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The site BAF-5 is located on the summit of Resolution Island, Nunavut, just southeast
of Baffin Island at 61° 35′N and 60° 40′W. The site was part of a North American military
defense system established in the 1950s that became heavily contaminated with PCBs
during and subsequent, its operational years.l
ponds. This bulk removal enabled the treatment of highly contaminated fines and water
through a permeable gate. The increased sediment loading during excavation required both
modifications to the funnel and a shift to a more permeable, granular system. Granulated
activated charcoal was chosen for its ability to both act as a particle retention filter and
adsorptive filter. The reduction in mass of PCB and volume of soils trapped by the funnel of
the barrier indicate that soils are re-stabilizing. In 2007, nonwoven geotextiles were re-
introduced back into the filtration system as fine filtering could be achieved without
clogging. Monitoring sites downstream indicate that the barrier system is effective. This
paper describes the field progress of PCB remediation at Resolution Island.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

1.1. Background

Localized PCB contamination in the Arctic has been docu-
mented at the Distant Early Warning (DEW Line) sites, a string
of 63 military radar stations that were operated across Alaska,
northern Canada and Greenland during the 1950s and early
1960 (Bright et al., 1995a,b; Stow et al., 2005).
The radar station on Resolution Island, referred to herein
as BAF-5, is located at the southeastern tip of Baffin Island
approximately 310 km southeast of Iqaluit and at the end
of Frobisher Bay (61° 35′N and 60° 40′W, Fig. 1). The main
station site is situated on a summit 360 m above sea level on
Cape Warwick at the northeastern end of the island over-
looking Brewer Bay. Approaches to the island are by sea at
Brewer Bay, and by air using a runway located northwest of
the summit.
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not available in 1991 and therefore tiers of contamination,
known as the DEW Line Cleanup Criteria (DCC), were devel-
oped based on uptake of contaminants by plants as well as
reference to guidelines from other countries (Reimer et al.,
1993; Poland et al., 2001). The DCC were developed as part of
the larger DEW Line Clean Up (DLCU) Protocol, which defined





The use of this option would result in the immobilization of
the contaminated soil, effectively removing the contaminants
from the Arctic ecosystem. The landfill was lined and
designed to contain the contaminated soil in permafrost
(Corrigan et al., 2005). Various challenges faced the design and
construction of the landfill, such as: selecting a suitable
landfill location at this mountainous and widely contami-
nated site, and the construction of a lined landfill under harsh
weather conditions. In total, over 10,000 m3 of Tier I/Tier II
material was excavated and landfilled at the site.

There is essentially no groundwater due to the shallow
depth of the permafrost, therefore subsurface remediation
was not necessary. However, contamination remains on the
island in soils containing approximately 240 kg PCBs after
excavation. Some of the soil is trapped in the fractured
bedrock and some soil cannot be accessed because it is on
very steep terrain that cannot be accessed for logistical and
safety reasons.

2.6. Surface water barrier design and construction

In 2003, a trial surface water barrier system was installed in
the S1/S4 valley to minimize the migration of PCB contami-
nated particulates and any dissolved or suspended PCB oils
transported by surface water. It incorporated gabions and
geosynthetic liners, which formed the funnel, and a 0.82 m
wide stainless steel gate (Fig. 4). The design concept was based
on previously reported funnel-and-gate barrier systems (Starr
and Cherry, 1994), but altered for surface water remediation.
The wide funnel mouth was designed to enable better
entrapment of the contaminated runoff, and would help to
slow down flow and deposit contaminated soils. Ideally, the
first portion of the gate would filter out contaminated fines
and the latter portion of the gate would treat PCB contami-
nated water through a combination of geotextiles and geo-
synthetic filter materials, listed in Table 2. The gate consisted
of a stainless steel box into which up to four filter cassettes
could be placed (Fig. 5a–d). A clean cell was installed directly
behind the barrier to help monitor barrier efficiency.

The location of the barrier in the S1/S4 valley was chosen
early in the field season when water was still running in the
valley. The valley has two separate drainage pathways which
merge at the barrier site and then again form two separate
pathways once they pass through this narrow point of the
valley. The site was also selected because the gradient was
sufficient to allow a pool to be formed upstream of the gate
once the funnel was built.

2.7. Construction of trial surface water barrier



were built using 1.6 mm stainless steel panels. All sections of
the stainless steel boxes were bolted together so that the units
could easily be modified at a later date. The lids of the boxes
were painted black to increase the temperature within the
barrier through sunlight exposure, so that any frozen material
would melt more quickly than in the surrounding area thereby
encouraging flow through the gate.

Seven materials were chosen and placed in the various
filter slots in each barrier. The first filter was a woven
geotextile, with an equivalent opening size of 0.6 mm. The
second filter was a needle-punched nonwoven geotextile,
with an equivalent opening size of 50–150 μm. The two filter
boxes (shown in



overall flow velocity (Woinarski et al., 2003). A gabion lined
with a slit-film woven polypropylene geotextile (W2 shown in
Table 2) was placed 5 m upstream from the chevrons to trap
soil.

Sections of hard, black 60 mil HDPE liner were cut out to fit
the inside of both ponding areas. These were set in place to
help protect the underlying liner from rock fall and as well



Fig. 6 –a and b. Modified barrier design 2004.
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Fig. 7 –



3. Results and discussion

3.1. Excavation and remediation

Fig. 7a and b shows the beginning and ending of excavation
efforts over the period of 1996–2005 at BAF-5 for the S1/S4
Valley.

By the end of the 2005 field season, all soils contaminated
with PCBs at concentrations greater than 1 ppm which could
be excavated by heavy equipment had been removed. In areas
where excavation was not possible, Tier I (1–5 ppm) soils were
covered with clean fill. PCB contamination was not present at
depths below 1 m and generally there was little surface soil
above bedrock.

3.2. Sediment collection in PRB funnel

In June 2004 the first observations of how the barrier would
perform under spring melt runoff conditions were obtained. It
was observed that the amount of mobile contaminated soils
greatly exceeded expectations and that the gate became
clogged with PCB contaminated silt. The first pond had a
capacity to trap 7 m3 of material (including both soil and
water). The funnel area was increased in order to facilitate
sedimentation processes upstream from the permeable gate
designed using Stokes' Law, viz:

υt ¼
gd2 �p � �w

� �
18�

ð1Þ

where υt is the terminal settling velocity (m/s), g is acceleration
of gravity (m/s2), ρp is the density of the particle (g/m3), ρw is
the fluid density (at 5 °C) (g/m3), d is the diameter of the
particle (m) and μ is the medium viscosity (kg/ms). The value
of υt can be used in the following equation to solve for the
Reynolds number:

NR ¼ �υtd=� ð2Þ

where NR is the Reynolds number and ø is the shape factor
(equal to 2 for a sand) (Gregory et al., 1999) and other terms are
as defined previously.

The use of Stokes' law is not appropriate for Reynolds
numbers that are greater than 1.0. Under these conditions, the
Reynolds number falls into the transitional region (NR=1 to
2000) (Metcalf and Eddy, Inc., 2003). Therefore, the following



et al., 2003). Regardless of the PCB uptake from the soil, plant
matter helps to stabilize the soil upstream from the barrier
and increases sedimentation processes by reducing re-sus-
pension of sediments (Rickson, 2006). It should however, be
stressed that other factors, such as sediment and hydraulic
load have a greater influence on the retention performance
than vegetation (Braskerud, 2001).

In June of 2005, it was observed that the modifications to
the barrier system were successful in retaining contaminated
soils without hindering hydraulic flow through the permeable
reactive gate. In total, 7 m3 of Tier II material was collected in
the barrier system during the period September 2004 to June
2005. A calculated amount of 60 g of pure PCB was retained
by the funnel when using an average soil concentration of
4.8 µg/g (1260 Aroclor).

The highest amounts of soil erosion were expected during
the spring runoff in 2005, as loose uncompacted soils had
resulted from the excavations occurring throughout the
valley. The amount of sediment will be reduced significantly
over the next few years, as natural processes such as plant
growth and compression by snow pack, compact and stabilize
soil pockets. This will enable additional geosynthetic sorbent
and geotextile filters to be re-introduced into the gate.

Data collected in 2004–2007 for sediment trapped in the
funnel, average PCB concentration and the total mass of PCBs
are shown in Table 3. The reduction of both volume of soil and
mass of PCBs indicates the barrier is working well.
3.3. PCBs trapped in gate

The amount of PCB captured year to year in the gate varied
depending on activity occurring in the field as well as filter
materials present in the box. For 2003, filters were installed in
July of 2003 and were removed and analysed in September of
2003 — these filters did not experience spring melt, only
summer storm events. The filters retained 379 mg of PCB
(shown in Table 4). In 2004, both Tier II as well as CEPA soils
remained in the valley, accounting for a high presence of PCB
in the barrier funnel system. From Table 3, it was seen that
81 g of PCB was removed from only 2.5 m3 of soil from the
funnel. Much of the CEPA soils had recently been excavated
and since the areas were vacuumed, the migration of highly
contaminated PCB fines had been greatly reduced. In June of
2004, the high sediment loading and the presence of a 0.6 mm
EOS nonwoven polypropylene geotextile at the very front of
the gate hindered barrier performance to the extent that water



managed to perform well enough to capture 313 mg of PCB
without clogging. Excavation activities ended in 2005 and
therefore both soil loading in terms of volume and mass of PCB
were greatly reduced for 2006. In 2006, the filter system
retained 128 mg of PCB. In order to accommodate the volume
of soil loading while maintaining hydraulic flow, larger
particle size (6.4 to 12.7) gravel filters were favoured over
smaller particle sized granulated activated charcoal (GAC)
filters (2 to 3.35 mm). After 2006 the reduction of sediment
loading allowed for an emphasis on trapping contaminated
fines by using the finer particle sized GAC filters. The filter
system in 2007 was found to trap 289 mg of PCB. Fig. 9 shows
the total volumes of soil and mass of PCBs collected from
2005–2007 from both the funnel and filters.

The reductions in volume of sediment and mass of PCB are
to be expected with the completion of the site remediation and
the concurrent soil stabilization. Since sediment loading has
lessened, optimized trapping of fines can be the focus of future
improvements. At the end of the 2007 field season, nonwoven
geotextiles were re-introduced back into the gate as the most
downstream filter to trap fines in combination with GAC
filters. Their performance will be evaluated in 2008.

3.4. Monitoring plan

A monitoring plan was instigated along the drainage pathway
both upstream and downstream from the barrier system to
monitor changes in soil concentration of PCBs. Results
presented in Table 5 show that as expected, small amounts
of soil downstream remain at Tier II concentrations. In terms
of groundwater permeable reactive barriers, contamination
present downstream of the barrier would imply an improper
location of the barrier that did not successfully encompass the
area of contamination (Blowes et al., 2000). However, in terms
of surface remediation where topography and safety become a
factor in the emplacement of such a system, trade-offs
between worker health and safety and environmental reme-
diation must be made (Ashford, 1998). Areas of Tier II
concentration that were excavated downstream of the barrier
were not remediated to clean bedrock — therefore pockets of
mobile Tier II soil remained. These pockets of contaminated
material re-distribute themselves seasonally with both spring
runoff and summer rain events.
Clean cells were installed directly behind the barrier and
further downstream to help better monitor barrier efficacy.
Due to the large volume of water that travels through these
areas during spring runoff, soil is not always present in these
clean cells for sampling and analysis. In the case of the cell
downstream, it is not certain how much of the Tier I material
found in the cell is from the barrier or from re-deposited soils
from the Tier I/Tier II soils adjacent.

From the monitoring results, it was seen that the barrier
system since the 2004 modifications has not contributed to an
increased PCB concentration downstream from the barrier,
indicating that the barrier is itself not becoming a source of
contamination. This modified system has proven to be
successful in trapping by sedimentation processes alone,
over 790 g of pure PCB in 12.7 m3 of contaminated soil during
the period 2003–
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