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EXECUTIVE SUMMARY
The General Electric Company (GE) is submitting these comments on the U.S. Environmental
Protection Agency’s (EPA’s) Proposed Second Five-Year Review Report for Hudson River PCBs
Superfund Site (Second FYR; EPA 2017). That report concludes that the remedy selected by EPA in
the 2002 Record of Decision (ROD) for the Hudson River sediments (EPA 2002a), which GE
implemented through dredging in 2009 through 2015, is functioning as anticipated and will be
protective when the monitored natural attenuation (MNA) component of the remedy is complete,
and that in the meantime institutional controls are in place to control human exposure pathways.
EPA provides compelling and detailed evidence to support these conclusions. The report is well
organized and clearly written, and addresses all the necessary regulatory and statutory requirements.
GE’s present comments, after providing some important background information on the sediment
remedy, demonstrate that: (a) the existing data and other information support EPA’s determination
that the remedy is functioning as expected; (b) the ROD’s conclusion that the remedy is protective of
human health and the environment remains valid at this time; (c) long-term monitoring will be
necessary to determine the long-term protectiveness of the remedy; and (d) there is no basis for the
additional dredging of the river that some have called for.

Selection and Implementation of Remedy
The ROD selected a remedy from several alternatives after 12 years of study and advice from
scientists, environmental groups, elected officials and local community representatives. That remedy
involved strategic dredging in the Upper Hudson River and MNA of the polychlorinated biphenyls
(PCBs) remaining in the river. A larger removal alternative was rejected on the ground that it would
not result in a significant incremental reduction in human health or ecological risks and yet would
cost substantially more than the selected alternative.
The selected remedy was based on several expectations and conclusions that all parties understood:
•

Recognizing the limitations of the then-existing sediment dataset, the ROD required a massive
data collection effort and application of specific numerical removal criteria to define the dredge
program based on those data. The removal criteria were constructed in such a way as to result in
more or less PCB removal depending on what the actual data showed – in other words, allowing
the dredging project to be scaled as dictated by the data.

•

PCBs would be left behind in the river, but those PCBs would be either buried or at acceptable
levels such that surface sediments would be expected to recover over time.

•

Achievement of the ROD’s Remediation Goals (RGs), established for fish and water, would take a
number of years after the remedy was complete. Although the specific times presented in the
ROD to reach target levels were presented for the purposes of comparing the remedial
alternatives, not as absolute predictions, it was recognized that, under all alternatives, it would
take a substantial period of time to reach levels that would allow unrestricted consumption of
fish. For example, under the selected alternative, achievement of the fish RG of 0.05 milligrams
per kilogram (mg/kg), which would allow for consumption of one fish meal per week, would not
be achieved in River Sections (RS) 1 and 2 within the model period – 59 years from completion of
dredging – and would be achieved in RS 3 in 43 years. Achievement of the interim RGs of 0.4
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and 0.2 mg/kg, which would allow for lesser amounts of consumption, would still take several
years after completion of the remedy. For comparison, the most extensive removal alternative
considered would not significantly accelerate these times.
•

In the meantime, human exposure via fish consumption would be controlled through the State’s
fish consumption advisories and fishing restrictions, to the extent practicable.

•

The remedy is protective of human health and the environment, even though it would take time
after dredging to achieve the RGs for fish and even though it was recognized that the fish
consumption advisories and restrictions in the meantime would not completely eliminate all PCB
exposure.

•

Monitoring after dredging was an integral part of the remedy, and the data to be collected will
be critical to an objective evaluation of the remedy.

The State of New York concurred with the remedy specified in the ROD, with the understandings
described immediately above.
The pre-design sampling program found more PCBs than described in the ROD, but the remedy was
designed to accommodate those findings by using removal criteria that would be applied to the PCB
mass and concentrations found as a result of the extensive pre-design sampling program.
GE agreed to perform the remedy under a Consent Decree (CD) executed with EPA, and it did so.
This was one of the largest and most logistically complex environmental cleanups in history,
removing significantly more PCB mass and a higher percentage of the PCB mass in the river than
projected. As described in more detail in these comments, the remedy as implemented was
consistent with the remedy selected in the ROD, and the benefits of dredging observed to date are
within the expectations reflected in the ROD. The remedy removed over 2.7 million cubic yards of
sediments and over 146,000 kilograms of Total PCBs. EPA has estimated that the PCB mass removed
was 2.23 times greater that the ROD estimate. By GE’s estimates, approximately 78% to 79% of the
PCB mass in the river was removed, exceeding the ROD’s projection of 65% removal. 1 In the areas
targeted for dredging, 97% of the PCBs were removed and the small amount that remained was
capped or covered with clean backfill. The estimated mass of PCBs remaining in areas outside of
dredge areas is comparable to what was estimated in the ROD to be left behind.
In 2016, GE completed the active remediation specified in the ROD in accordance with the CD and all
other requirements established by EPA; and it requested EPA’s Certification of Completion of the
Remedial Action, which is defined in the CD to exclude post-construction operation, maintenance,
and monitoring (OM&M). EPA is required to issue such a certification when it determines that the
“Remedial Action,” as so defined, has been completed in accordance with the CD.

EPA’s Five-Year Review and Support for Its Conclusions
The purpose of a five-year review is very different from the purpose of the original ROD which
selected the remedy. Under EPA guidance, the purpose of a five-year review is to assess whether the
See Section 6.1 of these Comments for an explanation of GE’s estimates of PCB mass removed and remaining in the
Upper Hudson River.
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previously selected remedy is or will be protective of human health and the environment by
evaluating whether that remedy is functioning as intended and whether the assumptions underlying
that remedy remain valid. In the absence of compelling new information, it is not an opportunity to
restart the remedial selection process or look anew at remedial alternatives. Instead, its focus is to
determine whether the data continue to support EPA’s expectations when it decided on the remedy
in the first instance, and if not, to develop appropriate recommendations.
Consistent with the purpose of the five-year review, EPA determined that the Hudson River remedy is
functioning as intended, consistent with the expectations in the ROD. It determined further that the
remedy will be protective of human health and the environment in time, and that in the interim, the
state fish consumption advisories and fishing restrictions control human exposure pathways, to the
extent practicable, as anticipated in the ROD.
EPA’s determination that the remedy is functioning as intended was based on a comprehensive
evaluation of the available water, fish, and sediment data. It is supported both by the rates of
recovery estimated from data collected from the pre-dredging period (when natural recovery was
occurring) and by post-dredging data collected in 2016. These data are consistent with ROD
expectations and indicate a decline in PCB concentrations. Indeed, the 2016 results provide
indications of a positive environmental response to the remedy. For example, those results indicate
that, in the Upper Hudson River north of Albany, where the dredging occurred, PCB levels in water
declined as much as 73% from pre-dredging levels, and that south of Albany, where PCB levels were
already significantly lower prior to dredging, PCB levels declined as much as 36%. Additionally, the
2016 fish data indicate that fish are beginning to recover. However, as planned, additional water,
fish, and sediment data will be collected for the foreseeable future to verify that the dredging
remedy and ongoing natural recovery will reduce PCB concentrations to the target levels as
anticipated in the ROD.
EPA’s conclusions are also supported by the recent independent expert report for the Hudson River
Foundation (HRF) (Farley et al. 2017), which concluded that monitoring should continue for the
foreseeable future to determine whether the remedy plus ongoing natural recovery will reduce PCB
concentrations to acceptable levels.
The institutional controls in place in the meantime – i.e., the State’s fish consumption advisories and
fishing restrictions – are operating as expected. GE provided $4 million to New York State to support
these controls, and the New York State Department of Health (NYSDOH) has taken numerous steps
to improve outreach and communications. In addition, GE has agreed, as part of long-term
monitoring, to conduct supplemental fish sampling for NYSDOH’s continued evaluation of the
advisories. As a result of these activities, the institutional controls are as effective as practicable to
control exposures, as the ROD contemplated.
As shown above, the ROD concluded that the selected remedy is protective of human health and the
environment. As also noted above, the remedy is functioning as expected to date. As a result, the
ROD’s conclusion on protectiveness remains valid. EPA’s current protectiveness determination is
phrased differently, but has the same effect – i.e., that remedy is expected to be protective and no
additional dredging is necessary at this time. As EPA recognizes, long-term monitoring of fish, water,
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and sediment will be necessary to evaluate the river’s rate of recovery and thus to determine the
long-term protectiveness of the remedy.

Lack of Justification for Additional Dredging
Some have argued that the remedy as outlined in the ROD is not protective and that additional
dredging is necessary. These calls for additional dredging fail to recognize that, in selecting the
remedy in the ROD, EPA already found that additional dredging would not deliver better results in a
significantly shorter time. They are also inconsistent with the purpose of a five-year review and are
unsupported by sound evidence.
One of the documents on which the advocates for more dredging place primary reliance is a
publication by the National Oceanic and Atmospheric Administration (NOAA), presenting the results
of a model which NOAA claims show that the fish in the Lower Hudson will recover at a much slower
rate than predicted in the ROD. As detailed in these comments, the NOAA model is demonstrably
invalid for a number of reasons, including the fact that it fails to mimic actual data, a critical test for
determining any model’s validity and reliability. As further discussed in these comments, the other
arguments raised by the advocates in an effort to show that recovery rates are slower than predicted
by EPA’s model are likewise unsupported.
The conclusion that additional dredging is not necessary at this time is supported by the
independent HRF report, discussed above. That report stated that many additional years of MNA will
be necessary to determine “if additional remedial action will be required” (Farley et al. 2017, p. 17).
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1 INTRODUCTION
1.1

Purpose of Comments

The General Electric Company (GE) is submitting these comments on the U.S. Environmental
Protection Agency’s (EPA’s) Proposed Second Five-Year Review Report for Hudson River PCBs
Superfund Site (Second FYR; EPA 2017). Consistent with EPA guidance (EPA 2001), that report
provides an evaluation of whether the remedies previously selected by EPA for the Hudson River
PCBs Superfund Site (the Site) are functioning as intended by the decision documents and are
protective of human health and the environment.
The Second FYR addresses two operable units (OUs) at the Site – OU1, the Remnant Deposits, and
OU2, the sediments in the river. The remedy for OU1, set forth in a 1984 Record of Decision (ROD)
(EPA 1984), consisted of the construction of caps on the Remnant Deposits. The remedy for OU2, set
forth in a 2002 ROD (EPA 2002a), consisted of dredging of portions of the Upper Hudson River with
mass or concentrations of polychlorinated biphenyls (PCBs) exceeding certain criteria, along with
monitored natural attenuation (MNA) for the PCBs that remain in the river after dredging. Those
remedial activities have been completed. The Second FYR concludes that the remedies for both OUs
are functioning as intended. It concludes further that the remedy for OU1 is currently protective and
will be protective in the long term if an institutional control is implemented to protect the cap
system, and that the remedy for OU2 will be protective when the MNA component of the remedy is
complete, and in the meantime institutional controls are in place to control human exposure
pathways that could result in unacceptable risks.
These comments focus on OU2. Their purpose is to present GE’s perspective on the issues discussed
in the Second FYR relating to OU2. They provide some important background regarding EPA’s
selection and GE’s implementation of the remedy for OU2. They demonstrate that the existing data
and other information support EPA’s determination that the remedy is functioning as expected in the
2002 ROD. They show further that the ROD’s conclusion that the remedy is protective of human
health and the environment remains valid at this time, and that long-term monitoring will be
necessary to determine the long-term protectiveness of the remedy. These comments also
demonstrate that there is no basis at the present time for the additional dredging of the river that
some have called for.

1.2

Structure of Comments

Following this Introduction, the remainder of these comments are organized as follows:
Section 2, Background, describes EPA’s evaluation and selection of a remedy for the Hudson River
sediments. It outlines the key expectations and conclusions underlying EPA’s selected remedy, which
are important to understand in evaluating whether the remedy is functioning as expected in the
ROD. This section also summarizes GE’s design and implementation of the dredging portion of the
remedy, which was completed in 2015, with the remaining restoration completed in 2016. Further, it
describes EPA’ first Five-Year Review of the remedy, which was conducted in 2012 while the
construction portion of the remedy was ongoing.
Section 3, EPA’s Second Five-Year Review, explains the purpose of a five-year review under EPA
guidance, and presents EPA’s key determinations in the Second FYR.
1

Section 4, Support for EPA Determinations, demonstrates that the available data support EPA’s
determination that the remedy is currently functioning as expected, but that additional data are
necessary to fully assess the post-construction recovery of the river. It shows further that, as EPA has
also concluded, the institutional controls in the form of fish consumption advisories and fishing
restrictions are functioning as anticipated in the ROD. Finally, it demonstrates that, because the ROD
concluded that the selected remedy is protective of human health and the environment, and because
the remedy is functioning as expected to date, the ROD’s conclusion on protectiveness remains valid.
It notes that continued monitoring of fish, water, and sediment will be necessary to evaluate the
river’s rate of recovery and thus to determine the long-term protectiveness of the remedy.
Section 5, Lack of Justification for Additional Dredging, shows that the claims of some advocates that
additional dredging of the river is necessary are not only inconsistent with the purpose of the
five-year review, but are not supported by the materials that have been cited in support of such
claims. Specifically, this section explains that the analyses conducted by the National Oceanic and
Atmospheric Administration (NOAA) to show that the recovery rates are much slower than predicted
in the ROD are significantly flawed and not supported by the data. This explanation is supported by
a detailed critique of a NOAA paper in Attachment A. In addition, this section shows that the claims
by the New York State Department of Environmental Conservation (NYSDEC) for more dredging are
misguided. The main themes in NYSDEC’s August 30, 2017 comments on the Second FYR are
addressed in Attachment B, which demonstrates that NYSDEC has mischaracterized the ROD’s
expectations and prejudged the results of the long-term monitoring.
Section 6, Other Significant Comments, presents GE’s comments on several analyses or statements
contained in the Second FYR. This section covers some of the more significant issues. For example,
it demonstrates that, by GE’s estimate (described further in Attachment C). the PCB mass left in the
river in non-dredge areas is considerably lower than EPA’s estimate and comparable to the estimate
in the ROD.
Section 7, References, lists the references cited in these comments.
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2 BACKGROUND
2.1

Selection of Remedy

In December 2000, following a decade of study, EPA released a Feasibility Study (FS) and a Proposed
Plan. The FS evaluated multiple alternatives to address the PCBs in the Hudson River sediments
(EPA 2000). The alternatives evaluated included some larger and some smaller than the one
ultimately selected. These alternatives included no action and MNA as well as active remediation
alternatives involving capping of target areas with dredging of hot spots (capping of 207 acres and
removal of 1.73 million cubic yards [cy] of sediment), dredging of target areas exceeding certain
criteria (targeting 493 acres, with removal of 2.65 million cy of sediment), and extensive dredging of
most PCB-containing sediments in the Upper River (targeting 964 acres, with removal of 3.82 million
cy of sediment). These alternatives were evaluated based on the remedy selection criteria set forth in
the National Contingency Plan (NCP) under the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA). 2 The evaluation utilized a computer PCB fate and
transport model developed by EPA to simulate and compare the results of the various alternatives in
terms of the time necessary to reach certain remediation goals established by EPA. All of the
alternatives evaluated, even the most extensive, required reliance on fish consumption advisories and
fishing restrictions for a considerable period of time to control exposure to PCBs via fish
consumption until the remediation goals were reached.
The conceptual site model underlying the remedy ties PCBs in fish and water to fine-grained
sediments, loads coming into the river from GE’s Hudson Falls and Fort Edward plant sites, and the
remnant deposits (FS, p. 1-41). Once the loadings from the plant sites and the remnant deposits
were controlled, the fine-grained sediments were deemed to be the principal source of PCBs to the
water column and the food web, in large part because of the biological activity in these sediments.
Coarse-grained sediments were found to be much less important in driving flux and fish PCBs (id.,
pp. 3-13 to 3-20).
In 2002, the ROD selected a remedy from the several alternatives evaluated, based on a careful
analysis of the NCP remedy selection criteria and tailored to the specific conditions of the Site. The
selected remedy involved dredging in the Upper Hudson River, with removal of sediments exceeding
certain numerical criteria, implementation of institutional controls, and MNA of the “PCB
contamination that remained in the river after dredging” (ROD, p. iii). EPA recognized the need to
strike a balance between massive dredging, which could severely damage the river ecosystem and
disrupt the local communities, and its view that remediation was necessary to reduce human health
and ecological risks via fish consumption. The larger dredging alternative involving removal of 3.82
million cy of sediment was rejected on the ground that, according to EPA’s own model, it would not
result in any significant incremental reduction in human health or ecological risks, and yet would cost
2 The NCP criteria comprise the following: two threshold criteria consisting of (i) overall protection of human health
and the environment and (ii) compliance with Applicable or Relevant and Appropriate Requirements (ARARs); five
primary balancing criteria consisting of (i) long-term effectiveness and permanence, (ii) reduction of toxicity mobility,
or volume through treatment, (iii) short-term effectiveness, (iv) implementability, and (v) cost; and two modifying
criteria consisting of (i) state acceptance and (ii) community acceptance, which are applied after a public comment
period.

3

much more, and thus would not be cost-effective as required by Section 121(b) of CERCLA. See ROD
p. 104, stating that “[t]he selected remedy . . . is $110 million less expensive than [the larger removal
alternative], without substantially greater reductions in ecological and human health risks”; and EPA’s
Responsiveness Summary p. 11-4, stating that “the incremental improvements in risk reduction
under the more aggressive remedy do not justify the additional $110 million in projected costs.”
The selected remedy in the ROD was based on a number of expectations and conclusions. These
included the following:
•

The then-existing sediment dataset was limited. As a result, rather than setting a simple
requirement for removal of a set volume of sediments, the remedy was developed to require the
collection of substantial additional data and to use numerical removal criteria so that it could be
adapted to the new data collected after the ROD and before design and scaled to those results if
more or fewer PCBs were found. These criteria applied to PCBs with three or more chlorine
atoms (Tri+ PCBs). The criteria specified in the ROD were mass per unit area (MPA) of 3 grams
per square meter (g/m2) in River Section (RS) 1, 10 g/m2 in RS 2, and select sediments with high
concentration and high erosion potential in RS 3 (ROD, pp. ii-iii, 94-95). 3 In a subsequent
decision in a dispute on GE’s initial Phase 1 Dredge Area Delineation Report, EPA added surface
sediment concentration criteria of 10 milligrams per kilogram (mg/kg) of Tri+ PCBs in RS 1 and
30 mg/kg of Tri+ PCBs in RS 2 and RS 3, all applicable to the top 12 inches of sediment (EPA
2004). The application of both the MPA and the surface sediment criteria was to be based on
sampling designed to identify areas of sufficient size exceeding the criteria to warrant removal
from an engineering perspective (not to identify or designate for removal every discrete location
exceeding the criteria). 4

•

The remedy would involve remediation of 493 acres and removal of 2.65 million cy of sediment,
estimated to contain approximately 70,000 kilograms (kg) of Total PCBs, from approximately 40
miles of river, with the majority occurring in RS 1 (ROD, pp. i, ii, 60, 94).

•

The dredging would be performed in two phases, with Phase 1 to constitute the first year of the
dredging project, to be performed at a reduced rate for evaluation purposes, and Phase 2 to
constitute the remainder of the dredging project (ROD, pp. iii, 95).

•

Although the remedy required dredging only in the Upper Hudson River, it included MNA for the
PCB contamination remaining in the river after dredging, which includes the PCBs in the Lower

EPA divided the Upper Hudson River into three sections: River Section 1, extending from the former location of the
former Fort Edward Dam to the Thompson Island Dam (approximately 6.3 river miles) and comprising the Thompson
Island Pool (TIP); River Section 2, extending from the Thompson Island Dam to the Northumberland Dam
(approximately 5.1 river miles); and River Section 3, extending from the Northumberland Dam to the Federal Dam at
Troy (approximately 29.5 river miles).
3

4 EPA’s Responsiveness Summary explained that the criteria “were applied more as guidelines rather than absolute
rules,” and that “it is not appropriate to apply the criteria on a strict basis because of the high degree of variability of
the sediment contamination; an isolated high value in the middle of a region of low remediation does not represent
an appropriate remediation target” (EPA 2002b, p. 4-20). It also explained that other factors “such as sediment type,
bathymetry, and proximity to shore” are also relevant (id.), and further that EPA’s approach “serves to yield areas of
sufficient size to permit an efficient dredging operation” (id., p. 4-21).
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Hudson River (part of the same Site) that are attributable to releases from the GE facilities in the
Upper Hudson River. Indeed, EPA explained the benefits of the remedy for the Lower Hudson as
well as the Upper Hudson River (ROD, pp. 51, 75, 103-105).
•

PCBs would be left behind in the river, but those PCBs would be either buried (and not available
for exposure) or at acceptable levels such that the surface sediments of the non-dredge
sediments would be expected to recover at acceptable rates.

•

In selecting PCB inventory (i.e., MPA) as a criterion for removal, it was understood that, in most
cases, the majority of the PCB inventory was found in the top 9 inches of the sediment (FS, p.
3-17). Finding PCBs more deeply buried was not a relevant criterion. In fact, deeply buried PCBs
could be left in place in the downstream river sections as defined by the “select” criterion for RS 3.

•

The remedy was expected to achieve certain Remedial Action Objectives (RAOs) in fish, water,
and sediments over time (ROD, pp. 50-51). To achieve these RAO, numerical Remediation Goals
(RGs) were established for PCBs in fish and water, but not sediment (id.). These included:
-

A health-based RG of 0.05 mg/kg in fish fillets, which would allow for human consumption of
one fish meal per week;

-

Interim health-based RGs of 0.4 and 0.2 mg/kg in fish fillets, which would allow for
consumption of one fish meal every 2 months and one fish meal every month, respectively;

-

Ecologically based RGs of 0.3 to 0.03 mg/kg based on consumption of larger fish
(represented by largemouth bass) by the river otter, and 0.7 to 0.07 mg/kg based on
consumption of smaller fish (represented by spottail shiner) by mink; and

-

Surface water Applicable or Relevant and Appropriate Requirements (ARARs) of 500 ng/L, the
federal maximum contaminant level for drinking water; 90 nanograms per liter (ng/L), the
New York standard for protection of human health and drinking water; 14 mg/L, the federal
water quality criterion for freshwater (based on fish consumption by mink); and 30 ng/L, the
federal water quality criterion for saltwater, in any affected saltwater. 5

Achievement of those RGs, particularly for fish, would take a number of years after the remedy
was complete. The specific times presented in the ROD to reach the various target levels in fish
were presented for the purpose of comparing the relative effectiveness of the remedial
alternatives, not as absolute predictions of those time periods. However, under all alternatives, it
was recognized that it would take a substantial amount of time for fish PCB concentration to
reach levels that would allow unrestricted consumption. For example, under the selected
remedy, achievement of the RG of 0.05 mg/kg, allowing for human consumption of one fish meal
per week, would not be achieved in RS 1 and RS 2 within the model projection period (59 years
from completion of dredging) and would be achieved in RS 3 in 43 years. Achievement of the
interim RGs of 0.4 and 0.2 mg/kg, which would allow for lesser amounts of consumption, would
still take several years after completion of the remedy, ranging from 16 to >59 years in RS 1 and

The other surface water ARARs listed in the ROD (pp. 50-51) were waived by EPA as technically impracticable to
attain (ROD, p. 107).

5
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RS 2 and 2 to 6 years in RS 3. 6 For comparison, the most extensive removal alternative
considered would not substantially accelerate these times. For example, under that alternative,
the RG of 0.05 mg/kg would still not be achieved in the Upper Hudson River as a whole within
the model projection period (see ROD, p. 103).
•

In the meantime, human exposure via fish consumption would be controlled through fish
consumption advisories and fishing restrictions (ROD, pp. iv, 96). As EPA stated, “the
protectiveness of the selected remedy is further enhanced through continuation of institutional
controls, such as the fish consumption advisories and fishing restrictions” (id. p. 106). EPA noted,
however, that these controls depend on voluntary compliance and thus do not entirely eliminate
human exposure to PCBs, and that they also do not protect piscivorous ecological receptors (id.,
pp. 79, 104; Responsiveness Summary, pp. 3-25, 11-1).

•

Overall, “[t]he selected remedy is protective of human health and the environment” (ROD p. 106).
EPA reached this conclusion even though it recognized it would take substantial time after
dredging to achieve the RGs for fish and that the institutional controls in the meantime would
not totally eliminate PCB exposure via fish consumption.

•

Monitoring after dredging to determine when RGs are reached was an integral part of the
remedy (ROD, pp. iv, 61, 96) and the data to be collected were critical to allow objective
evaluation of the remedy. The inclusion of post-construction monitoring as a critical part of a
remedy for contaminated sediments is consistent with EPA’s Contaminated Sediment
Remediation Guidance (EPA 2005), which makes clear that such monitoring should be a part of all
sediment remedies to determine if the remedial actions are effective and if and when cleanup
levels and RAOs are met (pp. 7-17, 8-1).

The above expectations and conclusions were well known to the parties who participated in
discussion of the ROD remedy, including the same ones commenting today. Indeed, the State of
New York, including NYSDEC and the NYSDOH, concurred with the remedy specified in the ROD
(Crotty 2001), with the understandings described above.

2.2

Implementation of Dredging Portion of Remedy

After EPA selected the remedy, GE proceeded to conduct the necessary sampling and design work
under administrative consent orders with EPA (EPA 2002c, 2003). During pre-design, an extensive
sampling program was implemented. The sampling program found more PCBs than described in the
ROD; but, as noted above, the remedy was designed to accommodate such findings by using
numerical removal criteria that would be applied to the actual PCB mass and concentrations found
so as to scale the remedy to the sampling results. Based on the extensive sediment sampling and
other data collected by GE, GE completed and EPA approved Phase 1 and Phase 2 Dredge Area
To achieve the 0.4 mg/kg target level, the ROD estimated that it would take the following amounts of time from the
completion of dredging: 17 years in RS 1, 16 years in RS 2, and 2 years in RS 3, with an average of 5 years. To achieve
the 0.2 mg/kg target level, the ROD predicts that it would take the following amounts of time from the completion of
dredging: over 59 years in RS 1, 32 years in RS 2, and 6 years in RS 3, with an average of 16 years. To achieve the
0.05 mg/kg RG, the ROD predicts that it would take over 59 years (more than the model projection period) in RS 1
and RS 2 and on average, and 43 years in RS 3. See ROD, pp. 72-73, 103, 106; Responsiveness Summary, Book 3,
Table 363176-5.
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Delineation (DAD) Reports in 2005 and 2007, respectively (QEA 2005, 2007), delineating the
horizontal and vertical extent of the dredge areas to meet the applicable removal criteria established
by EPA and thereby to satisfy the requirements of the ROD for sediment removal.
In 2005, GE and EPA executed a Consent Decree (CD) to govern implementation of the remedy (EPA
and GE 2005). It provided that GE would carry out Phase 1 of the dredging project and that, after a
post-Phase 1 peer review and EPA’s decision on any changes to the performance standards and the
scope of the project for Phase 2, GE would elect whether to perform Phase 2 under the CD. The CD
included a Statement of Work for Remedial Action and Operation, Maintenance, and Monitoring
(SOW), which set forth general requirements and procedures for the remedial action.
GE conducted Phase 1 of the remedial action in 2009. In 2010, following a peer review and EPA’s
issuance of revised performance standards and a revised SOW, GE agreed to conduct Phase 2 of the
remedial action. GE conducted Phase 2 of the dredging in 2011 through 2015, with final completion
of the required habitat replacement/reconstruction in 2016. Both Phase 1 and Phase 2 of the active
remedial action were based on design documents approved by EPA.
By GE’s estimate, the remedial action removed 2,754,324 cy of sediments and 146,015 kg of Total
PCBs (45,681 kg of Tri+ PCBs). Approximately 10% of this removal occurred during Phase 1, with the
remainder in Phase 2. These estimates are similar to EPA’s estimates, which are that the dredging
removed 2,641,926 cy of sediments and 155,760 kg of Total PCBs (48,600 of Tri+ PCBs) (Second FYR,
p. 20). The PCB mass removed was much greater than anticipated. The Second FYR estimates that
the PCB mass removed was 2.23 times greater that the ROD estimate of 69,800 kg (id., p. 41) and
constituted 72% of the overall PCB mass from the Upper Hudson River, compared to 65% assumed
in the ROD (id., p. 4). By GE’s estimate, as discussed further in Section 6.1 below, over 79% of the
PCB mass in the river was removed, and the estimated mass remaining in non-dredge area is similar
to the ROD estimates.
In addition, the EPA performance standards allowed for engineered capping of residual sediments
following dredging in certain limited circumstances – e.g., where the average Tri+ PCB surface
concentration after the initial dredging pass was greater than 1 mg/kg but less than 27 mg/kg and
re-dredging was not required to address remaining PCB inventory (Tri+ PCB concentrations greater
than or equal to 6 mg/kg in sediments deeper than 6 inches) or where inventory or surface
concentrations above 1 mg/kg were still present after a second dredging pass). During Phase 1,
approximately 84,000 square yards (17.3 acres) were capped out of approximately 48 acres dredged
(about 36%). In Phase 2, based on a Nodal Capping Index (NCI) developed by EPA, which was
designed as a surrogate for the percentage of area capped but excluded certain capped areas from
that metric, the percentage of the total Phase 2 area dredged that was capped, as measured by the
NCI, was approximately 7.77%, and the percentage of the total Phase 2 area dredged that was
capped with inventory present, as measured by the NCI, was 0.50%. These percentages were well
below the capping limits established by EPA for Phase 2 and indicate that the capped areas generally
contain very low amounts of PCB mass.
GE completed the remedy specified in the ROD in accordance with the CD and all other requirements
established by EPA. Upon the completion of dredging, EPA noted that the project was an “historic
achievement” (EPA Statement on Hudson River Cleanup, Oct. 1, 2015). On December 23, 2016, GE
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submitted a Remedial Action Completion Report (Parsons 2016). EPA has not to date approved that
report and issued a Certification of Completion of the Remedial Action, which is defined in the CD to
exclude post-construction operation, maintenance, and monitoring (OM&M). EPA is required under
the CD (Paragraph 57.e) to respond to GE’s request for such a Certification of Completion no later
than one year of submission of the completion report.
In short, GE has respected the process that EPA followed in selecting the remedy, and it has fully
implemented the construction portion of the selected remedy. All parties should likewise respect
that process, which included substantial public input along the way, and allow the next step in the
remedy, long-term monitoring, to proceed without prejudging the outcome.

2.3

First Five-Year Review

In June 2012, during the implementation of Phase 2 of the dredging project, EPA completed the first
Five-Year Review and issued the First Five-Year Review Report (First FYR; EPA 2012). In that report,
EPA recognized that PCB levels in surface sediments were higher than expected at the time of the
ROD (id., p. 27). Based on the post-ROD sampling results collected prior to dredging, EPA estimated
that the recovery rate of surface sediments would be greater than predicted in RS 1, comparable to
predicted in RS 3, and notably lower than predicted in RS 2 (id., p. 33). As to the RS 2 estimate, EPA
concluded that, given the “uncertainties in the model forecasts,” the “long periods anticipated to
achieve the remedial goals,” and the favorable findings in RS 1 and RS 3, “EPA believes that the
design of the dredging and MNA remedy will achieve the RAOs and specific fish remediation goals
identified in the ROD and that this potential delay to achieve remedial goals in River Section 2 is not
deemed a sufficient reason to modify the remedial design” (id.), and thus “additional dredging is not
necessary to achieve the ROD objectives” (id., p. 32). EPA determined that the remedy under
construction “will be protective of human health and the environment upon completion,” and that
“[i]n the interim, human exposure pathways that could result in unacceptable risks are being
controlled” (id., p. 40).
The First FYR also included a few specific near-term recommendations – that additional sampling
should be performed in an area adjacent to dredge Certification Unit (CU) 1, that additional surface
sediment data should be collected from RS 2 and RS 3, that EPA would work with the State to assess
whether additional and/or more effective outreach techniques are available to communicate fish
consumption advisories and fishing restrictions, and that navigation dredging might be necessary as
the dredging project moved south (id., p. 39). These recommendations were subsequently
implemented, although, instead of additional sampling in the area adjacent to CU 1, GE conducted
additional dredging in that area, as agreed with EPA.
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3 EPA’S SECOND FIVE-YEAR REVIEW
3.1

Purpose of Five-Year Review

In reviewing EPA’s Second FYR, it is important to recognize that the purpose of a five-year review is
very different from the purpose of the original ROD which selected the remedy. Under EPA’s
guidance, the purpose of a five-year review is to “evaluate the implementation and performance of a
[previously selected] remedy in order to determine if the remedy is or will be protective of human
health and the environment” (EPA 2001, p. 1-1). It does this by assessing whether the previously
selected remedy is functioning as intended, whether the risk assumptions and RAOs underlying that
remedy remain valid, and whether there is any other, new information that could call into question
the remedy’s protectiveness (id., p. 4-1). This process is a technical assessment of how the alreadyselected and implemented remedy is performing. It is not an opportunity to restart the remedial
selection process or look anew at remedial alternatives. Instead, its focus is to determine whether
the data continue to support EPA’s expectations when it decided on the remedy in the first instance,
and if not, to develop appropriate recommendations.

3.2

EPA Determinations

Consistent with the purpose of the five-year review, EPA determined in the Second FYR that the
remedy for OU2 was implemented and is functioning as intended, consistent with the expectations in
the ROD, and that additional monitoring is necessary to confirm that it continues to do so (pp. 3-6).
EPA determined further that the remedy will be protective of human health and the environment in
time (namely, when the MNA component of the remedy is completed), and that in the interim, the
state fish consumption advisories and fishing restrictions control human exposure pathways, to the
extent practicable, as anticipated in the ROD (pp. 8, 71). Thus, the Second FYR did not identify the
need for additional response actions other than OM&M.
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4 SUPPORT FOR EPA DETERMINATIONS
4.1

The Remedy Is Functioning as Expected.

EPA’s determination that the remedy is functioning as intended is fully supported by the available
data. In this regard, it is important to recognize that the water column and fish data are more
important than the sediment data in evaluating the recovery of the river and whether the RAOs and
RGs set forth in the ROD are being achieved. The water and fish data are better indicators of
recovery because they reflect the overall impact of the remediation and natural recovery on the PCB
concentrations in the river and because there are consistent, long-term data sets available, whereas
there is no single, consistent sediment data set available and sediment concentrations are highly
variable. Moreover, the ROD establishes numerical RGs for PCB concentrations in fish and refers to
numerical PCB concentrations in water as ARARs (see ROD, pp. 50-51), whereas there are no such
numerical RGs or targets for sediment. Therefore, it is critical to take account of the water column
and fish data in evaluating the recovery of the river and assessing achievement of the RAOs and RGs.
The sediment data are not sufficient for that objective, although they are part of the overall picture.
EPA has made the determination that the remedy is functioning as expected because the rates of
recovery estimated from the data collected during the pre-dredging period (1995 to 2008) are
internally consistent across media and are consistent with expectations presented in the ROD. EPA
has also evaluated the benefit of the remedy in terms of reduction of PCB concentrations in water,
fish, and sediment both before and after dredging. In terms of the remedy benefit, data collected in
2016 are consistent with ROD expectations but additional data are needed to fully assess the postremedy recovery. Pre-dredging and post-dredging recovery are discussed below.

4.1.1

Pre-Dredge Rates of Recovery

EPA has estimated water column Tri+ PCB recovery rates from data collected during the
pre-dredging period when the river was undergoing natural recovery; those estimated recovery rates
are 10%, 13%, 5%, and 6% per year for Thompson Island Dam, Schuylerville, Stillwater, and
Waterford, respectively (Second FYR, Appendix 1, p. 4-2). These rates are generally consistent with
rates of 10%, 10%, 10%, and 11% per year that EPA estimated for these stations by the HUDTOX
model results presented in the ROD (id., Appendix 1, Table A1-7), although declines are slightly lower
than expected at Stillwater and Waterford. This may be due, in part, to variability in the data,
particularly at high flows. That variability can be controlled, to some extent, by focusing on PCB
water column concentrations measured during low-flow periods. Using rates based on summer lowflow data (July through September) would thus increase confidence in the rates of decline. 7 Those
rates, estimated at 11%, 12%, 8%, and 9% per year for these stations, are more comparable to ROD
expectations (Figure 1).
EPA has noted that pre-dredging rates of decline estimated from Upper Hudson River fish tissue
data typically range from 12% to 20% per year on a wet-weight basis and have an average of 8% on
7 Analyses in the Feasibility Study acknowledge the seasonal variability of PCB flux due to biological activity and the
correlation of water concentration to river flow (FS p. 3-12,). By constraining the rate of recovery estimates to periods
when it is believed that biological activity is at its highest (i.e., summer) and filtering those summer data to flow bins,
some of the variability in the data can be controlled, thereby allowing more certainty in the recovery estimates.
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a lipid-normalized basis for the adult sport fish species (Second FYR, Appendix 3, pp. 4-5, 4-6). These
rates are generally comparable to the ROD model predictions, as the majority of the rates estimated
for the different species are within a factor of two or three of the model predictions (id., Appendix 3,
Table A3-4). GE’s own analyses of the rates of recovery for fish on a species-by-species basis and for
each pool of the Upper River (Figures 2a to 2f) are generally comparable to the species- and
location-specific rates presented by EPA in Table A3-3. 8 This further supports EPA’s estimated rates
of recovery for fish. 9

4.1.2

Post-Dredging Remedy Benefit

The 2016 sediment data in the non-dredge areas show that recovery has occurred relative to the
sediment data collected during design. Based on the analysis provided in the First FYR (and
repeated in the Second FYR), the RS-wide average surface sediment concentrations were reduced
due to dredging by 87%, 36%, and 5.1% in RS 1, RS 2, and RS 3, respectively (Second FYR,
Appendix 4, Table A4-5). When accounting for natural recovery as well, the Second FYR reports
percent reductions that range from 80% to as high as 96% (id.), indicating that the primary source of
PCBs to the water column has been greatly reduced. These reductions are clearly reflected in the
water column data, with 2016 results consistent with ROD expectations (id., Appendix 1, Table A1-10)
and lower than concentrations prior to and during dredging (id., Appendix 1, Figures A1-1 and A1-5).
Using the data collected during low-flow periods (in this case, May through December) to control for
some of the data variability, comparisons of PCB water concentrations before and after dredging
show 73%, 58%, and 52% declines at Thompson Island, Lock 5, and Waterford, respectively (Figure
3a). The 2016 water data also indicate that the water column ARARs that had been deemed
attainable in the ROD (excluding the 14 ng/L freshwater quality criterion, discussed in Section 6.6)
have been reached consistently. Finally, the 2016 fish results suggest that fish are beginning to
recover (see Second FYR p. 45), but more data are needed. The Second FYR notes that median PCB
concentrations in largemouth bass in 2016 were close to the interim RG of 0.4 mg/kg and those in
yellow perch achieved that level (id.).
In short, the initial data on PCB levels in the water column, fish, and surface sediment are promising
and provide preliminary indications of a positive system response to the remedy. However, as EPA
recognizes (id., p. 5), data from the initial year after dredging “are not sufficient to identify postdredging trends with a high degree of confidence, and likely reflect continued impacts from
dredging operations,” and hence “additional monitoring is needed” to fully assess the post-remedy

The 1997 data for RS 2 on Figures A3-3A and A3-10A in Appendix 3 of the Second FYR appear to be plotted in error
and are not included on GE’s plots; the source of these data appears to be the PTI Food Web Study (PTI 1998), which
was only conducted in the Thompson Island and Stillwater Pools (located in RS 1 and RS 3, respectively). The NOAA
on-line database for the Hudson River incorrectly lists the river mile for these data as 187, which falls within RS 2 and
thus is the likely source of the error.
8

As noted above, the water and fish data are better indicators of recovery than sediment data, which produce
uncertain recovery rates. Nevertheless, we note that EPA’s estimated rates of decline from the sediment data range
from 5% to 7% (Second FYR, Appendix 4, Table A4-4), which are consistent with the HUDTOX model predictions and
support the rates estimated by the water and fish data.
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recovery of the River. This is consistent with the fact that, as noted above, monitoring was an
integral part of the remedy.

4.1.3

Independent Support by Hudson River Foundation Report

EPA’s conclusions are largely supported by the recent independent expert report for the Hudson
River Foundation (HRF), entitled An Independent Evaluation of the PCB Dredging Program On the
Upper and Lower Hudson River (Farley et al. 2017). That report concluded that the dredging and
natural recovery in the river resulted in a reduction of PCB concentrations measured at Waterford
under low-flow conditions, which results in reduced PCB loads to the Lower River (id., pp. ii-iii). The
report also concluded that the data to date preliminarily indicate decreases in PCBs in fish tissue (id.,
p. ii). 10 Finally, the HRF report concluded that monitoring should continue for the foreseeable future
to determine whether the remedy plus ongoing natural recovery will reduce PCB concentrations to
acceptable levels. It stated (id., p. 17): “As described in the ROD (EPA 2002), additional years of MNA
will be required to meet [Total PCB] target levels and remediation goals for fish. Post-dredging
monitoring is therefore expected to continue into the foreseeable future to determine if MNA will be
effective in reducing PCB concentrations to acceptable levels or if additional remedial action will be
required.” GE agrees with that conclusion and will be discussing the long-term monitoring program
for the Hudson River with EPA. 11

4.1.4

Institutional Controls Are Operating as Expected.

As noted in Section 2.1, EPA concluded in the ROD that institutional controls in the form of fish
consumption advisories and fishing restrictions would control human exposures until the long-term
RG of 0.05 mg/kg in fish fillets is met, but it recognized that these advisories and restrictions are
based on voluntary compliance and thus would not totally eliminate human exposures and that they
also would not prevent ecological exposures. Even considering those qualifications, the ROD
concluded that the remedy would be protective (p. 106).

However, there are some conclusions in the HRF report that warrant further analysis – namely, the statements
related to remedy benefit under high-flow conditions and the impact of the remedy on forage fish concentrations (p.
ii). While a flow versus concentration relationship is an acceptable approach to compare pre- versus. post-dredging
data, no conclusions can be drawn with respect to high flow. The post-dredging high-flow data available at the time
of the HRF report was one event in February 2016 – the first high-flow event after the dredging was complete. One
event is not enough data to draw any conclusions, especially considering the PCB concentrations for this particular
event may have been impacted by redeposited sediments. With respect to the report’s conclusions on forage fish,
the report’s use of geometric means of PCB concentrations in the various species of forage fish biases the comparison
of pre- and post-dredging concentrations because the geometric means are driven by outliers and thus do not
represent the average exposure to predators. Comparisons of arithmetic mean concentrations in the forage fish
before and after dredging are more appropriate because they are not as affected by outlying values and represent the
average exposure concentrations available to predators. Comparison of pre- and post-dredging arithmetic means
indicates that the post-dredging concentrations are lower for all stations except two stations in the Northumberland
Pool (ND1 and ND2) (Figure 4). For those two stations, the HRF report compares different species pre- and postdredging, which should not be done because of differences between exposure sources, bioenergetics, etc.
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Those discussions will include the HRF report’s suggestions for long-term monitoring.
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The institutional controls are operating as expected, as EPA recognizes (Second FYR, pp. 61-62).
Indeed, under the CD (¶ 72), GE provided $4 million to New York State to support the State’s
implementation of fish consumption advisories and fishing restrictions, and NYSDOH has taken
numerous steps to improve outreach and communications (as described in Appendix 13 to Second
FYR). In addition, GE has agreed, as part of OM&M, to conduct supplemental fish sampling for
NYSDOH’s continued evaluation of the advisories (see Phase 2 OM&M Scope, EPA 2010, pp. 2-9 to
2-10). As EPA notes, and as the ROD acknowledged, these institutional controls are not, and were
not expected to be, fully effective in preventing all PCB exposures via fish consumption. However, as
a result of the above-described efforts, these controls are as effective as practicable to control
exposures, as the ROD contemplated. 12

4.2

The ROD’s Conclusion on Protectiveness Remains Valid.

As shown above, the ROD concluded that the selected remedy is protective of human health and the
environment. As also shown above, the remedy is functioning as expected to date. As a result, the
ROD’s conclusion on protectiveness remains valid. EPA’s current protectiveness determination in the
Second FYR is phrased differently – i.e., that the remedy will be protective upon the completion of
MNA – but it has the same effect: that the remedy is expected to be protective and thus no
additional dredging is necessary at this time. As EPA recognized in the ROD and continues to
emphasize, long-term monitoring of fish, water, and sediment will be necessary to evaluate the
river’s rate of recovery and thus to determine the long-term protectiveness of the remedy. As shown
above, initial results are promising and consistent with expected rates of decline, and in the interim,
human exposure pathways that could result in unacceptable risks are being controlled to the extent
practicable, as expected in the ROD.

The Second FYR sates that, in addition to these controls, “additional institutional controls may be needed in order
to protect the subaqueous caps installed by GE during the dredging and to protect area in which GE conducted
habitat reconstruction and replacement measures until, for example, the new plantings become established” (p. 69).
EPA notes that such additional controls “may include restrictions on anchoring and other activities that may damage
the caps or the new plantings” (id). GE is available to discuss such controls with EPA and, as necessary, with the New
York State Canal Corporation and the U.S. Army Corps of Engineers.
12
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5 LACK OF JUSTIFICATION FOR ADDITIONAL DREDGING
Some have argued that the data collected have shown that the remedy outlined in the ROD and
implemented by GE is not protective and that additional dredging is necessary. Specifically, NOAA,
the State of New York, and a number of environmental groups have argued that the sampling
conducted following the ROD showed more PCBs and higher concentrations in the river than were
known or expected at the time of the ROD and that, as a result, PCB levels in fish are not declining
fast enough and more dredging is needed.
To begin with, this argument fails to recognize that, in selecting the remedy in the ROD, EPA already
considered more extensive dredging remedies. EPA’s analysis clearly demonstrated that additional
dredging beyond the selected remedy would not deliver better results in a significantly shorter time
frame. In fact, as discussed in Section 2.1, it showed that even the most extensive removal alternative
would not be significantly more protective than the chosen remedy and would not appreciably
reduce the number of years to achieve the same target levels.
The arguments for more dredging are also inconsistent with the purpose of the five-year review. As
explained above, the purpose of a five-year review is to evaluate whether the selected remedy is
functioning as intended and expected, not to begin a new evaluation of the most appropriate
remedy. In this case, as also discussed above, the purpose of the Second FYR, conducted only a year
or so after the remedial construction was completed, is to evaluate whether the remedy so far is
operating as intended, given the expectations at the time of the ROD. The calls for additional
dredging, at their core, improperly seek to have EPA go beyond that purpose and reinitiate the
remedy selection process. The efforts to have EPA require more dredging at this time, before there
has been anything close to sufficient time to assess whether the selected remedy will continue to
function as intended, conflict with the purpose of the Second FYR and have no basis.
In addition, the advocates’ claims for more dredging are not supported by the materials on which
they rely, as shown in the following sections.

5.1

NOAA’s Model Emulation Is Inaccurate and Misleading

One of the documents on which the advocates for more dredging place primary reliance is a
publication by NOAA and its consultants (Field et al. 2016), reporting on a “model” which they
developed, and which they call a “model emulation,” to estimate future fish concentrations in the
Hudson River. The authors of this article claim that their model emulation shows that fish in the
Lower Hudson River will recover at a much slower rate than was predicted by the EPA model used in
selecting the remedy.
EPA prepared a review and critique of this work in 2016 based on information available (EPA 2016).
EPA found substantial flaws in this study that undermine its credibility, and concluded that this
model “is based on analyses that did not reflect the breadth of project sediment data or the variety
of fish species data across sampling stations in the Upper and Lower Hudson River, and therefore is
not supported by the available evidence” (id., p. 3). Accordingly, EPA stated that it disagrees with
NOAA’s conclusions (id., p. 7). However, due to the lack of the necessary information, EPA was
unable to obtain and run the model emulation.
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Contrary to accepted scientific practice, NOAA inexplicably did not compare its model predictions to
actual data. In February 2016, a request was made under the Freedom of Information Act for the
model code and documentation in order to allow such a comparison to be made independently.
After numerous delays, the first production of information was made in April 2017, over a year after
the request was made. With the model now available, it is possible to reproduce NOAA’s results,
particularly during the time period prior to dredging, for which the model predictions can be
compared to actual data from the river. 13 The comparison shows that the NOAA model projections
for PCB levels in surface water from 2004 through 2008 and for PCB concentrations in fish from 1998
through 2008 are considerably higher than those seen in the actual data for those years,
demonstrating that the NOAA model substantially overpredicts actual PCB concentrations in fish.
This comparison is described in detail, along with other flaws in the NOAA model emulation, in the
detailed technical critique provided in Attachment A. The key fatal flaws may be summarized as
follows:
•

NOAA’s estimated historical recovery rate is highly uncertain as it is based on limited sediment
data and ignores water and fish data. Fish and water concentrations estimated from the 3%
recovery rate that the authors estimate from the sediments, without any model emulation, result
in predicted concentrations that are much higher than the actual data.

•

The model emulation is based on the FS model, which NOAA claims is inaccurate. This approach
to developing a model based on an allegedly inaccurate one is illogical.

•

The model emulation is a flawed, unconstrained, curve-fitting exercise; slight adjustments using
alternate fits of the model result in large differences in estimated water and fish concentrations.

•

Validation of the model with available measured data was not conducted. Model-data
comparisons were limited to data that were manipulated through an unsupportable upward
adjustment. The failure to compare the model results to the available data was unjustifiable. As
noted above, accepted scientific protocol requires model validation by comparing predicted
results to actual data, and comparison of the NOAA model predications to actual water and fish
data prior to dredging demonstrate that the model emulation is invalid and greatly
overestimates the water column and fish PCB concentrations.

For these reasons, the NOAA model emulation cannot be used to reliably predict future river
conditions and in fact produces highly misleading results. As such, it cannot support the claims of
those who attempt to rely on it.

5.2

NOAA’s Comparison of Data with EPA’s Model Does Not Undercut EPA’s
Conclusions on Recovery Rates

NOAA also claims that the fish, surface sediment, and PCB load data do not support the recovery
rates predicted by EPA’s model used in the ROD, but show slower recovery (Field and Rosman 2016).
These claims are likewise unwarranted.

While the model emulation code has produced results close to those reflected in the published article, there are
some differences, indicating that the results presented in the article were not well documented or preserved for
reproducibility.
13
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NOAA asserts that the rates of recovery for water reported by EPA are overestimated because they
include a period of active source control (id., Slides 5 and 6). However, as noted in the Second FYR,
land-side remedial efforts related to the Allen Mill event were largely completed by April 1995
(Second FYR, Appendix 1, p. 4-2). Thus, “the period from 1995 to 2008 represents a period of MNA
subsequent to the Allen Mill event” and shows declines in water column PCB levels from 5% to 13%
across the four routinely monitoring stations (id., Appendix 1, p. 4-2).
NOAA argues that rates of recovery estimated from the fish data are overestimated due to a fish
processing protocol change in 2007 (a change from analyzing fish samples with the rib on to
analyzing such samples with the rib off) (Field and Rosman 2016, Slides 7-8). EPA has acknowledged
the possibility of some bias on a wet-weight basis based on a special study that evaluated the impact
of the protocol changes (Second FYR, Appendix 3, p. 3-4), and for this reason limits the date range
for the recovery calculations based on wet-weight data to 1995 to 2006 for fish processed as
standard fillet, prior to any change in processing protocol. EPA included the standard fillet data
through 2008 for lipid-normalized recovery estimates because the bias in PCB concentration in
lipid-normalized fish tissue concentrations due to the change in protocol was determined to be less
than 20% (id., Appendix 3, p. 3-4), which is well within the acceptable range of measurement error.
NOAA contends that the measured loads to the Lower River were 3 times higher than that predicted
by the FS model right before dredging and that the load showed “little evidence of decline” (Field
and Rosman 2016, Slide 10). In fact, however, the updated FS model in the Second FYR does not
support the claim of a 3-fold underprediction, indicating that most of the underprediction was
related to the flows used in the original FS model. Moreover, pre-dredging PCB water
concentrations during the baseline monitoring program (BMP) showed reductions at Waterford,
indicating that loads to the Lower River were declining (see Figure 1, lower right panel).
NOAA maintains that that the recovery is not functioning as intended because fish concentrations
are higher than predicted by the model during the BMP period (Field and Rosman 2016, Slides
11-12). However, for the Upper Hudson River species-weighted average comparison, these reviewers
have limited their model-data comparisons to data that have been adjusted. The basis and method
for the adjustment are not presented, but are presumably similar to the approach they used in the
NOAA paper discussed in Section 5.1, which we have shown is unsupportable (see Attachment A).
The Lower Hudson River model-data comparison relies on the Farley model, which was not fully
calibrated (Second FYR, Section 5.1.1.3.5). Additionally, EPA has noted that the lack of
correspondence between the fish decline rates in the Upper Hudson compared with those in the
Lower Hudson, as well as the lack of response in Lower River fish tissue concentrations to dredging
related releases of PCBs, suggest the presence of other sources of PCBs to the Lower Hudson (id.,
Section 5.1.1.3.4). Thus, due to uncertainty in the Farley model as well as the presence of other
sources to the Lower River, the Lower River fish tissue model-data comparisons presented by NOAA
should not be used to evaluate the remedy.
NOAA provides a comparison of the sediment design data to historical data and uses the sediment
data to assess recovery, claiming that such comparisons and assessments are relevant (Field and
Rosman 2016, Slides 13-14). However, as shown in Section 5.1 and Attachment A, such analyses with
the historical sediment data are highly uncertain and cannot be used to make reliable conclusions
about the recovery of the river.
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NOAA claims further that the underprediction of the amount of PCB mass in the targeted areas in
the ROD relative to what was actually removed is an indication that a “greater mass of PCBs remain
in the river post-dredging than EPA originally expected” (id., Slide 20). However, the data in the
non-dredge areas do not support this claim. As shown in Section 6.1 of these comments, the
amount of PCB mass in the non-dredge areas is at the levels predicted in the ROD. Much of the
underestimates in the targeted areas were due to the presence of woody debris; these types of
conditions generally do not exist in the non-dredge areas. Therefore, it is inaccurate to assume that
an underestimation of depth of contamination and PCB mass in the dredge areas results in an
underestimation in the non-dredge areas, as well.
Finally, NOAA asserts that the remedy has not had the impacts on the surface sediment PCB
concentrations in the Upper River as predicted by the ROD (id., Slides 21 and 22). However, as
discussed in Section 4.1.2, recent sediment sampling indicates that PCB concentrations in RS 2 and
RS 3 have declined in the non-dredge areas relative to pre-dredging levels. That, combined with the
removal of the higher PCB concentrations during the dredging, has resulted in reductions in the
average surface PCB concentrations of 80% to above 90% (relative to pre-dredging conditions) for
the three River Sections (Second FYR, Appendix 4, Table A4-5).

5.3

NYSDEC’s Arguments Do Not Support Their Claim of Unprotectiveness

NYSDEC believes that, even though it concurred in the ROD and even though GE implemented the
remedy specified in the ROD, the ROD remedy is nonetheless “not protective” of human health and
the environment, and that additional dredging is “likely necessary to accomplish the goals in the
ROD for achieving the targeted reductions in fish PCB concentrations in the time frames set forth in
the ROD” (NYSDEC 2016, pp. 41 and 40). NYSDEC contends that the remedy left greater-thananticipated PCB concentrations in the sediments, particularly in RS 2, and that as a result the remedy
will not achieve the targeted reductions in fish concentrations in the timeframes anticipated in the
ROD and additional dredging is needed to do so (see id., pp. 28-30, 36; see also Seggos 2016).
NYSDEC claims further that the dredging will result in “little additional improvement in fish PCB
concentrations in the lower Hudson, particularly south of Albany” (NYSDEC 2016, pp. 37, 40).
As noted in Section 2.2, the dredging removed a much greater amount of PCBs than anticipated, and
the PCBs remaining in the river are comparable to the ROD’s estimate (see also Section 6.1). With
respect to the point that the average surface sediment PCB concentration based on the design data
in RS 2 was higher than anticipated in the ROD, EPA already addressed that issue in the First
Five-Year Review, where EPA indicated that these concentrations and the associated recovery were
acceptable and were “not deemed a sufficient reason to modify the remedial design” (First FYR, p.
33). EPA has not changed that conclusion. Further, EPA analyzed sediment data collected in fall
2016 and received after NYSDEC’s report was prepared; and it concluded that, based on a
comparison of the design data to those new data, natural recovery has occurred in of all the river
sections, with an apparent decline of a 88% in the RS 2 average (Second FYR, Appendix 4, p. 5-2).
Additionally, as mentioned in Section 4.1.2, the surface water concentrations at Lock 5 have reduced
by 58% relative to pre-dredging conditions, clearly indicating that the dredging has had a positive
impact on RS 2. While it is too early to make any definitive conclusions about the fish, the 2016 data
are promising but more data will be needed before a full assessment can be made. Further,
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NYSDEC’s argument that the Lower River will see “little additional improvement” is not supported by
the most recent data. The 2016 water column data indicate reductions relative to pre-dredging
conditions of 59% and 36% at Albany and Poughkeepsie, respectively, reflecting the positive impact
of the remedy. See also Section 6.4 below. 14
In addition to the comments discussed above, NYSDEC submitted comments on the Second FYR on
August 30, 2017, attempting to show that EPA has abandoned the expectations of the ROD and that
the remedy that was considered protective in the ROD is now not protective, so that additional
dredging is necessary. Those arguments are addressed in Attachment B, which shows that NYSDEC
has mischaracterized the ROD’s expectations and prejudged the results of the long-term monitoring.

5.4

The Independent Report for the Hudson River Foundation Supports the
Conclusion that Additional Dredging Is Unnecessary at This Time

The conclusion that additional dredging is not necessary at this time is supported by the
independent HRF report (Farley et al. 2017). As discussed above, that report concluded that, as
described in the ROD, additional years of MNA will be required to meet RGs for fish, and thus
monitoring will “continue into the foreseeable future to determine if MNA will be effective in
reducing PCB concentrations to acceptable levels or if additional remedial action will be required”
(p. 17; emphasis added). Given this conclusion, the report did not call for additional dredging before
the monitoring period is over.

14 NYSDEC also asserts that the remedy is not protective because fish consumption advisories allow PCB exposures to
anglers who do not follow those advisories and to ecological receptors (Seggos 2016, pp. 2-3; NYSDEC 2016, p. 36).
However, as shown above, those considerations were fully understood by all at the time that NYSDEC concurred in
the ROD.
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6 OTHER SIGNIFICANT COMMENTS
In addition to the general points discussed above, GE has a number of comments on the text and
appendices of EPA’s Second FYR document. This section presents some of the more significant
comments. 15

6.1

PCB Mass Outside CUs

EPA’s Second FYR reports the Agency’s calculation that the mass of PCBs remaining in the River
outside of the dredged CUs is 60,500 or 56,400 kg, depending on the method used (p. 41 and
Appendix 2, p. 4-7). This appears to be an overestimate of the mass left in the river after the
dredging was completed. GE has performed its own calculations, which account for the biased
nature of the design data. 16 Table 1 outlines the results of those calculations, along with GE’s
estimates of the mass removed and the mass capped or backfilled in the targeted areas and the
estimates originally provided in the ROD Responsiveness Summary (Table 363334-1). These
calculations are described in more detail in Attachment C. By these estimates, GE remediated
149,800 kg of Total PCBs by removing 145,890 kg and capping or backfilling 3,910 kg. 17 GE has
further calculated that there are 34,530 to 37,900 kg of PCBs remaining in the non-dredge areas of
the river. This indicates that, while more mass was found in the targeted dredge areas than originally
predicted by the ROD, the dredging was effective in removing the majority of the PCBs in the river
(nearly 80%), and the amount of PCBs in the non-dredge areas estimated with the more robust
design dataset is consistent with what was estimated by the ROD to be left behind. 18

These comments should not be considered to indicate that GE agrees with all other statements or analyses in the
Second FYR. Rather, they represent GE’s comments on certain selected portions of that document.
15

The pre-dredging sampling program was spatially biased, with more samples collected in areas of suspected
higher PCB concentrations (i.e., areas where finer sediments were encountered during a surface sediment type
survey). Therefore, when averaging the non-dredge area data, a spatially weighted average is preferred in order to
account for the biased nature of the sampling grid.

16

Due to a difference in calculation methods, GE’s estimate of the mass removed is slightly different but not
significantly different from EPA’s estimate (155,739 kg).

17

The differences in the mass estimates between dredge and non-dredge areas may be related to different
characteristics of the river bottom in those areas (e.g., sediment type and grain size, depositional nature of the area,
extent of debris, etc.). There is more confidence in the mass estimates for non-dredge areas using the robust design
dataset because they are less affected by the characteristics that resulted in missed inventory in dredge areas.

18
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Table 1
Comparison of Total PCB Mass Estimates
ROD Estimate1

Post-Remedy Evaluation

River
Section

PCB Mass
Remediated
(kg)

Nondredge
Mass
(kg)

1

36,000

9,200

80%

84,360

2,860

1,080-1,130

95-96%

2

24,300

3,800

86%

32,380

510

4,600-4,770

86%

3

9,500

24,500

28%

29,150

540

28,850-32,000

47-50%

Total

69,800

37,500

65%

145,890

3,910

34,530-37,900

78-79%

% PCB
Mass
Removed

PCB Mass
Removed
(kg)

Mass
Capped/
Backfilled
(kg)

Non-dredge
Mass
(kg)

% PCB Mass
Removed

Note:
1
Per Table 36334-1 in the ROD Responsiveness Summary

6.2

Natural Resource Injury

The Second FYR asserts that “PCB levels in surface sediments outside dredged areas remain elevated
and will continue to negatively impact trust resources” (p. 50). EPA has presented no definition of
“elevated” levels for purposes of this statement and no support for the assertion that PCBs in the
remaining sediments are negatively impacting the resources that are subject to the resource
Trustees’ natural resource damage (NRD) claims. The NRD process is separate from the remediation
process and has been underway for over 15 years. EPA presents no evidence, nor has there been any
showing, that the PCBs outside dredged areas are causing injury to the natural resources subject to
the NRD process. It is inappropriate for EPA to insert conclusions about NRD into this Five-Year
Review Report.

6.3

Homologue Conversion

The Second FYR states in the text that “[e]arly NYSDEC fish tissue samples were analyzed using
Aroclor-based methods, while more recent NYSDEC and GE samples were analyzed using congenerbased standards” (p. 56). In fact, as EPA recognizes in Appendix 3, “[f]or both NYSDEC and GE data,
fish tissue analyses were primarily conducted using an Aroclor-based analysis, with a subset of the
samples analyzed using a more quantitative procedure based on PCB congeners” (p. 3-2; emphases
added). In any case, EPA states that, “[t]o ensure consistency and comparability across datasets, all
Aroclor-based results were converted to estimates of TPCB based on homologue equivalents
(TPCBHE) through application of conversions documented in Appendix 5” (p. 56). In Appendix 3, EPA
states further that the sum of Aroclors “is not always the most accurate representation of total PCB
concentration in fish,” and that thus “EPA developed relationships between the total PCB
concentration based on PCB congener or homologue values (TPCBHE) and the sum of Aroclors”
(p. 3-3), and thereby converted all Aroclor-based results to TPCBHE.
GE has concerns with the statement questioning accuracy of fish tissue PCB concentrations
determined through Aroclor analysis. PCB concentrations measured in fish from the Hudson River
have consistently been analyzed using an Aroclor method, which is an EPA-approved method and
the method approved for fish tissue analysis in the Phase 2 Remedial Action Quality Assurance Project
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Plan (RAM QAPP; Anchor QEA and ESI 2012). Comparisons of Aroclor-based Total PCB (TPCB)
concentrations and congener-based TPCB concentrations for a subset of fish collected each year
have been provided to EPA annually in the Data Summary Reports from 2004 through 2011 and in
2013, 2015, and 2016. These comparisons have consistently shown that Aroclor-based TPCB
concentrations correspond well with the congener-based TPCB concentrations.
In addition, there are numerous issues, which EPA has not addressed, regarding the conversion of
Aroclor TPCB concentrations to TPCBHE concentrations. These issues include the effects of speciesto-species variation on the conversion, the potential relationship of the conversion ratio to PCB
concentration, the possible equation to be used going forward, and how the conversion and the
TPCBHE metric will be applied in developing fish consumption advisories and assessing the
achievement of RGs. Given these issues, GE suggests that EPA indicate that the potential conversion
of Aroclor TPCB concentrations to TPCBHE concentrations will be evaluated and discussed further
following the completion of this Five-Year Review.

6.4

Lower Hudson River

The Second FYR states that the Lower Hudson River contains “other sources of PCBs . . . (although
less significant than the GE sources at Hudson Falls and Fort Edward)” and has “very different”
characteristics from the Upper Hudson, and that “[i]t will therefore be important to collect additional
data and other information in order to better understand the PCB contamination in the Lower
Hudson River” (p. 70). It also states that “[t]he effects of PCB load reduction from the Upper Hudson
to the Lower Hudson are not yet fully known but are expected to benefit the recovery of the lower
river,” and therefore “it is important that the PCB load to the Lower Hudson continue to be
monitored under OM&M for the foreseeable future and additional information be collected about
other sources and PCB fate and transport to the lower river” (p. 57).
As discussed in Section 5, the advocates of additional dredging, such as NOAA and NYSDEC,
disagree with these conclusions and argue that the dredging project completed will not result in a
significant improvement in the Lower Hudson and that the fish in the Lower River will recover at a
much slower rate than was predicted at the time of the ROD, thus leading to the need for more
dredging.
The existing data suggest that the dredging project did and will benefit the Lower Hudson. As
shown in Figure 3a, the comparison of low-flow conditions at Waterford indicate a 52% decline in
PCB concentrations relative to pre-dredging levels, which translates to reduced loads to the Lower
River. While more data is needed to assess the concentrations and loads at higher flows, the
reductions that have been measured at low flow have positively impacted in the Lower River.
Figure 3b shows that PCB concentrations during low flow at Albany and Poughkeepsie have declined
59% and 36%, respectively, relative to pre-dredging concentrations.
However, as with the Upper River, and as EPA recognizes, it is critical to continue to obtain
monitoring data to evaluate trends in PCB levels in fish and water in the Lower River before the need
for other response actions can be assessed. That has always been part of the remedy, and GE has
been collecting these data and will continue to do so. That is the appropriate approach at present to
addressing the Lower River. There is no need for a full Remedial Investigation/Feasibility Study for
the Lower River at this time.
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6.5

Revised Risk Calculations for Ecological Receptors

The Second FYR discusses changes in exposure assumptions for EPA’s pre-ROD Human Health Risk
Assessment and Baseline Ecological Risk Assessment (BERA) and a revised Toxicity Reference Value
(TRV) for the BERA on pages 63 to 66 and in Appendix 11. Appendix 11 states that the TRV used in
the BERA was 0.044 mg/kg-BW/day based on the Lowest Observed Adverse Effect Level (LOAEL) in a
study by Restum et al. (1998), but that the authors of the appendix now use a TRV of 0.033 mg/kgBW/day based on the LOAEL in a newer study by Bursian et al. (2013), with a corresponding No
Observed Adverse Effect Level (NOAEL) of 0.011 mg/kg body weight per day (mg/kg-BW/day),
resulting in a more conservative estimate of risk (Appendix 11, pp. 2-6 to 2-7). Based on that revised
TRV, the ROD’s ecological RGs of 0.3 to 0.03 mg/kg PCBs in larger fish (represented by largemouth
bass) for protection of the river otter and 0.7 to 0.07 mg/kg PCBs in smaller fish (represented by
spottail shiner) for protection of mink were recalculated to ranges of 0.2 to 0.07 mg/kg for fish
consumed by the river otter and 0.34 to 0.11 mg/kg in fish consumed by mink (id., p. 2-7). These
recalculated ranges, EPA states, “would be narrower than and lie wholly within the original ranges
developed in the ROD,” and would “not affect the protectiveness determination of the selected
remedy with respect to ecological receptors” (id., p. 2-7; Second FYR text, pp. 65, 66).
Although, as EPA states, the revised TRV would not affect the protectiveness determination for
ecological receptors, it should be pointed out that the manner in which the results of the Bursian et
al. (2013) study were presented by the study authors has led to an incorrect interpretation of its
results. In that study, mink were fed diets containing varying amounts of PCB-containing fish
collected from the Hudson River. A 20% lethal concentration (LC20) for 6-week-old kits was
considered to represent a LOAEL, and this concentration was divided by an uncertainty factor of 3 to
estimate a NOAEL. EPA notes that the LOAEL and NOAEL from this study were 0.033 and
0.011 mg/kg-BW/day (Appendix 11, pp. 2-6, 2-7). These values were based on the authors’ reported
LC20 for kit mortality of 0.34 mg/kg in feed, as reported in Table 7 of that paper. That value,
however, did not take into account the mortality in the control group (which had zero exposure).
Indeed, kit mortality in the control group was slightly more than in the lowest PCB dose group
(administered a diet containing 0.72 mg/kg). Although GE does not necessarily agree with the
results of the Bursian et al. (2013) study, alternative values can be identified from that study to derive
more appropriate TRVs. In Supplemental Data Table S2, Bursian et al. (2013) report an alternative
LC20 for 6-week kit mortality of 1.4 mg/kg, which represents the LC20 compared to the control
group. This is very similar to the LOAEL for juvenile mortality and kit body mass (the two most
sensitive test endpoints) of 1.5 mg/kg PCBs in diet. That would lead to NOAELs and LOAELs about
four times higher than reported by EPA (0.135 and 0.045 mg/kg-BW/day), which would
correspondingly increase the TRV to a level higher than the value used in the BERA.
Because the TRV based on more appropriate values compared to the control group in Bursian et al.
(2013) is higher than the TRV used in the BERA, use of that study would result in a corresponding
increase in the ecological RGs. Alternatively, if the prior TRV continues to be used, review of this
newer study would not result in a change in the ranges of the ecological RGs.

6.6

Freshwater Quality Criterion

EPA states in Appendix 1 that it is expected that the federal water quality criterion for freshwater
aquatic life (14 ng/L) “will be met consistently within several decades” (p. 5-2). This statement
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appears to overstate the length of time before this criterion will be achieved. The 14 ng/L criterion
was already met frequently in 2016. Further, GE has assessed this statement based on the postdredging water column data, using: (1) EPA’s statement in Section 5 of Appendix 1 that
post-dredging Total PCBs are expected to decline at approximately the same rate as Tri+ PCBs; and
(2) Tri+ PCB decay rates of approximately 10% per year from Table A1-7. This evaluation indicates
that the 14 ng/L criterion will be met consistently in the Lower Hudson within the next 1 to 5 years
and in the Upper Hudson within the next 10 to 20 years.

6.7

Water Column Data at Poughkeepsie

The Second FYR states that the water column data at Poughkeepsie were generally higher than the
Farley model predictions (which underpredicted Tri+ PCB concentrations) and do not indicate an
impact from dredging (Second FYR, pp. 33, 55, and Appendix 1, pp. 4-5, 6-2). It should be noted,
however, that the likely reason for the Farley model’s underprediction of water column
concentrations at Poughkeepsie during the pre-dredge period is that, as the report recognizes later
(id. p. 58), the Farley model was only calibrated to sediment and fish data, not water column data. It
should also be noted that, in the Farley model, Total PCB concentrations are very similar at Albany
and Poughkeepsie, whereas Tri+ PCB concentrations are higher at Poughkeepsie than at Albany,
suggesting the presences of local sources. Finally, the data indicate that there was a response to
dredging at Poughkeepsie, as indicated by the fact that PCB concentrations in 2016 were lower than
during the BMP (see Figure 3b, discussed above).
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Figure 1
Time Trends in Summer Low-Flow Water Column Tri+ PCB Concentration
Data Source: USGS and GE (Post-Construction Remnant Deposit Monitoring Program, BMP, RAMP). Water data are plotted from 1995 - September 2016.
Non-detects are set to half the MDL of the maximum congener peak or Aroclor MDL concentration.
Data shown for May - September months and when FE Flow is less than or equal to 5,000 cfs.
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Figure 2a
Time Trends in Fish Total PCB Concentrations (Wet-weight-based) in Thompson Island Pool
NYSDEC Hudson River biota monitoring database (March, 2016) and GE RAMP database (March, 2017).
Fish data shown are from 1990 - 2016. Open symbols represent whole body and filled symbols represent fillet preparations.
Regression is based on 1995 - 2006 for Largemouth Bass, Brown Bullhead, Yellow Perch, Smallmouth Bass and 1995 - 2008 for Pumpkinseed, Spottail Shiner.
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Figure 2b
Time Trends in Fish Total PCB Concentrations (Wet-weight-based) in Northumberland Pool/Fort Miller Pool
NYSDEC Hudson River biota monitoring database (March, 2016) and GE RAMP database (March, 2017).
Fish data shown are from 1990 - 2016. Open symbols represent whole body and filled symbols represent fillet preparations.
Regression is based on 1995 - 2006 for Largemouth Bass, Brown Bullhead, Yellow Perch, Smallmouth Bass and 1995 - 2008 for Pumpkinseed, Spottail Shiner.
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Figure 2c
Time Trends in Fish Total PCB Concentrations (Wet-weight-based) in Stillwater Pool
NYSDEC Hudson River biota monitoring database (March, 2016) and GE RAMP database (March, 2017).
Fish data shown are from 1990 - 2016. Open symbols represent whole body and filled symbols represent fillet preparations.
Regression is based on 1995 - 2006 for Largemouth Bass, Brown Bullhead, Yellow Perch, Smallmouth Bass and 1995 - 2008 for Pumpkinseed, Spottail Shiner.
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Figure 2d
Time Trends in Fish Total PCB Concentrations (Lipid-based) in Thompson Island Pool
NYSDEC Hudson River biota monitoring database (March, 2016) and GE RAMP database (March, 2017).
Fish data shown are from 1990 - 2016. Open symbols represent whole body and filled symbols represent fillet preparations.
Regression is based on 1995 - 2008.
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Figure 2e
Time Trends in Fish Total PCB Concentrations (Lipid-based) in Northumberland Pool/Fort Miller Pool
NYSDEC Hudson River biota monitoring database (March, 2016) and GE RAMP database (March, 2017).
Fish data shown are from 1990 - 2016. Open symbols represent whole body and filled symbols represent fillet preparations.
Regression is based on 1995 - 2008.
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Figure 2f
Time Trends in Fish Total PCB Concentrations (Lipid-based) in Stillwater Pool
NYSDEC Hudson River biota monitoring database (March, 2016) and GE RAMP database (March, 2017).
Fish data shown are from 1990 - 2016. Open symbols represent whole body and filled symbols represent fillet preparations.
Regression is based on 1995 - 2008.
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Figure 3a

Average Low-Flow Total PCB Concentrations during Baseline Monitoring and Post-dredge (2016) Years
Notes: Error bar represents +/- 2 standard errors. Non-detects set to 1/2 MDL. Duplicate data averaged.
Post-dredge and baseline data on this plot were collected from May through December where Fort Edward flow <= 5,000 cfs (for UHR stations).
Albany and Poughkeepsie stations are tidal and include all flow data.
Sample count posted above bars. Averages include Total PCB concentrations based on congener sums.
Data source: post-dredge:
All_Water_Analyticals_20170411-1130.csv; baseline: Final_avg_BMP.csv.
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Figure 3b

Average Low-Flow Total PCB Concentrations during Baseline Monitoring and Post-dredge (2016) Years
Notes: Error bar represents +/- 2 standard errors. Non-detects set to 1/2 MDL. Duplicate data averaged.
Post-dredge and baseline data on this plot were collected from May through December where Fort Edward flow <= 5,000 cfs (for UHR stations).
Albany and Poughkeepsie stations are tidal and include all flow data.
Sample count posted above bars. Averages include Total PCB concentrations based on congener sums.
Data source: post-dredge:
All_Water_Analyticals_20170411-1130.csv; baseline: Final_avg_BMP.csv.
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Spatial Trends in Forage Fish PCB Concentrations
BMP data = 2004-2008. RAMP data = 2009-2016.
Non-detects set to 1/2 method detection limit. Points are arithmetic means +/- 2 standard errors for pre-dredging (2004-2008)
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ATTACHMENT A

Attachment A

Critical Review of NOAA’s Model Emulation Predicting Future PCB Fish
Tissue Concentrations in the Lower Hudson River
Executive Summary
The National Oceanic and Atmospheric Administration (NOAA) and Kern Statistical Services
developed an approach meant to predict future fish polychlorinated biphenyl (PCB) concentrations in
the Lower Hudson River using equations developed with the results of the 2000 Feasibility Study (FS)
model. Their work is presented in a paper entitled “Re-visiting projections of PCBs in Lower Hudson
River fish using model emulation,” published in the February 2016 issue of the journal Science of the
Total Environment. The authors’ approach used equations in which water column concentrations are
calculated from sediment concentrations and other river characteristics. The water column
concentrations were used to calculate fish concentrations using another equation. The authors
developed this model because they claim that the sediment sampling that occurred after the 2002
Record of Decision (ROD) showed that the FS model predicted too great a recovery rate. The authors
assert that based on the results of this new model (which they call a “model emulation”), the fish in
the Lower Hudson River will recover post-dredging at a much slower rate than was predicted in the
ROD.
The basis for the model emulation and its application are logically flawed, and as a result, the model
calculates water column and fish PCB concentrations that are inconsistent with data from the Hudson
River. The flaw lies in the following issues: 1) using a recovery rate that is based on spatially biased
and highly variable datasets that cannot provide an accurate assessment of recovery; 2) basing the
emulation model coefficients on the predictions of the FS model, which the authors claim is wrong;
and 3) using the relationship between water column and sediment concentrations from the FS model
as if the relationship was not dependent on concentration and would hold under altered sediment
concentrations, which is incorrect. It is illogical to declare the original mechanistic model incorrect,
but then use its results as the basis for developing the model emulation equations. The authors
compounded these flaws by neglecting to test whether what the model predicts is sensitive to the
uncertainty in its coefficients. As this attachment will show, different combinations of coefficient
values that yield equally good fits to the FS model can produce widely varying fish tissue PCB
concentration when the sediment PCB concentration is changed. The authors also neglected to
validate the model by comparing its predictions to relevant available data—a crucial step in
developing meaningful models. Model validation demonstrates that a model accurately replicates
observed concentrations and provides confidence that the model can be used to predict
concentrations. However, the authors did not present a validation of the NOAA model to observed
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water and fish tissue Tri+ PCB concentrations. 1 As is shown in this document, when the NOAA model
is compared to observed data, it becomes clear that the model does not replicate the data, and thus
its predictions are not meaningful.
One of the model emulation scenarios predicts water column and fish PCB concentrations based on
natural recovery starting in 2004. The baseline monitoring program on the Upper Hudson River
provides pre-dredging data from 2004 to 2008, and allows for a comparison with the model
emulation natural recovery scenario results. We reproduced the model emulation’s predictions of
water column and fish PCB concentrations and compared them to the measured PCBs in water and
fish for the 2004 to 2008 period. These simple comparisons show that the model emulation
overpredicts the water column and fish PCB concentrations. It is a clear indication that the model
emulation does not accurately replicate the PCBs in the Upper or Lower Hudson River and cannot be
used to predict the future recovery of the river. The developed and published model emulation is
demonstratively inaccurate and gives misleading results as to the future condition of the Hudson
River following dredging.

Overview
The following is a review of a paper authored by Jay Field of NOAA, John Kern of Kern Statistical
Services, and Lisa Rosman of NOAA. The paper is entitled “Re-visiting projections of PCBs in Lower
Hudson River fish using model emulation” (the NOAA paper) and was published in the February 2016
issue of the journal Science of the Total Environment. The paper is included as Exhibit A-1. The results
from the NOAA model have been widely disseminated. They were presented to the Hudson River
Foundation in May 2015 and have been used repeatedly by the Hudson River Trustees to call on the
U.S. Environmental Protection Agency (EPA) to expand the remedy. As widely reported in the press,
this work has also been used by many in the non-governmental organization community, New York
officials, and elected officials as justification for urging the expansion of the dredging of the Hudson
River.
As a result of the perceived significance of the NOAA paper to the understanding of the efficacy of
the remedy and its public importance, more detailed information was requested in February 2016
through a Freedom of Information Act (FOIA) request to better understand this work and to attempt
to reproduce the findings. This FOIA request had some urgency, because EPA was about to embark
on a review of the remedy as part of its Five-Year Review of the selected remedy. Unfortunately, the
material was not timely produced and only in May 2017, nearly 14 months after the initial review of
the NOAA model, was enough material released to allow for a detailed review. We have done our
best to assess how the authors developed their model and predicted fish tissue concentrations,

1

Tri+ PCBs are PCBs with three or more chlorine atoms.
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based on our knowledge and understanding of modeling, the Hudson River data, and the
explanations provided in the paper.

Background
The NOAA paper details a regression model that the authors developed to predict PCB
concentrations in Lower Hudson River fish after dredging is completed in the Upper Hudson River.
The authors posit that this new model is needed because the mechanistic model used by EPA during
the 2000 FS and the 2002 ROD overestimated the rate of natural recovery and consequently
underestimated the time for fish in the Lower Hudson River to reach the targets presented in the
ROD. In this attachment, we refer to this new model as the NOAA model (which they refer to as
model emulation), and the EPA model used during the FS and the ROD as the FS model.
The NOAA model emulation is, in short, equations that predict water and fish tissue PCB
concentration based on prescribed sediment PCB concentrations. A set of coefficients was
determined by fitting the equations to the FS model concentrations. Using the fitted equations, the
authors contend that they can predict water and fish tissue concentrations resulting from different
assumptions about the rate of recovery of the sediments. By using different initial sediment
concentrations and different assumed rates of sediment recovery in the model emulation, the
authors attempt to calculate what they contend are better estimates of future fish tissue
concentration than those provided by the FS model. However, the model is clearly not valid, and
suffers from several fatal flaws.
Understanding the fatal flaws of NOAA’s model emulation requires an explanation of how the model
was developed. In simple terms, the authors based the model emulation on the results of the EPA
model used in the Hudson River FS and did the following:
1.

Using the EPA FS model output, they developed regression equations at different points along
the river relating PCB levels in water to PCB levels in sediment.

2.

Using the EPA FS model output, they developed regression equations relating PCB levels in fish
to PCB levels in water.

3.

Once the coefficients were established by regression, they adjusted the sediment PCB levels (i.e.,
increased them by approximately 2 times). However, they did not adjust any of the regression
coefficients to account for this change.

4.

To estimate PCB water levels into the future, they assumed that PCB levels in surface sediment
would decline by 3% per year.

5.

With the assumptions in numbers 3 and 4 (i.e., increased initial sediment concentration and
lower sediment rate of recovery), they used the “revised” water-sediment regression from step 3
to predict PCB levels in water into the future.
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The PCB levels predicted in water in the future were used with the equation developed in step 2 to
predict PCB levels in fish.
This simple explanation exposes the model’s flaws. Its predictions of recovery in fish are driven by the
assumption that sediment PCB levels would decline at a rate of 3% per year based on an analysis of
the sediment data. The historical sediment data do not provide a basis to assess rates of recovery
because of differences in the nature and scope of the historical sampling programs and the inherent
spatial variability of the data. The water and fish data, which are integrators of the sediment flux and
upstream PCB loads, are better metrics to estimate rates of recovery. EPA’s analyses of the data show
higher PCB decline rates than estimated by NOAA, as presented in EPA’s Proposed Five-Year Review
Report (EPA 2017, pp. 5, 32, Appendix 3, Table A-3). The second flaw is calibrating a regression
equation to predict water PCB levels from sediment PCB levels and then changing the sediment PCB
levels without changing the regression coefficients. These coefficients reflect the relationship
between sediment and water column PCB levels embodied in the FS model. Changing the sediment
concentrations in the NOAA model forces changes in water column concentrations to values
inconsistent with the measured water column concentrations to which the FS model was calibrated.
Changing the sediment PCB levels without investigating whether the coefficients require further
adjustment invalidates the model. However, even if the regression coefficients had been adjusted,
NOAA’s model emulation suffers from other significant flaws that make the results unrealistic. For
example, NOAA established the regression equations using results from a model that they claim is
inaccurate. Finally, because the regression coefficients they established have no interpretable
meaning for processes on the river (regardless of what they may claim in their paper), the model
emulation development is just a curve-fitting exercise, and the final equations cannot be used as a
decision-making tool. Furthermore, their curve-fitting exercise is unconstrained, meaning there are
multiple combinations of the regression coefficients that result in what NOAA would claim is an
acceptable calibration, but yield significantly different predictions of future fish PCB levels. For all of
these reasons, it is not possible to use NOAA’s model emulation to predict future PCB levels in fish.
More detail on the NOAA model is provided as follows.

Assessment of Post-Dredge Surface Concentrations and Rates of
Recovery
The NOAA paper focuses on the validity of the FS model developed by EPA as part of the remedy
analysis, and specifically on the authors’ assertion that the FS model under-predicted the pre- and
post-dredge surface Tri+ PCB concentrations and over-predicted natural recovery. The authors
propose the NOAA model as a means to obtain more accurate predictions of recovery without
having to re-calibrate and re-run the FS model.
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The authors contend that the FS model underpredicted the post-dredge average Tri+ PCB surface
sediment concentrations by a range of 1.5 to 5 times, depending on the River Section. This
contention is based on their comparison of the post-dredge surface sediment Tri+ PCB
concentrations estimated in the FS to the average surface concentrations they estimate using the
Sediment Sampling and Analysis Plan (SSAP) data in the non-dredged areas and backfill
concentrations in the dredged areas.
The authors calculated a rate of recovery for the sediments of 8% per year from the FS model. They
proposed a “true” rate of recovery of 3% per year, which they calculated from the 1991 O’Brien and
Gere composite sampling data (O’Brien and Gere 1993) and the SSAP data collected from 2002 to
approximately 2005 for the dredge design (QEA 2002) (the SSAP data were assumed by the authors
to represent 2003 conditions).

The Authors’ Estimated Historical Rate of Recovery is Highly Uncertain Because
of Issues Matching the 1991 Data to the SSAP Data
Any estimate of trends derived from the 1991 and SSAP data would need to account for differences
in the approaches to sampling. The SSAP data in the reaches below River Section 1 were collected in
areas generally identified as fine sediment, based upon the side-scan sonar survey conducted in
2002 and 2003. Therefore, the SSAP sampling density is clustered in smaller pockets that are in and
around dredge areas with higher PCB concentrations (see the example in Figure 1). Consequently, a
straight average of the data (which is what the authors appear to have used to arrive at the numbers
presented in the article) will be biased high relative to the true average of the non-dredge areas.
Additionally, the spatial coverage and availability of the 1991 and SSAP datasets are significantly
different. The 1991 data are composite samples composed of between 3 and 17 discrete cores and
do not have a representative sampling coverage when trying to assess River Section wide averages,
whereas the SSAP data are all discrete sample points and tend to be more broadly located (although
the SSAP coverage in many of the reaches below River Section 1 is still limited). The 1991 composites
broadly cover each reach and each composite typically spans large distances, sometimes up to
2 miles. In contrast, the SSAP dataset has a more representative and broader coverage in many of
the reaches. When looking at the non-dredge areas, only 45 out of the 132 composite samples taken
in 1991 have at least two-thirds of the sample locations outside of dredge areas in the entire
40-mile stretch of the Upper Hudson River, whereas there are 4,350 SSAP cores in non-dredge areas
available to calculate non-dredge surface sediment averages. 2 For these reasons, it is not appropriate
The historical recovery rate in the river will be controlled by the change in the upstream loads and the recovery of
all of the sediments. However, the remediation efforts at the plant sites, while ongoing, are generally believed to now
be controlling the upstream loads. Also, after dredging, the areas that had the higher PCB concentrations have been
replaced with backfill that has no PCBs. Therefore, after dredging is complete, the recovery rate of Upper Hudson
River will be controlled only by the PCBs that are still remaining in the non-dredge areas. For these reasons, any
assessment of post-dredging recovery rate should focus on the recovery observed in the non-dredge sediments.
2
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to compare straight averages of the 1991 data to straight averages of the SSAP data to estimate
historical rates of recovery.
The recent EPA Proposed Five-Year Review Report (EPA 2017) evaluates recovery rates between the
available sediment datasets, as well as rates of recovery for the fish and water. EPA agreed with the
conclusions noted above that the datasets are not directly comparable, as the spatial distribution and
compositing schemes varied for each study. EPA developed recovery rates from water data (5% to
13% per year) and fish tissue data (typically 12% to 20% per year on a wet-weight basis, and on
average, 8% per year on a lipid-normalized basis for the sport fish species). While EPA acknowledged
the limitations of the sediment data, it used those data to provide rough estimates of temporal
trends in the sediments. EPA’s best estimates of recovery rates for cohesive and non-cohesive
sediments for the period from 1976 to present ranged from 5% to 7% per year with uncertainty
bounds of 3% to 10% per year using a “simple” exponential decay method which reduced potential
biases by separating the data by sediment type and weighting sediment surveys by their reliability.
Thus, EPA concludes that the decay rates are generally consistent with the 8% rate used during the
development of the ROD. Further, the water and fish recovery rates, which have a higher level of
certainty than those developed from the sediment data, are consistent with these sediment results.
As such, the decay rate used by the authors of the NOAA paper is likely too low and not fully
representative of the Hudson River sediments.

Model Development and Predictions
The NOAA model consists of regression equations developed to reproduce the FS model water
column Tri+ PCB concentrations for each Hudson River section and for each year simulated by the FS
model for Monitored Natural Attenuation (MNA) and the remedial scenarios. The first set of
regression equations are a series of multiple linear equations in which the water column PCB
concentration at the downstream boundary of each of 4 sections of the Upper Hudson River (the
sections are the EPA-defined River Sections with River Section 3 divided in two) is calculated from
two constants (River Section length and area of cohesive sediment) and two predictor variables: the
water column PCB concentration at the upstream boundary of the section and the average surface
sediment PCB concentration. The NOAA model-predicted water column PCB concentration in each
section is then dependent on only the assumed sediment PCB concentration in each section, the PCB
concentration supplied to the most upstream river section, and the coefficients in the regression
equations. The sediment concentrations and water column concentrations used to determine the
coefficients in the regression equations are those predicted by the FS model for two 30-year
simulations of natural recovery and two 25-year simulations of the ROD remedy. The two simulations
of each differ in the specified boundary condition at Fort Edward. Using predicted concentrations at
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1-year intervals resulted in 440 simultaneous equations. 3 A least-squares optimization applied to
these equations was used to establish the coefficients. The R-squared value reported for the
relationships between the emulated water column concentrations and the FS model predicted water
column concentrations was 0.98. The regression equation with the final coefficients are provided in
Appendix A of the NOAA paper. Subsequent information received as part of the FOIA requests
included the other independent variables necessary for us to replicate their results of model
emulated water column concentrations.
The second equation used in the paper is a linear relationship between water column PCB
concentrations at Waterford (independent variable) and fish tissue PCB concentrations (dependent
variable) at Hudson River Mile (RM) 152. Equations were developed for four species of fish
(largemouth bass [Micropterus salmoides], brown bullhead [Ameiurus nebulosus], white perch
[Morone americana], and yellow perch [Perca flavescens]) using the FS model results. The R-squared
values for these linear relationships were greater than 0.9 for all four species. The equations used to
predict fish tissue concentrations are provided in the supplemental information with the paper.
After developing the equations and fitting the necessary coefficients, the authors estimated future
fish PCB concentrations as follows: They set initial sediment concentrations in the water
column/sediment regression model to values they derived from the remedial design data (i.e., the
SSAP data that they use to represent 2003). They then decremented the sediment concentrations at
3% per year and calculated a 30-year time series of water column PCB concentrations (2005 through
2034). These water column concentrations were then used in the linear regression model to predict
PCB fish tissue concentrations at RM 152. The results presented indicate that all four fish species
modeled would take more than 25 years to reach the 0.2 milligrams per kilogram risk-based
threshold used in the FS, even after the full dredging program had been implemented.
Through the FOIA, the authors provided the information necessary to recreate six figures from the
paper and three figures from the supplementary information for the paper. The regression
coefficients, other independent variables, and coded equations needed to run the NOAA model were
also included in the FOIA information. However, additional information and the code used to
develop these regression coefficients from the FS model output was not provided. The provided
information allowed us to run the NOAA model and determine the water column Tri+ PCB
concentrations and white perch Tri+ PCB concentrations predicted by the model emulation outside
of the years highlighted in the paper. Using the equations from the paper coded by the authors,
reproduction of manuscript figures indicates inconsistencies between values provided in the FOIA
responses to reproduce the figures and values in the tables of the published paper, demonstrating
that there are also inconsistencies between the figures in the paper and the values in the tables of
2 boundary conditions * 25 years * 4 river sections + 2 boundary conditions * 30 years * 4 river sections = 440
equations
3
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the paper that were supposedly used to generate the figures. While the provided code allowed us to
eventually reproduce the model emulation results after some effort, the inconsistencies between the
information reported in the published paper and the FOIA documents indicate relatively poor
documentation of the model development and approach in NOAA’s files.

The Authors Based Their Model Emulation on a Modeling Framework that They
Claim is Flawed
If we have correctly interpreted the authors’ approach, they criticized the FS model but used its
relationships between sediment and water column PCB concentrations to formulate their model. It
seems illogical to use presumed incorrect model results to establish the transport of PCBs between
the water column and the sediment. The FS model predictions called into question are the result of
its rates of PCB transport. If the predictions are incorrect, it would have to be because the rates of
PCB transport are incorrect. Using these rates cannot address the supposed fundamental problem of
the FS model. The NOAA model suffers from this same problem. Inputting an alternative sediment
time trend results in the model incorrectly predicting water column concentrations.

The Interdependence of the Model Coefficients Hinders Any Conclusions
Regarding the Relative Importance of the Non-dredge Sediment as a Source of
PCBs to the River
The equations presented in Appendix A of the NOAA paper indicate that 12 model coefficients (3 per
river section times 4 sections) were set by fitting the NOAA model-predicted concentrations to the
FS model-predicted concentrations. Given the explanation of these coefficients, they are
interdependent. Therefore, it is likely that multiple sets of these coefficients would have resulted in
acceptable fit to the FS model-predicted concentrations. We set up a test using the MNA case to
determine whether different values for the coefficients could produce equally reasonable fits to the
FS model-predicted concentrations and yet produce different results when the assumed rate of
sediment recovery is changed from 8% to 3% per year. For this test, we varied the NOAA model
coefficients by up to a factor of 5. The test showed that the values of the coefficients could range by
at least a factor of 5, and the NOAA model would still fit the FS model water and fish tissue
concentrations nearly as well as the coefficients used in the paper (Figure 2). However, when the
natural recovery of the sediments is changed to the 3% per year rate that the authors believe is
correct, the NOAA model predicts widely different Tri+ PCB concentrations in the fish tissue between
the different sets of coefficients (Figure 3). This indicates that, even though the NOAA model fits the
FS model-predicted concentrations, the NOAA model is unsuitable for predicting the Tri+ PCB
concentrations that result from changes to the model assumptions, such as changing the natural rate
of recovery of the sediments. In this case, it is difficult to reach any meaningful conclusion about the
relative impact of the sediments on the recovery of the fish tissue PCB concentrations using the
NOAA model emulation.
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The Analysis Did Not Use Available Water and Fish Data to Validate the Model
Predictions
Validation of model results is an integral step in developing models. Ideally, one set of data will be
used for model calibration (in this case fitting the model emulation coefficients), and a separate set
of data will be used to validate the model predictions and better understand the accuracy of the
model. For example, NOAA operational models must undergo rigorous model validation before
being released for public use. 4 The NOAA model emulation was calibrated to the FS model-predicted
PCB concentrations, but, based on the published information, was not compared to the measured
water and fish concentrations to validate that the model accurately predicted the observed water
and fish tissue PCB concentrations.
A test of the NOAA model’s ability to predict PCB concentrations is to determine how well the model
performs against observed data. On this account, it is clear that the NOAA model fails. Its
predictions of the water and fish PCB concentrations are at variance with measured levels. The
information provided in the NOAA paper along with the code obtained through FOIA requests allow
for the comparison of the model emulated water column Tri+ PCB concentrations to the data
collected during the Baseline Monitoring Program. 5 These comparisons indicate an obvious
disconnect between the NOAA model concentrations and what was measured during the baseline
program, with the NOAA model predicting concentrations that were 3 to 4 times higher than what
was measured in the river (Figure 4). This result indicates a clear error in the predictions of the model
emulation, because the concentrations predicted are far above those measured in the same time
period.
The same observations are true for the fish. A comparison of the model-emulated wet-weight fish
tissue concentrations with the baseline data representing natural recovery for each baseline year is
presented in Figure 5. As with the annual comparison of the water concentrations, Figure 5 clearly
indicates the inconsistencies between the NOAA model predictions and the PCB fish tissue
concentrations measured during the baseline program; concentrations predicted by the model for
white perch at RM 192 are 2 to 6 times higher than the annual average concentrations of the
measured data. This contrasts with the model-data comparison in the paper; the authors provide in
Figure 10 what appears to be a reasonable comparison between fish PCB data and the model
predictions. However, the fish PCB wet-weight-based data have been adjusted upward by
An example of NOAA model validation for tsunami modeling is http://nctr.pmel.noaa.gov/benchmark/SP_3053.pdf,
for wind-wave modeling is http://polar.ncep.noaa.gov/mmab/papers/tn281/multi_hindanalysis.pdf, and for water level
modeling is https://www.nauticalcharts.noaa.gov/csdl/publications/TR_NOS-CS29_FY11_04_Lyon_CBFOS2.pdf.
4

5 Because dredging did not begin until 2009, the data collected from 2004 to 2008 can be viewed as representative of
a 5-year natural recovery (i.e., MNA) period. The model emulation theoretically begins in 2004, 1 year after the year
used to represent the SSAP sediment concentrations in the model emulation. Therefore, the first 5 years of the model
emulation for MNA represent the Baseline Monitoring Program.

Page 10

normalizing to a 3% lipid content. The authors maintain that this adjustment was applied for
consistency with the white perch lipid content that was used in the EPA FISHRAND model. However,
while the 3% lipid content used by EPA for the FS model may have been representative of the
historical white perch data, the average lipid content of the white perch collected from RM 152 from
1997 to 2014 (range shown on the authors’ Figure 10) is 1.6%. Adjusting the measured wet-weight
concentrations upward as if the fish had about twice the lipid they actually had increases them by
approximately a factor of 2. Without this adjustment, it is apparent that the model is consistently
biased high (Figure 6).
The authors contend that changes in the fish processing protocol between 2004 and 2013 may have
resulted in underestimated PCB concentrations. 6 However, if this were the case, pre-2003 and
post-2013 concentrations should show a marked departure from the trend seen during this period.
Instead, the trend continues during these periods even with the perturbations introduced by the
dredging program. Further, the special study that evaluated the impacts of this protocol change
concluded that its impact was minor, and would not have resulted in the greater-than-a-factor-of-2
increase suggested by the authors. 7
The more recent water column and fish concentrations predicted by the NOAA model are also at
odds with measured values. The white perch Tri+ PCB concentrations in the first year after
remediation was assumed to end (2010), based on their model emulation, are approximately 1.5 and
2.2 parts per million (ppm) for the remedy and MNA, respectively. These values far exceed even
pre-dredge white perch total PCB concentrations at Albany; the average of 2008 and 2009 data is 0.7
ppm. They are also higher than the average value during dredging (1.0 ppm; 2010 to 2014; Figure 7).
In fact, using the linear relationship that the authors present in the supplemental Table S-1, the water
column concentration at RM 152 that results in a 1.5 ppm Tri+ PCB average for white perch is
approximately 30 nanograms per liter (ng/L). This is 8 ng/L higher than the average baseline Tri+ PCB
water concentration observed at Waterford before the dredging began (23 ng/L for the 2004 to 2008
baseline monitoring period). These results are nonsensical. While resuspension during dredging does
increase water column PCB concentrations, that phenomenon is short-lived and post-dredging
concentrations will be lower than pre-dredging.
The model is also unreliable because its predicted rate of decline on Lower Hudson River fish PCB
concentrations is much lower than has been occurring for the last 15 plus years. As stated above, the
model emulation shown on Figure 10 matches the data only because the authors have applied a
flawed adjustment to the measured fish PCB concentrations. The MNA scenario should match the
6 The authors suggest that the protocol change would increase white perch PCB concentrations beyond that resulting
from the 3% lipid adjustment.
7

The results of this special study were reported in Section 4.6.5 of Anchor QEA (2015).
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pre-dredge rates of decline in fish; however, pre-dredge PCB concentrations in white perch collected
from Troy show rates of decline of approximately 15% per year (Figure 8) 8; five times that estimated
from the model emulation. Rates of decline in PCB concentrations in bass, bullhead, and yellow
perch collected from this location are similar to that measured for white perch. Further, these rates of
decline are seen in fish collected from Catskill and Poughkeepsie to the George Washington Bridge.
Thus, the weight of evidence suggests that Lower Hudson River fish PCB concentrations are declining
at rates faster than the NOAA model emulation, even without the dredge benefit.

Summary
The model emulation developed by the authors of the NOAA paper is significantly flawed. It fails to
adequately replicate the observed data. The authors’ disregard of the available data for fish and
water to estimate post-dredging concentrations is unjustified and results in future predictions for fish
concentrations that are not defensible. The model emulation relies on the comparison of noncomparable datasets (1991 and SSAP) to establish a rate of recovery. This rate of recovery results in
predicted sediment PCB concentrations that are too high, and correspondingly high predicted water
and fish tissue concentrations provide strong evidence that the rate is too low. The authors stated
that the model emulation coefficients were fit by minimizing the difference between the model
emulation water concentrations and the FS model concentrations. However, the authors did not
provide any information on how sensitive the fish tissue concentrations were to the specific chosen
set of coefficients. Our analysis using their model emulation showed that a wide range of coefficients
can produce equally suitable fits to the FS model and yet result in widely varying fish tissue
concentrations when the assumed rate of sediment recovery is changed, indicating that the
predicted fish tissue concentrations are unreliable when the sediment concentrations are changed. In
summary, the failed model validation, incorrect sediment rate of recovery, and excessive sensitivity of
the predicted fish tissue concentration to the specific chosen model coefficients show that the model
emulation is not suitable for predicting future PCB concentrations and that the conclusions from the
paper are misleading and unreliable.
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MNA1 assumes a natural rate of recovery of the sediments of 8% per year. RMSD is the root mean square difference.

Figure 2
White Perch Tri+ PCB Concentrations (Wet-weight) from the FS (Mechanistic)
Model and from the Model Emulation (ME)
Review of NOAA Emulation
Hudson River PCBs Superfund Site

MNA2 assumes a natural rate of recovery of the sediments of 3% per year.

Figure 3
White Perch Tri+ PCB Concentrations (Wet-weight) from the Model Emulation (ME)
Review of NOAA Emulation
Hudson River PCBs Superfund Site

Monitoring data is the arithmetic mean +/- 2 standard errors. MNA2 assumes a natural rate of recovery of the sediments of
3% per year.

Figure 4
Water Column Tri+ PCB Concentrations
Review of NOAA Emulation
Hudson River PCBs Superfund Site

Monitoring data is the arithmetic mean +/- 2 standard errors. MNA2 assumes a natural rate of recovery of the sediments of 3% per year.

Figure 5
White Perch Tri+ PCB Concentrations (Wet-weight) from Albany/Troy
Review of NOAA Emulation
Hudson River PCBs Superfund Site
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Data Sources: NYSDEC Hudson River Biota Monitoring database, 2010; GE BMP and RAMP database, 2017.
Only standard fillet preparation plotted. Model Emulation shown as red line is a 3% decline starting at 3 ppm.
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Figure 6
White Perch Total PCB Concentrations (Wet-weight) at RM 152
Review of NOAA Emulation
Hudson River PCBs Superfund Site

White Perch Tri+ PCB Concentration
(mg/kg wet-weight fillet)

2.0

1.5

1.0

0.5

0.0
Post-dredge (EPA ROD)

Post-dredge (Field et al.)

Pre-dredge mean
(2008 - 2009 data)

During dredging mean
(2010 - 2014)

Data Sources: GE BMP and RAMP database, 2017.
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Figure 7
Comparison of Initial Post-Remedy White Perch Concentrations in the FS Model and Estimated by Field et al.,
with Average Pre-Dredge and During Dredging Concentrations in White Perch Collected from Albany/Troy
Review of NOAA Emulation
Hudson River PCBs Superfund Site
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Figure 8a
Average Fish PCB Concentrations (Wet-weight-based) in Lower Hudson River
Review of NOAA Emulation
Hudson River PCBs Superfund Site
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Points are arithmetic means +/- 2 standard errors. Regression is based on 1999 - 2009 data.
Bass include both Smallmouth Bass and Largemouth Bass.
Bullhead include both Brown Bullhead and Yellow Bullhead.
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Figure 8b
Average Fish PCB Concentrations (Wet-weight-based) in Lower Hudson River
Review of NOAA Emulation
Hudson River PCBs Superfund Site
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Points are arithmetic means +/- 2 standard errors. Regression is based on 1999 - 2009 data.
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Figure 8c
Average Fish PCB Concentrations (Wet-weight-based) in Lower Hudson River
Review of NOAA Emulation
Hudson River PCBs Superfund Site
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G R A P H I C A L

A B S T R A C T

• We emulated mechanistic model projections of ﬁsh PCBs in the lower Hudson
River.
• Emulated models used updated sediment PCBs and recovery rate to revisit
original predictions.
• Revised forecasts imply much longer
time to recovery in lower Hudson River
ﬁsh PCBs.
• Overestimating sediment recovery rates
minimizes differences in remedial
scenarios.
• Model emulation provides a mechanism
to evaluate both bias and precision of
models.
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a b s t r a c t
Remedial decision making at large contaminated sediment sites with bioaccumulative contaminants often relies
on complex mechanistic models to forecast future concentrations and compare remedial alternatives. Remedial
decision-making for the Hudson River PCBs Superfund site involved predictions of future levels of PCBs in Upper
Hudson River (UHR) and Lower Hudson River (LHR) ﬁsh. This study applied model emulation to evaluate the impact of updated sediment concentrations on the original mechanistic model projections of time to reach riskbased target thresholds in ﬁsh in the LHR under Monitored Natural Attenuation (MNA) and the selected dredging
remedy.
The model emulation approach used a combination of nonlinear and linear regression models to estimate UHR
water PCBs as a function of UHR sediment PCBs and to estimate ﬁsh concentrations in the LHR as a function of
UHR water PCBs, respectively. Model emulation captured temporal changes in sediment, water, and ﬁsh PCBs
predicted by the mechanistic model over the emulation period. The emulated model, using updated sediment
concentrations and a revised estimate of recovery rate, matched the trend in annual monitoring data for white
perch and largemouth bass in the LHR between 1997 and 2014.
Our best predictions based on the emulated model indicate that the projected time to reach ﬁsh tissue risk-based
thresholds in the LHR will take decades longer than the original mechanistic model projections.
Published by Elsevier B.V.
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1. Introduction
Remediation decisions at large contaminated sediment sites with
bioaccumulative contaminants often rely on highly parameterized
mechanistic models to make long-range temporal projections comparing natural recovery and active remedial alternatives. At the Hudson
River PCBs Superfund site in New York (Fig. 1), the U.S. Environmental
Protection Agency (USEPA) used mechanistic contaminant fate and
transport models linked to bioaccumulation models to predict future
concentrations in ﬁsh (USEPA, 2000a, 2002). Model projections of temporal changes in ﬁsh concentrations played an important role in the
comparative evaluation of remedial alternatives (USEPA, 2000b).
After USEPA's Record of Decision (ROD) (USEPA, 2002), extensive
remedial design sediment sampling revealed that concentrations of
PCBs in surface sediments were higher and more widespread than the
models had predicted (Field et al., 2009; USEPA, 2010, 2012). Additionally, USEPA observed that PCB loads from the Upper Hudson River
(UHR) to the Lower Hudson River (LHR) prior to the start of dredging
in 2009 were substantially greater than predicted by the models and
showed little evidence of decline (USEPA, 2010). Because modeled
ﬁsh tissue PCB concentrations in the LHR are a function of PCB loads
from the UHR, these ﬁndings imply that time to reach target thresholds
for human consumption in ﬁsh in the LHR was underestimated by the
original mechanistic model projections.
In this study, we used statistical model emulation to condense relationships between inputs and outputs of USEPA's linked mechanistic
models to investigate sensitivity of model predictions to this new information. Model emulation reduces complex mechanistic models into
computationally-efﬁcient equations, dramatically reducing computational demands and time and effort to recalibrate and rerun the mechanistic
models, while also maintaining a relevant and consistent representation
of the underlying relationships within them (Logemann et al., 2004).
The model emulator developed in this study was used to estimate new
outputs associated with modiﬁed and updated inputs deﬁning a range
of remedial scenarios. The model emulator was also used to evaluate
the sensitivity of model predictions to variation and uncertainty in initial
sediment concentrations and different rates of natural recovery of surface
sediment concentrations.
2. Methods
2.1. Study area
The Hudson River PCBs Superfund site extends approximately
321 km (200 miles) downstream from two General Electric (GE) capacitor manufacturing plants adjacent to the UHR to New York Harbor (Fig.
1). USEPA's ROD in 2002 (USEPA, 2002) called for dredging and monitored natural recovery (MNA) of PCB contaminated UHR sediments extending 64 km upstream from the Federal Dam at Troy. This area was
divided into three main sections, River Sections (RS) 1 (Thompson Island Pool), RS2 (Schuylerville), and RS3. Because of its overall length,
RS3 was subdivided into three modeling subsections RS3A (Stillwater),
RS3B (Waterford) and RS3C (Troy). USEPA did not evaluate or select a
remedy for the LHR tidal estuary (245 km between the Federal Dam
and the Battery in New York City).
2.2. Sample sediment data
Sediment samples collected for PCB analysis between 1976 and 1999
by USEPA, GE and New York State were used during the Remedial Investigation and Feasibility Study (RI/FS) to assess risk and to predict future
concentrations under various remedial scenarios (USEPA, 2000b,
2000c). Surface sediments were generally collected from the top 5 cm,
although some penetrated as deep as 15 cm. Tri+ PCBs in water (average annual whole water concentrations), sediment and ﬁsh, the sum of
trichlorobiphenyl and higher chlorinated homologues, were used for

Fig. 1. Map showing the 321 km (200 mile) extent of the Hudson River PCBs Superfund
site from Hudson Falls (above the GE plant sites) to The Battery in New York City. The
left panel for the Upper Hudson shows the River Sections (RS) for the approximate
64 km (40 mile) remedial action area. The right panel for the Lower Hudson shows the
241 km (150 mile) tidal estuary with the ﬁsh model locations.

modeling because historic total PCB data did not effectively quantify
mono- and di-chlorobiphenyl PCBs (USEPA, 2000a; Connolly et al.,
2000). PCBs in ﬁsh tissue are primarily composed of Tri+ PCBs
(USEPA, 2000a, 2002).
Subsequent to USEPA's ROD, GE collected sediment samples (mostly
cores with some grab samples) from over 8000 locations throughout
the UHR supporting design and implementation of the selected remedy.
In RS1, most cores were collected on a triangular 24-meter (80-foot)
grid from the entire pool. In RS2 and RS3, cores were collected almost
exclusively within ﬁne-grained sediments on triangular 24- or 50-
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meter grids (QEA, 2002, 2005, 2007). This sampling design is considered
approximately unbiased in RS1 and unbiased to ﬁne-grained sediments
in RS2 and RS3.
2.2.1. Estimated pre-dredge concentrations
We averaged surface Tri+ PCB concentrations from design sampling
conducted from 2002 through 2005 representing pre-dredge surface
sediment concentrations in 2003. We used these averages for initial
conditions comparing updated MNA and remedial (REM) scenarios.
Most (94%) of the samples represented the top 5 cm and the remainder were from the top 15 cm or less. Average concentrations from samples including intervals up to 15 cm in depth differed inconsequentially
from samples composed of the 0–5 cm interval. The USEPA mechanistic
model simulated PCB fate and transport in the top 4 cm.
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2.3. Selected remedy
The selected remedy, initiated in 2009, included both MNA and active remediation (dredging and backﬁll or capping followed by MNA)
in the UHR. Sediment remediation areas were deﬁned primarily on
two criteria: surface concentrations (deﬁned by USEPA as the top
30 cm) and mass-per-unit area (MPA), a measure of PCB inventory. Remediation areas were deﬁned as follows: for RS1, a surface concentration of 10 mg/kg Tri+ PCBs in the surface or an MPA of 3 g/m2 Tri+
PCBs; for RS2 and RS3, a surface concentration of 30 mg/kg Tri+ PCBs
or an MPA of 10 g/m2 Tri+ PCBs. Source control near GE plant sites, approximately 3 km upstream of the modeled area, was assumed under
both MNA and active remediation scenarios.
2.4. Mechanistic model framework

2.2.2. Estimated post-dredge surface sediment concentrations
Evaluating the change in surface sediment concentration following
remediation required an estimate of expected post-dredging Tri+ PCB
concentrations in sediment. Samples within the remedial design dredge
footprints (Arcadis, 2013) were assigned a post-dredge surface sediment
Tri+ PCB concentration of 0.25 mg/kg (USEPA, 2002) and arithmetic
averages for each river subsection were recalculated to represent the concentration in 2003, the year USEPA expected dredging to commence.
2.2.3. Estimated surface sediment concentration decay rate
Field et al. (2009) found that the exponential temporal decrease in
sediment PCBs (exponential decay rates) estimated from USEPA's
mechanistic models overstated the rate of natural recovery of surface
sediments. GE conducted large-scale sediment surveys throughout the
UHR in 1991 (O′Brien and Gere Engineers, Inc., 1993) and in 2002
through 2005 as part of remedial design (QEA, 2005, 2007). We compared average surface concentrations from these two surveys and calculated an exponential decay rate for each river section (Table 1). The
average surface sediment Tri+ PCB concentration representing 2003
in each modeled river subsection was calculated, using only samples
from the top 5 cm matching the top 5 cm sampling interval collected
in 1991. In RS2 and RS3, these samples from 2003 can be considered
representative of cohesive sediment deposits and directly comparable
to samples from the cohesive sediment transects from 1991. By necessity, decay rate estimates for RS1 were based on comparison of remedial
design samples, representing both cohesive and non-cohesive sediments, with samples representing cohesive sediments collected in
1991. Because cohesive sediments tended to have higher than average
Tri+ PCB concentrations, the estimated decay rate is likely to overstate
the actual rate. The overall average decay rate and conﬁdence interval
(CI) was used to guide selection of model emulation scenarios.
Table 1
Average surface (top 5 cm) sediment Tri+ PCB concentration (mg/kg) in 1991 and 2003
and estimated exponential decay rate.
Model subsection

Cohesive sediment
1991a

Updated sediment
2003b

Exponential
decay

1

20
(227)c
18
(33)
4.3
(103)
5.7
(30)

16.9
(3414)c
14.7
(1539)
3.4
(2129)
5.6
(682)

1.4%

2
3A
3B
Average
95% conﬁdence
interval (CI)
a

1.7%
2.0%
0.1%
1.3%
(−0.1% to 2.6%)

O′Brien and Gere Engineers, Inc. (1993).
Includes cohesive and non-cohesive sediments in River Section 1 and cohesive only in
River Sections 2 and 3.
c
Number of samples.
b

The mechanistic numerical models developed by USEPA predicted
sediment, water and ﬁsh Tri+ PCB concentrations in the RS1, RS2,
RS3A, and RS3B reaches of the UHR (USEPA, 2000a). GE also developed
similar mechanistic models that were generally consistent with those
developed by USEPA (QEA, 1999a). USEPA used the projections of PCB
load from the UHR (RS3B) to the LHR from the Upper Hudson River
Toxic Chemical Model (HUDTOX) as input to the Farley model (Farley,
1999; USEPA, 1999) to calculate sediment and water concentrations in
the LHR. Output from the Farley model was then used as input to
USEPA's FISHRAND model, a mechanistic food web model, to predict
Tri+ PCB concentrations in four species of ﬁsh (white perch, brown
bullhead, largemouth bass, and yellow perch) at four LHR locations
downstream of the Federal Dam at Troy (RM152 (Albany/Troy) (river
kilometer [RK] 245), RM113 (Catskill) (RK 182), RM90 (Kingston) (RK
145), and RM50 (West Point) (RK 80) USEPA, 2002). While PCBcontaminated sediment in the UHR was the primary focus for remedial
alternatives, reduction in PCB load to the LHR was a major remedial action objective and was expected to result in a reduction of PCB concentrations in lower river ﬁsh. Because initial PCB concentrations in LHR
ﬁsh were lower than UHR ﬁsh, model projections indicated that LHR
ﬁsh would reach human health risk management objectives (thresholds) much sooner than UHR ﬁsh.
We captured mechanistic model output by digitizing Tri+ PCB time
series from the USEPA mechanistic model output for MNA and the selected remedy, including sediment (USEPA, 2000b: Figures 6-24, 6-26,
6-28, and 6-30; USEPA, 2002: Figures 363150-1, 3, 5, and 7) and water
(USEPA, 2002: Figures 363150-10, -11, -12, and -13) for four model subsections in the UHR and ﬁsh at four locations in the LHR (USEPA, 2002:
Figures 313787-2, 3, 4, and 5). Digitizing was accomplished using Plot
Digitizer, a shareware Java program used to digitize scanned plots. Digitized sediment, water, and ﬁsh Tri+ PCBs time series were interpolated
to equally-spaced annual time steps so that modeled values for each
media could be paired temporally. Interpolation was conducted using
linear interpolation using MATLAB© software (MATLAB 8.6, Release
2015b, The MathWorks Inc., Natick, MA, 2000). These time series simulated scenarios assumed dredging would begin in 2003 or 2004 and end
by 2010 for the selected remedy.
2.5. Model emulation
Digitized input and output from mechanistic model projections provided a basis for using nonlinear optimization to ﬁt a simpliﬁed mathematical model of water concentrations (Cw) in each UHR subsection as a
function of 1) original and updated sediment Tri+ PCBs (Cs), 2) upstream
source input (2 ng/L or 0 ng/L), 3) area of subsection, and 4) distance from
the downstream dam in each subsection (see Supplementary Fig. 1). The
emulated model structure is a simpliﬁed parameter version of the USEPA
mechanistic model including four one-dimensional model compartments
representing each river subsection.
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2.5.1. Model emulator
The model emulator represented each of the four river subsections
with one model compartment composed of three terms representing
PCB transfer to or from the water column: 1) upstream source minus
deposition; 2) release/resuspension minus deposition of a fraction of
these resuspended solids; and 3) post-dredge resuspension of disturbed
residuals. The general form of the emulator within the ith subsection is:
Water Column Loadi ¼ðWater Column Loadi−1 −Depositioni Þ
þ ðResuspensioni −Depositioni ÞþPost Dredge Resuspensioni :

ð1Þ

Each model compartment (i.e. river subsection) represents an
impounded pool within which ﬂows are generally laminar. Deposition
of PCBs from the water column to the sediment bed was assumed proportional to distance traveled within each subsection with constant deposition rate per unit distance (gi, i = 1, 2, 3,4) within river segments.
Release/resuspension of sediment PCBs to the water column was assumed to be directly proportional to average PCB concentration and
area of PCB-containing cohesive sediments per river subsection with
net sediment to water transfer coefﬁcients (γi; i = 1, 2, 3, 4) assumed
constant through time.
Post-dredging sediment residuals were assumed to be more susceptible to resuspension with sediment to water transfer coefﬁcients
(βi; i = 1, 2, 3, 4) proportional to pre-dredge PCB concentrations and
area dredged. These lower density disturbed residuals were assumed
to decline with time at an 8% rate as they either ﬂushed downstream,
or became more consolidated and less susceptible to erosion.
Lower Hudson River ﬁsh Tri+ PCBs (Cf) were predicted from
modeled water column Tri+ PCB concentrations (Cw) from the mechanistic model output for RS3B using linear regression.

2.5.2. Emulator calibration
Net contaminant transfer coefﬁcients were estimated by minimizing
root mean squared error between temporally paired emulated and
mechanistic modeled Tri+ PCB concentrations in water. The paired sediment and water time series for each of the 4 river sections spanned
30 years (2005–2034) for MNA and 25 years (2010–2034) for REM1
(the selected remedy) and each remedial scenario was modeled assuming: 1) partial source control with Tri+ PCB load decreasing from
0.16 kg/d to 0.0256 kg/d by the year 2005; and 2) complete source control, assuming upstream Tri+ PCB load would decrease from 0.16 kg/d
to 0.0 kg/d (USEPA, 2000b). These 55 time steps and 4 river sections
and 2 upstream load scenarios resulted in a system of 440 simultaneous
nonlinear equations with 12 unknown net transfer coefﬁcients which
were solved using nonlinear optimization using MATLAB© scientiﬁc
software (The MathWorks 2015). Full mathematical detail is provided
in Appendix A. The estimated coefﬁcients are summarized in Table S1. Mechanistic water column Tri+ PCB concentrations from RS3B
were treated as predictors of LHR ﬁsh Tri+ PCB concentrations and
were calibrated by linear regression. Projections of LHR ﬁsh tissue
Tri+ PCBs were calculated by applying this regression model to emulated water Tri+ PCB concentrations at the downstream end of RS3B.
Although we calibrated the model emulation to both upstream load
scenarios, we found only small differences in future model projections
of primary interest, so we focused on scenarios with average upstream
source concentrations of 0.0256 kg/d (approximately 2 ng/L Tri+
PCB). This is reasonable because measured water column Tri+ PCB concentrations upstream of RS1 have been approximately 2 ng/L Tri+ PCB
since 2004 (Farrar, 2011; USEPA, 2010). For the calibration step, we selected 2005 as the initial year for MNA because mechanistic model projections reached baseline concentrations of 2 ng/L Tri+ PCBs in that
year. Initial year 2010 was selected for REM1 because dredging was anticipated to be completed by that time.

2.5.3. Uncertainty
Analytical statistical theory for mechanistic simulation models is
generally intractable due to their complexity, so statistical inference to
model predictions is often limited. In situations where computer runtime for simulation models is relatively short, statistical inference may
be available through Monte Carlo simulation or Bayesian Markov
Chain Monte Carlo Methods (Raftery et al., 1995; Smith, 1994; USEPA,
1994). These examples have the commonality that mechanistic model
equations are relatively simple and can be run repeatedly, a necessity
for both Bayesian and Monte Carlo methods. Because linked fate and
transport models often require extremely long run-times (Glaser and
Bridges, 2007), Monte Carlo or Bayesian simulation is not directly applicable. Model emulation provides a solution to this computational problem by providing a surrogate model that can be run repeatedly within a
reasonable period of time, while maintaining essential elements of the
physical processes embodied in the mechanistic model. This advancement provides a mechanism to evaluate both bias and precision of
models, providing risk managers with a more complete description of
the reliability of predictions.
2.5.3.1. Bias. Our primary objective was to apply model emulation deterministically to evaluate bias in modeled forecasts associated with
change in initial sediment bed Tri+ PCB concentrations. Future Tri+
PCB concentrations in sediment, water, and ﬁsh tissue were estimated
using updated sediment Tri+ PCB concentrations reﬂecting averages
from comprehensive remedial design sampling. Changes in these values
associated with updated estimates of temporal decay rates in sediments
were also considered. Using these modiﬁed model inputs, future Tri+
PCB concentrations in LHR ﬁsh were re-calculated and compared to
human health total PCB risk thresholds of 0.05 mg/kg, 0.2 mg/kg and
0.4 mg/kg, representing levels protective of ﬁsh consumers eating one
meal per week, one meal per month, and one meal every two months
respectively (USEPA, 2002). USEPA considered Tri+ PCB and total PCB
concentrations interchangeable in ﬁsh (USEPA, 2002).
These estimates representing central tendency or best estimates updated for new sediment surface and decay rates were compared with
the original mechanistic model estimates.
2.5.3.2. Precision. We also estimated precision of model forecasts using
parametric Monte Carlo simulation for auto-correlated time series of
sediment Tri+ PCB concentrations. Synthetic sediment time series
were generated that reproduced temporal autocorrelation patterns
and between river section cross correlations similar to those in original
EPA mechanistic modeled sediment time series. Each sediment Tri+
PCB concentration time series was simulated from a lognormal distribution with mean concentration
C i ðt Þ ¼ C 0i e−ktþεi ðtÞ
where C0i is the initial sediment Tri+ PCB concentration in the ith subsection, and k is the PCB concentration decay rate. Because the sediment
decay rate was estimated from just two points in time (1991 and 2003),
we viewed this as a relatively uncertain parameter and as such investigated a relatively wide range of plausible decay rates uniformly distributed on the interval from 0.02 to 0.05. The residual time series εi(t) was
simulated as a normally distributed mean zero correlated random variable with autocorrelation and variance estimated from the residuals of
an exponential ﬁt to the mechanistic model time series. [The mathematical details of this probability model are summarized in Appendix B.]
This Monte Carlo simulation procedure involved four steps; 1) simulating four normally distributed auto-correlated sediment time series
(εi(t) , i = 1 , 2 , 3 , 4), 2) randomly selecting a uniformly distributed
decay coefﬁcient between 0.02 and 0.05, 3) calculating Ci(t) and 4) applying the model emulator, to these four sediment time series, producing four corresponding Tri+ PCB time series for water and ﬁnally a
synthetic ﬁsh tissue Tri+ PCB time series. These four steps were
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repeated 1000 times, and the ﬁsh Tri+ PCB time series were plotted,
and the time to reach risk thresholds was calculated for each of the
1000 synthetic time series.
2.6. Remedial scenarios evaluated
Model emulation was used to evaluate the following remedial scenarios: (1) Mechanistic model projections for sediment PCB concentrations under Monitored Natural Attenuation (MNA1) and the selected
remedy (REM1); (2) MNA (MNA2) and the selected remedy with updated sediment PCBs (REM2); and (3) An alternative remedial scenario
(REM3), not considered in the ROD, that applies the RS1 cleanup target
levels to RS2 and RS3 with updated sediment PCBs. For each of these
scenarios, we applied both the original (8%) and the updated (3%) rate
of exponential decrease in surface sediment PCBs.
3. Results
3.1. Model emulator
3.1.1. UHR sediment to water
Fitting a set of nonlinear and linear regression models using inputs
and outputs from the original mechanistic models provided a computationally simple means to reproduce the USEPA water column model
Tri+ PCB results under MNA and selected remedy scenarios. The mechanistic model developed by USEPA predicted sediment and water Tri+
PCB concentrations in RS1, RS2, RS3A and RS3B that were used to compare remedial alternatives.
The four-compartment nonlinear model emulator with twelve parameters linking PCB transfer from sediment to water explained 98%
(R2 = 0.98) of the variation in mechanistic modeled water column concentration over the 30 year projection for MNA and the 25 year projection for REM1 (Fig. 2). This demonstrates that the model emulator
successfully captures the changes in sediment and water concentrations
predicted by the mechanistic model for MNA and for the selected remedy in the UHR model sections over the emulation period.
3.1.2. UHR water to LHR ﬁsh
The mechanistic model predicted Tri+ PCB concentrations in four
species of ﬁsh (white perch, brown bullhead, largemouth bass, and yellow perch) at four locations in the LHR (USEPA, 2002). Fish tissue Tri+
PCB concentrations in the LHR below the Federal Dam (RM152) had a
strong linear relationship to water column Tri+ PCB at Waterford

Fig. 2. Emulated vs original mechanistic model projected Tri+ PCB (ng/l) water
concentrations by river subsections on the Upper Hudson River for MNA and the
selected remedy.
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(RS3B) in the UHR for all four modeled species (R2 ≥ 0.90, Fig. 3). This
linear relationship between water Tri+ PCB at RS3B and LHR ﬁsh concentrations in the mechanistic model output provided the basis for the
model emulation of ﬁsh PCBs.
Modeled ﬁsh tissue Tri+ PCBs for all four species at the other
three LHR locations (RM113, RM90 and RM50) were also strongly
linearly related to Tri+ PCB concentrations at Waterford, showing
that the mechanistic model linking water to ﬁsh was effectively linear [Supplementary Table S-1 lists the regression coefﬁcients and
standard errors for white perch, brown bullhead, largemouth bass,
and yellow perch at all four LHR locations].
Mechanistic food web model predictions of ﬁsh tissue concentrations for all four species at RM152 are strongly linearly related
(R2 N 0.99; Supplementary Fig. 2). Largemouth bass are predicted to
have higher PCB concentrations than white perch, while brown bullhead and yellow perch are predicted to have lower concentrations.
Mechanistic model projections of white perch Tri+ PCB concentrations at RM113, 90, and 50 are also proportional to white perch Tri+
PCB concentrations at RM152 (R2 N 0.96) and decrease with distance
from the Federal Dam (Supplementary Fig. 3). The other three species
had similar proportional relationships (not shown).
Emulation equations, with estimated coefﬁcients, were applied to
new model inputs such as new average PCB concentrations and decay
rates in sediment (see Table A.2 for nonlinear regression coefﬁcients).
The model emulation combined the nonlinear regression model between sediment and water with these linear regressions linking ﬁsh tissue and water column Tri+ PCBs to predict ﬁsh tissue Tri+ PCBs in the
LHR from sediment Tri+ PCB concentrations in the four upper river sections. A comparison between the mechanistic model projections of Tri+
PCBs for all four species at RM152 and the emulation results are shown
in Fig. 4 (R2 = 0.92). Emulated model concentrations for largemouth
bass and white perch tended to underestimate the mechanistic model
at the higher concentrations (early in the time period).

3.1.3. Updated surface sediment concentrations
The average Tri+ PCB concentration in sediment samples from the
top 5 cm in 2003, exceeded the upper bound of the mechanistic
model predictions (representing the top 4 cm) under MNA (MNA1)
and were more than twice the mean concentration predicted for cohesive sediments in all four model subsections of the UHR (Table 2; Fig. 5).
The GE mechanistic model for RS1 similarly understated average measured sediment PCBs in 2003 (QEA, 1999a).
The projected Tri+ PCBs concentrations in surface sediment under
USEPA's natural recovery scenarios declined with an approximate 8%
annualized exponential decay rate (USEPA, 2000a). Using the cohesive
sediment data from the 1991 transect survey and the sediment data collected in 2003, we estimated the decay rate over the twelve year period
to be 2% or lower in all four model sections (Table 1) with an average
decay rate of 1.3% (95% CI = − 0.1% to 2.6%). The 3% rate selected for
simulated scenarios was a round number representing a reasonable
upper bound for calculated decay rates shown in Table 1.
Dredging was expected to begin in 2003 and require 6 years to complete (USEPA, 2000b). In the emulation, we treated 2010 as the ﬁrst
post-dredging year. We assumed that natural recovery would continue
outside the dredging footprint while dredging occurred. To estimate
surface sediment concentrations in the initial post-dredging year, needed for simulating post-dredging scenarios, exponential decay rates of 8%
and 3% were applied to the average surface concentration estimated
from pre-design sampling in 2003. Post-dredging river-subsection averages were then calculated accounting for reduced concentrations due to
dredging and backﬁlling (Table 2).
The post-dredging surface Tri+ PCB concentrations estimated for
2010 were also considerably higher than predicted by the USEPA
models. In RS2 and RS3, where the target cleanup levels were at least
a factor of 3 higher than for RS1, estimated post-dredging surface
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Fig. 3. Mechanistic model Tri+ PCB water concentrations (ng/l) at Waterford (RS3B) vs tissue concentrations (mg/kg) for white perch, brown bullhead, largemouth bass, and yellow perch
from RM152 for MNA and the selected remedy.

Fig. 4. Emulated vs original mechanistic model projected Tri+ PCB (mg/kg) ﬁsh concentrations for white perch, brown bullhead, largemouth bass, and yellow perch from RM152 for MNA
and the selected remedy.
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Table 2
Average Tri+ PCB concentrations (mg/kg) in surface sediment by river subsection under
different remedial scenarios and rate of exponential decay in concentration between
2003 and 2010.
River
subsection

Remedial scenario
Reach

MNA1a MNA2b REM1c REM2d REM2e REM3f

Year

2003

2003

2010

Decay
RS1
RS2
RS3A
RS3B

Thompson
Island Pool
Schuylerville
Stillwater
Waterford

2010

2010

2010

8%

3%

3%

8.5

16.9

0.5

0.8

1.1

1.1

6.5
1.3
1.0

14.7
3.7
6.0

1.0
0.5
0.4

2.8
1.4
1.9

3.9
2.0
2.7

1.0
1.0
0.9

a
MNA1: Mechanistic model predictions for Monitored Natural Attenuation for sediment
concentrations in 2003.
b
MNA2: Measured sediment concentrations in 2003 based on updated data.
c
REM1: Mechanistic model predictions for the selected remedy for sediment concentrations post-remediation (2010).
d
REM2: Estimated concentrations for the selected remedy post-remediation (2010)
based on updated data, assuming 8% exponential decay since 2003.
e
REM2: Estimated concentrations for selected remedy post-remediation (2010) based
on updated data, assuming 3% exponential decay since 2003.
f
REM3: Estimated post-remediation (2010) concentrations for hypothetical remedial
scenario that applies RS1 cleanup levels to RS2 and RS3, based on updated data and assuming 3% exponential decay since 2003.

concentrations, based on updated data, are about 5 times higher than
previously predicted based on the mechanistic model.
3.1.4. Emulated models with updated surface sediment concentrations preand post-removal
The effect of a lower natural recovery rate (3%) in sediment was also
evaluated in combination with updated sediment surface Tri+ PCBs
concentration. This updated decay rate is more consistent with the observed changes in surface concentrations during the 12 year period between the 1991 transect survey and the remedial design data collected
in 2003, while not being overly conservative with respect to anticipated
decay rates. The mechanistic model proﬁle using USEPA's original projections of sediment concentrations under MNA (MNA1) and the selected remedy (REM1) was compared to the emulated model projections
using an exponential decay rate of 8%. The computed exponential
decay function closely matches the original model projections (Fig. 6),
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supporting the use of an exponential decay model for emulated results
representing other decay rates (e.g., 3%) for surface sediment concentrations under MNA2, REM2 and REM3.
The emulated models projected LHR ﬁsh Tri+ PCBs using updated
surface sediment concentrations (i.e., based on the 2003 pre-design
sampling) as input. Estimates of pre- and post-removal surface sediment concentrations derived from the extensive remedial design sediment dataset (Table 2) provided more accurate characterization of
surface Tri+ PCB concentrations prior to initiation of remediation.
Fig. 7 illustrates the difference between USEPA's original scenarios
(MNA1 and REM1 with 8% decay rates) and updated scenarios (MNA2,
REM2 and REM3 with updated sediment and 3% decay rates) for Tri+
PCB concentrations in white perch at RM152. The emulated LHR ﬁsh
Tri+ PCB concentrations (MNA2, REM2, REM3) were substantively
higher than USEPA's original mechanistic model predictions for MNA1
and REM1 and remain elevated over a much longer period. The updated
sediment surface and decay rates for MNA2, REM2, and REM3 provide
greater discrimination between remedial alternatives than in the evaluation of remedial alternatives prior to remedy selection.
The model emulator was used to estimate the number of years necessary to reach USEPA risk thresholds in white perch at RM152 under
original modeled scenarios (MNA1, REM1) with the number of years
to reach thresholds based on updated scenarios (MNA2, REM2, REM3)
using two sediment exponential decay rates: 8% (mechanistic model)
and 3% (upper bound of empirical estimate). Fig. 8 displays the number
of years predicted to attain the 0.4 and 0.2 mg/kg Tri+ PCB thresholds
for white perch at RM152 under remedial scenarios REM1, REM2 and
REM3, each with 3% and 8% exponential decay rates. For all scenarios,
using the updated sediment concentrations the time for ﬁsh tissue
Tri+ PCB concentrations to reach remedial action objectives of 0.4 and
0.2 mg/kg is estimated to be substantively longer than originally predicted. For the original selected remedy (REM1) under either 8% or 3%
decay assumptions, white perch at RM152 were projected to reach the
0.4 mg/kg threshold before or immediately after dredging was completed. With updated sediment concentrations (REM2) and 3% decay, white
perch at RM152 were estimated to reach 0.2 mg/kg more than six decades longer than the original mechanistic model projections. The
REM3 scenario greatly reduced the time to thresholds compared to
REM2, but still longer than the original model predictions (REM1) [see
Supplementary Tables S-2 and S-3 for time to 0.2 and 0.4 mg/kg thresholds for all scenarios, species, and locations].

Fig. 5. Mechanistic model predictions of average and upper bound (error bars) surface sediment (top 4 cm) Tri+ PCB concentrations for 2003 pre-dredging (left panel) and post-dredge
concentrations (right panel) compared to estimated river subsection average pre- and post-dredge sediment (top 5 cm) concentrations from remedial design sampling between 2002 and
2005 (approximately 2003).
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4. Discussion
4.1. Interpretation of key ﬁndings

Fig. 6. Emulated model projections for white perch Tri+ PCB concentrations (mg/kg) from
RM152 under MNA (MNA1) and the selected remedy (REM1) comparing the original
mechanistic model (square and circle) results with simulated exponential decay rate of
8% (solid and dashed line).

3.2. Precision
Precision of emulator-based Tri+ PCB concentration in ﬁsh tissue
was estimated using Monte Carlo simulation of equally likely sediment
time-series with a range of decay rates (2% to 5%) and with statistical
properties matching original mechanistic model sediment time series.
The emulator was applied to these time-series, propagating uncertainty
in sediment Tri+ PCB concentrations through to corresponding uncertainty in output Tri+ PCB concentrations in white perch at RM152.
Fig. 9 shows the Monte Carlo distribution of future trajectories of ﬁsh
tissue Tri+ PCB concentration, illustrating the uncertainty in estimates
of the number of years needed to reach risk thresholds. The estimated
number of years to thresholds were estimated to be 27 (95% CI: 19,
43), 49 (95% CI: 35, 77) and 102 (95% CI: 73, 162) for the 0.4 mg/kg,
0.2 mg/kg and 0.05 mg/kg risk based thresholds respectively.

Fig. 7. Emulated model projections for white perch Tri+ PCB concentrations (mg/kg, wet
weight) from RM152 for MNA (squares) and the selected remedy (REM) (circles)
comparing the time to reach risk thresholds of 0.2 and 0.05 mg/kg at 8% (open symbols)
and 3% (ﬁlled symbols) exponential decay rates for original mechanistic model
concentrations (MNA1, REM1), updated sediment concentrations from remedial design
sampling (MNA2, REM2), and hypothetical scenario that applies the RS1 target cleanup
levels to RS2 and RS3 using updated sediment concentrations (REM3) (triangles).

4.1.1. Model emulation
Model emulation provides a fast and inexpensive way to efﬁciently
calculate outputs from inputs for complex mechanistic models, while
retaining underlying physics-based properties. The method of model
emulation is relatively new, with recent developments in global climate
modeling stimulating the need to quantify uncertainty in complex
mechanistic simulation models (Castruccio et al., 2014). An approach
similar to ours was proposed by Margvelashvili et al. (2010) emulating
a linked one-dimensional sediment/contaminant and three dimensional sediment transport model in the South-East Tasmanian coast of
Australia.
For the Hudson River, sediment fate and transport model emulation
successfully reproduced mechanistic model projections of sediment and
water Tri+ PCB concentrations in the UHR and ﬁsh Tri+ PCB concentrations in the LHR. These results demonstrate that essential elements of
the mechanistic mass balance model were captured by the emulator
and support its validity for re-visiting temporal projections of ﬁsh tissue
concentrations in the LHR with updated model inputs. Use of the emulator allowed us to update original predictions without necessitating access to computer codes that are often not readily available to third party
investigators. Model emulation may also reduce the time to update
complicated simulation models, because recalibration procedures may
also entail re-evaluation of the physical mechanisms of the model itself.
We believe these features of model emulation could enhance the transparency and accountability of the comparisons of alternative remedial
scenarios.
4.1.2. Surface sediment concentrations and natural recovery
Extensive systematic remedial design sampling of surface sediment conducted to delineate dredge areas showed that the mechanistic model predictions of surface sediment concentrations
underestimated surface PCBs under MNA and post-remediation scenarios and overestimated the rate of decrease in surface sediment
PCBs. The higher than predicted post-remediation concentrations
primarily resulted from high concentrations of PCBs in surface sediment adjacent to the planned dredge areas (Field et al., 2011).
Multiple reasons are possible for the mechanistic model underestimating surface sediment Tri+ PCBs, but processes that resulted in
an overstated effective recovery rate (8%, MNA1 scenario) (as compared
to our empirical estimate of b 3% from data only available after the original
model was developed) should be considered. Overestimated natural recovery rates are not unique to this model or this situation. For example,
models developed by GE for the UHR had a similar effective decay rate
(QEA, 1999a). Rates of recovery derived from data collected in the
1970s to mid-1980s have also led to overly optimistic estimates of rates
of decline. Consistent with our ﬁndings, PCB concentrations in Great
Lakes salmonids declined at high double digit rates in the 1970s and
1980s, but the inclusion of more recent data showed that declines have
slowed to the low single digits in the 1990s and later (Rasmussen et al.,
2014). Examination of PCB data from the 1970s to 2000s in several species
of Great Lakes ﬁsh suggest that the estimates of contaminant decline were
overly optimistic and responses to mitigation weaker than anticipated
(Carlson et al., 2010; Sadraddini et al., 2011).
4.1.3. Estimated rate of recovery and ﬁsh concentrations
Monitoring data for adult white perch collected annually at RM152
in the late spring between 1997 and 2014 (NOAA, 2015) were normalized to 3% lipid for consistency with the USEPA FISHRAND model and
overlaid on updated emulated model predictions for MNA (MNA2) at
3% and MNA1 at 8% decay. The original mechanistic model understates
the measured tissue concentrations, whereas the updated predictions
using 3% decay are more consistent with the measured data (Fig. 10).
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Fig. 8. Emulated model projections of the number of years to reach 0.4 and 0.2 mg/kg Tri+ PCB thresholds for white perch at RM152 under three remedial scenarios and two exponential
decay rates, 3% and 8%: the selected remedy with original initial sediment concentrations (REM1), the selected remedy with updated initial sediment concentrations (REM2), and a
hypothetical scenario that applies the RS1 target cleanup levels to RS2 and RS3 using updated sediment concentrations (REM3).

It could be argued that this apparently lower than expected decay rate
in LHR white perch tissue concentrations is an artifact of Tri+ PCB releases from UHR dredging which began in 2009. However, the updated
predictions equally describe trends in monitoring data collected between 1997 and 2009 (Fig. 10), supporting the lower than anticipated
3% recovery rate. It should also be noted that, due to a change in ﬁsh processing protocol between 2004 and 2013 (USEPA, 2015), lipid-adjusted
Tri+ PCBs shown in Fig. 10 may understate actual concentrations during that time period. Adjusting these data for this change in protocol
would shift Tri+ PCBs upward, suggesting even slower recovery rates,
again supporting our ﬁnding that recovery rates are b 8%. Similar results
were observed for largemouth bass (Supplementary Fig. S-4). The monitoring data do not deﬁnitively identify the correct decay rate, but 3% is a
demonstrably better ﬁt to the data than 8%.
4.2. Use of model emulation to evaluate uncertainty
Resource managers need to account for uncertainty in modeled
forecasts to avoid selecting overly optimistic, or pessimistic, remedial
options. For relatively simple measurement endpoints, statistical analyses are regularly used to quantify uncertainty. For example, uncertainty
in exposure estimates is generally quantiﬁed using 95% conﬁdence
limits. When more complicated functions of the data are involved, the
statistical methods of bootstrapping (Efron, 1979) and Monte Carlo simulation (Manly, 1991; USEPA, 1997) are used to describe uncertainty
distributions. Bootstrap and Monte Carlo methods involve selecting
equation inputs from statistical distributions to which model equations

Fig. 9. Monte Carlo distribution of Tri+ PCB concentrations (mg/kg) in white perch at
RM152 using the emulated model for the selected remedy with updated sediment
concentrations and exponential decay rates in sediment Tri+ PCBs between 2 and 5%.

are applied, producing distributions of model outputs. Traditional metrics of uncertainty, such as conﬁdence intervals or percentiles, are calculated directly from the output distributions. The time required to run
linked sediment fate and transport models precludes direct application
of bootstrap and Monte Carlo methods, because the model runs must be
repeated many times to develop statistical distributions of output
parameters.
Our model emulation provides a novel approach to extend the utility
of complex linked sediment transport, contaminant fate and transport,
and bioaccumulation models for the Hudson River by creating a computational shortcut that reliably predicts mechanistic model outputs from
imperfectly known model inputs. By varying inputs to the model emulator (i.e. sediment concentrations and decay rates) within reasonably
constrained ranges, the uncertainty distributions of emulated outputs
were developed, simulating the uncertainty distributions of the mechanistic model. Importantly, because the mechanistic model is based on
linked physical processes thought to be predictive, the model emulator
can also be considered to be similarly predictive. The use of model emulation allowed for the investigation of the sensitivity of model outputs
to uncertainty in model inputs, including both bias and precision.
4.2.1. Bias
The emulator was used in a deterministic way by modifying model
inputs. The resulting mechanistic model forecasts were highly sensitive

Fig. 10. Emulated model (dotted line) for white perch Tri+ PCB (mg/kg; normalized to
3.0% lipid) from RM152 with 3% exponential decay compared to monitoring data for
white perch between 1997 and 2014 (circles) and risk thresholds (0.2 and 0.4 mg/kg
PCBs) (horizontal dashed lines). Dredging began in 2009 and was completed in 2015.
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to changes (e.g., bias) in initial sediment bed Tri+ PCB concentrations
and temporal trend rates, but less so to variation in loads from upstream
sources. This paper focuses on the scenario with upstream input concentration decaying to 2 ng/L Tri+ PCBs by 2005, which is consistent
with recent monitoring data (USEPA, 2010). The mechanistic models indicated that recovery eventually would be limited with a 2 ng/L upstream baseline load compared to complete source control (upstream
load = 0 ng/L). However, the emulated model for 0 upstream load (results not shown) did not differ much from the 2 ng/L model during the
emulation period, possibly because initial higher than expected sediment concentrations and lower than expected decay rates mask relatively small differences due to upstream loads.
Updating input sediment Tri+ PCB concentrations to reﬂect more
comprehensive, recent sampling led to the realization that concentrations observed in 2003 sample data exceeded the deterministic upper
bound developed from the mechanistic model. Updating input bed sediment concentrations with this new information led to longer estimated
recovery times for LHR ﬁsh, indicating reduced apparent beneﬁt forecasted for the selected remedy.
The rate of natural recovery is more uncertain than surface sediment
concentrations in 2003 because recovery estimates require comparisons with data from older sampling programs, which were based on
subjective sampling designs and much smaller sample sizes. Although
no completely unbiased sediment sampling program had been conducted prior to 2003, the 1991 UHR transect survey (O′Brien and Gere
Engineers, Inc., 1993) was closest to an unbiased systematic sampling
study with spatially extensive coverage and many sampling locations
distributed throughout the UHR. Lack of unbiased estimates of mean
surface concentration at multiple points in time limit the potential to accurately estimate the natural recovery rate. For our study of bias in the
decay rates, we used 3% because, while we believe that our sediment
decay rate estimate is the best available, the fact that it is based on
just two time steps and because only one time step is based on a
completely unbiased sampling design, the estimate of 1.3% exponential
decay is highly uncertain. Therefore, for evaluating bias, we used 3% as a
value that is meaningfully b 8%, yet not overly pessimistic. Such subjectivity about sediment recovery rates, at one of the most heavily studied
Superfund sites in the United States, is disconcerting and should stimulate a focus on improving the estimate of the rate of recovery at other
contaminated sites where remedial alternatives are being evaluated.
4.2.2. Precision
The precision of model forecasts was estimated using a parametric
Monte Carlo approach to simulate autocorrelated time series of bed sediment Tri+ PCB concentrations. Sediment concentration inputs were
modeled as a ﬁrst order (i.e. exponential) decay function with temporally correlated residual errors. Application of the model emulator to
the 1000 sets of simulated sediment time series resulted in corresponding ensembles of water and ﬁsh tissue time series. As discussed above,
temporal recovery rates at the Hudson River site are highly uncertain,
so the effects of this uncertainty were incorporated into this analysis
by simulating ﬁrst order decay rates as a range of values uniformly distributed from 2% to 5%. This range was chosen subjectively, but nonetheless the analysis illustrated that even modest uncertainty in decay
rates can translate into a wide range of estimated times to recovery
(Fig. 8). This result indicates that reliable estimates of exponential
decay rates in contaminated media are required for reliable remedial alternatives comparisons.
Each of the 1000 simulated time series varies through time around
its selected exponential decay rate. When data are strongly correlated
temporally, concentration time series may wander far from the exponential decay curve for signiﬁcant periods of time, leading to greater uncertainty in estimates of time to threshold values. Although results were
not shown, the Monte-Carlo procedure was used to evaluate effects of
temporal autocorrelation by holding the exponential decay rate ﬁxed
across all 1000 simulations. This analysis showed that times to reach

threshold concentrations were insensitive to these types of excursions
of sediment concentrations due to autocorrelation.
If large linked contaminant fate and transport models are to be used
for remedial alternatives evaluation, supporting sediment data appropriate for estimating temporal decay rates are necessary. Frequently,
high resolution geochronology sediment cores are used to deduce sedimentation rates and indirectly extrapolate natural recovery rates that
are often extrapolated over large spatial regions. However, exposures
to biotic receptors are generally assumed proportional to spatial averages, which may not be adequately represented by a small number of
high resolution cores. This problem is likely exacerbated by the tendency for investigators to rely on high resolution cores with interpretable
geochronology, which typically are collected in low energy areas with
continuous deposition and greater than average sedimentation rates
that are not representative of site conditions (USEPA, 1998; QEA,
1999b). Those rates, which could be considered to represent an upper
bound on sedimentation rates, are then extrapolated over large areas
with varying energy regimes and less interpretable geochronologies.
The model emulation approach was useful for quantifying bias and
precision of mechanistic model forecasts of ﬁsh tissue Tri+ PCB concentrations at the Hudson River. Further application of the method is recommended at contaminated sediment sites where large contaminant
fate and transport models have been developed for use in remedial
decision-making. Model emulation at other large sites should provide
further support for utilizing this approach when additional site data become available to evaluate model projections.
4.3. Improving model calibration and validation
Following the approach used by Castruccio et al. (2014), model emulation can also improve the objectivity and efﬁciency of model calibration and validation by using a mechanistic model to “pre-calculate” a
relatively wide range of model input and output combinations from
which a model emulator can be developed. The emulator is then used
to iterate on model inputs until optimal combinations of input parameters minimizing error between outputs and sample data are obtained.
The emulator provides a mechanism to efﬁciently calculate combinations of inputs and outputs, allowing many more combinations of
model parameters to be evaluated than would otherwise be possible
using the mechanistic model directly.
This approach would provide an understanding of the full range of
inputs calibrating to the sample data. Combinations of model parameters resulting in similar model ﬁt to data would be considered to represent similarly likely scenarios. If only a small range of model parameters
ﬁt the data well, one would conclude that the available data are adequate to uniquely identify the most likely model. In this situation, one
could be conﬁdent in model projections, whereas a broad range of
model parameter combinations resulting in similar model ﬁt to data,
would suggest that the sample data are inadequate to uniquely identify
a likely model. In this situation, one would not ascribe a great deal of
conﬁdence in modeled projections.
4.4. Implications for remedy selection
The model emulation results demonstrate the importance of generating an accurate estimation of both surﬁcial sediment concentrations
and the rate of natural recovery of the sediment surface in order for
mechanistic models to provide useful information for decision-makers
on the relative comparisons among remedial alternatives. If the
model-predicted rate of natural recovery is too high, the magnitude of
the difference between MNA and an active remedy or between various
active remedies, such as the selected remedy for the Hudson River site
and a more comprehensive alternative, will be underestimated. USEPA
considered two alternative dredging scenarios: the selected remedy
(REM1) and a full section removal. The full section removal scenario essentially doubled the area to be dredged (additional 190 ha). According
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to USEPA's review of alternatives, full section removal would have been
more protective, but the projected difference in ﬁsh concentrations
(and risk) between the two remedial scenarios was considered too
small to warrant the increased cost (USEPA, 2002). The difference between those two dredging alternatives was understated because of
the overly optimistic rate of recovery of the surface sediment considered. This is illustrated in Fig. 7, which clearly discriminates between
the different alternatives and shows the large difference in time to
reach risk thresholds for emulated ﬁsh concentrations for the selected
dredging remedy (REM1) and for the updated scenario with a more aggressive (but less than full section removal) remedy (REM3). This hypothetical remedy, which maintained the same target cleanup levels for
surface sediment throughout the UHR, would involve removing an estimated additional 71 ha, b50% of the area under the full section removal
scenario.
While we estimate risk thresholds would be reached meaningfully
sooner under this hypothetical and more aggressive remedy (REM3)
than under the selected remedy with updated sediment surface concentrations and decay rate (REM2), the estimated time to thresholds would
still be longer than the original mechanistic model projections (REM1).
Our analysis suggests that achievement of LHR ﬁsh PCB threshold concentrations targeted as remedial action objectives to protect human
health will be delayed for up to several decades. Our analysis also implies that the remedial action objectives will not be met in the time
frame identiﬁed in the 2002 ROD for the Hudson River (USEPA, 2002)
without implementing a more comprehensive remedy.
Models are often considered to be most useful for evaluating uncertainty in predictions of the relative, as opposed to absolute, beneﬁts for
alternative remedial options (Glaser and Bridges, 2007). In such situations management teams may rationalize potential inaccuracies in
model forecasts by assuming that relative comparison of forecast remedial effectiveness is possible even when absolute forecasts may be inaccurate or highly uncertain. Our analyses suggest that when models are
biased or imprecise the relative differences between remedial alternatives can be signiﬁcantly under- or over-estimated. In addition, the
model emulation approach can serve to improve precision and reduce
bias in model output, therefore more reliably discriminating among remedial alternatives. Box and Draper (1987) stated “All models are
wrong, some are useful”. The models discussed in this paper rely on accurate surface sediment concentrations and the rate of change to make
reliable projections of concentrations in sediment, water, and biota. The
best way for resource managers and decision-makers to know if the
models used for comparing remedial options are useful is to collect systematic, unbiased data on surface sediment concentrations that can be
used to estimate the rate of natural recovery and to regularly monitor
ﬁsh tissues for bioaccumulative contaminants.
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the time period for the project to reach its ﬁsh PCB-based remedial action objectives in the LHR.
The results also demonstrated the adverse impact of over-estimation
of the rate of sediment recovery on the potential ability of risk managers
to discriminate among alternative remedial scenarios.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.02.072.
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Appendix A. Mathematical formulation for emulator
Table A.1 summarizes the locations of the four dams (River Mile=
di), acres of cohesive sediments (Ai), distances between dams (δi =
di − di − 1), area remediated and average distance between deposits
and downstream dams ðdi Þ. Table 2 lists the Tri+ PCB concentrations
(csi) in surface sediment in 2003 and 2010 for each of the ﬁve scenarios
evaluated in this study. The load at the ith dam is represented by Li and
the transfer coefﬁcients from water to sediment and sediment to water
are represented by γi and gi respectively. With this notation, the processes for deposition and resuspension at each model annual timestep were described mathematically in the following set of four equations which are nonlinear in the transfer coefﬁcients
Li ¼ Li−1

n  ð1−g i  δi Þ 
o
þ γ i  ðcsi  Ai Þ  1−g i  di þ βi  ðRi  csi  Ai Þ  Q i ðA:1Þ
where i = 1 , 2 , 3 , 4 indexes each of the four modeled sections of the
river, βi represents the sediment to water net transfer coefﬁcient for
dredged residuals and Ri represents the 8% decay of post-dredge residual concentrations. If discharge at successive dams is similar (Q i =
Q i − 1), Eq. (A.1) can also be expressed in terms of water column concentrations as opposed to loads by dividing both sides of Eq. (A.1) by
Qi giving the following Eq. (A.2).



cwi ¼ cwi−1  ð1−g i  δi Þ þ γi  ðcsi  Ai Þ  1−g i  di þ βi

ðRi  csi  Ai Þ

ðA:2Þ

5. Conclusions
Our analyses demonstrate that pre-remedial surface sediment Tri+
PCBs in the Upper Hudson River were two to three times higher and
estimated post-remediation Tri+ PCBs averaged about four times
higher than predicted by the original mechanistic models used by
USEPA in the Hudson River 2002 ROD. The rate of recovery, as measured
by the exponential decay rate of Tri+ PCBs in surface sediment, was
overestimated by the original mechanistic models. We estimated a
mean of 1.3% and a 95% upper CI of ~3% compared to the ~8% derived
from the original EPA and GE mechanistic models.
The emulated models successfully reproduced the mechanistic
model projections for sediment and water in the UHR and ﬁsh in the
LHR. The emulated models were used to incorporate the updated information on higher surface sediment concentrations and reduced rate of
sediment recovery. Our model projections suggest that the original
mechanistic model projections greatly underestimated the time to
reach risk thresholds in the LHR ﬁsh, thereby extending by decades

For the Hudson River, results were similar for Eqs. (A.1) and (A.2) so
the simpler Eq. (A.2) was used for these analyses.
Each of the 25 years from 2010 through 2034 provides a different set
of modeled sediment bed and water column Tri+ PCB concentrations
from which the best estimates of emulator net transfer coefﬁcients
(gi, γi and βi, i = 1, 2, 3, 4) can be estimated using constrained nonlinear least squares. These paired inputs and outputs from the EPA
mechanistic model were available for two remedial scenarios; 1) natural
recovery (MNA1), and 2) the selected remedy (REM1A). Each of these
scenarios was also simulated with the assumptions of 0 and 2 ng/l
PCBs entering from upstream of RS1. Modeled time series spanning 30
(2005–2034) and 25 (2010–2034) year time frames for MNA and active
remediation respectively, under two sets of upstream input assumptions and four river sections provided 440 (2 × 25 × 4 + 2 × 30 × 4)
nonlinear equations in 12 unknown net transfer coefﬁcients
(i . e., gi, γi and βi, i = 1, 2, 3, 4). The transfer coefﬁcients were estimated
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Table A.1
Summary of input parameters and initial conditions for calibrating model emulator.
Area (ha)
Reach

River
section

Downstream river
kilometer

River section
length (km)

Cohesive sediment
area (ha)a

Alternative REM1
remediated areab

Alternative REM2
remediated areac

Alternative REM3
remediated aread

Thompson Island Pool
Schuylerville
Stillwater
Waterford
Total

RS1
RS2
RS3A
RS3B

303.4
295.2
270.7
263.1

10.1
8.2
24.5
7.6

42
54
93
52

114
31
38
17
200

124
35
29
13
201

124
56
64
28
272

a
b
c
d

Cohesive sediment area from Tables 5.2a–5.2b in USEPA (2000b).
Area for alternative REM1 from Tables 8–9 in USEPA (2000a).
Alternative REM2 area calculated based on delineated dredge area.
Alternative REM3 area based on delineated dredge area for the selected remedy and additional area estimated from number of cores exceeding RS1 target cleanup levels.

Table A.2
Estimated model emulation nonlinear regression coefﬁcients.
Model coefﬁcients

Water to sed
Sed to water
Post dredge resuspension

River section
RS1

RS2

RS3A

RS3B

0.0000
0.0160
0.0251

0.0350
0.0095
0.0143

0.0157
0.0078
0.0283

0.0641
0.0451
0.0357

by constrained nonlinear least squares with MATLAB© Release 2011a
(The MathWorks 2011).
Appendix B. Probability model for synthetic sediment time series
The residual process Ci(t) =C0ie−kt+εi(t) was simulated by randomly
drawing an exponential decay rate (k) from a uniform probability distribution on the interval 0.02–0.05, followed by simulation of εi(t) as a
mean zero normally distributed random variable with covariance matrix C with the entries cij deﬁned as cov(εi(t),εi(t + h))=e−aih2, and covariance between subsections i and j given by cov(εi(t), εj(t))= cij for i ≠j.
The constants ai and cij were estimated from the four mechanistic
modeled sediment Tri+ PCB concentration time series. The expected
mean of the simulated sediment series for the ith subsection is C0ie−kt.
The simulated series are distributed log-normally because εi(t) is a normally distributed random variable.
The estimated coefﬁcient ai deﬁning the rate of decline in temporal
auto correlation was 0.1. The resulting correlation matrix C was a real
symmetric banded matrix with diagonal entries Cii = 1.0 and with 5
non-zero off diagonal with values Ci,i ± j = 1, 0.90, 0.67, 0.41, 0.20,
and 0.08; for j = 1, 2, …, 5 respectively and i = 1, 2, 3, …., 200 years.
The remaining values Ci,i ± j = 0; for j N 5.
References
Arcadis of New York, Inc. (Arcadis), August 2013. Phase 2 Final Design Report for 2013,
Addendum No. 3, Hudson River PCBs Superfund Site. Prepared for General Electric
Company.
Box, G.E.P., Draper, N.R., 1987. Empirical Model Building and Response Surfaces. John
Wiley & Sons, New York, NY.
Carlson, D.L., Vault, D.S., Swackhamer, D.L., 2010. On the rate of decline of persistent organic contaminants in lake trout (Salvelinus namaycush) from the Great Lakes,
1970–2003. Environ. Sci. Technol. 44, 2004–2010.
Castruccio, S., McInerney, D.J., Stein, M.L., Liu Crouch, F., Jacob, R.L., Moyer, E.J., 2014. Statistical emulation of climate model projections based on precomputed GCM runs*.
J. Clim. 27, 1829–1844.
Connolly, J.P., Zahakos, H.A., Benaman, J., Ziegler, C.K., Rhea, J.R., Russell, K., 2000.
A model of PCB fate in the Upper Hudson River. Environ. Sci. Technol. 34,
4076–4087.
Efron, B., 1979. Bootstrap methods: another look at the jackknife. Ann. Stat. 7, 1–26.
Farley, K.J., 1999. An Integrated Model of Organic Chemical Fate and Bioaccumulation in
the Hudson River Estuary. Environmental Engineering Department, Manhattan
College.
Farrar, K., 2011. Updates on remedial program at the GE Hudson Falls plant site. Presentation to the USEPA Community Advisory Group Meeting, June 30 (http://www.

hudsoncag.ene.com/ﬁles/NYSDEC%20presentation%20on%20GE%20Hudson%20Falls%
20Remediation.pdf).
Field, L.J., Kern, J.W., Rosman, L.B., 2009. Evaluation of Natural Recovery Models for Sediment in the Upper Hudson River. (February, http://www.darrp.noaa.gov/northeast/
hudson/pdf/Battelle09_Field_NatRecovery_508.pdf).
Field, L.J., Rosman, L.B., Brosnan, T., Foley, R., 2011. Hudson River remedy: unremediated
PCBs and the implications for restoration. http://www.darrp.noaa.gov/northeast/
hudson/pdf/Battelle1_Field.ﬁnal1.pdf (February).
Glaser, D., Bridges, T.S., 2007. Separating the wheat from the chaff: the effective use of
mathematical models as decision tools. Integr. Environ. Assess. Manag. 3, 442–449.
Logemann, K., Backhaus, J.O., Harms, I.H., 2004. SNAC: a statistical emulator of the northeast Atlantic circulation. Ocean Model. 7, 97–110.
Manly, B., 1991. Randomization and Monte Carlo Methods in Biology. Chapman and Hall,
New York.
Margvelashvili, N., Parslow, J., Herzfeld, M., Wild-Allen, K., Andrewartha, J., Rizwi, F., et al.,
2010. Development of operational data-assimilating water quality modelling system
for South-East Tasmania. OCEANS 2010 IEEE-Sydney. IEEE, pp. 1–5.
NOAA, 2015. Hudson River watershed database and mapping project. http://response.
restoration.noaa.gov/environmental-restoration/environmental-assessment-tools/
query-manager-marplot-data-maps.html (Last accessed: 03/20/2015).
O′Brien & Gere Engineers, Inc., 1993. Data summary report, Hudson River project. 1991
Sediment Sampling and Analysis Program. Prepared for General Electric Company
Corporate Environmental Programs. 1993. O′Brien and Gere Engineers, Inc., Syracuse,
New York.
Quantitative Environmental Analysis (QEA), 1999a. PCBs in the Upper Hudson River PCBs.
Volume 3 Predictions of Natural Recovery and the Effectiveness of Active Remediation. Prepared for General Electric Company, Albany, New York (May 1999 Amended
July 1999).
Quantitative Environmental Analysis (QEA), 1999b. PCBs in the Upper Hudson River PCBs.
Volume 1 Historical Perspective and Model Overview. Prepared for General Electric
Company, Albany, New York (May 1999).
Quantitative Environmental Analysis (QEA), 2002. Hudson River PCBs Site Design Support
Sediment Sampling and Analysis Program Field Sampling Plan. Prepared for General
Electric Company, Corporate Environmental Programs, Albany, NY (July, http://www.
epa.gov/hudson/Design_Support_FSP_10_ﬁnal.pdf).
Quantitative Environmental Analysis (QEA), 2005. Hudson River PCBs Site Phase 1 Dredge
Area Delineation Report. Prepared for General Electric Company, Albany, NY (February
28, http://www.epa.gov/hudson/pdf/2005_2_28_phase1_DAD_text_tables_appendices.
pdf).
Quantitative Environmental Analysis (QEA), 2007. Hudson River PCBs Site Phase 2 Dredge
Area Delineation Report. Prepared by for General Electric Company, Albany, NY (December 17, http://www.epa.gov/hudson/pdf/phase2_dad_report.pdf).
Raftery, A.E., Givens, G.H., Zeh, J.E., 1995. Inference from a deterministic population dynamics model for bowhead whales. J. Am. Stat. Assoc. 90, 402–416.
Rasmussen, P.W., Schrank, C., Williams, M.C.W., 2014. Trends in Lake Michigan coho and
chinook salmon, 1975-2010. J. Great Lakes Res. 40, 748–754.
Sadraddini, S., Azim, M.E., Shimoda, Y., Mahmood, M., Bhavsar, S.P., Backus, S.M.,
Ahronditisis, G.B., 2011. Temporal PCB and mercury trends in Lake Erie ﬁsh communities: a dynamic linear modeling analysis. Ecotoxicol. Environ. Saf. 74 (2011),
2203–2214.
Smith, R.L., 1994. Use of Monte Carlo simulation for human exposure assessment at a
superfund site. Risk Anal. 14, 433–439.
USEPA, 1994. Technical Guidance Manual. Use of Monte Carlo Simulation in Risk Assessments. EPA903-F-94-001 — February 1994. http://www.epa.gov/reg3hwmd/risk/
human/info/guide1.htm (Last accessed: 02/10/2015).
USEPA, 1997. Guiding principles for Monte Carlo Analysis. United States Environmental
Protection Agency. EPA/630/R-97/001. http://www.epa.gov/raf/publications/pdfs/
montecar.pdf (Last accessed 5/22/2014).
USEPA, 1998. Phase 2 Report — Review Copy Further Site Characterization and Analysis
Volume 2C-A Low Resolution Sediment Coring Report Addendum to the Data Evaluation and Interpretation Report Hudson River PCBs Reassessment RI/FS July 1998,
Prepared for the For U.S. Environmental Protection Agency Region II and the U.S.
Army Corps of Engineers Kansas City District by Tams Consultants, Inc. Gradient Corporation, and Tetra Tech, Inc. (Last accessed: 02/10/2015).
USEPA, 1999. Phase 2: Further Site Characterization and Analysis, Volume 2E-A
Baseline Ecological Risk Assessment for Future Risks in the Lower Hudson

L.J. Field et al. / Science of the Total Environment 557–558 (2016) 489–501
River, Hudson River PCBs Reassessment RI/FS. December 1999. Prepared for the
For U.S. Environmental Protection Agency Region II and the U.S. Army Corps of
Engineers Kansas City District by Tams Consultants, Inc. and Menzie-Cura & Associates, Inc. (http://www.epa.gov/hudson/low-hud-future-era.pdf (Last accessed: 02/
10/2015)).
USEPA, 2000a. Revised Baseline Modeling Report (RBMR), Hudson River PCBs Reassessment RI/FS Volume 2D.Prepared Prepared for USEPA Region 2 and USACE, Kansas
City District by TAMS Consultants, Inc., Limno-Tech, Inc., Menzie-Cura & Associates,
Inc., and Tetra Tech, Inc. (January 2000. http://www.epa.gov/hudson/reports.htm
(Last accessed: 02/10/2015)).
USEPA, 2000b. Hudson River PCBs Reassessment RI/FS Phase 3 Report: Feasibility Study.
TAMS Consultants, Inc. (December 2000. http://www.epa.gov/hudson/study.htm
(Last accessed: 02/10/2015)).
USEPA, 2000c. Phase 2 Report, Further Site Characterization and Analysis. Volume 2E Revised Baseline Ecological Risk Assessment, Hudson River PCBs Reassessment RI/FS.
Prepared for USEPA Region 2 and the USACE, Kansas City District by TAMS Consultants, Inc. and Menzie-Cura Associates, Inc. (November. http://www.epa.gov/
hudson/revisedbera-text.pdf. (Last accessed: 02/10/2015)).

501

USEPA, 2002. Hudson River PCBs Site Record of Decision and Responsiveness Summary.
January 2002. Prepared for the For U.S. Environmental Protection Agency Region 2
and the U.S. Army Corps of Engineers Kansas City District by Tams Consultants, Inc.
(http://www.epa.gov/hudson/d_rod.htm#record (Last accessed: 02/10/2015)).
USEPA, 2010. Hudson River PCBs Site EPA Phase 1 Evaluation Report, Prepared for: US Environmental Protection Agency, Region 2 and US Army Corps of Engineers, Kansas City
District, Prepared by:The Louis Berger Group, Inc., March 2010. (http://www.epa.gov/
hudson/pdf/2010-03-15_Phase_1_Evaluation_Report_Text.pdf (Last accessed 2/10/
2015)).
USEPA, 2012. First Five-year Review For Hudson River PCBs Superfund Site. U.S. Environmental Protection Agency, Region 2, New York, NY (June 2012, http://www.epa.gov/
hudson/pdf/Hudson-River-FYR-6-2012.pdf (Last accessed 2/10/2015)).
USEPA, 2015. Letter from Judith Enck (Regional 2 Regional Administrator) to Ned Sullivan
(President, Scenic Hudson), September 10.

ATTACHMENT B

Attachment B
Responses to Main Themes in NYSDEC’s August 30, 2017 Comments
On August 30, 2017, the New York State Department of Environmental Conservation (NYSDEC)
submitted a cover letter and comments on EPA’s Proposed Second Five-Year Review Report for
Hudson River PCBs Superfund Site (Second FYR). Those submittals contain several assertions that are
unsupported by the available information and warrant correction.
As a brief introductory observation, the post-dredging data collection process currently underway
and relied on in the Second FYR is precisely what EPA contemplated in the ROD, which required
extensive monitoring for decades in order to determine recovery of the river and the success of the
remedy. The ROD recognized that several years of post-dredging data will be needed to assess
decline rates, and that only then can a rational assessment be credibly made of the need for any
potential additional remedial work. NYSDEC’s comments and arguments appear to reject this
long-established process. Instead, they reflect a prejudgment that the remedy has failed, in
disregard of the data collected to date, which show that recovery has begun, and in advance of
collecting the necessary additional data, as contemplated by the ROD.

The Remedy Is Meeting the Expectations of the ROD
NYSDEC’s principal claim is that the dredging remedy that was implemented will not achieve its
ultimate objective for more than 55 years, which is “unacceptable” and “not what the people of the
State of New York were promised when EPA announced its remedial decision for the Hudson River in
2002.” At that time, NYSDEC asserts, “EPA predicted that the dredging remedy would result in rapid
reductions in PCB levels in fish so that fish consumption restrictions could be relaxed in five to ten
years.” According to NYSDEC, EPA has now abandoned the ROD’s interim PCB targets of 0.4 and 0.2
ppm in fish, which would allow for such relaxation, and thus has undermined an important goal of the
ROD. NYSDEC contends that this makes the remedy unprotective, since the “current human health and
ecological risks . . . are well in excess of EPA’s acceptable risk range.”
This claim is wrong and inaccurate on several levels. The ROD clearly recognized that it would take
some time to achieve the interim targets of 0.4 and 0.2 ppm. EPA’s model projections at that time
indicated achievement of those interim targets would take several years after completion of the
remedy, ranging from 16 to over 59 years in River Section (RS) 1 and RS 2, with lesser times in RS 3
(ROD, pp. 72-73). Moreover, the specific times presented in the ROD to reach the various target
levels in fish were presented for the purpose of comparing the relative effectiveness of the remedial
alternatives, not as absolute predictions of those time periods. The ROD further recognized that,
until the ROD’s ultimate objective of 0.05 ppm PCBs in fish was met, exposure to PCBs would be
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controlled, to the extent practicable, through fish consumption advisories and fishing restrictions,
and that where those controls would not eliminate exposure, the human health and ecological risks
would remain above EPA’s acceptable risk range. The ROD nevertheless found the remedy to be
protective of human health and the environment, and NYSDEC concurred.
As shown in GE’s main comments, the current information demonstrates that the remedy is
functioning as anticipated in the ROD. Contrary to NYSDEC’s contention, EPA has not abandoned
the ROD’s interim targets, but continues to evaluate the data in relation to those targets (see Second
FYR, p. 45 & Appendix 3, p. 6-3). And NYSDEC’s prediction that the remedy will not achieve those
targets is speculative and based on only one year of data (from 2016), when the river had not yet
fully recovered from the effects of dredging. As EPA recognizes, several years of monitoring are
necessary to evaluate the rate of recovery in the river. NYSDEC’s prediction based on one year of
data reflects an unjustified prejudgment of the monitoring results. It is essentially attempting to
require a re-initiation of the remedy selection process, which is not the purpose of a five-year review.

Current River Conditions
NYSDEC asserts that “EPA appears desperate to come to a conclusion which simply is not supported by
the current conditions of the Hudson River,” and “[i]t is obvious that the remedy is not protective of
public health and the environment.”’
Again, this claim ignores the fact that the information to date indicates that the remedy is
performing as expected in the ROD. As shown in GE’s comments, current conditions are as expected
and indicate that the river is beginning to recover. Thus, the ROD’s conclusion on protectiveness
remains valid at this time. Long-term monitoring of fish, water, and sediment will be necessary to
evaluate the river’s rate of recovery and thus to determine the long-term protectiveness of the
remedy.

Amount of PCBs Remaining in River
NYSDEC argues that, “because greater levels of PCBs were found in the river during project design, and
again during project implementation, significantly more PCBs were left behind than was intended when
EPA selected [the] remedy.” It states further that “EPA has never considered adjusting the remedial
work to take the increases in known PCB mass into account . . . . “
As shown in GE’s main comments (Section 2.1), the remedy used numerical removal criteria so that it
could be adapted to the new data collected after the ROD and before design and scaled to those
results if more or fewer PCBs were found. Moreover, the fact that the ROD underestimated the PCB
mass in the dredge areas does not mean that it underestimated the mass in non-dredge areas. In
fact, as shown in GE’s comments (Section 6.1 and Attachment C), GE has estimated that the amount
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of PCBs remaining in the non-dredge areas is very comparable to the amount estimated in the ROD
to be left in those areas.

Scope of Additional Sampling
NYSDEC contends further that EPA has refused to collect sufficient monitoring data to evaluate the
remedy’s effectiveness, and that “EPA’s persistent refusal to collect and analyze a full array of data has
run counter to EPA’s original commitment to clean up the site.”
Contrary to this assertion, EPA and GE have implemented a comprehensive monitoring program that
will effectively allow assessment of the remedy effectiveness. This long-term monitoring program
was developed by EPA with input from NYSDEC and was embodied in the Consent Decree covering
this remedy. The additional sampling that NYSDEC has requested goes beyond that established
program and appears to be more focused on gathering data to aid in design of another dredging
project. In addition, EPA has conducted a statistical analysis of the data needed to evaluate the
remedy’s effectiveness and the recovery of the river, and determined that the current program is
adequate for that purpose. NYSDEC’s claims regarding additional sampling are based largely on its
view that such sampling is necessary to evaluate the remedy at the scale of each river reach or pool.
However, as EPA recognizes, that is not necessary to assess the recovery of the river. Expectations
for recovery on which EPA based the remedy were at the scale of River Sections, not reaches, as
shown in Figures 6-21 through 6-23 of the Feasibility Study. That is thus the appropriate scale to
assess recovery of the river.

Lower Hudson River
NYSDEC asserts that the “Lower Hudson River is contaminated with PCBs from the Upper Hudson
River” and “the remedial work in the Upper Hudson River to date will not result in any significant
reductions in public health and environmental risks,” and that thus “[t]here is no longer any reason to
delay the Lower Hudson River investigation.”
As shown in GE’s comments (Section 6.4), the existing data demonstrate that the dredging project
did and will continue to benefit the Lower Hudson. As also shown in GE’s comments (Section 5.1 and
Attachment A), a model developed by the National Oceanic and Atmospheric Administration
(NOAA), which the additional dredging advocates rely upon to argue that the fish in the Lower
Hudson will recover at a much slower rate than predicted in the ROD, is demonstrably invalid for a
number of reasons, including the fact that it fails to mimic actual data. However, as with the Upper
River, it is critical to continue to obtain monitoring data to evaluate trends in PCB levels in fish and
water in the Lower River before the need for other response actions can be assessed. That has
always been part of the remedy, and GE has been collecting these data and will continue to do so.
That is the appropriate approach at present to addressing the Lower River.

ATTACHMENT C

Attachment C
Estimating PCB Mass in the Upper Hudson River
Overview
In issuing the Record of Decision (ROD) for remediation of the Hudson River PCBs Superfund Site
(EPA 2002), the U.S. Environmental Protection Agency (EPA) considered the mass of polychlorinated
biphenyls (PCBs) to be removed by the dredging. The EPA Responsiveness Summary that was part of
the ROD provided an estimation of the PCB mass to be remediated and the PCB mass that would
remain after the project’s completion. During remediation, the estimate of PCB mass removed was
used to assess project efficiencies for both phases of the remediation and to track compliance with
the Engineering Performance Standards (EPS) during Phase 2 (EPA 2010). After the completion of
remedial activities, understanding the amount of PCB mass remaining relative to that which was
removed and capped/backfilled provides insight on the overall project success.
The ROD indicated that the selected remedy would remove 69,800 kilograms (kg) of PCBs, or 65% of
the total PCB mass estimated to be in the river. The ROD also estimated that 37,500 kg would remain
in the non-dredge areas. The General Electric Company’s (GE’s) analysis of PCB mass data, conducted
after the completion of remedial activities, has indicated that 145,890 kg were removed by dredging,
3,910 kg remain in dredged areas underneath backfill or an engineered cap, and between 34,530 kg
and 37,900 kg remain in non-dredge areas. These estimates translate into the removal of 78% to
79% of the PCB mass that was present in the river before dredging, which is similar to, or better than,
the PCB mass removal efficiency predicted in the ROD. The basis for GE’s estimate is presented
below.

PCB Mass Removed
During Phase 1, total PCB mass removed was calculated after each dredging pass. This information
was used to evaluate mass removal efficiency of each pass, and to support resuspension analyses.
Cores collected prior to dredging (i.e., the Sediment Sampling and Analysis Program [SSAP] dataset)
were used to calculate the PCB mass removed during the design dredge cut. Cores collected after
each subsequent dredge cut were used to calculate the PCB mass removed during each re-dredge
cut. Methods used to calculate mass were consistent with the approach used in the Dredge Area
Delineation (DAD) Reports (QEA 2005, 2007), which used Thiessen polygons combined with mass per
unit area (MPA) 1 and accounted for factors such as spatial variability in PCBs, bulk density variations,
PCB MPA consists of the grams of PCBs per square meter of sediment surface area of a core. This is calculated by
summing the products of the PCB concentration, length, and bulk density of each core segment. Further information
on the calculation of MPA can be found in the Hudson River DAD Reports (QEA 2005, 2007).

1
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and cores with PCB profiles that do not reach clean sediment. A summary of the PCB mass removed
during Phase 1 activities was provided in Attachment H to GE’s Phase 1 Evaluation Report
(Anchor QEA and Arcadis 2010). By GE’s estimate, 18,230 kg of PCBs were removed during Phase 1
dredging 2 (see also the GE’s Remedial Action Completion Report; Parsons 2016b). 3
After the completion of Phase 1, an independent peer review panel provided recommendations,
which guided the development of the EPS for Phase 2. The 2010 EPS specified performance
standards for dredging residuals, resuspension, and productivity in Phase 2 (EPA 2010). The approach
to mass removed outlined in the 2010 EPS was different from that for Phase 1 in that it divided the
roughly 5-acre Certification Units (CUs), which were used for assessing compliance with the EPS and
evaluating dredging completion and cover type, into subareas and used all the cores within a
subarea to establish a representative mass per unit volume. Specifically, the 2010 EPS directed GE to
“estimate mass of dry PCBs per unit volume of wet-sediment for each CU and multiply by the volume
of wet-sediment to obtain an estimate of total mass of PCBs removed” (EPA 2010, Section 7.3, page
7-2). Similar to Phase 1, pre-dredge cores (from the SSAP and Supplemental Engineering Data
Collection [SEDC] programs) were used in the calculation of the mass per unit volume during the
design dredge cut, while post-dredging data (i.e., residual core data) were used during subsequent
cuts. The volume of sediment removed was based on the difference between pre- and post-dredging
bathymetric surveys. Details of the calculations, including equations, are outlined in Section 7 of the
2010 EPS and further qualified in Section 2.1.2 of each year’s Phase 2 Performance Standard
Compliance Plans (PSCPs) (GE 2011, 2012, 2013, 2014, 2015). The mass removed each year was
reported in GE’s annual Phase 2 reports (Parsons 2012, 2013, 2014, 2015, 2016a). By GE’s estimates,
127,660 kg of PCBs were removed during Phase 2 dredging (Parsons 2016b).4

PCB Mass Remaining in the Target Areas
The PCB mass remaining in the CUs after dredging (i.e., mass capped or backfilled in place) was
estimated consistent with the approaches described above for Phases 1 and 2 (i.e., using Thiessen

As noted above, the mass removed in the design pass (i.e., the first dredging cut in each CU) in Phase 1 used only
the SSAP data. However, Appendix H of GE’s Phase 1 Evaluation Report presented a sensitivity analysis to understand
the impact of the incorporation of the SSAP data into the mass removed estimates from the re-dredge pass(es).
Scenario 1 used a combination of all SSAP and residual data, Scenario 2 included residual data and SSAP cores with
high confidence in the depth of contamination, and Scenario 3 used only the residual data. These three scenarios
resulted in estimates of 16,320, 17,110, and 18,235 kg of PCBs removed during Phase 1, respectively. After a review of
these results, GE and EPA agreed to follow the Scenario 3 approach (residual data only) for the mass removal and
mass remaining analyses. Therefore, GE uses 18,235 kg to characterize the mass removed during Phase 1 dredging.

2

While the ROD, annual reports, and the Completion Report show mass estimates on Tri+ and Total PCB basis, all
PCB masses presented in this attachment are on a Total PCB basis.

3

GE’s Remedial Action Completion Report lists the estimate of PCB mass removed in Phase 2 as 127,785 kg. The
slight difference between that estimate and the estimate used herein is the result of slight modifications during
quality assurance/quality control of the calculations.

4
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polygons for Phase 1 and the mass per unit volume approach for Phase 2). For all dredging years, the
PCB mass remaining was estimated using the data from the last post-dredging core collected at each
residual node.
In Phase 1, Thiessen polygons were used to represent the area of influence of each residual core
location. Each polygon was assigned the MPA of its core to estimate PCB mass remaining after
dredging. A total of 1,570 kg of PCBs was estimated as remaining in the Phase 1 CUs, and
subsequently covered with a cap or backfill, after Phase 1 dredging (Anchor QEA and Arcadis 2010,
Appendix H, Table H-2).
For Phase 2 CUs, the PCB mass remaining was estimated using the mass per unit volume approach
described in the PCB Mass Removed section above with one exception: The volume of un-dredged
inventory was estimated using the data from the last core sampled at each residual node, as
opposed to using bathymetric survey data. 5 Details of the calculations, including equations, are
outlined in the 2010 EPS and subsequent PSCPs (GE, 2011, 2012, 2013, 2014, 2015). Using this
approach, 2,340 kg of PCBs was estimated as remaining in the Phase 2 CUs after dredging and was
covered with backfill or an engineered cap.

PCB Mass in Non-Dredge Areas
To assess the removal efficiency of the project, the PCB mass that exists in non-dredge areas was
also estimated.

Data Usage
To estimate the areal extent of non-dredge areas in the Upper Hudson River, the spatial polygon of
the full river, as developed during design, was used. This polygon was processed to exclude the
dredge areas and all areas not within the main stem of the river, such as tributaries, the Coveville
backwater area, and navigational land cuts. The non-dredge area map was then spatially merged
with the 2003 side-scan sonar map of sediment type to partition the non-dredge areas by primary
sediment type. Sediment types include fine-grained material, sand, gravel, transitional material, and
rock; and areas not covered by the side-scan sonar data were deemed unclassified. Rock areas were
treated as having little to no PCBs. A summary of the non-dredge area acreage by sediment type and
river section is provided in Table 1.
The total PCB MPA was calculated for each of the design sediment locations (i.e., SSAP and SEDC
cores) sampled in the non-dredge areas. Locations at which no sediment was recovered and probing
indicated less than 6 inches of sediment present were assigned a total MPA of zero, consistent with
The volume of un-dredged inventory was estimated using the depth of contamination (the depth from the surface
of the sediment to the point at which the Total PCB concentration is less than 1 milligram per kilogram [mg/kg]) of
the last residual core collected at each residual node, multiplied by the area of influence of each node, as defined
using Thiessen polygons.
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data treatments outlined in the DAD Reports. A summary of the number of data points used to
estimate non-dredge PCB mass is provided by river section in Table 1.
Table 1
Extents and Data Counts used in Non-Dredge PCB Mass Evaluation
River Section

1

2

3

Sediment Type

Non-Dredge Extent1,2
(acres)

Non-Dredge Location
Count3

Silt

15

142

Transitional

92

563

Sand

35

255

Gravel

30

87

Unclassified

16

23

Total for RS 1

189

1,070

Silt

92

503

Transitional

32

93

Sand

101

293

Gravel

49

52

Unclassified

33

5

Total for RS 2

307

946

Silt

318

1,909

Transitional

264

319

Sand

700

345

Gravel

726

102

Unclassified

439

248

Total for RS 3

2,447

2,923

2,943

4,939

Total for All River Sections
Notes:

1. Areas identified as rock by the 2003 side-scan sonar survey were excluded.
2. Only areas in the main stem of the river are included in this acreage.
3. Abandoned locations with 6 inches of sediment or more were excluded.
RS: River Section

Estimating Average MPA
PCB mass remaining in the non-dredge areas was estimated using an area-weighted average MPA
approach. The total PCB MPA for each location was calculated in two ways – one using the measured
PCB concentrations in the cores, and the other using the measured concentrations plus, for cores
that did not penetrate to clean sediments, an extrapolation developed to estimate any missed PCBs
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below the cores in accordance with procedures presented in the DAD Reports. 6 For each sediment
type within a River Section, an average MPA was calculated under each of these methodologies by
area-weighting the MPAs for each location within that sediment type.
The area of influence for each sampling location was determined using Thiessen polygons. The
polygons were clipped to sediment type boundaries as defined by the side-scan sonar. For example,
the polygons of sampling locations in fine sediment were not permitted to extend beyond the fine
sediment boundary. The area of each Thiessen polygon was used to weight the associated MPA for
the purpose of calculating an average MPA for a sediment type within a river section. Areas remote
from the data points were flagged as orphan areas and were not included in the area-weighting
calculation. To calculate total PCB mass, orphan areas were assigned the area-weighted average PCB
MPA. 7 The area-weighted average total PCB MPA for each river section and sediment type is
summarized in Table 2.
Table 2
Area-Weighted Average Total PCB MPA by River Section and Sediment Type
Area-Weighted Average Total PCB MPA (g/m2)
River
Section

1

2

3

Sediment Type

Using Measured Data
Only

Using Measured and
Extrapolated Data

Fine

2.1

2.1

Transitional

1.2

1.3

Sand

1.3

1.3

Gravel

2.0

2.1

Unclassified

0.8

0.9

Fine

5.5

5.6

Transitional

2.7

2.7

Sand

4.3

4.5

Gravel

2.4

2.6

Unclassified

0.02

0.02

Fine

7.0

7.5

Transitional

2.3

2.5

Sand

2.1

2.2

Gravel

1.0

1.2

Unclassified

4.8

5.6

While MPA calculations for extrapolated data followed data treatments outlined in the DAD Reports, data from
paired data gap core locations were not excluded in this analysis.
6

The area-weighted MPA in a given river section and sediment type was assigned to orphan areas of the same
sediment type within the same river section. In this way, all non-dredge areas within the main stem of the river were
accounted for in the non-dredge PCB mass calculation, except for bedrock areas which were assumed to have no
PCBs.
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Percent of Total PCB Mass Removed and Mass Remaining in
Non-Dredge Areas
The total PCB mass in the non-dredge areas was calculated by multiplying the area-weighted
average total PCB MPA in each river section and sediment type by the non-dredge area of that
sediment type. These calculations indicate that a total of 34,530 to 37,900 kg of PCBs (depending on
the approach used for cores that did not reach clean sediments) is estimated to remain outside the
CUs (Table 3).
Table 3
Non-Dredge Mass by River Section and Sediment Type
Non-Dredge Mass (kg)
River
Section

1

2

3

Sediment Type

Using Measured Data
Only

Using Measured and
Extrapolated Data

Silt

130

130

Transitional

440

470

Sand

180

180

Gravel

270

280

Unclassified

60

70

Total for RS 1

1,080

1,130

Silt

2,040

2,100

Transitional

350

360

Sand

1,770

1,830

Gravel

440

480

Unclassified

<5

<5

Total for RS 2

4,600

4,770

Silt

9,000

9,600

Transitional

2,500

2,660

Sand

5,880

6,260

Gravel

2,820

3,490

Unclassified

8,650

9,990

Total for RS 3

28,850

32,000

34,530

37,900

Total for all River Sections
Note:
RS: River Section

Combining these estimates with the above-discussed estimates of the mass removed and the mass
remaining within the CUs indicates that 78% to 79% of the PCB mass in the Upper Hudson River was
removed during dredging (Table 4). These estimates are similar to or better than the PCB mass
removal efficiency reported in the ROD. The ROD indicated that the selected remedy would result in
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the removal of 65% of the total PCB mass in the river, and it estimated that a total of 37,500 kg
would remain in the non-dredge areas (Table 4).
Table 4
Summary of River-Wide Total PCB Mass
ROD Estimate1

Post-Remedy Evaluation

Non-dredge
Mass
% PCB Mass
(kg)
Removed

PCB Mass
Removed
(kg)

Mass
Capped/
Backfilled
(kg)

Non-dredge
Mass
(kg)

% PCB Mass
Removed

River
Section

PCB Mass
Remediated
(kg)

1

36,000

9,200

80%

84,360

2,860

1,080-1,130

95-96%

2

24,300

3,800

86%

32,380

510

4,600-4,770

86%

3

9,500

24,500

28%

29,150

540

28,850-32,000

47-50%

Total

69,800

37,500

65%

145,890

3,910

34,530-37,900

78-79%

Note:
1. Per Table 363334-1 in the ROD Responsiveness Summary.
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