ELEMENT SIZE, tf-IIRECTIQN

Hfare4jK Mean C for temp.
HRP 002 0363



HENU D; TIHE PARANETERS
TOTflL TIHE FOR THIS MM (tars):

HVKODVNWIC TIHESTEP (»>:
INTEGER MULTIPLIER FOR SOIICNT TRANSPORT TItCSTEP:

Figure 4.9 Menu D for letup.

MENU E; HVIRODYMAHICS
SPECIFIED CONSTANT INFLOW, UO:
SPECIFIED CONSTANT INFLOW, UL:
SPECIFIED CONSTANT INFLOH, VO:
SPECIFIED CONSTANT INFLOW, VL:

HORIZONTAL EDDY VISCOSITY <»*2/«)t
FRICTION FACTOR FOR DOTTOM STRESS:

Figure 4.10 Mean E for May.
HRP 002 0364
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KM) F: SEDItCNT TRANSPORT

HORIZONTAL DOT JIFFUSIVITY

NUHBER OF SEDIMENT PARTICLE SIZE-CLASSES:

RESUSPENSION CONSTANT aOin:
FLCCOJLATION CONSTANT Alpha:

MAXIMUM FLOC DIAMETER (•Scram):
RESUSPENSICN EXPONENT Nttxp:

COARSE SIZE-CLASS SETTLING SPEED (•lerem/s>:
BOTTOM SHEAR STRESS FACTOR eb:

CRITICAL SHEAR STRESS FOR HE9IU1 SUE-CLASS:

Rfae4.ll Menu F fat letup.

HENU 6: SEDltOff KB STRUCTURE

A. NAKIHUH NJNJCft OF LAYERS,
B. TIME AFTER DEPOSITION OF BED LAYERS, ftiM<l>
C. INITIAL 'THIWCSS' OF BO LAYERS, tMdOd)
D. CRITICAL SHEAR STRESS OF BED LAYERS, Uuer(l)

E. WIT

ENTER YOUR CHOICE:

Hfvt4.12 Mean O for jeap.

HRP 002 0365
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KNU C.e: INITIAL 'THICKNESS' OF BED LAYERS IN

TSEDO(l):
T$EDO(2>:
TSEDO<3>:
TSEDOU):
TSEDO(5)t
TSEKX6):
TSEOO<7>*
1SEDO(8>t
TSEDOii):

TSE90(10>t
TSEBO(ll):
TSED002):
TSEBO(11)S
TSEDOU4)t

Figure 4.15 Menu G.c for *tup.

TWCRUtt
T«CR<2>t
TMJCRO):

npve4.16 Menu Od for tetup.

HRP 002 0367
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HENU H: iHPUT/ouTPUT FILE NMCS
IHPUT-nod*

INPUT- depth
INPUT- leln
INPUT- wind
INPUT- tld*

INPUT- Mdt»d
OUTPUT- uvgr«ph

OUTPUT- •Ugraph
OUTPUT- egraphl
OUTPUT- C9T«ph2
OUTPUT-cr«F«OUTPUT- cgripM

OUTPUT- Mgr«h
OUTPUT- f rccgriph

OUTPUT- ieout
OUTPUT- tt^ltt

OUTPUT- ehlst
OUTPUT- Mdhitt
OUTPUT-

FILENMC:
FILENMC:
FILEimC:
FIIENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:
FILENMC:

Figure 4.17 Menu H for uttip.

MBU I; MDmONM. INPUT/OUTPUT
A. INPUT/OUTPUT OF: outlnt, dtlUh, rte.
I CONSTMIT SPEC1FID SE6IHENT CONCENTMTION AT INFLOWS
C INITIAL FRACTION OF HD1UH SIZE-CLASS PARTICLES IN
I INITIAL SUSPENDED SEDIHDfT CONCENTRATION
E SURFACE IISPLACEHENT TINE HISTORY GR» POINTS
F CONCENTRATION TltCKISTORY 6R» POINTS
6. LINEAR RAHPING OF CONSTANT SPECIFIQ INFLOUS
H. INPUT OF TIHE-VMIAU inflow FILES
U INPUT OF TIHE-VMIAU ndle^ FILES
J. QUIT

ENTER YOUR CHOICE:

Hfut4.18 Mean I for *t*p.

HRP 002 0368
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MENU I.t: ADDITIONAL VARIABLES
TINE BETWEEN INTERMEDIATE OUTPUT wtlnt <hor*>:

CONSTANT KPTH ADDED TO ALL BOTTOM KPTHS dtltih (en>:
TIIC INTERVAL BETiCEN VALUES IN wind FILE - twlnd <hmr*>:

NUHBER OF CRIB POINTS FOR ETA TINE HISTORY

NUMBER OF CRIB POINTS FOR CONCENTRATION TINE HISTORY Kit
TIKE INTERVAL OF ONC. TINE HISTORY OUTPUT etout <hor*>:

CORIOLIS PARARHETER foor (I/*):
SINUOSIBAL TIBE/SEICHE AMPLITUDE «•! <»>:
SINUSOIBAL TIBÊ EIOC PERIOB ami <hem>:

NOBE-NUNBER OF OPEN BOUNBARV FOR TIBE/SEICHE nodtld:

Rgim4.19 MOM I* tar setup.

MENU I.b: CONSTANT SPECIFIED SOIHEHT CONCENTRATION AT INFLOU IN

cxod):cxo(2>:

OL(2>:OL(S):
CYOd):
CYO(2>:CYO<I>:
CYL(1>:
CYL(2>:
CYL(3>:

Hgae420 Menu Lb for temp. oo
to

o
to
vo
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MENU l.c: INITIAL FRACTION OF MEDIUM SIZE-CLASS PARTICLES IN KD: pO

po:

Figure 421 Menu Lc for setup.

MENU I.d: INITIAL SUSPENDED SEDIMENT CONCENTRATION IN
ctleOO, Ui,...,kct

ctle<2>:
ctic<3>:

CO

oto

OJ~Jo
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HENU !.•:
IETA(1>:
IETA(2):
IETA(3):irm<4>:
IETA(5>:irr«(6>:
IETA(7):
IETA(B):
IETAO):IHftdO):
1ETA(U):
IETA(12>:
IETft<l3):
1ETA(14>:
IETA(15):
IETA(16):IHAd?):
IETA<18>:
IETA(19>:
IETA(20):

SURFACE B1SPUCOCMT TIC HISTORY CRIB POINTS
JFTAd):
JETAC2):
JETA<3>:
JETA(4>:
JETA(5):
JETA<6):
JETAC7):
JETA<8>:
JETAO):
JETft(lO):
JETACll):
JET A (12):
JETA<13>:
JETA(14):
JETA(15>:
JTAdG):
JETA(i7):
JETA(18):
JETAC19):
JTA(20>:

Figure 4.23 MeauLefor jetifp.

^̂ —̂ ̂»̂ — — ••

NENU i.f:
ICT<1>:
ICT(2>:
ICT(3>:ICT(4):
ICT(S):
ICT(6>:
ICT<7>:
ICT(8):
ICT(9>:1CT(10>:
ICT(ll>:
1CT<12>:
ICT<13>:
ICT<14>:
ICTUS):1CTU6):
ICT(17>:
ICT(18>:
ICT(19):

————— - — • ——————— - ———————
CONCENTRATION TINE HISTORY GRID POINTS

JCT(l):
JCT(2>:
JCT(3>:
J0<4>:
JCT<5>:
JCT<6>:
JCT<7>:JCT(e):jno>:jcr<ie>:JCT(ii):
JCT(12>:JCT(iS):
JCT<14>:JCT(iS):
JCTU6):
JCT<17>:JCT(ii>:
JCT(IS):
JCT(20>:

Hfure4.24 Menu Lf for setup.

HRP 002 0371
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HENU 1.9: LINEAR RttflNG OF CONSTANT SPECIFIED INFLOUS
NUMBER OF TINESTEPS TO LINEARLY INCREASE UO -
NUHBER OF TIKESTEPS TO LINEARLY INCREASE UL - rra*<2>:
NUHBER OF TIHESTEPS TO LINEARLY INCREASE VO - nr«*(3):
NUHBER OF TIHESTEPS TO LINEARLY INCREASE VL - nr«9<4):

Figure 4.23 Menu Ij for tttup.

HENU I.h: INPUT OF TlHE-VftRIA&E Inflow FILES
TOTAL NUHKR OF InFlat FILES TO INPUT -

inflwl FILE NftC:
inflwfl FILE NRHE:
inflow! FILE MPHE:
tnFleU FILE NflHE:

nodoiMtor FOR InFIoul FILE - fwfeojl):
nodrtwibor FOR Inf 1«£ FILE - nodootf):
nofc-rmbor FOR tnflo*3 FILE - nodoqft):
nooVn*bor FOR InFlmM FILE • rwfe*<4h

NUKKR OF INFLOU VALUES TO READ FMH tnfloid - nU(l):
NUHIER OF INFLOU VALUES TO REAS FROM tnri«2 • nU(2>:
NUKKR OF INFLOU VALUES TO READ FROM Inflow! - nUd>:
NUHIER OF INFLOU VALUES TO READ FROM iirflorf » nU<4>:

TIHE BETWEEN EACH ItfLOU VALUE IN inflatf! - U(i) Own):
TINE KTUEEN EACH INFLOU VALUE IN inttouS - U(2> 0«r«)t
TIHE KTUEEN EACH INFLOU VALUE IN inFlowl - U(l> Omn>t
TIHE KTUEEN EACH INFLOU VALUE IN lnFlow4 - t*(4> Omrt):

ItAHPINC TINE KTUEEN VALUES IN inFlwl - tr<l) Own):
RAHPlNfi TIHE KTUEEN VALUES IN inttotf - tr(2) Own):
MMPINB TIHE KTUEEN VALUES IN InttouS • tr(J) Own):
RAHPINC TIHE KTUEEN VALUES IN tnflo»4 •> tr<4) Own):

Fi|ure4J6 Mean Lh
EC5d

Oo
to

ow-J
to



MENU l.l: INPUT OF TIC-VARIABLE ssdlMd FILES

TOTAL NUTOER OF ssdlosd FILES TO INPUT - nelrtt
ssdloadl FILE NAME:
•sdlo»d2 FILE NATC:
•sdloaS FILE NAME:
MdlowM FILE MATE:

FOR ssdlssdl FILE - noted):
FOR ssdlosft? FILE • note(2):
FOR MdtoadS FILE - noted):

nodt-n«bsr FOR ssdlssd4 FILE - note(4):
TOTAL NUHBER OF CONC. VALUES TO READ FROM MdlMdl - nte(l>:
TOTAL NUTOER OF CONC. VALUES TO READ FROM Mdloofi • nU(2>:
TOTAL NUMBER OF CONC. VALUES TO READ FROM MdlcwS - nte(3)J
TOTAL NUMBER OF CONC. VALUES TO READ FROH MdlMd4 - nte(4>s
TirC BETUEEN EACH CONC. VALUE IN MdlMd i - toed) (hours):
TirC BETUEEN EACH CONC. VALUE IN MdlMd 2 - toe(2) (hours):
Tire BETUEEN EACH CONC. VALUE IN ttdload i - toc(i) (hour*):
TirC BETUEEN EACH CONC. VALUE IN ttdlotd 4 - toc(4) (hours):

RAMPING TIIC BETUEEN VALUES IN inflowl - tre(l) (hours):
RAMPING Tim BETUEEN VALUES IN Inf Iou2 » tre(2) (hours):
RAMPING TIME BETUEEN VALUES IN inflow! • trc(3) (hours):
RAMPING TIME BETUEEN VALUES IN inFlow4 - tre<4) (hours):

Utatetup.

EC

o
to

U)



DEPEREDAM

FT. HOWARD

FT. HOWARD

EAST RIVER

MOUTH

ZOO
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flfttf SEDZL : VERSION 1.0 tftltt

JUNE, 1990 RELEASE

RUN NUMBER: fox.l

*i :*************************************

PROGRAM OPTION SETTINGS

INPOPT{ 1)
INPOPT( 2)
INPOPT( 3)
INPOPK 4)
INPOPT( 5)
INPOPK 6)
INPOPT< 7)
INPOPK 8) •
INPOPT( 9) •
INPOPT(IO) •
INPOPK 11) •
INPOPK 12) •
INPOPK13)
INPOPT(14)
INPOPTU5)
INPOPK 16)
INPOPT(17)
INPOPT(18)
INPOPK 19)
INPOPK20)
INPOPT(21)
INPOPK22)
INPOPK 23)
INPOPT(24)

0
0
0
1
1
0
0

• 0• 1
• 0
• 1
• 1

1
011
0
0111
0
0
0

A"**************************************

INPUT - nod* FILE NAME :

INPUT - depth FILE NAME :
INPUT - tide FILE NAME :

INPUT - inflow FILE NAMES :
inflow.fox.1

nod*.fox
depth.fox
••ieh*.fox.l

****************************************

Figure S3 Ouqnt file aajbxJ for Lower Fan River eumple.
u>
«j
-j
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OUTPUT - uvgraph FILE NAME : out.uv.fox.l

OUTPUT - ctagraph FILE NAME : out .eta. fox. 1

OUTPUT - icout FILE NAME : OUt.ic.fox.l

: OUTPUT - etahist FILE : out.etahist.fox.l
***************************************

i
***** JKPUT PARAMETERS (DIMENSIONS ARE IN cgs UNITS) *****

MAXIMUM TIME FOR THIS RUN (hours) : 6.0
•

MX, MY, XSTP, YSTP : 125 50 9000. 3000.

TSTP, IRTSTP : 3.00 1

AH, CF : 10000. 0.0020

UO, UL, VO, VL : 15.0 0.0 0.0 0.0

DELTAH : 50.

NRAMP(l) : 600
NRAMP(2) : 0
NRAMP(3) : 0
NRAMP(4) : 0

NQIN : 1

N, NODEQ, NTS, TS, TR : 1 43 3 3.00 1.00

NODTID : 52

OUTINT (hours) : 3.0

META : 3
M, IETA, JETA : 1 4 14
M, IETA, JETA : 2 63 10
M, IETA, JETA : 3 125 45

*• ****** ********************************

MAXIMUM COURANT NUMBER OF 0.521 OCCURS AT i, j - 78 24
* ************************************** ™

•a
TOTAL NUMBER OF GRID POINTS FOR THIS PROBLEM: 2078 oo**************************************** to

Fijat 53 (conL)Outp«fik«tf/o^ far Lower Fox RhrereMnq»le.
-j
oo
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f f f f f TIME - 0.3000E+01 HOURS
ii

MINIMUM VELOCITY AT 119 46 IS 0.0

f MAXIMUM VELOCITY AT 102 17 IS 17.5

MINIMUM ETA AT 125 41 IS 12.0

MAXIMUM ETA AT 104 17 IS 20.5

IffII TIME - 0.6000E+01 HOURS

MINIMUM VELOCITY AT 65 2 IS 0.0

MAXIMUM VELOCITY AT 107 32 IS 18.9

MINIMUM ETA AT 125 41 IS 11.0

MAXIMUM ETA AT 104 17 IS 24.6

Hfure 53 (coot) 00901 Ite Mt/bxJ for Lower Fox Rtar ample. ae

oo
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144414 SEDZL : VERSION 1.0 444444
JUNE, 1990 RELEASE
t***************4

RUN NUMBER: fox.2

* **************************************

PROGRAM OPTION SETTINGS

INPOPTC 1) - 1
INPOPTC 2) - 0
INPOPTC 3) - 1
INPOPTC 4) - 1
INPOPTC 5) - 1
INPOPTC 6) « 0
INPOPTC 7) - 0
INPOPTC 8) - 0
INPOPTC 9) - 1
INPOPK 10) - 0
INPOPTC11) - 1
INPOPTC12) - 0 '
INPOPK 13) - 1
INPOPTd4) - 0
INPOPTC15) - 1
INPOPTd6) - 1
INPOPTd?} • 1
INPOPK 18) - 1
INPOPTd9) - 1
INPOPK20) - 0
INPOPTC21) - 0
INPOPTC22) - 1
INPOPTC23) - 1
INPOPTC24) - 1

****************************************

INPUT - aod« FILE NAME : aod*.fox
INPUT - depth FILE NAME : dtpth.fox
INPUT - icin FILE NAME : out.ic.fox.l §g

INPUT - tide FILE NAME : ••ich«.fox.2 o
INPUT - inflow FILE NAMES : 5

inflow.fox.2
o

FfenreSJ Output file rar/br2 lor Lower Foe Riw enmpte. t~»

\
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INPUT - sedload FILE NAMES
sedload.fox.2

OUTPUT - uvgraph FILE NAME : out.uv.fox.2 *

OUTPUT - etagraph FILE NAME : out.eta.fox.2
• OUTPUT - cgraphl FILE NAME (TOTAL CONC.) : out.CtOt.fOX.2

OUTPUT - cgraph2 FILE NAME (FINE CONC.) : out.cfin.fox.2
•s»

OUTPUT - cgraph3 FILE NAME (MEDIUM CONC.) : out.Cmcd.fOX.2

OUTPUT - cgraph4 FILE NAME (COARSE CONC.) : out.CCOr.fox.2

OUTPUT - badgraph FILE NAME : out.bed.fox.2

OUTPUT - fracgraph FILE NAME : out.frac.fox.2

OUTPUT - chist FILE NAME : out.chiat.fox.2

OUTPUT - sedhist FILE NAME : out.sedhist.fox.2

OUTPUT - tauhist FILE NAME : out.tauhist.fox.2
*« *************************************

***** INPUT PARAMETERS (DIMENSIONS ARE IN cgs UNITS) *****

MAXIMUM TIME FOR THIS RUN (hours) : 12.0

MX, MY, XSTP, YSTP : 125 50 9000. 3000.

TSTP, IRTSTP : 3.00 5

AH, CF : 10000. 0.0020

DO, UL, VO, VL : 15.0 0.0 0.0 0.0

DH, KCT - 20000. 3

CXO(k), k-l,..,KCT (ing/liter): 5.0 15.0 7.0

CXLOO, k-l,..,KCT (mg/litar): 0.0 0.0 0.0

CYOOc), k-l,..,KCT (mg/litar): 0.0 0.0 0.0 a,
»

CYO(k), k-l,..,KCT (rog/liter): 0.0 0.0 0.0 *

AOIN, ALPHA, DMAX (microns), RESEXP, BETA (microns/*), CB, TCRDEP : o
0.0080 0.100E-07 200.0 3.0 1000.0 1.00 0.1000 "

o
Rfwe 5 J (cont) Ootpu» file oitf/ot2 for Lower Fw River eanpk. £

to
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LAYMAX : 10

FTIME (1), l-l, ..., LAYMAX (days) :
0.005 0.125 0.250 0.500 1.000 2.000 3.000 4.000 5.000 6.000

TSEDO(l), 1-1, ..., LAYMAX :
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 10.0

TAUCR(l) , 1-1, . . . , LAYMAX :
0.10 0.20 0.40 0.80 1.00 1.00 1.00 1.00 1.00 1.00

PO : 0.50

CTIC(k), k-l,...,KCT (rag/liter) : 5.0 10.0 5.0

- DELTAH : 50.

NQIN : 1

N, NODEQ, NTS, TS, TR : 1 43 9 3.00 1.00

NCIN : 1 *

N, NODEC, NTC, TSC, TRC : 1 43 7 4.00 1.00

NODTID : 52

OUTINT (hours) : 6.0

MCT, CTODT (hours) : 3 1.0

M, ICT, JCT : 1 4 14
M, ICT, JCT : 2 63 10
M, ICT, JCT : 3 125 45

****************************************

MAXIMUM COURANT NUMBER OF 0.521 OCCURS AT i, j - 78 24
****************************************

TOTAL NUMBER OF GRID POINTS FOR THIS PROBLEM: 2078
****************************************

*«**! TIME - 0.1200E+02 HOURS g

MINIMUM VELOCITY AT 65 2 IS 0.0 £

MAXIMUM VELOCITY AT 107 32 IS 29.1 0
U)
»

Pif« 53 (coot) (>nptt^«tf/«J for Un«r Fox River ttttnpte. "
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MINIMUM ETA AT 113 42 IS -9.6

MAXIMUM ETA AT 4 22 IS 3.3

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 3
MAXIMUM CONCENTRATION AT I, J - 1

FINE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 100
MAXIMUM CONCENTRATION AT I, J - 1

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 5
MAXIMUM CONCENTRATION AT I, J - 100

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 108
MAXIMUM CONCENTRATION AT I, J - 1

MINIMUM SEDIMENT THICKNESS AT I, J -

MAXIMUM SEDIMENT THICKNESS AT I, J -

37 IS
14 IS

17 IS
14 IS

50 IS
17 IS

0.6043E+01
0.2300E+02

O.OOOOE+00
0.6000E+01

0.2530E+01
0.1500E+02

33 IS -0.1793E+00
14 IS 0.1200E+02

107 32 IS -0.3444E-04

100 18 IS 0.1732E-01

ttift TIME • 0.1800E+02 HOURS

MINIMUM VELOCITY AT 49 5 IS 0.0

MAXIMUM VELOCITY AT 102 17 IS 17.4

MINIMUM ETA AT 124 42 IS -3.6

MAXIMUM ETA AT 104 17 IS 3.2

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 125 42 IS
MAXIMUM CONCENTRATION AT I, J - 1 14 IS

FINE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 100
MAXIMUM CONCENTRATION AT I, J - 1

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 11 43 IS
MAXIMUM CONCENTRATION AT I, J - 100 17 IS

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 46
MAXIMUM CONCENTRATION AT I, J - 1

0.4660E+01
0.3000E+02

17 IS O.OOOOE+00
14 IS 0.8000E+01

0.9758E+00
0.1500E+02

4 IS 0.1665E-08
14 IS 0.1600E+02

MINIMUM SEDIMENT THICKNESS AT I, J - 73 13 IS

MAXIMUM SEDIMENT THICKNESS AT I, J - 1 14 IS

0.1338E-03
o

0.4148E-01 S

Figure 53 (coot) 00901 fik o*fox2 for Lower Fox Rhv ample. 00
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tttfft SEDZL : VERSION 1.0 ftllft

JUKE, 1990 RELEASE

****************************************

I
RUN NUMBER: gbay.l

** *************************************

PROGRAM OPTION SETTINGS

INPOPT( 1)
INPOPT( 2)
INPOPT( 3)
INPOPTC 4)
INPOPTi 5)
INPOPT( 6)
INPOPT( 7)
INPOPT( 8)
INPOPT( 9)
INPOPT(IO)
INPOPT(ll)
INPOPT(12)
INPOPTU3)
INPOPT(14)
INPOPT(IS)
INPOPT(16)
INPOPT(17)
INPOPT(18)
INPOPT(19)
INPOPT(20)
INPOPT(21)
INPOPT(22)
INPOPT(23)
INPOPT(24)

1
0
0
11111
0
0
0
0
0
011111
0
0
0
0
0

****************************************

INPUT - node FILE NAME :

INPUT - depth FILE NAME :

INPUT - wind FILE NAME :

node.gbay
depth.gbay
wind.gbay.l

* **************************************

OUTPUT - uvgraph FILE NAME : out.uv.gbay.l
OUTPUT - etagraph FILE NAME : out.eta.gbay.l

HfntS.7 Output file outjbay.l for Green Bay example.

EC
»
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OUTPUT - cgraphl FILE NAME (TOTAL CONC.) : out.ctot.gbay.1

! OUTPUT - cgraph3 FILE NAME (MEDIUM CONC.) : out.cined.gbay. 1

OUTPUT - cgraph4 FILE NAME (COARSE CONC.) : out.ccor.gbay.1

•' OUTPUT - bedgraph FILE NAME : out .bed. gbay. 1

OUTPUT - fracgraph FILE NAME : out.frac.gbay.1
** *************************************

***** INPUT PARAMETERS (DIMENSIONS ARE IN cgs UNITS) *****

MAXIMUM TIME FOR THIS RUN (hours) : 96.0

MX, MY, XSTP, YSTP : 77 34 243840. 121920.

TSTP, IRTSTP : 45.00 5

AH, CF : 500000. 0.0020

UO, UL, VO, VL : 0.0 0.0 0.0 0.0

DH, KCT - 2000000. 2

CXO(k), k-l,..,KCT (mg/liter): 0.0 0.0
CXL(k), k-l,..,KCT (mg/liter): 0.0 0.0
CYO(k), k-l,..,KCT (mg/liter): 0.0 0.0
CYO(k), k-l,..,KCT (mg/liter): 0.0 0.0
AOIN, ALPHA, DMAX (microns), RESEXP, BETA (microns/8), CB, TCRDEP :

O.OOBO 0.100E-07 200.0 3.0 1000.0 0.50 0.1000

LAYMAX : 10

FTIME (1), 1-1,...,LAYMAX (days) :
0.005 0.125 0.250 0.500 1.000 2.000 3.000 4.000 5.000 6.000

TSEDO(l), 1-1,...,LAYMAX :
0.0 0.0 0.0 0.0 1.0 1.0 1.0 1.0 1.0 100.0

TAUCR(1), 1-1,...,LAYMAX :
0.10 0.20 0.40 0.80 1.00 1.00 1.00 1.00 1.00 1.00

PO : 0.50 »

CTIC(k), k-l,...,KCT (mg/liter) : 0.0 0.0 o
o

DELTAH : 100. "
o

Hfnre 3.7 (com.) Ontpnt file majbayJ tar Onto Bay example.. oo
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TWIND (hours) : 1.0

FCOR : 0.00010

OUTINT (hours) : 12.0

** *************************************

MAXIMUM SZ6MA OF 0.385 OCCURS AT i, j - 58 19
** *************************************

TOTAL NUMBER OF GRID POINTS FOR THIS PROBLEM: 1491

** *************************************

««lft TIME - 0.1200E+02 HOURS

MINIMUM VELOCITY AT 4*7 6 IS 0.0

MAXIMUM VELOCITY AT 61 19 IS 10.6

MINIMUM ETA AT 1 22 IS -2.1

MAXIMUM ETA AT 67 26 IS 2.1

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

MINIMUM SEDIMENT THICKNESS AT I, J -

MAXIMUM SEDIMENT THICKNESS AT I, J -

1 IS O.OOOOE+00
1 IS O.OOOOE+00

1 IS O.OOOOE+00
1 IS O.OOOOE+00

1 IS O.OOOOE+00
1 IS O.OOOOE+00

54 1 IS O.OOOOE+00

55 1 IS O.OOOOE+00

tffff TIME - 0.2400E+02 HOURS

MINIMUM VELOCITY AT 43 28 IS 0.0

MAXIMUM VELOCITY AT 13 19 IS 4.3

MINIMUM ETA AT 1 28 IS -1.2

5.7 (coot) Ootpa tbmajbayl for Onto

ooto

ou>
00
00
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MAXIMUM ETA AT 72 3 IS 1.1

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

MINIMUM SEDIMENT THICKNESS AT I, J -

MAXIMUM SEDIMENT THICKNESS AT I, J -

1 IS O.OOOOE+00
1 IS O.OOOOE+00

1 IS O.OOOOE+00
1 IS O.OOOOE+00

1 IS O.OOOOE+00
1 IS O.OOOOE+00

54 1 IS O.OOOOE+00

55 1 IS O.OOOOE+00

***** TIME - 0.3600E+02 HOURS

MINIMUM VELOCITY AT 24 12 IS 0.0

MAXIMUM VELOCITY AT 36 15 IS 9.4

MINIMUM ETA AT 77 4 IS -2.8

MAXIMUM ETA AT 8 33 IS 3.3

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54
MAXIMUM CONCENTRATION AT I, J - 54

MINIMUM SEDIMENT THICKNESS AT 1, J -

MAXIMUM SEDIMENT THICKNESS AT I, J -

1 IS O.OOOOE+00
1 IS O.OOOOE+00

1 IS O.OOOOE+00
1 IS O.OOOOE+00

1 IS O.OOOOE+00
1 IS O.OOOOE+00

54 1 IS O.OOOOE+00

55 1 IS O.OOOOE+00

***** TIME • 0.4800E+02 BOORS

MINIMUM VELOCITY AT 67 29 IS 0.0

MAXIMUM VELOCITY AT 24 24 IS 36.5

MINIMUM ETA AT 76 9 IS -11.3

Rgwe 5.7 (OOOL) Oatpa file ma^bayj tar Green Bay example.
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MAXIMUM ETA AT 1 25 IS 13.2

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 25 24 IS -0.1765E+00
MAXIMUM CONCENTRATION AT I, J - 24 24 IS 0.1249E+02

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 25 24 IS -O.B832E-01
MAXIMUM CONCENTRATION AT I, J - 24 24 IS 0.6248E+01

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 25 24 IS -0.8818E-01
MAXIMUM CONCENTRATION AT I, J - 24 24 IS 0.6237E+01

MINIMUM SEDIMENT THICKNESS AT X, J - 24 24 IS -0.5192E-02

MAXIMUM SEDIMENT THICKNESS AT I, J - 24 25 IS 0.7749E-04

1*1*1 TIME - 0.6000E+02 HOURS

MINIMUM VELOCITY AT 49 6 IS 0.1

MAXIMUM VELOCITY AT 24 24 IS 22.1

MINIMUM ETA AT 73 17 IS -4.6

MAXIMUM ETA AT 1 22 IS 6.0

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 6B 28 IS -0.4290E-09
MAXIMUM CONCENTRATION AT I, J - 36 12 IS 0.1829E+00

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 54 1 IS 0.7744E-13
MAXIMUM CONCENTRATION AT I, J - 36 12 IS 0.1486E+00

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J • 16 32 IS -0.3065E-03
MAXIMUM CONCENTRATION AT I, J - 35 14 IS 0.3564E-01

MINIMUM SEDIMENT THICKNESS AT I, J - 24 24 IS -0.5189E-02

MAXIMUM SEDIMENT THICKNESS AT I, J - 24 25 IS 0.7027E-03

***** TIME • 0.7200E+02 HOURS

MINIMUM VELOCITY AT 46 4 IS 0.0 *
>d

MAXIMUM VELOCITY AT 47 28 IS 10.3
o

MINIMUM ETA AT 66 30 IS -1.6 S

Figure 5.7 (OOBL) Output file ovtjbayJ for OIMD Bay example. o
vo
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MAXIMUM ETA AT 2 22 IS 3.6

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 57 1 IS 0.2788E-08
MAXIMUM CONCENTRATION AT I, J - 36 11 IS 0.5687E-01

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 57 1 IS 0.2766E-08
MAXIMUM CONCENTRATION AT I, J - 36 11 IS 0.5595E-01

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 14 33 IS -0.7096E-04
MAXIMUM CONCENTRATION AT I, J - 35 15 IS 0.1882E-02

MINIMUM SEDIMENT THICKNESS AT I, J - 24 24 IS -0.5192E-02

MAXIMUM SEDIMENT THICKNESS AT I, J - 24 25 IS 0.7110E-03

lilt* TIME - 0.8400E+02 HOURS

MINIMUM VELOCITY AT 47 6 IS 0.0

MAXIMUM VELOCITY AT 47 28 IS 12.8

MINIMUM ETA AT 7*6 9 IS -2.2

MAXIMUM ETA AT 1 22 IS 3.5

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 57 1 IS 0.1128E-06
MAXIMUM CONCENTRATION AT I, J - 35 11 IS 0.2797E-01

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 57 1 IS 0.1127E-06
MAXIMUM CONCENTRATION AT I, J - 35 11 IS 0.2792E-01

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 13 33 IS -0.2876E-04
MAXIMUM CONCENTRATION AT I, J - 34 16 IS 0.1451E-03

MINIMUM SEDIMENT THICKNESS AT I, J - 24 24 IS -0.5192E-02

MAXIMUM SEDIMENT THICKNESS AT I, J - 24 25 IS 0.7155E-03

#Mft TIME - 0.9600E+02 HOURS
33
»

MINIMUM VELOCITY AT 48 4 IS 0.0 *

MAXIMUM VELOCITY AT 58 28 IS 8.4 oto
MINIMUM ETA AT 77 4 IS -1.1 o

Ul

Figure 5.7 (COOL) Ontptt file ouijbayJ Cor Onen Bay example. J2
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MAXIMUM ETA AT 8 33 IS 1.7

TOTAL SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 59
MAXIMUM CONCENTRATION AT I, J - 35

MEDIUM SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J - 59
MAXIMUM CONCENTRATION AT I, J - 35

COARSE SEDIMENT CONCENTRATION
MINIMUM CONCENTRATION AT I, J -

1 IS
10 IS

1 IS
10 IS

0.7899E-06
0.1717E-01

0.7698E-06
0.1716E-01

12 33 IS -0.164IE-04
17 IS 0.1629E-04MAXIMUM CONCENTRATION AT I, J - 33

MINIMUM SEDIMENT THICKNESS AT I, J - 24 24 IS -0.5192E-02

MAXIMUM SEDIMENT THICKNESS AT I, J - 24 25 IS 0.7176E-03

Figat 5.7 (COBL) Ottpat file majbayJ for Green Bqr ample.

oo
to

o
UJ
vo
10



RSraRSMCB MATERIALS TOR 8XCTXON 3.0

Figures for Section 3.1

a. Figure 3.1-1

b. Figure 3.1.3-1

Tine Trend Graph of Decreasing
PCB Concentrations in the
Upper Hudson River Water
Column
Time Trend Graph of Total
Lipid Based PCB Concentration
in Large Mouth Bass

Figures for Saetien 3.2

a. Figure 3.2.1-1

b. Figure 3.2.2-1

Mean and Standard Deviation of
Birth Height: High Dose Group
and Controls from Barsotti and
Van Miller (1984), and
Historical Measurements from
Van wagen and Catchpole (1956)
Monte Carlo Simulation (10,000
iterations)

Tables for Section 3.2

a. Table 3.2.2-1

b. Table 3.2.2-2
c. Table 3.2.2-3

d. Table 3.2.2-4

Summaries of Studies Regarding
Recreational Angler Fish
Consumption
Species-specific Angler Effort
LADD Distributions (mg/kg/day)
for Thirty Year Exposure
Average Percent Reductions in
the Concentrations of PCBs in
Fish Filets by Various Cooking
Methods
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PCS Concentration - Time Trend Figur* 3.1-1.
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Upper Hudson River

Cam.

1970 i960 1990

MP 194. ICO
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A High Flew

o
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2000 2010

ou> I' J
YEARS DataSourct: USGS

• PCB Concentration Decreasing For All Flows
• Year-To-Year Variations But Trend Is 50% Decrease Every 3 Years
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c c

Figure 3JL1:X'. Mean and Standard Deviation of Birth Weight: High Dose Group and Controls from Barsotti and Van
Miller (1984), and Histroical Measurements from Van Wagen and Catchpole (1956)

T\

ft

High Dose Group-

Controt-

* Historical.
Measurements

3:

[ ————— 1 ————— ]

[ ——————————— | ——————————— j

1 ——— —— —— ———— I —————————— 1

50 400 450 500 550 600
Grams

96eO ZOO dHH
• Average of male and female mean and standard deviation



Mont* Carlo Simulation (10.000 Iterations)
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Table 3.Z2-1. Consumptkn of Fish by Recreational Anglers (g/day)

Spon-CsughtFish

NYSDEC, 1990 (statewide)

NYSDEC. 1990 (Lake Ontario) 4.4

Commercial and
Spon-Caught Fish

Study

Puffer etaL, 1981

Pierce etaL 1981

Median

37

23

Mean

-

_

Median Mean

_ _

_ *.

28

OwmRisk, 1991a 2.0*

Wisconsin Division of Health, 1987 62

WeaetaU1989

Honsttad etaL. 1971

Soldai.1970

Turcone, 1983 -

6.4*
3.7b

12.3

7

7.7

1.8

6.2-18.6

_

_ _

_ _

_ _

_ „

_

a. An wMobodie* includinc Uket. nondt. rivvs and Mrttmt.
o. KivflS md sttcttns ouly*

o
o
K)

vo
00
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Tabk 322-2. Specks-specific Aagkr Effort for "Other Species" Iron the Upper Hodsoa River

Angler Effort* Estimated
Species__________ (angler days) ____ Percent of Total Effort Consumption (meal Vyear)

Yellow Perch 1.738.440 18.28 199

Walleye 2388360 25.11 2.73

Northern Pike 1.107.710 11.65 127

Brook Trout 1389300 14.61 139

Bullhead 1.150,110 12.09 132

Chain Pickerel

Sunfish

Other b

American Eel
White Perch
Goldfish

Totals

319.780

823300

593.120

9310320

336

8.66

624

100

0.367

0.943

0225
0225
0225

10.88

a. From Table 6; NYSDEC. 1990.
b. ~Otou Speciet* category from Tabk 6; NYSDEC. 1990.
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,1fit!
8
 

«
*

H
li

1
§§

88SI fii

8*g
g

g

8g

1
1

1j

IS

IM8fi8

888

a
Pi

(M

KISS« e

8

8S

i1iii•3

a:ootoo•uoo

3. a. a-3



i aoie j *.*•». Average rercem Keoucuons in ine concentrations 01 runs in ran rums oy various cooung
Methods
Cooking
Method

Broiled

Roasted

Microwave

Pan Fried

Poached

a. Lake now fiOets fin
b. While croaker Gneu

Aroclor
1254"

53%

34%

26%

-

-

: from Santa Monk* I

Aroclor
1254,1242°

—

-

-

65%

-
iketaL.1979).
tav. Ca. (Puffer and Oon

Aroclor Total
1254, 1242 c PCBsd

25%

20%

33%

28% 25%

27%

ten. 1983).

Aroclor
1254, 1242'«

-

11-16%

-

-

2-8%

c. White croaker fiOett from Orange County, Ca. (Puffer and Oouett, 1983).
d. Carp GDeis from Lake Superior (Zabik et aL. 1982).
e. Chinook and Coho Salmon from Lake Michigan (Smith at aL. 1973).

no
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6. REFERENCE MATERIALS FOR SECTION 4.0

1. Borah, Scour-Depth Prediction Under Armoring Conditions
(1988).

2. Palermo, Autumn 1991, Equipment Choices for Dredging
Contaminated Sedimentsr Remediation Journal.

3. Rice and White, 1987, PCB Availability Assessment of
River Dredging Using Caged Clams and Fish, 6 Env. Tox.
259-274 (1987).

4. Swan, Analysis of Dredae Safety Hazards. United States
Dept. of the Interior, Bureau of Mines.
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Aciur ale prcdkliim ol scour dcpih may assisi in vn(!inccrin|> planning ami
ik-sipn invdlvmR water fluw over an alluvial hed PrmcJurcs l«tr vonipuiinf>
scour depths in hmr. contracted river reaches ami near spur dikes, collcr-
dams, and drop stiutiures arc available in the litcraiuic tViimmi I17S. IV
Icrscn I'fKfi) *lhc\c procedures are based on empirical relations predicting
equilibrium scdunenl discharge under sieaily-sute !!••* comliiHms I he pro-
cedures arc not simple and proper applH-alions lequirc clear umk-rstantlin):
ol the umlcrlyinp assum|4Hins and the lluvial processes.

lied scour in allnvi.il sircams can J!M» he predated hy usinp » •.initil.iliim
HHMjcl. The rmidels are based on mass conservation ami equilibrium sedi-
ment discharge relations and ollcn re<|uirc cahhratHMi with measured djta.
IxarnmK ami using a simulation mudel is M lime -consuming task Search lor
simpler procedure ol bed scour compulation must continue so thai praitaing
engineers can use such a procedure with minimum cllort

In this note, a simple procedure is proposed to compute scour depth on
an alluvial bed having graded materials under certain llnv. conditions that
can produce an armor layer 41 the bed swrlacc Ihc pi "sc Jure is vuli«|Mici|
v.ith lahiiraktry MM! In-M condilMHis. namely l.illle ami Slayer's I \'H2> llumc
and dowmMrewn of the tiaviio PiNnt Item in Ihc Missouri Kiver iKarmi and
Kennedy I<M2). respectivery The proposed pruccikire v.ill he useful in turn-
puling Knur depths downstream Imm hydraulic sinK lures and in nev> un-
lincd canals, and (or selecting materials lor canul beds

BCD SCOUN MM) FOMMTION OP AMMOH LAVEH

Red scour on an alluvial bed is the result of imbalance hcivtecn the sed-
iment transport capacity of the (low and the amoun1 ol sediment coming
along with the flow. If the sediment transport capacity is hiencr than the
incoming sediment rale, bed scour will take place until these t«o become
equal.

In Ihc presence of graded materials, the hed scour may he restricted hy
fi-muttou of an armor layer. Such a layer is formed h> the conlmunus a> in«n
ol water How having a transport capacity coniinu:ill\ higher ih.m the sedi-
ntenl supply. In tins case, bed scour continues due in the enlrainment nl
transportable partklcs already ex|«>sed or yetin.i- exposed at the^bed surl.Ke

Tietented at the Aupjsl M 12. I 'Wit. ASCL NalHHul Cimlrrcmr IHI
I ftgmrftHu;. heM ar ColnrMln Sprim<s. CO

'Atsl Rei Prof . Itepl. M HM> MM! Ayric Lnfrp . f<«A < iilk-rv. Hui|>crs Univ
Ne« Brunswick. Nl INND.V

Nine. Divmtiwi «pc« until March I . I WO to esk-ml the ihismy ilaie imt- nwinih.
t wnMeaj irquesl MUM he fUH with ihr ^St I- Manager nl I'-imals The numisiripi
litr this paper was mhmirHd fi« ir\n-w j«.l pussiMr |««MH almn im IKtnhri js.
(•Mil This p»|iet is part irf me ftmntft «/ Hr^rmnlir f.Nffmrrnm/ V,.| Its N..
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Tbe larger and heavier particles, which are nontransportabie under the flow
COM.IHKMS. remain on the bed and gradually occupy the entire bed surface.
As soon as this is the case, bed scour slops. This layer of coarse particles
is called the Minor layer Such a layer wiM protect (he underlying finer par-
ticles until it is destroyed by higher flow conditions. Formation of an armor
layer is schematically iNuslreted in Kg. I. where the well mined original
bed material is shown in Fig. lint and the armor layer with the underlying
bed material is shown in Fig. IO>.

Scoun-DerrH CALCULATION Pnoccounc
Under the armoring condition discussed in the preceding section, the scour

depth can be calculated from an upper bed layer known as the active layer,
which has enou|th mtntrampoftaMe panicles to cover the entire bed surface
by one layer, after the finer particles present within get exposed at the bed
surface and arc washed away (Fig. I» (The concept of the active layer was
earlier discussed by Thomas and Pra»uhn f!977).| Bonn ct al. (19*2) in-
troduced an expression for the active-layer micknes!.. which may he ex-
pressed as

r- O. (I)

in which T » the thkkness of the a«.itve layer; D. - the smallest armor si/e
or SIM of the smallest noMiansponaMe particle present in the bed material;
e - the porosity ol the bed material; and P. - the fraction of all the armor
si/cs present in the bed material. In deriving this etniation. it is assumed
that the bed layer is well mixed and all the particle* have the same specific-
gravity.

The scour depth is computed as (Fig. I)
e - i - D. (2)
in which t » the scour depth In using Fq 2 to estimate the stour depth,
the hiding liner particles within the active layer is ignored, which is ton-
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servalivc ami keeps the procedure simple. In reality, some of the finer par-
ticles will be trapped within the armor particles ami. as a result, the armor
layer will not he as horizontal as shown in Fig. MM. and the scour depth
will be less than that predicted by Rq. 2. In oidcr to account for thit. the
term O, in F.q. 2 may be multiplied by a hiding factor, similar to tinsicin
(IVMM. having values greater than I.

The size of the smallest armor partkk D, is approximately equal to a
critical particle size given by the Shields curve for initiation of motion All
the si/cs bigger than this are nontransportabie and will contribute to the ar-
mor layer. Alonsoetal. (1981) used certain relations to represent the Shields
curve (Vanoni I97S) and compute critical shear stress These are: 7". =
0 tm/RT4. - R. •& 10; r« - 0 022Ri" for 10 < R. s 5U1. and T. = It lift
for R. > 900; 7", * the dimensionkss shear stress and R. = the boundary
Reynolds Number. From these relations, the following expressions lor small-
est armor size are derived:

Ofcl

MO

m which I/, - the shear velocity ei|iwl HI ig<fi,f'. g - the *.«. deration
due to gravity; a* • me flow depth; S, « the energy slope. D» * (he median
particle size; v • the kinematic viscosity of water; ami 5 = the sptv ilk-
gravity of sediment.

The bed porosity e, the fraction of the armor particles P... and the median
particle size Dn are estimated from analyses of bed material samples The
porosity may be estimated by using the following empirical relation given
by Komura and Simmons (1967):

t - 0.24S +
OM64

(41

In Ibis equation D» is in millimeters.

VALUATION wmt LAMMATONV DATA

Tbe procedure is validated with runs .1-4 and 6-1 «l l.itilc ami Mater's
(I972i eiperimental data. The experiments were conducted in a icuaubiinp
laboratory flume of 0.6 m wide with different mixtures ol crushed quart/
spread uniformly over a length of 12 19 m with a depth ol III! f.7 mm the
particle sues ranged from 0.125 to II mm in both the runs Median diameter
O«, for both the mixtures was I mm. Clear water was cuntiniKHisly ()IN
charged into the flume from upstream and the eroded ««.(intent was napped
at the downstream end for continuous monitoring and analysis Hun 14 »as
coMmued for more than three days and ran ft-1 lur approximate!) sn days
lloth the runs resulted in development ol complete atmor la)cr>

Tabk I shows the hydraulic parameters in the c \ivnmenial runs and the
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predicted and observed scour depths. In computing the smallest armor sizes
lor both Ihe runs, kinematic viscosity of water is taken as V H4 x III ' m'/
s. Ihe observed scour depths are calculated from Ihe cumulative dry mass
of eroded materials. 66.V5H kg lor run 3 I and 55 004 kg for run 6 I. and
taking tt value of 1.000 kg/m' for the density of water and a value of 2 65
for the specific gravity ol sediment. Bed porosities are calculated using Eq.
4. The fractions of armor sites for the two nms arc estimated from particle
size distribution* reported by the investigators. As can be seen in Table I.
the predicted values are conservative because the hiding effect is not con-
sidered.

VALIDATION WITH FIELD DATA

Karim and Kennedy <IV»2» and Holly and Karim (I9H6) applied their
simulation model (ALLUVIAL to the 195-mi 1314-km) reach of the Missouri
River between Gavins Point Dam and Omaha to predict bed elevation changes
during a 20-year period. The river reach suffered severe erosion during this
period due to the elimination of upstream sediment supply by the trapping
effect of Gavins Point Dam and other upstream multipurpose development*.
The investigators used certain flow values and hydraulic and sediment pa-
rameters based on U.S. Army Corps ol Engineers' records. These flow val-
ues and parameters arc used to validate the procedure, presented in this tech-
nical note, by predicting scour depth at Ihe downstream of Gavins Point
Dam

Karim and Kennedy 11982) used two sets of average discharges in their
simulation. The higher average discharge ol I.3O3 m'/s and a width of 54V
m are used in Ihe present calculations Table I shows Ihe h)draubc param-
eters and the comparison ot incdtcied and observed scour depths. The flow
depth is calculated by solving the Manning's equation with a Manning's n
value of 0.030. rbc median diameter of bed material 0W ami the kinematic
viscosity of water i> are taken as U. 297 mm and 1.567 x III - nr'/s. re-
spectively. Bed porosity is estimated using tq. 4.

As seen in Table I. Ihe predicted scour depth of 1.193 mm 13.9 ft) is
lower than Ihe observed value of I.5H5 mm (5.2 ft). This is expected be-
cause ol the use of an average flow throughout the 20-year period Use ol
Ihe highest or a representative high flow occurred during the 20-year period
would improve the tesiilt Holly and Karim IIVN6I also reported lowei |ne-
dtciHm. approximately .1.6It H.IN7 mm). Irom their simulation results using
I ALLUVIAL.
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UUMVIUIMUM*

A simple procedure is presented for calculating the scour depth on an
alluvial bed under armoring conditions. It was Used to predict scour depths
in Little and Mayer'f flume and downstream fntm Cavms Point Dam The
procedure is applicable to only graded bed materials with » SIM distribution
having adequate quantity of critical and bigger sire panicle* to form an ar-
mor layer. Calculation of scour depth requires flow depth, bed slope, bed
porosity. particle size distribution of the bed material, and few commonly
available constants. The procedure can serve as a useful tool for field and
design engineers in making conservative estimates of scour depths down-
stream of hydraulic structures and in new unlincd canals as well as in se-
lecting materials lor canal beds. The active-layer thickness (Lq 11 provides
a simple theoretical base for future work in further verifying the proposed
procedure with reliable laboratory and field data and improving it hy incor-
porating Ihe hiding cflccl.
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nts article describes the selection and field evaluation of dredging
equipment and techniques for removal ofbtgbfy contaminated sediments
from the upper estuary oftbeAcusbnet River, a ponton of the New Bedford
HarborSuperfundProject. SiU conditions as related to dredgeselectton and
operation, factors considered in selection of equipment, and various
dredge types considered for use are described. Each of the dredge types is
ranked according to the following criteria: availability, safety, potential
for sediment ^suspension, maneuverability, cleanup precision, cost and
productton.flexibility, required water depth for operation, ability to access
tbesite, andcompaabilityu^tbdisposalopaons.Afleldpilotstudycoinparing
three dredge types Indicated tbat dredging could be conducted at the site
without a significant increase in the contaminant release from the upper
estuary to the lower harbor.

Bottom sediments in many of the nation's harbors and waterways have
become polluted because of municipal and industrial discharges and non-
point sources. Sediments act as a sink for many contaminants, and
sediment removal is being considered in some of the most seriously
contaminated area*. For example, cleanup of contaminated sediments is
proposed at several Superrund sites; in most cases, the cleanup altemauves
under consideration involve dredging for sediment removal prior to
treatment or disposal. The seleaion of appropriate dredging equipment is
crucial for successful cleanup. One such site is the Acushnet River Estuary
and harbor adjacent to New Bedford, Massachusetts, where the sediments
are highly.comaminatea with polychlorinated biphenyls CPCBs) and heav>
metals.

In August 1984, the United States Environmental Protection Agency
(EPA) reported on the Feasibility Study of Remedial Action Alternatives for
the upper Acushnet River Estuary above the Coggeshall Street Bridge in
New Bedford, Massachusetts ONUS 1984). EPA received extensive com-
ments on the proposed remedial action alternatives from other federal,
state, and local officials, potentially responsible parties, and individuals
Responding to these comments, EPA chose to conduct additional studies
to better define available cleanup methods. Because dredging was
associated with all of the removal alternatives, EPA requested the Unite J
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Thie article de»cribe9
the eeleetion and
field pilot evaluation
o/appropriate
dredging equipment
and technique* for
removal of
contaminated
eedimente from the
upper eetuarr of
New Bedford Harbor,

States Army Corps of Engineers (USAGE) to conduct an Engineering
Feasibility Study (EPS) of dredging and disposal alternatives. A major
emphasis of the EPS was placed on evaluating the potential for contaminant
releases from both dredging and disposal operations.

This article describes the selection and field pilot evaluation of
appropriate dredging equipment and techniques for removal of contami-
nated sediments from the upper estuary of New Bedford Harbor. The
USAGE has conducted extensive research on dredging equipment and
methods to reduce sediment resuspension and contaminant release during
dredging operations (Barnard, 1978; Raymond, 1984; Hayes, 1986; McLeUan
et al., 1989). The equipment selection process described in this article is
based on a review of these techniques and equipment, along with their
applicability to the dredging conditions in the Acushnet River Estuary near
New Bedford Additional detailed Information is available on the equip-
ment selection process (Palermo and Pankow, 1986) and the field pilot
evaluation (New England Division 1990) for the New Bedford project.

SITE DESCRIPTION
The area of concern, called the upper estuary, is north of New Bedford

Harbor, Massachusetts. It extends from Coggeshall Street Bridge to Saw
Mill Dam, a distance of less than mo miles (See Figure 1). This section of
the river averages about 2 miles wide and is approximately .4 miles wide
at its widest pan. The total surface area of the upper estuary at mean tide
level is approximately 187 acres. This portion of the Acushnet River is
relatively shallow, with a channel'depth progressing from 15 to 7 feet and
overbank areas of less than one foot to three feet mean low water. The
mean tide range is 3.7 feet, and expanses of mud flats are exposed at low
tide. Freshwater inflow at the Saw Mill Dam was measured between 1972
and 1974 by the USGS and ranged from a monthly maximum of 26 cfs to
a monthly minimum of .55 cfs. Some ungaged storm sewers also drain into
the upper harbor. The average water depths at mean low tide are indicated
in Figure 1* — •. •

The salinities in the upper harbor are typically in the range of 26 to 30
ppt, with less than 1 ppt difference from top to bottom except after heavy
rains, when the surface salinity can be much. less. Current velocities above
the Coggeshall Street Bridge average roughly .3 fps, with a maximum of
.85 fps; ebS currents are generally stronger than flood currents.

Another feature of the upper Acushnet River is the restriction at the
Coggeshall Street Bridge. The bridge is fixed with an eight-foot-high
vertical clearance and a sixty-two-foot-wide horizontal cici.-2.-ce at mean
low water. This limits the size of equipment that can be floated into the
upper river.

The sediments to be removed and treated as contaminated are
generally classified as silts and days with a significant fraction of fine sand.
There Is little physical difference between the surfldal contaminated layers
and the underlying layers to a depth of approximately four feet Field
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Figure 1. New Bedford Harbor, Massachusetts.

1991

inspections have indicated that there Is little debris within the sediment
mass, with the exception of visible cobbles and rock fragments and other
debris near the shoreline Contaminant concentrations in sediment decrease
with depth and are generally restricted to the upper one foot of sediment.
PCS sediment concentrations vary within the upper estuary from less than
50 ppm to as high as 100,000 ppm, but sampling conducted for the EPS
indicated that the median PCB concentration of samples taken from the
upper one foot was approximately 100 ppm (Averea et al., 1969).

Dredging Volume*
The contaminated material (the upper one foot of sediment for most

of the area) plus approximately one foot of underlying dean material is
being considered for removal. This two-foot removal thickness over the
entire deanup area corresponds to approximately 600,000 cubic yards of
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iidered contaminated.

Stfttvtt 021
tint ttitn innttd
drtdged material
muti t* placed in
ditptual tit** with
cottly treatment and
control*, precision of
the dredging proem
i» critical.

in situ material. All this material would be
requiring appropriate treatment and disposal.

Dredglflg EeqoJrementt
The most important dredging requirement associated with this project

is that the sediment must be removed and transported to the disposal site
with a minimum of sediment resuspension and associated contaminant
release. The dredging process must also be conducted at a reasonable
speed so that the time period during which resuspension could occur
would be held to the minimum. When contaminated sediments are
disturbed, as in dredging operations, contaminants may be transferred to
the water column through resuspension of the sediment solids, dispersal
of interstitial water, or desorption from the resuspended solids. An
investigation of PCB-laden sediments (Fulketal., 1975) showed that almost
all the contaminants transferred to the water column are due to the
resuspension of solids. The release of contaminants can therefore be

. decreased by reducing the resuspension of sediment during dredging and
disposal operations.

Because all contaminated dredged material must be placed in disposal
sites with costly treatment and controls, precision of the dredging process
is critical. Contaminated sediments must be removed to the extent that little
contaminated material is left behind. At the same time, removal of cleaner
underlying material (overdredglng) should be avoided to the extent
possible because it would require the same costly treatment.

DREDGING EQUIPMENT AND TECHNIQUES CONSIDERED
All major dredging equipment types were initially considered for this

evaluation. This included equipment using the three basic dredging
processes (i.e., mechanical, hydraulic, and pneumatic), the equipment
types normally employed for conventional dredging operations, and
equipment considered to be special-purpose. The dredges included in the
evaluation are operational and proven dredges. A brief description of the
basic equipment types considered is given in (he following paragraphs.
Operational characteristics of hydraulic/pneumatic dredges considered
are summarized in Table 1. Kesuspensioo characteristics of conventional
and some specialty dredges considered are summarized in Tables 2 and
3. More detailed descriptions of operating characteristics of the dredge
types, especially as related to sediment resuspension, are given by
Raymond 096O.

Mechanical Dredging
Excavation of sediment using such devices as damshell dredges,

dipper dredges, draglines, grab buckets, and in some instances, front-end
loaders and backhoes is commonly referred to as mechanical dredging.
Mechanical dredging normally yields dredged material high in solids
content, and removal from the dredging site involves the use of barges and
tugs to transport the material to the disposal site. Mechanical dredges can
be operated from the shore if the area to be dredged Is near the water's
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Tabk 1. Operational Characteristics of Hydraulic/Pneumatic Dredges.*

Ptretnt
Soli*

Dnjg$ by Wtybt

Prutuetteu
Unit

tttyd/br

Vtrticul
Drtjfinff
Auvnuy

Horizontal

'Adapted from Fhiiiipaa* M*kfc (WS*^—- ————

Horizontal
Drtjffity
Atturtty

Bucket
Suction
Dustpan
Cuttcrhead
Hopper

Up to 100
10-15
10-20
10-30
10-20

30-600
25-5,000
25-5,000
25-5,000
500-2,000

2
1
0.5
1
2

1
2-3
2-3
2-3
10

Auger'.,.,
FNEUMA
Oozer
Clcan-up
Refresher

,10-40
Up~tO&0 ' - .
Up to 80

30-40
30-40

60-150
f •' 6 -̂3M 4 =

450-65*"
500-2,000
200-1^00

" 0.5
. i .- *. i- >. j

i
i

0.5
1

2-3
2-3
2-3

Table 2. Resuspension Characteristics of Conventional Dredges.*

Downcurrmt Dtitanct Stuptndtd Solids
_______Concentration, mg/l"____________
Wiibln 100ft Wttbtn 200ft

Cutrerhead 25-250

Hopper
With overflow 250-700
Without overflow 25-200

20-200

250-700
25-200

10-150

250-700
25-200

Open bucket 150-900
Enclosed bucket 50-300

100-600
40-210

75-350
25-100

•From Hayes (198$).
••Suspended solids concentrations were adjusted for background
concentrations.

1991

edge, or operated from a barge that is anchored in position. Some
mechanical dredges, such as a clamshell bucket dredge, leave an irregular,
cratered bottom and can generate a large amount of turbidity throughout
the water column (Barnard, 1978; Raymond, 1984) as compared with other
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Tabk 5* Reauspcnsion Characteristics of Specialty Dredges.*

Xtponrt Susptndrt Srttment C<mctntnuians~

PNEUMA pump 48 mg/1, 3 ft above booorn
4 mg/1, 23 ft above booom (16 ft in front
of pump)

Clean-up system 1.1 to 7.0 mg/1 10 ft above suction
1.7 to 3.5 mg/1 at surface

Oozer pump Background level C6mg/D, 10 ft from head

Refresher system 4 to 23 mg/1, 10 ft from head

' From Hayes (1966) and Herbich and Brahme (in preparation).
*• Suspended solids concentrations were adjusted for background

concentrations.

dredge types. The turbidity is a result of sediment resuspension as the *
bucket makes impact on arid is pulled off the bottom, water and sediment
spillage from the bucket as it is pulled up through the water column and
breaks the water surface, and spillage of material as it is loaded into ihe
scow.

Turbidity can be reduced with the use of a watertight bucket and with
carefully controlled operation. The watertight bucket has interlocking jaws
that seal when the bucket is dosed; the top is also covered so that the
dredged material cannot escape once the bucket is dosed. A comparison
of a 1-m1 bucket with a watertight damshdl bucket indicates that the
watertight bucket generates 30 percent to 70 percent less turbidity in the
water column than the typical open clamshell bucket (Barnard, 1978)
Turbidity levels generally decrease rapidly with distance from the dredge,
and the major cause of resuspension appears to be the impact of the bucket
hilling the bottom.

Each step of the mechanical dredging operation from initial dredging
to final placement is subject to spillage and splashing, which allow
sediment to return to the water. There are additional causes of sedimen;
resuspension when scows are used to transport sediment. Propeller wash
from tug boats can stir up sediment, and, in extremely shallow areas, a
loaded scow may touch bottom, causing considerable sediment
resuspension.

Hydraulk Dredging
Hydraulic dredges use a centrifugal water pump to create a vacuum r. a

the dredgehead; atmospheric pressure acts to force water and sedimeu ^
through the suction pipe. The dredged materials are usually hydraulics ••
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pumped via a pipeline to the disposal alte, which can be a confined
disposal facility (CDF) or an open-water area. The material can also be
pumped into barges for transportation to the disposal site. Examples of
hydraulic dredges are plain suction, cutter-suction, dustpan, sidecast, and
trailing hopper dredges. The simplest form of hydraulic dredge, the plain
suction dredge, is used for excavating free-flowing sandy material. The
cutterhead, also called the cuoer-suctlon dredge OPJgure 2) is the most
commonly used dredge in the United States. In this dredge, the suction
head Is fined wtth a rotating basket Out can nave blades or teeth,
depending on the type of material to be removed. As the cutter rotates, it
mechanically loosens the bottom sediment and moves it toward the flow
field around the dredge suction.

Mostnjrbidicyas*e«latedwithacuBerheaddredgingoperatlonisinthe
immediate vicinity of the rotating cutterhead. The amount of resuspended
sediment decreases rapidly from the cutter to the water surface. Depending
on the sediment type, the operational conditions, and the current velocity,
turbidity levels also decrease rapidly with distance from the cuner.
Turbidity can be reduced by controlling the cunerhead rotation speed, the
swing speed of the ladder, and the procedures for operation of the
cutterhead. Undercutting, cutting into the swing of the cutterhead,
produces less resuspended sediment than overcutting, cutting away from
the swing direction of the cutterhead OCoba and Shiba, 1982). The
avoidance of large sets and very thick cuts and the use of dose concentric
swings to reduce the occurrence of windrows between cuts are other
operational procedures that can be employed to reduce the resuspension
of sediment (Raymond, 1984). Attempts to reduce turbidity in the area of
the cutterhead have resulted in the use of hoods, shields, or covers of
various types. These shields seem to increase velocities and turbulence
near the bottom, causing increased entrainment, and help prevent turbid
water from reaching the surface (Herbicb and Brahme, 1991).

Pneumatic dredge systems use compressed air to pump slurry through
a pipeline (Richardson et al., 1962). The pr.-.:.r -. under which the pump
operates is the pressure differential between -".: pressure in the chamber

Figure 2. Hydraulic pipeline cutterhead dredge
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and the hydrostatic pressure of water outside the pump. The chamber is
lowered into position and the inside air is released to the atmosphere,
producing atmospheric pressure in the chamber. The pressure difference
between the inside and the outside of the chamber forces water and
sediment into the chamber. The entrance valve is then dosed, and air is
pumped into the chamber, increasing pressure and forcing the slurry out
the discharge valve.

Pneumatic dredging systems have been developed in Italy and Japan.
The Italian device called the PNEUMA pump consists of three chambers,
each connected to a common discharge line above the pressure vessels.
The chambers are operated so that the filling and emptying cydes are out
of phase but overlap enough to minimize discharge surging (Richardson
et al., 1962}.

Turbidity levels around the PNEUMA dredge are extremely low, and
high concentrations of low-viscosity materials can be dredged. The
PNEUMA dredge is mounted on a barge with a crane to raise and lower
the pump body. The pump is placed in position and pulled through the
sediment as necessary. Different attachments can be used to suit the
dredging method and sediment being removed.

The Japanese have developed a pneumatic dredge called the Oozer
(Koba et al., 1975), which is ladder-mounted, similar to a hydraulic cuoer-
sucu'on dredge. Recent versions of the PNEUMA dredge also are ladder-
mounted.

Specialty Dredge*
Although there are three major types of dredges, many dredges

combine more than one operational principle to produce a dredge suited
to specific conditions. Many of the features incorporated in specialty
dredges are attempts to reduce sediment resuspension at the dredgehead.
Examples of specialty dredges are the deanup (Sato, 1976) and refresher
dredges, which were developed in Japan, and the matchbox (d'Angremond
et al., 1964), which was developed in the Netherlands. The matchbox
dredge has been used in Holland for dredging contaminated sediment. It
is designed to dredge fine-grained sediments at near in situ density and
keep resuspension to a minimum. The matchbox is a plain suction
dredgehead endosed in a housing that resembles a matchbox. The
housing collects escaping gas bubbles, and valved openings on each side
of die suction head allow the leeward opening on each swing to be dosed
to avoid an influx of water (figure 3).

A comparison test of sediment resuspension of a matchbox suction
head and a cutterhead was conducted by the USAGE in Calumet Harbor,
Illinois, on Lake Michigan. As the matchbox head is new to this country,
and the comparison was short-term, some of the recommended instru-
mentation was omitted. This made it difficult for an inexperienced operator
to determine the location of the head, a factor that affected the operation
of the dredge and the resuspension of sediment. In general, the report
conduded that the matchbox is capable of removing sediment with very DC

480 RUODUTION/ADTUMN 1991 to

o
lU
M
U)



CHOICU »oa Diaooow CONTAMINATED SSD&OOTI

Figure 3. Matchbox head.

6JUTC

little resuspension; it also concluded, however, that the cunerhcad was
equally capable when operated properly (Hayes, 1988).

Horizontal A»w« in— iini «ii>
Small portable horizontal auger dredges are equipped with cutter

knives or spiral augers that cut and move the material toward the suction.
The mudcat (Figure 4) and VMI dredges are examples of this type of
equipment. Designed to remove fine-grained sediments, small portable
dredges can float in water as shallow as twenty-one inches (.5 m).
Movement of the dredge through the water is controlled by winching al ong
a cable anchored on die shore. In some designs the cuaerhcad is
surrounded by a mud shield that is effective in minimizing turbidity by
entrapping suspended sediment. Manufacturers daim that discharges with
as much as 60 percent solids have been obtained. This cutter design can
remove a layer of material eight feet (2.4 m) wide, leaving the bottom flat
and foee of windrows and ridges that are typical of cutterhead and
damshdl dredge operations (Barnard, 19789.

SELECTION OF DREDGING EQUIPMENT
Selection of equipment for the pilot study was based on a consensus

rating by USAGE personnel knowledgeable in the operation and capabilities
of the various dredge types. Nine dredge types or groupings were
identified for rating, as listed in Table 4. The damshdl dredge was the on: y
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Figure 4. Horizontal cuaerhead of the Mudcat dredge showing cutter
knives and spiral auger (courtesy of Mudcat Division, National Car Rental
Systems, Inc.).

mechanical dredge rated All others identified for rating were hydraulic or
pneumatic Small cunerhead and shrouded cunerhead dredges were rated
as separate categories. Dustpan and maxchbox dredgeheads, considered
adaptations of conventional hydraulic dredges, were rated separately. The
horizontal auger, although considered a portable hydraulic dredge, was
rated separately because of its unique auger dredgchead and cable
anchoring system. The Dubuque, a twelve-inch (30 cm) hydraulic dredge

Tabk 4. Equipment Ratings.

Rating by

Tbtal
Rtutng AvailaWtty Sqfay Rtsusptnston

Horizontal Aufer
Small Cutter
Matchbox
Shrouded cuner
Dustpan
Japane*e
Dubuque
PNEUMA

- QanuheQ

32
29
29
27
26
23
21
21
20

3
2
1
1
1
1
1
1
3

3
3
3
3
3
3
3
3
2

3-
2
3'
2
2
3.
2
3-
1

3
2
2
2
2
2
1
2
2
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used in demonstration! at Indiana Harbor, was rated separately because
it was owned by the USAGE and had fabricated cutter and matchbox
heads. The Oozer, Refresher, Clean-up, and other specialty dredges were
grouped under the classification "Japanese* because of similarities in
availability.

The specific factors considered important in ihe selection of equipment
are also listed in Table 4. Each dredge type was given a comparative rating
between one and three for each factor, three being the best rating. For this
evaluation, each (actor was considered to be of equal importance. A
description of the factors, the ratings given (shown In parentheses), and
a discussion of how the rating for each piece of equipment was determined
are presented in the following paragraphs.

It should be noted that the dredge groupings were Identified and rated
in 1986, before the availability of final results from die Calumet field
demonstrations (Hayes, McLdlan, and Truio, 1968). If the results of the
Calumet study and of the New Bedford pilot study were considered, the
ratings given below would differ somewhat

All cleanup dredging and related construction were likely to be
accomplished by contracted efforts. Specifying readily available equip-
ment simplifies the contracting process. If specialized equipment is
required, It must be obtainable or constructable by contractors. Use of
equipment designed or constructed in the United Sutes or for which there
is a United States licensee is also a factor in availability, because of certain
legal restrictions on use of foreign equipment.

Individual Factor

Cleanup

3
2
3
2
3
2
2
2
1

Gaaanrf
Prorfucrton

3
3
2
2
2
1
2

• 1 ' • • • ' '
1

Fleet-
My

2
3
3
3
2
2
3
J
3

Compatibility
CAD CDF

3 3
3 3
3
3
3
3
3
3 2
1 2

(Tabic4cont'd)

3
3
3
3
2

' 2
1
1
2

3
3
3
3
3
1
1
2
2
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Ratings for availability were:

Horizontal auger and clamshell: Rated C5)
Numerous contractors in the general area have this
equipment

Small cunerhead Rated CO
Available but located farther away.

All other dredges: Razed CD
Equipment is either a specialty item or located a consid-
erable distance from New Bedford

S&ty
Safety of the dredging/consiruction personnel and the surrounding

population was a major consideration. Volatilization of contaminants is a
possibility when sediments resuspended during dredging and transport
operations increase contaminant concentrations in the water column. If
exposure of dredged material to the atmosphere is minimized, volatiliza-
tion wfll also be minimized.

Ratings for safety were:

Hydraulic and specialty dredges and PNEUMA: Rated C3>
Removes the material in a slurry form and delivers it
directly to the disposal site.

Clamshell: Rated CO
Exposes the material to the atmosphere during the dredg-
ing process and requires the rehandling of the dredged
material at the disposal site.

484

Release of contaminants into the water column occurs to some degree
when the sediments are fesuspended by the dredging operation. Selection
of dredging equipment and operational techniques that have low potential
for resuspension at the dredgehead is a major requirement for the New
Bedford project Other sources of resuspension, such as propeller wash
from work boats, and grounding of scows should also be considered

Ratings for resuspension were:

Horizontal 'auger and matchbox: Rated (3)
Matchbox and hood over the auger may reduce
resuspension.

PNEUMA: Rated C3)
No mechanical action to stir the material although some
sediment may be disturbed during movement of the
dredge through the sediment.

Japanese dredges: Rated (3)
Dredging action is similar to a PNEUMA or some type of
hooded cutterhead

Cutterhead and dustpan: Rated CO
Action of the cutterhead or water jets may cause some
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reiuspension (note that the pilot study later indicated
the cuuerhead would receive the highest rating).

aanuhelldftdge: Rated (1)
Dredging process results in higher sediment
resuspension than hydraulic or pneumatic equipment,
material must also be rehandled prior to final disposal,
and necessary scows and worfcboacs would stir up
additional material when working in shallow areas.

Cleanup may be required over the entire upper estuary area, en-
compassing approximately 197 acres (76 hectares) of varying depth.
Complete coverage of the bottom area by the dredging operation is
required Maneuverability of the equipment within the area is essential and
should be accomplished with a minimum of sediment resuspension by
work boats, cables, etc. Anything that hits the bottom wfth force will
resuspend sediment. The spuds and anchors used in the positioning,
moving, and anchoring of the dredge will stir up sediment in the area of

" impact. The use of a land-anchored winching system could minimize this
problem.

Ratings for maneuverability were:

Horizontal auger. Rated (3)
Ability 10 work in shallow water and to work off a cable
system rather than spuds, digging in s straight line instead
of an arc

Clamshell, euoerhead, dustpan, PNEUMA, matchbox, and
Japanese dredges: Rated (2):

Operation uses either spuds or anchors and requires
deeper water.

Dubuque: Rated (1)
Relatively large size and draft requirements.

Otanup Pndttom
No existing dredge type is capable of dredging a thin-surfitiaJ layer of

contaminated material without leaving behind a portion of that layer and/
or mixing a portion of the surfidal layer with underlying dean sediment.
Equipment selected for the New Bedford, project should be capable of
dredging layers of one foot (.3 m) (generally equivalent to the minimum
depth of contamination for most of the estuary) with acceptable precision,
assuming that a second one-foot C3 m) layer would subsequently be
dredged to remove any residual contaminated sediment and deeper
pockets of contamination.

Ratings for cleanup precision were K

Horizontal auger: Rated (3)
Operates off a cable system with greater control over the g
depth of cut to

————^————^—————————————————' ——————.^________^_____ O
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Rated (3)
Good control over the dredging operation.

Cuoerhead dredges: Rated C2)
Lew control due to action of the rotating cutter.

PNETJMA: Rated C2)
Dredging operation may leave some spots undredged.

Japanese dredge*: Rated (2)
Lack of experience in their operation in shallow water.

Clamshell dredge: Rated (1)
Dredging operation may leave spots undredged; control is
less with respect to overdredging, and sloughing of the
banks may leave contaminated sediment on the bottom.

Although dredging for this project is for the purpose of cleanup and
will be done in a controlled fashion, dredging production is an important
consideration. Acceptable production rates will lessen the time during
which sediments will be resuspended by the operation, minimizing the
duration of associated exposures. At the same time, the production mjast
be accomplished with minimal overdredging of dean sediment, since all
material removed during the cleanup must be disposed of as contaminated
material with associated higher cost The rate at which the dredge can
complete the dVedglng"project is dependent on the percent solids, the**
volume of slurry, and the amount of time the dredge is pumping. It is also
a function of the accuracy and control of the vertical and horizontal
movement of the dredgehead and the ability to dredge an area with the
minimum number of passes.

If debris is present in the sediment, it may have to be mechanically
removed before a small-diameter hydraulic dredge can work in the area.
Dredges with small suction lines (six to ten inches inside (15 to 25 cm)
diameter) are easily dogged. The resulting downtime is nonproductive and
costly. The endre dredge cycle of advancement, positioning r.-.dging,and
cleanup should be evaluated and designed with a minimum amount of
nondredging time.

The ratings for production and cok were .

Horizontal auger tod small cutterhead dredges: Rated (3)
Contractors with this equipment are located in the general
area, the equipment can work effectively in the shallow-
water conditions, and operation can be controlled to re-
duce overdredging.

Dubuque, dustpan, shrouded cutterhead, and matchbox: Rated G)
Increased cost to transport the equipment to New
Bedford, plus the cost of fabricating and instilling these m
to a dredge. »

Clamshell dredge: Rated (1)
Rehandling of the material is required and more o
overdredging would be likely. S

1991
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Japanese dredges: Raced (1)
Cost of transporting the equipment to New Bedford.

PNEUMA: Raced (1)
None are located in the area and production rate is low
compared with the other equipment

FUxitrttUy
Equipment and operating technique* must be flexible to adjust to

changes in water depths, sediment types, and disposal conditions.
Equipment with which the dredging process can be adjusted offers an
advantage over equipment that is limited to one method of operation.

The ratings for fUadbiliey were:

GamsheD dredge: Rated (3)
Can work off a barge or off land, different size buckets
could be used, and buckets could be modified.

Cutterhead and matchbox; Rated (3)
Ability to adjust the width and depth of the cut

Horizontal auger and dustpan: Rated C2)
Only makes a straight cut. «

Japanese dredges: Rated (2)
lack of information regarding flexibility of operation.

PNEUMA: Rated CO
Operates in only one way.

CompattbfUty ifitb Disposal Option*
Two available disposal options, use of a diked area or confined

disposal facility (CDF) and contained aquatic disposal (CAD), require that
the material be transported to a disposal site. CAD involves placement of .
contaminated material in a pre-excavated subaqueous pit, followed by
capping with dean material. Equipment selected for dredging must be
compatible with the transport and placement of material at the dis-
posal site. Mechanical excavation and transport in barges would require
rehandUng (most likely by shurying) to place material at either a CDF or
CAD site. Hydraulic transport would not require rehandling.

The ratings for compatibility with the CAD disposal option were:

All hydraulic, PNEUMA, and Japanese dredges: Rated (3)
Material is pumped at a controllable rate directly to the site.
where tt can be placed with some degree of control.

Clamshell dredge: Rated (1) BO
Material must be rehandled for disposal and controlled ^
placement of cap material would be difficult

o
The ratings for compatibility with the CDF disposal option were: S

Small hydraulic and Japanese dredges: Rated Q) 2
Material can be pumped directly to the site at a desirable g
rate.
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aamshell dredge: Rated (2)
Material must be rehanded

Dubuque: Rated (2)
Size with regard to the pilot study site may overload
capacity without intermittent operation.

PNEUMA: Raced CO
Low production rate.

Drqfl
The required draft ofthe dredge and Us attendant work boats is a major

constraint in the upper estuary. Although a portion of the estuary has water
depths exceeding three ftet at low tide, a majority of the area to be dredged
has a water depth lest than three feet (.9 m) at low tide. Equipment with
draft requirements exceeding two feet C6 m) would be constrained to
operate during only a portion of the tidal cycle. Draft is also an important
factor for the auxiliary vessels that service or reposition the dredge. If the
water is shallow, the propeller wash will stir the bottom sediment.

The ratings for draft were:

Horizontal auger, matchbox, and small cuoerhead dredges:
Rated 6)

Can operate in very shallow water.
Dustpan: Rated (2)

Larger vessel size requires greater depth.
Qamshell: Rated (2)

Equipment operates off a barge whose movement would
be restricted as would the scows required for transport of
material.

Japanese dredges: Rated 00
Size and draft requirements.

PNEUMA: Rated (O
Does not operate well in shallow water.

Dubuque: Rated CD
Size of equipment would restrict operations.

Equipment must be able to pass through restricted bridge openings to
enter the upper estuary or be capable of being transported by truck and
launched from the shore.

The ratings for access were:

Horizontal auger and small cunerhead: Rated (3)
Would not be restricted by the bridge clearance and are
transportable by truck.

Clamshell: Rated 00
Would be restricted by the bridge clearance and the lack
of waterfront facilities for loading the crane onto a barge

o
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PNEUMA: Rated (2)
Not readily available.

Japanese dredges: Rated CD
Relative size of the equipment and the distance to New
Bedford.

Dubuque: Rated CD
Increased distance to New Bedford and die size of the
equipment.

Sclacttd Equipment
As shown in Table 4, the horizontal auger dredge (Figure O received

the highest rating (thirty-two points of a possible thirty-three), followed by
the small cunerhead and the matchbox (Figures 2 and 3) (each with a rating
of twenty-nine). Based on the ratings, these three hydraulic dredge types
were selected for demonstration during a pilot field study. A summary of
the major advantages of the hydraulic dredging process and these specific
dredgeheads is given in the following paragraphs.

Hydraulic Bridging Operation*
Hydraulic dredging (horizontal auger, cutterhead, and matchbox)

offers several major advantages over mechanical dredging. Small hydraulic
dredges can be used more effectively in the shallow water of the upper
estuary, with greater maneuverability, flexibility, and production. The
material can be pumped directly to the disposal stte, without need for
rehandling or exposure to the atmosphere. Hydraulic dredges can remove
contaminated material with higher precision and lower sediment
resuspension than mechanical dredges.

Horizontal Augtr Drtdgt
The horizontal auger dredge uses a cable and winch system, anchored

on shore, which would allow the dredge to work in parallel and
overlapping cuts, leaving a flat-bottomed cut with no windows. This
operation has a greater potential for control and precision removal of
contaminated material. The horizontal auger has an auger-type head with
attached hood, which can potentially reduce sediment resuspension and
increase the solids content of the slurry.

SmaUCuttfrbtad
The cutterhead, considered to be a 'standard* hydraulic dredge type,

is widely available. Cutterhead operation can be optimized with respect to
resuspension by varying cutter rotation, swing speed, and cutter burial.
Since the cutterhead is most frequently used, many experienced, capable
operators are available. The skill of the dredge operator is a major factor
in minimizing sediment resuspension.

The dredgehead design has been reported to generate lower sediment o
o
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For <ft« Afeu Bedford
project, tht tttfmated
eottt /br full-teal*
eUanup dr+dfing
rangtd from $9 to $28
ptr cubic yard.

resuspeoslon than a conventional cuoerhead. The matchbox could be
easily compared with the cutterhcad using the same hydraulic dredge.

COSTS
The costs of dredging contaminated sediments vary according to a

number of factors. Costs are generally comparable to those for conven-
tional navigational dredging projects, however, unless extraordinary
control measures are required. For the New Bedford project, the estimated
costs for full-scale cleanup dredging ranged from $9 to $12 per cubic yard
(Averea et al.,

PILOT STUDY
Early to the evaluations it was determined that a pilot study would be

conducted to provide field data on the performance of dredging equip-
ment and the feasibility of disposal alternatives. The dredging requirements
for the pilot study were equivalent to those for a full-scale cleanup project.
Therefore, she selection of dredging equipment for the pilot study was
aimed at Identifying several promising dredge types considered most
appropriate for a full-scale cleanup. A detailed description of the overall
pilot study is available (New England Division 1990).

The pilot study was conducted in the fall of 1988, in a small cove of*
the upper estuary (See Figure 0. PCS concentrations in the cove sediments
ranged from ISO to 600 ppm in the upper six inches of sediment and were
not detected below the two-foot depth. Approximately 10,000 cubic yards
of sediment were dredged during the pilot study, of which approximately
2,900 cubk yards was contaminated. The water depths in the cove were
.5 feet at low water with a tidal range of four feet These conditions
were typical of a large portion of the upper estuary.

The cutierhead, matchbox, and horizontal auger dredgeheads were
evaluated in the pilot study, each using separate hydraulic dredge plants.
The pilot snidy was designed to evaluate the ability of the dredges to
remove the layer of contaminated sediment white minimizing overdredging,
minimize resuspension of sediment during operation, and operate in the
shallow water conditions of the upper estuary.

An extensive program of monitoring and sampling was conducted as
a pan of the pilot study. This program included an array of stations located
around the dredges, in the vicinity of the cove, and at the constriction of
the CoggeshaU Street Bridge. All of the dredges successfully removed
contaminated sediments without excessive overdredging of clean material.
The dredges removed the sediment in two passes of the dredgehead.
leaving PCB concentrations of less than 10 ppm in the sediments. Also, a
defined plume of resuspended material never developed, and no unac-
ceptable concentrations of resuspended sediment or released PCBs were
observed during the dredging process for any of the dredges. The rates of
sediment resuspension and contaminant release at the operating
dredgeheads are summarized in Tabk S. Based on the results of the pilot.
the cuoerhead dredge was recommended for future cleanup of the upper
estuary. • o
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Tabk 5. Sediment Resuspension and Contaminant Release Rates
During New Bedford Pilot Study Dredging.

Dredge Resuspension Rate
(g/sec)

Cutterhead
Matchbox
Horizontal
Auger

12
46

529

Total Suspended Solids Total PCB
Cmg/1) (ppb)

82
319

1610

7.0
2.6

54.9

Notes:
1. Background levels for suspended solids and PCBs are less than 10

mg/l and .5 to 1.0 ppb, respectively.
2. The resuspenslon rate is calculated using the following factors: water

depth, length of dredgehead, swing speed, and average suspended
solids in the water column adjacent to the operating dredgehead.

3. Samples used to obtain this data were taken from a sampling device
installed at the dredgehead. Samples were drawn from 6 sampling
ports positioned around the dredgehead.
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Environmental Toxicology

PCB AVAILABILITY ASSESSMENT OF RIVER
DREDGING USING CAGED CLAMS AND FISH

CLIFFORD P. RICE and DAVID S. WHITE*
Great Lakes Research Division. University of Michigan, Ann Arbor. Michigan 4(109
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Abstract -The effects of dredging to remove sediment* contaminated with polychJorinaied Mphenyis
(PCBs) were studied in the South Branch of the Shiawatsee River in south-central Michigan. Caged
fingernail clams. Sphaerium ariuuium (Lamarck), and fathead minnows, PimtpMts promelas
Rafinesque, were used to monitor the bioavailabilhy of PCBs, and these data were compared with
changes in water column concentrations before dredging, during dredging and up to six months
after dredging was completed. Monitoring of water, dams and fish during dredging confirmed that
significant amounts of PCBs were released from the sediments. At all locations downstream and
in the area of the dredging, there were increases in the availability of PCBs for at least six months.
PCB concentrations in clams and fish in the dredged zone increased from 64.5 to 87.95 pg/g dry
weight and from 13.82 to 18.30 fig/g dry weight, respectively, after dredging. Downstream (11 km),
post-dredge uptake was also higher; however, clams showed less uptake than fish. This implied
different uptake routes for the two organisms. There was no noticeable change in total PCB con-
centration in the water after dredging.

In situ experiments were run to determine uptake curves and time to uptake equilibrium for
both clams and fish. Results of tests for equilibrium uptake by fatheads agreed with literature values.
Uptake maxima occurred within 20 to 30 d. For dams, maximum uptake for Aroclor 1242 occurred
after 9 d. Log bioconcentration factors for clams ranged from 2.6 to 4.5 for Aroclor 1242 and from
3.0 to 4.4 for Aroclor 1254; for fish, they ranged from 3.0 to 4.4 for Aroclor 1242 and from 4.5
to 5.5 for Aroclor 1254.

Keywords - Polychlorinated bipnenyls (PCBs)
Uptake Fathead minnows

Dredging Fingernail clams

INTRODUCTION
Many of the streams and rivers in south-central

Michigan have long histories of contamination
from foundry operations, oil refineries and chem-
ical manufacture [1.2]. With the exception of visi-
ble pollutants, however, more subtle contamination
was not of concern until the early to mid-1970s.
Initial data on polychlprinated biphenyl (PCB)
contamination of sediments in the South Branch
of Shiawassee River was obtained in Michigan
Department of Natural Resource (MDNR) surveys
in 1974 [3]. A follow-up survey by the MDNR in
1977 resulted in the closing of the river for fishing
in 1978 [3], and two surveys in 1981 provided fur-
ther evidence of widespread sediment PCB con-
tamination, primarily by Aroclor 1242 (4]. The
source of PCBs was identified as the Cut Forge
Company of HoweO. Michigan, and, as • result of
a court settlement in August 1983, the company

•To whom correspondence may be addressed.
Contribution No. 459 from the Great Lakes Research

Division, University of Michigan, Aon Arbor, Michigan.

was assessed a fine awarded to the state of Michi-
gan for cleaning up the river.

The state of Michigan (i.e., MDNR) decided
that dredging was the best way to remove PCB-
laden sediments, and A-1 Disposal Corporation
of Plainwell, Michigan, was contracted to carry
out the dredging during the summer and fall of
1982. To coincide with cleanup operations, the
University of Michigan monitored the impact and
results of dredging through studies of PCB up-
take by caged fingernail clams and fathead min-
nows; concentrations of dissolved PCBs and PCBs
associated with suspended sediments were also
monitored.

Dredging, as a means of removal of sediment-
bound contaminants, has been implemented or
proposed for several river systems (2,5.6), but to
date there is little information on either the effi-
ciency of dredging as a cleanup measure or its
potential for increasing toxicant concentrations
and bioavailabilhy downstream. Haffeny et al. (6J
monitored the possible increased release of PCBs
during vacuum dredging of a transformer spin
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(pure Aroclor 1242) in the Duwamish River in
Seattle. Washington. As here, their study involved
pre-dredge, during-dredge, and post-dredge sam-
pling of the water and suspended solids. During
dredging, they noted a direct increase in concen-
tration at the dredge site as well as a shift in the
PCB homologue mixture, but there was no evi-
dence of a significant change (a « 0.05) in PCB
concentrations 15 to 70 m downstream either dur-
ing or after dredging. However, their values were
always higher at the downstream sites than at
upstream reference stations. Tofflemire et al. (7]
studied the movement of PCBs during mainte-
nance dredging of a contaminated section of the
Hudson River. In their study, as in the Duwamish
River study, there was a definite increase in water-
borne concentrations of PCBs at the site during
dredging (from 0.36 to 3.91 Mg/L). PCB levels
decreased, however, to near-background concen-
trations approximately 1.6 km downstream from
the dredge site (0.714 pg/L), even during dredging.
Tofflemire et al. [7], in examining the rate of loss
of PCBs during high- and low-flow periods, con-
cluded that losses from dredging continued to act
as a constant source, with mean PCB concentra-
tions lower during high flow because of dilution.

The use of caged organisms to monitor envi-
ronmental quality in aquatic environments is not
new |g). The emphasis in the majority of such
tests, however, has been on testing for toxkiry and
not for residue accumulation. These tests should
provide a rapid means of integrating residue avail-
ability and are directly applicable to the biota of
the stream. Skea et al. [9] caged different species
of Hudson River fish to monitor PCB availability
downstream of a suspected PCB spill. Wemer [10]
used caged clams to monitor PCB availability dur-
ing dredging of a PCB botspot in the Hudson
River. Caged mussels were used to monitor PCB
availability at a New London, Connecticut, dump
site (II]. Caged sunflsh and yellow perch were
used to measure PCB availability at the Waukegan
PCB spiO area in Lake Michigan (12]. Studies
using caged organisms to test for toxitity and
availability of other chemicals have been reviewed
by Seelye and MM [13).
Background

The sediment of the South Branch of the Shia-
wassee River, from just below the Cast Forge fa-
cility to Oak Grove Road (approximately 17 km
downstream), was described in the MDNR surveys
of 1974 and 1977 as having "extremely high" con-
centrations of PCBs, i.e., more than 5.000 /ig/kg
(3,14]. Elevated concentrations of PCBs (>5 ppm)

were also reported in fish in the
extending from the Cast Forge fatiBiy at far a
50 km downstream. The highest concentrations c
PCBs in the sediment appeared to be confined t
the region extending from just below Cast Fon
to about 1.6 km downstream, i.e., abon 001
downstream from Bowen Road (Fig. I). Hi
stretch of the river was then targeted for dndgjB
by the A-l Disposal Corporation (151. Tic M
1981 MDNR [4] survey of this stretch of river va
used as the basis for estimates of the foBowia
PCB sediment concentrations: an average of 533.
Mg/g for km 0 to 0.4, starting just below tkeCai
Forge outfall; 24.4 pg/g for km 0.4 to 1A «ad«
at Bowen Road; and 21J rt/g for lac 600-i
stretch downstream of Bowen Road. In addttioc
a large buildup of PCBs (>500 pg/0 was detecte
several meters away from the channel m m floo
plain just upstream from Bowen Road.

Fi|. I. Map of Sooth Branch of the SUawMte Kiwi
south-central Michigan, tbowmi simple shcs, nad
small tributaries and nanhy anas. lueuSndranai
Michigan.
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Vacuum dredging was used for most of the in-
river sediment removal, beginning in August 1982.
Final dredging was finished on or about 11 No*
vember 1982. The dredging operations reportedly
removed 1,148 kg PCBs contained in 1,509 m3

of river sediment; 3,445,000 liters of waste liquid
was generated from the vacuuming 115]. We have
no data to determine what fraction of the total
PCB contamination or of the original inputs was
removed.

MATERIALS AND METHODS
Study site

The reach of the South Branch of the Shiawas-
see River slated for dredging was a third- to
fourth-order sand-bottomed stream with few dis-
tinct riffles and pools. Late summer water depths
ranged from 0.25 to 2 m, and widths ranged from
8 to 15 m. While the predominant substratum was
sand, deeper pools had silt accumulations of up
to 0.6 m deep. Base discharge was approximately
I m'/i. High flows have been recorded in June
and July of up to 3 mVs, and the stream is sub-
ject to periodic flash flooding. Much of the sur-
rounding land is used for agriculture, although
there are areas of second-growth beech-maple for-
est and marsh.

One control and four study sites were moni-
tored (Fig. 1). The control site was just above the
outfall at Cast Forge (120 m downriver from road
M-59). The study sites were selected based on river
access and the potential extent of dredging: site
A/B was 0.4 km downstream; Bowen Road, 1.6
km downstream; Marr Road, 5.3 km downstream;
Chase Lake Road, 11 km downstream. Water was
regularly sampled at the control site and at Bowen
Road and Chase Lake Road. Caged fish were
placed at the control site and at Bowen Road and
Chase Lake Road. Caged clams were placed at all
sites, and water parameters and discharge were
regularly measured at all sites.
River water charectervaiion

River discharge was monitored on each sample
date. Both stream depth to a fixed marker (gauge
or bridge abutment) and direct velocity were mea-
sured with a hand-held Teledyne Pygmy Curly
Meter. Also measured were pH, temperature, dis-
solved oxygen and specific conductance. For most
of the sampling trips, suspended solids were col-
lected at each site. Suspended solids were collected
by suction filtering 1 liter of water through pre-
weighed 47-mm, 0.1-m Millipore filters. For the
determination of the solids concentrations, the

tared filters plus retained paniculates were dried
to a constant weight at 60°C.
Sampling for PCBs

Stream water was collected every 2 to 3 weeks
before and during dredging in 1982 and then again
in the following spring and summer of 1983. The
usual volumes collected ranged from II to 15
liters. Samples were collected by dipping a 7.5-liter
galvanized steel bucket into the stream and im-
mediately vacuum-filtering the water through pre-
ignited Celman Type A/E 143-mm-diameter glass
fiber filters rated to retain particles 1 pm or more
in diameter. Fitters containing paniculate matter
were then carefully folded face-inward, wrapped
in aluminum foil packets and frozen. The filtrate
was collected and stored in 20-liter glass carboys.
Water extraction

The suspended matter retained on each of the
filters was processed by 24-h solvent extraction
using a SoxhJet apparatus. An acetone:hexane (1:1,
v/v) solvent mixture was used in the Soxhlet, with
the acetone added first to ensure complete solvent
contact with the wet filters. After extraction, ace-
tone was removed by washing the filters with
PCB-free water. The extract then was dried by
passage through a 15-g column of ignited Na2SO«.
The extracts were adjusted in volume for subse-
quent cleanup and fractionation by evaporative
concentration using Kuderna Danish concentrators.

Dissolved PCBs were extracted from the filtrate
portion of samples using solvent extraction with
pesticide-free methylene chloride. To assure ade-
quate mixing with methylene chloride, samples
were vigorously stirred for 15 min using a power
drill to rotate a metal rod with a chain attached to
its end. The water and methylene chloride layers
were allowed to separate, then the upper water
layer was siphoned off. To remove the final few
mflliliters of water, some of which was in an emul-
sion, (he extract was transferred to a separatory
funnel and allowed to stand until most of the
emulsion disappeared. The methylene chloride was
drained from the bottom of the separatory funnel
through a 15-g column containing ignited NajSO4
and then concentrated by evaporation. Hexane
was added to replace the lower-boiling methylene
chloride by evaporative concentration.
Ctams

The fingernail dams, Sphaerium striatinum
(Lamarck), used for this study were collected from
Fleming Creek where the stream flows through the
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University of Michigan Botanical Gardens. Flem-
ing Creek and the South Branch of the Shiawas-
see River are approximately the same size, with
similar substrata; both contain natural populations
of S. itriatinum. Fleming Creek is not known to
have any PCB contamination, and preliminary
tests showed extremely low background concentra-
tions in the dams' tissues, dams were maintained
in aerated aquaria in dean Lake Michigan sand
and Lake Michigan water at approximately IS'C
until they were transferred to the South Branch of
the Shiawassec River (usually after 2 to 6 d). The
clams ranged from 6 to 10 mm in length, with an
average of 8 mm. /

The cages were made /f standard hardware
cloth (heavy wire screen) fashioned into 10-cm-
deep rectangular boxes enclosing a 43 x 21 x 2.5-
cm deep baking sheet. At the river, each baking
sheet was filled with wet Lake Michigan sand and
about 200 clams. The cages were held in place by
tying them to metal pipes driven into the river
bottom. Two cages were set at each site. Sam-
pling was accomplished by taking cages from the
stream, removing the baking sheets and hand-
picking clams from the sand, usually 10 clams per
cage for each collection. The intervals of exposure
varied from 19 to 68 d in 1982, and from 14 to
45 d in 1983. A short-term uptake experiment was
conducted in 1983 to verify when equilibrium con-
centrations were attained. In this experiment, sam-
ples were taken after 1, 3, 7, 9 and 14 d of
exposure.

All sampled clams were wrapped whole in alu-
minum foil packets, labeled and stored frozen in
the laboratory prior to extraction. To prepare the
clams for extraction, the meat of all the clams in
the sample was removed, weighed as a composite
and freeze-dried for 24 h in preweighed glass scin-
tillation vials loosely covered with aluminum
foil-lined lids. Freeze-dried samples were ground
in a mortar, dry weights were determined and then
the samples were stored in scintillation vials.
Fish

Hatchery-feared fathead minnows, Pimtphate
prometo Rafinetque, were obtained from the Kutz
Fish Hatchery in Elverson, Pennsylvania, 1 to 2 d
before being caged. The cages were constructed of
standard hardware doth fashioned into triangular
boxes 45 cm in height and 60 cm along each face.
For the first year, the cages were partitioned into
two compartments of equal size (one above the
other). In the second year, the horizontal partition
was moved down to 8 cm from the bottom. The

cages were placed in the stream with the apex of
the triangle anchored to a metal spike embedded
in the river bottom. Sampling was accomplished
through a door toward the rear of the cages that
was wired closed between samplings. In the pre-
dredge tests, both the upper and lower cages were
stocked with flsh, for the purpose of comparing
the availabilities of PCBs to the flsh in contact
with the substratum with that to flsh in contact
only with waterbome PCBs. In the post-dredge
fish uptake studies, only the upper cages were
used. Approximately 100 fish, 5 to 10 cm long,
were placed in each compartment. Two sets of
cages were placed in the deepest areas at each sam-
pling location, the second cage about 10 m down-
stream from the first.

Three fish were removed from the upper and
lower compartments of each cage at each «"itp»"̂
time. Each group of three fish was wrapped in alu-
minum foil, labeled and returned to the laboratory
to be stored frozen until preparation for extraction
and analysis. To determine the rate of uptake and
final equilibrium concentrations of PCBs accumu-
lated by the fish, sampling was conducted at var-
ious intervals during a 29-d exposure period (S
May to 5 June 1982) and a 62-d exposure period
(17 May to 17 July 1983). Also, samples of unea-
posed fish, replicates and spikes were prepared for
quality assurance tests. The general condition of
the fish was determined visually during site visto
and by calculation of wet versus dry weights and
lipid content.

In preparation for extraction, the combined wtt
weight of each three-fish sample was determined.
and then the sample was placed frozen into m
freeze-drying jar. The jars were plugged by soft
polyurethane foam installed in the glass tube
attached to the main chamber of the freeze-dryiag;
compartment. The foam plugs were analyzed to
confirm that no PCBs passed either into the sam-
ple from the freeze dryer or out of the sample via
volatilization during drying. The samples
freeze-dried for 24 h and reweighed. Samples
then ground to a fine powder using a Bunn coffee
grinder and transferred to glass scintillation viak.
Clam and fish extractions

The ground freeze-dried tissue was weighed
into precteaned Soxhlet thimbles and extracted for
12 to 24 h with pesticide-grade hexane. Kontes
Micro Soxhlets were used for clam tissue extrac-
tions since the total sample weights were «mjB
(< 1 g). Fish tissue was extracted in larger 250-mI
Soxhlet assemblies. After extraction, 10% of the
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fish extract and 40ft of the clam extract were re-
moved for gravimetric determination of lipid res-
idue content, which involved solvent evaporation
and drying of the extracts at 60°C.

Extract cleanup, fractionation and analysis
All of the extracts were cleaned up by column

chromatography. using an alumina cleanup proce-
dure [16]. For selective fractionation of the PCBs
from interfering peaks (chlordanes, DDTs, tox-
aphenes, etc.), a silicic acid [17] procedure was
used for about half the analyses. For the remain-
der of the samples (most post-dredge samples and
all of the fish), a silica gel fractionation procedure
was used (18J.

Fractions for PCB analysis were analyzed with
a Varian Model 3700 electron-capture gas chro-
matograph. Two 2.5 m long x 2 mm i.d. borosili-
cate glass columns were used: one a mixed-phase
column packed with 1.5ft SP-2251/1.95ft SP-
2401 on 100/120 mesh Supelcoport (Supelco Inc.,
Bellefome, Pennsylvania) and the second a single-
phase column packed with 5ft SP-2100 on
100/120 mesh Supelcoport. The heated zones were
as follows: 220°C injector, I90°C column and
320°C detector. The instrument operating condi-
tions are described by Rice et al. [2], with peak
areas corrected using the response factor correc-
tion procedure proposed by Sawyer [19]. Sawyer
[20] and Webb and McCall [21] demonstrated the
advantages of using response-factor-weighted val-
ues to achieve both better accuracy and precision
in PCB analysis. We have found this to be espe-
cially true of PCB chromatographic patterns that
are altered from the patterns of the standards used
for matching. The response factor technique also
provided accurate data on sample homologue
composition.

The blanks averaged 0.02 ng/L PCB for the
water and 0.13 and 0.12 Mg/g PCB for the clams
and fish, respectively. With the exception of the
results for the filtered water, these blank values
were used to correct all analytical data. Clam and
fish tissue background checks were conducted to
verify the zero-time background concentrations of
the PCBs. These values averaged 0.10 jig/g for
both Arodor 1242 and Aroclor 1254 for both
clams and fish. The duplicate performance for
total PCB in water showed a relative error of 6.2t-
For clams and fish, the errors averaged 21.4 and
6.6t, respectively. The limits of detection for both
of the Aroclor mixtures (1242 and 1254) were
0.004 pg/L for the water analyses and 0.1 pg/g for
the biological tissue analyses.

RESULTS

Field data
A tabulation of all the physicochemical field

data for this study can be found elsewhere (22).
Most values were within the ranges for third- and
fourth-order streams in south-central Michigan
and were not significantly altered by the dredging.
The pH most often was about 8.0 and varied from
7.4 to 8.6, dissolved oxygen was at saturation and
midsummer temperatures were near 30*C. Specific
conductance was always high (>500 pmhos/cm),
particularly in late July through October 1982
(> 1,000 finthos/cm), which was attributed to both
low flow and dredging. Suspended solids (3 to
25 mg/L) did not show any correlation with dis-
charge for either 1982 or 1983. The lack of corre-
lation between suspended solids and discharge
could be attributed to dilution factors and to agri-
cultural cycles within the river's drainage basin.

Timed uptake experiments
Timed uptake studies with the clams were con-

ducted at the control site, site A/B and at Bowen
and Chase Lake Roads. While the magnitude of
'uptake varied, the patterns were generally similar
among the sites (Fig. 2), i.e., rapid and almost lin-
ear uptake until the fourteenth day for both
Aroclor 1242 and 1254, then uptake of the Aroclor
1242 mixture reached equilibrium while uptake of
the Aroclor 1254 mixture continued to climb at a
steady bJt slower rate until the experiment was ter-
minated (Fig. 2). The lipid weights per organism
(average 4.57ft lipid on a dry weight basis) did not
vary in any consistent pattern during the test
(Table 1).

For clams, Aroclor 1242 equilibrium occurred
after about 14 d. Fortunately, all of the clam expo-
sures lasted longer than 19 d. Establishing the
equilibrium point for the fish was more difficult.
Generally, tissue concentrations increased after
exposure, reached a brief plateau and then de-
clined (Fig. 3). For 1982 data, uptake studies were
conducted for only 29 d, and it appeared that the
concentrations in tissues might be declining after
19 d. For our purposes, we assumed that the aver-
age of the three highest values in the 1982 uptake
study represented equilibrium (13,16 and 19 d). In
1983, uptake tests were conducted for 62 d, with
declines in PCB concentrations not occurring until
after 44 d; therefore, the mean of the concentra-
tion values for days 16,23 and 44 was used to rep-
resent equilibrium.
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Prior to Dredging

16 24 32 40 48 56 64

Total PCB
•S
proctor 1242

^ __^roclor 1254

Exposure Period (Days)

After Dredging

Total PCB

8 16 24 32 40 48 56 64
Exposure Period (Days)

Fi». 2. Tuned uptake of PCBt. expressed on a dry weight basis, by fathead minnows exposed at Bowen Road before
(1912) and after (1913) drcdani.

In pre-dredf4rt| tests begun on 8 May of fish
caged at Bowen Road, there appeared to be little
or no difference between PCB tissue concentra-
tions in the upper and lower cage compartments
on any date, particularly days 0 to 7 (Fig. 4);
therefore, the results were averaged for both com-
partmenu (Fig. 3). Uptake of Arador 1242 by fish
at Bowen Road was steady and rapid for the first
10 d, but then, excluding the high value at day 16,
appeared to level off until after day 19, when it
declined (Tig. 3). The uptake of Aroclor 1254
reached a plateau after day 19 but did not decrease
thereafter.

The lipid content of the fish at an sites in I98T
started from initially low levels (0.34* lipid on i
wet weight basis) and rose rapidly 2 d later to at
average of 2.6% lipid. whereupon it decfinet
slowly at all locations (average of 0.40* bpid 01
the last day, day 29) (Table 1). The percent fteea
dried weight per fish also declined slowly over th
exposure period. Given the worsening condition c
the fish over time, we cannot explain the gain i
lipid content.

The 1983 post-dredging fish equilibrium stud
lasted 62 d. The total PCB concentrations ii
creased rapidly through the eighth day, then
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Table I. Biological condition Oipid content) of clams and flsh during timed uptake experiments

Percent fresh wt.

Days
exposed

1
2
3
4
S
7
8
9

10
13
14
16
19
23
29
44
45
62

Pre-drcdge
fish

0.54(3)

2.76(3)

1-64(3)
1.75(5)

1.10(3)
1.29(2)

1.07(3)
0.82(3)

0.40(3)

Post-dredge
flsh

2.34(3)
2.51(3)

1.96(2)

1.65(3)

1.65(3)

1.33(3)

1.09(3)

0.82(2)

0.83(3)

Clams

0.41(3)

0.39(3)

0.33(3)

0.38(2)

0.37(3)

0.25(3)

Pre-dredge
fish

20.9(3)

22.S(3)

20.9<3)
20.9(3)

20.3(3)
20.2(5)
19.5(3)
19.4(3)

1.85(2)

Percent dry wt.

Post-dredge
fish

21.2 (3)
22.7 (3)

20.6(2)

20.73(3)

20.4 (3)

20.3 (3)

19.7 (3)

18.3 (2)

19.6 (3)

Clams

10.0 (3)

10.3 (3)

8.06(3)

7.89(3)

10.4 (3)

5.79(3)

Number of samples averaged in parentheses.

slowly through the forty-fourth day, after which
the concentrations declined at all locations (Fig. 3).
Concentrations declined more sharply for Aroclor
1242 than for Aroclor 1254 after 44 d. Uptake of
Aroclor 1242 was rapid over the first 8 to 10 d,
then more gradual up to day 23 when equilibrium
seemed to have been achieved. The concentration
of Aroclor 1254 rose more gradually and peaked
later, at 44 d. Similar to the 1982 tests, there was
a gradual and steady decline in lipid content in the
fish after the second to eighth days of the exposure
period; initially the content rose slightly at Bowen
and Chase Lake Roads (Table I).
Effects of dredging

The equilibrium values, as calculated above,
were used for comparisons with the results of the
three major study intervals of pre-dredging (21
March to 29 June 1982), during dredging (1 July
to 2 October 1982) and post-dredging (16 May to
17 July 1983) (Table 2. Figs. 5 to 7). From the
water column data for Bowen and Chase Lake
Roads (Fig. 5). there was a significant increase in
PCB concentrations after 1 July at all locations
downstream of the Cast Forge. At Bowen Road,
the concentration rose gradually from 1.7 pg/L
total PCBs on 1 July (average pre-dredge back-
ground concentration 1.0 pg/L) to a maximum of
13.7 pg/L on 27 July. This was the highest con-
centration of PCBs measured in water at any loca-

tion during dredging. The PCB concentrations
then decreased through August; thereafter, they
fell to 1.9 Mg/L on 2 October, the last sampling
date. At Chase Lake Road, the maximum concen-
tration of PCBs measured in the water column was
1.4 pg/L on 1 July, which was before dredging
was started (Fig. 5). It should be noted that the
high concentrations recorded on 27 July at Bowen
Road were not observed farther downstream at
Chase Lake Road.

Generally, the patterns of PCB concentrations
in the dam* sampled at sites A/B and Bowen
Road (Fig. 6) were similar to each other but dif-
ferent from patterns for Marr Road and Chase
Lake Road samples (Fig. 7). For A/B and Bowen,
the first samples after dredging showed a dramatic
increase in PCB uptake, whereas at Marr and
Chase, concentrations in the first samples after
dredging actually appeared to be lower than pre-
dredging. These data may reflect the relative dis-
tances from the dredging area of sites A/B and
Bowen as compared with Marr and Chase Lake
Roads (Table 2).
Comparison of 1983 and 1983 data for water
column, damt and fan

For an collections, caged dams and fish closest
to the Cast Forge outfall area showed the highest
amounts of PCBs ia their tissues. During dredg-
ing, PCB concentraiioiis showed a significant (a *
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Fi|. 3. Timed uptake of total Aroclor, Aroclor 1242 and Aroclor 1254 by clams exposed durinc post-dredge us
ing at each of the sampling locations.

O.OS) increase at site A/B and at Bowen Road in
clams and at Bowen Road and at Man Road in
water (dissolved and paniculate). The concentra-
tion of PCBs in the water column at Chase Lake
Road (the site farthest downstream) was only
sliihtly higher (not significant at the 5* level)
than during preHdredge studies, and there were no
changes in clam tissue concentrations at this site.
The dams also showed no significant change in
PCB concentrations at Man Road, which was
even closer than Chase Lake Road to the Cast
Forge outfall.

AD of the post-dredge concentrations of PCBs
for all of the samples collected downstream from
Cast Forge were higher than those collected before
dredging. One exception to this was the decrease
in dam PCB concentrations at Bowen Road; how-
ever, this decrease appeared to have been partially
the result of problems with siltation from dredg-
ing at this location that partly buried the cages.

Only the fish sampled at Chase Lake Road coi
tained statistically greater amounts of PCBs. A
of the post-dredge PCB concentrations were gen
erally lower than during-dredge concentrations.

DISCUSSION

As expected, there was an increase in the car
centration of PCBs in the water column dun
dredging (Table 2), which declined rather quid
fanner downstream. The sampled clams a)
showed this trend. For example, at Man Ro»
which was only 4.0 km from Bowen Road, tht
was no increase in PCBs in the clams. Nor «
there any observable increase at Chase Lake Ra
which was 9.2S km downstream of Bowen Rot
It appeared from the water column and dam &
that PCBs released during dredging were t
mobilized very far downstream (at least not e
the shon term), and they produced only local:
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K>0-

60'

20-

5 W IS
Exposure Ptriod (Doys)

20

Fi|. 4. Uptake of total PCBs by fathead minnows in cages positioned on the river bottom and in cages positioned
above the bottom in a pre-dredge test carried out at the Bowen Road site.

Table 2. Total PCB (±so) measured in the water column, clams and fish before, during
and I year after dredging in the South Branch of the Shiawassee River

River mile (site) Pre-dredge During dredging Post-dredge

Water (Mg/L)
0.0 (control site)
1.0 (Bowen Rd.)
3.5 (Marr Rd.)
6.8 (Chase Lake Rd.)

Clams (jig/g dry wt.)
0.0 (control site)
0.25 (site A/B)
1.0 (Bowen Rd.)
3.3 (Marr Rd.)
6.8 (Chase Lake Rd.)

Fish (ng/g dry wt.)
0.0 (control site)
1.0 (Bowen Rd.)
6.S (Chase Lake Rd.)

0.047 ± 0.34(3)
1.10 ±0.37(6)

0.68(1)
0.65 ± 0.20(5)

0.78(1)
13.82 ±2.31(2)

40.02(1)
44.27(1)
13.21(1)

1.78 ±0.08(3)
64.54 ± 10.70(3)
32.09 ± 7.08(3)

0.029 ±0.015(5)
4.67±J.76(9)

2.83(1)
1.03 ±0.26(5)

1.18 ±2.57(5)
59.08 ± 33.3(4)
69.34 ±16. 1(4)
43.54 ±9.6(4)
12,55 ±3.68(3)

^^

0.037 ±0.01 5(5)
1.1 1± 0.43(5)

0.522 ±0.095(5)

1.36 ±1.25(4)
18.30 ± 4.38(3)

6.49-d)

15.26 ±0.56(2)

1.62 ±0.40(2)
87.95 ± 15.77(3)
61.14 ±0.23(2)

Number of analyses in parentheses.
•These cages were silted over; therefore, this result it unusually km.

increases in PCBs. These data conform to those of
Hafferty et al. (6] and Tofflemire et al. [7]-

As the goal of dredging was the removal of
contaminants, it was expected that, after some
period of time, there would be a noticeable post-

dredge decrease in available PCBs downstream.
Decreases in PCB concentrations, however, did
not occur within the study period. In fact, there
was a possible increase in PCB availability. At
Chase Lake Road, for example, there was a Sig-
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Chase Lake Road
1.5 n Ol««olv«d plus

"orticuloU

Dissolved
X

.
20 > 17 1 IS It 12 2» 10 24 7 It 4 It 1 It 1020

APR MAY JUN JUL AUG SEP OCT
1982

Bowen Road

Issolvtd plus
artlculatt

Dissolved
Porllculate

10 * 17 1 IS It IX 2t 10 14 7 2t 4 II 2 M 10
APR MAY JUN JUL AUG SEP OCT

1982
Fig. 5. ChangM in concentration of PCBs in water sampled at Bowen Road and Chase Lake Road sites before i
during dredging. Arrow indicates sun of dredging.

nificam (a « 0.03) increase in PCBs accumulated
by the caged fatheads (Tabk 2). Fish at Bowen
Road also showed significantly (a »0.10) in-
creased uptake. Furthermore, uptake by clams
after dredging was also slightly higher at sites A/B
and Chase Lake Road. The obvious conclusion is
that dredging appears to have worsened the prob-
lem of contamination, at least over the shon term.

The different results for PCB availability to
clams versus fish during the post-dredge uptake
studies may indicate an important distinction be-

tween the routes of uptake in these two <
The fingernail dams seem to be able to integrate
locally occurring PCB concentrations at the sedi-
ment-water interface; however, they appear uaebte
to integrate the bulk of the PCBs passing by ia> the
water column. Increased concentrations of PCBs
from dredging were measurable in the water cot.
umn at Chase Lake Road and Man Road, but
data from the clam assays did not reflect any ele-
vated concentrations at these locations (Tabk 2).

Some unique features of the South Braach o<
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20

15-

10-

$-

Chase Lake Road
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Fit. 7. Concentration of PCBs in dams exposed at Man Road and Chase Lake Road riles before and durim dredpac.
Arrow indicates sun of dredging; black area. Aroclor 1254; hatched area. Aroclor 1242.

nows to measure the availability of PCBs derived
from sediment. They reported transfer coefficients
(hourly rate of PCB removal from water by fish)
based on the homotofuet of PCBs. The coeffi-
cients were derived by dividing the slope for the
regression for uptake of each PCB homologue by
its concentration in water. Halter and Johnson's
[23] laboratory values for uptake were 59.1 h~'
and 62.5 h'1 for two concentration doses of tetra-

chlorobiphenyl; our uptake value was 31.07 h~*
on the basis of field data (Table 3). For the penta
homologue, our transfer coefficient was 72.04
h~', that of Halter and Johnson [23] ranged from
64.2 h'1 to 88.6 h~'.

Another, more often cited technique for mea-
suring biological uptake potential is the btoconcen-
tration factor (BCF). Haher and Johnson [23] did
not measure an uptake equilibrium for the fish in

M.•^•^'^
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Table 3. Transfer coefficients for uptake of dichloro- to hexachtorobiphenyl homologues
by caged fathead minnows at Bowen Road in 1983

271

Monologue
number

2
3
4
5

Whole water
concentration

(ng/L)

151.8
491.1
278.3

44.7

Regression equation for
homologuc uptake by fish

(uptake units: ng g [wet wt.)~' b"')

y- 1.88xi-8.23
y-l6.06x + 38.2
y« 8.64x + 67.29
y- 3.22x + 2.62

rl

0.89
0.91
0.93
0.99

Transfer
coefficient'

(h-1)

12.42
32.70
31.07
72.04

•Equals slope of regression line (ng g"' h'1) divided by water PCB homdofue concentration (ng L"').

their system; therefore, a BCF could not be calcu-
lated. Our study was designed to examine equilib-
rium concentrations of PCBs in both clams and
fatheads. By using average values for the fathead
equilibrium concentrations, the BCF was calcu-
lated as follows:

where Cw is the dissolved PCB concentration in
the water and C, is the PCB concentration in the
fish. The use of C«, the dissolved concentration,
rather than the total water concentration was sug-
gested by Eaton et al. [27]. For comparison with

our BCFs, the BCFs reported by Veith et al. (25)
are also listed in Table 4. Because results for
Aroclor 1242 were not reported by Veith et al.,
the log BCFs for Aroclor 1016 and Aroclor 1248,
which span the range of chemical and physical
properties of Aroclor 1242, are shown. There
appears to be relatively good agreement between
our field-derived values and those of Veith et al.
125].

Defoe et al. (24] observed that female fathead
minnows accumulated approximately twice as
much PCB as did their male counterparts. We did
not determine the sexes of the fish used in this
study, so some of our analytical variation may
have been caused by this random selection of fish.

Table 4. Comparison of bioconcentration factors (BCFs) for fathead minnows in this study versus
BCFs determined by Veith et al. (21]

Location

Aroclor 1242
Control site

1982
1983

Bowen Rd.
1982
1983

Chase Lake Rd.
1982
1983

Aroclor 1254
Control site

1982
1983

Bowen Rd.
1982
1983

Chase Lake Rd.
1982
1983

C»i«mii ^)
(Mg/cm* x 10-')

0.0187
0.0071

0.468
0.709

0.431
0.441

0.0019
0.0081

0.014
0.010

0.026
0.007

c,
(Mg/g wet wt.)

0.029
0.008

10.53
13.21

5.46
10.91

OJ2
0.29

2.20
3.55

0.17
1.99

BCF

1.551
1.101

22.4*
11.6)2

12,664
24,740

161.420
35.102

157.140
355.210

33,462
284.290

Log BCF
(this study)

3.19
3.04

4.35
4.27

4.10
4.39

5.23
4.55

5.20
5.55

4.52
5.45

Log BCF
(211

4.63-4.85

5.00

.
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Table 5. PCB concentration factors (BCFs) for clams placed in cages in the South Branch of
the Shiawassee River, before (1982) and after (1983) dredging

Location

Aroclor 1242
Control site

1982
1983

Bowen Rd.
1982
1983

Chase Lake Rd.
1982
1983

Aroclor 1254
Control site

1982
1983

Bowen Rd.
1982
1983

Chase Lake Rd.
1982
1983

C t ..ni ^

0.0187
0.0071

0.4680
0.7090

0.4310
0.4410

/
-

0.0019
0.0081

0.0140
0.0100

0.0260
0.0070

c,
(lig/t wet wt.)

0.210
0.014

2.700
0.317

0.190
0.945

0.060
0.046

0.205
0.069

0.032
0.293

BCF

11.230
1.972

5.769
447

441
2.143

31.579
5.679

14.643
6.900

1.231
41.857

Lot BCF

4.05
3.29

3.7«
2,65

2.64
3J3

4.30
3.75

4.17
3.14

3.09
4.62

» concentration in water; C,, concentration in clams. BCF «

BCFs were calculated for the clams (Table 5).
As before, only the dissolved fraction was used for
the water concentration. There was much more
variability in the values for clam tissue than for
fish tissue. Excluding the control and Bowen Road
sites, the average BCF for Aroclor 1242 was
2,784 ± 2,721. This is lower than the estimated
7.500x factor derived by Werner [10] for Aroclor
1016 accumulation in a large freshwater mussel,
Ellipto complanatus. Risebrough et al. [28] re-
ported BCFs for Aroclor 1254 of from 69,000 to
690,000 for Mytelus spp. from various marine
locations. Their values are also higher than the
Aroclor 1254 concentration factors we found
(Table 4). Hartley and Johnston [29] reported
some BCFs for pesticide* in the sphaerium-iiied
Asiatic dam, Corbicula nunilensis (C. fluminea),
in an Illinois stream. Their BCFs, normalized for
lipid content, ranged from 2,300 to 13,390. BCFs
normalized for lipids in our study ranged from
100,000 to 3,270,000, values considerably higher
than those of Hartley and Johnson [25].

McFarland et al. [30] examined the uptake of
dichlorobiphenyt and trichlorobiphenyl by C.
Jluminea from Hudson River sediment in labora-
tory flow-through chambers. The log BCFs for
dichlorobiphenyl varied from 3.39 to 3.7S for six

separate sediment tests and from 3.81 to 4.10 for
trichlorobiphenyl with the same sediments. Simi-
larly calculated values from our study were 3.20
for log BCF for dichlorobiphenyl and 3.04 for log
BCF for trichlorobiphenyl at site A/B.

Equilibrium was attained after about 14 d m
clams exposed to Aroclor 1242 in our experiments.
However, equilibrium was not achieved with Aro-
clor 1254 even after 44 d (Fig. 6). The Aroclor
1242 data are similar to those reported by Bedford
et al. [31] and Curry [32], who noted that equi-
librium was reached in 2 to 4 weeks for a variety
of chlorinated pesticides, including PCBs, in sev-
eral species of unionid mussels. In the study by
McFarland et al. [30], equilibrium of dichlorobi-
phenyl uptake was reached after 15 d in C. fly-
minea and was approached on the last day of
uptake (day 28) for trichlorobiphenyl. Hartley and
Johnston [29] studied the rates of uptake of some
organochlorine pesticides by C. Jluminea and
found that equilibrium appeared to occur after 10
to 20 d for heptachlor and after 10 to 40 d for fin-
dane (the greater range for lindane might have
been due simply to the lack of a sample at 20 d).
Vreeland [33] found that the concentration of six
individual PCBs, applied in water solutions to oys-
ters (Crassostrea twfvuca), reached equilibrium n
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about 28 d and then remained constant for the fol-
lowing 65 d. Lowe et al. (34], however, found that
equilibrium-was never reached in oysters exposed
to 5 ppb Aioclor 1254 for 24 weeks (168 d). Par-
rish et al. (35] found that it took 8 weeks (56 d) for
equilibrium to occur when oysters were exposed to
10 ppt Aroclor 1254. Thus, our data for uptake
and equilibrium by Sphaerium striatinum seem
quite reasonable when compared with the results
of most studies using bivalves of similar size, par-
ticularly Cotbicula, and indicate the usefulness of
the fingernail clam as a biomonitor.

SUMMARY AND CONCLUSIONS

Among water, clams and fish, there was no one
ideal monitor for the true bioavailability of PCBs
in the South Branch of the Shiawassee River.
Crab-sample monitoring of water appeared to be
too episodic to detect small differences in exposure
concentrations for organisms in the stream. Expo-
sure uptake by fathead minnows appeared to
reflect water column concentrations moving down-
stream. The fish were very sensitive indicators of
changes in availability of the PCBs even more than
6 miles downstream from the dredging site. Expo- •
sure uptake by fingernail clams (Sphaerium striati-
num) appeared to reflect local conditions at the
sediment-water interface, probably influenced by
near-surface sediment and detritus, but was not a
sensitive indicator of conditions more than I mi
downstream.

Uptake rates and BCFs derived from field
experiments with fathead minnows and fingernail
dams were similar to constants derived during lab-
oratory studies.

Dredging of PCBs from deposits that are
poorly integrated into sand/silt-bottomed streams
may, in fact, increase bioavailability of PCBs to
stream organisms, at least over the short term (0
to 6 months following dredging).
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ANALYSIS OF DREDGE SAFETY HAZARDS

By Stephen A. Swcn '

ABSTRACT

Bureau of Mines research has not included analyses of mining dredge
safety since 1948. Because of the increasing use of dredges, 63 fatal
accidents and several hundred nonfatal injury accidents involving dredg-
es were examined. Also, 31 working dredges and 3 dredge manufacturers
were visited to acquire qualitative information.

Drowning accidents represented 59 pet of the fatalities and are delin-
eated in detail. Also, countemeasures against other hazards are
discussed.

1 Mining engineer, Twin Cities Research Center, Bureau of Mines, Minneapolis, MN.
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INTRODUCTION

The Bureau of Mines concern about min-
ing dredge safety is longstanding. S. B.
Ash studied safety practices related to
California gold in the early 1930's.2 in
the 1940's, &. W. Fatzinger visited hy-
draulic and dredge mining operations in
Alaska and California. He also reviewed
10 yr of accident data pertinent to such
mining in the United States. The date,
covering the period 1933 to 1942, includ-
ed those related to 36 fatalities and
3,700 injuries in dredge mining.3

It is generally assumed that dredge op-
erations are "safe"—certainly much safer
than other mining and construction opera-
tions to which they are usually compared.
It is true that personal injury rates
for dredge workers, normalized in terms
of worker-hours, dredge operating hours,
or tons of material moved, are lower than
those for many other mining operations.4
Still, over the 10-1/2-yr period that
ended in June 1983 63 people were killed
and almost a thousand injured in mining
dredge operations in the United States.

The research discussed here included
field visits to a selected sample of min-
ing dredge operations, an examination of
dredge-related injury data in the files
of the Mine Safety and Health Administra-
tion's Health and Safety Analysis Center
in Denver, and field visits to a selected
number of nonmining dredge operations.
In all, field visits were made to 31
dredge operations. Three companies whose
principal business is the manufacture of
dredges and dredge components were also
visited. Design considerations for safe-
ty were discussed, as were training and
product liability questions and the acci-
dent experience of company field repre-
sentatives during erection, initial oper-
ations, and maintenance of delivered
dredges.

The information was analyzed in five
separate categories which appear to be
the most important in terms of developing
counter-measures for these accidents.
These categories include drowning, slips
and falls, electrical, mechanical, and
fire.

DREDGE FATALITIES

To try to quantify the hazards, data
were taken from the Mine Safety and
Health Administration's accident records
since January 1973. Table 1 shows the
fatal accidents that occurred on U.S.
mining dredges during those years. Six
people (average) died each year. There
was also an annual average of more than
95 nonfatal injury accidents, a* well as

2Ash, S. H. Safety Practices in Cali-
fornia Gold Dredging. BuMines B 352,
1932, 31 pp.

3Fatringer, R. W. Safety Practices in
Dredging and Hydraulic Mining. BuMines B
450, 1948, 76 pp.

4Mine Safety and Health Administration.
Annual and Quarterly Injury Reports.

several hundred noninjury accidents.
Note that about 59 pet of the fatalities
in the table are drowning accidents.
There were more drownlngs from boats and
walkways (mostly pipeline walkways) than
from the dredges themselves. Machinery
accounted for a smaller number. An ex-
ample of such an accident is one in which
a worker was repairing a dredge-to-shore
conveyor belt* The belt was started
while he was working on ic, ar.d he -as
knocked into the water. Five cf the fa-
tal accidents were froi electrocutions.
Twenty-one fatalities involved shore- or
dredge-based support equipment, including
a rollover of a front-end loader, a fall-
ing crane boom, a fall Into a hopper, and
conveyor accidents on land.
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DREDGE OPERATIONS

The majority of the dredges visited
were extracting sand or gravel. Others
in the sample included units engaged in
recovering phosphate, gold, lloenite, and
coal. Dredges involved in land reclama-
tion after mining and settling pond
maintenance—for example, in recreational
area development, specifically units en-
gaged in making lakes for fishing and
water sports—were also included in th*
analysis.

TABLE 1. - Mining dredge fatalities,
January 1973-June 1983

Total
fatalities

Drowning:
Boat....................... 11
Dredge..................... 10
Walkway.................... 6
Machinery.................. 5
Other...................... 5

Total................... 37
Electrocution (shore or
dredge)..................... 5
Mobile machinery (shore)..... 8
Fixed machinery (shore or
dredge)..................... 13

Total................... 63

Of the 31 dredges visited, 18 were
built by manufacturing firms whose prin-
cipal business is the design and manufac-
ture of dredges. Thirteen units were
built by the owners or by local machine
shops not primarily engaged in dredge de-
sign and construction. The 31 dredge op-
erations included in this analysis were
located in 10 States (table 2). Three of
the four Alaskan dredges were mining
gold.

TABLE 2. - Location of dredges included
in hazard analysis

Sites
visited

Alaska.........
Colorado.......
Florida........
Illinois.......
Nebraska.......
New Jersey.....
North Carolina.
Ohio...........
Pennsylvania...
Wyoming........

Total....,

4
1
6
1
4
4
2
5
3
1

31

GENERAL HAZARDS ANALYSIS

Many dredges depend upon a workboat to
transport personnel and materials between
the dredge and shore (fig. 1). It is im-
portant to note that most of the dredge
operations that depend upon a boat had
only one such boat. Several fatal acci-
dents might have been avoided had a sec-
ond boat been immediately available Co
enable persons who might have rendered
aid to get to the dredge quickly. In
these accidents the only available boat
was tied up at the dredge, and the victim
was the only person on the dredge.

Some dredges have workboats but do not
depend upon them to transport people be-
tween dredge-and shore as a normal prac-
tice. The crew moves between the dredge

and shore by walking the pipeline. Fig-
ure 2 is an example of such a pipeline.
Several dredgemasters reported that they
had "knocked a guy off the pipeline" when
they started the pumps. If access be-
tween the shore and the dredge depends
primarily upon walking the pipeline, it
follows that a safe walkway must be pro-
vided. Figure 3 shows a safe walkway
sepa-ated from the=f>ipeline. Infrequent-
ly, however, the design of the walkway is
such that there are large gaps between
one section and another (fig. 4). In ad-
verse weather negotiating a gap of this
size can be particularly difficult and
hazardous undertaking for the dredge
worker. oo
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FIGURE 1. • Single workboot.

FIGURE 2. • Pipeline without walkway.
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FIGURE 3. - Safe walkway.

FIGURE 4. • Walkway safety hazard.
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PIPELINE HAZARDS

A more specific hazard associated with
pipelines is related to moving the line
and making repairs where the job of mak-
ing connections between sections involves
the danger of crushing or pinching injur-
ies. Although several dredges provided
work platforms on the pipeline buoyancy
structures, many do all the work from
workboats, sometimes using people who
have little skill in boat operation or
safe mooring.

Another hazard area related to the
pipeline involves power cables carried
along the pipeline. One obviously un-
satisfactory arrangement is shown in fig-
ure 5. If the insulators that carry the
line are inadequate, or if the line
droops into the water, chances of break-
ing or electrical shorts are greatly
Increased

RAILING HAZARDS

As on the pipeline walkways, railings
make an important safety contribution on
dredge decks. Many dredges had strong,
well-maintained deck railings (fig. 6).
Some, however, had no railings at all
(fig. 7). A need for guardrails inboard
was evident on the type of dredge that

mounts a dragline in a deck well. Two of
the dredges visited had arrangements sim-
ilar to that show in figure 8. Note that
as the dragline swings, a pinch point is
created between the cab and the deck.
Several accidents have occurred when
maintenance people were not aware of this

"• 1«». .•*»
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ft
FIGURE 6. - Well-maintained railing. FIGURE 7.- No railings.

potential hazard. The problem is not one
of having maintenance done during drag-
line operations, because most companies
require that the dragline be stopped

during maintenance. The accidents that
have occurred involved people doing deck-
work and inadvertently stepping into the
well.

LADDER HAZARDS

Figure 9 is an example of a ladder (or
stairway) into a lower hull area of an
.otherwise well-constructed dredge. Note
the absence of handrails. Tripping and
bumping hazards are also visible in the
stairwell area.

Ladders for abovedeck maintenance are
frequently designed with little thought
about the safety of their use. Figure 10
shows such a ladder, made of round stock
welded to an I-beam. The spacing is in-

appropriate, the toe room is^lnadequate,
and the footing is poor. Often it was
not a cost problem that led to poor lad-
ders, but simply lack of attention to the
details of safety design. Figure 11
shows another ladder welded to an A--
frame. The rungs are not evenly placed,
and the ladder is quite difficult to ne-
gotiate. Some of the lower rungs have
been removed because they constituted an-
other hazard to people working near the
base of the A-frame.
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FIGURE 8. • Dragline pinch point.

\
FIGURE 9. • Ladder or stairway.
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FIGURE 10. - Poorly constructed loddcr.

FIGURE 11.. Unsafe ladder.
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ELECTRICAL HAZARDS

Electrical hazards are common on many
smaller dredges. Figure 12 shows poor
handling of a power cable. Even on larg-
er dredges, electrical safety is some-
times given inadequate attention. Dis-
tribution boxes are poorly placed and im-

properly mounted. Cables are routed with
little regard for insulation protection,
not to mention the crippling hazards cre-
ated. Common safety practice must be
followed.

WIRE ROPE HAZARDS

Wire rope breakage on dredges is not
uncommon. Both broken positioning lines
and broken digging ladder control lines
were observed during field visits. On
one occasion, the end of a snapped rope
violently struck and entered the opera-
tor's compartment. It would undoubtedly
have injured the dredgemaster had he been
in his usual position at the time. There
are several countenoeasures. One is the

proper handling of the equipment so that
the rope is not overloaded. Another is
regular inspection and replacement -of
work or damaged rope. A third is more
careful design to ensure that the rope
size is appropriate to the loads experi-
enced during the majority of the opera-
tions. Finally, proper guarding of the
cables and drums can be invaluable to en-
sure that a broken cable does not injure

Power coble.
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a worker. Although some of the ropes and
sheaves observed during the study were
well guarded, most were not. Many drums,

including drums
the operator's
guarded.

11

immediately adjacent to
compartment, were not

FIRE HAZARDS

Fires on dredges do not appear to be a
common occurrence, but when one did
occur, the results were frequently ex-
tremely expensive and dangerous. In most
of the operations visited, the fire pro-
tection practices appeared to be substan-
tially less well developed than those in
shore-based plants. Scenes like that
shown in figure 13 were very common.

Flammable debris (oily rags, cartons, and
fluids) were frequently observed in areas
where ignition was possible. The train-
ing given to most dredge workers relative
to fire prevention and fire suppression
was minimal. The available fire suppres-
sion equipment was not always easily ac-
cessible and properly maintained.

PERSONAL FLOTATION DEVICE

Perhaps the single greatest hazard on
dredges is related to the simple fact
that work is done over water. Only one
of the 31 dredges vistied required water
survival training and demonstrated water
survival proficiency as conditions of em-
ployment. All except two of the dredge
operations required the wearing of a per-
sonal flotation device (PFD), according
to the written safety rules of each com-
pany. However, in only a few cases was
the wearing of PFD's observed to be
enforced.

In the majority of operations visited,
no one was wearing his PFD. Scenes like
that depicted in figure 14 were comaon.
On some of the very smallest and oldest
dredges it was apparent that the avail-
able PFD's were never worn. On soae of
the largest it was not uncommon to find

PFD's stored as in figure 15, not well-
maintained, not inspected, not fitted,
and not assigned to individuals. Some-
times the PFD's, even new ones, were ly-
ing in dirt and grease as shown in figure
16.

A few of the dredges had the PFD's as-
signed to individuals; these PFD's were
well maintained and regularly inspected
and were worn while working over water at
all times except when the person was in-
side the dredge control house. However,
at most operations the dredge workers
complained that the PFD was uncomfort-
able, too old to be of any use, or a work
hazard because it tended to catch on
things. In short, a multitude of reasons
were offered in defense of not wearing a
PFD.
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FIGURE 13.- Fire hazard.
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FIGURE 14. • Failure to wear personal flotation devices.

FIGURE 15. • Improper storage of personal flotation devices.

HRP 002 0458
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FIGURE 16. • Abuse of personal flotation devices.

CONCLUSIONS

More attention need* to be given to
published safety requirements, including
those in American National Standards In-
stitute Standard A10.15 and in the Code
of Federal Regulations. The three dredge
manufacturers visited appeared to have
studied and considered the standards in
terms of design improvements. Beyond

*U.S. CPO: 198S-50«19/20.009

that, all three expressed the general
view that safety is the responsibility of
the operator, not the manufacturer. Con-
siderable interest was expressed in ob-
taining information about effective safe-
ty practices, including the development
of safe job procedures, at many of t-e
operations visited.
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H. BBFBBENCB MATBRZAL8 FOR SECTION 5.0

1. Figures for Section 5.2

a. Figure 5.2.2-1

b. Figure 5.2.3-1 (A-C)

c. Figure 5.2.3-2

d. Figure 5.2.3-3

Dechlorination of PCB» in
the Upper Hudson River.
Open circles represent
samples with the ratio of
peak 70 to peak 47 less
than or equal to 0.5.
Crosses are sample loca-
tion.
Capillary column GC chro-
matograms from sediment
samples from site H7 in
the Upper Hudson River.
Figure A to C represent
samples obtained in pro-
gressively later years.
Average PCB concentra-
tions in sediment samples
from the H7 site in the
Upper Hudson River.
Based on data obtained in
1990.
Average number of chlo-
rine atoms per biphenyl
molecule in sediment
samples from the H7 site
in the Upper Hudson Riv-
er. Based on samples
obtained in 1990.

2. Tables for Section 5.2

a. Table 5.2.2-1 Dechlorination status of
PCBs for different con-
centration ranges on the
Upper Hudson River.
Based on an analysis of
chromatographic peaks (70
and 47) from the New York
1984 data base. ooto
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b. Table 5.2.2-2 Percent of samples from
the Upper Hudson River
showing significant de-
clorination as a function
of concentration. Based
on an analysis of chro-*
matographic peaks (70 and
47) from the New York
1984 data base.

c. Table 5.2.3-1 Average number of chlo-
rine atoms psr biphenyl
molecule in selected "Hot
Spots" sediment samples
in the Upper Hudson Riv-
er. Based on data ob-
tained during 1990.

3. Abramowicz, D.A. (1990) Aerobic and Anaerobic Biodegra-
dation of PCBS: A Review. V. 10 1.3, pp. 241-251
Critical Reviews in Biotechnology.

4. Bedard, D.L. (1990) Bacterial Transformation of
Polychlorinated Biphenyls. V. 4 Biotechnology and
Biodearadation.

5. General Electric Company Corporate Research and
Development (1990) Research and Development Program for
the Destruction of PCBS: Ninth Progress Report
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Dechlorination in Hudson River (1984 DEC data)
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Dechlorination in Hudson River (1984 DEC data)

PCB Range
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Aerobic and Anaerobic
Biodegradation of PCBs: A Review
Daniel A. Abramowicz

ABSTRACT

This review summarizes recent research results on the bio-
degradation of polychlorinated biphenyls (PCBs). These com-
pounds, commonly believed to be indestructible, have repeatedly
been shown to biodegnde under a variety of conditions. Two
distinct classes of bacteria have now been identified that bio-
degrade PCBs by different mechanisms. The focus of this man-
nscript is current research involving the aerobic biodegndation
of PCBs (natural strains, recombinant organisms, and soil ap-
plications) and the dramatic new results demonstrating micro-
Dial reductive dechlorination of even highly chlorinated PCBs
under anaerobic conditions.

These two PCB-degradative systems include aerobic bacteria
which live in oxygenated environments and anaerobic bacteria
which live in oxygen free environments such as aquatic sedi-
ments. The aerobes attack PCBs oxidatively, breaking open
the carbon ring and destroying the compounds. Anaerobes, on
die other hand, leave the biphenyl rings intact while removing
die chlorines. This anaerobic dechlorination degrades highly
chlorinated compounds into less chlorinated derivatives. These
two naturally occurring processes are complementary, and a
two step treatment may permit the biological destruction of
nearly all of the PCB mixtures commonly used.

I. INTRODUCTION

A. Definition
Polychlorinated biphenyls (PCBs) are a family of compounds

produced commercially by the direct chlorination of biphenyl
using ferric chloride and/or iodine as the catalyst." The bi-
phenyl molecule is made up of two connected rings of six
carbon atoms each (see Figure 1), and a PCB is any molecule
having multiple chlorines attached to the biphenyl.nucleus.
Chlorines can be placed at any or all of the ten available sites,
with 209 different PCB compounds theoretically possible,
varying in the number and position of the attached chlorines.
The individual isomers and homologs are genetically referred
to as congeners. Of die 209 possible congeners, only about
half are actually produced in die synthesis due to steric hin-
drance. The position of the chlorines is indicated by die num-
bering scheme shown in Figure I. The reaction shown in Figure
1 would produce a large number of different PCB structures;
only the 2.3,4,3',4'-pentachlorobiphenyl (2,3,4,3'.4'-CB) is
drawn as an illustration.

PCBs were manufactured and sold as complex mixtures dif-
fering in their average chlorination level. The crude mixtures

other
PCBs

biphenyl 2.3.43l.41-penuchlorobiphenyl
2,3.4,3'.4'-CB

1tesyNhesuofFCB$vudtediitcicMofiaMK«aftjptMy!.
Note dot dus method produces newly 100 different KB praducn. wWi *e
caaiener 2,3,4,3'. 4'-CB included u « eumpfe.

resulting from the chlorination were fractionally distilled to
produce commercial mixtures with die desired properties. The
products range from light oily fluids (di-. tri-, and tetn-chlo-
robiphenyls) to heavy, honey-like oils (penta-chlorotriphenyb).
to greases and waxes (more highly chlorinated). The manu-
facturers of PCBs sold the materials under various trade awes:
"Aroclor" (Monsanto, U.S.); "Phenoclor". and "Pynknc"
(Prodelec S.A., France); "Clopben" (Farbenfabrihea Bayer
AC. Germany); and "Kanechlor" (Kanegafuchi Chemical In-
dustrial Co. Ltd, Japan). The manufacturers also assigned prod-
uct numbers dial usually reflected the degree of chtarinatmi
by eidw die average number of chlorines/bipheiiyl or *e weight
percent chlorine in die mixture. For example, Arodor 1242
(12 carbon atoms and 42% chlorine), Ctophen A 30 0 cttor-
ines/biphenyl), and Kanechlor 300 (3 cMoriMS/biphaqrl) at
contain 42% chlorine by weight which corresponds to time
chlorines/biphenyl on average. Likewise, Aroclor 1260 aad
Clophen A 60 contain 60% chlorine and 6 chkrinesAepheoyl
on average.

The desirable physical and chemical properties of PCBs kd
to their widespread use. The most important physical fK^utuu
of the mixtures an that they are liquids, have low vapor pres-
sures, low water solubility, and excellent dielectric pmyfiikt.
Chemical properties include stability to oxidation,
sistance, and relative inertness. Because of exceBeal Oan-

D. A. AbrHMwia CMCd both n> M.A. wd • Ph.D. to PhgrioJ
OwmiMry « Princeton Univenity. PrtaccMe. New Jemy. Dr. Mbn-
mowicz b euncmly Muuter, Eavirameaul Tectaotofy I
Btotofical Science* Ubomwy. Bld|. Kl. Km. 3B19,
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. electrical, and stability properties. PCBs found ap-
• a wide variety of industrial uses including heat

fluids, hydraulic fluids, solvent extenders, plastictzers,
BBC retardanu, organic diluents, and dielectric fluids.51

an a 50-year period approximately 1.4 billion pounds of
produced. Such extensive application of these

and thermally stable compounds has resulted in
*""• It is estimated that several

pounds have been released m the environ-
a." Ike tipophilk nature of PCBs contributes to their tend-
F n> accumulate in fatty deposits and i

of PCBs in organisms and the past ex-
of some industrial workers was initially a cause for
*-TI But the toxictty associated win Pds has recently

IB-evaluated. "•STJM* b has now been concluded that
. me only observed acute effects have generally been
r. So far. no significant chronic heal* effect* have been

I with exposure to PCBs or PBBs."*
health risk commonly ai inflated with PCBs in-

r vole as suspected human carcavogess. This premise
i early reports that high levels of Arockr 1260 caused

in rats.** But a study by die National Cancer
(1978) concluded that Aroclor 1254, a mixture of

»having a slightly lower level of chJorinalian than Aroclor
1KO. was not carcinogenic." In addition, a recent thorough

• of me epklemralogical literature stated Bat "No COD-
i far repotted shows th ex-

so PCBs favtft an
-.ew»conceniiiigthebk)iogicalandloxkefrecuof
that the relative potency generally correlates with

of the mixtures are variable, and it is therefore tea-
hat the activities of individual congeners may also

considerably. Valuable data involving structure/activity
for individual congeners is now available.7"1-*1

CTPChidfd from MhMi ttudift Tisriinf out in *»*« hk-
tnat die most toxk PCB congenen contain two pan

two mat chlorines, and the addsuuB of OTMO
reduces dais effect tJgnnVantJy.*1

I. AEROBIC BIODEQRADATION OF PCBs

of die emrJTOomental oontaiiiiaaTion by PCBs is fa die
of complffi commercial mixtures (e.g., Aroclor 1242)

>W different coogenm wim varyiBg degrees of
•*•> BBBBW aaw^BE W^MmV^m %• UBMMtvt

•podficity. In
inicro-

^ AhJiJllBtwii rfaf^EB* MMMaWv Jr^aVvvtBiBBfMf -ILIB

tures can be difficult to bkxkgrade, the aerobic bacterial
biodegradation of PCBs is known and has been well uaA-
M s.Ki.ii.l4j..40j»*M».nj»prevj0ttl reviews on ne aerobic bk>-
degradation of these materials have been published,41'41 and
this review concentrates on research results reported after their
publication.

Using a rapid screening procedure, Bedard et al.* isolated
natural aerobic bacteria capable of degrading PCBs in nearly
every contaminated soil they tested. Soil and sediment samples
were colkaedrromPCB-fnrttirninitrd rites and cultures were
enriched on biphenyl as the sole carbon and energy
available to the bacteria. Tne bacterial enrichments obtained
were assayed for their ability to degrade defined mixtures of
PCBs. Using this approach, a diverse group of 25 strains of
PCB degrading bacteria were isolated and characterized.*-"
This method allowed the rapid determination of PCB compe-
tence for a large number of isolates. In addition, the use of
defined PCB mixtures in place of complex Arockn permmed
investigations into the nature of the enzymatic specificity ob-
served. The results of this screening technique are shown in
Figure 2.'-' Note that all of the organisms isolated are capable
of degrading the lightly chlorinated PCBs. Characterization
(genus and species) for some of the PCB degrading organisms
isolated by several different workers is shown in Table 1. These
results indicate that naturally occurring organisms can degrade
PCBs, are quite common hi the environment, and that the
organisms consist of many different microbiological types. It
is interesting to note that nearly two-thirds of the organisms
represented in this survey are members of the genus
Puudomonos.

Bacterial Strain

ISHtnSSSiUSSSSSSSXSSSSS

tfjt •- j»__.-._ ^u^ UaistA j, ^^ jt- j •—— ̂ u^^ ^HaaV mt tftkiW|v] MMCaWS •• HUH M^MM i»W wMmm .*VW OT imm
r O.O J'SJ'-C*}. bM • •lUfcollai «M BalMd (AttapMd few

B«ted. D. L.. Vmmm, R.. Bopp. L. H.. tnmm, M. J.. MM. M. L..
_j » -^- -— /• »—• f iMiJjiiiM liTfi ainiif •? <I "Bill ICaVA a«kti AaWa^BajtimjU >•M MIMQaH W.***I|VBI. JJUfwwW. OTICrVnjtjaBj., 91* rvl« I^VD •PJ *^»"J««iBW^»*«*i

D. A.. JfeartMB Wow Trtvmtia: Hotyatwafor foH*io* CtwM. Ak
_ j ««f, -», fc j—————.—- A ÎM*̂  Blaa«B âi«̂ Mi lAaatt Wil4nM WMM iMMHpMnaK ASWX.« nmovpi* ivvy* xii.

B. ntotabolle Pathway
The actual biochemical steps involved in die aerobic bio-
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Table 1
Partial Listing of Asroblc Environmental Isolates
Capable of PCB Biodegradation

Stnia

Ackromoboctrr tp.
Aeinetobaatr tp.
Alcaliftnti tp.
Aicoligenet turoptua
Mcaliftnet faecaUt
Arthrobacitr tp.
Corynebactthum tp.
Putidcmonas tp.

PteudomoHas (Acidovorata group)
Pitudomonai ctpacia
Pteudomonas paucunobilis
Puudomonas pieitdoalcaligtnes
Pttudomonas puida
Pteudomonas unoueroni

BP.pCB
P6. LS241
KF708, Y42.BM—2
H850
PU34
M5, BIB
MB1
LB400, LB4IO. KF714. IB1, IS 140.
7209. WR912
K939. HI 130. PS304. H702. PilOl
H201. K704. MB
Ql
KF707
KF715. OU83
HI28, H336. H430

degradation of PCBs have been previously determined. In gen-
eral, attack involves initial addition of O, at the 2,3- position
by a dioxygenase enzyme, with subsequent dehydrogenation
to the catechol followed by ring cleavage (see Figure 3).

COOMtt»C

PIOURE3. Detndrioo of biphenyl Md chJorobiphenyls by te 2.3-dkn-
yfenue pMhway in Pttudonmua twin LB400. Gene dMifMtioai: tpM,
bipheayl 2.3-dknyfeaue: bpM, dihydredio] dehydrogeime; hpHC, 2,3-di-
bydnwybiphenyl dkwytenue; bpUJ, 2-hydroKy-froio 6 pinny** »-2.4-di.
eooic Kid (mMMkavife product) hydrue. (From MoodcUo. F. 1..J. toe-
irrfet.. 171.172S, 19*9. With pcnuniao.)

This pathway is similar to the degradation pathways for other
aromatic substrates deduced for biphenyl47 and for toluene.*4

The first two steps in the metabolism of biphenyl involve dkn-
ygenase attack at the 2,3- position with subsequent dehydro-
genation to the catechol.41 The next step involves fission of
the ring to the mew-cleavage product.*9 These authors also
proposed mat this ring fission product was further metabolized
to benzoic acid, as this metabolite was identified from crude
cell-free mixtures incubated with 2,3-dihydroxybiphenyl. This
cleavage to benzoic acid was later confirmed.72

In the earliest reported isolation of PCB-degrading strains,
Ahmed and Focht* identified both the mtia-cleavage product
and p-cbJorobenzok acid as metabolites of the degradation
pathway. These authors postulated that the PCB degradation
pathway is the same as that determined earlier for biphenyl
and other aromatic hydrocarbons. This hypothesis was con-

firmed by Furukawa et al.M with the identification of the meta-
cleavage product and chlorobenzoic acids as metabolites of
PCBs.

In genera], most PCB degrading aerobic bacteria are able to
degrade only the lower chlorinated PCB congeners (e.g., mono-
to tetra- substituted).*-7-**-" It is possible that higher chlori-
nation levels result in steric hindrance of 2,3-dkwygenation by
chlorine substitution at either of these two positions.74 But
several aerobic bacterial strains have demonstrated the excep-
tional ability to degrade an even larger range of congeners, op
to and including penta-, hexa-, and even several heptachlo-
robiphenyls (Pseudomonas strain LB400,14 Alcaligenes eutro-
phus H850,10-" Corynebacterium strain MB1,10-12 and
Acinetobacier strain P6.**-40 One of these organisms has dem-
onstrated the capacity to degrade more than 90% of the PCBs
present in the mixture Aroclor 1242 (LB400).**

Although these organisms use the 2,3-dioxygenase degra-
dative pathway described above, h is possible mat PCBs are
also metabolized through other routes. It is known that con-
geners containing a 2,5-chlorophenyl ring are preferentially
degraded by strains H850" and LB400.'4 In addition, the pro-
duction of different metabolites tod to the proposal mat a sig-
nificant mechanism for PCB metabolism in
involves a novel 3.4-dioxygenase attack.*-" This proposed 3,4-
dioxygenase attack has been .confirmed by Gibson** in bom
H850 and LB400 by identification of the expected cu-dihy-
drodiol intermediate from 2,5,2',5'-CB. This additional diox-
ygenase pathway may partially explain the exceptional range
of PCB-degrading activity demonstrated by A. tutrophiu H850
and Pseudomonas sp. LB400.

It is not currently known if the 23- and 3,4-dioxygenase
activities originate from the same enzyme. It is clear, however,
that the congener specificity indicates two distinct classes of
dioxygenases. The dioxygenase type present in Acinetobacter
P6 and Corynebacteriiim MB1 is particularly active against
congeners containing double para- substitution, while the en-
zyme from Alcaligenes H850 and Pseudomonas LB400 prefers
2,5- substitution patterns. In general, these specificities are
complementary and treatment with an organism from each class
results in even greater PCB degradation.*"

C. Optimization
It has been demonstrated that growth on biphenyl as the sole

carbon source is required for optimal PCB degradative activity
(LB400).** This is a disadvantage in soil applications where
other carbon sources are available. The degradation of PCBs
bound to soil has been investigated.*4-*1 Although PCBs are
degraded in these systems, the rates decicaie significantly (more
than 50-fold) compared to the biphenyl assays. One possible
explanation is that biphenyl is required as the sok carbon source
for maximal induction of the PCB degrading enzymes. The
importance of biphenyl in the soil degradation of PCBs has
been investigated by Focht1*-15 and enhanced degradation of
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PCBs on sofl woe uNeriad •pan the addition of biphenyl as
a carbon souse*, la addttoa, me PCB-degnding activity of
growing cdb was significantly greater for Acinttobacter sp.
P6 and AfttovtwcMr sp. BIB man the activity observed with
resting-ceO suupesuusK^Bipheayl was utilized as the carbon
source,andftisicaaoasi^tofOHKhidetfaatbipbeoy lit required

eariier produce

t (LB400, HtSO. KF715. KF707. KF708, Ql.
MS. BM-2. MB1). snicnorganianat which could use complex

taa a carbon source may paifoun better in sou
i dsgradf mooochlorobybenyls

i have been reported.
A Xsf«s!BMan*r SSBBB JB1 waa isolated mat can grow on moo-

,MIn addition. Focht and Huang*
which is also capable of degrading

the cbJorobenzoate in-
on 3-CB as the sole carbon
via •method that facilities

between two parent
', of new urami that could grow on

PCBs would represent a major
i of PCBs.

i aerobic bacterial btodegre-
The addition of the

i observed to in-
tsWmtoffCBdetrtriafira *" The effects of polymer

i Tank 2. Note that Ass method generally
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The chitin appears to act as
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degradation of PCBs have been
organisms ca-

These studies utilized soil mi-
fromske genus An^oMonordiat degraded PCBs

(see figure
genes from P, pseu-

i KF707,* an organism known to degrade
1443.23-0. 3.4-CB. 2,4'-CB.

2.4X3. and 2A4'43. The genes were men cloned into a
xmant was isolated thatandannsfoi

PCBs-^Tliei

Tabw2
HaH-UfU Estimate* for Sptcffic PCB
Conganara with and without tha Addition of
Chltln or ChHin Plus Adapted Mcrobos ^

>(«n»)
4,4'-CB
4.4'-CB

2AMS-CB
•f

•f

Aradorl232
Aioekrl232
Aiodarl24S
AradarlMt
AnxJorlMS
Areclo»1254
Araclarl254
Andarl294

ft

1.42
0.91
0.46
1.32
0.10

61.4
33.4
26.1
77.6
31.6
31.9
11.9
36.4
39.5

+/- 0.41
+/- 0.21
+/- 0.33
+/-0.4
+/- 0.7
+/- 3.6
+/- 0.9
+/- 0.7
•f/- 1.2
+/- 2.4
+/- 3.6
+/- 7.2
+/- 3.1
+/- 2.2

tote. ft. «d Flqiuki. f... Aquatic Toxicology mid J
'. Vol. 10. ASTM STP971. A4MM, W. I.. <

G. A., Lnte. W. O.. Edi.. ASTM. Pkiteddphia. 19M. 917. Wift

that the genes encoding three of the four enzymes involved in
PCB degradation (bpfiA through bpnC) were localized on a
small DNA fragment (7.9 kb). I» addition, me 2>dmydnn-
ybiphenyl dkntygenase (bphC) was isolated** and sequenced
from two different organisms.**-*' Mondello obtained the PCB-
degradative genes from a Puudomonat strain LB400,** an
organism known to degrade mono- to hexa-CB, inchiding 23-
CB, 2,4'̂ B, 2.2*^3, 2,4,4'̂ B, 2 .̂2'-CB, 23 '̂̂ '-CB.
2.4,2I.4'-CB. 2.4.3.2' ,5'̂ B, 2.3.4,2' ,5'-CB. and
2.4.5,2'.4'̂ '-CB. Tbe genes were men cloned into a btoad-
bost-range vector, and a number of £. coli tnosformanu ca-
pable of degrading PCBs were isolated.** All four of me PCB-
degradative genes were isolated on a 12.4 kb DNA fragment.
and one recombinant strain FM4560 demonstrated a PCB com-
petence remarkably similar to the wild-type LB400 (see Figure
4). Note mat the same congeners that are slowest to degrade
b A- _.S1.| ~- — - n, ---,;---, Jta— •-.. •••fcla Maailna fet il»Ame wijo-iype organism onpiay comparaoie amnm m me
ncombinant organism. This similarily requires mat me en-
zymes are expressed, functional, and catalyze reactions widi

IB ID6 £•
Pstudomoiuu wild-type organisms. This some what uneipocmd
result suggests mat the PCB^egndative genes may be func-
tional in abroad range or diffcrmi HiKiPunaniimt Kann and
Walia obtained the PCB degradative genes from a Fttudo-
mowputida strain OU83 and locauzad the bpkC and bpttD
genes onto a 2.4 kb DNA fragment.** Tbe authors determmed
mat me amount of bpkC produced in the recombiaaBt £. coif
strain was 20-fold gieatei than that measured in die puutt
strain.
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naURE4. Btakfr»d*>oo of Aroclor 1242 by £.w«FM4360«»d
PttudemoMU min LB400. (Tap) Anclar 1242 incubtt
cury-tailed cells; (middle nd boaom) AroeJot 1242 (lOppn)
H XK for 24 b with edit (opual density « 615 am of 1.0) of FM4360
and LB400, respectively. FM4S60 wu grown on nodule; LB400
wu frown on biphenyl. (From Moodello, F. J., J. tacttrial., 171.
1725, 19S9. With pennwioo.)

The correspondence between the PCB-degrading organisms
KF707 and LB400 includes a similar metabolic pathway and
similar gene organization. In addition, DNA hybridization
studies revealed that the PCB-degrading genes in two very
different organisms (Pseudomonas sp. LB400 and Aicaligenes
eiarophus H850) were strongly conserved.** Additionally, the
bphABC cluster has now been observed in five Psettdomonas
strains and one additional Aicaligenes strain.4* The high cor-
respondence among all of these distinct organisms implies (hat
the PCB-degradative genes did not evolve independently aad
the genes must have been acquired through some form of DNA
transfer. This result may have important implications at it
demonstrates that natural organisms can transfer and have
transferred the PCB-degradative genes in the environment. These
mobile genes enable the organisms to attack a broad range of
PCB congeners.

Although the recombinant FM4560 can degrade PCBs no
better than the wild-type LB400 under the conditions described
in Figure 4, it may afford unique advantages in soil remediation
applications. In addition to faster growth rates to higher cell
densities, the recombinant demonstrates superior viability and

ire resistance.4* Indeed, recombinant E. coti strains
have been reported to survive 27 d on soils,77 significantly
better than the 2 d survival observed in the field with LB400.*»
More important is the fact that FM4560 does not require growth
on biphenyl as the sole carbon source for optimal PCB-deg-
radative competence.** Therefore, on soils where other organic
material is readily available, the recomWnantyhould display
superior PCB-degradative competence.

E. Fungi
Microorganisms other than the bacteria, notably fungi, bane

also been reported to aerobically degrade PCBs. The ruameav
tous fungus Aspergillus niger, used as a model of mammaHan
aromatic hydroxylation, hi been shown to degrade the lower
chlorinated PCBs in the commercial mixture dophen A SO.*
The wood-decay white-rot'fungus Phaherochaete chrysospor-
ium has also been utilized in the degradation of PCBs at very
low concentrations.11-12-11 It is believed that the same enzymes
involved in lignin degradation are responsible for attack oa ne
PCBs through the production of hydroxy radicals. This reactive
intermediate should react with a* wide number of organic com-
pounds and P. chrysosporium, asjwell as other wood-decaying
fungi, have been extensively studied in the degradation of a
range of chlorinated organic compounds, including lindanr.
DOT, and chlorinated dioxins, with .mineralization to "CO,
as the assay. The application to PCBs has demonstrated •*•
neralization of even highly chlorinated, congeners, includa*g
3,4,3'^'-CB,22 2,4,5,2',4'.5'-CB,21 and:the mixture Arockr
1254." The results indicate mat P. chrysosporium is capable
of the complete degradation of highly chlorinated PCBs, bat
activity has only been observed at very low concentrations (250
ppb Aroclor 1254," 5.5 ppb or 19 nM 3,4,3',4'^B).22!
activities on highly chlorinated congeners have been i

1.8
with the aerobic bacteria previously described, but at
higher concentrations (10 ppm Aroclor 1254 with H850,1
ppm or 5 vM 2,4,5,2',4',5'-CB with LB400." and IS
or 50 MM 3,4,3',4'-CB with P6.*° The successful application
of white-rot fungus to the biodegradation of PCBs will require
demonstrated activity at the 50 to 1000 fold higher concmtra-
tions currently handled by bacterial systems.

F. Summary
A large number of naturally occurring, aerobic microorgan-

isms have been isolated from many different locations and
studied for their ability to degrade PCBs. The organisms range
from common soil bacteria to more complex fungi. Some of
the major findings follow. (1) Most soils contaminated vim
PCBs contain organisms with some level of PCB-degndng
ability. (2) These microorganisms display congener specificity
and therefore degrade individual congeners at different rates.
(3) Most aerobic bacteria that have been isolated degrade only
the lightly chlorinated congeners, although some bacteria nave
been isolated that are capable of attacking congeners containag
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anaerobic consortium capable of mineralizing chloroben-
zoates.*1 A review of die aoaerobk dehalogenation of pesti-
cides has recently been compkted.*1 This review discusses die

chlorobfnioates, cbJorophenols, chloroamsoles, and herbi-
cides. Reductive dechlorination of aromatics has also been
reported with aerobic bacteria (chlorinated phenols and chlor-
inated quinones).*****
• | ̂ i> ifc^^aaaaitB. LBOoranory

The proposed microbial dechlorination in anaerobic river
sediments was confirmed in die laboratory.* The result of
anaerobic dechlorination of Arodor 1242 by rnkroorganisms
in Hudson River sediments is shown in Figure 6. Note die
dramatic loss of die highly chlorinated cnngfnen widi corre-
sponding increases m die less chlorinated products. These mi-
croorganisms dechlorinate the PCB mixture so extensively mat
it is convened from 85% tri- and tetra-chlorinaied PCBs to
88% mono- and dichlorinated products. The end result of this
natural process is die conversion of die more highly chlorinated
PCBs into congeners of low toxichy that are degraded by a
large number of aerobic bacteria.
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factors which moans ale sate of dechlorination include the
addition of a complex oamoa mice (fluid thiofrycoUate me-
dium with beef extnct) or a detergent (Triton X-705).2 These
tlucii are addsnc and a coBbBunon of variables results in
even greater enoanceninaL baportantly, the dcchlonnatKio of
me highly chlnriBatrd Amdor 1260 has also been observed in
me laboratory.*-*' Tee ummiatiuu of me most highly chlor-

be seen by
Methods to

also been identified.14

dium (first

inated congeners (hex*-, hcptt-, and ortarhlorobiphenyb) has
been decreased by man; dna ooe-lfaird the original level in
Aroclor 1260.4 Anaerobic dedfcrination of Aroclor 1260 has
recently been observed by omen as well."730

C. Single Congamr
Methods for me svaAeasof iamvidual PCB congeners11 and

commercially available material have provided single com-
pounds for a more detailed study of this anaerobic dechlori-
nation process.'4 The timecourse of the dechlorination observed
with Hudson River sediments on the congener 2,3,4,3',4'-CB
is shown in Figure 7. The dechlorination activity observed
demonstrates a sequential pathway from the penta- (2,3,4,3',4'-
CB) to tetra-(2,4,3,',4'.CB), tri- (2,4,3'-CB), di-(2,3'-CB).
and mono- (2-CB) chlorinated biphenyls (major products shown
in parentheses). The result of this process is the conversion of
one of the more toxic congeners (2,3,4,3',4'-CB) into a moo-
ochlorobipbenyl (2-CB) which has low toxicity and is easily
metabolized by aerobic bacteria and higher organisms.

This result again confirms mat chlorines are removed front
only the meta and para positions as was observed for the river
sediment itself." The selectivity of each individual step at
surprising; for example 2,4,3',4'-CB is the only detectable
tetrachlorinated product observed from 2,3,4,3',4'-CB, and ft
is produced in stoichiometric amounts.

This microbial selectivity for only meta and pant chlorines
is different than that observed from the direct electrochemical
reduction of PCBs. Farwell et al.u determined that •M**^f>
the PCB reduction pathways were complex, dechlorination via
voltammetric reduction was observed from the onho, meat,
and para positions. In some cases the onho dechlorinated spe-
cies was the major product, for example 2,3-CB yields 19%
3-CB and only 11% 2-CB." This can be contrasted to me
microbial dechlorination of 2,3'-CB, where 2-CB is the only
observable product.4

The dechlorination of single congeners with higher (oxkny
has also been demonstrated by Tiedje et al.w These investi-
gators found that 2,3,4.3',4'-CB and 3,4,3',4'-CB were de-
chlorinated at rates comparable to other penta- and
tetrachlorobiphenyls, even in the presence of the complex PCB
mixture Aroclor 1242.

From such studies utilizing single PCB congeners, one can
prove that microbial reductive dechlorination b occurring in
the sediments. The stoichiometric production of PCBs con-
taining fewer chlorines demonstrates the substitution of hy-
drogen in place of the chlorine. It is believed dm the anaerobic
microorganisms are utilizing the chlorine as the terminal elec-
tron acceptor, involving the addition of the electron to *e
carbon-chlorine bond, followed by chloride loss and subse-
quent hydrogen abstraction (see Figure 8). The compound from
which the hydrogen is ultimately abstracted is unknown, and
potential primary electron donors include water, hydrogen, or
an organic compound. The availability of hydrogen in anaer-
obic microbial systems may make it the most likely primary
source of reducing equivalents.

Recently it has been shown by Hogenkamp and coworkers"
that vitamin Bu can catalyze the reductive dechlorination of
carbon tetrachloride and other chlorinated methanes. Vitamin
BI2 is a known hydride transfer agent and this result suggests
an alternative dechlorination mechanism involving a single, step
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coniootds present in these anaerobic nucroorganisms.

The dechlormation process described earlier does degrade
highly chlorinated PCBs, but the organisms leave the biphenyl

iijjmoli •§»«• ^k^M»Akl«^^^Aeiĵ ^ ^^^^^__^^^L^ ĵ̂ »» Î l̂ «hĵ A^̂ ^k^̂ «£ .̂̂  — *cnouyn mis omiiofinmup repRMno •mm iiiiiiirjranBnoii of
highly chlorinated PCBs, it is being distinguished here from
processes that do attack the biphenyl ring, resulting fat potential
mineralization of the PCB. Such a process has recently been
reported by Rhee and cowcrim.*-" In this work, bacterial
populations from Hudson River sediments were reported to
anaerobkany degrade the lightly chlorinated congenen in PCB
mijuiiies. No inetaboltoes were idfntififd. and no evidence for

these authors. Although the dechlotination and bfodegndattan

River, CO, was provided to me dechlorinating systems as bi-
carbonate, but it was absent in the biodcgradation studies. It
is interesting to speculate that CO, may be importam m de-
• •MM.IM.MM «k • tv^a nf ••iMBMnkin MiMiB.iAi -•- ——— -* nM Btf̂ D* t*

is possible that m die absence of CO,, a selection is imposed
favoring organisms capable of degrading PCBs to obtain CO,
and/or low molecular weight metabolites as electron acceptors.

T. Supwitt dMMonMBQB of 2̂ ,̂3'̂ '̂ B 000 §vv) by M~

• nta; PIM! C. t I'liki; PM*! O. 12 «wk*. Am Otnmmhi. D. A..
BMMM. M. J.. V« Don. H. M.. Md Oillighir. E. L. Ckmta/ «rf
«fec*Mfc*/ Dttox&nHo* <jHtxr**u Wtat tt. OMMT. I.. Ed.. Uwfe
PuMishen. Cbtbea, Ml. 1990. Wife prateta.)

This environmental dfrhlorination of PCBs has now been

meats. Sites include many locations in the Hudson River (New
York). Silver Lake (PinsfieU. Massachusetts), New Bedford
Harbor (Massachusetts), Escambia Bay (Pensacola, Florida),
Woods Pond (Massachusetts), the Housatonir River (Con-
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necticut), the Sheboygan River (Wisconsin), Waukegan Harbor
(Illinois), and the Hoosic River (North Adams, Massachu-
setts).11-" The widespread occurrence of this natural process
indicates that h is a general phenomenon.

These changes observed in PCB^ontaminated anaerobic river
sediments led to the proposed microbial reductive dechknv
nation of PCBs.13-" This process has now been confirmed in
a number of laboratories with sediments from many distinct
aquatic systems.*-*-7*-"*-"-'' Some of the most significant find-
ings from current anaerobic dechlorination experiments follow.
(1) Dechlorination has been observed in a large number of
sediments and the process is widespread in the environment.
(2) Although congener preferences are demonstrated, in general
the organisms present in Hudson River sediments exhibit broad
dechlorination activity on the more highly chlorinated PCBs.
(3) These anaerobic microorganisms are capable of dechlori-
nating even the previously recalcitrant, highly chlorinated PCB
congeners contained in Aroclor 1260. (4) All results to dale
involve primary cultures and pure PCB dechlorinating strains
have not yet been isolated. (S) Dechlorination selectively re-
moves meia and para chlorines, significantly reducing any
loxicity associated with PCBs. (6) The less chlorinated con-
geners that are produced are known substrates for aerobic bac-
terial systems.

IV. CONCLUSIONS

This paper has focused on recent progress (since 1985) in
the aerobic bacteria) biodegradation of PCBs and the new an-
aerobic dechlorination process recently discovered. The large
number of researchers cited have repeatedly demonstrated that
PCBs, commonly believed to be indestructible, are degraded
by a number of diverse microorganisms.

Two separate and complementary natural biological systems
have been the focus of this report on the biodegradation of
PCBs. Anaerobic bacteria, present in river and lake sediments.
remove chlorine from even the most highly chlorinated PCBs.
This process is relatively broad, attacking a large array of
highly chlorinated PCBs. The resultant lightly chlorinated com-
pounds are less toxic, and are known substrates for aerobic
bacterial biodegradation. Such aerobes have been identified in
nearly all PCB-contaminated areas and are widespread in die
environment. The obvious complementarity of these biological
processes leads to the combined treatment scheme shown in
Figure 9 (only one PCB congener is shown as an illustration).
Successful application of this sequential treatment may enable
the bioremediation of nearly all types of PCB contamination.

anaerobic
bacteria

aerobic
bacteria

cells

HP

PIOUREt. Two-mp combined
KBs. In this acbane. initial
PCBi to fifntly chlorinated derivatives

liSaklw f liliafia«a«tantfllfDljr CoffuBâ BillvB
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Bacterial Transformation of
Polychlorinated Biphenyls

Txami llet«ehnole«T
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A. Ch«krafc«*tjr O.I. OMnn
CM*) Advance* In Appliod
Biotechnology S*rU«,
Vol. 4. Portfolio Kb. Co..
Tbo Hooflnd*. Is. 1MO.

Donna L. Bedard
CE Corporal* Research and
Development
Schenectady.
New York

Aerobic bacteria are proving ver-
satile and effective agents for biode-
grading polychlorinated biphenyls
(PCBs). Four natural isolates have been
shown to degrade many tetra- and pen*
tachlorobiphenyb and some hexachloro-
biphenyk. The enzynes responsible for
PCB metabolism m these organisms fall
into two genetically distinct classes that
differ markedly in congener reactivity
preferences. Because the reactivities com-
plement each other.treatingAroclor 1242
with a mixture of two bacteria represent-
ing each class of enzymes has been par-
ticularly effective./* situ btoremediation
of Aroclor® 1242 (Monsanto, St. Louis,
MO) has teen demonstrated.

Extensive reductive dechlorination
of PCBs in anerobk sediments of takes,
rivers, and harbors has been documented.
Laboratory experiments have demon-
strated that thisdechlorinatwn proceeds
by step-wise removal of Meat and pan
chlorines and results m the accumulation
of mono- to tricblorobipbenyh) that are
easily degraded by aerobic bacteria. It
appears that natural mkrobial popula-
tions already have the capacity to biode-
grade most if not an of the PCBs that con-
taminate the environment Research
aimed at simulating the activity of these
organisms should make It possible to
accelerate biodegradation of PCB con-
taminants
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Introduction

Poiychlorinated Wphenyls (PCBs) have attracted concern be-
cause of their persistence, their bioaccumulation, and their possible
health effects. PCBs were used worldwide for a wide range of
applications for more than 50 years. Major uses included transformer
oil, capacitor dielectric fluid, heat transfer fluid, fire ittardants, and
plasticizers. The properties mat made PCBs useful industrial chemi-
cals; thermal and chemical stability.resistance to chemical corrosion,
and general inertness, have contributed to their widespread persis-
tence in nature near the sites of their production, use, storage, or
disposal. Because of their hydrophobia nature, PCBs have i
lated primarily in soils and aquatic sediments where they adsorb
strongly to organic i

PCBs are a family of compounds (congeners) consisting of a
biphenyl nucleus carrying one to 10 chlorines; hence, mere are 209
possible PCB congeners that differ in the nuiftber and position of the
chlorines. Because thecouuuucialPCBs(Aroclors)comroonly contain
more than 60 to 80 congeners, they pose a particulary difficult
challenge as candidates for trioremediation.

Bacterial Oxidation of PCBs

There have been numerous reports of bacteria mat are capable of
degrading PCBs. The literature prior to 1982 has been thoroughly
reviewed,1 but there have been a number of reports of bacteria with
exceptional ability to degrade PCBs since that date, and several
reports of novel dioxygenase attack on PCBs. Four strains of bacteria
are particularly noteworthy for their ability to degrade a broad
spectrum of PCBs: Acinetobacter sp. P6,2 Corynebacterium sp.
MB l»AlcaKgenes aarophus H850," and Pseudomonas sp. LB400 *

Acinetobacter sp.P6 was extensively characterized by Furukawa
and co-workers.1-2 When grown on biphenyl or 4-chlorobiphenyl (4-
CB), Acinetobacter sp. P6 can oxidize a broad range of PCB conge-
ners, including many tetrachlorobiphenyls and some penta- and
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Figure 1. Pathway for the degradation of PCBs.

hexachlorobiphenyls.7 Corynebacterium sp. MB1 was isolated as a
contaminant from a culture of Acinetobacter sp. P6. Although never
compared side by side, the two strains appear to have very similar
PCB-degradadve competence. Both oxidize PCBs via dioxygenase
attack at carbon positions 2,3 followed by dehydrogenation, mem
ring-fission between carbons land 2, and cleavage to generate chlo-
robcnzoic acid and a five carbon fragment (Figure 1). Both can
oxidize some dichlorophenyl rings, most notably those with chlorine
subsdtuents at carbon positions 23 and 3,4, but neither strain has been
shown capable of oxidizing a trichlorophenyl ring.

A. eutrophus H850 and Pseudomonas sp. LB400 were isolated
at different times and from different locations, yet they have remarka-
bly similar congener specificity. Both strains have a superior ability
to degrade PCBs via attack on 2-, 2,4-, 2,5-, 23.6- and 2,4,5-chloro-
phenyl rings, all of which are common substituents in the commercial
PCB mixtures (Aroclors). Because of this, they degrade many tetra-
and pentachlorobiphenyls and some hexachlorobiphenyls. These
strains also metabolize biphenyl and PCBs via a 2,3-dioxygenase
pathway (see Figure 1), but in addition they metabolize PCBs contain-
ing a 2,5-chlorophenyl ring via 3,4-dioxygenase attack (Figure 2,
A).1'4 It appears that the 3,4-dihydrodiol cannot be dehydrogenated or
further metabolized in these microorganisms except by a second 3,4-
dioxygenase attack to generate a Wj-dioL1

Both A. eutrophus H850 and Pseudomonas sp. LB400 can
oxidize 2,4,5 '̂,4'3<-CB to a single-ring product, 2',4'(5>-trichloroace-
tophenone,4A> but the route of degradation of this congener has not
been understood as it has no unchlorinated 23- or 3,4- position
available for dioxygenase attack. However, we have recently ob-
tained evidence that the 2,3-dioxygenase in these organisms can
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B

36C
Figure 2. Altermtive dioxygenase attacks on PCBs that occur in Alcolige*et
eiOT0pAjtfH8SOandftejuf0m0wsp.LB400: (A) 3/dioxygenaK attack: (B)23-
dioxygenase attack at an oftAo-chlorinated caiton.

attack at an orrAo-chlorinated carbon and may even exhibit a prefer-
ence for attack at a chlorinated position in PCS congeners containing
chlorines at carbon positions 2£'.' Figure 2, panel B illustrates the
proposed reaction. Instead of adihydrodiol, an unstable intermediate
would form that would spontaneously lose a chloride km to form a
dihydroxy-chkvobiphenyLThedihydioxy-chlorobiphenylcouldthen
be further metabolized via the biphenyl 23-dioxygenase pathway.
Dioxygenase attack at the orrAo-chlorine of the 2,5-chlorophenyl ring
of 2t5f2',5>-CB would result in loss of the onto-chlorine and would
generate 243'-trichloro-5',6'-dihydroxybiphenyl, the same interme-
diate that would result from conventional 23-dioxygenase attack on
the 3-chlorophenyl ring of 2,5.3'-CB. In other words, once the 2-
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chlorine of a 2,5-chlorophenyl ring is removed, the ring would be
metabolized exactly like a 3-chlorophenyl ring. Because the oxida-
tion of a 3-chlorophenyl ring of a PCB generates chloroacetophe-
nones,4-10 this would explain the production of chloroacetophenones
from the metabolism of PCBs containing a 2,5-chlorophenyl ring.
Presumably 2,4,5,2',4',5'-CB could be metabolized in much the same
way.

It is not yet clear whether a single PCB-biphenyl dioxygenase
with relaxed specificity is responsible for all three types of dioxyge-
nase attacks that have been observed in A. eutropkus H850 and
Pscudomonas sp. LB400. It is clear, however, that there are at least
two classes of PCB/biphenyl dioxygenases that differ markedly in
congener reactivity preferences. The type of dioxygenase found in
Atinciobacier sp. P6 and Corynebacterium sp. MB1 is particularly
well suited to the degradation of the more planar PCB congeners such
as 4,4'-CB and 3,3'-CB and to congeners with a single arrto-chlorine,
such as2,4,5,4'-CB.The class of dioxygenase typified by A. eutrophus
H850 and Pseudomonas sp. LB400 preferentially degrades conge-
ners containing an orrto-chlorine on each ring (2,2*) and congeners
containing a 2-. 2,4-, 2,5-, 2.3.6-, or 2,4,5-chlorophenyl ring, but has
a limited ability to degrade congeners containing 4-chlorophenyl
rings. This is clearly illustrated by the fact that the latter two strains
cannot degrade 2,4,5,4'-CB but can degrade 2,4,5,2',4',5'-CB. The
PCB congener reactivity preferencesof these two dioxygenase classes
complement each other so well that treatment of Aroclor 1242 with
both Corynebacterium sp. MB1 and Pseudomonas sp. LB400 re-
sulted in total degradation of almost all congeners in the Aroclor.11

Aroclor 1254 is a more difficult substrate because it is more
highly chlorinated, but substantial degradation of mis Aroclor by
several bacteria has now been demonstrated in the laboratory. Most
PCB degradation assays have been conducted with resting-cell sus-
pensions because this permits the correlation of degradation activity
to cell number and therefore provides a means of more direct compari-
sons between strains. However, because the bacteria probably gain
little or no energy from the metabolism of the more highly chlorinated
congeners, the metabolism of PCBs would not be optimal under
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resting-cell conditions unless nutrients and cofactors were replen-
ished. Recently, a direct comparison was made of the ability of two
bacterial strains, Acinetobacter sp. P6 and Arthrobacter sp. BIB, to
oxidize Aroclor 1254 as resting cell suspensions and as cells actively
growing on biphenyl.7 The authors found mat for both bacterial
strains, growing cells were superior foresting cells in terms of the total
amount of PCB degraded, the extent of depletion of specific conge-
ners, and the diversity of congeners that were degraded. Resting cells
ofAcinetobactersp. P6degnded 17 percent of Aroclor 1254(10ppm)
and the components of 19 of the 40 capillary gas-chromatographic
peaks of Aroclor 1254. Cells of the same strain growing on biphenyl
degraded 32 percent of the Aroclor and the components of six
additional peaks.7 The congeners that were degraded by growing cells
included 2t5t2'̂ '-CB and several other congeners containing a 2£-
chlorophenyl ring. These are congeners against which mis strain has
been reported to have only weak activity.2 At mis point, only resting
cell data are available for A. eutrophus H850. However, even under
these conditions H850 degraded the components of 21 of 44 capillary
peaks to effect a degradation of 35 percent of Aroclor 1254.5 Because
the congeners that were selectively degraded by Acinetobacter sp. P6
and A. cutrophusH&SQ differed, treatment of Aroclor 1254 with both
strains should result in even better degradation.

Genetics of PCB Degrading Bacteria

Until recently little was known about the genes that encode the
enzymes responsible for PCB degradation, but die genes encoding the
entire PCB degradation pathway have now been cloned from Pseudo-
monas sp. LB400, A. eutrophus H850, and P. putida OU83,"" and
the genes for part of the pathway have been cloned for several other
Pseudomonas strains.15-" The recombinant Escherichia colt contain-
ing the insert from Pseudomonas sp. LB400 has been shown to
degrade Aroclor 1242 nearly as well as the donor strain, but unlike
Pseudomonas sp. LB400, the recombinant did not require growth on
biphenyl to achieve high levels of degradative activity.12 In addition,
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DNA-DNA hybridization experiments comparing the genes for PCB
degradation from Pseudomonas sp. LB400 with those of seven other
PCB-degrading strains showed that these genes are closely related in
Pseudomonas sp. LB400 and A. eutrophus H850 but that they are
genetically distinct from the other six strains.17 The six strains included
Corynebacterium sp. MB 1 and four other species with PCB congener
selectivity preferences similar to albeit narrower than that of Coryne-
bacterium sp. MB 1. These results confirm the existence of at least two
distinct classes of genes encoding PCB degradation.17 In the region of
DNA encoding PCB metabolism, A. eutrophus H850 and Pseudo-
monas sp. LB400 showed a strong conservation of restriction sites,
yet no other sequence similarities were detected in the two genomes.
The authors inferred that these genes must have been acquired
through some form of DNA transfer and that the genes for PCB
degradation can be spread within bacterial populations in the environ-
ment17 However, in these two strains the PCB degradation pathway
does not appear to be plasmid-encoded.17

Degradation of PCBs in Soil

There is little evidence for PCB degradation in soil in nature, yet
bacteria capable of degrading PCBs are easily isolated from PCB-
contaminated soils by enrichment with biphenyl. The natural sub-
strate for the biphenyl-PCB-degradative enzymes has not been iden-
tified, but at present it appears that biphenyl or a monochlorobiphcnyl
is required as a growth substrate in order to achieve maximum activity
of the enzymes involved in PCB degradation. Our laboratory studies
have shown that A. eutrophus H850, Pseudomonas sp. LB400, and
Corynebacterium sp. MB 1 all have reduced PCB-degrading activity
when grown on carbon sources such as glucose, succinate, glutamate,
histidine, or Luria broth rather than biphenyl. The PCB congeners that
persist in soil generally have three or more chlorines and will not
support the growth of any of the PCB-degrading bacterial strains
described in the literature. This is a major obstacle to PCB degradation
in situ. Because the PCB congeners that are present at spill sites will
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not support growth, we know of no way to enrich or sustain a PCB-
degrading population unless biphenyl is added.

Some work has been done on the degradation of PCBsin soil.
Two papers describe laboratory experiments investigating the condi-
tions under which Aroclor 1242 (lOOppm) in soil ojuld be de-
graded.114' In these experiments it was found that no significant
degradation occurred unless biphenyl was added (3.3mg/kg). The
addition of biphenyl alone (without bacterial inoculum) resulted in
approximately 60 percent degradation of the PCB in 49 days. When
a single inoculum ofAcinetobactersp. ^6 was also added, 70 percent
of the PCB was degraded, including a r gher proportion of tetrachlo-
robiphenyL Some congeners such as 2,5,2',5'-CB were refractory.

Plating assays were conducted to determine the growth kinetics
of the bacterial population in the soil capable of using biphenyl as a
carbon source. After the addition of biphenyl, the population in-
creased rapidly for 10 to 15 days, then declined exponentially when
die biphenyl was exhausted.1' This suggests that sustained degrada-
tion of PCBs would require repeated applications of biphenyl or some
other substrate that would sustain the activity of the PCB-degrading
population. It was also established that 72.5 percent of the degraded
PCB was mineralized to carbon dioxide, carbonate, and bicarbonate.
This result indicates that microorganisms indigenous to the soil were
capable of mineralizing the by-products of PCB degradation: chlo-
robenzoic acids and chlorinated organic acids.

The experiments just described were conducted with clean soil
that was treated with PCBs in the laboratory. However, actual spills
are often contaminated with other organic pollutants such as oil. If the
PCBs are sequestered in dispersed oils or waxes, their bioavailability
may be quite limited. In addition, the nature of the soil (sand, clay,
organic content) affects the sorption of the PCBs and hence their
bioavailability.

Recently, a series of laboratory experiments was conducted
using PCB-contaminated soil obtained from a drag strip in South
Glenns Falls, New York."-" The PCB was partially evaporated
(depleted in di- and trichlorobiphenyls) Aroclor 1242 at a concentra-
tion of 52Sppm. Initial studies were conducted under optimal condi-
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tions to detennine if the PCB could be degraded: 0.4g of soil was
incubated with 2ml of Pseudomonas sp. LB400 (1 OD.41JllB, 30°C,
250rpm for 3 days). Under these conditions, SO percent of the PCBs
were degraded. However, percolation experiments of the same soil
dosed three times per week with Pseudomonas sp. LB400 showed a
much lower rate of degradation. In undisturbed soil, 50 percent of the
PCB in the top centimeter was degraded in 15 weeks, but only 10
percent of the PCBs below a depth of one centimeter was degraded.
When thoroughly mixed after each application of bacteria, 35 percent
degradation at all depths was achieved in 23 weeks.

Following these laboratory studies, a field test was conducted in
a site at the drag strip in South Glenns Falls from June to late October,
1987.90 Pseudomonas sp. LB400 was again applied three times a
week. Half of the 3m x 3m test plot was left undisturbed and half was
rototilled weekly. At the end of the 19-week test, 25 percent degrada-
tion had occurred in the top centimeter, but significantly less degra-
dation occurred below the surface. In the half that was mixed, 19
percent of the PCB was degraded throughout the 15cm depth. Un-
doubtedly, cell viability, temperature conditions, and moisture con-
trol all affected the outcome of the field test, but the oil and other
organic pollutants in the soil were probably also a major factor.

Organic pollutants appeared to be the major obstacle to biode-
gradation of Aroclor 1242 in an industrial sludge from a settling tank
that we investigated.21 The sludge was composed of oily coarse sand
containing about SOOppm of Aroclor 1242 with small amounts of
Aroclors 1221, 1016, and 1254. Additional organic compounds
present in the sludge included trichlorobenzenes, di(2-ethylhexyl)
phthalate (DEHP), mineral oil. kerosene, and No. 2 fuel oil. The PCBs
in the sludge were completely refractory to degradation by high cell
densities of either Pseudomonas sp. LB400 or A. eutrophus H850.
When subsequent experiments ruled out water-soluble inhibitory
agents as the source of the problem, we suspected the other organic
pollutants in the sludge. The most prominent of these was DEHP,
which we estimated was present at approximately a 150:1 ratio
relative to the PCB (wrw). DEHP is an oily substance that is exten-
sively used as a plasticizer. Aroclor 1242 has a very low solubility in
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water (288ppb) but is readily soluble in oil In fact, the octanol:water
partition coefficient for Aroclor 1242 is 196,500." The partitioning of
PCB into an oil phase such as DEHP would be expected to depress its
availability for biodegradation.

In a resting-cell assay9 we compared die biodegradatior *
Aroclor 1242 (IQppm) by A. cutrophu H850 in the presencex^
absence of a ISO-fold excess of DEHP. The sample without DEHP
was 78 percent degraded in 72 hours, but no degradation of the PCB
was detected in the presence of DEHP. A second experiment
examined the effect of DEHP on die biodegradation of 2,4'-CB. The
results are shown in Figure 3. In die absence of DEHP, die PCB was
nearly SO percent degraded in two hours, but when DEHP was added
at die same molar concentration as die PCB, it took six hours to
degrade half the PCB. Witiia 10-fold molarexcess of DEHP.the PCB
was still riot SO recent degraded at 72 hours, arid win a 40-fold molar
excess, less than 25 percent of die PCB was degraded in 72 hours.
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It is apparent from these experiments that DEHP, even at low
concentrations, had a strong negative effect on PCB degradation. We
have established that A. eutrophus H850 can grow in the presence of
10 percent DEHP, so the observed effect on PCB biodegradation
cannot be attributed to toxicity. Other possible explanations are (1) the
DEHP might compete with PCB for, or otherwise affect, the PCB-
degrading enzymes, or (2) the DEHP might sequester the PCB and
make it unavailable for degradation. We favor the latter possibility.

Reductive Dechlorination of PCBs In Anaerobic Sediments

In 1984 Brown el al.* reported that extensive dechlorination of
PCBs had occurred in the anaerobic sediments of the Hudson River
south of Hudson Falls, New York. Existing usage recordsindicate that
this PCB was originally almost entirely Aroclor 1242 that was
released from a capacitor manufacturing plant between 1952 and
1971. Aroclor 1242 is primarily composed of tri- and tetrachloro-
biphenyls (see Figure 4) and contains only 0.7 percent 2-chloro-
biphenyl and 11.5 percent dichlorobiphenyl, but the PCB extracted
from the anaerobic river sediments was composed of 10 to 43 percent
2-chlorobiphenyl and 21 to 50 percent dichlorobiphenyls. Capillary
gas chromatography showed particularly prominent peaks of lower
congeners with 0rrfc>-chlorines: 2-, 2,2'-, 2,6-, 2,3'-, 23-, 2,4-, 2,6,
2'-, 2,6,3'-, and 2,6,4'-CB *•* The authors concluded that anaerobic
microorganisms were selectively removing chlorines from the meta
andpara positions of the more highly chlorinated PCB congeners, and
this resulted in the accumulation of Ditto-chlorinated mono-, di-, and
trichlorobiphenyls. Furthermore, because several distinct dechlorina-
tion patterns were seen, the authors concluded that several different
populations of microorganisms were involved.

Extensive dechlorination of Aroclor 1260 (primarily hexa- and
heptachlorobiphenyls) was seen in the anaerobic sediments of Silver
Lake (Pittsfield, Massachusetts), which is located next to a trans-
former manufacturing plant The PCB extracted from the sediments
showed a 90 to 98 percent loss of the hexa- and heptachlorobiphenyl
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Figure 4. Comparison of the effect of bi
or both on Aroclor 1260. The data were taken from Figure 1 and Table 1 to Bedard
and co-workers' and were compiled by Vofd. Met, and Anid." Bacterial oxida-
tion: resting-cells of Alcaligeius tutrophu H850 were incabtted with lOppmof
Aroclor 1242 at 3CTC for 48 boon. Reductive deddoriaation: environmentally
dechlorinited Aroclor 1242 watexoacted from Hodaoo River aadimem. Oxidation
and dechlorination: environmentally dechlorinated Arackr 1260 from Hndioa
River sediment was incubated wtahrestinf <eOsofA. ntrophia HSSOMprevioody
detcribfid.

peaks of Aioclor 1260 and the appearance of large amounts of tri
tetrachlorobiphenyls. (These homologs account for less than
percent of the total PCB in Aroclor 1260, but they account for 57 to
82 percent of the total PCB in the altered Aroclor extracted from the
sediments.** Evidence for dechlorination of PCBs in anaerobic
sediments at several other spill sites was also found. Thdse included
freshwater sediments from Waukegan Harbor, Illinois; the Hoosic
River (North Adams, Massachusetts); the Sheboygan River (She-
boygan, Wisconsin); and sediments from two marine sites: the Acusb-
net Estuary (New Bedford, Massachusetts), and Escambia Bay
(PensacoU. Florida) .*"

Experiments in several laboratories have now confirmed that re-
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ductive dechlorination of PCBs occurs in PCB-contaminated sedi-
ments cultured under anaerobic conditions.*32 Quensen.Tiedje, and
Boyd21 transferred anaerobic microorganisms from a PCB-contami-
nated Hudson River sediment sample that showed evidence of exten-
sive dechlorination to an autoclaved PCB-free sediment that had been
amended with 700ppm of Aroclor 1242 in die laboratory. After 16
weeks' incubation in a minimal medium under methanogenic condi-
tions, 53 percent of the total chlorine was removed. Furthermore, 2-
CB, a congener not present in Aroclor 1242, represented 63 percent
of the total PCB at the end of the incubation, and 2,2*- and 2,6-CB
increased from 1 percent to 14 percent The observed dechlorination
pattern was very similar to environmental dechlorination pattern C,
one of the three dechlorination patterns most commonly seen in the
region of the Hudson River from which the inoculum was ob-
tained.25*

In more recent experiments2* conducted under similar condi-
tions (again with Hudson River sediment), extensive dechlorination
of Aroclors 1242 and 1248 (500ppm on the basis of dry sediment
weight) was seen in only eight weeks. By 12 weeks, most tetra- and
pentachlorobiphenyls were 80 to 90 percent depleted and ortho-
substituted mono- and dichlorobiphenyls had accumulated. Dechlori-
nation of Aroclors 1254 and 1260 was also observed but at much
slowerrates. When the same sediments were incubated with biphenyl,
2-CB, 2,2-CB, or 2,6-CB, no dechlorination or degradation was
observed, indicating that these compounds are terminal dechlorina-
tion products for the methanogenic consortia. Two of die more toxic
PCB congeners, 3,4,3',4'- and 2,3,4,3>,4'-CB were individually added
to sediment incubations with Aroclor 1242. Both were completely
removed by dechlorination.

Two other laboratories have also observed dechlorination of
Aroclors 1242J1J2 and 1260" in laboratory experiments with Hudson
River sediment incubated under methanogenic conditions. In these
experiments, several distinct dechlorination patterns were observed
under slightly different culture conditions. Taken in various combina-
tions, these dechlorination patterns account for die environmental
dechlorination patterns previously reported for Hudson River sedi-
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Figure S. Reductive dechlorimtioa of 24/*3'/*'-CB at prapoHd Md later con-
firmed in the tabontory.

*** and suggest that the Hudson River sediments contain
several different populations of anaerobr^that are abletodechlorinate
PCBs.

Dechlorination of Aroclor 1242 in Silver Lake sediment has now
been observed in the laboratory, but at slower rates man in Hudson
River sediment.1"1

Dechlorination studies with single congeners have also been
initiated. These studies have confirmed mat the dechlorination of
2,3,4,3',4'-CB (one of the more toxic congeners) occurs by stepwise
removal of all the m«ta-andpara-chlorines,resultinginthe formation
of 2-CB, a congener that is easily metabolized by aerobic bacteria and
by many higher organisms, including man. Several different se-
quences of dechlorination of this congener have been seen depending
on the incubation conditions, particularly the carbdn source and the
reduction potential of the medium." The sequence most often seen in
Hudson River sediment (Figure 5) is in fact the pattern of dechlorina-
tion predicted for this congener based on analysis of the dechlorina'
PCBs in Hudson River sediments.9* The major intermediates
2,4,3',4'-,2,43'-̂ nd23I-CB

Biodegradatton of PCBs in Anaerobic Sediments

Rhee and co-workers*1 have recently reported evidence for the
biodegradation of endogenous PCBs (in untreated anaerobic sedi-
ments from the Hudscfl River) incubated in Ac Uboratofy under an N2
atmosphere for seven months.11 Statistically significant decreases on
the order of 33 to 63 percent were observed in congeners ranging from
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mono* to tctrachlorobiphenyls. Notably, the PCBs in the sediment
used in this experiment were already extensively dechlorinated.
Sixty-one percent of the PCS was composed of only three congeners:
2-, 2,2'- and 2,6-CB. These congeners have been repeatedly described
as terminal dechlorination products in the Hudson River sediments.**
aMW' In the untreated sediment, 2-CB was decreased by 63 percent
and 2,2'-CB by 49 percent over the course of the experiment Amend-
ing the sediment with biphenyl had little effect on the degradation of
the mono- and dichlorobiphenyls but significantly enhanced the
biodegradation of the more highly chlorinated congeners.

No biodegradation products have been identified from the ex-
periments just described." Clearly, this needs to be done. There are
various reports of the anaerobic degradation of other halogenated
compounds, but in all cases the biodegradation occurred only after
complete dehalogenation.16* Although the authors found no evi-
dence of dechlorination, it is possible that 2-CB, 2,2-CB, and other
congeners in these sediments were completely dechlorinated to
biphenyl prior to biodegradation. Regardless of the mechanism, these
results suggest that the bacterial population indigenous to the Hudson
River sediments has the ability to mineralize PCBs.

It should be noted that all reported observations of reductive
dechlorination of PCBs occurred with methanogenic consortia. In
contrast, the anaerobic incubations that resulted in biodegradation
were not methanogenic, although the reduction potential was very
low (-210 to -310mv as indicated by a platinum electrode versus a
silver/silver chloride electrode).

Discussion

Research over the past decade has demonstrated that aerobic
bacteria are versatile and effective agents for biodegradation of PCBs.
Four strains of bacteria representing four different species have been
shown to oxidize many terra- and pentachlorobiphenyls and some
hexachlorobiphenyls. It has been shown that at least two genetically
distinct classes of PCB-degradative enzymes exist and that the PCB
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congener reactivity preferences for these two classes complement
each other. Thus, treatment of Aroclor 1242 with a mixture compo
of one organism of each class degrades nearly all of the componeW/

of the Aroclor. Laboratory experiments have demonstrated that both
Acinetobacter sp. P6 and A. eutrophus H850 can each degrade
approximately one mud of the total PCB in Aroclor 1254. Because the
congener selectivity patterns of these two strains complement each
other, it is to be expected that a mixture of the two organisms would
be even more effective.

There are at least four primary factors limiting the degradation
ofPCBsinsoil:

7. Degree of chlorination of the PCB. Generally, PCBs with
five or more chlorines are more refractory than the lower
congeners, yet recent studies on the biodegradation of Aroclor
1254 show considerable promise.5*7 Genetic engineering may
permit the development of recombinant organisms with in-
creased degradative capabilities.

2. Solubility and bioavaUability of the PCB. In order to be
degraded, the PCBs must come in contact with the cells. This
problem f>n be "^nfoniTf*? wndfr incubation conditions
that involve rapidly mixing or shaking the contaminated soil
with cell suspensions under controlled conditions (essentially a
small bioreactor). Mixing may also be effective for in .**—
treatment. The presence of oil or other organic pollutants v ,̂
increase the problem of availability due to partitioning of the
PCB into the organic phase. This could be alleviated through
identification of effective bacterial strains for degradation of
these contaminants.

3. Inability of the PCs-degrading bacteria to use PCBs
(exceptmonochhrobiphenyls)asgrowthsubstrates.'ThitToeiiM
that die PCB-degraders have no selective advantage over other
soil bacteria. Furthermore, high levels of PCB-degradative ac-
tivity have not been achieved unless die cells are grown on
biphenyL In fact, die best activity has been found when cells are
actively growing on biphenyL There are two ways that diis
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problem might be overcome. First, biphenyl or mother suitable
carbon source might be added to the contaminated soil. Research
would be required to identify alternative growth substrates.
Second, genetic engineering might be used to combine the
pathways for PCB biodegradation and chlorobenzoic acid deg-
radation in a single organism in order to develop recombinant
strains capable of mineralizing PCBs.

4. Temperature and moisture conditions. In situ treatment of
PCBs will require developing ways of preventing wide vari-
ations in temperature and moisture. Some organisms may be
more tolerant than others of such fluctuations and might be good
candidatesfor the basis of new strains developed through generic
engineering.

The prospects for PCB removal in aquatic sediments are excel-
lent. It appears that anaerobic dechlorination of PCBs in both fresh-
water and marine sediments is widespread Furthermore, it appears
that several populations of microorganisms may be involved, like the
aerobic PCB-degrading bacteria, these populations exhibit different
congener selectivity patterns.

Reductive dechlorination of PCBs in anaerobic sediments has
now been confirmed in three different laboratories. Efforts are needed
todetermine the optimal culture conditions fordechkrination (carbon
source, mineral requirements, temperature) and the conditions under
which the organisms responsible can be enriched and possibly iso-
lated Ideally, the dechlorinating organisms should be isolated and
characterized. At a minimum, conditions must be established for
maintaining stable dechlorinating consortia. preferably on a defined
medium in the absence of sediment

There is a need to monitor the progress of dechlorination in
sediments where it is known to be occurring (such as the Hudson
River) in order to identify the limitations of the dechlorinating system
that is operative in the sediment Because different populations
exhibit distinct congener selectivity patterns, it may be possible to
inoculate sediment with a second population of PCB-dechlorinating
bacteria that will aid the activity of the endogenous population.
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In addition, efforts are needed to analyze other aquatic sediments
for evidence of reductive dechkxination of PCBs. If evidence of
dechlorination is not found or if it is not occurring rapidly enougv

laboratory experiments should be done to flpfrmrinf if there *v^x
conditions under which reductive dechkxination of PCBs can be
stimulated in the sediment This may require the addition of an
essential nutrient (carbon source, phosphate, nitrogen source, trace
metals) or may require inoculation with dechlorinating microorgan-
isms from another sediment

At die time of this writing no evidence has been found for
dechlofination of the art to-chlorinated congeners that accumulate as
a result of the removal ofmeta- and para-chlorines from more highly
chlorinated congeners. These congeners (2», 2 '̂-, 2,6-, 2,6^2'-CB)
can all be degraded by naturally occurring aerobic bacteria that were
originally isolated from the same sediments in which the dechlorina-
tion occurredwTherefore, it should be possible to develop conditions
to promote aerobic degradation of these congeners by introducing
oxygen. The benefit of such a sequential anaerobic-aerobic treatment
is apparent from Figure 4. Further efforts in this area are already in
progress.32 Alternatively, anaerobic populations that can completely
dechlorinate or biodegrade die oftto-chlorinated lower congeners
may already exist in the sediments. Rhee and co- workers" observed
significant depletion of these congeners in unamended Hudson River
sediment incubated in the laboratory. Further experiments are needed
to clarify the mechanism of the depletion of these congeners.

In summary, it appears mat natural microbial populations
ready have the capacity to biodegrade most if not all of die PCBs that'
contaminate the environment Through research directed at under-
standing the growth requirements of these populations, it should be
possible to accelerate biodegradation of the PCBs that persist as
environmental contaminants.
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EXECUTIVE SUMMARY
The organization of this year's report represents a change from past reports. For the first

time, research on anaerobic reductive dechlorination is presented first This change was
made both to reflect the increased amount of research activity in this area over tne past
several years and because anaerobic dechlorination is the first step in a two-step anaerobic-
aerobic process sequence with the potential to degrade completely even the most highly
chlorinated Aroclor mixtures. The anaerobic research presented here continues to focus on
the characterization and isolation of the individual microorganisms, which make up the PCB-
dechlorinating consortia that have now been found in many anaerobic environments. Efforts
in this area include the characterization of dechlorination patterns Vrf consortia found in
different sediments and the development of techniques to transfer activity from one:
matrix to another. In addition, work on measuring the reduction in toxicity of PCB mixtures
effected by reductive dechlorination is also presented. A second goal of this year's research is
to prepare for the eventual field application of this technology. In that light, the dechlorina-
tion rate of endogenous PCBs is studied and bioavaflabflity issues explored. Preliminary
results from a laboratory reactor designed to model the conditions in an actual river are also
presented. Laboratory results of sequential anaerobic-aerobic processes are presented and
provide a transition back into aerobic biodegradation. Genetic studies of aerobes indicate
that engineered organisms may have significant advantages over natural isolates in stability of
the genes that encode for PCB-degrading activity. Research on PCB-degrading aerobes that
can survive in anaerobic conditions is also presented, along with work aimed at gaining a
clearer understanding of the aerobic metabolic pathway. Finally, a progress report is
presented on a state-of-the-art analytical method for quantitating PCB congeners present at
low levels in Aroclor mixtures which cannot be measured by traditional GC analysis. Of par-
ticular significance here is the ability to quantitate the more toxic congeners.

ANAEROBIC
A Systematic Study of Reductive Dechlorination of Trichlorobiphenyls in River Sedi-

ments. This report describes a study of the dechlorination patterns of six added trichlorobj-
phenyls by anaerobic consortia in sediments from the Hudson River, Woods Pond (Lenox,
MA) and Silver Lake (Pittsfield, MA). The amount of depletion of added congener, the
number of chlorines removed, and the dechlorination pattern observed were shown to vary
with both the sediment type and added congener. Anaerobes in Woods Pond sediment were
able to dechlorinate even the ortho chlorines on 246-CB. The addition of a single congener
also stimulated the dechlorination of the endogenous PCBs in Hudson River and Woods
Pond sediments. In addition, successful transfer of PCB dechlorination activity to an uncon-
taminated sediment is demonstrated.

Reductive Dechlorinatkm of Arodors by Anaerobic Microorganisms. This work focuses
on the dechlorination of the more highly chlorinated Arodors, especially Arodor 1260. Silver
Lake sediments dechlorinated all four Arodors (1242, 1248, 1254, 1260), but the rate and
extent was lowest for 1260. Still, these microorganisms proved more capable of dechlorinat-
ing 1260 than did Hudson River consortia. This limited dechlorination ability of Hudson
River microorganisms on 1260 is probably not due to inhibition by any of the more heavily
chlorinated congeners in that Aroclor. In other experiments, the PCB congeners in Arodor
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1242 with greater dioxfa-like toodcity were effectively dechlorinated in laboratory assays,
reducing the toadcity of the mixture as measured by EROD induction assays by 75%.

Establishment and Ouracterixatloa of an Anaerobic Arocte 124M)ccUorinatiiig Cul-
ture. Anaerobic enrichment cultures were established at a first step fa obtaining pure cul-
tures or stable consortia capable of decttorinating PCBs. Pynrvate was demonstrated to
stimulate dechlorination of Arodor 1242 and greatly imprratransferibffltyofcfechtoiination
activity by reducing the lag period before the onset of dechkxinatioa. High sediment loadings
and the presence of natural organic carbon in the tffrpff* matrix were shown to be impor-
tant in supporting the dechlonnation consortium.

Reductive DecUorlnatton of PCBs fa Sednrntats from the Hudson Rhtr and New Bed-
ford Harbor. The dechlorination of PCBs in these «*«••••"* was studied under both
methanogenic and sutfate reducing conditions. Dechlorination of added Arodor 1242 was
observed in both sediments under methanogemc conditions, although it occurred much faster
in Hudson River sediment, The addition of a mixture of fatty adds as an auxiliary carbon
source greatly enhanced the rate of 1242 dechlorination in Hudson River sediment, but had
no impact on the dechlorination rate in New Bedford sediment No dechlorination activity
has been observed to date under suUate*redudng conditions in either sediment »

Anaerobic Dechlorination of Endogenous PCBs In Woods Pond Sediment. Modest
natural dechlorination of the endogenous PCBs in Woods Pond sediment has occurred. The
goal of this work was to establish conditions which would stimulate greater dechlorination
activity in this sediment This was accomplished through the addition of single congeners
(25-34- or 23456X3) to the sediment in laboratory assays. After addition of the congeners
two distinct dechlorination patterns, designated as Pattern H (pan dechlorination) and Pat-
tern N (meta, para dechlorination) of the endogenous PCBs emerged. Dechlorination of
endogenous PCBs could not be stimulated by the addition of nutrients unless a PCB congener
was added. These results suggest that the growth and activity of a bacterial population capa-
bfe of dechiorinating PCBs may be severely limited by poor bioavaflabOity of the endogenous

Anaerobic and Aerobic Bfodegradatkm of Endogenous PCBs. A two-fold increase in the
rate of anaerobic dechlorination fa Hudson River sediments was observed upon the addition
of a simple trace metals mixture to the sediment. This result suggests that low levels of a
trace metal fa the tfdiffrtm may limit the rate of PCB dechlorination in the environment
today. Experiments on several PCB-contamfaated sofls and sediments indicate that this
anaerobic process wfll effectively attack endogenous PCB contamination at rates comparable
to those for spiked samples. Sequential anaerobic-aerobk degradation was demonstrated on
sediments that had been extensively dechlorinated both naturally and fa the laboratory,

[ fa significant roducthMS fa total PCP conocntn
SeqjDentlalAnaerobk-AerobkBiodesjradathMiorPCBs. A sequential anaerobic-aerobic

bJodcgradation process has the potential to completely degrade even highly chlorinated Aro-
dor mixtures. This work demonstrates that lack of ogank substrate may be a limiting fector
for reductive dechlorination fa tome sediments. Dechlorination activity was observed fa sedi-
ments whh no past history of PCB contamination, indicating that bacterial populations capa-
He of dechiorinating PCBs may be widely dispersed fa the environment Bipbenyl-degrading
aerobes were also isolated from several sites, indicating they too are ubiquitous. Although
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their PCB-degrading competence was not great, PCB levels in sediment samples were
significantly reduced in an anaerobic-aerobic laboratory trial using one of these isolated
aerobes.

Hudson River Model In situ application is the ultimate aim of most laboratory
bioremediation studies. A large-scale (0.8 tons of sediment) model reactor has been set up in
an attempt to stimulate dechlorination in PCB-contaminated sediment while at the same time
simulating in rift* conditions. Methane! injection has been able to initiate anaerobic condi-
tions in the reactor without the use of a reducing agent Active dechlorination is taking place
spatially and temporally within the reactor. The similarity of these results to batch incuba-
tions suggest it will be possible to translate small-scale work loin situ conditions.

Differentiation of Anaerobic Mkrobial Dechlorination Processes. The PCB congener
distribution alteration patterns by PCB-contaminated aquatic sediments or anaerobic cultures
inoculated within such sediments have already suggested the operation of some 13-15
different anaerobic microbial dechlorination systems. In order to provide objective criteria
for distinguishing among such systems, the specific differences in the range of PCB congeners
attacked by each have now been tabulated. Thus far, it would appear that each PCB-
contaminated drainage basin exhibits its own distinctive assemblage of PCB-dechlorinating
microorganisms, presumably in response to the availability of PCBs as terminal election
acceptors for anaerobic metabolism.

AEROBIC
Genetic Studies of Bacterial PCB Degradation: 1. Bacterial Survival on PCs-Containing

Soil 2. Analysis otBPH Genes. The ability to develop a practical process for aerobic PCB
biodegradation depends largely upon obtaining organisms with the ability to survive and
maintain activity in PCB-containing soils. Experiments with both naturally occurring LB400
and recombinant FM4560 organisms showed good survivability (detectable populations after
28 days) on soil in laboratory tests. While instability of the bph genes were noted in the
LB400, FM4560 was found to be stable if antibiotic selection for the plasmid was maintained
Evidence for at least two separate promoters in the Bbph region suggest that these genes are
not organized as a operon.

PCB Biodegradation and Nitrate Reduction. Several organisms which can grow on
biphenyl or a biphenyl/Aroclor mixture and use oxygen or nitrate as an electron acceptor
have been isolated. One of these organisms, a Comamonas testosteroni, grows to high densi-
ties on biphenyl/Aroclor 1242 under aerobic conditions, with the formation of chlorobenzok
acids as metabolic products. Efforts are underway to understand the relationship between
this metabolic pathway and the one which mediates nitrate reduction.

Availability of PCBs in Soil* and Sediments to Surfactant Extraction and Aerobk
Biodegradation. An analogy between surfactant extraction and aerobic biodegradation is
used to study the effect of natural organic matter (NOM) on PCB availability in soils and sed-
iments. PCB equilibrium partitioning into the NOM phase is demonstrated to have a detri-
mental effect on the extent and efficiency of PCB removal for both of these processes. 09
and grease also form a secondary phase in soils and sediments, and are shown to have a simi-
lar negative impact on biodegradation. A treatment is presented which can enhance PCB
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removal by modifying the NOM present in the sofl or sediment matrix.
Synthesis of Proposed Intermediates In the Aerobic Degradation of PCBs; Ring>Fission

Products. A major pathway for the destruction of PCBs by aerobic microorganisms doseh/
resembles the pathway for oxidation of bipbenyl itself, proceeding through a ring-fission
intermediate which is further degraded in at least two different ways. Alternatively, the oxi-
dation of 23-3-CB is proposed to proceed through t tri-keto add intermediate. These inter-
mediates have now been chemically synthesized allowing their reactkxv mder non-enzymk
conditions, as wen as their transformation by microorganisms, to be explored. To date, non-
enzymic hydrolysis of these intermediates has yielded both benzole add and acetopbenone,
which are the major aromatic products in the aerobic degradation of many PCBs, and oxalic
acid, which has not previously been isolated as a metabolite of bipbenyl or PCBs.

ANALYTICAL
The QuantUatkm of Pofychtorinated Blphenyis by Gas Chromatography and Tandem

Mass Spectrometry. Using a selected reaction monitoring mode of operation in a
GC/MS/MS experiment and monitoring the exchange reactkm of oxygen for chlorine, PCB
congeners are able to be quantitated even when not chromatograpbkaDy resolved. The
method couples the high specificity of MS/MS with the excellent detection limits of selected
ion monitoring coupled with negative chemical ionization. This ability is critical to the ojuan-
titation of toxic congeners present at low levels in PCB mixtures, particularly when other
congeners co-elute with these in standard GC/MS methods.
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Chapter 1

A SYSTEMATIC STUDY OF REDUCTIVE DECHLORINATION OF
TRJCHLOROBIPHENYLS IN RIVER SEDIMENTS

William A. Williams

Biological Sciences Laboratory
General Electric Corporate Research and Development

Schenectady, New York

INTRODUCTION
In 1989, Abramowicz et alM reported dechlorination of added poh/chlorinated biphenyl

(PCB) congeners in river sediments containing a background level of a complex PCB mixture
[GE Report, 1989]. They determined the pattern of dechlorination for each added congener
and quantified the dechlorination rate. They also noted a specific stepwise dechlorination of
2 ,̂4-3,4-CB to 2-CB within Hudson River sediment

This report describes a systematic study of the dechlorination of added trichlorobipbenyls
with all of the chlorines on one ring by sediments from the Hudson River, Woods Pond and
Silver Lake. An earlier study of 2,3,4-CB added to Woods Pond sediment indicated that
reductive dechlorination had occurred, and at a rate considerably more rapid than dechlorina-
tion of an added Aroclor mixture in Hudson River sediment [H. Van Don, personal com-
munications]. The goal of this work was to understand the patterns and rates of dechlorina-
tion of these single congeners by the microbial populations in the river sediments listed above,
The results of the study may help to characterize the microorganisms capable of mediating
reductive dechlorination of PCBs and have led to successful passage of PCB-dechlorinating
activity.

RESULTS AND DISCUSSION

Experimental Procedure

PCB-contaminated river sediments from the Hudson River downstream of Fort Edward,
NY (H7 site), Silver Lake (Pittsfield, MA) and Woods Pond (Lenox, MA) were collected and
stored until use in sealed vessels at 4°C Cultures were prepared and sampled within a glove
box containing an oxygen-free atmosphere (95% N2, 5% H2). Batches (300-500 mL) of sedi-
ment and RAMM mineral salts reduced with 0.1% cysteine hydrochloride were prepared at a
23 ratio (volume:volume). The batches were stirred vigorously and 30 mL volumes were
removed to 50 mL serum vials. A trichlorobiphenyl stock solution (70 mM in acetone) was
added to each serum vial, making the concentration of a single congener addition at 350 jiM.
The added congeners are shown in Figure 1-1. After congener addition, each vial was
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234-CB 245-CB 235-CB

236-CB 246-CB 345-CB

Figure 1-1. Reductive dechlorination of trichlcfobipbenyls by river sfdimcnts. The number
above each chlorine indicates the order of chlorine removal within the particular river sedi-
ment The boxed numbers represent Hudson River sediment; the circled numbers represent
Woods Pond sediment; and the triangulated numbers represent Sflver Lake sediment
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vortexed for 2 minutes and two 1 mL samples were removed as time zero points and stored at
-20°C All vials were crimp sealed and removed from the glove box. ^

Four vials were prepared for each added congener and river sediment Two of eadkgroup
of four were immediately autoclaved for 3 hours (the autoclaved control samples). AST vials
were stored stationary at 24°C in the dark. At particular timepoints, vials were placed in the
glove box, vortexed for 30 seconds, immediately uncapped and 1 mL samples were placed in
8 mL glass vials. The culture vials were then crimp sealed and returned for further incuba-
tion. Each 8 mL glass vial was extracted with 5 mL of diethyl ether and ~(X5 mL mercury,
added to precipitate the molecular sulfur in the sediment sample. The ether extract was
analyzed by capillary gas chromatography (GC) using a fused silica capillary column
(30 m x 025 mm ID) coated with a 025 tan bonded liquid phase of DB-1 (poh/dimethyl-
sfloxane, J&W Scientific, Folsom, CA) and an electron capture detector at 300°C

For five of the six added trichlorobiphenyls, the results are reported as the percent peak
area of each congener product relative to the total peak areas for the added congener and its
products (no account was made for the response factor of each congener). The results in
experiments with 3,4,5-CB were determined using standard solutions of 3,4,5-CB and each of
its congener products. This was done because 3-CB has an extraordinarily low response fac-
tor relative to the other congeners and would result in a significant underprediction of 3-CB
in the mixture if the percent peak area method was used.

Dechlorination of Added Congener Within Hudson River Sediment
Figure 1-1 is a descriptive diagram of the dechlorination patterns for the added congeners

by each river sediment. Dechlorination of every added trichlorobiphenyl was observed in
Hudson River sediment collected downstream of Fort Edward, NY. However, only meta and
para chlorines were removed. Knee 3,4,5-CB does not contain ortho chlorines, all of the
chlorines were removed in Hudson River sediment resulting in the accumulation of biphenyl
(confirmed by mass spectra (MS) analysis after gas chromatography). Figure 1-2 shows the
pattern of 3,4,5-CB dechlorination. The figure shows a sequential dechlorination of the tri-
chlorobiphenyl to dichlorobipbenyl, then of the dichlorobiphenyl to monochlorobiphenyl, and
finally of the monochlorobiphenyl to bipbenyL

The apparent rate of trichlorobiphenyl dechlorination was very rapid as compared to what
has been seen with the addition of the Aroclor mixture [GE Report, 1989]. Dechlorination of
every added congener was observed by die first timepoint at 2 weeks (a lag time <2 weeks)
and >80% of the added trichlorobiphenyl was convened to product by 5 weeks. The pattern
of chlorine removal seemed to be dictated by the spatial arrangement of the chlorines in the
PCB molecule, such that the inner chlorine was preferentially removed first (e.g, 2,4,5-CB
goes to 2,5-CB, 3,4,5-CB goes to 3,5-CB).

Dechlorination of the endogenous PCBs in Hudson River sediment occurred concomitant
with dechlorination of the added congener. 2 ,̂4-CB, 2,4,5-CB, and 2,4,5-CB an induced a
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Figure 1-2. Stepwise dechlorination of added 3,4,5-CB in PCB-contanunated Hudson River
sediment. Panels A and B are duplicate experiments showing stepwise dechlorination of
added 3,4 -̂CB in PCB-contaminated Hudson River sediment. The graphs showing the
conversion of 3,4,5-CB to the products are defined in the box below Panel B and relate to the
left ordinate in each panel Biphenyl, which is the ultimate decUorination product, h is not
described in this figure because it could not be measured under the GC analysis conditions.
The data shown above at 48 days after 3,4,5-CB addition does not take into account the
significant amount of biphenyl that has accumulated from dechlorination.
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: Pattern Q activity [GE Report, 1989], whereas 23,6-CB induced a Pattern M activity. Unfor-
tunately, the Hudson River sediment used in the 23,5-CB and 3,4,5-CB experiments came
from a batch of sediment collected more recentty from the H7 site. This sediment contained

. . such a highly dechlorinated endogenous PCS content so as to preclude the observation of any
added congener-induced dechlorination pattern.

Two groups of experiments were run using Hudson River sediment collected from a spot
i upstream of the PCB deposits (Spier Falls, Hudson River). The groups differed by the added

congener; one group had 23,6-CB and the other group had 2,4,6-CB. After a 3-week lag
time, 23,6-CB dechlorination to 2,6-CB was observed and dechlorination was >80% com-
plete by 8 weeks. No dechlorination of 2,4,6-CB has been observed after 8 weeks of incuba-
tion with Spier Falls sediment The dechlorination of 23,6-CB in Spier Falls sediment is
surprising, since no dechlorination activity was observed in this sediment in the past when an
Aroclor mixture was added [GE Report, 1989].

Dechlorination of Added Congener Within Silver Lake Sediment
A descriptive diagram of the dechlorination patterns for the added congeners in Sflver

% Lake sediment is shown in Figure 1-1. This sediment can be described as a black mayonnaise
with a high content of organic contaminants, including Aroclor 1254 and 1260. Dechlorina-
tion of the endogenous PCBs has been noted in the environment [Brown et aL, 1987b] as weO

i as in the laboratory [GE Report, 1989]. Dechlorination of five of the six added trichlorobi-
phenyls was observed in Sflver Lake sediment No dechlorination of 2,4,6-CB has been
observed after over 8 months of incubation at room temperature. For each of the added
congeners that were dechlorinated, only one chlorine was removed, with accumulation of die
dichlorobiphenyl product As seen in Hudson River sediment, the inner chlorine was pre-
ferentially removed (e.g., 2,4,5-CB goes to 2,5-CB). The lag time and rate of the added
congener dechlorination varied. Dechlorination of 23,4-CB to 2,4-CB and 3,4,5-CB to
3,5-CB was observed by the first timepoint at 2 weeks and was >80% complete by 5 weeks
(similar to the results in the Hudson River sediment). Lag times of 4 weeks for 2,4,5-CB
dechlorination, 8 weeks for 23,6-CB dechlorination, and 14 weeks for 23,5-CB dechlorina-
tion were observed. For each of these congeners dechlorination was >80% complete by 5-7
weeks after the lag period ended. The dechlorination of the added congeners seemed to have
little observable effect on the dechlorination of the endogenous PCBs.

Dechlorination of Added Congener Wtthte Woods Pond Sediment
A descriptive diagram of the dechlorination patterns for the added congeners in Woods

Pond sediment is shown in Figure 1-1. In several respects the dechlorination patterns were
very similar to those observed within Sflver Lake sediment However, there were some not-
able exceptions. Most often, as was the case with Sflver Lake sediment cultures, added tri-
chlorobiphenyl was only dechlorinated to dichlorobiphenyL The lag time for dechlorination
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of 23,4-CB. 2AS-CB and 3,4,5-CB was 2-3 weeks, with >80% dechlorination of each
congener by 4-5 weeks. Lag times of 5 weeks for 23,6-CB dechlorination and 12 weeks for
23,5-CB dechlorination were observed, with >80% dechlorination of each congener by 3-4
weeks after the onset of dechlorination. It was noted that 23,6-CB addition stimulated
significant dechlorination of the endogenous PCBs in Woods Pond sediment Until very
recently, little natural dechlorination of the endogenous PCBs bad been observed [GE
Report, 1990]. Dechlorination of the endogenous PCBs in Woods Pond sediment has also
been observed in the laboratory by Bedard and co-workers after the addition of a single
congener.

Recently, it was discovered that 2,4,6-CB is being dechlorinated by Woods Pond sediment
after a lag time of -24 weeks. Most surprising was that both the onto chlorines were being
removed Figure 1-3 shows mass spectra analysis after gas chromatography of the 2,4,6-CB
culture at time zero days and after 220 days. Ortho dechlorination has previously been noted
in Silver Lake sediment [Brown et aL, 1987b] and in Woods Pond sediment after the addition
of 23.5,6-CB [D. Bedard, personal communications].

An experiment was done with Woods Pond sediment to see if heating for a brief period of
time (pasteurization) would selectively bring up a PCB-dechlorinating mkrobial population.
Four serum vials containing Woods Pond sediment, RAMM mineral salts reduced with cys-
teine hydrochloride, and 350 pM 23,4-CB were prepared in the same fashion as described
above. The four .vials were heated in an 80*C water bath for 30 minutes and then kept sta-
tionary in the dark at 24"C Two other serum vials were prepared in the same fashion, but
without heating. Two of the four heated vials and the two unheatedviab were sampled every
10 days starting at week 2. In the unheated experiments, 23,4-CB was dechlorinated to
predominantly 2.4-CB with <10% 23-CB and >80% 2,4-CB by 5 weeks (lag time of -2
weeks). In the heated vials, 23,4-CB was dechlorinated exclusively to 23-CB with >80%
23-CB by 10 weeks followed by further dechlorination to 2-CB (lag time of -5 weeks). Fig-
ure 1-4 is a diagram of 23,4-CB dechlorination by heat-treated Woods Pond sediment

Passage of PCB-Dechlorinatlon Activity
Stable PCS dechtorinating cultures have been successfully passed in the laboratory.

Dechlorination activity of PCB-contaminated sediments from the Hudson River, Woods
Pond, and Sflver Lake have been passed to a culture medium of Spier Falls sediment The
cultures were passed at 10% by volume to a medium containing dried river sediment from
Spier Falls premixed with RAMM mineral salts reduced with 0.1% cysteine hydrochloride
(23 ratio, voluraervolume) and autoclaved for 3 hours. Passage of PCB-dechlorination
activity to t river sediment medium previously uncontaminated with PCBs allows a more
accurate quantisation of dechlorination activity. In Figure 1-5, a typical passage of activity
from a Woods Pond culture to a medium containing Spier Faus sediment is depicted Upon
passage there was a decrease in the dechlorination lag time of about 1 week. A lag time of
-1-2 weeks for a 10% by volume passage was a typical result for passages from all three
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Figure 1-3. Ortho dechlorination of 2,4,6-CB added to Woods Pond sediment. Panel A
shows ion selective mass spectra analysis after gas chromatography of the dechlorination pro-
ducts of 2,4,6-CB 220 days after addition of Woods Pond sediment Panel B shows the same
analysis of a sample of the experiment taken at time zero days. Below the spectra is a
diagram of the dechlorination of 2,4,6-CB.
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2,3,4-CB

2,3-CB 2-CB

Figure 1-4. Differential dechlorination of added 23,4-CB by differential treatment of woods
Pond sediment. Dechlorination of 23,4-CB added to Woods Pond sediment and incubated at
24°C resulted in conversion to 2,4-CB. A different dechlorination pattern resulted when
23,4-CB added to Woods Pond sediment was incubated at 80*C for 30 minutes followed by
incubation at 24*C.
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Figure 1-5. Passage of PCB reductive dechlorination activity. Panel A shows dechlormation
activity on added 3,4,5- CB in Woods Pond sediment Panel B describes the same dechlorina-
tion activity as shown in Panel A, after a !0% by volume pass from Woods Pond sediment to
a Hudson River sediment medium which previously was uncontaminated with PCBs. The
multiple curves represent duplicate samples.
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sediments. The minimum lag time for passages originating from any of the three PCB-
contaminated sediments was -1 week. Successful multiple passes have been done starting
with PCB-contaminated Hudson River sediment and carried with each of the added tri-
chlorobiphenyls. This has resulted in a > 1000-fold dilution of the original sediment [M,
Brennan, personal communications].

SUMMARY AND CONCLUSIONS
The dechlorination rate of an added tricfalorobipfaenyl withm a river sediment is rapid as

compared to the Arodors. GeneraUy, in cultures incubated at room temperature the pattern
of tnchlorobiphenyl dechlorination resulted in removal of the inner chlorine first Microor-
ganisms in the Hudson River which are located in PCB-contaminated sediment can mediate
reductive dechlorination of all six trichlorobiphenyb to either biphenyl or ortho chlorine-
containing biphenyls. The addition of a single congener to a PCs-contaminated river sedi-
ment wfll stimulate dechlorination of the endogenous PCBs, with different congeners stimu-
lating different dechlorination patterns. Microorganisms in Hudson River sediment which is
not contaminated with PCBs can mediate dechlorination of 23,6-CB to 2,6-CB. This implies
that extended exposure of a microbial population to PCBs may not be necessary to bring
about microbial PCB-reductive dechlorination.

Microorganisms in Woods Pond and Silver Lake mediate reductive dechlorination of five
of the six added trichlorobiphenyls to dichlorobiphcnyls. Dechlorination of 2,4,6-CB in
Woods Pond sediment has also been observed after long incubation periods. Since Woods
Pond and Silver Lake sediments contain more highly chlorinated PCBs (Arodor 1254 and
1260) than does Hudson River sediment, the active PCB-dechlorinating microbial popula-
tions may not have the reducing power necessary to mediate dechlorination of a dichloroot-
phenyl to a monochlorobiphenyL Heat treatment of Woods Pond sediment wfll bring up
different dechlorination paneras of the same trichJorobiphenyL A PCB-dechlorinating micro
bial population has been brought up which is either resistant to or activated at a temperature
of80*G This suggests a spore former is present

FUTURE PLANS
Since successful passage of PCB-dechlorination activity has been achieved, an effort is

currently underway to chemically fractionate the Spier FaDi sediment to determine the neces-
sary nutrients for dechlorination. Another effort is underway to distinguish cultures brought
up at different temperatures. Considerable interest has been taken in the onto dedorinating
population brought up on 2,4,6-CB in Woods Pond sediment Can this activity be passed to
PCB-contaminated Hudson River sediment where >90% of the PCBs are ortho chlorine con-
taining mono-, di- or trichlorobiphenyls [M. Stephens, personal communications]? All of
these efforts are aimed at the enrichment, isolation, and characterization of microorganisms
capable of mediating reductive dechlorination of PCBs.
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Chapter 2

REDUCTIVE DECHLORINATION OF AROCLORS BY ANAEROBIC MICROORGANISMS

John F. Quensen, III, Dingy! Ye, Gall D. Griffith, James M. Tiedje,
and Stephen A. Boyd

Department of Crop and Soil Sciences
Michigan State University
East Lansing, Michigan

INTRODUCTION
During the past year our research on PCB dechlorination has advanced on several fronts.

We have devoted a major effort to the dechlorination of the more heavily chlorinated
Aroclors, especially Aroclor 1260. We have examined the dechlorinating capabilities of Sflver
Lake microorganisms which were environmentally exposed to Aroclor 1260, and attempted to
enhance Aroclor 1260 dechlorination by mixing inocula from different sources. We have also
determined that the limited ability of Hudson River microorganisms to dechlorinate Aroclor
1260 is not likely due to inhibition by any Aroclor 1260 components. We have also begun to
quantify the toxicity reduction that occurs as a result of anaerobic PCB dechlorination, inves-
tigated the bioavailability of PCBs in a contaminated soil, and determined the suitability of
alternatives to the natural sediments we normally use in our dechlorination assays.

RESULTS

Aroclor Survey
Microorganisms from site F3 in Silver Lake [Brown et aL, 1984] were found to dechlori-

nate all four Aroclors (1242,1248,1254, and 1260) tested. Dechlorination of Aroclors 1242
and 1248 was first evident after 4 weeks of incubation, but leveled off shortly thereafter with
approximately one meta plus para chlorine remaining (Figure 2-1). In this respect dechlori-
nation was inferior to that rypicalfy obtained with Hudson River microorganisms, which leave
as few as 0.2 meta phis pom chlorines when dechlorinating Aroclor 1242 [GE Report, 1969;
Quensen et aL, 1990]. This difference in performance can be understood from a comparison
of dechlorination patterns. The Hudson River microorganisms removed chlorines from both
meta and para positions with the result that the primary dechlorination products (2-CB,
2-2-CB and/or 26-CB, 26-2-CB and 26-26-CB) were substituted in only the ortho position^).
The Silver Lake microorganisms, however* removed chlorines primarily from the meta posi-
tions with the result that para substituted products (especially 2-4-CB, 24-2-CB, 24-4-CB and
24-24-CB) accumulated in addition to orffto-only substituted products. The Sflver Lake
microorganisms, however, dechlorinated Aroclor 1260 sooner and more extensively than had
previously been observed for Hudson River microorganisms [GE Report, 1969;
Quensen et aL, 1990]. Thus they seem capable of more extensively dechlorinating the
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more heavily chlorinated PCB congeners. The extent of dechlorination by Silver Lake
microorganisms for the congeners represented by each chromatographic peak is given in
Table 2-1.

Mixed Inocula
An attempt was made to affect greater overall dechlorination of Aroclor 1260 by using a

mixture of Hudson River and Silver Lake microorganisms. The results of the Aroclor surveys
[above and GE Report, 1989] demonstrated the complementary nature of the dechlorination
activities of microorganisms from these two sources. The Silver Lake organisms more quickly
and extensively dechlorinated Aroclor 1260 but left pom substituted products that should be
readily dechlorinated by Hudson River microorganisms. Thus we expected that a mixture of
the two organisms should give enhanced dechlorination of Aroclor 1260.

Surprisingly, this did not prove to be the case. The extent of dechlorination of Aroclor
1260 by a mixture of organisms from these two sources was not much greater than for Hud-
son River microorganisms alone (Table 2-2). An examination of the dechlorination patterns
obtained for each treatment suggested that it was primarily the Silver Lake microorganisms
that were responsible for dechlorination in the mixed inoculum. These results may be due to
competition between the dechlorinating microorganisms from the two sites. Perhaps the
Hudson River microorganisms in the mixed inoculum depleted some limiting factor, thereby
inhibiting dechlorination by the Silver Lake microorganisms, and at the same time contri-
buted little to overall dechlorination themselves. It was not readily apparent that the Hudson
River microorganisms dechlorinated any products from the Silver Lake microorganisms.

TABLE 2-2. Average number of chlorines removed from Aroclor 1260 over time by Hudson
River (HR) and Silver Lake (SL) microorganisms alone and In combination.

Source of Inoculum
Week HR SL HR&SL

8 0.04 0.14 0.07
16 020 0.76 0.19
24 024 1.22 053

Mixed Aroclors
Because the Hudson River microorganisms dechlorinate Aroclor 1260 so much more

slowly than the lesser chlorinated Aroclors, we wondered if any of the PCB congeners present
in Aroclor 1260 inhibited dechlorination by these organisms. To investigate this possibility we
compared the extent of dechlorination over time for Aroclors 1242 and 1260 added separately
and in combination. To allow a determination of quantitative recovery, these experiments
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TABLE 2-1. Net fecna»«<a*trafc% for 3 replicates) «T
0.1 uioJe % of each Aroder after 20 «Mk* af deealoriaatltt by SUrer Lake aUcrOTfaabaM.

Peak
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

Structure
2
4
2-2 26
2425
2-3
2-423
26-2
343-4
25-244
24-2
26-3236
23-2264
35-2 235 26-26
245
25-3
24-3
254
24-4 246-2
34-2 23-3 234 25-26
23424-26
236-2
23-26
25-25 26-35
24-25
24-24
245-22464
34-3
23-25
23-24 236-3344
26-34 234-2 2364 25-35
236-26
23-23
245-3 246-24 235-3 246-25
23-352354
2454235-26
25-34 345-2
236-25 245-26 24-34
236-24234-3
23-34 2344 236-23 235-25
245-25235-24
245-24
236-246 2356-3 246-34

1242
4*

4
4
45
4
4
4
94
4
4
10
4
78
4
4
4
4
91
87
88
84
79
68
31
•r

93
89
88

85
92
4
97
98
93
57
93
82
95

Arodor
1248 1254

4

4
4
4
4.
4
4

86
4
4
4
4
4
4
4
4

- 4
76
91
97
76
82
66
24
or

96
90
96
89
85
63
4

95
96
93
88
91
82
91

4

4
4
4
4
4

0
4
4
4
4
4
4
4
4
4
4

4
59
4
4
ar

93
11
53

4
4
4
81
94
89
85
67
81
89

1260
4

4

•
i>

• 4

4
4
4 .
4 •

4

4

4
4

4
4
4
4
ar
4

4

4
4

4

70
4
4
21
4

• + feficatecaaet
v • •<* rooked
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TABLE M(Coofd)

Peak
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

88

Structure
245-23 2345-2 2356-26
234-2523464
234-24
236-236
34-34 236-34
2356-25
235-236 345-25 2346-25
245-34 236-245 2345-3
2356-23 2345-26 2345-4
345-23 2346-23 235-235
235-245 2356-35
245-245
234-236234-34
2345-25
2356-236
2345-24
2346-236
234-245 2356-34
2346-34
2356-235
2346-235
2356-245 2345-246
2346-245
245-345
23456-25
2345-236 23456-24
2356-234
2346-234 2345-34 2356-2356
2346-2356 23456-246 23456-23
2345-235 23456-35
2345-245
2356-345
2346-345
23456-236
2345-234
23456-34
2356-2345
2345-2346 23456-245
2345-345
23456-234
23456-2356
2345-2345
23456-345
23456-2345
Internal Standard
(OctacUoranaphlhalene)
23456-23456

Aroclor
1242 1248 1254
97 91
89 89
96 94

84 92
86 86
66 80
33 +

91
76 80
71 76
87 90

91

52 67
71

31

91
86
92
79
93
85
84.:,
S3
89
43
78
90
81
61
80
82
80
81
79
88
58
67
86

68
67
78
80
66
62

64

23
44

1260
24
54

60
64
50
57
75
49
65

50
59
54
40'
0

47
51
46
34
52
29
35
53
42
38
39
36
32
33
47
23

29
34
19
15
18

19

14

• + indicates a net increase
nr » not resolved
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were performed using Balch tubes and a tube was sacrificed for each observation. Two
jimole equivalents of Aroclor 1242 or 1260 were added per tube to the treatments receiving
only one Aroclor. Two jimole equivalents of each Aroclor (1242 and 1260) were added to the
treatment receiving both Arodors.

There was no evidence that the presence of Arodor 1260 inhibited dechlorination by the
Hudson River microorganisms. The amount of chloride released was additive in the treat-
ment receiving both Arodors (Table 2-3). It appears that the dechlorinatkm of the Arodor
1260 congeners by these organisms is inherently slower than that of lesser chlorinated
congeners. This is the opposite of what is to be expected from a purely thermodynamic
standpoint and suggests that rate of congener uptake by the microorganisms and/or enzyme
specificity strongly influence(s) the rate of dechlorinatkm of specific PCB congeners.

TABLE 2-3. Comparison of the extent of dechlorinatkm over time of Aroclors 1242 and
1260 separately and in combination by Hudson River microorganisms.

Weeks
8

16
24

jjgm Atoms CT Removed from Arodor
1242 1260 1242 & 1260
1.50
1.74
2.40

0.04
030
0.72

1.40
124
3.19

Toxkity Reduction
The most toxic of the PCB congeners are generally considered to be the coplanar

congeners 34-34-CB, 345-34-CB, and 345-345-CB. In a coplanar configuration, these
congeners are structurally similar to 2378-tetrachlorodibenzodioxin (TCDD) and exhibit simi-
lar toxicity effects. PCB congeners like these but with a single ortho chlorine also have similar
toxicity effects but are much less potent

Because these taricologkaDy important PCB congeners coehite with other PCBs, it is not
possible to directly determine the decrease in their concentrations effected by reductive
dechlorination using conventional gas chromatography (GC) with an electron capture detec-
tor. Recently, Lopshire and Enke have developed a sensitive GC/MS/MS technique to
directly quantify these toxic PCB congeners [Chapter 14, this report]. This new method
allowed us to determine the percent reduction of each of the toxic congeners after a 16 week
incubation of Arodor 1242 with the Hudson River microorganisms (Table 2-4).

20
HRP 002 0532



TABLE 14. Percent reduction In concentrations of toxfc Isomers in Aroclor 1242 as a
result of 16 weeks of dechlorination by Hudson River microorganisms under laboratory
conditions. See Lopshire and Enke, Chapter 14, for analytical methodology.

Congener % Reduaion
34-34-CB
345-34-CB
345-345-CB
245-34-CB
234-34-CB
2345-34-CB

833
>90.0

80.0
85.8
46.6

The dioxin-like toxicity of compounds has been correlated with their potential to induce
P450 enzymes such as aryl hydrocarbon hydroxylase (AHH) and ethoxy resorufin
O-deethylase (EROD) and the toxicities of various PCB congeners have been estimated
based on their potential to induce these enzymes [Safe, 1987; Sawyer and Safe, 1982]. Using
such toxicity estimates we calculated an 85% reduction in toxicity in 16 weeks as a result of
the dechlorination of Aroclor 1242 by Hudson River microorganisms.

EROD induction assays were performed on the PCB extracts from live and autoclaved
treatments to directly determine the toxicity reduction resulting from 16 weeks of dechlorina-
tion of Aroclor 1242. A 75% reduction was determined by this method, in good agreement
with our calculations.

Bioavailability
Bioavaflabflity to microorganisms is of special concern to the implementation of a

bioremediation process for PCB destruction. The PCB residues in contaminated sofl or sedi-
ment may not be as available as the PCBs freshly added in our dechlorination assays. It is
commonly believed that over long periods of time PCBs diffuse into sofl or sediment parti-
cles, that only aqueous phase PCBs can be bfotransformed, and that diffusion into the aque-
ous phase from inside particles is likely to be slow and rate limiting.

We conducted dechlorination assays to assess the availability of PCBs in Aroclor 1242
contaminated Glens Falls dragstrip sofl to dechloiinating microorganisms. We compared the
amount of dechlorination of selected late eluting congeners in the contaminated sofl to the
dechlorination of freshly added 23456-CB. A parallel assay in which Aroclor 1242 and
23456-CB were added to clean sediment was also conducted for comparison.

The results did suggest that the PCBs in the contaminated sofl were less available than
freshly added PCBs. When standardized on the amount of 23456-CB dechlorination that
occurred in the two assays, less of the 25-34-CB and/or 345-2-CB (coeluting isomers) in the
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dragstrip soil was dechlorinated (Table 2-5). However, overall dechlorination activity was
much greater in the dragstrip sofl assay with the result that 84% of the 25-34-CB/2-345-CB
was dechlorinated compared to only 31% of the 25-34-CB/2-345-CB added to the dean sedi-
ments. In this case at least, substantial dechlorination of environmental PCB residues can
occur under appropriate conditions and bioavaflabflity does not appear to be a ifanitiM factor.

TABLE 2-5. Dechlorinatlon of selected congCMrs la a MoavaOabUHy experiment with
Gkns Faus dragstrip soil (GFDS) daring Uweeks of terabatloa.

Treatment
GFDS

dean
Sediment

Initial Amount
Amount Dechlorinated

Congener (nmoles/tube) (nmoles/tube)
25-34/2-345-'
23456-

25-34/2-345-*
23456-.

51
90

72
91

43
62

22
12

Dechlorinated
84
69

31
13

* Present from the historical PCB contamination; the other PCBs were freshly added

Solid Supports
We have investigated the effect of using several alternatives to the sediments normally

included in our dechlorination assays. We have found that little or no dechlorination occurs
in the absence of sediments. Sand, sawdust, clay, or vermiculite substituted for sediments did
not support dechlorination. Dechlorination was observed, however, in the presence of peat
and mixtures of peat (20% by weight) with sand or vermiculite or day. Of these alternative
solid supports, mixtures of peat with vermiculite or day gave the best results, but were infe-
rior to natural sediments. These experiments were repeated with several of the alternative
solid supports. In addition, Arodor 1242 was added in either acetone or as an emulsion with
ligno sulf onate [Liu, I960]. This time the peat/vermkulite mixture gave results comparable
to natural sediments (Table 2-6), white the method of PCB addition had no apparent effect

The difference hi the extent of dechlorination obtained with each of these ahernative sup-
pom was related to the o^dikirination pattern that ocoirred Three of the dechlorination
patterns described by John Brown [GE Report, 1989] are M (predominantly meta dechtorina-
tfan), Q (predominantly para dechlorination), and C (bothmefa and pom dechlorination).
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TABLE 2-6. Average number of chlorines removed from Aroclor 1242 by Hudson River
microorganisms in 25 weeks.

Solid Support
Sediments
No Support
Peat
Peat/Vermiculite
Peat/Clay

Aroclor 1242 Added in
Acetone Ligno Sulf onate

13

0.6
12
0.5

1.4
0.0
0.6
1.1
0.8

The treatments with sediments and peat/vermiculite mixtures began as Pattern M and
became Pattern C The peat treatment yielded only Pattern Q, and the peat/clay mixture
yielded only Pattern M. Patterns were consistent among all replicates within treatments.
These alternative supports may select for different subsets of dechlorinating strains initially
present in the PCB-contaminated sediments, but the mechanism of selection is unclear.

SUMMARY AND CONCLUSIONS
1. In laboratory assays, microorganisms eluted from SQver Lake sediments dechlorinated

all four Aroclors tested (1242, 1248, 1254, and 1260), but the rate and extent of
dechlorination was less for Aroclor 1260. Still, these microorganisms proved more
capable of dechlorinating Aroclor 1260 than Hudson River microorganisms. In these
assays the Silver Lake dechlorinators accumulated ortho and para substituted products
in addition to the ortto-onty substituted products so typical of the Hudson River
dechlorinators.

2. Despite the complementary dechlorination activities of the Hudson River and Silver
Lake microorganisms, mixing them together did not enhance overall Aroclor 1260
dechlorination. It is possible that competition between organisms in the two sediments
limited dechlorination.

3. The limited ability of Hudson River microorganisms to dechlorinate Aroclor 1260 is
probably not due to inhibition by any of the more heavily chlorinated congeners present
in Aroclor 1260.

4. The PCB congeners in Aroclor 1242 with greater dioxin-Uke toxicity were effectively
dechlorinated despite their low concentrations in this PCB mixture. EROD induction
potency, which correlates with dioxin-like toxicity, was also shown to decrease as a
result of PCB dechlorination.

5. Under appropriate environmental conditions, substantial dechlorination of PCB resi-
dues in contaminated soils can be achieved despite somewhat decreased bioavailabflity.

23
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This may be because the generally longer incubation times required for anaerobic
dechlorination also allows more time for the PCBs to become available. %

Of the alternative solid supports investigated, peat mixed with vermiculite gave the best
results. The results suggest that both mineral surfaces and organic matter are required
for optimal dechlorination activity.

FUTURE PLANS ',
Our proposed objectives for the coming year are: •

1. To compare the toricity reduction of different Arodors as a result of dechlorination by
inocula giving different dechlorination patterns, and to estimate the extent of
detoxification that has occurred as a result of in situ dechlorination. at different shes.
Toxicity reduction will be assessed by quantifying the congeners with drain-like toxicity
and by EROD induction assays. Additional toodchy assays may also be adopted

2. To continue to look for microorganisms more capable of Arodor 1260 dechlorination
using different sediments and different incubation conditions. The dechlorination pat-
tern obtained in assays with Silver Lake microorganisms is more limited than has
apparently occurred in situ, implying only a subset of the organisms present-in the sedi-
ment is active under our present incubation conditions.

3. To continue our bioavailabOJty experiments using other contaminated soils and sedi-
ments. PCB desorption rates will also be determined directly for each,

4. To continue our attempts to identify the physiological group of microorgamsra(s)
responsible for PCB dechlorination and isolate pure cultures.
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I Chapter 3

ESTABLISHMENT AND CHARACTERIZATION OF AN ANAEROBIC,
AROCLOR 1242-DECHLORINATING CULTURE

. I Pamela J. Morris, William W. Mohn, John F. Quensen, III,
Stephen A. Boyd, and James M. Tiedje

| Department of Crop and Soil Sciences, and
Department of Microbiology and Public Health

i Michigan State University
East Laming, Michigai

INTRODUCTION
Anaerobic enrichment cultures were established as a first step in obtaining pure cultures

or stable consortia capable of reductively dechlorinating PCBs. The objective was to deter-
mine conditions which allow dechlorination activity as well as growth of the responsible
organisms. The bases for conditions tested were previous studies of anaerobic dechlorination
of PCBs and of a pure culture which debalogenates benzoates (strain DCB-1) [Quensen et
al., 1988; Mohn and Tiedje, 1990a and b; DeWeerd et al., 1990, in press]. Cosubstrates were
included with PCBs to serve several possible functions, including (1) providing reducing
potential for dechlorination, (2) providing carbon and energy for dechlorinating organisms,
and (3) supporting other organisms which might establish and maintain an environment
favorable for dechlorination. Aroclor 1242 was added at a concentration adequate to support
significant growth of any organisms capable of utilizing PCBs as catabolic electron
(1 mg/g dry sediment).

RESULTS

Test of Cosubstrates
Initially four conditions were tested (1) no cosubstrate (except any provided by the i

laminated sediment), (2) formate, (3) formate plus bromoethanesulfonate to prevent election
flow to methanogenesis, and (4) pyruvate. The former three were in bicarbonate-buffered
medium to avoid COi as a potential electron acceptor. The cultures with no cosubstrate and
those with pyruvate had the highest dechlorination rates. In transfers of those two treat-
ments, those with pyruvate had much higher dechlorination rates (or shorter lag periods) than
those with no cosubstrate (Figure 3-1). Pyruvate therefore stimulates dechlorination activity
and greatly improves transferabflity of dechlorination activity.

Serial Transfers
Dechlorination activity has now been maintained through eight monthly transfers on pyre-

vate medium. This medium contains RAMM mineral salts, Wolin and DeWeerd vitamins.
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[DeWeerd et al., 1990, in press], NaHCQ, (30 mM), cysteine (1 mM), titanium citrate
(0.1 mM) and pyruvate (20 mM). Aroclor 1242 was added at a concentration of 1 mg/g dry
sediment A2:l (irw) ratio of liquid medium to dean Spier Falls sediment was used in serum
bottles. The transfer technique involved shaking the serum bottle, letting the sediment settle
for - 10 minutes, and removing the supernatant for inoculum. The two month lag before
dechlorination in the primary enrichments was not observed in subsequent transfers on
pyruvate-containing mtdhim. AH inoculum transfers were 2096, but only slightly lower
activity was observed with a 1% inoculum transfer. Thus, the dechlorinating microorganisms
appear to grow in these enrichment cultures. Dechlorination occurred primarily from the
meta position, and resembled Pattern M previously observed (Figure 3-2) [GE Report, 1989].

4 • 12 o
Incubation time (w««k»)

Figure 3-1. Primary and secondary enrichment cultures.
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Pyruvate Metabolism
Pyruvate was rapidly consumed by cultures (within 1 week), acetate was a transient pro-

duct, and methane and COfc were final products (Figure 3-3). Dechlorination began simul-
taneously with the onset of methane production (during week 2 of incubation). Pyruvate was
not required for activity but reduced the acclimation period preceding dechlorinatioa The
requirement of the dechlorinating community for reducing potential is apparently not highly
specific, as pyruvate could be replaced with HI or acetate (the latter supported a somewhat
lower dechlorination rate) (Figure 3-4).

Sediment Studies
In all of our studies, uncontaminated Spier Falls sediment was included in the medium,

and was required for dechlorination activity. Sediment could not be replaced by defined
materials, such as sand and synthetic organoday, Chromosorb, or a hexadecane phase above
the culture. Particle size analysis of the sediment yielded a 90% sand and 10% sflt phis clay
content In order to understand which fraction of the sediment was important in supporting
the dechlorinating consortium, the sediment was separated into crude fractions. The sedi-
ment fractions were separated by sonication and wet-sieving, and the sediment, sediment
sand fraction, and sediment sflt plus clay fraction were treated with 30% H2Oj to remove
organic components (Table 3-1). The sflt phis day fraction contained - 10 times more
organic carbon by weight than the sand fraction. Since 10% of the sediment was sflt phis day,
only 15 g of this fraction was added to bottles, compared to 215 g of the sand fraction.
Peroxidized sediment and sediment fractions did not support dechlorination (Figure 3-5).
Additionally, varying ratios of sediment to liquid medium were tested (Figure 3-6). A
minimal ratio of sediment to liquid medium (> 10 g sediment/50 mL medium) was required
to support dechlorination.

TABLE 3-1. Total carbon content of Spier Falls sediment and sediment fractions following
peroxldation.

Sediment Fraction % Total Carbon

sediment
sediment (HaOz treatment)
sand
sand (HjQi treatment)
clay-f sflt ________

1.47
028
0.72
021
8.09
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Inoculated enrichment culture
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0.0

Incubation time (weeks)

Figure 3-3. Metabolism of pyruvate, methane production, and dechlorination of Aroclor 1242
by anaerobic pyruvate enrichment culture in 4 weeks.
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Electron donors
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Incubation tim« (w««ks)
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Figure 3-4. Effect of selected electron donors on reductive dechlorination.
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Effect of sediment froctionotion

4 6 8 10

Incubation time (wt«k»)
12

Figure 3-5. Effect of sediment fractionation and peroxidation on dechlorination activity.
Treatments included no solid support (50 mL medium), Spier Falls sediment (25 g/50 mL
medium), peroxided sediment (25 g/50 mL medium), clay plus sflt fraction (15 g/50 mL
medium), peroxided clay plus sOt fraction (15 g/50 mL medium), sand fraction (215 g/50
mL medium), and peroxided sand fraction (215 g/50 mL medium).
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Effect of sediment concentration

4 6
Incubation time (w««ks)

Figure 3-6. Effect of sediment concentration on decUorination activity. Sediment concentra-
tion was varied whfle the amount of liquid medium remained constant (50 mL).
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I
I SUMMARY AND CONCLUSIONS

1. A transferable enrichment culture was established which dechlorinated Aroclor 1242
within 2 weeks of transfer.

2. Pyruvate stimulated the initial dechlorination rate.
3. Hydrogen could replace pymvate as an electron donor, supporting a higher initial

dechlorination rate.
4. High sediment concentrations were optimal.
5. Removal of organic matter by peroxidation inhibited the onset of dechlorination.

FUTURE PLANS
1. To examine the function of the clean sediment in these anaerobic communities, and to

find defined materials which can replace the sediments.
2. To further characterize the anaerobic-dechlorinating community, and to attempt isola-

tion of the organism(s) involved.
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Chapter 4

REDUCTIVE DECHLORINATION OF PCBs IN SEDIMENTS
FROM THE HUDSON RIVER AND NEW BEDFORD HARBOR

Alfredo C Alder1, Max Haggbtom,1 and LY. Young1-2

Departments of Microbiology1 and Environmental Medicine2

New York University Medical Center
New York, New York

1
INTRODUCTION

The occurrence and persistence of PCBs in the environment has been a matter of concern
over the last few decades. In aquatic systems they can be removed through adsorption to or
partitioning into abiotic and biotic settling particles and subsequent sedimentatioa Especially
for hydrophobia organic chemicals with high affinity for solids, the sediments act as a sink.
But through resuspension and mixing by aquatic organisms the surface sediment can also act
as a source for these contaminants, increasing the residence time in the ecosystem
[EisenreichetaL, 1989].

High concentrations of hydrophobic organic chemicals hint that these compounds may
show mobility and bioavailability in the sediments [Capel and Eisenreich, 1990]. PCBs, espe-
cially the higher chlorinated congeners, have been shown to undergo reductive microbial
dechlorination [Bopp et aL, 1984; Brown et aL, 1984; Brown et aL, 1987a and 1987b; and
Quensen et aL, 1988]. It has been hypothesized that reductive dechlorination takes place
because the high redox potential of these compounds allows anaerobic bacteria to use PCBs
as a terminal electron acceptor [Brown et aL, 1987b].

To our knowledge, reductive dechlorination of PCBs has only been observed under
methanogenic conditions. It has been suggested [Suffita and Miller, 1985; Gibson and Suflita,
1986] that reductive dechlorination of aromatic compounds could not occur under sulfate-
reducing conditions because sulfate would be a better electron sink than the chloroaromatics.
Chlorophcnols, however, can be degraded under such conditions, their mineralization being
coupled to sulfate reduction [HSggblom and Young, submitted]. We therefore also chose to
study the dechlorination of PCBs under sulfate-reducing conditions.

Objectives
In an attempt to better understand the conditions which control the reductive dechlorina-

tion in sediments, we had the following objectives: A) a systematic study of the microbial
activity in sediments under two different reducing conditions; B) the study of different sedi-
ments; C) the effect of organic substrates on dechlorination; D) the comparison of possible
differences in the fate of endogenous and freshly added PCB; and E) studies with a selected
congener mixture.
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Sulfate reduction and methanogenesis are the major metabolic processes in anaerobic
environments. Sulfate reduction is usually the predominant metabolic process in marine sedi-
ments or other sulfate-rich habitats, while methanogenesis is predominant in sulfate»poor
environments, such as fresh water habitats [Widdel, 1988]. In marine environments a wide
variety of haloaliphatfc and haloaromatic compounds are produced biologically by marine
organisms [King, 1988; Neidleman and Geigert, 1986]. Therefore, anaerobic marine sedi-
ments may potentially allow for the selection and enrichment of anaerobic dehalogenating
organisms. Different sites, with possible differences in microbtal populations, salinity, content
of organic matter, porosity of the natural particles, and historical contaniination with different
Aroclors mixtures, may lead to different dechlorination activities. :

Addition of a mixture of fatty acids (acetate, propionate, butyrate and hexanok acid) was
performed in order to support growth and provide accessible energy. Relatively low concen-
trations were chosen in order to prevent selection for the fast growing organisms and to more
closely approximate the situation in the environment This mixture of fatty acids was chosen
because acetate, propionate and butyrate are probably the most important products from the
fermentative decomposition of btomass in sediments [Widdel, 1988]. On one hand, further
degradation of propionate and butyrate to methane is possible only by syntrophism between
methanogens and hydrogen-producing bacteria, since the former do not directly use organic
acids higher than acetate [Widdel. 1988]. On the other hand, propionate and butyrate can
directly be oxidized by sutfate reducers. Abo, a syntrophic association between sulfate reduc-
ers and hydrogen-producing acetogens is most likely in sediments of Ugh sulfate concentra*
tion, as is probably the case in New Bedford Harbor. In such a situation, methanogenesis can
take place in addition to sulfate reduction, suggesting the presence of syntropic acetogenic
bacteria [Widdel. 1988).

In addition to studying dechlorination of the endogenous PCBs or added Aroclor
mixtures, studies with t specific selection of congeners were performed for a clearer
identification of the dechlorination products.

RESULTS AND DISCUSSION

Sediments
In our studies two different sediments were used as inoculum, both with a history of PCB

contamination. These were from the Hudson River (NY) and New Bedford Harbor (MA).
Samples collected for this study were from the top 20 cm of the sediment The Hudson River
$edimem(H7)Uaiandysihwithainoo>ratecomemofoigankcarbon[7-8%, Ki Harkness,
GE, personal communication], and a PCB composition of decMorinated Aroclor 1241 Much
of the organic carbon is present as wood tailings or other poorly biodegradable natural
materiaL The New Bedfotd Harbor sediment is a marine, sflty mud, rich in organic carbon
with a PCB contamination consisting of a 300-400 ppm mixture of Aroclor 1242 and 1254
[Alford-Stevens et aL, 1988; Brownawell and Farrington, 1985].

HRP 002 0548

36



I
]

I
1

Culture Set-up
A heavy sediment inoculum (35% v/v) was added to methanogenic [Healy and'Young.

1979] or sulfidogenic [HSggblom and Young, submitted] mineral salts medium supplemented
with vitamins to an end volume of SO mL in 65 mL flasks with COa/ty (30%/70%) as the
head space gas. The flasks were sealed with Teflon-coated butyl rubber stoppers and alumi-
num crimp sealers. Methanogenic and sulfate-reducing conditions were promoted by addi-
tion of excess carbonate or sulfate, respectively. The sediments of Hudson River and New
Bedford Harbor were spiked with Aroclor 1242 in acetone (026 g/L) to a final concentration
of 100 ppm. For the studies with a congener mixture we added 25-4- (66 ppm), 34-34-
(30 ppm) and 234-34-CB (6 ppm) in acetone (1.9 g/L). i

Fatty acids were added as a carbon source to one set of cultures, initially to 500 mg/L and
then monthly to 250 mg/L, All the cultures were incubated statically at 30°C. Controls were
prepared in the same way and autoclaved twice. Subsamples were taken after 0,1,2,4 and 7
months by shaking the batches vigorously, removing the stopper and removing 2 mL of sam-
ple slurry with an upside-down Pasteur-pipette. The head space was flushed with ty/COz
and the flask recapped. The subsamples were frozen until extraction and analysis. The head
space gas was monitored for methane as described [Bossert and Young, 1986; HSggblom and
Young, submitted]. '

Sample Extraction and Analysis
The subsample vial was used as the extraction vessel The water was replaced first with

1.5 mL acetone, then with 3 mL of 50/50 acetone/hexane with octachloronapthalene as the
internal standard. The vial was then shaken overnight on a mechanical shaker. The organic
phase was replaced by 2 mL hexane and the sediment was shaken again for 4 hours. The
organic and water phases were combined and, after the addition of sodium chloride, back-
extracted twice. The organic extract was dried by addition of a few grams of sodium sulfate,
concentrated to -1 mL with a gentle flow of Argon, and cleaned-up in a micro Florisfl
column. The PCBs were eluted from the Florisfl column in the first 4 mL of hexane. Elemen-
tal sulfur was removed by the addition of tetrabutylanunonium hydrogen sulfate and sodium
sulfite [Jensen et aL, 1977]. The samples were analyzed by gas chromatography equipped
with a "Ni electron capture detector (DB-5,30 m x 032 mm I.D.).

Over an incubation period of 7 months we observed the following results:

Hudson Riven
In Hudson River sediment cultures under methanogenic conditions dechlorination of

added Aroclor 1242 was observed after 1 to 2 months. Loss of higher chlorinated congeners
was observed, with meta and para dechlorination and enrichment of arrAo-substituted mono-
(2-CB), di- (2-2- + 26-CB and 2-4- + 23-CB) and tri- (26-2-CB and 236- + 26-3-CB) chloro-
biphenyls (Figure 4-LA). The addition of t fatty acid mixture as an auxiliary carbon source
greatly enhanced the rate of dechlorination (Figure 4-1B). After 2 months, the
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Figure 4-1. Transformation of added Arodor 1242 in Hudson River sediment: A) no auxili-
ary substrate added; B) with a fatty acid mixture added monthly. IS: internal standard
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I transformation of added Aroclor 1242 generated a pattern of dechlorinated PCBs identical to
the endogenous pattern (Figure 4-2). Cultures without the addition of fatty acids showed a

j significantly longer lag period and slower rates of dechlorination. No transformation of the
i endogenous PCBs was observed. With the congener mixture the GC-chromatograms show

evidence for sequential dechlorination of 25-4-CB to 2-4-CB and 2-CB, and dechlorination of
I 234-34-CB first, to 24-34-CB and via two possible pathways to 2-CB (Figure 4-3). No
J transformations have yet been seen of the added Aroclor 1242, endogenous PCBs, or

congener mixture under sulfate-reducing conditions.

New Bedford Harbor.
j In New Bedford Harbor sediment cultures under methanogenic conditions some tri-

chlorobiphenyls of added Aroclor 1242 were dechlorinated after 2 months of incubation. But
only after 4 months did the dechlorination become more pronounced. The overall rate of
transformation was much slower than in Hudson River (Figure 4-4). Tetrachlorinated
biphenyls were dechlorinated with formation of tri- and dichlorobiphenyls. Transformation of
some congeners of tri- and tetrachlorobiphenyls of the endogenous PCBs was observed (Fig-

! ure 4-4B). The addition of fatty acids as an auxiliary carbon source had no effect on the rate
or extent of dechlorination. Under sulfate-reducing conditions no transformation of PCBs
was observed.

SUMMARY AND CONCLUSIONS

1. Dechlorination of PCBs in different sediments occurred under methanogenic, but not
under sulfate-reducing conditions.

2. Tri- and tetrachlorobiphenyls were transformed in Hudson River sediment with accu-
mulation of ortho chlorinated mono-, di- and trichlorobiphenyls. This is consistent with
earlier results [Brown et aL, 1987a; Quensen et aL, 1988].

3. Addition of an auxiliary carbon source enhanced dechlorination of PCBs in Hudson
River sediment, a sandy sediment with moderate levels of poorly degradabk organic
carbon content, but had no effect on dechlorination observed in New Bedford Harbor
sediment, a silty sediment which was already rich in organic matter. Lack of an organic
substrate (energy and/or reducing power) may thus be limiting PCB-dechlorination in
some sediments.

4. Dechlorination of PCBs was much faster in Hudson River than in New Bedford Harbor
sediment This may due to differences in the microbial populations. Another explana-
tion might lie in bioavailability differences caused by differences in the sediment
matrices. This could be a mechanism similar to the availability of the fumigam
1,2-dibromoethane (EDB) in soils as reported by Steinberg et al. [1987]. EDB is a vola-
tile, moderately water soluble compound with a low affinity for soils. This compound
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Figure 4-2. Background PCB contamination in Hudson River sediment and sediment with
added Aroclor 1242 after 7 months incubation. IS: internal standard.

Figure 4-3. Possible pathways for dechlorination of 234-34<3 and 25-4-CB in Hudson River
sediment
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Figure 4-4. Transformations in New Bedford Harbor sediment: A) of added Aroclor 1242,
with addition of a fatty acid mixture, B) of background PCB with no addition of an auxiliary
substrate, C) sterile control with added Aroclor 1242 after 7 months incubation. IS: internal
standard.
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was found to persist in surface soil as long as 19 yean after its last known application.
This residual EDB was extremely resistant to mobilization (desorption into Hi and
water) and biodegradation, in contrast to freshly added [14Q>EDB at comparable
concentrations that was rapidly removed and mineralized. Pulverization of the sofl
greatly enhanced the release of residual EDB. The inertness to btodegradation suggest
that native EDB was entrapped in intraptrdde mkropores, making it inaccessible to
bacteria and slow to equilibrate with air or water phases. Similar unavailability to
biodegradation was also observed with "old" chlorophenols in some contaminated soils
even though freshly added chlorophenols were degraded [Sal£noja-Satanen et aL,
1989].

S. The pattern of the dechlorination of added Arodor 1242 that we observed in the
Hudson River sediment is consistent with that found in the environment The
dechlorination in New Bedford Harbor is apparently still in process after 7 months of
incubation. It is premature to predict whether the dechlorination pattern is different
from that of the Hudson River sediment due to congener specificity of the dechlorina-
tion consortia or to dechlorination rate differences.

FUTURE PLANS
Comparison of the anaerobic activity of Hudson River with that of New Bedford Harbor

will be made in order to determine whether there are two different anaerobic populations at
the two sites. This effort will be extended to examine whether sediments of New Bedford
Harbor are inhibitory to PCB transformation. In addition, attempts to propagate active cul-
tures in order to maximize the possibility of isolating pure cultures will be undertaken.
Further, the cultures under sulfate-reducing conditions will periodically be monitored to see if
a PCB-dechlorinating consortia will evolve under these conditions.
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Chapter 5

ANAEROBIC DECHLORINATION OF ENDOGENOUS PCBs
IN WOODS POND SEDIMENT

Donna L. Bedard, Stephen C BunneU, and Heidi M. Van Dort

Biological Sciences Laboratory
General Electric Corporate Research and Development

Schenectady, New York

\

INTRODUCTION
j Woods Pond (Lenox, MA) is a shallow impoundment on the Housatonic River system

located 10.5 miles downstream of Silver Lake (Pittsfield, MA). Water depths range from
1-3 feet with the exception of channels created by the flow of the Housatonic River. The sed-

j iments are composed of a mixture of black organic matter, sand, and silt and are contam-
' inated with an unidentified hydrocarbon oil (1 to 5%) and with Aroclor 1260 (SO to 150 ppm)

to depth of -18". The Aroclor 1260 in Silver Lake sediments has undergone extensive
j dechlorination via loss ofortho, meta, and para chlorines [Brown et aL, 1987a, 1987b], but the
1 PCBs in Woods Pond sediments show evidence of only slight dechlorination via loss of meta

and para chlorines. The striking difference in the type and extent of environmental dechlori-
nation at these two sites led us to question the underlying cause(s): Do Woods Pond sedi-
ments harbor microorganisms capable of dechlorinating PCBs? Do the Woods Pond sedi-
ments lack some nutrient that is essential for the growth and/or activity of these microbes?
Does some component of these sediments inhibit the growth of dechlorinating bacteria? Are
the PCBs in the Woods Pond sediments accessible to dechlorinating microorganisms? Our
objective was to determine whether conditions could be found to stimulate the biological

i dechlorination of the endogenous PCBs in Woods Pond sediment

RESULTS AND DISCUSSION
Sediment samples were collected along the eastern and western shores of Woods Pond

for analysis of PCBs and assessment of biological dechlorination activity. Typically, core sam-
ples were collected to the point of refusal using a Lexan* tube (2" diameter). Samples to be
used for cultures were transferred to gins jars, topped with site water, sealed, and stored at
4°C In all, samples were collected from 88 locations: 28 along the eastern shore, 58 along
the western shore, and two at shallow points in the middle. The PCBs were extracted from
the sediment samples, analyzed by capillary gas chromatography (GC), and compared with
standards of Aroclors 1254 and 1260. A comparison of the congener distribution of the PCBs
in the sediment with the Aroclors indicates that the contaminant was virtually all Aroclor
1260. We based this estimate primarily on the proportions of hepta- and octachlorobiphenyls,
especially GC peaks 88,100,109,110, and 115 (Figure 5-1). Sediment PCBs from all 88 loca-
tions showed evidence of some, albeit only slight, environmental dechlorination. Two
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Figure 5-1. Comparison of die proportions of PCB congeners in Arodor 1260 and in two
Woods Pond sediments. Congener peaks were identified and quantified as previously
described [Brown et aL, 1987b].
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sediment samples taken only 15 feet apart on the western shore of Woods Pond illustrate the
range of environmental dechlorination seen in the sediments. At site A-35-2 the PCBs
showed the least dechlorination, yet four major peaks, 75, 82, 102, and 106 (245-245-,
234-245-, 2345-245-, and 2345-234-CB, respectively) showed decreases of 16 to 33% relative
to Aroclor 1260 (Figure 5-1). At the same time, peaks corresponding to expected meta, pan
dechlorination products of these congeners were quite evident: peaks 31,32,33,51,53, and
54 (25-25-, 24-25-, 24-24-, 235-25-, 245-25-, and 245-24-CB, respectively). At site A-34-1,
which shows the most advanced dechlorination we have seen in Woods Pond sediment, peaks
75, 82, 102, and 106 were decreased by 33 to 45% relative to Aroclor 1260, and peaks
corresponding to dechlorination products, especially 31, 32, and 33, were quite prominent
(Figure 5-1). Table 5-1 compares the proportions of 25-25-, 24-25-, 24-24-, and 245-24-CB
(GC peaks 31,32,33, and 54, respectively) in Aroclor 1260 and in these two sediment sam-
ples. The four congeners are present at only negligible amounts in Aroclor 1260 but are sub-
stantial components of the sediment PCBs. These data indicate that the 25-25-, 24-25-,
24-24-, and 245-24-CB in the Woods Pond sediments must have been formed by the dechlori-
nation of components of Aroclor 1260.

TABLE 5-1. Proportions of four PCB congeners in Aroclor 1260 and in two Woods Pond
sediments.

Sample
Aroclor 1260

A-35-2
A-34-1

Mole Percent
25-25-CB

039
1.41
1.79

24-25-CB 24-24-CB
0.03 0.05

1.12 0.88

332 5.21

245-24-CB
0.07

1.61

1.75

Although it is clear that some meta and para dechlorination of the Aroclor 1260 in Woods
Pond sediments has occurred, it is not clear when or where this occurred. The dechlorination
may have taken place upstream before the sediments were deposited in Woods Pond, or it
may have taken place in Woods Pond at some time in the past The only way to determine
if the microoganisms responsible for the dechlorination were still present in Woods Pond sed-
iments was to demonstrate dechlorination in these sediments in controlled laboratory experi-
ments. Our first experiments involved the addition of more Aroclor, either Aroclor 1260 or
a 1:1 mixture of Aroclors 1254 and 1260 at two different concentrations (100 and 500 ppm) to
slurries of Woods Pond sediment prepared in reduced anaerobic minimal medium (RAMM)
[Shelton and Tiedje, 1984]. We detected no dechlorination of the Aroclor over a 2-month
period and decided to set up new shinies to which we would add a single PCB congener. The
use of a single congener offered two advantages over the use of an Aroclor (1) Even low lev-
els of dechlorination of a single congener added at high concentration would be easier to
detect because only a few products would be formed. (2) We could try a variety of PCB
congeners in case some turned out to be better substrates for dechlorination than others.

45
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When 25-3443 (350 pM) was added to slurries of Woods Pond sediment, we observed
loss of the para chlorine to yield 25-3-CB after 3 weeks of incubation at 22 to 24*C This
dechlorinatkm continued until - 85% of the tetrachlorobiphenyl had been converted to
25-3-CB at 16 weeks. Beginning *t 7 weelo, when-30% of the 25-34-CB had been dechlori-
nated to 25-3-CB, we also began to see changes in the endogenous PCBs. Figure 5-2 com-
pares the proportions of PCB congeners in a Woods Pond sediment at the start of the experi-
ment and after a 12-week incubation. All major peaks except peak 88 were substantially
decreased after incubation. At the same time, large increases occurred in some of the tetra-
and pentachlorobiphenyi peaks, especially peaks 31,3* 37, and 51 (25-2S-, 24-25-, 23-25-, and
235-25-CB). Table 5-2 identifies the major congenen that have been decUormated, whfle
Table 5-3 identifies the major congenen formed at a result of dechtorination. It appears
from these data that PCB congeners having 245-, 234-, and 2345-chlorophenyl groups have
each lost the chlorine in the pan position, yielding products carrying 25-, 23-, and 235-
chloropbenyl rings. Pom chlorines were also removed from 34-chlorophenyl groups, but not
from 24-chloropbenyl groups.

TABLE 5-2. Major PCB components of Aroclor 1260 decreased by Woods Pond dechlori-
natkm Pattern R

DB-1
GC
Peak
No.
53
54

69

75

82
93

102
106

PCB
Congener
245-25
245-24

245-34 \
236-245'

245-245

234-245
2345-236
2345-245
2345-234

Mole Percent

To
3.97
1.97
831

9.15
&81
3.11
6.73
2.16

Tu
112
033
638

532

4.90
119
5.66
1.75

Net
Loss
1.85
1.64

1.93

3.84

1.92

0.91
t07
0.42

Percent
Decrease

47
83
23

42

28
29
16
19

Proposed
Dechlorination

Products
25-25
24-25

r 25-34* -» 25-3'
«> 236-25

245-25-* 25-25
234-25-* 23-25
235-236
2345-25 -» 235-25
235-234-4235-23
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Figure 5-1 Pattern H dechlorination. Comparison of the PCB Congener distribution of
PCBs from Woods Pond sediment before and after dechlorination. Peaks corresponding to
25-34-CB (peak 47) and its dechlorination product 25-3-CB (peak 21) were edited out of the
chromatogram before calculating the mole percentages of the sediment PCBs. The data
presented represents the average of duplicate samples. Top panel: Sediment PCBs at the
beginning of the experiment Center panel: Sediment PCBs after 12 weeks incubation.
Bottom panel: Net change in individual PCS peaks after 12 weeks incubation.
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TABLE 5-3: Major dechlorinitkm products formed from Aroclor 12<0 by Woods Pond
Dechlorinatkm Pattern H.

DB-1
GC

Peak
Number

31
32
37
48

51

56
65

PCB
Congener

25-25
24-25
23-25
236-25,245-26

235-25,236-23

235-23
235-236

Mole Percent

To
236
2.70
0.58
0.75
157
024

0.99

T«
7-52 ;

430

239

1.66

4.10

1.07

231

Net
Increase

5.17
1.60
1.81
0.91

; 2^3
0.83

132

This type of dechlorination is known as Pattern H. Pattern H dechlorination of Aroclor
1260 is most easily recognized on chromatograms by a large increase in peak 31 (25-25-CB),
and moderate increases in peaks 32 and 51 (24-25-, and 235-25-CB) (Figure 5-2). Pattern H
dechlorination of Aroclors 1242 and 1254 has been observed in environmental samples from
New Bedford Harbor (Massachusetts), Escambia Bay (Pensacola, Florida), and some regions
of the Hudson River [Brown and Wagner, 1990] and in laboratory incubations of Arodor
1260 using inocula from the Hudson River [Quensen et aL, 1990].

We subsequently incubated slurries of Woods Pond sediment with various other PCB
congeners to determine whether microorganisms capable of removing chlorines from the
meta positions were also present in Woods Pond sediments. When 23456-CB was added, it
was dechlorinated primarily by loss of both meta chlorines to yield 246-CB (86%), and to a
lesser extent by loss of the para chlorine to yield 2356-CB (13%). Small amounts of 236-
(0.5%) and 26-CB (05%) were also formed. The endogenous Aroclor 1260 began to
dechlorinate after most of the 23456-CB was dechlorinated. This time we observed extensive
and almost indiscriminate decreases in hexa-, hepta-, and ocuchlorobiphenyls (peaks 69
through 115) and large increases in tri-, tetra-, and pentachtorobipbenyls (peaks 14 through
63). A single dechlorination product, 24-24-CB (peak 33), accounted for 213% of the total
PCB (Figure 5-3). Table 5-4 lists the major PCB congeners in the sediment and shows the
extent to which they were removed by dechlorination. Tabk 5-5 lists the major products
formed by dechlorination.
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Figure 5-3. Pattern N dechlorination. Comparison of the PCB Congener distribution of
PCBs from Woods Pond sediment before and after dechlorination. Peaks corresponding to
23456-CB (peak 60) and its dechlorination products were edited out of the chromatogram
before calculating the mole percentages of die sediment PCBs. The peaks edited out were:
2356-CB (peak 52), 236-CB (peak 16), 246-CB (peak 11), and 26-CB (peak 5). Top panel-
Sediment PCBs at the beginning of the experiment Center panel: Sediment PCBs after
19 weeks incubation. Bottom panel: Net change in individual PCB peaks after 19 weeks
incubation.
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TABLE 5-4 Major PCB components of Aroclor 1260 decreased by Woods Pond
dechlorinatkra Pattern N.

DB-1
GC

Peak
Number

54

61
65
69

73

75

82

88

90
93

94

102

106

TOTAL

PCB
Congener

245-24*
236-34

235-236

236-245 \
245-34 '
235-245

245-245

234-245

2356-2451
2345-246 f

2346-245

2345-2361
23456-24 '

2356-234

2345-245

2345-234

Mole Percent

To
L53
104

1.19

6.72

1.93
8.09
6.61
3.66

1.74

2.69

1.63

6.16

2.05

46.04

T»
0.49

0

0.18

0.91

0.45

0.98
1.94

0

0.44

0.40

029

1.81

0.91

8.80

Net
Loss

1.04
Z04

1.01

5.81

1.48
7.11

4.67

3.66

130

239

134

435

1.14

3724

Percent
Decrease

68
100
85
86

77
88
71

100

74
85

82
71

55

81

Proposed
Dechlorinatkm

Products
24-25
26-34 -> 26-4

235-26 -» 25-26

r 236-24-* 24-26
* 24-34 -» 24-4

235-24 -» 24-25
245-24 -> 24-24

234-24-* 24-24

r 2356-24
* 245-246-* 246-24

245-246 -» 246-24

/ 236-245 -* 236-24 -» 24-26
1 2346-24-* 246-24

2356-24

r 245-245 -» 245-25 -» 24-24
* 235-245 -» 235-24 -» 24-25

r 245-234 -» 234-24 -* 24-24
«• 235-234 -» 235-24 -» 24-25

• 245-24-CB is not present in Aroclor 1260 but transiently accumulates in Woods Pond
sediments, most likely as an intermediate in the dechlorination of 245-245-CB (peak 75) and
234-245-CB(peak82).
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TABLE 5-5. Major dechlorlnatkra products formed from Aroctor 1260 by Woods Pond
dechlorination Pattern N.

, i

i
DB-1
GC
Peak

Number
17
24

25
26
32

33
41

44

67

TOTAL

PCB
Congener

26-4
24-4"

25-26*
24-26*
24-25
24-24

236-26tb, 24-35*
246-24"

2356-24"

Mole Percent

To
0.49

132

1.01

0.93

2.96

4.03

0.68

1.05

1.18

13.65 •

Tw

1.93
3.52
3.02
5.52
730

2128
2.64
5.66
434

5521

Net
Increase

1.44

220
2.01
4.59
434

1725

1.96

4.61

3.16

4L56
1 The identity of these products was confirmed by GC-MS.
b This product was probably derived primarily from 236-236-CB (peak 60) which coehltes
with 23456-CB and was therefore edited out of the chromatogram.
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The endogenous PCBs appear to have lost almost exclusively meta chlorines: 2345-, 234-,
and 245-chlorophenyl groups were an dechlorinated to 24-chlorophenyl groups, and 2346-,
236-, and 34-chlorophenyl groups were dechlorinated to 246-, 26-, and 4-chloropbenyl, respec-
tively. The 24-24-CB appears to have been almost totally derived from the dechlorination of
four major peaks: 75, 82, 102, and 106 (245-245-, 234-245-, 2345-245-, and 2345-234-CB,
respectively). The moderate increase in 24-25-CB (434 mote percent), however, indicates
that some of the 2345-chtoropbenyl group in 2345-245- and 2345-234-CB (peaks 102 and 106)
must undergo para dechlorination to 235-chlorophenyl and subsequently meta dechlorination
to 25-chloropbenyl (see Tables 5-4 and 5-5). Analysis of some of the smaDer peaks (data not
shown) also indicate that 235- and 2356-chlorophenyi groups were slowly dechlorinated,
whereas 25-chloropbenyl groups were not This type of dechlorination has been riftignatfd
Pattern N and closely resembles the Pattern N previously seen in laboratory cultures of sedi-
ment incubated with Aroclor 1260 and an inoculum from Silver Lake [Quensen et aL, 1990].
Pattern N dechlorination of Aroclor 1260 is most easily recognized on chromatograms by a
large increase in peak 33 (24-24-CB), and moderate increases in peaks 32 and 67 (24-25- and
2356-24-CB, respectively) (Figure 5-3).

Figure 5-4 shows the shift in the PCB bomolog distribution of the endogenous PCBs that
occurred and underscores the effectiveness of the Pattern N dechlorination system in elim-
inating hexa-, hepta-, and octachtorobiphenyls. These three homolog classes were decreased
by 70,72, and 44%, respectively, while tri-, tetra-, and pentachlorobiphenyls increased to 82%
of the total PCB content

Our data demonstrate that microbial populations from Woods Pond sediments can effect
two different types of dechlorination of Aroclor 1260: Pattern H (pant dechlorination), and
Pattern N (meta, para dechlorination). The major dechlorination products of both of these
dechlorination systems, 25-25-CB for Pattern H, and 24-24-, and 24-25-CB for Pattern N,
were found at all 88 locations sampled in Woods Pond, albeit in varying proportions. Pattern
H dominates in sediments taken from the eastern shore. Along the western shore, sediment
PCBs randomly display both Patterns H and N in various combinations ranging from
predominantly Pattern H (25-25- > 24-25- > > 24-24-CB), to predominantly Pattern N (24-24-
> 24-25- > > 25-25-CB). Sample A-35-2 (Figure 5-1) is an example of slight dechlorination by
a mixture of Patterns H (dominant) and N, whereas sample A-34-1 illustrates moderate Pat-
tern N dechlorination mixed with some Pattern H dechlorination (evidenced by peaks 31 and
51). Laboratory incubations with sediments taken from 30 different locations along the entire
eastern and western edges of the pond all showed dechlorination activity, thus demonstrating
that the microorganisms capable of dechlorination are widely distributed.

SUMMARY AND CONCLUSIONS
It is apparent from our data that two different dechlorination systems. Pattern H, para

dechlorination, and Pattern N, meta, pan dechlorination, are active throughout the sediments
of Woods Pond. Given this information, it is not clear why only modest dechlorination of the
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sediment PCBs has occurred. Even in the laboratory we have only been able to stimulate the
dechlorination of endogenous PCBs by adding a high concentration (350 jiM) of PCB. The
addition of medium (RAMM) with or without various carbon sources, but without the^ddi-
tion of PCBs, stimulated methanogenesis but did not stimulate dechlorination of the
endogenous PCBs. Collectively these data imply that the slow dechlorination in Woods Pond
cannot be attributed to the lack of an essential nutrient or to the presence of a tack inhibitor.
A more likely explanation is that limited biotvaflabflity of the Woods Pond sediment PCBs,
caused by partitioning of the PCBs into both the highly organic sediment and the ofl associ-
ated with the sediment, may severely limit the growth and activity of the appropriate micro-
bial populations). It has been proposed that the anaerobic bacteria res .xmsible for dechlori-
nation of PCBs may use the PCB as an electron acceptor and may therefore derive energy
from the dechlorination of PCBs (Brown et aL, 1987b; Quensen et aL, 1988]. If this is the
case, then the addition of t single congener in high concentration may stimulate the growth of
these microorganisms by providing them with a readuy accessible electron acceptor. The
resulting high numbers of dechlorinating bacteria could then dechlorinatc the endogenous
PCBs. However, regardless of the reason, our laboratory experiments (Figures 5-3 and 5-4)
clearly demonstrate that it is possible to extensively dechlorinate the hexa-, hepta-, and octa-
chlorobiphenyls in the Woods Pond sediments.

FUTURE PLANS

Our objectives for the next year are:
1. To learn how to grow the microbial population responsible for Pattern N dechlorina-

tion.
2. To learn how to accelerate PCB dechlorination of endogenous PCBs without the addi-

tion of more PCBs.
3. To find means of further dechlorinating the major dechlorination products of Pattern N

(24-24-, and 24-25-CB).
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Chapter 6

ANAEROBIC AND AEROBIC BIODEGRADATION OF ENDOGENOUS PCBs

Daniel A. Abramowicz, Michael J. Brennan, and Heidi M. Van Dort ^

Biological Sciences Laboratory
General Electric Corporate Research and Development

Schenectady, New York

INTRODUCTION
The altered distribution of residual PCB contamination observed in several aquatic sedi-

ments is evidence of widespread microbial reductive dechlorination of PCBs in the environ-
ment [Brown et al., 1984; 1987a; 19875]. This process effects the specific removal of meta
and para chlorines, resulting in the depletion of highly chlorinated PCB congeners with
corresponding increases in lower chlorinated, ortho substituted PCBs. In addition, microbial
anaerobic dechlorination of PCBs has been observed in the laboratory [Quensen et aL, 1988;
GE Report, 1989; Abramowicz et al., 1990), and has recently been reviewed (Bedard, 1990;
Abramowicz, 1990]. This report will focus on recent findings involving the acceleration of
dechlorination in Hudson River sediments, the dechlorination of endogenous PCB contami-
nation, as well as the sequential anaerobic/aerobic treatment of contaminated sediments.

The acceleration of anaerobic dechlorination in Hudson River sediments was observed
upon the addition of a complex nutrient mixture, surfactants, or a simple trace metal mixture,
The latter result may indicate that low levels of a trace metal in the sediment may limit the
rate of PCB dechlorination occurring in the environment today. Dechlorination of
endogenous PCB contamination has been observed in three different soils and sediments.
This result indicates that anaerobic microorganisms have access to PCBs in even "aged" sofl
environments.. In addition, sequential microbial treatment via anaerobic dechlorination and
aerobic biodegradation has been demonstrated on such endogenous PCB contamination.

RESULTS AND DISCUSSION

Rate Enhancement
The methods utilized in these experiments will be briefly discussed. The sediments were

collected and stored until use in sealed vessels at 4°C All subsequent operations to investi-
gate anaerobic dechlorination were performed in an oxygen-free atmosphere (95%
N2, 5% H2). The sediment was mixed with medium (35 g soil/ SO mL medium) to produce a
sediment slurry from which aliquots were removed while mixing to obtain reproducible sam-
pling. Typically 10 pL of a concentrated PCB stock solution in acetone was added to spiked
samples. Samples were crimp seated, vigorously vortexed, and stored stationary in the dark at
23°C, unless otherwise indicated. Aerobic studies were performed by initially growing
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Figure 6-1: Acceleration of the reductive dechlorination of PCBi upon addition of nutrients
(8 week timepoint). Panel A and D, autoclaved control; Panel B, includes distilled water,
Panel C, difference (B-A); Panel E, includes RAMM; Panel F, difference (E-D). All sam-
ples contain 500 ppm PCB mixture.
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cultures of Pseudomonas strain LB400 and Corynebacttrium strain MB1 on biphenyl as the
sole carbon source. Cells were harvested, washed, and added to comaminated sediments at
1OD with a 20% soil loading by weight Individual vials were sacrificed for timepoints by
extraction of the entire contents with three volumes of diethyl ether. Samples were then
analyzed by high resolution gas chromatography with an electron capture detector on a fused
silica capillary column (30 m by 025 mm ID) coated with a 025 jan bonded liquid phase of
DB-L

*Tbe addition of a minimal medium to the sediment shiny resulted in a dramatic increase
in the observed rate of anaerobk dechlorination after 8 weeks (see Figure 6-1). The RAMM
minimal nwiiwp contained nutrients, trace mfa^r îj and bicarbonate [Shelton n"d Tiedje,
1964]. Hie control was autoclaved and incubated along with the samples; no change was
observed in any of the heat-treated controls during the experiments. .The control
(Figure 6-1A and 6-ID), therefore, represents the PCB distribution in the original mixture
added to the sediment (70% Aroclor 1242,20% Arodor 1254,10% Aroclor 1260).

The sample mixed with distilled water in place of the minimal medium is shown in Figure
6- IB. Only slight activity was observed in this experimental sample after an 8-week incuba-
tion. This is contrasted by the significant change observed in the sample to which RAMM
minimal medium had been added (Figure 6- IE). A direct comparison can be found by com-
paring the difference plots in Figure 6-1C and 6-IF. The control and water-only sample con-
tains nearly the same average number of chlorines per biphenyl (Q/BP; 3.75 and 3.78,
respectively), indicating that no significant dechlorination had occurred at this timepoint
The sample with RAMM nutrients added contains 3.52 Q/BP, indicating a loss of approxi-
mately 0.25 Cl/BP during the initial 2 months of the experiment The selective meta and para
dechlorination observed in this sample continued at later timepoints, and is consistent with
the environmental changes observed in the Hudson River [Brown et ah, 1987].

This result suggests that a limiting nutrient present in RAMM medium may be restricting
the rate of dechlorination in upper Hudson River sediments. It should be noted that at later
timepoints significant dechlorination was also observed in the sediment to which no nutrients
were added. These changes were similar although less extensive than the sample to which
nutrients were added. Therefore, nutrient addition can decrease the lag time before activity
is initiated, as wen as increase the extent of dechlorination observed

The RAMM medium was subdivided into four different components to further investigate
nutrient stimulation of this PCB dechlorination activity. Individual components were added
in various combinations and concentrations; results are shown in Table 6-L Note that the
addition of the trace metals (Zn*2, Cu*2, Ni+2, Se+2, B+3) correlates with nearly a two-fold
increase hi the rate of dechlorination of 234-34-CB. This effect suggests that one of these
trace metals, added at leu than the 0.02 ppm level, may represent the component that limits
the PCB dechlorination rate in Hudson River sediments. Other agents that have been
demonstrated to increase the rate and/or extent of PCB dechlorination in Hudson River sedi-
ments include non-ionic high molecular weight surfactants (e.g^ Triton X-705) and the
addition of a complex carbon source (e.g^ yeast extract or fluid thiogtycollate medium
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TABLE 6-1. Effect of RAMM components on PCB dechlorination rate (500 ppm
234-34-CB).

Relative Dechlorination Rate A B
105%
90

105

171
210
171
202
210
191

A * phosphate salts, cysteine, HCOj'
B - nitrogen + minerals (Ca*2, Mg+2, Fe+2)
C « Mn*2, Mo*6, Co*2

D - trace metals (Zn*2, Cu*2, Ni*2, Se*2, B*3)

with beef extract). In addition, PCB dechlorination has been observed over a broad range of
PCB concentrations (20- 1500 ppm) and on Aroclor 1260 [Abramowicz et aL, 1990].

It has been reported that corrinoids, including cobalamin vitamin BU, can catalyze the
reductive dechlorination of chlorinated methanes in the presence of an electron donor [Krone
et aL, 1989]. It is possible that these cobalt-heme coenzymes may play a role in anaerobic
microbial dehalogenations of PCBs as well Therefore, the effect of vitamin B^ addition on
the rate of dechlorination was investigated at various concentrations, and the results are
shown in Figure 6-2. The unexpected results display a classic inhibition curve for the
dechlorination of PCBs upon vitamin BU addition. The decreased dechlorination activity
observed in these experiments can be explained by the known inactivation of enzymes with
vitamin 612 in the presence of small molecular weight thiols [Harada et aL, 1975a, 1975b,
1975c], Harada and coworkers showed that /*M concentrations of corrinoids like cyanoco-
binamide (Factor B) and cobalamin (Vitamin BU) inactivate papain and yeast alcohol dehy-
drogenase via the formation of mixed disulfldes between small molecular weight thiols and
the enzymes. Our RAMM medium contains cysteine and the observed inhibition of PCB
dechlorination may be explained by a similar mechanism. An alternate explanation could
involve naturally produced thiols as the nudeophfle responsible for the in vivo dechlorination,
Thiols are known to be involved in the dechlorination of chlorobenzenes [Stiles, personal
communication]. Therefore, the coenzyme could be inhibiting dechlorination by inactivating
the natural thiol nucleophfle via disulfide formation.
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Initial experiments to investigate the effect of temperature on dechlorinttkm activity are
shown in Figure 6-3. Note that the dechlorination occurred over a broad range of tempera-
tures (4-30°C), indicating that this process may occur year-round in river sediments. The
optimal dechlorination rate was found at 15-30°C

Endogenous PCBs
It is possible that biodegradation studies on sofls spiked with PCB$ may not provide accu-

rate kinetic data for similar experiments on endogenous, aged PCS contamination. It has
been observed with South Glens Falls dragstrip sofl that aerobic biodegradation rates can be
limited due to bioavailabflity issues [GE Report, 1990]. Therefore, several different contam-
inated soils and sediments were investigated to directly monitor the PCB dechlorination rate
of the endogenous contamination.

Upper Hudson River sediments contaminated >15 years ago have already been exten-
sively dechlorinated in the environment [Brown et aL, 1987]. Such sediments can be even
further dechlorinated by the addition of RAMM nutrients (see Figure 6-4). Note that the
environmental sample (Figure 6-4A) contains - 41% 2-GB (peak 2) and 2-2/26-CB (peak 5).
The mole fraction represented by these congeners increases to >63% after RAMM addition
(Figure MB). This dechlorination activity attacks all of the more nighty chlorinated
congeners (difference plot in Figure 6-4C), and is similar to environmental Pattern C The
dechlorination rate is comparable to that observed in samples spiked with PCB. Endogenous
PCB contamination can also be dechlorinated by anaerobic bacteria in Woods Pond sedi-
ments (Aroclor 1260, data not shown).

The endogenous PCBs bound to dragstrip sofl were also available for dechlorination via
anaerobic microorganisms (see Figure 6-5). In this experiment, 25% by weight Hudson River
sediments were added to the dragstrip sofl containing RAMM medium. Again, this microbial
process successfully attacked the endogenous PCB contamination. The control sample con-
tains on average 3.86 Q/BP. This value has decreased to 3.64 in the live sample
(Figure 6-5B). The difference plot (Figure 6-5Q displays strong losses of the more highly
chlorinated congeners (5 or more Q), with the production of tri- and di-CBs. This result is
particularly encouraging since this same soil demonstrated bioavailabflity limitations upon
aerobic treatment [Chapter 12, GE Report 1990].

Anaerobic microorganisms capable of PCB reductive dechlorination are widespread and
exist in even uncontaminated river sediments, as shown in Table 6-1 The Spier Falls sedi-
ments are located >10 mites upstream of the source of contamination (river mite 205) and
contain <1 ppm PCB. This is compared to the H7 site, located downstream of the source
(river mfle 193.5) and containing 45 ppm PCB. The dechlorinating organisms are found in
such uncontaminated sediments, although they appear to be present at lower concentrations
and dechlorination rates are about four-fold slower. This PCB dechlorination activity has
been observed in a number of other aquatic sediments, including Woods Pond (Lenox, MAX
Silver Lake (Pittsfield, MA), New Bedford Harbor (MA), Escambia Bay (Pensacola, FL), the
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Housatonic River (CT), the Sheboygan River (WI), Waukegan Harbor (IL), the Hoosic
River (North Adams, MA), and many different locations in the Hudson River (NY). This
widespread occurrence of natural anaerobic dechlorination in different sediments indicates
that it is a general phenomenon that occurs in environments that differ dramatically in their
geography, seasonal temperature, PCB concentration, PCB composition, and organic content.

TABLE 6-2. Comparison of PCB dechlorination rates observed with PCB-contaminated
(H7) and uncontaminated (Spier Falls) Hudson River sediments. (500 ppm 234-34-CB)

Tune
(wk)

0
4
8

12
18
32

% Dechlorination
Contaminated Uncontaminated

0.0
5.0

19.7
23.6
ND
90.0

0.0
0.0
0.0
0.0
9.0

182

This natural dechlorination of endogenous PCB contamination is still occurring in the
environment The H7 Hudson River site has been repeatedly sampled over the last 10 years.
A timecourse displaying the observed PCB distribution is shown in Figure 6-6. Note that
even the early sample (Figure 6-6A) displays a significant amount of 2-CB and 2-2/26-CB
(see arrows), indicating that dechlorination is already well advanced In our most recent sam-
pling (Figure 6-6C), the 2-CB and 2-2/26-CB now account for >85% of the total PCB in the
sample. Six samples taken at this time at 20-foot intervals all displayed similar PCB distribu-
tions, indicating that nearly all of the meta and para chlorines have been removed to date
(1.63 Cl/BP, including <0.1 non-ortfco chlorines).

Sequential Anaerobic/Aerobic Treatment
The ortho substituted, lower chlorinated products of anaerobic dechlorination should be

good substrates for subsequent aerobic biodegradation. Therefore, Hudson River sediments
dechlorinated in the laboratory (as described above) were then subjected to aerobic treat-
ment, and the results are shown in Figure 6-7. The control bars indicate the original PCB
mixture added to the sample. Anaerobic treatment results in the classic redistribution previ-
ously described, and the total PCB concentration has not been significantly decreased. In
contrast, subsequent aerobic treatment now reduces the PCB concentration 85% (mole per-
cent values have been reduced by 85% for these bars to reflect this decrease).

Similar experiments have also been performed on endogenous PCB contamination.
Hudson River sediments that had previously undergone environmental dechlorination were
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then treated by aerobic PCB-degrading organisms to demonstrate the effect of this combined
process (see Figure 6-8). Figure 6-8A represents the original contamination (Aroclor 1242);
Figure 6-8B displays a recently obtained sediment sample from the Hudson River that has
been environmentally dechlorinated (>85% mono- and di-CB); Figure 6-8C displays the
resulting chromatogram after aerobic treatment This initial trial demonstrated-80% reduc-
tion in the PCB concentration after 1 day of aerobic treatment Therefore, this two-stage
process has resulted in a dramatic change in the PCS distribution to lower chlorinated pro-
ducts, as well as a marked reduction in the PCB concentration.

SUMMARY AND CONCLUSIONS
Hudson River sediments contain anaerobic microorganisms capable of extensively

dechlorinating PCB mixtures. The observed rate of laboratory dechlorination can be stimu-
lated by the addition of a trace metal mixture or detergents at low concentrations. This
dechlorination occurs over a broad range of temperatures (4-30°C), and the organisms are
even capable of attacking the highly chlorinated Aroclor 1260.

Experiments on a variety of PCB-comaminated soils have demonstrated that this anaero-
bic process wfll effectively attack endogenous PCB contamination. No significant rate
difference was observable for endogenous or spiked PCB samples. In addition, sequential
anaerobic/aerobic treatment of the PCB contamination present in Hudson River sediments
have resulted in a dramatic shift in PCB distribution to lower chlorinated, ortho substituted
products and an 80% reduction in total PCB concentrations.
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Chapter?

SEQUENTIAL ANAEROBIC-AEROBIC BIODEGRADATION OF PCBs

Loring Nks, Paul J. Anid, and Timothy M. Vogel

Environmental and Water Resources Engineering
Department of Civil Engineering

The University of Michigan
Ana Arbor, Michigan

INTRODUCTION
Evidence for the reductive dechlorination of PCBs under anaerobic conditions has accu-

mulated from studies of PCB congener pattern changes of commercial ArocSors in natural
sediments [Brown et aL, 1984,1987a,b; GE Reports, 1987,1988]. Recent laboratory studies
confirm that the anaerobic dechlorination of PCBs is due to biological activity [Quensen,
1988]. Several laboratory studies have shown that a broad range of PCB congeners can be
aerobically degraded by microorganisms [Bedard et aL, 1986,1987a,b]. Aerobic degradation
is usually faster for congeners with fewer chlorine substituents. Although sequential anaero-
bic dechlorination and aerobic degradation of PCBs have not been observed in natural sedi-
ments, extensive aerobic degradation of anaerobicalty transformed Aroclprs has been shown
[Bedard et al., 1987b]. Initial attempts at a sequential anaerobic-aerobic biodegradation of
PCBs in our laboratory have also been relatively successful These results provide evidence
for the potential of complete in situ degradation of PCBs.

Last year we reported on the effects of substrate amendments for enhancing the anaero-
bic reductive dechlorination of Aroclor 1242 in Hudson River sediments. Acetone and
roethanol, compounds often used as solvents for the addition of PCBs in laboratory studies,
and glucose were all shown to have a beneficial effect on the rate of dechlorination relative to
incubations receiving no substrate amendments. These incubations were done in non-
autoclaved sediments [GE Report, 1989; Nie$ and Vogel, 1990]. In addition, Fluid Thioglycol-
late Medium with Beef Extract (FTMBE) or sediment extract (organic solubilized by auto-
claving) were also shown to enhance dechlorination activity [GE Report, 1989].

Since last year, we have completed a more extensive study of substrate amendments by
varying the concentration of the different substrates added. These more recent anaerobic
studies have all been done without the use of any oxygen scavenging reducing agents, hi order
to model more closely the environmental conditions that would be encountered during in situ
bioremediation. We have demonstrated that a sequential anaerobic-aerobic biodegradation
scheme is possible in the laboratory by inducing anaerobic conditions in sediments where
PCBs were reductivery dechlorinated, and then aerobically degrading many of the less chlori-
nated PCB congeners hi those sediments. We have transferred anaerobic Hudson River
organisms from sediments to incubations with sterile sand or glass beads, while maintaining
dechlorinating activity. We have also shown that anaerobic river sediments that had not pre-
viously been contaminated with PCBs can dechlorinate Aroclor 1242 without long acclimation
times.
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RESULTS AND DISCUSSION
%

Anaerobic Substrate Effects V
Anaerobic batch incubations of Hudson River sediments were started to begin the first

phase of the anaerobic-aerobic bkxfegradation sequence. In order to test independently the
effects of different organic substrates on the decUorinating microorganisms, the
were respiked with Arodor 1242 without the addition of a solvent [GE Report, 1989; Nies
and Vogel, 1990]. The batches were inoculated with microorgarisms that had been
acclimated to the particular substrate being tested. The organic substrates tested were ace-
tate, acetone, butanol, ghicose, and methanoL Each substrate was tested at three different

(hig^ m^tiim, lnu>) men**. ttiraa nrrfetf ft "ifigpfrudf (TlMf 7-1) The SCO1-
ments were not autoclaved prior to inoculation, as this would solubQize large amounts of
organic carbon and potentially mask differences between the substrates being tested. Control
batches were autoclaved Anaerobic conditions were induced by substrate addition and sub-
sequent microbial consumption of oxygen. Batches that had been started previously, without
the addition of any organic substrate, had sodium sulfide added to maintain'anaerobic condi-
tions.

TABLE 7-1. Substrate amounts added to anaerobk incubations'

H
M
L

H
M
L

Acetate

0.78%
0.078%
0.0078%

Ghicose

0.93%
0.093%
0.0093%

Acetone

0.67%
0.067%
0.0067%

Methanol

0.67%
a067%
a0067%

Butanol

054%
0.054%
0.0054%

* • Substrate amount given as weight percent of
substrate per wet weight of sediment

H-High level M-Medium level L-Low level

High levels of acetone and methanol, and medium levels of ghicose, aD enhanced reduc-
tive dechlorination with the extent and pattern being nearly identical (Figure 7-la). High
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TABLE 7-2: Congener assignments for chromatographic peak numbers in this report.

Peak number

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

Congeners in

2
2-2
24-
2-3
2-4
2*-2
24-2
2,4-2
2*-3
23-2
24-3
2,4-3
2*4
2,4-4
2-3,4
24-2,6
2,4-2,6
23-4
23,6-2
23-2,6
24-24
2,4,-24
2,4-2,4
2,44-2
23-24
3,4^
23-2,4
2J6-3A
23-23
2,44-4
24-M
2,4-M
23*-24
23>V
23-3,4
2,44-24
2A6-34
2,44-23
23,4-24
3,4-3,4
234,6.24
2,44-3,4
2,44-2,44
23,4-3,4

peak

2,6-

23-

4-4

23,6-
2,6^

2,4,6-2
23-3

34-2,6

2,4 -̂4

23,6-3
23,6-4

234-W
2-3,44
2,44-2*

23,4^
234-2,4

23,44-2
23,4^4
23̂ -3,4

23,44-3

23,4-23*

2,4-

23,4-

23,4-2

234>2,6

23*-2,44
EC

o
o
10

oUl
00
Ul
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Figure 7-1. Difference plot of anaerobic substrate-fed batches at 20 weeks: a) acetone-,
glucose-, and methanol-fed batches; b) acetate- and butanol-fed batches. Note: congener
peaks are discrete points, lines are drawn between points for ease of comparison.
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levels of glucose caused a drop in pH in those batches, which inhibited dechlorination activity.
Acetate and butanol also enhanced dechlorination, relative to batches receiving no substrate,
although the patterns were different and dechlorination was not as extensive as the other sub-
strates tested, as indicated by the accumulation of peak number 12 (2,4-3-CB) relative to
acetone-, glucose-, and methanol-fed batches (Figure 7-lb). The congener assignments for
the peak numbers in Figures 7-1 and 7-3, are given in Table 7-2. After more than 54 weeks
incubation, slight dechlorination has been observed in batches receiving no additional organic
substrate.

•j

All substrate-fed batches showed an increase in relative rates and extent of reductive
dechlorination with an increase in substrate concentration from low to medium levels. The
transformation of Aroclor 1242 by reductive dechlorination is illustrated in Figure 7-2 by the
decrease in tri-, tetra-, penta-, and hexaehlorobiphenyl homologs, and the increase in the
mono- and dichlorobiphenyl homologs. After 20 weeks incubation, the mono- and dichlorobi-
phenyls account for - 80% of the total PCBs present Dechlorination .in acetone- and
methanol-fed batches also increased when substrate was increased from medium to high lev-
els. An example of the increase in rate and extent of dechlorination with increased substrate
levels is shown in Figure 7-3. Results from acetate-, butanol-, and glucose-fed batches indi-
cate that the high substrate levels may have some slight inhibitory effect on dechlorination
relative to medium substrate levels.

Microbial Enrichments
Serum bottles with sterile sand or glass beads (4 mm) and mineral medium were spiked

with Aroclor 1242 dissolved in acetone. Dechlorinating Hudson River microbial enrichments,
acclimated to acetone, were used as an inoculum. Reductive dechlorination has been
observed in all batches, roughly coinciding with the onset of methanogenesis. These consortia
of microorganisms are only one transfer removed from Hudson River sediments. If succes-
sive attempts to transfer these dechlorinating enrichments to inert substratum are successful,
this will provide a unique opportunity to study the microorganisms responsible for reductive
dechlorination of PCBs in a defined environment

Dechlorination in Non-PCB-Contarainated Sediments
Aroclor 1242 was added to anaerobic sediments taken from the Saline River, Michigan.

Acetone, glucose, and methanol were added to different batches as substrate. After 8 weeks,
dechlorination activity was observed in all batches. This sediment has no detectable back-
ground levels of PCBs, and no history of previous PCB-contamination. It appears that
dechlorination of PCBs by microorganisms does not require long (years) acclimation times.
There may be PCB dechlorinating capability across broad classes of microorganisms, rather
than adaptation to dechlorination of PCBs by unique organisms.
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Figure 7-3. Change in congener distribution of Aroclor 1242 in methanol-fed batches through
20 weeks: a) autoclaved controls; b) low methanol level; c) high methanol level
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AEROBIC DEGRADATION

Rapid Assay
Biphenyl-degrading microorganisms were enriched from more than 20 sediment and sofl

samples. Although some of the samples had no detectable PCBs present, all samples yielded
cultures of biphenyl degraders. These cultures were then screened for PCB degradative com-
petence using the rapid assay procedure [Bedard et aL, 1986] with the congener mixture
shown in Table 7-3 at a concentration of 5 pM/congener. The enrichments varied in their
ability to degrade the dichtorobiphenyl congeners, and none of the isolates showed any ability
to degrade tetrachloroWphenyl congeners. The rapid assay results of the two most competent
isolates are shown in Table 7-3, along with the results using the pure culture LB400 for com-
parison. Note that significantly better degradation has been observed with LB400 under simi-
lar conditions by others [Mondello, 1989; Bedard et aL, 1986]. The Hudson River isolate, S3,
was selected to test for aerobic degradation of PCB congeners on anaerobically dechlorinated
sediment

TABLE 7-3. Rapid assay degradation of PCBs by biphenyl frown mkroorganisms (percent
degraded 96 hours)*

Culture
Congener Mix

2-2
2>
44

2 -̂2,6
23-W
2,4-2^
2,4-2,4
3,4-3,4
3,5-3,5"

2,4,5-2,4,5

16
100
100
100

0
0
0
0
0
0
0

S3
100
100
100

0
0
0
0
0
0
0

LB400
100
100

0
17
75
43
0
0
0
0

* - Degradation of less than 10% is not considered
significant and is shown as 0%.

• Internal standard.
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Aerobic PCB Degradation in Sediments
Anaerobic incubations (dechlorinated sediments and mineral medium) were purged with

pure oxygen for 5 minutes. Approximately 4 mLs of freshly grown S3 was then added to the
incubations. After 96 hours, live and autoclaved control samples were extracted. Significant
degradation of all mono- and dichlorobiphenyl congeners occurred, except for the tiortho
substituted 2-22,6-CB (Table 7-4). The total PCB concentration in the sediment was
reduced from 300 ppm to less than 50 ppm by the sequential anaerobic-aerobic treatment
No trichlorobiphenyls were significantly degraded aerobicalh/. These preliminary results can
be improved through longer aerobic treatment, use of a more competent organism, or more
extensive dechlorination during the anaerobk phase.

TABLE 7-4. Aerobic degradation of anaerobically dechlorinated PCBs on sediment

Congener Percent Degraded
2-
4-

2-2:2,6-
2^:2,4-

2-3
2-4:23-

85
100
18
94
72
75

SUMMARY AND CONCLUSIONS
Organic substrate may be a limiting factor for anaerobic reductive dechlorination in some

sediments. Anaerobic batches with non-autoclaved sediments, receiving inorganic nutrients
and vitamins, showed only slight dechlorination after more than 1 year incubation.

Aerobic biphenyl-degrading microorganisms are extremely common in soils and sedi-
ments, although their PCB degradative competence varies considerably. However, it is possi-
ble that more discriminatory enrichment techniques could select for more competent PCB
degraders.

Using aerobic organisms with only "average" PCB-degrading ability, it is possible to
significantly reduce PCB levels on sediments using a sequential anaerobic-aerobic biodegra-
dation process.

FUTURE PLANS
The proposed objectives for the coming year will focus on the transition between the

anaerobic and aerobic phases of PCB biodegradatioa Anaerobic sediments are relatively
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high in organic matter and very reduced, therefore, the sediments would be expected to have
a large oxygen demand. Hie use of pure oxygen or hydrogen peroxide for inducing aerobic
conditions will be tested. Methods that are potentially applicable to in situ bioremediations
wfll be modeled in the laboratory.

Once a suitable aerobic environment has been established, methods to initiate aerobic
PCS degradation wfll be mminrd Ideally, there would be indigenous bacteria throughout
the sediment that survived the anaerobic phase. Enrichment techniques that select for the
most competent PCB degraders wfll be tested. In addition, die reintroductkra of previously
enriched PCB-degrading organisms wfll be tested in order to determine the optimum condi-
tions for effective aerobic PCB degradation in situ.
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Chapter 8

HUDSON RIVER MODEL

Paul J. Anid, Lorlng Ntes, Jeany Man, and Timothy M. Vogel

Environmental and Water Resources Engineering
Department of Civil Engineering

The University of Michigan
Ann Arbor, Michigan

INTRODUCTION
In situ application is the ultimate aim of most laboratory bioremediation studies. The goal

of these studies is to better understand the naturally occurring processes that might aid in the
remediation of a contaminated site. This can help in developing strategies that enhance the
degradative abilities of the indigenous microorganisms. Laboratory studies have shown that
PCBs can be dechlorinated under both anaerobic and aerobic conditions [GE Report, 1988;
Brown et aL, 1987; Quensen et aL, 1988] and aerobicalty oxidized by mixed cultures and pure
cultures of microorganisms [Bedard et aL, 1987; Bedard et aL, 1986; Bopp, 1986; GE Report,
1987]. Generally, anaerobic microbes reduce the chlorine number and aerobic microbes
degrade the lightly chlorinated PCBs that remain.

Anaerobic dechlorination and aerobic degradation have not been shown to occur in
sequence within the same natural system. One experiment on a PCB-contaminated soil has
been attempted that clearly showed the potential of in situ methods to remove PCBs using
aerobic organisms, although the degradation efficiency was higher under laboratory condi-
tions [GE Report, 1988). Unfortunately, an in situ method using both anaerobic and aerobic
processes has.not been attempted yet However, illustration of the sequential anaerobic-
aerobic degradation of PCBs in batch reactors using river sediments is well underway and
might provide evidence for the potential of in situ biodegradation. Determining whether this
technique is likely to succeed depends on results from bench-scale experiments that simulate
river conditions.

Because of its past history of PCB contamination, the Hudson River sediments represent
an ideal site for testing the feasibility of this in situ bioremediation technique. Using both
anaerobic and aerobic processes, the objectives of this research are: (1) To model the Hud-
son River bottom sediment environment in order to determine whether PCBs can be
degraded under sequential anaerobic-aerobic conditions using substrate addition to enhance
that degradation. (2) To examine the design parameters that influence the degradation pro-
cess and to relate those parameters to real in situ conditions.

HRP 002 0593
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RESULTS AND DISCUSSION
The river model consists of a closed glass reactor (1.8 x 0.6 x 0.6 m) (Figure 8-1), filled

with 0.8 tons of a lightly PCB-contaminated Hudson River sediment (<5 ppm of mono-, di-,
and trichlorobiphenyl congeners). Additional Arodor 1242 was added and mixed into the
«*«imi»nj to a final concentration of - 300 ppm on a wet basis. Anaerobic conditions were
created in the sediment by adding methanol in two increments of 6.67 mg/L/week, along
with a mineral media, through eight injection wells connected to a multichannel pump. In
order to accurately model the flow in the river bed, a flowing stream of water on top of the
sediment was permanently retirculated. The flow rate (0.15 L/second) was low enough so
that no sediment refluidization occurred. The liquid was circulated for the duration of the
experiment, which to date has been 8 weeks. The reactor was kept at room temperature.

In order to monitor dechlorination, eight samples of sediments were collected every 4
weeks using a special coring device through eight top access ports and analyzed. Samples
were taken from the bottom, middle, and top of the sediment Batch incubations were
prepared in parallel by adding 15 g of the same sediment (after Arodor 1242 was added) to
120-mL serum bottles. Methanol was added in one increment to all bottles except three,
along with the anaerobic media. Triplicate bottles were kept at 12*C, 25"C and 30"C, respec-
tively. Control bottles were prepared identically and autodaved twice at 24-hour intervals.
AD bottles were sealed with Tefbn-coated stoppers and aluminum crimp caps. Gas produc-
tion by the batch incubations was measured by inserting the needle of a wetted, glass-barreled
syringe through the stopper of the serum bottle and measuring gas volume. Sample extrac-
tion, PCB analysis, and Arodor peak identification are described elsewhere [Nies and Vogel,
1990).

In order to study the transport and distribution of the substrate into the sediment, a study
using bromide as a conservative tracer was also performed on a smaller, 5-gaHon model reac-
tor. Water with bromide tracer at 600 ppm was injected into the reactor through a central
injection well and the bromide monitored as ft moved with the flow past multilevel sampling
weDs located at varying distances from the injection well The pumping rate was such that the
reactor fluid volume was replaced every 6 hours. The bromide concentration was measured
by ion chromatography (IQ. The distribution of the bromide tracer into the smaller reactor
varied with time and distance from the injection port Early after pumping began, bromide
was found in locations dose to the injection well Total breakthrough was quickly achieved in
the bottom of the reactor, whereas it was only after 24 hours of pumping that bromide
readied near maximal concentration in the top sand.

Methanol addition to the river model quickly initiated anaerobic conditions whhin the
reactor, as evidenced by the intense methane bubbling at the top of the flowing water. How-
ever, considerably less gas was observed whenever the methanol was apparently depleted.
After 4 weeks of operation, a shift of the congener pattern from the highly chlorinated

, to the less chlorinated PCBs was already observed, indicating that a dechlorination
process had started The extent of dechlorination is the removal of chlorine relative to the
control Table 8-1 gives the homolog distribution for Aroclor 1242 at different levels in the
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TABLE 8-1. Homolog distribution (nor%) and percent change for Aroclor 1242 in the Hudson River Model sediment

Homolog

Mono-
Di
Tri-
Tetra-
Peata
Hexa-

WeekO*

255
1950
3431
35.08
757
0.96

Top
Week 4
2.94 (+15.1%)

2346 (+1*2%)
33.14 (-3.4%)
3254 (-72%)
732 (-32%)
0.97 (+135%)

Top
WeekS
4. 13 (+61.6%)

2428 (+24.4%)
31.27 (-8.8%)
31.78 (-9.4%)
757(+OjQ7%)
0.94 (-1.96%)

Middle
Week 4
6.94(4171%)

2838 (+45.4%)
31.20 (-9.0%)
26.97 (-23.0%)
5.79 (-24.4%)
0.68 (-28.6%)

Middle
WeekS
2JL76(+S4%)

24^0 (+27.1%)
3334 (-X8%)
30.84 (-12A%)
734(-3jO%)
0.90 (-65%)

Bottom
Week 4
4.02 (+57.4%)

24.% (+27.9%)
3230 (-5 J%)
30.74 (-123%)
6.97 (-7.8%)
0.98 (+Z4%)

Bottom
WeekS
332 (+38,1%)

2731 (+40.0%)
3225 (-6JO%)
2937 (-162%)
6.69(-llJ4%)
OJO(-135%)

* The homolog distribution in controls without methanol addition remained unchanged after 8 weeks.
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Figure 8-2. Capillary gas chromatograras showing the anaerobic dechlorination of Aroclor
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of sediment; C) middle of sediment; D) bottom of sediment

HRP 002 0597
85



reactor after 4 and 8 weeks of operation. An increase in the mono- and dichlorobiphenyls
was observed relative to levels of week zero. Those levels were unchanged in autoclaved
controls. In addition, a decrease in tri-, tetra-, penta- and bexachlorobiphenyl relative to lev-
els in controls was also observed. In general, dechlorination was highest in the middle and
bottom of the reactor. The individual congeners that underwent dechlorination are shown in
Figure 8-2. In general, congeners 2>3,4 and 23,4-4-CB (peak F), 23-4-CB (peak E), 23-3-
and 23,4-CB (peak D), 4-4- and 2 -̂2-CB (peak Q were first dechlorinated as indicated by a
reduction in their peak height relative to the control Congeners 2-4- and 23-CB (peak B) as
well as 2*2- and 2,6-CB (peak A), were the major dechlorination products after 8 weeks of
operation.

No dechlorination was observed in batches incubated at 12*C, whereas incubations at
30°C and at room temperature were similar to the Hudson River model sediment in the
extent and pattern of dechlorination. Gas production was monitored in the batch incubations.
In general, the volume of gas measured was lowest in the 12°C incubations and highest in
batches kept at room temperature and at 30*C.

SUMMARY AND CONCLUSIONS
So far, anaerobic reductive dechlorination has been demonstrated in laboratory batch

experiments. In FCB-contaminated sediments, anaerobic microbiai communities seem to
mediate the dechlorination reaction. However, in nature dechlorination is a slow process.
This study is the first attempt to initiate dechlorination through substrate addition while simu-
lating at the same time in situ conditions. Methanol injection was able to initiate anaerobic
conditions and dechlorination without using a reducing agent The pattern of the shift in
congener distribution is indicative of active dechlorinating activity taking place spatially and
temporally within the reactor. In addition, the similarity of the results between the batch
incubations and the river model sediment suggests that it might be possible to translate
small-scale work to in situ conditions.

FUTURE WORK
The focus will be on the aerobic phase of the study. Once an appreciable amount of

dechlorination products have been obtained, the addition of methanol win be stopped and the
anaerobic layer wfll be oxygenated by adding hydrogen peroxide through the injection wells.
Eventually, most of the sediment should be aerobic. At this point, the upper aerobic layer of
the sediment that contains aerobic organisms adapted to PCB degradation wfll be pumped
into the reactor, introducing PCB degraders into the bulk of the sediment It is hoped this will
mediate the oxidation of the less chlorinated congeners.
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, Chapter 9

DIFFERENTIATION OF ANAEROBIC MICROBIAL DECHLORINATION PROCESSES

John F. Brown, Jr. \
I

1
Biological Sciences Laboratory

General Electric Corporate Research and Development
Scnenectady, New York

INTRODUCTION
It has long been recognized that the gas chromatographic patterns of the PCB mixtures

recovered from environmental samples often differed from those of the commercially used
compositions (e.g., Aroclors) originally released, indicating that changes in PCB congener
distribution had occurred. These changes were originally attributed to "weathering" of the
environmental PCBs. Several years ago we began to recognize that "weathering"
encompassed a wide variety of physico-chemical and (usually) biochemical alteration
processes, each of which was associated with a characteristic pattern of selection among the
various PCB congeners present in the commercial PCB product originally released. As a
result, each environmental alteration process leaves a distinctive distribution of residual
PCBs, and hence a characteristic pattern of alteration in the gas chromatogranu. Since then,
we have been collecting "weathered" PCB samples and chromatograms from aD accessible
sources, and studying them to determine the nature of the transformation processes that had
been underway. These surveys have shown that the environmental processes capable of
altering PCB congener distributions included inter-phase partitioning, aerobic microbial
biodegradation, and aerobic microsomal metabolism, all of which were known prior to our
studies, and anaerobic microbial dechlorination, which was not.

The reductive dechlorination of PCBs that is effected by anaerobic microbial action was
originally recognized in the gas chromatograms of aquatic sediments from a variety of
sources [GE Reports, 1984-1989; Brown et aL, 1984; 1987a; 1987b; 1990], but has more
recently been duplicated in several laboratories [GE Reports, 1987-1990; Quensen et aL,
1988]. From the very beginning it wit recognized that anaerobic microbial reductive
dechlorination is not a single process, at if carried out by just one dechlorinase enzyme
system in just one strain of bacteria, but instead a group of related processes, each character-
ized by its own pattern of selection among PCB congeners as substrates, and hence yielding a
mixture of residual and partially dechlorinated PCB congeners which exhibits a characteristic
gas chromatographic profile. These profiles were given letter designations which reflected
either the order of their discovery or their source. Thus far, 11 different GC profiles (B, B',
B', C, E, F, G, H', H', N, and W) have been seen repeatedly in environmental samples, and
at least two others (K and L) seem indicated by limited data from the St Lawrence, Six of
these environmental profiles (B, C, E, H, H', and N) have now been duplicated in laboratory
cultures. In addition, the laboratory cultures have often yielded alteration patterns (e.g., H,
H', J, M, N, or Q) which were different from those exhibited by the sediments used as
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inocula. The reasons for this appear to be two-fold First, the particular strain of PCB-
dechlorinating microbe that becomes predominant under conditions of laboratory culture
may not be the one that was predominant when the bulk of the environmental dechlorination
occurred. Second, some of the patterns observed in the environmental samples result from
the action of two or more individual dechlorination systems, which may be segregated under
the appropriate conditions of laboratory culture. Thus, the environmental Pattern C of
upper Hudson River sediments has been found to result from the combined action of the
dechlorination systems responsible for Patterns M and Q [GE Report, 1969] and Pattern H'
probably results from the action of System H with a small contribution from B, M, or J,
depending on the site.

In order to differentiate the observed dechlorination processes, it appeared important to
develop objective criteria for characterizing the congener selection patterns seen. Accord-
ingly, a detailed analysis of the congener selection patterns in the IS best-documented
dechlorination systems was undertaken.

RESULTS AND DISCUSSION
The resulting Table 9-1 shows that the 15 dechlorination systems examined differ in four

general characteristics. First, in their relative preferences for attacking chlorines located in
the ortho.meta, and pom positions on the ring. Systems M and N have a strong preference
for removing meta chlorines; Q and probably E for removing pan chlorines; while the
remainder attack chlorines in either position with comparable ease. However, only the
systems from the Housatonic River drainage (F, G, and certain new cultures described
elsewhere in this report) have thus far been found to remove ortte chlorines.

Second, the observed systems differ in their preferences for attacking lightly, moderately,
or heavily chlorinated PCS congeners. Most of them appear to have mfld preferences for
attacking the more lightly chlorinated congeners, in line with the mildly inhibitory effects of
opposite ring substitution which have been previously detailed [Brown et aL, 1987b; 1990].
However, Systems E and F seem to prefer to attack the higher congeners, and G and N
show an intermediate behavior. These sort of preferences are most marked for System F,
which attacks most beavfly chlorinated PCBs both preferentially and indiscriminately, and for
System M, which attacks only a few congeners carrying more than four chlorines, but can be
very active on the lower congeners.

Third, the systems differ in their overall selectivity pattern in attacking higher PCB
congeners, both in terms of substitution pattern on the ring being attacked and the sensitivity
of the process to ortfo substitution on the opposite ring. These patterns have been worked
out in detail for Systems B.H, and H' [Brown et aL, 1987b; 1990], but can be summarized in
more general terms for the other systems as in Table 9-L
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Table 9-1. Congener selectivity patterns shown by environmental PCB dechlorination systems1

System
B
B'
B'
C
E
F
G
H
H'
H«
J
M
N
Q
W

Source
Upper + mid-Hudson R (NY) + cultures
Upper Hudson R (NY)
Sheboygan R (WI)
Upper Hudson R (NY) + cultures
Upper Hudson R (NY) + cultures
Silver Lake (Pittsfield, MA)
Silver Lake (Pittsfield, MA)
(Several sitesj + cultures)
(Several sites' -I- cultures)
Sheboygan R -I- Harbor (WI)
New Bedford (MA) cultures
Upper Hudson R (NY) cultures
Woods Pond (MA) + cultures (on 1260)
Upper Hudson R (NY) cultures
Waukegan Harbor (IL)

Position
and Range
of Attack

nt,p-L
m,p-L
m,p-L
m,p-L •
m,p_-H
o,tn,p-H
o,m,p-M
m,p-L
m,p-L
m,p-L
m,p-Ll
m,p-LL
nip-M
m,p-L
m,p-L?

Higher PCB
Removal
Pattern

111-4
IK-4
111-4
III-4
II-4

III-4
HI-4
11-3
II-3

II+-3
HI-4

1-4
III-4
HI-4

II+-3

Range of Reactivities for PCBs with
Indicated Mono- or Dichlorophenyl Group
3,4-

4
4
4
4
?
4
4
3
3
3
4a
4a
?
4

3-4

2,3-
4
4
4
4
?

<3
4
2
3
2
3
4
?
4

3-4

2,5-
2b

2-3b
3b
4
?
0

2-3b
0
0
0
0
4
?
0?
2b

2,4-

1
2
1

3-4
?
0
0?
0
0
0
0
0
0

3-4
0

4-

0?
0?
0?
4
?
0
7
0
0
0
0
0
?

4
0?

3-

1?
2
2
2
?
0
2
0
0
0
0
2
7

0?
2

O
o
ro

o
Cft
o

*KEY. Chlorine positions attacked: m,p = meta, para\ o,m,p - ortlio, meta, para; underline indicates preference. Chlorination
range attacked: L, M, H = mild preference for lower, medium, or higher congeners, respectively; LL = strong preference for lower
congeners. Pattern of attack on higher congeners: I = 236-XY > 234-XY » 245-XY, etc. II = 234-XY > 245-XY > 235-XY
> > 236-XY; 2345-XY, 2346-XY > > 2356-XY. II* = ditto except 234-XY » 245-XY. Ill = 234-XY > 245-XY > 236-XY >
235-XY but range of relative reactivities small; 2345-XY, 2346-XY, 2356-XY all reactive. Effect of opposite ring substitution pattern
on reactivity of indicated chlorophenyl group (or 245-chlorophenyl group in a higher congener): 0 = indicated group never
dechlorinated; 1 = only congeners lacking 2' substitution attacked; 2 = congeners substituted 2' but not 2' X' attacked; 3 =
congeners substituted 2'X' but not 2'6' attacked; 4 = all congeners carrying indicated group attacked. Modification of usual
2'6' substitution effects on reactivity: a = 2'6' substituted congeners attacked at least as easily as less ortlio substituted types,
b = indicated orf/io substituted type may be more reactive than non-ortho substituted species (e.g., 25-3,25-4 CB).
*New Bedford (MA); Pensacola (FL); Bridgeport (CT); Woods Pond (MA); mid-Hudson R. (NY); upper Hudson cultures.



Finally, and most characteristically, the various systems differ in their selectivity patterns
for attacking the lower PCB congeners, again in terms of both the substitution pattern on the
ring being attacked and the sensitivity to various types of substitution on the opposite ring
(Table 9-1, last six columns). Basically, most systems can attack 3,4- or 23-dichloropbenyl
groups in most of the lower congeners, but encounter increasing limitations with 2£>, 2,4-,
3-, or 4-chlorophenyl groups. The limitations are manifest mainly in the range of PCB
congeners containing such groups which can undergo attack; increasing substitution on the
opposite ring, especially ortho substitution, limits the range of reactivity.

Incidentally, on Table 9-1 no data is given in the last six columns for System E because
so far it has only been observed in environmental samples which also exhibited dominant
System B or C dechlorination in the lower congener range, or in early cultures on
Aroclor 1260, which contains almost no lower congeners to start with. Data has also been
omitted for the action of System N or lower congeners, in this case because we are not
absolutely sure whether the system responsible for transforming Aroclor 1260 in culture (and
observed in Woods Pond) is identical to that responsible for transforming Aroclor 1242 in
parallel cultures examined by Quensen. The latter system is very similar to System M in its
lower congener reactivity preferences, but also (unlike M) attacks the higher congeners
present (at low levels) in 1242 as well

SUMMARY AND CONCLUSIONS
In summary, as a result of the differences in range of PCB congeners attacked it is

possible to distinguish among, and thereby characterize, at least 13 different anaerobic
microbial dechlorination systems (allowing Systems C and H' as composites) and to
recognize that several others may be already hinted at front fragmentary chromatographk
data. Thus far, only Patterns H and H' have appeared in either sediments or cultures from
more than one drainage basin. Otherwise, it would appear that each of the more heavily
studied drainage basins (e.g., the Hudson, Housatonic, Acushnet, Sheboygan, and Waukegan)
has produced its own distinctive assemblage of dechlorination systems in response to the
availability of PCBs as terminal electron acceptors for anaerobic microbial metabolism.
Whether these assemblages arise from local mutations to produce the requisite dechlorinases,
or from natural selection guided by local environmental features, is still unknown.
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Chapter 10

GENETIC STUDIES OF BACTERIAL PCB DEGRADATION:
1. BACTERIAL SURVIVAL ON PCB-CONTAINING SOIL

2. ANALYSIS OF bph GENES

Frank J. MondeQo and James R. Yates
Biological Sciences Laboratory

General Electric Corporate Research and Development
Schenectady, New York

INTRODUCTION
The ability to develop a practical process for aerobic PCB biodegradation depends largely

upon obtaining organisms with suitable characteristics. Two of the most important attributes
are (1) high levels of degradative activity against a wide variety of PCB congeners, and (2) the
ability to survive and retain activity on PCB-containing soils long enough for significant
degradation to occur. The survivability of naturally occurring and genetically engineered
PCB-degrading bacteria on contaminated soil is being examined in the laboratory. In addi-
tion, other properties which may influence the utility of these strains are being investigated.

We are also continuing our efforts to develop recombinant bacteria with superior PCB-
degrading abilities. Biphenyl dioxygenase (encoded by the bphA gene) is the enzyme pri-
marily responsible for PCB degradation. Our approach is to construct a wide-host-range
plasmid in which bphA activity is controlled from a high expression promoter. This should
lead to the increased production of biphenyl dioxygenase and thereby an increase in PCB-
degrading activity. In order to accomplish this goal the nucleotide sequence of the bphA gene
is being determined and the influence of adjoining DNA regions on PCB degradation is being
examined.

RESULTS AND DISCUSSION

Survival of Genetically Engineered Bacteria on PCB-Containing Sofl
The need to repeatedly add organisms to contaminated sofl severely reduces the utility of

either in situ or reactor-based bioremediation processes. The use of soil isolates in such
processes does not guarantee that these organisms will survive on PCB-laden sofl. For exam-
ple, in the field study conducted by Unterman et aL, [1988a], a sofl isolate (LB400) with good
activity against many PCB congeners, exhibited poor sofl survivability and therefore had to be
repeatedly applied to the site [GE Report, 1988]. Previous studies have demonstrated that
the genetically engineered Escherichia coB stain FM4560 (containing the LB400 bph A, Band
C genes), degrades PCBs nearly as well as LB400 while displaying characteristics which may
be advantageous in a bioremediation process [Mondello, 1989; GE Report, 1988]. Among
the potential advantages was greater survivability in laboratory media containing PCBs.
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Recently, the surrivabflity of FM4S60 and LB400 were compared on PCB-contaminated sofl
from the Glens Falls dragstrip site. This material contains - 550 ppm of highly evaporated
Arodor 1242 and thus is similar in composition to Arodor 1248. A series of 2 dram vials
containing 02 g of dragstrip soil were inoculated with 0.1 mL of either FM4560 or LB400
(-10* cells/vial), sealed, and incubated at 23°C without shaking. Separate vials were sam-
pled at each timepoint by the addition of 2.0 mL of phosphate buffer (50 mM, pH 7.5), and
vortex mmng at maximum speed for 2.0 minutes. Samples were serially diluted and spread
onto minimal medium plates containing biphenyl, 0.02% sucdnateand50g/inLtetracycline
(for LB400 samples). FM4560 cells were plated onto both MaConkey and Luria agar plates
containing 200 pg/mL ampicfllin. Colony formation was used to measure cell survival The
presence of active bph genes in LB400 was determined by growth on biphenyl, while bph gene
activity in FM4560 colonies was demonstrated by their ability to produce yellow meta
deavage product when sprayed with an ether solution of biphenyl or 23-dihydroxybiphenyL

Similar survival curves were obtained for FM4560 and LB400 (Figure 10-1). Early
thnepoints show a significant increase in cell numbers resulting firom growth on stored intra-
celhilar nutrients. After 72 hours the cell numbers returned to their original levels and contin-
ued to decrease such that by 8 days - 20% of the cells remained viable. Of the initial inocu-
lum, 2% of the cells were found to survive after incubation for 28 days.

The presence of active bpH genes in the surviving cells was examined at each timepoint
For LB400 the percentage of viable cells unable to grow using biphenyl remained relatively
stable for the first 8 days at - 2J% and then increased to 42% for the remainder of the
experiment. Virtually all (99.8%) of the FM4560 colonies contained active bph genes. Those
that did not were restreaked onto selective media and tested again. In each instance the cells
were found to contain active bph genes. An examination of the plasmids in these cells
revealed no alterations in their £coRI restriction patterns indicating that no substantial DNA
rearrangements or deletions had occurred.

The survival of LB400 for long periods on PCB-contaminated sofl was unexpected as pre-
vious investigators have reported that LB400 cells rapidly tost viability upon exposure to sofl
from the dragstrip site. The different results obtained in the previous experiment may be due
to the use of a different experimental protocoL In those experiments bacterial cultures were
added to the sofl and allowed to air dry. The more recent studies were conducted in sealed
vials where the moisture level was constant Experiments are in progress to determine the
effect of drying on cell viability. Somewhat less surprising was FM4560*s ability to survive on
PCs-containing «ofl. Several studies had demonstrated long-term survivabflity of recom-
binant E. coU strains on softs; however, none of this work involved PCB-contaminated
material [Devanas and Stotsky, 1986; Trevors, 1987].

Instability of LB400 bph Genes
In 1989, we reported that cultures of LB400 grown without biphenyl contained an

unusually large number of cells which had lost the ability to degrade PCBs [GE Report,
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10 15 20
INCUBATION TIME (DAYS)

25 30

Figure 10-1. Survival of FM4560 and LB400 on PCB-contaminated sofl. FM4560, Qosed
Boxes; LB400, Open Boxes.

COOH

Figure 10-1 Degradation of biphenyl and chlorobiphenyls by the 2>dioxygenase pathway in
Pseudomonas strain LB400. Gene designations: bphA, btphenyl 23-dioxygenase; bphB, dfty-
drodiol dehydrogenase; bphC, 2>dihydroxybiphenyl dioxygenase; bphD, 2-hydroxy-6-oxo-6-
phenylhexa-2,4-dienoic add (mete-cleavage compound product) hydrase.

HRP 002 0605
93



1989]. Analysis of these spontaneous mutants revealed that many had lost all of the enzy-
matic activities encoded by bph A, B,C, and D (Figure 10-2). Southern hybridization experi-
ments revealed that these strains had imdergoM a deletion of their 6^ The
potentially serious effects of this phenomenon on LB400*s utility in a PCB bioremediation
process has led us to investigate this phenomenon in more detail

1. Bph Mutation Frequency
Biphenyl grown colonies of LB400 were inoculated into Pseudomonas minimal medium

(PMM) containing (X5% sodium succinate as the carbon source. The ecus were maintained
in logarithmic growth phase for 100 generations by serial passage into fresh media. The ratio
of Bph*/Bph* cells was determined by colony counts on minimal medium containing
biphenyl and 0.05% succinate. The results of six independent experiments are shown in
Table 10-1. The percentage of mutant strains in the cultures ranged from 0.6 to 32 and with
an average of 1.5%. Of the 64 mutant strains isolated, 62 (96.9%), were stable (reversion fre-
quency <1/1010). Southern hybridization analysis of of these mutant strains confirmed that
they had lost the bph structural genes. >

TABLE 10-1. Spontaneous mntagenesis of the LB4006pA genes

Experiment
1
2
3
4
5
6

# of Colonies
452
310
591

1067
1515
1287

*Bph'
9

10
6
6

22
11

* Stable1

8
10
6
6

21
11

%Lossb

1.8
32
1.0
0.6
1.4
0.9

Average » 1.5%

* these mutants reverted to the Bph4 phenotype
at a frequency of less than 1 in Mr0

b % loss determined by number of stable mutants/number
of colonies examined

2. Deletion Specificity in the LB400 Genome
Wild-type cultures of LB400 can be grown on minimal salts medium and succinate

without the addition of growth factors such as amino acids, muteotides, or vitamins. A muta-
tion in any of the >100 genes involved in the biosyntbetic pathways for these compounds will
result in an auxotrophic strain unable to grow in a minimal medium. To determine whether
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the high spontaneous mutation frequency is specific for the bph genes, the number of auxo-
trophic mutants appearing after growth of LB400 on a complete medium was examined. A
culture of LB400 was maintained in logarithmic growth phase on Luria-Bertani medium for
100 generations by serial passage into fresh medium. The percentage of auxotrophic mutants
in this population was determined by replica plating colonies of these cells grown on Luria
agar plates onto minimal agar plates supplemented with 02 % succinate. Of the 987 colonies
tested, none were found to be auxotrophic, indicating that the deletion phenomenon does not
occur throughout the LB400 genome and may be bph specific.

3. Growth Rate Comparison
If the Bph' mutant strains grow faster than the wQd-type they will eventually dominate the

culture and PCB degrading activity wfll be lost. In order to determine whether the Bph'
strains had a selective advantage in growth rate over the Bph* cells we compared the growth
curves of the two organisms in PMM + 0.5 % succinate. As shown in Figure 10-3, both
LB400 (Bph4) and LS2 (Bph* mutant of LB400) have nearly identical growth curves and
therefore the ratio of Bph"/Bph* cells in a mixed culture will tend to remain constant

4. Bph Gene Stability in Recombinant Bacteria
Eschenchia coli strain FM4560 contains the recombinant plasmid pGEM4S6 (ampicflhn

resistance [Apr], bphA, B, and C) and has PCB-degrading ability similar to that of LB400
[Mondello, 1989]. In order to evaluate the ability of this strain to stably retain its PCB-
degrading ability, FM4S60 was maintained in logarithmic growth phase for 72 hours with and
without antibiotic selection in Luria-Bertani broth. The presence of active bph genes was
determined by the ability to accumulate meta cleavage product when treated with either solu-
tions of biphenyl or 2^-dihydroxybiphenyL When grown in the presence of ampicillin (to
select for plasmid-containing cells), all colonies tested throughout the experiment contained
active bph genes. In the absence of antibiotic selection, an average of 8.3% of the cells had
lost both antibiotic resistance and bph activity by 21 hours (Figure 10-4). The loss of
Bph4 /Apr cells in the population decreased exponentially and by 72 hours was reduced to an
average of 31.7%. The loss of bph gene activity was always accompanied by the loss of antibi-
otic resistance suggesting that the entire pGEM456 plasmid had been lost from these cells.
An examination of 24 Bph'/Ap* strains for plasmid content confirmed the absence of
plasmid DNA in these cells. These data indicate that the pGEM456 plasmid is lost or main-
tained as a single unit and is not subject to the deletion phenomenon associated with the bph
genes in LB400. Similar results were also observed in the sofl survival experiment described
above. The loss of plasmid DNA from cells growing in the absence of antibiotic selection is
common and results from the faster growth rate of plasmid-free cells. These data suggest
that in the recombinant strain, PCB-degrading activity can be stably maintained through sun-
pie antibiotic selection.
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Figure 10-3. Comparison of the growth curves for strains LB400 and LSI
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Plasmid Maintenance in Non-Selective Medium

100

m
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Time (h)
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Figure 10-4. Plasmid stability in £rcferfcftfe coli FM4S60 grown in nonselective medium.
Data represent results of two independent experiments.
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Analysis of the LB4006pM Gene

1. Sequencing the bphA gene
To date, - 50% of the LB400 bphA gene has been sequenced The procedure involved

the use of Exonuclease m and SI nuclease to construct a series of nested deletion clones
from a plasmid containing the 2.9 kflobase£coRI fragment from pGEM4S6. Sequencing was
performed using T7 DMA polymerase and dideoxy nudeotide termination reactions with
[35S]dATP as the label The reactions were analyzed on 6% polyacrilamide wedge gels con-
taining 8 M urea. Two contiguous sections of DNA sequence have been obtained and work is
currently underway to fin the gap between the two segments.

2. Evidence for Multiple Bph Promoters
Several lines of evidence suggest that the UMQQbph genes are not arranged as an operon.

Previously reported transposon mutagenesis studies have found none of the polar effects
commonly observed in operons (Le., the inactivation of downstream genes). The absence of
these effects usually indicates that the downstream genes contain their own promoter regions.
The existence of multiple Bph promoters is also suggested by recent cloning experiments in
which a 3.7 kflobase DNA fragment (encoding the bphA gene) and a 2.0 kb fragment (con-
taining bphB and C) were inserted into pUC-13. In both cases, the bph genes were expressed
regardless of fragment orientation, consistent with the presence of a promoter on each frag-
ment

3. Wide-Host-Range Plasmids Encoding the bphA Gene
The cloning of the bphA gene onto broad-bost-range plasmids allows this gene to be

transferred to a variety of bacterial strains from diverse environments. Once this is accom-
plished the strain-specific expression of bphA can be studied. A 3.7 kb DNA fragment encod-
ing the LB400 bphA gene was inserted into cloning vectors pMMB66EH and pKT240. These
plasmids are capable of being transferred to and maintained in many different genera of bac-
teria. The recombinant plasmids (designated pGEM438 and pGEM240 for the pMMB66EH
and pKT240 derivatives, respectively) have thus far been mobilized into strains of £. coli,
Alcaligenes eutrophus, andPscudomonas. In all cases, PCB-degrading activity in these strains
(as measured by resting-cell assays on PCB mixes IB and 2B), were much lower than that of
FM4560. Among the possible reasons for this are (1) the lower copy number of the vector
plasmids, (2) the absence of a structural or regulatory region of DNA required for high
activity, or (3) the accumulation of an inhibitory intermediate from PCB degradatioa

SUMMARY AND CONCLUSIONS
Both the naturally occurring and recombinant PCB-degrading bacteria showed better

than expected survwabflity on PCB-containing sofl, and were easily detectable even after 28
days. This may mean that given the proper conditions, multiple additions of cells to the soil
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would not be necessary. Instability of the bph genes in LB400 has been further characterized
and found to occur in greater than 1.5% of the population. The phenomenon appear to be
bph specific and does not produce cells with a growth rate advantage over the wilty-type
strain. The bph genes in the recombinant strain FM4560 were found to be stable if antibiotic
selection for the plasmid was maintained.

Evidence for at least two separate promoters in the bph region suggest that these genes
are not organized as an operon. This may influence our strategy for constructing bacteria
with enhanced PCB-degrading ability. :

FUTURE PLANS
Once the complete bphA gene sequence is available, a computer analysis wfll be per-

formed to determine nucleotide and amino acid homology with sequences contained in the
Genbank database. In addition, transcriptional analysis of the bph region wjll be performed
to identify and confirm the existence of potential regulatory sites (i.e., promoters, ribosome
binding sites and terminators, etc.). This information will be used to construct a recombinant
plasmid in which the tac promoter is used to control the expression of bphA.

Laboratory studies to evaluate the ability of genetically engineered bacteria to degrade
PCBs on soil have been initiated. These investigations will help determine whether currently
available recombinant strains have significant advantages over LB4QO for PCB degradation.
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: Chapter 11

* PCB BIODEGRADATION AND NITRATE REDUCTION

S.W. Tanenbaum, JJ*. Hassett, C SUvin, A. Boyle, J.S. Novak, and
JJ».Nakas

State University of New York
{ College of Environmental Science and Forestry

Syracuse, New York

INTRODUCTION
* It has become increasingly evident that future bioremediation processes for PCBs will
] employ consortia of microorganisms, either naturally constituted, reconstituted, or genetically

engineered. Such cooperative interactions may prove especially useful for contaminated sites
which contain pools of PCBs under aqueous depositioa Towards this end, we have initiated a
program designed to obtain assemblages of bacteria which may facultatively utilize nitrate as
well as oxygen as electron acceptors for PCB dissimilation. Thus, enrichment cultures were
made from municipal sewage and PCB-contaminated sites, including Hudson River sedi-
ments. Samples from these sources were inoculated into mineral salts media amended either
with biphenyl, hexachlorobenzene, Aroclor 1242, or mixtures, and were incubated in air or
with nitrate under reduced oxygen tensions. At this point, we have isolated a number of

. organisms which are capable of biphenyl or selected Aroclor congener metabolism, and which
>—' also demonstrate nitrate reduction. Current endeavors are directed toward the linkage of

these two major metabolic functions.

RESULTS AND DISCUSSION
A compilation of results which relate to the salient gross physiological properties of these

microorganisms thus far obtained is encompassed in Table 11-1. As can be seen from these
data, a number of consortia and single isolates would appear to utilize biphenyl or PCBs and
concomitantty reduce nitrate or produce gas. While it is generally recognized that oxygen at
/iMolar concentrations represses the synthesis and activity of nitrate and nitrite reductase
[Coyne and Tiedje, 1990], there has been at least one report [Krul, 1976] of a constitutive
nitrate reductase in denitrifying Alcaligenes sp. From among this array of isolates, we have
chosen initially to investigate two consortia, "TS-1" and "95-SW, in more detail

Properties of Consortium TS-1"
The identity of the individual microbial components present within TS-1 (Table 11-1) are

as follows: Citrobactcr freundii, Pscudomonas fluorenscens, Pseudomonas putida, and
Comanonas testosteroni. Other reports [Pettigrew et aL, 1990] and earlier references therein
have also indicated that the latter organism possesses aromatic degradative capabilities. We
will concentrate our efforts on the biochemistry of this isolate.

\_x
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TABLE 11-L Qualitative screen for nitrate reduction in the presence of biphenyl or
Arodor 1242

Microbial Isolate

Nitrate3 Nitrate3

Reduction Reduction
Plates Tubes1

(3 days) (stab)
_______(3 days)

Biphenyl1
NOjTubes Aroclorl242-NO3

2

NOj tubes

Hexachlorobenzene isolate
P. putida isolate
Hudson R. isolate #1
P. fhiorescens isolate
TS-1 consortium
Comonoas testosteroni
Sludge arodor consortium
Isolate E-4y
Hudson R. isolate #5
Hudson R. isolate #16
Sludge isolate #15
Gull Creek isolate #2
Hudson R. isolate #17*
Hudson R. isolate #18
Sludge isolate #16
Sludge isolate #2

gas/-
gas/±

gas/-
gas/-
+ + (strong)* +
gas/-

+ + (strong)

(gas)/+ +

+ (very strong)

1 PAS salts with 0.5% biphenyl, 4 mM KNQj
2 PAS salts with 200 ppm Arodor 1242,4 mM KNQj
3 Yeast extract-peptone medium
4 Intense yellow-orange colony
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Comamonas testosteroni reached cell densities between 107 to 108 per mL when grown on
biphenyl, Aroclor, or both after 24 hours (Figure 11-1). Even in the absence of yeast extract,
the culture demonstrated comparable cell densities when grown aerobicalh/ on a mixture of
Aroclor and biphenyl (data not shown). Capillary GC analyses of C testosteroni activity on
Aroclor 1242 (Figures 11-2A and 11-2B) indicate changes in concentration of several
congeners (indicated by arrows). Five dichlorobiphcnyls (25-, 24-, 2-3-, 2-4-, and 23-CB),
three trichlorobiphenyls (25-3, 35-2-, and 23-4-CB), and one tetrachlorobiphenyl congener
(24-26-CB) underwent degradation in this experiment

Growth of C testosteroni in the presence of 2-4- and 4-4-CB indicated that the metabolic
transformations of these compounds during 48 hours of growth resulted in the formation and
accumulation of chlorobenzoic acids (Figure 11-3). A recent report by Pettigrew et al. [1990],
who investigated an isolate identified as Comamonas testosteroni (LPS10A), also determined
that these compounds are an endpoint of PCB metabolism.

The aerobic metabolism of biphenyl carried out by this microorganism, as established by
GC-MS of intermediary metabolites, provided proof that the earlier proposed meta cleavage
pathway [Smith and Ratledge, 1989] is operational (Figure 11-4). The following intermedi-
ates were unequivocally identified (data not shown): 2-hydroxy-6-oxo-6-phenylhexa-2,4-
dienoate, 2-oxo-penta-4-enoate, T-benzoic acid, rbenzoyl-butyraldehyde, and 7-benzoyl-
butyric acid.

Consortium 95-SW
This consortium is a mixture of two microorganisms isolated from aquatic sediments, ten-

tatively identified as a Pseudomonas sp. and a Bacillus sp. (Table 11-2). The individually
resolved isolates do not show nitrate reductase activity with biphenyL Using resting-ceU
assays [Bedard.et al., 1986] in screw cap vials, complete metabolism of biphenyl was observed
after 6 hours of incubation. Assays with individual congeners demonstrated significant degra-
dation (95% loss of 2-4-CB and 20% loss of 4-4-CB in 48 hours; 50% loss of 23-234-CB in
96 hours). Preliminary experiments with Aroclor 1242 indicate a decrease in several
congeners, especially 24- and 25-CB and 245-CB (data not shown).

TABLE 11.2. Nitrate redactions by 95-SW consortium

Microorganism Nitrate medium, Plates, Nitrate medium, Slants
____________[Beef Ext & Peptone] [Biphenyl]______

95-S Pseudomonas
95-W Bacillus
95-S &W Mix of both
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u.o
•PAS+YE+Aro+BiPh
PAS+YE+Ai»
PAS+YE TSB starter
PAS+YE Aro starter
PAS+YE+BiPh

24 48 72 9 6 1 2 0 1 4 4 1 6 8 1 9 2 2 1 6 2 4 0

Time (hrs)

Figure 11-1. C testostcroni grown on PAS and yeast extract (BiPh - bipbenyl, Aro - Aro-
clor!242)
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C.testosteroni

Figure 11-2. Capillary GC analyses of 1242 after incubation with C testosterom. Upper curve
indicates control. Lower curve indicates post-metabolism. Arrows indicate individual
congeners which appear to hive been transformed.
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SUMMARY AND CONCLUSIONS
Enrichment cultures were made from municipal sewage as well as from a number of

PCB-contaminated sites, including Hudson River sediments. Samples from these sources
were inoculated into mineral salts amended either with biphenyl, Aroclor 1242, or both, and
were grown in air or with nitrate as electron acceptor. Pure isolates include a Comamonta
testasteroni, a Pseudomonad, and a Bacillus sp. Cell densities of the former approaching 3 x
IQP/mL can be achieved when this organism is grown on a biphenyl-Arodor mixture. High
performance liquid chromatography (HPLC) analysis following extraction and workup of
growth supernatants from either substrate revealed at least five major metabolites. From
biphenyl, further GC/MS analysis identified these compounds: 2-oxo-penta-4-enoic acid,
2-hydroxy-6-oxo-6-phenylhexa-2-enoic acid, T-benzoylbutyric acid, Tbenzoylbutyraldebyde,
and benzoic acid. The most likely biochemical explanation for the appearance of these inter-
mediates involves the initial activity of oxygenase and meta cleavage enzymes, followed by a
series of oxido-reduction states. C testosteroni also accumulates a melange of yellow-colored
compounds when grown on Aroclor 1242. The exact nature of these remains to be esta-
blished.

Several of the above enrichments reduce nitrate in the presence of biphenyl and/or Aro-
clor 1242 when grown anaerobically. Such putative anaerobic dissimilatory routes must ini-
tially involve different activation and ring-cleavage steps. However, in facultative strains,
these intermediates may be convergent with later steps found in the aerobic metabolic route.

FUTURE PLANS

Our proposed objectives for the coming year are:
1. To continue to probe the enzymology of catabohzing enzymes involved in ring fission of

chlorinated biphenyls and to link these studies with possible biological dechlorination.
2. To continue to resolve and study the physiology of biphenyl, haloaromatic, and

Aroclor-transforming bacterial isolates with special regard to those which possess
N-oxide-reducing activities.

3. To select from among the former strains or combinations thereof, those which are
either constitutive for nitrate reductase or which can express such enzyme activity in the
presence of reasonably low oxygen tensions.

4. To attempt to link Aroclor biotransformation under anoxk conditions with nitrate
reduction by introducing such reconstituted assemblages into a laboratory aquatic
setup. For such studies, the experimental procedures developed by Kuhn et aL [1988]
will be followed.
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Chapter 12

AVAILABILITY OF PCBs IN SOILS AND SEDIMENTS TO SURFACTANT
EXTRACTION AND AEROBIC BIODEGRADATION

Mark R.Harknesi and John A. Bergeron

Biological Sciences Laboratory
General Electric Corporate Research and Development

Schenectady, New York

INTRODUCTION
Surfactant extraction and aerobic biodegradation of aged PCB contamination in soils and

sediments can be viewed analogously. In both processes the hydrophobic PCB molecules
must move from the soil/sediment matrix and transfer into the aqueous phase before uptake
can occur. In surfactant systems this uptake occurs by adsorption into surfactant micelles. In
biological systems it occurs by partitioning into microorganisms [GE Report, 1988]. For
either process, phases which exist in the soil/sediment matrix and compete for the PCB
molecules can substantially hinder the rate and extent of transport observed.

This chapter presents research examining the effect of two such phases, naturally occur-
ring organic matter (NOM) and oft, on surfactant extraction and aerobic biodegradation of
PCBs in soils and sediments. A soil pretreatment is presented which enhances both processes
by modifying the NOM present in the soil or sediment matrix.

RESULTS AND DISCUSSION

Surfactant Extraction
Sodium dodecylbenzene sulfonate (SDBS) has been used successfully to extract PCBs

from Oakland soil [GE Report, 1989]. This soil is primarily montmorillite clay with little
organic carbon content Montmorillite is considered difficult to extract due to its high internal
surface area.' The soil is contaminated with Aroclor 1260 to a level of 3500 mg/kg, a high
PCB loading. Despite these facts, better than 95% extraction of PCBs was achieved in less
than 45 minutes with a 1% aqueous solution of SDBS at 80°C These extractions were run at
a 4:1 solution to soil ratio with agitation. Solution PCB loadings approached 1000 mg/L

Glens Falls dragstrip sofl has been characterized as a Windsor Loamy Fine sand. The soil
is predominantly a fine sand with some silt, day, and organic matter present The organic
carbon content is 2-3% by weight as measured by combustion of the organic carbon. The sofl
is contaminated with partially evaporated Aroclor 1242 at a level of 100 mg/kg. The expecta-
tion was that this low level of PCBs would be removed easily from the sandy loam sofl by a
SDBS treatment comparable to that given the Oakland sofl.
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This was not the case. Only about 40% of the PCBs present in the dragstrip soil were
removed after 2 hours of extraction with the surfactant The kinetic results are compared
with those from Oakland soil in Figure 12-1. The numbers plotted represent the percentage
of total PCBs present in the supernatant at any time. These results indicate little difference
in the percentage of PCBs removed from the two soils at early timepoints, but clearly demon-
strate a difference in final extent of extraction. The absolute amount of PCB solubflized was
also different Final solution PCB loadings in the dragstrip sofl extraction only reached 25
mg/L at a 2:1 solution to soil ratio, far below that achieved with the Oakland soil

Several experiments were run to examine the mechanism causing the poor extraction per-
formance of the dragstrip soil The data presented in Figure 12-2 show the effects of three
levels of surfactant concentration on the kinetics of extraction from this sofl. The extractions
were run at 80°C, again with a 2:1 solution to sofl ratio and agitation. Increasing the SDBS
concentration in aqueous solution from 1 to 3% increased the amount of total PCB solubfl-
ized from 40% to 85% after 2 hours. The initial rates of extraction were not significantly
altered by the increased surfactant concentration.

The results of three consecutive extractions on a single sofl sample are given in Table
12-1. One percent surfactant solutions were used with the conditions just described. After
each extraction the shiny was centrifuged, the supernatant withdrawn, and fresh surfactant
solution added to make up the volume removed. About 75% of the PCBs were removed by
the three extractions combined. The ratio of solution PCB concentration to sofl PCB concen-
tration stayed relatively constant for an three extractions. The results of these two experi-
ments make it clear that the extraction is not being limited by surfactant loading or by kinetic
rate. Instead, the process appears to be equilibrium limited.

TABLE 12-1. Consecutive extractions from dragstrip toll using a 1% SDBS surfactant
solution

Sol'n[PCB] Sofl [PCB] Sofl/SoTn [PCB]
Start
Extraction 1
Extraction 2
Extractions

20 mg/L
15 mg/L
9 mg/L

99 rag/kg
66mg/kg
40mg/kg
25 rag/kg

33
2.7
2.8

There is literature [Means et aL, 1980; Chiou et aL, 1983; Gschwend and Wu, 1985] indi-
cating that nonpolar molecules such as PCBs undergo equilibrium partitioning into NOM
when both are present in an aqueous medium. This is much nice the distribution of these
molecules between the two phases which form when octanol and water are mixed. NOM
exists in the form of large macromoJecules in many soils and sediments, the result of a partial
breakdown of organic material, primarily lignin, deposited over decades. These macro-
molecules are largely nonpolar, although they are heterogenous and may contain polar
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constitutive groups. When present with PCBs in aqueous media, they act as a sorptive phase
for the hydrophobic PCB molecules, shielding them from the polar aqueous environment

Partitioning into NOM is generally described by an equilibrium partition coefficient,
defined as the concentration of solute present in the natural organic carbon phase in rag/kg
divided by the concentration of solute present in solution in mg/L Typical K,* values for
PCBs in water range from 10s to 108 L/kg [Karickhoff et aL, 1979], depending on the average
number of chlorine atoms attached to the biphenyl molecule. In natural systems the organic
carbon win make up only a fraction of the total soil or sediment mass. In this case, a general
partitioning constant, Kp, is defined as

[1]

where foe is the mass fraction organic carbon in the sou* or sediment
The organic carbon partition coefficient of a hydrophobic organic molecule is strongly

correlated with its solubility [Chiou et aL, 1979]. The addition of surfactant above the critical
micelle concentration creates a second organic phase in a water/soil or water/sediment sytf-
tem. Surfactant micelles and soil/sediment NOM now compete for hydrophobic molecules.
Increasing the surfactant concentration increases the number and volume of micelles in the
system, increasing its capacity to take up these molecules. There is a shift from molecules
partitioned into the soil NOM to molecules partitioned into the surfactant micelles. This
phenomenon explains why varying the SDBS concentration had such a significant effect on
the extent of extraction of PCBs from dragstrip sou".

A series of experiments using dragstrip sofl and sofl extract were run to further confirm
that equilibrium partitioning is controlling the extraction process. Five gram samples of drag-
strip sofl were spiked with from 0 to 2 mL of concentrated (1000 mg/L) PCB extract obtained
from a hexane/acetone soxhlet extraction of the sofl. The hexane and acetone were allowed
to evaporate and 15 mL volumes of 1% SDBS solution were added to the sofl. The samples
were placed in an ultrasonic bath at 50°C for 1 hour, then allowed to stand and approach
equilibrium for 24 hours. The samples were centrifuged and the supernatant assayed for PCB
content The sofl was dried, extracted, and also analyzed for PCB content The final sofl
PCB concentration was adjusted for the contribution of residual surfactant solution dried
onto the sofl.

In addition to these trials, another series of experiments were run to extend the range of
equilibrium measurements to low PCB concentrations. In this case, sample sofl loadings
were varied from 1-5 g and then combined with 15 mLof 1% SDBS solution. No PCB spik-
ing was done. The samples were processed as described above.

The results of both series of experiments are combined in the curve in Figure 12-3. In an
ideal equilibrium partitioning situation a plot of sofl PCB concentration versus solution PCB
concentration at equilibrium should appear as a straight line through the origin with Kp as the
slope. This is generally the case here. The fact that the line does not appear to go through
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the origin may reflect diffusional resistance in the soil matrix. True equilibrium may not have
been reached in the 24-hour equilibration periods. However, the general equilibrium
hypothesis is supported by these data.

Aerobic Biodegradatkm
It is generally assumed that aerobic microorganisms require substrates in soluble form in

order for biotransformation to occur. The transport of slightly soluble substate into the aque-
ous phase can be rate limiting in many biological processes. Substrates sequestered in NOM
macromolecular matrices are also presumabh/ not available to the organisms. As in surfac-
tant systems, the transport of hydrophobic molecules from this phase, through an aqueous
medium, and into a second tipophilic phase, this time in a microorganism, is of significant
importance to biodegradadve processes.

The bioavailabfliry of aged PCBs in soils and sediments can be assessed by removing the
PCBs from the soil/sediment matrix via soxhlet extraction, followed by biodegradation of the
extract The extent of biodegradation observed can then be compared to that in the original
matrix under similar conditions. These experiments have been done for PCBs in Glens Falls
dragstrip soil

Soxhlet extractions were performed using hexane/acetone as the extraction solvent. The
biodegradation studies shown were done with Pseudomonas sp. JB1P3C organisms [GE
Report, 1989] in 72-hour resting-cell assays. The results appear in Table 12-2. The presence
of a large difference in starting PCB concentration in the assays makes it difficult to compare
the degradation numbers directly. Yet given that aerobic biodegradation generally proceeds
more efficiently (Len degrades a higher percentage of the material present) at lower concen-
trations, these results indicate significant limitations in PCB bioavaflabflity do exist in the soil,
consistent with the surfactant extraction results.

TABLE 12-2. PCB MoavailabUity in Glens Falls dragstrip soil

Soil Sample
GF dragstrip
GF (soxhlet)

- Starting
[PCB](ppm)

20.0
130.0

CellOD
5.0
5.0

Mass
Sediment (g)

02 (wet)
% Degraded

35%
54%

A simple trial was performed to show that this bkwvailabflity limitation could be due to
the NOM present in the dragstrip sofl. One hundred microgram portions of Aroclor 1242
dissolved in bexane were deposited into a series of vials, with the hexane allowed to eva-
porate. To these vials were added neutralized Aldrich humic acid dissolved in 05 mL of
water in ratios of 10:1,50:1,100:1, and 200:1 by weight to the Aroclor. The vials were shaken
for 24 hours to allow the PCBs to come into equilibrium with the humic acid, then JB1P3C
cells were added and standard resting-cell assays performed.
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* The results are shown in Figure 12-4. Inhibition of both the rate and extent of biological

activity was observed at humic acid ratios of 100:1 and above. This equates to 1% humic acid
in the assay. Duplicate vials were checked for pH shifts that might have occurred over the
course of the experiment, but none were found It has been noted in the literature that
hydrophobic compounds tend to partition more strongly into commercial humic acid than
they do into NOM [Chiou et al., 1987]. Therefore, this experiment qualitatively demonstrates
the potential of NOM to account for the limited biodegradation results observed in dragstrip
soil

Natural organic matter is not atone in acting as a sorptive phase for PCBs in the environ-
ment. In a recent communication, Boyd and Sun [1990] showed experimentally that oil and
grease can be up to 10 times more effective than NOM as a sorptive phase for hydrophobic
compounds. They reformulated the expression for the generalized partition constant in equa-
tion [1] to include the contribution of this additional phase

Kp - Koefoe + Koflfofl [2]

where fofl is now the oil and grease fraction in the soil or sediment. Thus the extent of PCB
partitioning can be expressed as a combined function of both the organic carbon and
oil/grease content of the soil/sediment matrix.

Both NOM and oil/grease are present in many environmental samples [GE Report,
1988]. Table 12-3 shows a compositional analysis of two sediment samples, one from the
upper Hudson River and one representing a composite of several samples from Woods Pond
in Massachusetts. Both samples are high in organic carbon, as measured by combustion of
the dry sediment. This is especially true of the Woods Pond sample. The fraction of oil and
grease present in each was determined by performing a soxhlet extraction on the sediment
and measuring the loss in mass. Both straight hexane and hexane/acetone were used as
extraction solvents, yielding similar results. This indicates ofl and grease make up a substan-
tial part of the extract. Samples of the extract were then submitted for infrared (IR) analysis.

TABLE 12-3. Compositional analysis of selected sediments

Upper Hudson Woods Pond
Water Content (%) 41-46 73-77
Extractable Organic (%) * 0.55 2.7
Combustible Fraction (%)• 7.8 23.1
PCB Content (mg/kg)________57_______98

• indicates analysis done on a dry sediment weight basis o
ro
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The IR analyses indicate the presence of an aliphatic hydrocarbon oil in both samples.
The Woods Pond sample probably contains mostly mineral ofl, based upon the large ataount
of this material historically used at nearby manufacturing sites. There is no single Iflceycan-
didate for the type of oil found in the Hudson River sediment

General Electric has demonstrated in the past that the presence of oils can make PCBs
unavailable for aerobic biodegradation [GE Report, 1988; Bedard, 1990]. To further confirm
those results, an experiment was carried out where light mineral ofl was added with Aroclor
1242 to small vials in ratios of 10.1,50:1,100:1 and 200:1 by weight Water was added and the
vials were shaken for 24 hours to allow the ofl and PCB to approach equilibrium. JB1P3C
cells were then added to the vials and standard resting-cell assays performed.

The results appear in Figure 12-5. The inhibition of biodegradation is much more severe
here than observed with the Aldrichhumic acid. Inhibition begins at the lowest concentration
of ofl and increases progressively as additional ofl is added to the system. Partitioning of the
PCBs into the ofl phase is the logical explanation for these observed results/ The magnitude
of these effects indicate strong partitioning and support Boyd*s findings that the partitioning
coefficients for ofl phases may be much greater than those for NOM.

These results have been obtained with aerobes, but there is no biological or physical basis
for expecting this phenonienon to depend upon type of organism. Anaerobic dechlorination
may also be affected by partitioning-related bioavaflability issues. However, several factors
should be taken into consideration.

Partitioning is ideally a reversible, dynamic equilibrium process. If a system at equili-
brium is perturbed, such as by removing PCBs from the aqueous phase, it wfll return to
equilibrium given sufficient time. This time to equilibrium is determined by the rate of tran-
sport of the PCB out of the partitioning phase and may be limited by adsorption or diffusion
phenomena in that phase. In aerobic biodegradation trials in the laboratory, organisms are
usually present at high concentrations and degradation is fast The organisms act as sinks for
PCBs, with depletion of some PCB congeners occurring on a time-scale of hours. If the tran-
sport of PCBs out of the partitioning phase cannot keep up, the system operates under
nonequilibrium conditions, with PCBs depleted in the aqueous phase. Bioavaflability limita-
tions result If cells run out of energy or die over time, as commonly occurs in resting-cell
assays, biodegradation may cease altogether.

In anaerobic dechlorination, both in the laboratory and in nature, organisms are generally
present at much lower cell concentrations. Anaerobes transform PCB molecules into lower
chlorinated congeners, rather than oxidizing them as in the aerobic case. They act over
time-scales of months, rather than hours [GE Reports, 1988; 1989]. These observations sug-
gest that anaerobic systems should operate at conditions much nearer to equilibrium concen-
trations of PCB in the aqueous phase than do the aerobic systems we have studied. However,
in cases such as Woods Pond, whose sediment contains high levels of both NOM and ofl, it is
conceivable that the equilibrium concentration of PCBs is so low that it cannot even maintain
the active organism population necessary to carry out anaerobic dechlorination. This may
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explain the modest natural dechlorination seen to date on that site [GE Report, 1990].

Enhanced PartiUoalnf
The partitioning of PCBs into sofl humic materials adds significant difficulty and cost to a

surfactant extraction process and wfll impair attempts at biological remediation as weL One
method of addressing this problem is to seek either to remove the NOM from the sofl or sedi-
ment matrix or to change the character of that NOM so that it no longer is a strong sorptive
phase for bydrophobk compounds.

Certain organic components of soils can be sohibflized with dflute caustic solutions [Mor-
tensen, 1979]. Humic and fuMc acids, which make up most of the dragstrip natural organic
fraction, are in this category. A third component of NOM, humin, is not sohibflized by this
treatment Sodium hydroxide in concentrations of 0.1 N to &5 N is commonly used to
remove these solubflized fractions in sofl analysis. If heat is added with the caustic, the acids
undergo partial hydrolysis. Both solubflization and hydrolysis of the humic material can be
expected to have a positive effect on the partitioning of PCBs with regard to extraction.

This thesis was tested in a pair of experiments involving caustic-treated dragstrip sofl. In
the first experiment OJ N NaQH caustic solution was added to dragstrip soil in a 4:1 ratio
and shaken for 1 hour. The contents were then centrifuged and the dark brown supernatant
containing the dissolved humic material drawn oft. A second volume of dean caustic was
then added to the sofl and this procedure repeated until the supernatant was no longer deeply
colored. Approximately 10% of the PCBs originally present in the sofl were removed in the
supernatant The caustic-treated sofl was then neutralized, dried, and 5 g samples were
spiked with concentrated dragstrip extract (0-2 mL). Fifteen mL volumes of 1% SDBS solu-
tion were added to each sample and equilibrium partitioning experiments were carried out as
previously described

In the second experiment, the OJ N caustic solution was added to the sofl in a 1:1 ratio
and the shiny was refkoted for 3 hours using a heating mantle and condenser. This time the
supernatant was not removed. Instead, the shiny was neutralized and air dried. The dis-
solved organic fraction remained with the sofl. Five gram samples were then spiked with con-
centrated sofl extract as before and the partitioning experiments performed

The results of these experiments are given in Figure 12-6. Sofl from both caustic treat-
ments show a significant decrease in PCS partitioning compared to the untreated standard
(Kp » 13 and 0.9 L/kg versus 5.8 L/kg for the standard). Sofl subjected to both caustic and
heat treatment showed the feast partitioning despite the fact that its solubflized organic com-
ponent was not removed The organic phase must be altered in order for this to occur, mak-
ing the PCBs more available for extraction.

A kinetic study was carried out using the caustic and heat-treated dragstrip sofl to verify
thisresuh. The sofl was shinied with surfactant and the PCBs extracted (1% SDBS, 80"C, 2:1
solution to sofl ratio) as the supernatant was monitored for PCB concentration. The results
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are shown in Figure 12-7. About 75% of the PCBs in the soil are sohibflized when the pre-
treatment is used, as opposed to <40% for untreated sofl. It appears the ability of the soil
humic matter to sorb PCBs is decreased by the pretreatment, but not fflimimitfd,

Biodegradation experiments were also performed using the treated sofls. Reliable data
are available only on the sofl with the soluble organic material removed Fifty-five percent of
the PCBs in the NOM-depleted sofl were Modegraded by JB1P3C in resting-ceUs assays.
This contrasts with 35% PCB biodegradation by JB1P3C observed using untreated dragstrip
sofl and is comparable to the soil-free degradation value given in Table 12-2.

SUMMARY AND CONCLUSIONS
The analogy between surfactant extraction and aerobic biodegradative processes is used

to elucidate the effect of natural organic matter on PCB availability in sofl and sediment
matrices. PCB equilibrium partitioning into the NOM phase is demonstrated to have a detri-
mental effect on the extent and efficiency of PCB removal for both of these processes. Ofl
and grease also form a secondary phase in sofls and sediments, and are shown to have a simi-
lar detrimental effect on biodegradation. The presence of one or both of these phases in
most soils and sediments requires that their impact be better understood and factored into
any extractive or biodegradation studies undertaken.

Partitioning into NOM can be reduced by pretreating the sofl with a mfld caustic (0.5 N
NaOH) solution and heat The treatment solubflizes and hydrolyzes the humic and fuhic
fractions in the sofl, limiting the extent to which PCBs can sorb into these fractions. The
resulting enhanced PCB availability is beneficial to both extractive and biodegradative
processes.

FUTURE WORK
We plan to continue to explore the PCB bioavaflabflity issue as it impacts the aerobic

bioremediation of river sediments. The caustic sofl treatment may be beneficial as a pre-
treatment for a bioreactor system, but is of limited value if an in situ approach is desired.
Greater understanding of the interaction between equilibrium partitioning and biological
uptake wfll be required to achieve more effective bioremediation strategies.
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Chapter 13

SYNTHESIS OF PROPOSED INTERMEDIATES IN THE AEROBIC
DEGRADATION OF PCBs; RING-FISSION PRODUCTS

I Martin Stiles and Azhwarsamy Jeganathan

Department of Chemistry
University of Kentucky
Lexffigton, Kentucky

INTRODUCTION
A major pathway for the destruction of PCBs by aerobic microorganisms [Furukawa et

ah, 1979; GE Reports, 1984-1989] closely resembles the pathway elucidated earlier for oxida-
tion of biphenyl itself [Catelani et aL, 1973; Gibson et al., 1973]. Oxidative cleavage of
biphenyl-2,3-diol yields the ring-fission product (I, Ar « phenyl) which is further degraded in
at least two different ways (Figure 13-1). Isomerization to the di-keto tautomer (Ik) and
cleavage by hydrase leads to benzoic acid via path A. Path B has been proposed [Omori et
aL, 1988] to explain the isolation of keto-acid n as a metabolite of I.

Both paths A and B (Figure 13-1) have also been observed in PCB metabolism. Chloro-
benzoic acids (Cbas) are major metabolites of PCBs in numerous organisms. Keto-acid n
(Ar * 2-chlorophenyl) has been found as a metabolite of both 2-CB and 2£'-CB in a recom-
binant strain of E. coli that harbors a plasmid (from Pseudomonas sp. LB400) encoding the
first three enzymes of the biphenyl/PCB pathway but not the hydrase needed for cleavage of
I to benzoic acid [Bedard, GE Report, 1989].

There is some indication of a third way (path C) by which the ring-fission product (I) can
be degraded [Barton and Crawford, 1988]. Oxidation of 4-CB by a Pseudomonas sp. was
reported to produce large amounts of 4-chloroacetophenone (4-CA). The corresponding
ring-fission product (I, Ar » 4-chlorophenyl) was not shown to be an intermediate in this
case, so we cannot consider that path C is firmly established.

Oxidation of 23-3-CB by several different strains led to attack on the 3-chlorophenyl ring
and isolation of both 23-CA and 2>Cba [Bedard et al., 1987; Bedard and HaberL 1990, in
press]. Other congeners possessing a 3-chlorophenyl ring behaved similarly. It was proposed
[GE Report, 1987] that the pathway in this case involved the tri-keto acid m (Figure 13-2).
Attack at either Q or Q could lead to cleavage at the QCs bond or the CsQ bond, respec-
tively, to produce the observed products. Many instances are known in which unsymmetrical
0-diketones undergo non-enzymic hydrolytic cleavage in both possible directions [Hauser et
al.1948].

The goals of the present research were to develop chemical syntheses for compounds I
and m, and to explore their reactions under non-enzymic conditions, as well as their transfor-
mation by appropriate microorganisms. In this report we describe the preparation of I
(Ar » phenyl) and of six compounds of type m, and preliminary results of a study of their
non-enzymic cleavage reactions.
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Figure 13-1 Proposed pathway for degradation of a 3-chlorophenyl ring. Compound HI can
exist as a mixture of tautomeric forms in which one or two of the three keto groups is in the
enol form. Hie numeral m is used throughout the text to refer to any one or all of these
species.
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RESULTS AND DISCUSSION

Synthesis of the Ring-Fission Product (I)
The ring-fission product from biphenyl (I, AT « phenyl) has been isolated from microbial

cultures and characterized [Catelani et aL, 1973] but no chemical synthesis of the compound
has been reported. We have found that the methyl ester is readily prepared from crotono-
phenone (l-phenyl-2-buten-l-one) and dimethyl oxalate (DMO). Hydrolysis in aqueous
LiOH, followed by acidification, affords the free acid as yellow crystals which darken on
storage.

Comparison of the physical properties of our product and that described by Catelani
reveals satisfactory agreement (Table 13*1). Samples of our product decomposed upon heat-
ing at temperatures somewhat higher than he reported, but decomposition points are notori-
ously dependent on particle size and heating rates, and the observed difiierence may not be of
much significance.

Synthesis of Tri-Keto Acids (III)
The prototype tri-keto acid in (Ar « phenyl) was recently synthesized for the first tune in

this laboratory [Stiles, unpublished]. Condensation of benzoylacetone with dimethyl oxalate
(DMO) in the presence of magnesium methyl carbonate (MMC) provided yellow crystalline
product in yields above 50%. X-ray crystallographic analysis [Selegue, unpublished] indicated

OH Q HO

that the crystalline substance exists as the tautomer IRA. NMR spectra of solutions in
acetone-d* indicated the presence of small quantities of the two possible monoenols in equili-
brium with the dienol illustrated. No evidence was seen of the completely ketonized tauto-
mer.

•

We have now succeeded in preparing five chloro substituted derivatives of m, starting in
each case with the appropriate chloro substituted benzoylacetone. Table 13-2 summarizes
these synthetic results.
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TABLE 13-L Physical properties of the ring-fission product

i
i
i

H(4) OH

NMR:
(6)

COjH

H(5) H(3)

Present Work
H(3) 6.53d(J-12)

H(4) 7.91 dd

H(5) 7.39d(J*15)

Catelani et al., 1973
6.52(1 = 12,0.5)

7.91

7.34(1-16,0.5)

M.S.: 218 202 201 173

157 128 105 77

pH2 337 nm (4.2)

pH12 435 nm (4.5)

218 202 173

157 105

336 nm (4.3)

435 nm (4.5)

M.P.: ca 134° dec. 112° dec.

•All of our samples have exhibited a weak absorption of variable intensity near 250 nm. We
consider it probable that this absorption is due to an impurity.
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TABLE 134. Yield and NMR data for the tri-keto adds HI-VIH

CH3

OH

DMO

MMC
H(4)

ICOjH
(CH3)

AT NMR 8 (acetonc-dt) Yield (%)•

m f* U\jjtfi*

TV 2-QC6H4-

V 4-QC6H4-
\ri ^ ^ ^^i ^^ TJv x A*ij*v>i^T_fAn^*

VH S.̂ QjCeHa-

VIH 2,4-Cl2QH3-

H3

6.44

6.43

6.44

6.41

6.41
b

H,

6.62

6.34

6.66

6.31

6.75
b

82
79

91

81

71

high

•Free acid plus methyl ester.

''Compound Vm was badly contaminated with a product containing one methoxyl group in place
of one of the chlorines. It was not possible to assign the NMR signals in the 6-7 6 region with
certainty.
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Non-Enzymk Cleavage of the Tri-Keto Adds
Treatment of tri-keto acid ID (Ar « phenyl) with 1 M NaOH at room temperature

resulted in slow (half-time ca. 8 hours) hydrotytic cleavage to form benzoic acid, aceto-
phenone, oxalic acid, and acetic acid. The 4-chloro derivative (V) behaved similarly. Yields
are summarized in Table 13-3. A reaction scheme is presented in Figure 13-3. The products
can be accounted for on the basis of attack at either C2 or Q of the tri-keto acid. Products
that would result from attack at €4 (benzoylacetic acid, oxaloacetic acid) were not found.

In separate experiments we confirmed previous reports [Mauser et aL, 1948; Lehninger
and Witzemann, 1942] that the diketones DC and X undergo the indicated reactions at rates
that are rapid compared to that which we observe for the tri-keto acids. Measurement of the
ratio CA/Cba formed from the diketones DC and IXa (Ar » 4-chlorophenyl) gave values of
2JS and 1.2, respectively. From these data and the yields given in Table 13-3, the ratio Q/Cj
for the two modes of attack on the tri-keto acids III and V can be calculated to be 1.0 and LI,
respectively. The effect of/>-cnloro substituent thus has only a small effect on the point of
attack. Studies of the more highly chlorinated derivatives VI-Vm will be instructive on this
point

Non-Enzymic Cleavage of the Ring-Fission Product (I)
The ring-fission product (I) proved more resistant to alkali than the tri-keto acid (TJI). At

50-55° in either K2CO3 or NaOH (1 M) a slow reaction could be readily observed by follow-
ing the decay in absorbance at 435 nm. However, after complete disappearance of the 435
peak (several days were required) analysis of products did not give a satisfactory material bal-
ance. Oxalic acid (>50% yield) benzoic acid, and acetophenone were readily identified, but
the ratio of the latter two varied widely in different experiments. Efforts to improve the
analysis of this reaction mixture are continuing.

Although oxalic acid is a major product of the non-enzymic hydrolysis of both I and
this substance has not been reported to be a metabolite of biphenyl or PCBs. Evidently, the
enzyme directs attack on the ring-fission products at points more remote from the ionized
carboxyl group than Ci- An analogous situation exists with acetylpyruvic acid (X). Non-
enzymic hydrolysis leads quantitatively to oxalic acid and acetone, as shown in Figure 13-3,
but the compound is metabolized to acetate and pyruvate [Lehninger and Witzemann, 1942;
Meister and Greenstein, 1948].

SUMMARY AND CONCLUSIONS
The ring-fission product (I) has been prepared for the first time by chemical synthesis.

Studies of PCB metabolism may be facilitated by the availability of this compound in gram
quantities.
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TABLE 13-3. % Yields of products from alkaline hydroJysU of tri-keto acids III and V

AiCOjH ArCOCH, Oxalate* Acetate"

m 69e 37' 80 n.d.

67* 21e 82 +

70* 25'i
•By pennanganate titradon following isoladon of Ca salt

"Identified by "C-NMR.

•Determined from weight of isolated product

'Determined by 'H-NMR.
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Figure 13-3. Scheme for the alkaline hydrolysis of III and V. Acetone was not determined;
yields of other products are given in Table 13-3.



The tri-keto acid m (Ar - phenyl) and five chloro substituted derivatives (IV-Vm) have
been synthesized.

Non-enzymic hydrolysis of I, in, and V yielded both benzole acid and acetophenone
(4-Cba and 4-CA in the case of V). These compounds are the major aromatk products
formed in the aerobic degradation of many PCBs, and this result may thus lend support to the
proposed hydrolytic pathways involving I and ID. However, alkaline hydrolysis may not be a
good model for the hydrase reaction, and experiments with I and in in microbial cultures
should be completed before firm conclusions can be drawn,

Oxalic acid is a major product of the non-enzymk hydroh/tk cleavage of compounds I, m,
andV. This compound has not been found as a metabolite of biphenyl or PCBs. We suggest
that oxalate may be a key substance in delineating the differences between enzymic and non-
enzymic mechanisms of attack on this class of compound.

FUTURE PLANS
Chloro derivatives of I, and additional derivatives of HI, will be prepared as need arises.

Examples will be chosen which correspond to those PCB congeners that are of interest as
substrates for aerobic degradation.

Studies of the alkaline cleavage of I and HI, including the chloro derivatives, will be con-
tinued. We propose to study the effects of pH and of ring substitution on the rate of this
reaction, which may be viewed as a crude model for the hydrase reaction.

Efforts will be made to observe the hydrolysis of synthetically produced I and m by cul-
tures of LB400, H850, and/or such other strains as may be available for the purpose.
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Chapter 14

THE QUANTTTATION OF POLYCHLORINATED
BIPHENYLS BY GAS CHROMATOGRAPHY AND TANDEM

MASS SPECTROMETRY

Ronald F. Lopshire and Christie G. Enke

Department of Chemistry
Michigan State University
East Lansfaif, Michigan

INTRODUCTION

The focus of this research has been to develop methods of analysis for PCB congeners
involved in anaerobic dechlorination studies [Brown et al., 1987a; Chen et aL, 1988; Quensen
et aL, 1988]. A major problem with detecting this dechlorination is that with routine gas
chromatography (GC) and mass spectrometric (MS) methods, the PCB congeners of interest
are often not resolved. Electron capture detection of chromatographicatty separated PCB
isomers is a highly sensitive, technique, but coeluting and overlapping components are
difficult, if not impossible to identify and quantitate [Dumker et aL, 1988; Schulz et aL, 1989].
Although MS detection offers enhanced specificity of analysis, detection limits are often not
adequate for the samples of interest Thus, ft is desirable to develop methods which will allow
the accurate quantitation of individual congeners which may or may not be chromatographi-
cally resolvable from other congeners.

It has long been known that chlorinated aromatic molecular anions will undergo an
exchange of a chlorine atom for an oxygen atom in the presence of an oxygen diradical in the
source of a mass spectrometer [Hunt et aL, 197S; Hass et al., 1979; Mitchum et aL, 1980]. By
using a triple-stage quadrupole mass spectrometer [Yost and Enke, 1983], this reaction can
also be observed when oxygen is introduced into the second quadrupole (collision cell) in an
MS/MS experiment [Kostiainen and Auriola, 1988 and 1990]. In addition, the oxygen-
chlorine exchange reaction is specific for odd-electron molecular anions which allows for the
elimination of many of the interferences (especially from more highly chlorinated congeners)
present in other methods. As such, the monitoring of this reaction may be used to quantitate
PCB congeners which coehite with congeners having a different degree of chtorination.

By using this GC/MS/MS method of analysis, river sediment samples containing Aroclor
1242 which have been subjected to anaerobic activity have been quantitated. Also, river sedi-
ment samples which have undergone apparent in situ dechlorination have been analyzed This
method offers excellent detection limits, comparable to electron capture detection, while
simultaneously providing the high specificity of MS/MS techniques.
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EXPERIMENTAL

Sample Preparation
River sediment samples were spiked with Aroclor 1242 and then autoclaved. Three sam-

ples were then inoculated and allowed to incubate for 16 weeks. After incubation, three live
and three autoclaved aliquots were each extracted with SO/SO acetone/hexane. Each extract
was subjected to Florisfl cleanup and then shaken with mercury for sulfur removal and finally
concentrated to 10 mL, Prior to analysis, the three live samples were combined into a single
sample, as were the three autoclaved samples. Sediment samples from the H7 Hudson River
site and from Silver Lake were each extracted and prepared in a similar fashion. The Aroclor
1242 standard was provided by John Quensen, and all other individual congeners and stan-
dards were purchased from Ultra Scientific Company, Rhode Island.

Instrumental

All GC/MS and GC/MS/MS methods were performed with a Finnigan TSQ-70B mass spec-
trometer using a Varian 3400 gas chromatograph equipped with a 30 meter x 0250 p column
of 025 n DB-5 phase (J <k W Scientific). The GC was temperature programmed at 140*C for
2 minutes, 140°C to'320°C at 6°C per minute and 320*C for 2 minutes. Helium was used as
the GC carrier gas, ammonia was used as the chemical ionizatkm reagent gas, and pure oxy-
gen was introduced into the collision cell The instrument utflires a 20 kVdynodewhkh was
set at 5 kV. All reactions were generated using electron energies of 70 eV, collision offset
energies of 2-3 eV (laboratory), and collision pressures from 0.5 mTorr to 1.5 mTorr. The
instrument was tuned for unit resolution in both Ql and Q3 modes of operation.

RESULTS AND DISCUSSION

Selectivity of MS/MS Detettkm
The goal of this work is to develop methods of analysis for quantitating PCS congeners

which chromatographicaDy coehite with more highly chlorinated congeners. Of particular
interest are the six congeners which have been shown to exhibit dkndn-like toxkhy; 34-34-CB,
234-34-CB, 245-34-CB, 345-34-CB, 2345-34-CB, and 345-345-CB [Kannan et at, 1988]. It is
desirable to be able to quantitate these congeners, in particular 34-34-CB and 234-34-CB, in
river sediment samples containing Aroclors. While electron capture detection offers excellent
sensitivity, this method is not of use in distinguishing coehiting congeners. Though MS
methods offer better selectivity with reduced sensitivity, coehiting structural isomers are still
indistinguishable. In addition, quantitation of congeners in the presence of more highly chlori-
nated isomers by MS is difficult, if not impossible due to the lack of uniqueness of fragment
ions. This is illustrated in Figure 14-1 which shows the negative chemical iomzation (NCI)
mass spectra of both a tetrachloro- and pentachlorobiphenyL With NCI only a limited
amount of fragmentation is observed as opposed to other modes of ionization such as
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Figure 14-1. The primary (parent) mass spectra of a tetrachtorobiphenyl (top) and a penta-
chlorobiphenyl generated with negative chemical ionization.
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electron impact (El) kmiration [Dougherty et aL, 1972; Field, 1980; Daishima et aL, 1989].
Also, the most abundant ions in the spectrum of the tetrachlorobiphenyl (the molecular ion
region) also appear in the spectrum of the pentachloroisomer. It is for this reason then, that
MS/MS methodology was explored for the purpose of enhanced specificity of analysis.

By forming the parent ion [M*] under conditions of electron capture negative chemical
torrintion and selecting it in the first quadruple of a triple-stage quadrupole mass spectrom-
eter and introducing oxygen into the second quadrupole (collision cell), the exchange reaction
of oxygen for chlorine may be observed. The m/z 290 ion which is the UQ molecular anion
of tetrachlorobipbenyls is also present in the primary mass spectrum of pentachtorocongeners
as a result of the toss of chlorine from the "C molecular anion (Figure 14-1). The oxygen-
chlorine exchange reaction, however, is specific for the odd-electron molecular anion. There-
fore, the MS/MS detection of m/z 290 forming m/z 271 will be completely free of interfer-
ence from congeners with other degrees of chlorination.

Since the degree of electron affinity of the [M'] ion relative to that of the [M-H'J ion is
dependent upon chlorination of the aromatic ring and to some extent the positions of this
chlorination, not all PCBs form [M'] ions in the source and are thus not amenable to this
reaction. With tower degrees of chlorination, the [M-H*] ton is an even electron moiety and
wfll not undergo chlorine exchange with oxygea As a result, none of the mono or di substi-
tuted congeners and only a few of the tri substituted congeners are able to be analyzed in this
fashion. Thus, shown in Figure 14-2 are the total ion current chromatograms for an Aroclor
1242 sample analyzed by monitoring the reaction products of the molecular antons of the tri-
through nonachlorobiphenyls with oxygen. Since the congeners of particular interest are the
aforementioned six toxic congeners, and these all consist of at least tetrachloro substitution,
this method is of great utility in their analyses.

Choice of Chrbmatographk Internal Standard
Many PCS analyses are performed chromatographicalfy using octachloronaphthlene as an

internal standard. For BCD or MS routines this is a reasonable choice since it is chromato-
graphkaDy resolvable from PCS congeners and exhibits a response factor of the same order
of magnHndft as that of the PCB congeners. The response factor of an anah/te is defined as
the ratio of its detector response to its concentration. The response factors for several
congeners with respect to octachtoronaphthalene are listed in Table 14- 1. This internal stan-
dard may not be the best choice, however, for the oxygen-chlorine exchange reaction. While
octachtoronaphthalene wfll undergo chlorine exchange with oxygen, ft is not nearly as respon-
sive as the PCB congeners. Response factors for PCB congeners vary up to three orders of

into with respect to this internal standard. The apparent reason for this tow response of
octachtoronaphthalene is that fully-chlorinated aromatics exhibit a lesser tendency to undergo
this reaction. This tow response may also be one reason for not being able to observe a
decachlorobtphenyl congener in the Aroclor 1242 sample. Since the response factors vary
dramatically with the degree and position of chlorine substitution, it may be of interest to
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TABLE 14-1. Relative response factors (RRF) with respect to octachloronaphthatene and
minimum detectable quantities (MDQ - in femtograms) for selected PCB congeners.

CB

34-34
234-24
234-34
236-34
245-34
345-34
234-236
236-245
245-245
2345-34
345-345
2346-236
2346-245
2346-2346
2345-2356
23456-345
23456-2345
23456-2346
23456-2356

RRF

1.6
290
18
88
11
14
9ft
194
134
14
6.0
48
499
133
577
164
234
222
122

MDQ

1200
4

110
12
180
140
11
5
8

140
320
22
2
8
2
6
5
5
9

33w
•XJ
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explore using other or multiple internal standards for these analyses.

Detection Limits
A primary concern with the development of this method is the achievement of detection

limits and sensitivities adequate for the samples of interest Typical sediment samples contain
anywhere from a few parts per million total PCBs to several hundred ppm. This means that
many of the individual congeners of interest are on the order of parts per billion or less.
While negative chemical ionization offers much better sensitivity and detection limits than
EI/MS, it approaches the performance of an BCD only in selected-ion monitoring (SIM)
modes of operation. For PCBs this involves the monitoring of chloride in particular. Using
SIM, however, offers very little advantage in selectivity over the use of an BCD. By monitor-
ing constant neutral losses of m/z 19 in an GC/MS/MS experiment, a sample may be
specifically analyzed for chlorinated aromatics using the oxygen-chlorine exchange reaction.
This technique is a scanning technique and as such has detection limits two to three orders of
magnitude higher than that of an BCD or SIM. By monitoring only one reaction (for
instance, m/z 324 to m/z 305), the high specificity of MS/MS is coupled with the low detec-
tion limits of SIM. A comparison of detection limits for these modes of operation for several
congeners are also given in Table 14-1.

As is shown, detection limits for the more highly chlorinated are exceptionally tow. Of
particular interest are the detection limits for the nonachlorobiphenyls. These congeners are
generally not observed in a quantifiable manner in an Aroclor 1242 sample; and yet, by moni-
toring the selected reaction m/z 466 (M+4') to m/z 447 in a chromatographic run, three
(and only three) significant peaks are observed in quantities well above the detection limits.
The quantities of the three nonachlorobiphenyls in an Aroclor 1242 standard were calculated
to be 0.059% for 23456-2345-CB, 0.0066% for 23456-2346-CB, and 0.022% for 23456-2356-
CB.

In Table 14-2 are listed the quantitative results of the six selected toxic congeners for the
autoclaved and inoculated river sediment samples and for sediment samples taken from con-
taminated sites. As is shown, for all but one congener, ~ 80% dechlorination was observed.
The advantage of this method is apparent from the fact that for two of these congeners (34-
34-CB and 234-34-CB), quantitation is difficult by GC/MS due to the presence of co-ehiting
congeners (236-34-CB and 234-236-CB, respectively) in amounts one to two orders of magni-
tude greater. By using this selected reaction method, however, the co-elutates do not present
an interference (see Figure 14-3).

SUMMARY AND CONCLUSIONS
Using a selected reaction monitoring mode of operation in a GC/MS/MS experiment and

monitoring the exchange reaction of oxygen for chlorine, PCB congeners are able to be quan-
titated even when not chromatographicaUy resolved. This method couples the high specificity
of MS/MS with the excellent detection limits of selected-ion monitoring coupled with
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TABLE 14-2. Results of analysis of PCB samples for the toxic congeners. See text for
explanation of samples. Values listed are amounts in mg/L and percents of total PCBs.

CB

H7:AUTO

H7:LIVE

HUDSON RIVER

SILVER LAKE

H7:JUNE

34-34

0.29

0.00

0.17

0.10

0.19

0.04

1.5

0.6

234-34

0.86

0.12

0.14

0.08

0.25

0.02

0.65

0.26

245-34

0.67

0.14

0.72

0.42

2.20

0.16

1.7

0.68

345-34

0.006

0.001

0.001

0.001

0.048

0.003

0.037

0.015

2345-34

0.17

0.009

0.18

0.11

7.00

0.50

0.35

0.14

345345

0.003

0.00

0.00

0.00

0.069

0.005

0.010

0.004

mg/L

mg/L

mg/L

%

mg/L

%

mg/L

%
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Figure 14-3. The total ion current chromatograms generated by monitoring the selected
reactions for the toxic congeners (see text) in the analysis of two river sediment samples
spiked with Aroclor 1242 with one inoculated (Live) with bacteria from the H7 site under
anaerobic conditions and the other autoclaved (Auto). Note the difference in intensities for
the two chromatograms.
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negative chemical ionization. For the more highly chlorinated congeners, detection limits are
even lower than that of an BCD. Due to the highly selective nature of this technique, indivi-
dual PG3 congeners may be quantitated in chromatographk analysis times of 30 minutes or
less.

FUTURE WORK
1. Quantitation. The concentrations of individual congeners within a standard Aroctor

mixture need to be determined In addition, the precision and accuracy of the method
need to be defined.

2. Internal Standards. The use of internal standards in conjunction with, or in addition to,
octachloronaphthalene needs to be explored

3. Instrumental Modifications. The instrument (TSQ-70B) needs to be modified in order
to more accurately control the gas flow into the source and collision cell

4. Other Oxidants. Reactants other than oxygen may prove to be useful for this method
5. Other Aroclors. This method will be used for other Aroclors such as 1016, 1254, and

1260.
6. Other PCB Reactions. It would be desirable to explore other reactions of PCB ions in

MS/MS experiments which could be used to distinguish isomers of the same mass.
7. Other Compounds in PCB Samples. This method wfll be used to detect and quantitate

other chlorinated species such as PCDDs and PCDFs in PCB containing samples.

50

o
o
N>

ui
fO

140



.I

i
I
I
I

Chapter 15

RESEARCH PLANS FOR 1990-1991 ^

A sequential biological process combining anaerobic reductive dechlorination and aerobic
oxidation continues to show great promise for degrading even highly chlorinated Aroclor mix-
tures. Now that this process has been demonstrated in the laboratory, the challenge remains
to apply it in the field under real environmental conditions. Future research plans are
focused on gaining a greater understanding of these complementary modes of PCB
biotransformation and the factors which influence their activity in the environment

Anaerobic
The characterization and isolation of single strains or consortia of PCB-dechlorinatmg

cultures remains as a significant goal in this research. Other areas of interest include further
identification of consortia capable of ortho dechlorination and additional qiiamitation of the
toxicity reduction in dechlorinated PCB mixtures. Research to examine the factors which
influence the rate and extent of the dechlorination process on endogenous PCBs in different
soils and sediments will continue, with an increased emphasis on bioavailability issues.
Efforts to scale up the anaerobic process in anticipation of in situ application of this technol-
ogy will increase.

Aerobic
The potential advantages of recombinant PCB-degrading strains over natural isolates wfll

continue to be explored in the laboratory. These efforts include sequencing the bph genes
and overexpression of these genes in the recombinants. Further characterization of the aero-
bic degradative pathway via both chemical and biological routes will also continue. Finally,
laboratory aerobic degradation results using natural isolates will be extended and scaled up.
The results of this work wQl be applied toward developing an aerobic process to degrade the
endogenous PCBs found in extensively dechlorinated sediments.

Other
Efforts in the analytical area wfll include improving the precision and accuracy of the

GC/MS/MS method and extending the method to detect other chlorinated species, such as
PCDDs and PCDFs. Other nonbiological methods of removing PCBs from soils, such as
radio frequency heating, wiD continue to be explored in the coming year.
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I. Baferenoe Materials for Section 6.0

1. Tables for Section 6.2

a. Tables 6.2-1 and 2

b. Table 6.2.1-1

c. Table 6.2.1-2

d. Table 6.2.4-1

e. Table 6.2.5-1

Data Collected by Harza
Engineering Co. (1988-
90); Sample location
sites.
Bopp et al. (1982) Cs-
137/PCB Core Data.
Annual PCB Environmental
Load by Aroclor Type.
Versar, at 288 (1976).

Regression Analysis of
Lover River sediment
surveys.

Compositions of US PCB
Production, of Standard
and Evaporated Aroclors,
and of Upper Hudson River
Reach 9 Deposits and
Reach 8 Redeposits.

2. Section 6.3

3.

Table 6.3.1-1

for Section 6.4

a. Table 6.4.1-1

b. Table 6.4.1-2

PCB concentrations in
Striped Bass from the
Hudson River in 1990.
NYSDEC (1991)

End-Uses of PCTs and PCBs
by Aroclor Type. Versar,
at 206 (1976).

PCB Concentrations in the
Effluents of the
Machinery 6 Mechanical
Products Manufacturing. »
Versar, at 311 (1976). *
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4. Figures for Section 6.2

a. Figure 6.2.1-1 Domestic Sales of PCBs by
Aroclor Type. Versar, at 203
(1976).

b. Figure 6.2.1-2 PCB Sediment Concentrations in
Lake Ontario

c. Figure 6.2.4-1 Average PCB Concentrations in
Upper Hudson PCB Sediments.
Zafflemere (1979)

d. Figures 6.2.4-2
and 3 PCB Levels in Hudson River

Gammarus. O1Connor, J.M.
(1978-81).

e. Figure 6.2.4-3 Graph of Four Lower Hudson and
One Upper Hudson Sediment
Surveys.
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Sampling
•tot ion

••••••••••
NYN'19
NTH- If
NYN-19
NTH* 19
NYN-19
NYN-20
NYN-21
NYN-21
HTN-21
NVN-21
NVN-21
NVN-21
NYN-22
NVN-22
NYN-22
NVN-22
NYN-22

. NYN-22
M NVN-23
,L NYN-23

NVN-23
C NYN-23
0 NVN-23
3_ NYN-23
ft NYN-23
~ NYN-24

NYN-24
NYN-24
NVN-24
NVN-24
NVN-24
NVN-24
US-
US-
US-
US-
LIS-
LIS-
LIS-

location

•onoy noon
ton* Hook
Sandy Nook
••ndy Nook
Sandy Nook
louor My
RoekMwy Inltt
RockoMoy Inltt
RockoHoy Inlot
Rockewey Inlet
RoekMwy Inlet
RockoMey Inlot
jMoico Ray-Reach Channel
Jawica Ray-loach Channel
Jaaelea My- Modi Channel
Jaaalca Ray- Reach Channel
J«Mico Ray-Reach Channel
Jaaalea RayReach Channel
Jaaalca lay - Canartlo
Jamaica lay • Canarale
Jamaica Ray • Caneraie
JaMlca Ray - Canartla
JaM<ca Ray - Canarsla
Jaaaica Ray - Canarele
JMiaica Ray - Canaraia
Marlea R<ver • 207th St.
Narlea Rlvar - 207th St.
HarlM River • 207th St.
Marie* Riv«r • 207th St.
Harlaw River • 207th St.
Narlaai Rivar - 207th St.
Narlea) River - 207th St.
Little Neck Ray
Little Neck Ray
Little Neck Ray
little Neck Ray
Little Neck Ray
Little Neck Ray
Little Neck Ray

Date
•anpled

•••••••••• M

10/11/90
10/11/90
10/11/90
10/11/90
10/11/90

10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
09/11/90
09/10/90
09/10/90
09/10/90
09/10/90
09/10/90
10/16/90
10/16/90
10/16/90
10/16/90
10/16/90
10/16/90
10/16/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89

Narta NEA
10 ID

•)••••••• •••••••••

SOU 90002061
3013 90002049
3020 90002030
3019 90002031
3013 90002064

3134 90002137
3136 90002139
S1SS 90002138
3164 90002160
3163 90002161
5166 90002162
3699 90001581
3209 90001576
3210 90001577
3211 90001378
3690 90001379
3691 90001580
3056 90002063
3061 90002069
5063 90002070
5059 90002072
5060 90002065
5062 90002068
5064 90002071
5151 90002060
5149 90002061
5148 90002058
5150 90002059
5145 90002057
5146 90002066
5147 90002067
381 89000495
382 89000496
383 89000497
384 89000498
386 89000500
387 89000501
388 89000502

• Aroelor
U0/0

0.001

0
0.0017

0
0
0
0
0
0
0
0
0
0

0.0086
0.0091

0
0
0

0.0000
0

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

1221 •
(X)

4.

0
0
0

8.8
0
0
0
0
0
0
0
0
0
0

3.6
4.5

0
0
0

0.0
0

0.0
0.0
0.0
0.0
0.0
0.0
0.0

• Aroeler
«•/•

••••••ra i
0.0263
0.0017
0.03*9
0.0031
0.008

0.0044
0.0153
0.0302
0.0375
0.0123
0.0132
0.0255
0.0198
0.0099
0.0089
0.0124
0.0143
0.0044
0.0183
0.0054
0.0104
0.0151
0.0053
0.0024
0.1799
0.1351
0.0721
0.0898
0.075

0.1044
0.1118
0.0065
0.0313
0.0052
0.0336
0.0269
0.0317
0.0580

1242 -
(X)

•••••••

36,1
36.9
36.1
61.4
39.1

62.5
39

60.2
37.4
56.1
54.5
55.3
52.8
50.2
55.5
53.7
55.3
38.1
55.8
57.7
59.7
50.5
49.8
55.1
74.6
66.2
58.7
63.8
68.7
67.1
69.7
46.3
52.8
55.2
51.5
48.7
69.5
56.9

- Aroelor
ug/o

•••••••• m
0.0114
0.0008

0.013
0.001

0.0034

0.0013
0.0049
0.0104
0.0152
0.0058
0.0072
0.0103
0.0099
0.0046
0.0038
0.0064
0.0059
0.0033
0.0078
0.002

0.0033
0.0081
0.0024
0.001
0.034

0.0383
0.0169
0.0281
0.0155
0.0264
0.0254
0.0042
0.0159
0.0025
0.0194
0.0146 .'
0.0099
0.0267

1254 •
(X)

!••••••

24.1
M.7
13.9
19.1

13

21.3
19

20.7
23.3
26.7
29.7
22.4
26.3
23.3

24
27.7
22.8

29
23.9
20.9
18.8
27.2
22.7
21,6
14.1
18.8
13.8
19.9
14.3
17.0
15.8
30.2
26.9
26.9
29.7
26.3
21.6
26.2

• Aroelor
ua/f

0.006
0.0004
0.0000
0.0008
0.0019

0.0009
0.0043
0.008

0.0105
0.0032
0.0033
0.0076
0.0064
0.0028
0.0027
0.0035
0.0046
0.0032
0.0055
0.0017
0.0031
0.0056
0.0024
0.0009
0.0155
0.0179
0.0276
0.0183
0.0152
0.0198
0.0183
0.0028
0.0099
0.0014
0.0103
0.0117
0.0034
0.0144

1260 •
(X)

•••••••

12.6
14.3

14
13.9
13.6

13.3
17.4
13.9
16.1
14.8
13.6
16.4

17
14.4
16.6
15.2
17.8
27.9
16.8
17.7
17.6
18.7
22.8
19.4
6.4
8.8

22.5
13
14

12.8
11.4
19.9
16.7
15.3
15.7
21.2
7.4

14.1

• Aroelor
ua/9

0.0013
0.0001
0.0021
0.0002
0.0003

0.0002
0.0012
0.0016
0.0021
0.0005
0.0005
0.0028
0.0014
0.0007
0.0006
0.0008
0.001

0.0006
0.0012
0.0003
0.0007
0.0011
0.0005
0.0002
0.0032
0.0037
0.0062
0.0047
0.0034
0.0049
0.005

0.0005
0.0021
0.0003
0.0021
0.0020
0.0007
0.0029

1268 -
(X)

!•)•••••• •

.7

.9

.3

.3

.3

2.7
4.3
3.1
3.2
2.4
2.3

6
3.7
3.3
3.9
3.5
4.1

5
3.5
3.7
3.9
3.6
4.8
3.9
1.3
1.8
5.1
3.3
3.1
3.1
3.1
3.6
3.6
2.7
3.1
3.6
1.5
2.8

Total
PCR

0.38
0.03
0.33
0.04
0.1

0.06
0.21
0.41
0.56
0.18
0.2

0.35
0.33
0.17
0.14
0.22
0.22
0.09
0.27
0.08
0.15
0.26
0.09
0.04
1.42
1.41
0.8

0.98
0.69
0.98
0.96
0.10
0.46
0.06
0.41
0.36
0.33
0.69

QL9Q 200 dHH
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Data Narti NEA • Aroetor 1111 • • Aroelar 1141 • • Aroelor 1IM • • Aroelar 1260 • • Aroelor 1268 • total
Station Location UncUtd ID ID uf/f (X) ua/a (X) ua/a (X) uf/8 (X) ua/a (X) MB

111-30 MM Haven Mrbor 8/24/89 III30B9M 89000383 0.0000 0.0 0.2*03 M.9 0.1231 29.8 0.0739 15.9 0.020* 4.3 3.29
US-30 NM H»vtn Harbor 8/24/89 US3089S7 89000384 0.0000 0.0 0.1883 S8.9 0.1006 31.9 0.0262 8.2 0.0048 1.9 2.28
US-31 Central Dwplng Ground 8/23/88 LIS31S 90000288 0.0000 0.0 0.0025 32.6 0.0032 41.4 0.0017 22.3 0.0003 3.7 0.06
US-32 Wettern Owplng Ground 9/27/88 LIS32S 90000550 0.0000 0.0 0.0103 24.1 0.0186 43.6 0.0113 26.5 0.0025 5.9 0.31
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09*11
08*01

W02
98*41
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28*0
W12
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58*4
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Saopllns
Station

NYH-19
NYH-19
NYH-19
NYH-19
HYH-19
HYH-20
HYH-21
HYH-21
HYH-21
HVH-21
HVH-21
HVH-21
HYH-22
HYH-22
HYH-22
HYH-22
HYH-22

CA HYH-22
Jjj HYH-23
1 HYH-23
M HYH-23
<— HVH-23
g HVH-23
3 HYH-23
• HYH-23
£, HVH-24

HYH-24
HVH-24
HVH-24
HYH-24
HYH-24
HVH-24
US-
11 S-
LIS-
US-
LIS-
US-
LIS-

locatlon

Sandy Nook
Sandy Hook
Sandy Hook
Sandy Hook
Sandy Hook
Lower Boy
RockoMay Inlet
Rockewey Inlet
Rockowoy Inlet
Rockewoy Inlet
RockeMoy Inlet
RockoMoy Inlet
JeMlca Bay-Beech Chennel
JeMico Boy-Beech Channel
JOM!CO Boy-Beech Chennel
JeMico Bey-Beech Channel
JeMico Boy-Beech Channel
JoMleo Bey-Beech Chennel
JaMtco Boy • Canerele
JaMico Boy - Canorele
JMoIco Bey • Canerele
JaMlca Bay - Canerele
JeMice Bey - Concrete
JcMlee Bay • Carters le
JeMico Bey - Carter* le
Norton River - 207th St.
Herlea) River - 207th St.
Herlea) River • 207th St.
Horleoi River - 207th St.
Herleei River - 207th St.
NarlM River - 207th St.
Herlee) River - 207th St.
Little Heck Bey
Little Heck Bey
Little Heck Bey
little Heck Bey
Little Heck Boy
Little Heck Boy
Little Heck Boy

Deto
Sampled
••• ••••••• •!

10/12/90
10/12/90
10/12/90
10/12/90
10/12/90

10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
09/11/90
09/10/90
09/10/90
09/10/90
09/16790
09/10/90
10/M/90
10/16/90
10/16/90
10/16/90
10/16/90
10/16/90
10/16/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89

Narta
ID

9014
5013
5020
5019
5015

5154
5156
5155
5164
5165
5166
3699
3209
3210
3211
3690
3691
5056
5061
5063
5059
5060
5062
5064
5151
5149
5148
5150
5145
5146
5147
381
382
383
384
386
387
388

HCA 1 Neptoehlo QaoM Alpha Trent- Tochnleol
10 Neptoehlo Epoxlde chlordono chlordane nonaehlor chlordene A-8NC

90002062
90002049
90002050
90002051
90002064

90002157
90002159
90002158
90002160
90002161
90002162
90001581
90001576
90001577
90001578
90001579
90001580
90002063
90002069
90002070
90002072
90002065
90002068
90002071
90002060
90002061
90002058
90002059
90002057
90002066
90002067
89000495 0.28 0.24 0.81 0.80 0.60 7.13 0.03
89000496 1.46 0.63 8.33 7.94 5.70 70.87 0.14
89000497 0.55 0.26 4.30 4.88 3.70 41.55 0.02
89000498 2.64 1.13 19.81 18.84 13.40 167.90 0.13
89000500 1.47 1.39 10.69 10.25 8.50 94.97 0.14
89000501 0.60 0.21 0.98 1.32 1.10 10.97 6.03
89000502 3.13 3.24 10.89 11.81 8.70 101.29 0.13

I-BNC 4,4' -000 4,4' -DOC

0.04 2.44 1.80
0.09 13.69 12.00
0.03 4.29 4.80
0.08 18.56 16.50
0.08 14.73 13.20
0.04 5.91 3.30
0.06 20.32 18.60

8890 300



•1

o>
•
10

M

O
On
ft

l**l Im-
itation
1 ••• •• ••!

tu-l
LII-3
LIS-4
US-4
LIS-4
LIS-4
LIS-4
US-
US-
11 S-
LIS-
US-
LIS-10
US-10
LIS-10
LIS-10
LIS-10
LIS-10
LIS-10
LIS-10
LIS-10
LIS-10
LIS-11
US- 12
US-13
US-14
US-IS
US-16
US-17
US-17
US-17
US-17
US- 18
US- 18
US- 18
US-18
US-18
US- 18
US-18

Location
•••••••••••••••••••••••••I

iHtehtator tty
Nanhaoaot lay
landa Point
landi Point
landa Point
Sanda Point
Sandt Point
Heapetead Harbor
Matlnecock Point
•ayvllle
Oyatar Bay
Lloyd Point
Target Rock
Target dock
Target dock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Eaton* Heck
Hissequogue River
Stony Irook Harbor
Port Jefferson Harbor
ShorehM
Glen Island
Echo lay - Hew Rochelle
Echo Hay - Hew Rochalla
Echo lay - Hew Rochelle
Echo lay - Hew Rochelle
Nawroneck Harbor
Mvwronfecfc Nftcbor
NMMroncck (WTDOT
MMaatronvck MM*t)or
HaaaaairfafBCCk MArftaW

NMWQfWCK NOTvOT
M^̂ ^k«t4MkA*i» MoartMiaipMowronecK ••TOOT

Dot*
la*lod

V1F/II
S/M/M
8/24/89
8/24/8?
a/24/89
8/24/89
8/24/89
8/23/88
8/27/88
8/27/88
8/27/88
8/26/88
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/26/88
8/26/88
8/26/88
8/26/88
8/25/88
8/17/88
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89

Mini
10

••••••••••

LI 121
LIIU

143
144
377
378
379

IISSS
IIS6S
LISTS
Lisas
LIS9S
LIS1089S1
LIS1089S2
LIS1089S3
LIS1089S4
LIS1089S5
LIS1089S6
LIS1089S7
LIS1089S8
LIS1009S9
LIS1089S10
LIS11S
LIS12S
LIS13S
LIS14S
IIS15S
LIS16S
LIS1789S1
LIS1789S3
LIS1789S4
LIS1789S2
LIS1889S1
LIS1BB9S2
LIS1B89S3
LIS1889S4
IIS1889S5
LIS1889S6
LIS18B9S7

NCA 1
10 N

90000953
90000373
89000485
89000486
89000491
89000492
89000493
90000389
90000419
90000410
90000415
90000289
89000393
89000394
89000395
89000396
89000397
89000398
89000399
89000408
89000401
89000402
90000531
90000524
90000286
90000392
90000400
90000396
89000266
89000267
89000268
89000269
89000258
89000259
89000260
89000261
89000262
89000263
89000264

Ml
optocMo 1
••••••MM 01

0.58
1.47
2.43
0.66
0.81

0.20
0.63
1.48
1.28
0.41
0.17
5.48

10.00
0.13
0.34

2.50
3.11
8.12
1.84
0.51

21.80
12.80
1.27
3.19
0.25
3.85

iptMhlo
IpMlde i
IVMMoJIl 1

0.55
0.75
0.37
0.86
0.69

0.03
0.28
0.76
1.14
0.52
0.08
1.87
1.94
0.18
0.36

1.84
4.01
2.53
1.44
0.33
6.54
4.53
0.63
1.01
0.13
1.14

ihlordano <
VflWWIJV 1

5.28
10.12
7.76
4.67
3.50

1.01
4.37
9.99

10.81
2.15
1.35

23.46
47.22

1.49
2.21

17.80
75.46
45.01
12.18
1.85

142.08
64.61
10.51
15.41
1.33

24.54

Alpha
ihlordana n
MHBaWV 1

4.78
6.82
7.05
3.59
3.53

0.82
3.87
7.39

10.05
1.49
0.99

24.44
39.64

1.18
1.73

15.60
76.26
33.14
9.89
1.65

145.95
57.73
8.41

14.16
1.11

22.35

Trana-
onocMor
••••••••

3.30
5.30
4.90
2.70
3.80

0.70
3.30
6.50
7.60
1.10
0.80

21.10
29.80

1.10
1.30

12.10
56.00
25.90

7.40
1.40

90.90
36.80
5.90

10.20
0.70

15.20

technical
eMordana

43.10
71.74
63.58
35.35
34.94

8.16
37.23
77.03
91.81
15.29
10.13

222.58
376.32
12.16
16.90

146.77
670.06
335.65
95.06
15.81

1222.35
513.35
80.06

128.29
10.13

200.29

A-IHC 1

0.11
0.09
0.12
0.13
0.11

0.01
0.08
0.05
0.04
0.05
0.03
0.05
0.07
0.05
0.06

0.10
0.20
0.23
0.12
0.08
1.67
0.49
0.44
0.28
0.03
0.32

I-IHC
HBBBBIl |

0.08
0.07
0.08
0.09
0.06

0.02
0.05
0.04
0.04
0.04
0.03
0.05
0.06
0.03
0.05

0.18
0.19
0.26
0.13
0.10
3.91
0.84
0.95
0.34
0.05
0.52

4,4' -000 i

3.97
10.51
7.87
7.90

10.64

3.32
8.97

20.52
28.14
5.17
2.79

65.14
68.49

2.43
2.98

37.40
91.29

847.97
26.25
4.51

129.47
93.41
27.70
28.57
2.64

46.55

k,4'-DM

8.20
14.90
13.20
11.10
8.70

2.00
7.30

16.40
14.10
5.20
4.80

14.80
22.20
4.40
5.30

17.80
50.90
38.70
19.70
4.70

58.20
36.10
16.90
16.90
2.40

25.50

6890 200 dHH



r c

Saapllni
Station

in*ia
111*19
111*20
111*21

• 111-21
US-21
US-21
US-21
US-21
US-21
US-22
US-23
US-24
US-25
US-25
US-25
US-25

Ch US-25
* US-25
V u«-»
I- llS-25
_ US-25
0 US-25
g US-26
- US-26

f+ US-26
~ US-26

US-26
US-26
US-26
US-26
US-27
US-28
US-29
US-30
US-30
US-30
US-30
US-30

leeatlen

Port Chastar Harbor
Mat Hack Paint
Stanford Harbor
Stanford Harbor
Stanford Harbor
StMUfOTO NttrDOT

Stanford Harbor
Stanford Harbor
Stanford Harbor
long Neck Point
Homalk River Mouth
Southport
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Black Rock Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
HouMtonic River anuth
Nil ford Harbor
Stratford Shoal
Mew Haven Harbor
New Haven Harbor
Hex Haven Harbor
•en Raven Harbor
Men Haven Harbor

Data
•aipled

a/17/at
1/19/M
a/19/ai
1/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/19/88
8/19/88
8/22/88
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
am/89
8/25/89
8/25/89
8/25/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/22/88
8/23/88
8/25/88
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89

Harta MM t Noptaehlo Oaoxa Alpha Trana- Technical
ID ID Hoptachla tpoxldt ehlordana ehlordana nonaehlor ehlordana

LII1B89M 89000269
111198 90000934
118208 90000290
111218911 89000403
UI2189I2 89000404
US2189S3 89000409
US2189S4 89000406
LIS21B9S5 89000407
US2189S6 89000408
US2189S7 89000409
US22S 90000394
IIS23S 90000528
LIS24S 90000291
LIS2589S12 89000413
US2589S11 89000412
LIS2589S2 89000411
LIS2589S21 89000414
LIS2589S22 89000415
US2589S31 89000416
LIS2589S32 89000417
US2589S41 89000418
LIS2589S42 89000419
LIS2589SS1 89000410
US26B9S1 89000385
US2689S2 89000386
US2689S3 89000387
US26B9S4 89000388
LIS2689S5 89000389
US2689S6 89000390
LIS2689S7 89000391
US2689S8 89000392
IIS27S 90000525
LIS28S 90000284
LIS29S 90000283
US3089S1 89000378
LIS30B9S2 89000379
US3089S3 89000380
LIS30B9S4 89000381
US3089S5 89000382

••»•••« »»

0.38

22.23
24.38
14.83
2.17
1.51
2.11
2.69

22.57
18.87
0.32

20.51
19.94
5.37
2.15
4.27
9.04
0.16
1.36

10.34
18.26
8.07
0.39

10.31
1.21
0.22

4.64
33.04
3.03
0.74
1.54

•••••••• m

0.49

J.I7
3.46
6.49
0.73
2.59
1.08
0.99

5.22
1.36
0.08
6.07
5.46
2.25
1.51
1.12
1.47
0.11
2.09
2.47

15.13
0.59
0.07
2.15
0.58
N.D.

1.64
1.03
0.69
0.62
0.15

evnrai m ra ww

39.87
24.99
93.09
10.01

7.04
10.83
6.73

25.02
39.28
0.24

73.85
62.04
21.60
18.28
2.97
4.83
0.25
1.72

11.64
3.06
0.34
0.41

35.44
0.76
0.01

16.62
58.54
23.83
8.42
6.68

mmmmmmmmm •

3.21

98.27
49.60
60.01

9.52
6.06
9.12

10.31

45.08
62.12
0.41

66.60
59.46
24.15
22.47
3.28
2.30
0.42
2.19

34.06
2.72
2.32
0.66

43.58
1.55
0.02

5.26
' 31.27

14.31
2.52
2.12

mmwmmmwm •

2.60

42.20
41.80
27.10
8.40
5.10
8.20
7.00

25.40
33.7
0.40

45.20
41.00
19.00
17.60
3.20
3.40
0.40
2.20

21.90
1.80
1.00
0.40

25.20
1.20
H.D.

6.50
27.90
11.30
2.70
1.60

17.09

432.71
379.31
492.13
90.10
58.71
90.81
77.55

308.06
435.81

3.39
598.87
524.19
208.87
188.23
30.48
33.97
3.45

19.71
218.06
24.45
11.81
4.74

336.19
11.32
0.10

i •

91.55
379.71
159.48
44.00
33.55

A-BHC
!••••••• at

0.06

0.32
0.11
0.18
0.05
0.09
0.05
0.06

0.25
0.72
.02
.15
.25
.07
.89

0.05
0.07
0.02
0.06
0.23
0.16
0.09
0.03
0.08
0.06
H.O.

0.08
0.11
0.10
0.06
0.03

I-BHC

0.10

0.90
0.21
0.16
0.06
0.09
0.10
0.05

0.17
0.14
0.02
0.30
0.17
0.10
0.13
0.05
0.06
0.03
0.04
0.11
0.10
0.09
0.05
0.08
0.06
0.03

0.07
0.10
0.27
1.30
0.03

4,4'-DOO 4,4' -DOf.

13.39

274 .aa
140.83

1744.93
34.92
32.13
17.30
20.49

451.55
504.93

1.35
1090.37
1304.87

40.85
32.45
39.15
71.93
7.98
5.19

44.25
23.86
15.98
1.97

29.73
6.09
0.35

14.99
50.67
26.56
3.25
2.04

9.20

49 .BO
92.80

191.90
19.10
9.80

11.60
7.20

81.80
87.9
1.90

146.10
154.60
34.70
32.70
30.00
43.10
1.30
2.30

28.30
15.80
15.30
1.50
8.90
4.00
N.O.

14.10
45.20
20.30
4.00
2.90

0690 ZOO dHH
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Belling
Station Location

HR-1 Troy DM
HR-1 Troy DM
HR-1 Troy DM
HR-1 Troy DM
HR-1 Troy DM
MR-1 Troy DM
HR-1 Troy DM
HR-1 Troy DM
HR-2 Uatervliet
HR-2 Watervllat
HR-2 Uatervllet
MR-3 Albany

cr>
K>
M

r>oa
rt
*̂

MR-4
HR-5
HR-5
HR-5
MR-5
HR-5
HR-5
HR-5
HR-S
HR-5
HR-5
HR-5
HR-6
HR-7
HR-8
HR-8
HR-8
HR-8
HR-8
HR-8
MR-8
HR-8
HR-8
HR-8
HR-9
HR-10
HR-11

North Albany
South Albany
South Albany
South Albany
South Albany
South Albany
South Albany
South Albany
South Albany
South Albany
South Albany
South Albany

Turning
Turning
Turning
Turning
Turning
Turning
Turning
Turning
Turning
Turning
Turning
Turning

•asln
Basin
Basin
Basin
Basin
Basin
Basin
Basin
Basin
Basin
Basin
Basin

CMpbell Island
Ravens
Coxsackie
Coxsackie
Coxsackie
Coxsackie
Coxsackie
Coxsackie
Coxsackie
Coxsackie
Coxsackie
Coxsackie
Stockport Creek
Hudson-Athens
Cat skill Creek

Data
SaMpled

6/1/90
6/1/90
10/19/90
10/19/90
9/25/89
9/25/89
7/25/88
9/25/89
9/25/89
9/25/89
9/25/89
7/25/88
7/26/88
9/25/89
9/25/89
9/25/89
9/25/89
9/25/89
9/25/89
9/25/89
9/25/89
9/25/89
9/25/89
9/25/89
7/26/88
7/27/88
9/19/89
9/19/89
9/19/89
9/19/89
9/19/89
9/19/89
9/19/89
9/19/89
9/19/89
9/19/89
7/27/88
7/27/88
7/28/88

Maria
ID

2365
2366
5665
5666
269T
270T

HR1S
271T
266T
267T
268T

HR3S
HR4S

211
212
214
215
216
259T
260T
261T
262T
263T
264T

HR6S
HR7S

169
170
171
172
173
174
175
176
177
178

HR10S
M11S

NEA
ID 4

90000899
90000900
90002320
90002321
89000608
89000609
90000411
89000610
89000611
89000612
89000613
90000541
90000544
89000614
89000616
89000615
89000617
89000618
89000619
89000620
89000621
89000622
89000623
89000624
90000416
90000402
89000598
89000599
89000600
89000601
89000602
89000603
89000604
89000605
89000606
89000607

90000422
90000539

,4' -DOT DODiDM

1.40 0.41
0.30 0.37

0.20 0.33
.70 ' 0.33
.90 0.65
.80 0.86

.20

.20

.60
2.10
0.60
2.50
3.70
2.20
1.20
1
1

4
1
1
3
2
0
0
1
2
0

0
1

.20

.00

.40

.20

.10

.20

.40

.90

.20

.20

.40

.20

.59

.19

0.
0.
0.
0.

47
50
25
28

1.02
0.
0.
0.
0.
0.
1.

0.
0.
0.
0.

32
14
57
30
54
01

48
41
50
57

0.23
0.25
0.26
0.26
0.12
0.27

0.93
0.87

2690 200 dHH
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•Mpllno
Station

•• P """ "" ~"~ ~"~

o\
•
K)

M
j__
0
0
.
ft

••••••••

MI-24
N»'24
MI-24
MI-24
MI-24
HR-25
M-26
Nil-27
Nil-28
MI-28
Ht-28
NR-28
MI-28
MI-28
MI-28
MI-28
MI-28
MI-28
MI-29
MI-30
MI-31
HR-32
MI-33
MI-34
HR-35
MI-36
MI-37
MI-38
MI-38
MI-38
M-38
MI-38
MI-38
M-38
MI-38
MI-38
M-38

Location

Con Nook
Con Nook
Con Nook
Con Nook
Con Nook
lono Island
PeektkiU My
Indian Point
Stony Point
Stony Point
Stony Point
Stony Point
Stony Point
Stony Point
Stony Point
Stony Point
Stony Point
Stony Point
Naverttra*
Croton Bay
Tarrytoun

Bay
Bay
Bay
Bay
Bay
8ay
Bay
Bay
Bay
Bay

Tappan Zee Bridge - Nyack
Pltnwnt
Yonker*
Spuyten Oawll Craak
Ctorga Washington Srldgo
North Bergoi
Tha Battery
Tha Battery
The Battery
The Battery
The Battery
The Battery
The Battery
The Battery
The Battery
Tha Battery

i

Data
Sailed

8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
7/29/88
7/29/88
7/29/88
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
7/29/88
7/27/88
7/27/88
7/27/88
7/27/88
7/28/88
7/28/88
7/28/88
7/28/88
8/19/89
8/19/89
8/19/89
8/19/89
8/19/89
8/19/89
8/19/89
8/19/89
8/21/89
8/21/89

Narii
10

M25B
M26S
M27S

M29S
M30S
M31S
M32S
M33S
M34S
M35S
M36S
M37S

397
398
399
400
257

393
394
395
408
259
260
261
262
263
264

285
286
287
288
289
290
291
292
293
294

MA
ID 4,4' -DOT DOOlDOt

••••••••• •*»*•••••• mmmmmmmm

89000530
89000531
89000532
89000533
89000534
90000414
90000555
90000554
89000504
89000505
89000506
89000503
89000536
89000515
89000516
89000517
89000518
89000519
90000546
90000285
90000276
90000545
90000542
90000282
90000279
90000401
90000417
89000309
89000310
89000311
89000312
89000313
89000314
89000315
89000520
89000525
89000526

2.50
2.30
2.80
N.D.
1.20

1.40
10.30
1.60
N.D.
3.80
2.80
1.30
0.10
1.60
2.20

0

6
64
2
0
2
1
1
3
2
2

.96

.30

.10

.90

.30

.30

.50

.00

.30

.20

.90

0.91
0.77
0.42
2.77
0.73

0.99
0.13
0.79
4.43
0.61
0.94
0.78
0.87
0.89
0.62

2.09

1
3
1
0
0
0
1
0
1
1

.02

.44

.15

.43

.79

.93

.34

.18

.05

.13

7/28/88 NTH-1S 90000281 43.89 1.61

fr690 ZOO dHH
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Sampling
Station

NYM-19
NVN-19
NYM-19
NYM-19
NYM-19
NYH-20
NYH-21
NYH-21
NYH-21
NYM-21
NVN-21
NYH-21
NVH-22
NVN-22

0* NVN-22
• NVN-22
10 NVN-22
M NVN-22
^ NVN-23
O NVN-23
0 NVN-23
. NYH-23
ft NYN-23
*" NVN-23

NYH-23
NYH-24
NYN-24
HVH-24
NVH-24
NVH-24
NVH-24
NVH-24
US-
LIS-
LIS-
LIS-
LIS-
LIS-
LIS-

, Location

Sandy Hook
Sandy Nook
Sandy Hook
Sandy Hook
Sandy Nook
Lower Bay
Rockaway Inlet
Rockaway Inlet
Rockaway Inlet
Rockeway Inlet
Rockaway Inlet
Rockaway Inlet
JaMica Bay-Beach Channel
JaMlca Bay-Beach Channel
JaMica Bay-Beach Channel
JaMlca Bay-Beach Channel
JaMlca Bay-Beach Channel
JaMica Bay-Beach Channel
JaMica Bay - Canaraie
JaMica Bay - Canaraie
JaMica Bay - Canaraie
Jamaica Bay - Canaraie
Jamaica Bay • Canaraie
Jamaica Bay - Canaraie
Jamaica Bay - Carters U
Harlem River • 207th St.
Harlem River - 207th St.
Harlem River - 207th St.
Harlem River - 207th St.
Harlem River - 207th St.
Harlem River - 207th St.
Harlem River - 207th St.
Little Neck Bay
Little Neck Bay
Little Neck Bay
Little Neck Bay
Little Neck Bay
Little Neck Bay
Little Neck Bay

Date
Sampled

10/12/90
10/12/90
10/12/90
10/12/90
10/12/90

10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
10/30/90
09/11/90
09/10/90
09/10/90
09/10/90
09/10/90
09/10/90
10/1*790
10/1*790
10/16790
10/16/90
10/16/90
10/16/90
10/16/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
10/26/90
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89

Narta NEA
ID ID

3014 90002062
5013 90002049
5020 90002050
5019 90002051
5015 90002064

5154 90002157
5156 90002159
5155 90002158
5164 90002160
5165 90002161
5166 90002162
3699 90001581
3209 90001576
3210 90001577
3211 90001578
3690 90001579
3691 90001580
5056 90002063
5061 90002069
5063 90002070
5059 90002072
5060 90002065
5062 90002068
5064 90002071
5151 90002060
5149 90002061
5148 90002058
5150 90002059
5145 90002057
5146 90002066
5147 90002067
381 89000495
382 89000496
383 89000497
384 89000498
386 89000500
387 89000501
388 89000502

4,4' -DOT 000:001

0.50 .36
6.50 .14
1.90 0.89
10.10 .12
2.00 .12
0.60 .79
4.40 .09

1.690 ZOO dHH



c c

•

?*
10
1

*-"•
0
3
ft

ladling
Station
>•*••••••
III*
US-
US-
US-
US-
US-
US-
LIS-
LIS-
LIS-
LIS-
LIS-
LIS-10
US- 10
LIS- 10
LIS- 10
US- 10
LIS- 10
US- 10
LIS- 10
LIS- 10
US-10
US-11
US-12
US-13
US-14
US-15
LIS- 16
US-17
US-17
US-17
US-17
US-18
US- 18
US-18
LIS- 18
US-18
LIS- 18
LIS- 18

locatlan
••••••••••••eaaeeeeeeeeeee
lastchestar lay
Nanhasset lay
Sands Point
Sands Point
Sands Point
Sands Point
Sands Point
Hewpstead Harbor
Natinecock Point
Bayvilla
Oyster Bay
Lloyd Point
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Target Rock
Eatons Heck
Hissequogue River
Stony Brook Harbor
Port Jefferson Harbor
ShorehsN
Glen Island
Echo Bey • Hew Rochella
Echo Bey - Hen Rochella
Echo Bey - Hew Rochella
Echo Bey - Hen Roehelle
Haaaroneck Harbor
MtMwronQck Hwooc
MMiwroncck Nsrbor
MvMroneck Ncrbor
MMMfttlCCk MftTDOC
MMtrontck Harbor
•̂ ^̂ •dtâ BMkaV ajaalaagiHMMrorwcii nmroor

Data
Isaplfd
••••«»•••
»/1f/M
8726788
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89
8/23/88
8/27/88
8/27/88
8/27/88
8/26/88
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/26/88
8/26/88
8/26/88
8/26/88
8/25/88
8/17/88
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89
8/17/89

Harts
10

•jf aj 8JB8IBJflffJfl

LIStS
LISSB

143
144
377
378
379

LIS5S
LIS6S
LISTS
LIS8S
LIS9S
LIS1089S1
LIS1089S2
LIS1089S3
LIS1089S4
LIS10B9S5
LIS1089S6
LIS1089S7
LIS1089S8
LIS1089S9
LIS1089S10
LIS11S
LIS12S
LIS13S
LIS14S
LIS15S
LIS16S
LIS1789S1
LIS1789S3
LIS1789S4
LIS1789S2
LIS1889S1
LIS1889S2
LIS1889S3
LIS1889S4
LIS1889S5
LIS1889S6
LIS18B9S7

HEA
ID

M •) M MM

90000)99
90000373
89000485
89000486
89000491
89000492
89000493
90000389
90000419
90000410
90000415
90000289
89000393
89000394
89000395
89000396
89000397
89000398
89000399
89000400
89000401
89000402
90000531
90000524
90000286
90000392
90000400
90000396
89000266
89000267
89000268
89000269
89000258
89000259
89000260
89000261
89000262
89000263
89000264

4,4' -DOT
••••••*••

1.20
0.60
1.70
1.90
1.80

0.40
0.80
1.90
3.30
0.90
1.20
1.50
5.40
0.60
0.80

2.10
20.60
12.70
8.00
1.20
37.70
9.30
11.40
3.10
0.40
9.60

DOOlDN
•••••Ml

0.73
0.71
0.60
0.71
1.22

1.66
1.23
1.25
2.00
0.99
0.58
4.40
3.09
0.55
0.56

2.10
1.79
21.91
1.33
0.96
2.22
2.59
1.64
1.69
1.10
1.83

8690 300



Sanpllng
Station

US- 18
US-19
LIS-20
LI8-21
LIS-21
LIS-21
LIS-21
LIS-21
LIS-21
LIS-21
LIS-22
LIS-23
US-24
US-25
US-25
US-25
LIS-25

W US-25
M LIS-25
1 LIS-2S
M LIS-25
^LIS-25
O MS-25O
g LIS-26
-LIS-26
£. LIS-26

LIS-26
LIS-26
LIS-26
LIS-26
LIS-26
LIS-27
L1S-28
US-29
US-30
US-30
LIS-30
US-30
LIS-30

location
•••••••MUMMmMMM

Hanaronack Harbor
Port Chaatar Harbor
Flat Mack Point
Stanford Harbor
Stanford Harbor
Stanford Harbor
Stanford Harbor
Stanford Harbor
Stanford Harbor
Stanford Harbor
Long Neck Point
Honwlk River Mouth
Swithport
Black Rock Harbor
Black Rock Harbor
•lack Rock Harbor
•lack Rock Harbor
•lack Rock Harbor
•I fade Rock H«JfoOi*
•lack Rock Harbor
•lack Rock Harbor
•lack Rock Harbor
•lack Rock Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Bridgeport Harbor
Houaatonlc River nouth
Nilford Harbor
Stratford Shoal
New Haven Harbor
New Raveo Harbor
New Haven Harbor
New Haven Harbor
New Haven Harbor

Oata
Sanplad

8/17/89
B/19/88
8/19/88
8/22/89
a/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/22/89
8/19/88
8/19/88
8/22/88
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/25/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/23/89
8/22/88
8/23/88
a/25/88
8/24/89
8/24/89
8/24/89
8/24/89
8/24/89

Harta
10

US1B89S8
LIS19S
IIS20S
LIS21B9S1
LIS2189S2
LIS2189S3
US2189S4
LIS2189S5
LIS2189S6
LIS21B9S7
LIS22S
LIS23S
LIS24S
LIS2589S12
LIS2589S11
LIS2589S2
LIS2589S21
LIS2589S22
LIS2589S31
LIS2589S32
LIS2589S41
LIS2589S42
LIS2589S51
LIS26B9S1
LIS26B9S2
LIS2689S3
US26B9S4
LIS2689S5
LIS2689S6
LIS2689S7
LIS2689S8
LIS27S
LIS28S
LIS29S
US3069S1
LIS3089S2
LIS30B9S3
LIS3089S4
LIS3089S5

NEA
10

••••***••

•9000265
90000534
90000290
89000403
89000404
89000405
89000406
89000407
89000408
89000409
90000394
90000528
90000291
89000413
89000(12
89000411
89000414
89000415
89000416
89000417
89000418
89000419
89000410
89000385
89000386
89000387
89000388
89000389
89000390
89000391
89000392
90000525
90000284
90000283
89000378
89000379
89000380
89000381
89000382

4,4' -DOT

1.70

24.20
7.50
10.40
2.40
1.00
7.00
4.60

10.10
12.8
0.10
46.20
20.60
8.50
3.40
1.70
2.60
0.10
1.60
9.90
4.10
1.50
0.20
10.50
0.70
H.D.

3.40
11.60
10.70
0.80
1.40

DOO:OOE

2.37

6.00
2.67
11.52
2.31
3.28
1.49
2.85

5.52
5.74
0.71
7.46
8.44
1.18
0.99
1.31
1.67
6.14
2.26
1.56
1.51
1.04
1.31
3.34
1.52

1.06
1.12
1.31
0.81
0.70

6690 200 dHH



Sampling oat* (tone MCA
Station location Sa*pl«4 10 ID 4,4'-DOT OOOtOOC

LI$-30 New Haven Harbor 8/24/89 LIS3089S6 89000383 10.30 1.23
US-30 New Haven Harbor 8/24/89 US3089S7 89000384 1.40 2.74
US-31 Central Duping Cround 8/23/88 IIS31S 90000288
LIS-32 UMttrn Duping Cround 9/27/88 LIS32S 90000550

eoI

oo
3

00LO ZOO dHH



Troy

HR-I
TROY DAM
LL=42°44.40'f 7I°4I.22'

•027IT- (0.06)
•0270<- (0.15)

- (0.75)

•02661'- (0.72)

HR-2
WATERVLIET
LL=42°42.34', 73°42.20'

I

Table 6.2-2

35
50
IS

o
o

O
-J
O

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED___...............

DATE OCTOBER 1991 DWG. NO. HR-I AND ?



"HR3S - (0.14)
HR-3
NORTH ALBANY WATER PLANT

.29;, 73°42.53'

Albany

HR-4
NORTH ALBANY TURNING BASIN
LL=42°37.3I',

Port of "Albany

*ss£uf* OBST a

•HR4S - (1.32)

SEDIMENT SAMPUNG STTES6.2-2 (con't

HARZA ENGINEERING CO.. CHICAGO
APPROVED



K IT Tl

Port of
Albany

*026I<- (1.66)
«0260<- (1.89)

sun cot.
"0216 - (0.07)

am* HUOSOH « IT a

HR-5 SOUTH ALBANY
TURNING BASIN

.49', 73°45,35'

:/» HJOSOH K tr

"0263''- (1.47)
- (3.82)

- (1.45)
"0214 - (1.58)

- (1.47)
- (0.66)

6.2-2 (con't)

o
o
10

o
LO

GENERAL ELECTRIC

SEDIMENT SAMPUNG SfTES

HARZA ENGINEERING CO.. CHICAGO
APPROVED_____———————

DAT£ OCTOBER .39. N°' HR-5



HR-6
CAMPBELL ISLAND
LL=42°32.39', 73°45.2I'

HR-7 RAVENA
LL=42°28.02'i 73°47.IO'

HR7S - (0.07)

6.2-2 (con't) SEDIMENT SAMPLING SITES

HARZA ENGINEERING CCU CHICAGO
APPROVED



Coxsackie
«OI7I - (0.29)

•0170 - (0.36)

JWCT V«D It LT BT IS

"0175

IM/DSW * Of x

*OI72 - (2.14)
MffiSW * IT X

Uf MUD H Ml 0

«OI73 - (1.16)

- (0.11)

(0.71)
(0.37) /

HR-8 COXSACKIE
LL=42°22.52/,

6.2-2(con't)
o
o

O
Ul

GENERAL ELECTRIC

SEDIMENT SAMPUNG SfTES

HARZA ENGINEERING CO.. CHICAGO
APPROVED_____............

DATE OCTOBER 199 DWG. NO. HR-8



Columbia

HR-IO HUDSON - ATHENS
LL=42°I4.36',

SEDIMENT SAMPUNG SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED



tanortr

•HRIIS - (0.63)
HR-II CATSKILL CREEK
LL=42°ll.55'i 73°5I.23'

"HRI2S\- (0.17)

/HR-12 INBOCHT BAY
°53.25'

GENERAL ELECTRIC
6.2-2 (con't

SEDIMENT SAMPUNG SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED

DATE OCTOBER IM I0"0' N°- HR-I AND



HR-13 ESOPUS CREEK
LL=42°03.45', 73056.0T'

«HRI3S - (0.75)

HRI4S - (1.12)

auar x

HR-14
SOUTH BAY - ANNANDALE
LL=42°OI.33', 73°56.00/

6.2-2 (con't)

so»
TJ

o
o

o
00

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HARZA ENGINEERING CO^ CHICAGO
APPROVED____————————

DATE OCTOBERS DWG-NO-HR.I3ANS.<



HR-15 KINGSTOWN
LL=4l°55.22'f 73°58.09'

•0168 - (0.70)

«OI62 - (0.49)

•0153 - (0.52)

*OI60 - (0.14)

Kingston - (1.41)

- (0.74)

"0158 - (0.58)
JOHCS TOKEK

Ml£ HUDSOH HBMTO

LT »

HR-16 ESOPUS MEADOWS POINT
LL=4l°52.32'f T3°57.I5'

6.2-2 (con't)
o
o
N>

O
10

GENERAL ELECTRIC

SEDIMENT SAMPLING STTES

HARZA ENGINEERING CO.. CHICAGO
APPROVED_____—————-—

DATE OCTOBER 1991 DWG. NO. HR-15 AND 16



HR-17 HYDE PARK
', 73°57.05'

•0319''- (0.01)
musratr CUP

•0320A (0.59)

«0324 - (1.36)

*0322 - (6.51)

HR-18
NORTH POUGHKEEPSIE

/, 73°56.29'

JtOOtt < * a »

- (0.87)

.«03l7r- (0.62)

Hyde Park

- (O.T2)

-*03l5f- (0.64)

M KX£ HUOSOK H IT 6.'-0321- (0.81)
mason a ir 4

"0323 - (0.61)

STATE HOSf STK

'HRI8S - (1.48)

MUOBW * tuori

6.2-2 (con't)
o
o

o
l-«
o

GENERAL ELECTRIC

SEDIMENT SAMPLING SfTES

HARZA ENGINEERING CO.. CHICAGO
APPROVED____.............

DATE OCTOBERS DWC-NO-HR- t7AND.8



«03I4<- (0.76)

Blue Point

«0305r- (0.58)

- (0.65)

- (0.80)

*0308<- (0.73)

HRH9 POUGHKEEPSIE
', T3°5T.II

Poughkeepsie

- (0.70)
- (3.29)

"03IOT- (0.83)

*03II< (4.72)

»0309f- (1.00)

1 *OSOH K SHUT fr A

MOO TWER

o
o
to

6.2-2 (con't)

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED__——————————

DATE OCTOBER N°'



HR-20 NEW HAMBURG
LL=4l°34.47'f 73°57.I5/

car en ear t

"HR20S - (0.28)

HR-21 NEWBURGH
LL=4l°28.53'f 73°59.36'

•HR2IS - (0.79)

Beacon

1

6.2-2 (con't) o
o
to

o
-J

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED___________—

DATE OCTOBER



JKWOUKH Stuff.

Newburg

HR-22
CORNWALL ON HUDSON
LL=4l°27.l6'f 74°OI.08'

\
*HR22S - (0.05)

Foundry Cove

•HR23S - (1.84)

HR-23 FOUNDRY COVE
LL=4I°24.37', 73°57.47/

IT » 31

West Point

mm runs

6.2-2 (con't)

o
o
to

o
t->
u>

GENERAL ELECTRIC

SEDIMENT! SAMPLING STTES

HARZA ENGINEERING CO.. CHICAGO
APPROVED_________———

DATE OCTOBER 1991



•0399 - (0.65)

•0398 - (1.86)
•0397 - (1.30)
•0257 - (0.37)

•0258 - (2.93)

HR-24 CON HOOK
LL=4I°2I.03', 73°57.50'

Mystery Pt.

Anthonys Nose

6.2-2 (con't)
o
o
tO

O-J

GENERAL ELECTRIC

SEDIMENT SAMPUNG SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED_——————————

DAT£ OCTOBER IM DWC'N°' HR-2<



HR-25 IONA ISLAND
LL=4l°l8.33'f73°58.52'

OOKTOK*

to- MCE? rou n

«HR25S - (1.75)

'HR27S - (0.42)

HR-27 INDIAN POINT
LL=4l°l6.3l'f 73°58.02'

HR-26 PEEKSKILL BAY
LL=4l°l6.5l'f 73°56.24'

lona Is

Peekskill

«HR26S - (0.46)

I

6.2-2 (con't)
O
o
NJ

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED____________

DATE OCTOBER .99. !DWC' AND 26



Jones Pt. Peekskill

•0259 - (1.20)

•0395 - (1.81)

Tomkins Cove

«0394 - (1.17)

"0393 - (1.94)
srarr fj in ro*Cft

"0408 - (0.05)

Stony Pt.

"0264 - (1.95)
JMHt

HR-28 STONY POINT BAY
LL=4l°l6.3l'f 73°58.02/

Verplanck
«026I- (1.19)

•0262 - (0.29)

"0263 - (0.94)

J

OB
3d

6.2-2 (con't) o
to

GENERAL ELECTRIC

SEDIMENT SAMPLING SfTES

HARZA ENGINEERING CO.. CHICAGO
APPROVED_——————————

DATE OCTOBER 1991 ] DWG. NO. HR-28



srotr rr ut TWER ( HR-29 HAVERSTRAW
LL=4l°l!.54'f 73°57.24'

1OT HUOSO* A IT

CMSST fOKT UBKT

Haverstraw

«HR30S - (0.70

HR-30 CROTON BAY

LL=4I°I0.32', 73°53.I6'

6.2-2 (con't)

O
-J

GENERAL ELECTRIC

SEDIMENT SAMPLING SUES

HARZA ENGINEERING CO.. CHICAGO
APPROVED__________

DATE OCTOBER 1991 |DWG'N°ftR-29 AND



HR-31 TARRYTO
LL=4I°04.57', 7

•HR3IS - (0.74)

*HR32S - (2JO) 1

HR-32
TAPPAN ZEE
LL=4!°04.2I', 7

Mt Plessont

•*WT»W rate* r*wr
rt4
«c»M) Or J

J Of Aft IT .

Tarrytown

- NYACK
553.54'

•HR33S - (0.49) HR-33 PIERMONT
.L=4I°02.07'.

I

6.2-2 (con't)

as
3
o
o
(O

O

M
CO

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HAR2A ENGINEERING CO.. CHICAGO
APPROVED__________...

DATE OCTOBER**



LIS-35 NEW LONDON

US-34 NIANTIC BAY

i

oo
to

6.2-2 (con't)

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HARZA ENGINEERING CO-CHICAGO
APPROVED____________

DATE IDWC-



HR-34 YONKERS
.2I', 73°55.30'

•HR34S - (1.27)

HR-35
SPUYTEN DUYVIL CREEK
LL=40°52.39', 73°55.27'

«HR35S - (1.96)

•HR36S - (1.27)

sr turn CHMCH

ana*

jtr ver nosf

E WASHINGTON BRIDGE
LL=40*5I.OOf, 73°57.36'

6.2-2 (con't)

o
o
to

o
-J
(O
o

GENERAL ELECTRIC

SEDIMENT SAMPLING SITES

HARZA ENGNEERING CO.. CHICAGO
APPROVED___________.—

DAT- OCTOBER 1991 DWG. Nflfc-34. 35 fc 36
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U
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H
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0

7
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MLLItf HUTTH IT

«0285 - (0.66)

•0286 - (1.42)

•0287 - (1.61)

•0288 - (0.50)
FUSTS"0293 - (0.93)

an MI DMI u or

"0289 - (2.55)
•0291- (0.66)

•0292 - (0.42)

•0290 - (0.15)

>
ormMT IT
HR-38
THE BATTERY
LL=40°42.11', 74°02.20'

6.2-2 (con't)
2 3

SCALE M MILES

03
50

oo
10

ô1
NJ
N>

GENERAL ELECTRIC

SEDIMENT SAMPUNG SITES

HARZA ENGINEERING CO.. CHICAGO
APPROVED____________

DATE OCTOBER 1991 DWG. NO.



Footnote to Ta.bley 6.2—1 and 6.2»2

All PCB concentrations are expressed as pg/g dry
weight. PCB analyses performed by Northeast Analytical, Inc.
(NBA), Schenectady, NY. Samples were analyzed using capillary
column gas chromatography, which was capable of resolving 118
individual PCB peaks. Total PCB, Aroclor and homolog composition
of the samples was also reported by NEA. Sediment samples were
collected by either a Petite Ponar or Shipek dredge, which did
not collect samples deeper than the top six inches of sediment.
Almost all sediment samples collected during the course of this
study were collected from nearshore sediment depositional areas,
where fine particulate and/or organic rich sediments are found.
Areas where sediments consisted of coarse particulates such as
sand were avoided to the extent possible. Areas known to have
been dredged, such as navigation channels, were also avoided.

Sample results for samples collected during field work
in 1988 describe a five dredge haul composite sample analysis.
The individual samples which made up the composite were collected
within several hundred yards of each other, with samples being
collected from both shorelines of the Hudson River, or scattered
along the coastline for stations in New York Harbor and Long
Island Sound. Samples were collected at 88 stations during 1988.
Of these, 38 were located in the tidal Hudson River between the
Troy Dam and The Battery, 18 were collected in New York Harbor
(defined in this study as the East River between The Battery and
Throgs Neck Bridge, Upper and Lower New York Bay, Raritan Bay,
Newark Bay, the Arthur Kill and the Kill van Kull), and 32
stations were located in western Long Island Sound, west of a
line between New Haven, CT and Shoreham, NY. One sample, from
Hudson River station HR-9 (Stockport Creek mouth) was lost during
laboratory analysis, and results are not reported.

During 1989, more detailed sediment sampling was
performed at 28 stations which contained the highest PCB
concentrations in either sediment or biota from samples collected
in 1988. Ten of the stations were in the tidal Hudson River,
while nine each were located, in New York Harbor and Long Island
Sound. Between 6-12 sediment samples were collected from each
station, and individually analyzed for their Aroclor, homolog and
congener content. Samples were collected along both shorelines
of the Hudson River, and paralleled the coastal shoreline or the
shoreline of embayments in New York Harbor and Long Island Sound.
Concentrations of 11 pesticides were also determined on samples
collected during 1989.

During 1990, individual sediment samples were collected
and analyzed form five new stations (NYH-19, 21, 22, 23, 24) in
New York Harbor, whose definition was expended to include Jamaica
Bay, the Sandy Hook, NJ area and the Harlem River.

so
All of the above studies were funded by the General *

Electric Company, Fairfield, CT.
oo
NJ

O
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Table II. Sediment Activities of Fallout and Reactor Radionuclide* and Concentration* of PCBs from Coves in the
Low-Salinity Reach of the Hudson Estuary (1977) "•

Aroclor. ppm
depth, cm

FOV»M^<W Cos/?——— 2J — B=T-
1-2
2-3\*ni — w 3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-11
11-12
12-13
13-14
14-15
15-16
16-17
17-18
18-19
19-20
20-21
21-22
22-23
23-24
24-25
25-26

XvtfetAN PcJuuT
0-2
2-4
4-8

X^ll — -»f 8-12
12-16
1G-20
20-24
24-28
28-32
32-3G
36-40
40-44
44-48
48-52
52-56
56-60
60-64

'"Ct, pCi/kg

1530 l 38
1610 l 44.
2000 i 48

(2400 l 56)°
2240 i 55
2060 l 56
2010 l 48
2180 i 54
2130 i 54 '
1970 i 49
2120* SO
2130 i 59
2170 l 57
2140 l 68
1990 l 48
16801 55
1440 t 38
1160 i 42

770 * 29
580 i 29
380 t 21
200 t 18
105 * 15
22 i 12

(19 i ll)d

-9± 13

1090 t 51
1130 t 54
1730 ! 66

(•4140 t 93)"
3220 i 70
2200 i 4G
1590 i 43
1280 i 38
970 i 32
860 i 41

1020 t 35
845 t 35
520 t 35
410 i 19
255 i 21
(11 i 10)«
-5 t 10

1>4Cs. pCi/kg "Co. pCi/kg "••"•Pu. pCi/kg
Core Site C (kmp 86.6. 1/77. CN 1240)

28 113 73 i 10 27.9 i 1.4
47 i 16

(75 i 16)*
f75H6)D

30 i 16
-7i 13
Si 10

12 i 11
-7i 11
-7i 10
1 i 10

-14l 13
-13 l 12
-10 i 16
-18 i 10

4 t 16
2 t 9

-10 i 14
-S i l l

' -11 i 9
-5 t 11

1 i 11
8 t 10
8 : 9

-6 s 9
• -5 i 10

Core Site
82 : 25
54 « 25

120: 28
(395 i 29)"
255 : 22
1GO: 12
7S: 14
52: 15
32 : 13
15 t 16
7 t 13

19 i 9
4 t 18
81 9

11 t 13
-9i 9
14i 8

55 113
98 * 13

(m * 131°
110* 14
89 US
67*12
83* 12
95* 13

100 * 12
70* 11
41* IS
67* 14
47* 19
36* 11
43 i 18
17 i 10
16 i 15
-4i 14
-81 10
24 i 13
13 i 13
26 i 11

-14 i 11
81 9

-61 10
0 (kmp 69. 5.

96 i 21
95 i 21

195 i 27
(420 t 20)°
2SO t 17
175 i 9
MSi 14
190 t 16
99 < 14

100 i 19
145 i 16
130* 12
47* 19
47* 11
17 i 16
3*9

-5*9

28.6 * 1.7
30.9i 1.4
34.7 i 1.9
35.4 i 1.9
41.4 i 2.7

47.S i 2.2
53.4 i 1.9
49.6 i 2.3
54.9 i 2.3
68.3 * 2.6
73.8 * 2.0

(76.6 i S.3)«
55.6i 1.9
53.1 i 2.1
48.6 i 1.9
39.8i 2.1
25.9 i 0.8
20.4 i 0.9
12.5i 0.6
6.3 i 0.4
3.2t 0.3
0.8 i 0.1

(0.5 i 0.1)"
0.2 i 0.1

7/17/77. CN 1264)
5.7 i 0.5
8.2i 1.0

10.2i 0.6
10.0 t 1.2
9.8 : 0.3

109 » 09
11.0 i 0.2
9.2 i 0.4
7.6 i 0.4
8.4 i 0.4
9.8 t 0.7
6.81 0.4
5.3 i 0.3
4.2t 0.2
1.7 t 0.2

1242

7.48 i 0.52
9.28 i 0.65

11.6 i 0.5
19.3 i 0.9

1 (26.0 i 1.4r*
20.8 i 1.7
21.6* 1.6
14.7 t 1.3
12.6*0.9
9 36 i 0.87
tt.31-iO.41
5.17 i 0.31
•5.57 * 0.43
5.30 i 0.33
5.70i 0.60
2.60 i 0.2t>
3.90 i 0.30
3.30 i 0.23
2.17 i 0.18
l.SS'i 0.15
1.20 i 0.09
0.72i~0.04
0.51 t 0.02
0.22 t 0.03
0.33 i 0.03
0.25 t 0.07'

3.95i 0.62 '
2.29 i 0.37
7.41 » 0.51

(10.06 i 0.60)"
8.30 : 0.53
7.23* 0.25
6.72 i 0.27
7.34 i 0.37
4.90 t 0.35
3.70 i 0.39
4.28 t 0.39
3.57 i 0.28
2.10 i 0.34
1.61 i 0.14
0.65 i 0.09

<0.03
<0.03

}2S4

0£7 i 0.22
1.45 i 0.35
1.42i 042
2.35 i 0.54
3.06 i 0 82
2.32 i 0.60
2.38 i 0.61
T.77 i 0.33
1.64 t 0.29
1.49 i 0.20
1.17* 0.11
1.44 t 0.13
1.26 i 0.09
1.39 i 0.13
1.60 t 0.03
0.78 t 0.06
1.21 > 0.10
1.10 : 0.16
0 92 i 0.09
0.90 i 0 08
0.73 t 0 08
047 i 0 06
0.34 : 0 06
0.23 t 0 07
0.19s 004
0.09 : 0 02

0.57 s 0 04
0.34 s 0 03
0.87 t 0 09
1.29: £L19
1 07 : 0 19
090-. 0 13
0 88 : 015
090 t 0 12
0.71 : 0 .06
0.52 i 0 03
0.53 t 004
0.40 i 0.04
0.31 t 0.04
0.25 i 0.01
0.11 ! 0.01

<0.02
<0.02

PS*

* We interpret the maximum concentration in PCBs to have resulted from removal of a dam just downstream of the release
area in 1973. * Maximum activities in reactor nuclides ("*Cs, **Co, and part of th* >nCs) are attributed to releases made in
the year of maximum releases at the reactor site (1971J. ' We interpret the maximum in fallout nuclides to be associated
with the year of'highest fallout from nuclear weapons testing (1963). d We interpret the first appearance of fallout nuclides
in this core to be associated with the beginning of measurable fallout from nuclear weapons testing (1954). • The first
appearance of anthropogenic radionuclides in this con can most probably be associated with the last dredging episode at this
site, which apparently occurred in the late 1960s.

a:»•TJ
o
o
NJ
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PCB tir.'ggr-SIT'l. LOAD HI' AROCLQR TYPE

1930-56
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974

1242

18709
1991
1431
2298
2955
4082
3992
3r'iU
4597
5928
7010
7442
7789
9182
10072
3232
48
310
310

(In

1248

5395
704
1065
1597
1226
1745
1452
2062
2160
2260
1932
1794
1881
2190
1536
112
-
-

> •

Thousands of Pounds)

Aroclor Tvae

1254

5003
676
917
1142
989
1295
1222
1166
1224
1456
1247
1158
1615
2172
2575
717
229
399
309

Grand Total

1260 1016

3559
932.
783
1118
1191
1347
1258
1503
1664
1096
1041
1111
954
997
1044
266 167
20 1045

1177
1098

-

TABLE .
(Taken from Versar. at 288 (1976))

6.2.1-2

Total
PCBs
32466
4303
4196
6155
63,61
8469
7324
8379
9645
10740
11230
11505
12239
14541
15227
4494
1342
1886
1717

172.8 * 10'lfa

a:?o•o
oo
(0
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Jtegression equations describing PCB trends in the tidal Hudson River with distance
downstrean fron the Troy Dan.

study
EPA 1977

Bopp 1979
EPA 1981
Shephard et al. 1990

Regression equation
(PCB] » -0.010*RIVZRMILB -I- 7.121

[PCB] • 0.087*RIVERMILE 4 0.621
[PCB] « 0.002*RIVERMILE + 2.721

1 PCB) - -0.001*RIVERHILE + 1.183

H<«)

24

22

10

114

ratb)

0.001
0.247

0.000

0.002

pte)

0.024
6.552
0.003
0.169

p<4)

0.877

0.019*
0.955
0.681

a - Hiraber of detectable PCB savples included in regression analysis
b - Coefficient of determination
C - F statistic for the regression analysis
d - Statistical probability that a significant change in PCB concpntrations with river nile

is observed.
* - Statistically significant at P < 0.05 level

9ZLQ ZOO



Composition* of US PCB Production, of Standard and Evaporated Aroclors, and
of Upper Hudson River Reach 9 Dr. raits and Reach 8 Redeposilt

PCB and (% of 1957-77
US Production)

Aro. mi sld. (0.86)
Aro. 1132 std. (0.24)
Aro. 1016 sld. (12.88)
1950-70 capacitor 1242*
Aro 12V. Md (51.76)
" ",167%evap.
" ",31.4%evap.
Aro. 1246 sld. (6.76)
Aro. 1254 sld. (15.73)
Aro. 12«J) sld. (10.61)
Aro. 1262 sld. (0.83)
Aro 1268 sld. (0.33)
Aro. 1270 (from environ.)1* -

1957-77 US mean (100.00)

UHR8 1977+ depos'n*
UHR8 1976 dcpos'n.d

UHR9 pre-1974 depos'n.e --

Wl.7 X.cngeners wilh Indicated Chlorine Number
1

65.9
36.0
0.8
1.5
6.5
0.0
0.0
0.0
0.0
0.0
0.0
0.0
«

1.6

2.9
6.3

1.4

2

26.0
18.7
15.5
11.4
14.4
10.4
5.1
1.3
0.23
0.0
0.1?
0.1?
—

8.2

129
25.2

11.0

3

5.4
250
57.:
48.9
46.6
45.3
43.8
21.7

1.6
0.0
0.5;
0.1?
—

34.4

33.8
37.8

45.9

4

2.2
17.0
!5.9
.129
)2.3
k»9
12.3
'(0.2
•M.7
2.0
14
0.3?
—

•!8.6

15.5
;2.5

22.1

5

02
24
0.3
4.2
5.3
6.5
7.5

134
459
10.2
5.2
0.0
—

11.4

10.7
6.1

6.0

6

0.2
0.5
0.1?
0.88
0.9
0.95
1.14
2.7

27.7
42.2
25.8
1.9
—

9.3

3.7
1.8

2.1

7

0.0
0.3
0.0
0.22
0.1?
005
0.06
0.63
2.7

373
45.8
2.5
—

4.9

0.58
0.30

0.39

8

0.0
O.I?
0.0
0.05
0.0
0.01
0.03
0.12?
0.16
7.4

19.6
24.8
-8

1.1

0.14
0.05

0.10

9

0.0
0.0
0.0
0.01
0.0
0.0
0.0
0.0
0.0
0.79
3.5

67.9
-57

0.3

0.06
0.03

0.08

10

o.o
0.0
0.0
0.00
0.0
0.0
0.0
0.0
0.0
0.0
0.02
2.5

-31

001

0.00
0.00

000

CM
V

K>
•

O1
I

a.
b.
c.

d.
e.

Estimated from 7 datable GE capacitors spanning !9f«0-70 time interval.
From sediment collected at Watervliel; no standard available.
From four 1984 and two 1989 sediment surface samples showing minimal dechlorinalion and

concordant composition.
From upper four January, 1977 core sections, wh ih .Iso showed concordant compositions.
Estimated original composition based upon FCB vn;;rncr distributions in 85 sections of six 1977-84

Reach 8 cores, after correction for dechlorinalu n
LZLQ ZOO dHH TAIII.6 6.2.5-1



table 20. Total PC* and other organochlorlne concentration* In etrlpeit baea taken It out the Hudaon Mlver In 1990.

5?

Location
Albany /Troy

(MM 1S1|

Catehlll
|PM 111)

arOV*y*Ml99yal ftC

<PM T»

Croton Pt.
im <•>

Tappan !•*>
Mrldge
(MM »T| .

Oeorge
Maehlngton
•rld««

(MM l>|

Lover tatnary
(Ml 11-7«|

Cretan Vt.
(UK 14-401

Month
Collected
July/Auguat

J«M

April
Hay
Mil Bate*

April
Nay
Mil Datea

April
Hay
Ml Datee

April
May
Ml Datee

Spring

Deeaeteir
Ml Datea

No.
of

flan
1)

20

It
11
49

II
14
It

20
21
41

20
n
IT

1*4

2
11
IS

Average
Length

• 19

470

•Sa
•!•
•19

T04
»1«
TO*

*2S
•SI
«40

*T2
T22
•9S

t«T

T4i
• IT
•14

Length
Mange
lani
S02-80S

48S-DM

SaO-OM
S4S-B20
S4S-B**

•OT-aiO
S«4-MT
S«4-aaT

4TS-B12
SSI-aiT
47S-B1T

SSI-aOT
•4S-T9T
SS 1-807

47S-aaT

•TI-121
46S-M2
4«%-«21

Averaqe
Neloht
lol
1*1*

1TI2

1**5
2TH
10»*

42*1
4*»
41W

1I2«
11*0
12S1

16T4
42*1
1*44

1S«5

4t«0
2T«T
104*

Nelqht Kveraqt
Ranee PC*
lal loam

ISKO-S2OO

10*00010

2100-9120
I*20-«T20
I*20-«I20

2«40-T1TO
IMO-I1VO
ISHO-0190

II*0-T4IO
I*«0-*T«0
1190-7410

|ago-tf20
JI60-S700
I880-6S70

1140-9120

]*00-STIO
1220-ST40
JIJO-S780

t.90

!.*»'

!.!•
4.0T
1.T4

1.10
1.ID
1.11

2.72
l.SO
2.0T

2.19
1.11
1.90

2.76

4.4S
4. BS
4.00

» PC*
•anee

___ tBPfll ___
.1.11-11.7$

O.40- •. 79

1. 00-10. »4
0. •4-20.01
O.H9-20.0I

O.T«-IO.B2
0.40-11.11
0.40-11.11

O.tO-14.74
0.*2- l.SO
0.*0-I4.74

0.10- S.*9
0.10- 9.1*

0.10-20.01

4.0t- 4.14
0. SI-IS. It
O.S1-1S.I*

Av*r«q«
001

_IP»1_
0.2%

O.IS

O.IT
O.IS
O.I*

O.I*
0.10
0.14

0.12
o.os
0.10

0.01
0. IO

0.12

0.14
O.IS
O.IT

i DOC Average Honachlor Average Oleldrln
Range Monachlor Mange Dlcldrln Mange

Irani iDnal looul lDtm\ lonil
o.oa-o.si

0.01-0.11

O.DS-0.«2
O. 01-0. 99
O. 01-0. 99

O.OS-O.ST
0.01-0. SI
0.01-0. 57

0.04-0.17
0.01-0.21
O. 01-0. 17

O. 01-0. IS
0.01-0. IS

0.01-0.99

0.14-0. IS

o.oi-o.«a

O.OT

0.0*

o.oa
o.os
0.0k

o.oc
o.oa
o.os

0.04
0.04
0.04

0.04
0.04

o.os

0.0*

o.os

<0. 01-0. 11

<0. 01-0. 11

0.01-0.21
<0. 01-0. 12
<0. 01-0. 21

0.02-0. IT
<0. 01-0. 10
<0. 01-0. IT

<0. 01-0. 10
0.02-0.09

<O.OI-O.IO

0.02-0.12
0.01-0.11
0.01-0. 11

<0. 01-0. 21

O.OS-O.OT

<0. 01-0. 09

<O.OI

<O.OI

<O.OI
<O.OI
<O.OI

<0.01
<O.OI
<0.01

<0.01
<0.01
•cO. 01

<0.01
<O.OI
<O.OI

<O.OI

0.01
<0.01
<O.OI

<O.O1-<O.OI

<O.OI- 0.02

<O.OI- 0.02
. <O.O|- O.02

<O.OI-> 0.02

<o.oi- o.oa
<0.0|- O.OS
<o.oi- o.oa

<O.OI- 0.02
<O.OI- 0.01
<O.OI- O.O2

<O.OI- O.01
<O.OI- O.O1
<O.OI- 0.01

<o.oi- o.oa

0.01- 0.01
<O.OI- 0.02
<0.01- 0.02

UZLU ZOO dHH
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1016

XX

I
3
fg
K>
O

Transfomers
•

Salei Phased-Out

• Itoat transfer
Hydraulics/
lubricants
. hydraulic fluids
. vacuum punps
. gas-transmission

turbines
Plasticizers

. nMwrs
, syntlwtic resins
. carbonless paper

Miscellaneous Industrial

62Z.O 200

END-USES OP PCTs Ml) P«Vs BY TYPE

1221 12)2 124? 1248

XX

throuyn 1971
X

12S4 1260 1262 1268 PCTS

XX
through 1971

adtesives X
wax extenders
dodusting agents
Inks
cutting oils
pesticide extenders
sealants I caulking ocnvounds

xy

xx

xr.

X
X

X
X

X
X

X
X

X
X
X
X
X
X

XX

XX
XX

XX

XX

Notest (l)x denotes use of a qlvcn Aroclor in a specific «*1-use, while XX denotes principal us*
(2)PCTs denote series 35,44 & 54 Aroclors ^

Sourot Mawwtto Industrial Chemical do.



! PCBs Concentration in the Effluents of the
Mac.-unerv & r-iecr.ar.ical Produces J-Januiacturanc

Subcateqcry Manufacturing Coerations
No.

1

2

3

4

5

6

7

8

9

10

11

12

Casting t Molding of Nonf errous
Metals

Mechanical Material Raroval

Material Forning - All
Materials accept Plastics

Physical Property Modification

Assembly Operations

Cherrical-Electrcchenical

Material Coating

Srelting and Refining of Non-
ferrous Metals

Molding and Fcsring - Plastics

FUR Sensitizing

Dockside Ship Building
Activities (2)

Lead Acid Batten' Manufacture

PC3s Concentration
mg/1 (1) ̂

Min.

0.2

0.2

0.2

0.2

0.2

0.2

0.2

-

0.3

-

7.5

Max.

5.1
1 63.3

63.3

100.0

104.4

224.8 ...

18.0

None

123.9

None

30.0

Avc

2.1

6.997

9.857

12.842

15.5S3

18.241

9.1

'-

28.136

-

18.75

Note: (1) Information obtained from the Development Eocvment for Effluent
Limitations Guidelines for the Machinery & Mechanical Products
Manufacturing EPA Contract No. 68-01-2914, Vol. 3, June 1975.

(2) No water effluent; all solid wastes.

TABLE 6.4.1-2 _
(Taken from V«rs«r. at 311 (1976)) 5

NJ

O
*J
(jJ



CO0

70

60

50

O 40

03
0
0. 20

10

TOTAL DOMESTIC SALES

1241

57 5t 61 65 65 67 6» 71 73 75

YEAR

U.S. Drastic S«l*s of POs by

FICDRE6.2.1-1
(T»k«n from V«rsar. at 203 (1976))
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Table IIL Year of Peak Concentration and Appearance* of Chemical* in Lake Ontario Sediment Core*

rtaUon

14

403

64

peak productn/UMce
atari of prodn

peak<
or appearance*

P
A
P
A
P
A

DDT

1967
IMS
1953
1920
1959
1935
1959
1944

mi rex

1967
1961
1962
1942
1967
19S9
1965
1959

PCBa
1971
1950
1962
1929
1967
1935
1970
1929

HCB
1967
1942
1965
1920
1964
193S
1969*
1915

1968
1953
1962
1929
1962
1952
1963
1953

•Appearance at concentration* greater than 5% 'Total chlorobenzene production (HCB byproduct).

I960 1970 I960 1990

"Pb OWE
*980 1970«GO«5019«0 i960 S7O 1960 1950 194O

SEDIMENT O6PTH (cm)

Figure 6. '"Cs (Bg/g). J^DOT. mif«». £PC8s. and HCB concentrations (ng/g) versus sediment Oeptrt ana age for the trv«e cores.

S 9
=>Y i\,

•\

sS
*» w
3 f 100-

|I-

i'-

. Production, wage, or faloul proflec tor cNoraoaruerws (32.
?}. POBs (34). £DOT 05). n*ex <36). and "C* (37-3SI

mirex, PCBs, and*riC;2*rv«nTed in the mid 1960s, and
there is good agreement betweeu the core record and the
production or usage history. This is somewhat latex than
observed earlier for a single core near the mouth of the
Niagara River, where these chemicals appeared to peak

between 1959 and 1962 (10). The £DDT peak occurs in
the late 1950s to early 1960s in good agreement with usage
patterns. Interestingly, the three DDT pulses in'the usage
profile appear in cores 14 and 64 but not in the more
smeared core 403. The appearance of the chemicals in toe
cores is reasonably consistent with the production history
except in case 403 where the appearance predates the start
of production. A downward smearing appears to occur for
the organics as well as l37Cs.

The typical behavior of p,p'-DDT, its aerobic metabolite
pj)-DDE, and its anaerobic breakdown product p.p'-DDD
is shown for core 64 in Figure 8. DDT comprises only
~25% of the total DDT near the core surface. This ob-
servation is not surprising since DDT use was banned in
1972 and its reported half-life in soils is of the order of 3-5
years (40,41). The DDT abundance drops gradually to
less than 2% at the bottom of the core, and a large relative
concentration increase for DDD is observed. Similar
trends were found in the other cores. The half-life of the
first-order conversion of p,p'-DDT to pjj'-DDD in the
sediments can be derived by plotting In (DDT/(DDT +
DDD)] versus time (Figure 9). The ratio must be used
instead of the absolute DDT concentration because of the
changing amount of total DDT in the various core seg-
menfcuJDie linear correlation coefficienU (r*) for the plots
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AVERAGE PCB CONCENTRATION IN SEDIMENTS
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MEAN PCB LEVELS IN HUDSON RIVER GAMMARUS 0978-1981)
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