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Abstract 

The mobility of contaminants via runoff at sites which require soil excavation as source removal 

can be controlled through the use of surface permeable reactive barriers.   This has been 

accomplished at a remote military site in the Canadian Arctic for soils contaminated with 

polychlorinated biphenyls (PCBs).  The design of these barriers should incorporate criteria for 

both granular as well as geotextile filters to maximize particle retention, without hindering 

hydraulic performance and with the consideration for adsorption/reaction mechanisms.   Field 

observations and laboratory testing in the form of batch and column tests were conducted to 

evaluate design criteria, filter performance and mechanisms of PCB retention.  The initial barrier 

prototype was constructed on site in July of 2003.  Modifications were required to improve 

hydraulic performance in the barrier and maximize sedimentation processes in the field.  These 

modifications resulted in an increase to funnel area, constructed flow impediments, and more 

permeable materials in the gate.  Two additional barrier systems were constructed in August of 

2005.  Subsequent field and laboratory work demonstrated that granular materials trapped the 

majority of PCB-contaminated soil without impeding hydraulic performance; however, fines 

were escaping. Extensive column testing in the laboratory has shown that a nonwoven geotextile 

filter can be applied with success with a granular permeable reactive barrier system.  Batch and 

column testing indicated that particle retention was the most important factor in trapping PCBs in 

the filter system.  However, field sample results indicated that up to 62 ± 11% percent of PCB by 

mass was being partitioned on to the GAC (Granular Activated Carbon), a mechanism that was 

being inadequately captured by traditional batch and column tests.  Cold temperature laboratory 

tests (2-4oC) demonstrated that the presence of water had no effect on PCB adsorption to GAC 

and that particle-particle partitioning was affected by temperature.  Cold temperature column tests 

indicated that the primary mechanism of PCB transfer in the barrier system was via particle-
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particle partitioning.  The sequestration of PCBs in a permeable reactive barrier has important 

implications for both surface and subsurface remediation.   
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Chapter 1 

Introduction 

 

1.1 Description of the Problem 

1.1.1 PCBs 

Persistant Organic Pollutants (POPs) have contaminated numerous ecosystems worldwide.  The 

remediation of these contaminants is necessary for the improvement of public health, 

environmental quality and in some cases, the economy.   Polychlorinated biphenyls (PCBs), a 

common type of POPs, can reside in the environment in sediments, are highly recalcitrant and 

bioaccumulate in the food chain through predation (Bedard 2003).  

 PCBs are anthropogenic compounds, and comprise of 2 benzene rings attached at the C-1 

carbon (Hutzinger et al. 1983).    Each benzene ring can have up to 5 chlorine substituents in the 

ortho, meta, or para positions (Figure 1-1).  PCBs have 209 distinct structural arrangements that 

differ in chlorine number and position, known as congeners.  Each congener exhibits a unique 

chemical property (Hutzinger et al. 1983).  PCBs were sold commercially as mixtures, most 

commonly under the trade name Aroclor in North America (Wiegel and Wu 2000).  They were 

manufactured primarily for use in electrical transformers and capacitors (Bedard 2003) but in the 

Arctic due to their thermal and chemical lability, were also used as elasticizers and flame 

retardants in paints and as hydraulic fluids.  

Once in aquatic or terrestrial systems, PCBs sorb to abiotic or biotic particles due to their 

hydrophobicity (Mondello 2002). Their solubility is directly proportional to the extent of 
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chlorination of the congener (Mondello 2002).  PCBs were banned in Canada in 1977 and in the 

United States in 1978 due to growing concern about their toxicity and environmental longevity 

(Wiegel and Wu 2000). 

 PCBs pose a public health risk to humans through numerous exposure pathways.  Most 

concerning is the ability of PCBs to bioaccumulate and biomagnify while ascending the food 

chain.  PCB levels found in fish and aquatic mammals can be up to three orders of magnitude 

greater than the surrounding water PCB levels (Rahuman et al. 2000).  Consumption of PCB 

contaminated fish is a major pathway for PCB bioaccumulation in humans (Johnson et al. 1999).  

Humans exposed to PCBs have an increased risk of developing cancers like non-Hodgkins 

lymphoma (Johnson et al. 1999).  PCBs are especially toxic for children and nursing or child-

bearing mothers:  PCBs can cause severe neurological problems in children and can be 

transmitted from mother to child during breast feeding (Faroon et al. 2001).  The removal of 

PCBs is necessary in areas where the inhabitants are known to eat local foods, such as the 

Canadian Arctic.  A higher level of PCBs has been seen in Inuit and has subsequently been 

directly attributed to their diet of local marine animals (Dewailly et al. 1989; Sandeau et al. 2000; 

Bjerregaard et al. 2001). 

   

1.1.2 PCBs in the Canadian Arctic 

Localized PCB contamination in the Arctic has been documented 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 (Stow et al. 2005). 
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Resolution Island, BAF-5 (Inuit name: Tutgah – “place where a bird lands”) is located at the 

southeastern tip of Baffin Island approximately 310 km southeast of Iqaluit and at the end of 

Frobisher Bay (61o 35’N and 60o 40’W, Figure 1-2).  The main station site is situated on a 

summit 360 m above sea level on Cape Warwick at the northeastern end of the island overlooking 

Brewer Bay (Figure 1-3).  Approaches to the island are by sea at Brewer Bay, and air by a 

runway located northwest of the summit (Figure 1-4). 

This site was originally part of a DND (Department of National Defence) reserve from 

1954 to 1975 (ESG 1993).  The original station was constructed in 1954 as part of the Pole Vault 

North system, which provided a communication link (troposcatter stations) between the DEW 

(Distant Early Warning) Line and southern military facilities in the Canada and the United States 

alongside the East coast of Canada.     

During its operation, up to 200 military personnel and 40 permanent buildings constituted 

BAF-5 (BAE Group LTD. 1988).   Since site operation, BAF-5 has operated as a Pole Vault 

North radio link facility, a Strategic Air Command Communications (SACC) post and a Canadian 

Coast Guard LORAN (navigational aid).  Two weather stations also operate in the vicinity, 

comprising Resolution Island (61o18’N, 64o53’W) from 1953 to 1961, and Cape Warwick (61o 

35’N, 64o 39’W) from 1962 to 1975. 

In 1972, BAF-5 was abandoned by the United States Air Force as the troposcatter system 

became obsolete with the development of satellite communication.  The troposcatter system was 

replaced by a SRR (short range radar) station, currently operated and maintained by DND.     
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1.1.3 Site Geology and Climate 

BAF-5 is situated on Canadian shield bedrock (barren gneiss) with slopes on the summit 

averaging 10%.  High steep cliffs are situated along the east, south and southwest coasts of the 

summit, with elevations up to 200 m or more.  To the north and northwest, the summit declines 

more gradually to low-lying valleys.  The summit area consists of tilted bedrock with parallel 

rock ridges, knolls and shallow gullies forming a series of ledges; these are particularly prominent 

on the north and south slopes.  Soil is restricted to isolated pockets in these gullies and valleys, 

and is virtually non-existent in other areas.  

The soil in this area is a poorly graded, clean sand with 20% gravel.  The soil has no 

plasticity, a d85 (particle size in which 85% of the soil sample is finer than) of 5 mm, a d50 of 0.6 

mm, a d10 of 0.075 mm, a coefficient of curvature (Cc) of 0.83, and a coefficient of uniformity 

(Cu) of 11.3.  The grain size curve is long, spanning from 0.075 mm to 25.4 mm with a gently 

changing slope. The soil is classified as SP (poorly graded, clean sand) under the Unified Soil 

Classification System.  Further information on the soil characteristics of this site (including 

further soil analyses on barrier soils conducted in 2008 post excavation activities) can be found in 

Appendix A.    

The mean annual temperature at Cape Warwick is –7.9 oC, with an average high 

temperature of 2.9 oC during the summer season (July to September); extremes in temperature 

range from –40oC during the winter months to 20oC during the summer.  The humidity at the site 

is high with a mean of 84%.  Annual precipitation of this area is normally 0.4 m of rain with 1.3 

m of snow.  Average snowfall per year on the island is approximately 2.2 m with an accumulative 

average precipitation of 390 millimetres (Environment Canada 2002).     
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There are approximately 46 rainy days per year, with approximately 15 of those days 

classified as rainy occurring during the summer field season (mid-June to mid-September).  A 

rainy day is characterized as a 24-hour period of continuous precipitation.  This is the period of 

greatest concern as both rain and water from snowmelt can mobilize soil contaminated with PCBs 

through this period of rapidly flowing water.  Further information on site climate, including flow 

calculations through barrier systems can be found in Appendix A. 

Vegetation at Resolution Island is limited to locations in gullies and other low-lying areas 

where sufficient soil is available for rooting.  Plants include low-lying grasses, sedge, rush, moss 

a small assortment of wildflowers, a few willow shrubs, and lichen in more barren locations.   

Resolution Island has been reported in previous environmental studies to be a denning 

area for polar bears and these animals have been known to frequent the site (1 CEU 1990).  Arctic 

fox have been seen along the BAF-5 summit and down to the beach landing area. The island is 

also along the migration routes of whales; other marine mammals including seals and walruses, 

are attracted to this area by the 49 different species of fish occurring in nearby waters.   

Waterfowl are known to frequent Resolution Island and droppings were noted in roosting 

areas on the summit during a site investigation by ESG (1993).  Nesting colonies for seabirds, 

such as the Thick-billed Murre and Black-legged Kittiwake are also reported to occur on this and 

surrounding islands.  Other birds observed include Snow Buntings, ravens and ptarmigans.  Inuit 

parties hunt and fish in the area upon occasion, but no permanent settlement exists on the Island.   

The climate at the island is classified as sub-Arctic marine and precipitation and moisture 

is frequent, in the form of rain, snow and fog (196 days per year on average); as a result, the 

airstrip is only accessible 50% of the time for use by fixed wing aircraft (Twin Otter) (1 CEU 
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1990).  Approaches by sea are also restricted at certain times of the year and, although the 

anchorage is partially sheltered, there is no permanent facility.  The weather ceiling at the site, 

however, is usually high enough that the helipad on the beach area can be reached by helicopter.   

 

1.1.4 Clean Up Criteria 

The Canadian Environmental Protection Act (CEPA) regulates the removal and destruction of 

PCBs at concentrations greater than 50 ppm, regardless of the matrix (CEPA 1999).  Soils with 

over 50 ppm PCBs are referred to as CEPA soils in this thesis. For the DEW Line sites, the 

CCME (Canadian Council of the Ministers of the Environment) guidelines were not available in 

1991 and therefore levels, known as the DEW Line Cleanup Criteria (DCC), were developed 

based on actual uptake of contaminants by plants as well as reference to guidelines from other 

countries (ESG 1993).  The DCC were developed as part of the larger DEW Line Clean Up 

(DLCU) Protocol, which defined what would happen to the soils contaminated at various levels 

as well as what should be done to remediate old landfills, dumps, abandoned buildings, physical 

debris and barrels (Reimer et al. 1991; Poland and Riddle 2003; INAC 2005).  For most 

contaminants one DCC level was determined: Tier II.  However, for lead and PCBs, a lower 

level, Tier I, was instituted to take account of the mobility of these two contaminants in the Arctic 

and Antarctic, which, by 1991, had been detected at a distance of several miles from point 

sources. Subsequently, PCBs have been found to be redistributed in Canadian Arctic sites up to 

30 km away from the source of contamination (Pier et al. 2003).  The three soil PCB 

concentration ranges, CEPA, Tier II and Tier I (Table 1-1) correspond to three disposal and 

excavation protocols on site based on the DLCU protocol and are discussed in more detail in 

Chapter 2. 
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1.1.5 PCB Migration 

There are three main migratory pathways in which PCBs are thought to move through the 

environment.  These are leaching, transport through run off, or transported via small particles into 

the atmosphere.  PCBs are not readily volatile substances and it is generally accepted that for all 

pathways, including atmospheric, they move on water or soil particles to which they are attached.  

The short-range “halo effect” of PCBs, from atmospheric distribution, is well-documented 

(Bright et al. 1995; Dushenko et al. 1996; MacDonald et al. 2000; Pier et al. 2003; Stow et al. 

2005).  Background plant samples from areas up to 3.4 km away from the site summit show 

levels of PCBs at 5.4 ng/g and are comparatively higher than ‘remote’ background samples which 

are taken from areas up to 20 km away from the site summit (Dushenko et al. 1996).   The PCBs 

in these ‘remote’ background samples can be attributed to global long-range transport 

mechanisms that distribute persistant organic pollutants, or POPs (Stern et al. 1997; Meijer et al. 

2003).  PCB contamination of soils in the Arctic is generally confined to the top 0.3 m and this is 

also true of other contaminants.  A small amount of PCBs can be dissolved into water, as 

described in Section 1.2.  However, the proven main migratory path for PCBs at this site is soil 

mobilized via storm and snowmelt run-off (Poland et al. 2001).      

 

1.1.6 BAF-5 Site Investigations 

Site investigations began in 1987 and 1988, by Environmental Protection (Environment Canada).   

The 1987 visit by EP personnel was brief due to the lack of on-site support at the abandoned 

station.  During the inspection, however, substantial quantities of hydrocarbon, PCB-containing 
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equipment, vehicle batteries and potentially hazardous chemicals were identified which prompted 

a second visit in the following year.   

A field program at Resolution Island was conducted by the BAE Group from July 4 to 

15, 1988.  The site was divided into five main survey areas.  The PCB data from this study 

suggested that the most highly contaminated areas were located at the summit.  Buildings at the 

main troposcatter (communication) complex were reported to contain electrical equipment, 

particularly transformers, and cans with PCB concentrations of up to 820,000 ppm.  Soil samples 

in drainage pathways adjacent to these buildings and a valley receiving drainage from the area 

also gave positive results with concentrations up to 10,200 ppm along its west side.  The total 

affected ground area for both locations and associated drainage was originally estimated to be 

1700 m2.  This estimate did not include the west end of the drainage valley above Brewer Bay, 

which was not surveyed in this study.  Isolated hotspots of PCBs were reported in other parts of 

the station. 

The study concluded that the large quantity of potentially hazardous and toxic substances 

existing on site posed an environmental risk and that the proposed SRR (short-range radar) 

construction would be impacted to the extent that exposure to those affected areas being used for 

construction or access purposes might jeopardize worker health and safety.  It was recommended 

that these areas be cleaned up prior to SRR construction.   

  In 1989, PCBs (in soils and equipment) were removed from the construction area by 

PCL-Foundation Limited, the primary SRR construction contractors, and stored in a secure 

building on site at the beach.  A large quantity of unsecured PCBs still remained on site outside of 

the SRR construction area.   Construction of the new station began in 1990, following the 

demolition of a selected number of old buildings at the summit. The station was operational in 
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1993, but the final installation of the actual radar equipment was not scheduled for completion 

until the summer of 1994.   

In 1993, the Environmental Sciences Group (ESG) conducted an environmental 

assessment of the site at the request of Indian and Northern Affairs Canada and Environment 

Canada.  The site was found to be highly contaminated with polychlorinated biphenyls (PCBs).  

In 1994, the Analytical Services Unit (ASU) at Queen’s University instigated a remediation plan 

and initial delineation of the contamination in the area. 

 

1.1.7 Site Contamination 

Several areas were heavily contaminated with PCBs.  The area most heavily contaminated with 

PCBs was the station summit where the troposcatter dishes and buildings were located and in the 

the S1/S4 valley (Figure 1-4, discussed in Chapter 2).   

The difficult terrain and the fractured bedrock of the site ensured that some PCB 

contaminated soil would remain on site, as source removal was conducted via excavation.  Some 

contaminated areas were inaccessible due to terrain, and some soil remained in grooves post 

excavation.  Much of the PCB contamination migrated through a drainage pathway that was also 

used to flush sewage from the camp.  Three areas were targeted for PCB remediation and 

eventual barrier construction; the S1/S4 valley, the S1/S4 Beach and the Furniture Dump 

(discussed in Chapters 2 and 3).    
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1.2 Current State of Practice 

1.2.1 Disposal measures for PCBs in the Canadian Arctic 
Much of the cost associated with treating these remote sites is associated with transportation and 

construction/support (Kalinovich et al. 2008b).  In dealing with PCBs generally, landfilling and 

thermal destruction are the traditional methods employed to treat PCBs (Khan et al. 2004). High 

temperature incineration is most commonly used for complete destruction of PCBs (Rahuman et 

al. 2000). Specialized incinerators burn PCB-contaminated soils or sediments at temperatures up 

to 1200
o
C and are required to achieve removal efficiencies of 99.999 percent (US EPA 1997). 

Both public perception of these facilities and cost (up to $2,300 per ton for a fixed PCB 

incinerator) make incineration undesirable (US EPA 1997).  These disposal measures are both ex-

situ and downstream PCB migration has been reported as a result of source removal (Voie et al. 

2002) 

Choosing a remediation technology that is appropriate to the site and cost-effective is 

challenging.  Most often for Arctic and Antarctic sites, the soil is excavated and either treated or 

disposed of off-site (Poland et al. 2003).  Canadian Arctic soils containing levels of PCB equal to 

and greater than 50 ppm are shipped off site for incineration or destruction.  However, all these 

remediation technologies are to be carried out once the soil is excavated and gathered.  These 

solutions treat the bulk of the contaminated soil.   However, remaining contaminated soil which 

cannot be excavated may require long-term in situ treatment to control migration of 

contamination.      
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1.2.2 Treatment of downstream contamination from excavated soils 
Barriers are often placed downstream of source removal to control migration of contaminated 

soils/waters.   To treat surface conditions, geotextiles or even straw bales are applied as ‘silt 

fence’ type barriers in an attempt to immobilize contaminated soils (Fukanaga et al. 1992).  To 

treat subsurface conditions, sheet piling or another type of impermeable barrier is sometimes used 

to contain the contamination (Fitts 1997); any variety of groundwater treatment system can be 

placed downstream - such as pump and treat or a permeable reactive barrier (Khan et al. 2004).  

Combinatory surface-subsurface systems for cold regions have only recently been designed for 

passive remediation as well as the control of migrating contaminants (Snape et al. 2001).  In 

sensitive ecosystems and remote locations, this passive treatment system is necessary.    

 

1.2.3 Permeable Reactive Barriers 
Permeable reactive barriers were first described by McMurty and Elton (1985) and consist of a 

permeable reactive wall that is a barrier only to the contaminant, not flow (US EPA 2001).  

Typically they consist of a subsurface reactive zone that passively treats contaminant plumes in 

groundwater (Figure 1-5).  A subsurface permeable reactive barrier has been defined as: 

An emplacement of reactive materials in the subsurface designed 
to intercept a contaminant plume, provide a flow path through 
the reactive media, and transform the contaminant(s) into 
environmentally acceptable forms to attain remediation 
concentration goals downgradient of the barrier (Powell and 
Powell 1998; Powell and Puls 1997). 

Granulated Activated Carbon (GAC) permeable reactive barriers have been used previously for 

subsurface remediation (Gibert et al. 2007).  In temperate climates, zero-valent metals have been 

used in permeable reactive barriers (PRBs) to treat PCB contamination.  The reaction 

mechanisms for de-chlorination and destruction of the PCBs are temperature dependent and 
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therefore cannot be applied in cold regions (Yak et al. 1999; Lo et al. 2004).  Batch and column 

studies are commonly used to evaluate the reactive media’s capacity, kinetics for the contaminant 

and to design an appropriate reactive wall thickness (Rael et al. 1995).  The resulting equations 

address solute transport alone and adsorption from an aqueous phase.  It is possible that the 

current methods result in the over design of reactive walls for hydrophobic persistant organic 

contaminants such as PCBs.    

The implementation of permeable reactive barriers in cold regions is a recent 

phenomenon and there are many challenges facing these, such as freeze-thaw (Gore et al. 2006) 

and seasonal, diurnal contaminant migration (Woinarski et al. 2003).   None of the existing 

barriers have been designed for PCB remediation or incorporate geotextiles for particle retention.  

This technology has never been applied for surface remediation of loosened contaminated soils 

via excavation, nor have investigations been made into the method of partitioning that occurs 

between a PCB contaminated particle and GAC within this type of system. 

 

1.2.4 The Application of GAC for PCB Remediation 
GAC has been a known effective adsorbent for pollutants such as PCBs for several decades.  

GAC has been gaining ground in the literature over the past decade as more creative approaches 

to remediating PCB soils and sediments have appeared, such as the in-situ treatment of PCB 

contaminated harbor sediments (Ghosh et al. 2003; Werner et al. 2005).  GAC is a known 

adsorbent of PCBs and only recently have analytical techniques been able to more accurately 

predict and capture mechanisms in partitioning and adsorption/desorption in isolated systems 

(Jonker and Koelmans 2002; VanNoort et al. 2003; McDonough et al. 2008).  Systems that 

incorporate GAC, water and site PCB-contaminated soil together in equilibrium and kinetic 
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studies have not effectively been described in the literature.  Most studies compare laboratory 

contaminated soil to site contaminated soil and do not evaluate partitioning mechanisms 

accounting for all three components: site contaminated soil, GAC and water (Schneider et al. 

2007).  Most are focused on particular mechanisms, such as PCB mass transfer from soil to GAC 

(Werner et al. 2006).  Original contributions to further knowledge of remediation using GAC 

filters in an on-site, Canadian Arctic context are detailed in Section 1.4. 

 

1.3 Research Objectives and Methodology 

This thesis examines the design, construction and application of a surface permeable reactive 

barrier for PCB remediation at a remote Canadian Arctic location.  The specific objectives of this 

research are to: 

• Design and construct surface permeable reactive barriers in a cold regions environment. 

• Monitor performance of the PRBs and modify as required. 

• Design and test a column apparatus which can be used to effectively model Arctic field 

conditions. 

• Investigate appropriate filter materials and their performance in both field and laboratory 

settings for the barrier in a cold regions environment.   

• Investigate how PCBs behave in a soil-water-GAC system (as seen in PRB systems in 

both cold and temperate regions) in order to expand knowledge of mechanisms and 

improve design systems for both climates.   
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These objectives were achieved by planning and conducting a series of  field and laboratory 

tests designed to measure and quantify the parameters studied.  Batch and column studies were 

carried out using materials appropriate for dealing with PCBs.  The results from each year’s field 

monitoring were used for further improving the barrier designs.   

 

1.4 Scope of Thesis 

The original contributions described in this thesis are summarized in the following sections. The 

thesis consists of four original manuscripts in Chapters 2-5.  Chapter 2 has been pre-published 

online with Science of the Total Environment as Kalinovich et al (2008b).  Chapter 3 was 

submitted for publication at Science of the Total Environment and is presently under review 

(Kalinovich et al. 2008c). Chapter 4 has been published as Kalinovich et al (2008a).  Chapter 5 

will be submitted for publication.  

 

1.4.1 Remediation of PCB Contaminated Soils in the Canadian Arctic:  Excavation 
and Surface PRB Technology – Chapter 2 

The development and implementation of the cleanup strategy, the excavation and disposal of the 

PCB contaminated soils, and the design, construction and performance of the permeable reactive 

barriers are described. The laboratory tests and field methodologies are presented in Chapter 2.  

Additional details are provided in Appendix D.   
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1.4.2 Surface PRB Technology in the Canadian Arctic, Comparison Studies – 
Chapter 3 

A description of the three barrier locations and their respective contaminant histories is presented 

in Chapter 3.  Field observations and analyses are combined with laboratory studies to better 

understand the barrier systems implemented on BAF-5.  The site systems are evaluated based on 

mass of PCB retention, breakthrough, hydraulic performance and compared with each other.  

Comparison of the three barrier systems demonstrates the importance of modeling PCB to GAC 

partitioning.  Investigations into particle retention versus PCB adsorption are instigated in the 

laboratory.    Additional details are provided in Appendix E.   

 

1.4.3 The Application of Geotextile and Granular Filters for PCB Remediation – 
Chapter 4 

Design, application and testing of geosynthetic and granular filters for PCB remediation are 

evaluated and discussed in Chapter 4.  Field analyses and observations combined with laboratory 

testing evaluate suitability of materials for use in a harsh climate such as found on BAF-5.  

Changing field conditions demanded design modifications to the permeable gate design.  

Additional details are provided in Appendix F.   

 

1.4.4 Granular Activated Carbon Barriers for PCBs – Chapter 5 

Investigations of a PCB-contaminated soil, GAC and water system are presented in this chapter.  

Previous literature has not investigated the combined system of GAC, water and PCB-

contaminated soil together.  Previous studies demonstrated (Chapters 2, 3, 4) that particle 

retention with the PCB barrier system on Resolution Island is an important mechanism and that 
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sand could replace GAC in this respect.  Analysis of field samples and column samples will 

investigate this relationship in Chapter 5.  The application of these results to the design of PRB 

systems in temperate as well as polar regions is discussed. Additional details are provided in 

Appendix G.   

 

1.5 Publications from Thesis   

In addition to the above manuscripts, the following is a list of publications from this thesis and 

supporting research. 

 

1.5.1 Conference Proceedings 

Kalinovich I., Rutter A., Rowe R.K., Poland J.S.  Partitioning of PCBs between activated 

charcoal, soil and water in the Canadian Arctic.  In 6th  International Conference on 

Contaminants in freezing Ground.  Fairlee, VT, USA, 2008.  Presentation.  Recipient of Student 

Educational Scholarship. 

 

Kalinovich I., Rutter A., Rowe R.K., Poland J.S.  The relative performance of geotextile and 

granular filters for containing PCBs.  In Biggar K., (editor).  Proceedings of the Assessment and 

Remediation of Contaminated Sites in Arctic and Cold Climates Conference. Edmonton, AB, 

Canada, 2007: 226-234.  Presentation 

 

Kalinovich I., Rutter A., Poland J.S., Rowe R.K.  Novel Aspects of the Remediation of PCB 

Contaminated Soils in the Canadian Arctic:  Excavation and PRB Technology.  In  Sass B.M. 

(chair). Proceedings of the 5th International Conference on Remediation of Chlorinated and 

Recalcitrant Compounds. Monterey, CA, USA 2006:  CD-ROM paper C-11, 8 p. Poster.  

Recipient of Student Paper Award. 
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Kalinovich, I., Rutter, A., Paudyn, K., Rowe, R.K., Poland, J.S. Design and application of a 

funnel and gate barrier system for PCB containment and remediation in the Canadian Arctic.  5th 

International Conference on Contaminants in Freezing Ground.  Oslo, Norway, 2006.  

Presentation 

 

Kalinovich I., Rutter A., McWatters R., Rowe R.K., Poland, J.S.  Investigating the Design and 

Application of a Funnel and Gate Barrier for PCB Remediation in the Canadian Arctic.  In:  

Leroueil S, Blond É, Carrier L, Demers D, Doré G, Hamouche K, Galvez-Cloutier R, Grenon  M, 

Leboeuf D, Lefebvre R, Martel R, Perret D, Rivera A (editors). Proceedings of the 57th Canadian 

Geotechnical Conference, Quebec City, QC, Canada, 2004: 17-22.  Presentation 

 

Poland, J.S., Rutter, A., Rowe, R.K., McWatters, R., Kalinovich, I.K.  Design and application of a 

funnel and gate barrier system for PCB containment and remediation in the Canadian Arctic. In  

4th International Conference on Contaminants in Freezing Ground.  Fairbanks, AK, USA, 2004.  

Presentation 

 

 

1.5.2 Reports 

Analytical Services Unit.  2007.  Resolution Island 2006  Scientific Investigations. Queen’s 

University, Kingston, Ontario, Canada, K7L 3N6.  Prepared for Indian and  Northern Affairs 

Canada.  Chapter 4:  pp.  1-37. 

 

Analytical Services Unit.  2006.  Resolution Island 2005  Scientific Investigations.  Queen’s 

University, Kingston, Ontario, Canada, K7L 3N6.  Prepared for Indian and  Northern Affairs 

Canada.  Chapter 6:  pp.  1-34. 

 

Analytical Services Unit.  2005.  Resolution Island 2004:  Scientific Investigations.  Queen’s 

University, Kingston, Ontario, Canada, K7L 3N6.  Prepared for Indian and Northern Affairs 

Canada.  Chapter 6:  pp. 1-41. 
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Analytical Services Unit.  2004.  Resolution Island 2003:  Scientific Investigations.  Queen’s 

University, Kingston, Ontario, Canada, K7L 3N6.  Prepared for Indian and Northern Affairs 

Canada.  Chapter 6:  pp. 14-20. 

 

 

1.6 Format of Thesis 

This thesis has been prepared in accordance with the regulations for a Manuscript Form thesis as 

stipulated by the School of Graduate Studies at Queen’s University.  Each manuscript is 

presented with the abstract, literature review, experimental procedures, results and conclusions 

pertinent to each contribution.  References, tables and figures are presented at the end of each 

chapter.  Additional information is included in the appendices.   Units of measurement 

corresponding to the S.I. system (Le Système  Internationale d’Unités) are used consistently 

throughout the thesis.   

 

1.7 References 

BAE (Building and Engineering) Group LTD.  Short range radar facilities – Zone 5, field survey 
report, PCB testing program, BAF-5 – Resolution Island.  Prepared in St. John’s Newfoundland 
for 1 CEU (Construction Engineering Unit, Canadian Forces), September, 1988.  
 
Bedard DL. Polychlorinated Biphenyls in aquatic sediments: Environmental fate and outlook for 
biological treatment. In:  Dehalogenation: microbial processes and environmental applications, 
MM Haggblom and I Bossert, eds., Kluwer Press 2003:443-465. 
 
Bjerregaard P, Dewailly E, Ayotte P, Pars T, Ferron L, Mulvad G.  Exposure of Inuit in 
Greenland to organochlorines through the marine diet.  J Toxicol Env Health, Part A 2001; 62 
(2): 69-81. 
 
Bright DA, Dushenko WT, Grundy SL, Reimer KJ. Evidence for short-range transport of 
polychlorinated biphenyls in the Canadian Arctic using congener signatures of PCBs in soils. Sci 
Total Environ 1995;160/161:251– 63. 
 



 

19 

 

Canadian Environmental Protection Act (CEPA).  Canadian Environmental Protection Act 1999.   
1999.  Source: http://laws.justice.gc.ca/en/C-15.31/text.html. visited: 25.06. 2007.    
 
1 CEU (1 Construction Engineering Unit, Canadian Forces).  Clean-Up:  BAF-5, Resolution 
Island, NWT.  Engineering Study 89-CEU-70, February, 1990. 
 
Dewailly E, Nantel A, Weber J-P, Meyer F.  High levels of PCBs in breast milk of Inuit women 
from Arctic Quebec. B Environ Contam Tox 1989; 43 (5): 641-646. 
 
Dushenko WT, Grundy SL, Reimer KJ. Vascular plants as sensitive indicators of lead and PCB 
transport from local sources in the Canadian Arctic. Sci Total Environ 1996; 188:29–38. 
 
Environment Canada.   CDCD V1. 02.  Canadian daily climate data.  Climate Information 
Branch, Atmospheric Environment Service: 2002. 
 
Environmental Services Group (ESG). The environmental impact of the DEW line on the 
Canadian Arctic. Royal Military College, Kingston, Ontario, Canada: 1993. 
 
Faroon O, Jones D, de Rosa C. Effects of polychlorinated biphenyls on the nervous system. 
Toxicol Ind Health 2001; 16(7-8):305-33. 
 
Fitts C.  Analytic modeling of impermeable and resistant barriers.  Ground Water 1997; 32 (2): 
312-317 
 
Fukanaga I, Takamizawa K, Inoue Z, Hasebe T, Konae M, Hatana K, Takemika T, Tomihira A, 
Iida H.  Dispersion of muddy water and pollutant leaching from the bottom sludge in a dredged 
sludge disposal site.  Environ Sci Technol 1992; 13 (2): 161-170. 
 
Ghosh U, Zimmerman JR, Luthy RG. PCB and PAH speciation among particle  types in 
contaminated harbor sediments and effects on PAH bioavailability. Environ Sci Technol 2003; 37 
(10): 2209-2217. 
 
Gibert O, Ferguson AS, Kalin RM, Doherty R, Dickson KW.  Performance of a sequential 
reactive barrier for bioremediation of coal tar contaminated groundwater.  Environ Sci Technol  
2007; 41: 6795-6801. 
 
Gore DB, Heiden ES, Snape I, Nash G, Stevens GW.  Grain size of activated carbon, and 
untreated and modified granular clinoptilolite under freeze-thaw:  applications to permeable 
reactive barriers.  Polar Rec 2006; 42(221):  121-126. 
 
Hutzinger O, Safe S, Zitko V. The Chemistry of PCBs, Robert E. Krieger Publishing, 
Cleveland, Ohio, USA. 1983.  269 p. 
 
Indian and Northern Affairs Canada (INAC). Abandoned military sites remediation protocol. 
Indian and Northern Affairs Canada: 2005. 
 

http://laws.justice.gc.ca/en/C-15.31/text.html�


 

20 

 

Johnson BL, Hicks HE, Cibulas W, Faroon O, Ashizawa AE, De Rosa CT, Cogliano VJ, Clark 
M. Public health implications of exposure to polychlorinated biphenyls (PCBs). Agency for Toxic 
Substances and Disease Registry, Atlanta, GA. 1999 www.atsdr.cdc.gov/DT/pcb007.html 
 
Jonker MTO, Koelmans AA. Sorption of polycyclic aromatic hydrocarbons and polychlorinated 
biphenyls to soot and soot-like materials in the aqueous environment: mechanistic considerations. 
Environ Sci Technol 2002; 36: 3725–3734. 
 
Kalinovich I, Rutter A, Rowe RK, McWatters, R, Poland, JS. The application of geotextile and 
granular filters for PCB remediation.  Geosynth Int 2008a; 15 (3):  173-183. 
 
Kalinovich I, Rutter A, Poland JS, Cairns G, Rowe RK.  Remediation of PCB contaminated soils 
in the Canadian Arctic:  excavation and surface PRB technology.  Sci Tot Environ. 2008b ; 
407(1) : 53-66. 
 
Kalinovich I, Rutter A, Rowe RK, Poland JS. Surface Permeable Reactive Barriers for PCB 
Remediation in the Canadian Arctic.  Sci Tot Environ.  2008 c .  Submitted:  19 Aug 2008. 
 

Khan FI, Husain T, Hejazi R. An overview and analysis of site remediation technologies. J 
Environ Manage 2004; 71: 95–122. 
 
Lo I, Lai CK, Kjeldsen P.  Field monitoring of Fe0 PRB for removal of chlorinated hydrocarbons. 
Proceedings from:  Fourth International Conference on Remediation of Chlorinated and 
Recalcitrant Compounds. May 24-27, 2004.  Monterey, California, USA. Paper 3A-10. 
 
Macdonald RW, Barrie LA, Bidleman TF, Diamond ML, Gregor DJ, Semkin RG. Sources, 
occurrence and pathways of contaminants in the Canadian arctic: a review. Sci Total Environ 
2000; 254: 93– 236. 
 
McDonough KM, Fairey JL, Lowry GV.  Adsorption of polychlorinated biphenyls to activated 
carbon: Equilibrium isotherms and a preliminary assessment of the effect of dissolved organic 
matter and biofilm loadings.  Water Res 2008; 42:  575-584. 
 
McMurty DC and Elton RO.  New approach to in situ treatment of contaminated groundwaters.  
Environ Prog 1985; 4: 168-170.   
 
Meijer SN, Ockenden WA, Sweetman A, Beivik K, Grimalt JO, Jones KC.  Global distribution 
and budget of PCBs and HCB in background surface soils: implications for sources and 
environmental processes.  Environ Sci Technol 2003; 37 (4): 667-672. 
 
Mondello FJ. Microbial bioremediation of polychlorinated biphenyls: applicability to the former 
ge canada transformer manufacturing facility located in Guelph, Ontario. General Electric 
Company. GE Global Research Technical Information Series.  2002. Report no. 2002GRC022. 
www.crd.ge.com/cooltechnologies/pdf/2002grc022.pdf 
 



 

21 

 

Pier MD, Betts-Piper A, Knowlton C,  Zeeb BA, Reimer K. redistribution of polychlorinated 
biphenyls from a local point source: terrestrial soil, freshwater sediment, and vascular plants as 
indicators of the halo effect.  Arct Antarct Alp Res 2003; 35(3): 349-360. 
 
Poland JS, Mitchell S, Rutter A. Remediation of former military bases in the Canadian Arctic. 
Cold Reg Sci Technol 2001; 32: 93-105. 
 
Poland, J.S. and M.J. Riddle. 2003.  Comparison of assessment and remediation of sites in the 
Canadian Arctic and in Antarctica.  In:  Nahir, M., K. Biggar and G. Cotta (editors) Proceedings 
of the Conference on Assessment and Remediation of Contaminated Sites in Arctic and Cold 
Climates:  Edmonton, University of Alberta: 159-164. 
 
Poland JS, Riddle MJ, Zeeb B.  Contaminants in the Arctic and the Antarctic: a comparison of 
sources, impacts, and remediation options.  Polar Rec  2003 (211):  369-383. 

Powell, RM and Puls, RW.  Permeable reactive subsurface barriers for the interception and 
remediation of chlorinated hydrocarbon and chromium (vi) plumes in ground water.  U.S. EPA 
Remedial Technology Fact Sheet. 1997. US EPA.  EPA/600/F-97/008.   

Powell, RM. and Powell, PD.  Iron metal for subsurface remediation.  The encyclopedia of 
environmental analysis and remediation.  Robert A. Myers, ed. John Wiley and Sons, Inc., New 
York. 1998.   8: 4729-4761. 

Powell RM, Puls RW, Blowes DW, Vogan JL, Gillham RW, Schultz D, Powell PP, Sivavec T, 
Landis R. Permeable reactive barrier technologies for contaminant remediation.  Office of 
Research and Development, Office of Solid Waste and Emergency Response, US EPA. 1998.  
EPA/600/R-98/125 

Rael J, Shelton S, Dayaye R.  Permeable reactive barriers to remove benzene:  candidate media 
evaluation.  Environ Eng 1995; 121 (5): 411-415.   

Rahuman M, Pistone L, Trifirò F, Miertus S. Destruction technologies for polychlorinated 
biphenyls. Proceedings of expert group meetings on POPs and pesticides contamination: 
remediation technologies and on clean technologies for the reduction and elimination of POPs. 
2000. United Nations Industrial Development Organization (ICS-UNIDO). 

Reimer, K.J., Dodd, M., Dushenko, W.T., Grundy, S.L., Yunker, M.B. and Poland J.S.  North 
warning system environmental study, volumes one to three.  Prepared bv the Environmental 
Sciences Group at Royal Roads Military College, Victoria, B.C. for the Director North Warning 
Systems Office. 1991: 693 pages. 

Sandau CD, Ayotte P, Dewailly E, Duffe J, Norstrom RJ.  Analysis of hydroxylated metabolites 
of PCBs (OH-PCBs) and other chlorinated phenolic compounds in whole blood from Canadian 
Inuit.  Environ Health Persp 2000; 108 (7): 611-616.  
 
Schneider AR, Porter ET, Baker JE.  Polychlorinated biphenyl release from resuspended Hudson 
river sediment.  Environ Sci Technol 2007; 41 (4):  1097-1103. 



 

22 

 

 
Snape I, Morris CE, Cole CM. The use of permeable reactive barriers to control contaminant 
dispersal during site remediation in Antartica. Cold Reg Sci Technol 2001; 32: 144-156.  
 

Stern GA, Halsall CJ, Barrier LA, Muir DCG, Fellin P, Rosenberg B, Rovinxky FYA, Kononov 
EYA, Pastuhov B.  Polychlorinated biphenyls in Arctic air. 1. Temporal and spatial trends 1992-
1994. Environ Sci Technol 1997; 31 (12): 3619-3628. 
 
Stow, J.P., Sova, J., Reimer, K.J., 2005.  The relative influence of distant and local (DEW-line) 
PCB sources in the Canadian Arctic.  Science of the Total Environment.  Vol. 342, No. 1-3 pp. 
107-118. 
 
US EPA (United States Environmental Protection Agency). Management of polychlorinated 
biphenyls in the United States. Office of Pollution Prevention and Toxics, US EPA.  1997.  
www.chem.unep.ch/pops/indxhtms/cspcb05.html  
 
US EPA (United States Environmental Protection Agency).  Cost analyses for selected 
groundwater cleanup projects:  Pump and treat systems and permeable reactive barriers.  United 
States Environmental Protection Agency.  Solid Waste and Emergency Response. US EPA.  
2001.  EPA 545 R-00-013.  
 
VanNoort PCM, Cornelissen G, ten Hulscher TEM, Vrind BA, Rigterink H, Belfroid A.  Slow 
and very slow desorption of organic compounds from sediment:  influence of sorbate planarity.  
Water Res 2003; 37:  2317-2322. 
 
Voie ØA, Johnsen A, Rossland HK. Why biota still accumulate high levels of PCB after removal 
of PCB contaminated sediments in a Norwegian fjord. Chemosphere 2002; 46(9-10):1367-1372. 
 
Werner D, Higgins CP, Luthy RG.  The sequestration of PCBs in Lake Hartwell sediment with 
activated carbon.  Water Res 2005; 39: 2105-2113. 
 
Werner D, Ghosh U, Luthy RG.  Modeling polychlorinated biphenyl mass transfer after 
amendment of contaminated sediment with activated carbon.  Environ Sci Technol 2006; 40 (13): 
4211-4218. 
 
Wiegel J, Wu Q. Microbial Reductive Dehalogenation of Polychlorinated Biphenyls. FEMS 
Microbial Ecol 2000; 32(1):1-15. 
 
Woinarski, AZ, Snape I, Stevens, CW, Stark SC.  The effects of cold temperature on copper ion 
exchange by natural zeolite for use in a permeable reactive barrier in Antarctica.  Cold Reg Sci 
Technol 2003; 37:  159-268. 
 
Yak, Hwa K., Bernd W. Wenclawiak, I. Francis Cheng, John G. Doyle, and Chien M. Wai. 
Reductive dechlorination of polychlorinated biphenyls by zerovalent iron in subcritical water. 
Environ Sci Technol 1999; 33 (8): 1307-1310.  
 



 

23 

 

 

1.8 Tables 

Table 1-1:  Cleanup Criteria and the DLCU Protocol (Poland et al. 2001) 

Level Concentration (ppm) DEW Line Cleanup Protocol 

CEPA > 50 Remove 

DCC Tier II 5 – 50 Isolate from the Arctic ecosystem 

DCC Tier I 1 –5 Burial in non-hazardous landfill 

 

1.9 Figures 

 

Figure 1-1:  PCB Molecule 
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Figure 1-2:  Map of Canada with Resolution Island (Reimer et al. 1991). 

 

 

Figure 1-3:  Photograph of the Summit of BAF-5 Prior to Site Remediation. 



 

25 

 

 

Figure 1-4:  Map of BAF-5 (Reimer et al. 1991) 
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Figure 1-5:  Permeable Reactive Barrier (Powell et al. 1998) 
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Chapter 2 
Remediation of PCB Contaminated Soils in the Canadian Arctic:  

Excavation and Surface PRB Technology 

 

2.1 Abstract 
 

The site BAF-5 is located on the summit of Resolution Island, Nunavut, just southeast of Baffin 

Island at 61o 35’N and 60o 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 to 

its operational years. Remediation through excavation of the PCB contaminated soil at Resolution 

Island began in 1999 and at its completion in 2006 approximately 5 tonnes of PCBs (as pure 

product) in approximately 20,000 m3 of soil were remediated.  Remediation strategies were based 

on both quantity of soil and level of contamination in the soil.  Excavation removed 96% of the 

PCB contaminated soil on site.  In 2003, a surface funnel and gate permeable reactive barrier was 

designed and constructed to treat the remaining contamination left in rock crevices and 

inaccessible areas of the site.  Excavation had destabilized contaminated soil in the area, enabling 

contaminant migration through erosion and runoff pathways.  The barrier was designed to 

maximize sedimentation through settling 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 



 

28 

 

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.   

 

2.2 Introduction 

2.2.1 Background  
Localized PCB contamination in the Arctic has been documented 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. 1995; 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 (61o 35’N and 60o 40’W,  Figure 2-1).  The main station site is situated on a 

summit 360 m above sea level on Cape Warwick at the northeastern end of the island overlooking 

Brewer Bay.  Approaches to the island are by sea at Brewer Bay, and by air using a runway 

located northwest of the summit. 

After site abandonment, approximately 8000 kg of pure PCBs (Aroclor 1260) remained 

on BAF-5, with an estimated 4000 kg (predominately in oil) removed in 1999 (Poland et al. 

2001). The remaining 4000 kg of PCBs contaminated over 20,000 m3 of soil. The field season at 

BAF-5 is short and site challenges are amplified by limited access and harsh climatic conditions.  

Remediation of the PCB contaminated soil under these conditions required the development of a 

unique cleanup strategy and a novel remediation technology.   
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Disposal and excavation techniques were adapted to accommodate three different 

contamination levels that corresponded to three PCB concentration ranges. Different, 

nonconventional excavation protocols were required for areas which were difficult to access. 

Several areas were heavily contaminated with PCBs.  The area most heavily contaminated with 

PCBs surrounded the troposcatter dishes and buildings.  At Resolution Island, stores of PCB 

containing oil and equipment were left unattended for several decades during which containers 

and equipment failed and spilled their contents (Reimer et al. 1993; Poland et al. 2001). Much of 

the PCB contamination migrated through a drainage pathway that was also used to flush sewage 

from the camp.  

PCBs are known to bioacculumate and biomagnify in fatty tissues (Muir et al. 1999) and 

are suspected carcinogens (Silberhorn et al. 1990).  In the Arctic, there is a narrow food web and 

Northern inhabitants are susceptible to exposure to contaminants such as PCBs via consumption 

of local foods (Van Oostdam et al. 1999; Van Oostdam et al. 2005). 

 The majority of these PCBs are transported via water runoff, which then enters the 

surrounding Arctic Ocean ecosystem (Poland et al. 2001).  Source removal by soil excavation is 

often used for remediation of these sites.  Unfortunately, much PCB contamination can be left 

behind during this process in the form of loosened, mobile soils.   

The difficult terrain and the fractured bedrock of the site ensured that some PCB 

contaminated soil would remain on site after the clean-up was complete. Surface funnel-and-gate 

permeable reactive barriers were designed and constructed on-site to mitigate the PCB migration 

via runoff into the Arctic ecosystem as part of a long term remediation plan. The localized nature, 

associated site infrastructure and concentrated nature of the contamination at BAF-5 supported 

the targeted treatment area of drainage pathways (Poland et al. 2001).  
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  Three areas were targeted for PCB remediation and eventual barrier construction; the 

S1/S4 valley, the S1/S4 Beach and the Furniture Dump (Figure 2-2). The initial barrier was 

installed in 2003 and since then, modifications have been added to improve the performance of 

the barrier. Two additional permanent barriers have since been constructed and monitored. The 

objective of this paper is to describe the development and implementation of the cleanup strategy, 

the excavation and disposal of the PCB contaminated soils, and the design, construction and 

performance of a surface permeable reactive barrier system.  This paper will show how 

permeable reactive barrier design can be modified to remediate surface conditions in cold regions.   

The application of PRBs has been investigated in cold regions such as the Arctic (Poland 

et al. 2001; Lindsay and Coulter 2003) and the Antarctic (Snape et al. 2001; Woinarski et al. 

2003; Gore et al. 2006; Woinarski et al. 2006).  Only the barriers installed on BAF-5, however, 

are solely surface barriers for PCB remediation.  This paper is a substantially expanded version of 

the conference paper by Kalinovich et al. (2006).  

   

2.2.2 Clean Up Criteria   
The Canadian Environmental Protection Act (CEPA) regulates the removal and destruction of 

PCB contaminated materials at concentrations greater than 50 ppm (CEPA 1999).  In this paper, 

soils containing over 50 ppm PCBs are referred to as CEPA soils. For the DEW Line sites, the 

CCME (Canadian Council of the Ministers of the Environment) guidelines were not available in 

1991 and therefore tiers of contamination, known as the DEW Line Cleanup Criteria (DCC), were 

developed based on uptake of contaminants by plants as well as references 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 what would happen to the soils 
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contaminated at various levels, as well as what should be done to remediate old landfills, dumps, 

abandoned buildings, physical debris and barrels (Poland and Riddle 2003; INAC 2005).  Two 

DCC levels were developed, Tier I and Tier II.  For lead and PCBs, a lower level, Tier I, was 

instituted to take account of the mobility of these two contaminants in the Arctic, which, by 1991, 

had been detected at a distance of several miles from point sources (Poland et al. 2001). The 

“halo effect” of PCBs, from atmospheric distribution, is well-documented (Bright et al. 1995; 

Dushenko et al. 1996; MacDonald et al. 2000; Pier et al. 2003; Stow et al. 2005).  Tier II 

accounted for the material with PCB concentrations greater than Tier I and less than CEPA. The 

three soil PCB concentration ranges, CEPA, Tier II and Tier I (Table 2-1) correspond to three 

different action levels on site, based on the DLCU protocol. 

 

2.3 Methods 

2.3.1 Delineation and Grid Maps   
Soil contamination levels were evaluated in the assessment phases (Poland et al. 2001). To 

facilitate remediation, areas were sectioned off into 20 m x 20 m grids using a Ashtech-Reliance 

differential global positioning system (DGPS) and Autocad Map 2000. The grids were 

established on site by using waypoint navigation and corners of the grids were clearly marked on-

site with flags and spray paint and re-established at the beginning of each field season.  Areas of 

contamination, CEPA, Tier II and Tier I were delineated on site using a coloured rope system and 

spray paint. Additional samples were taken as required to clearly establish contaminated areas.  
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2.3.2 Sampling and Analysis   
All soil samples were taken from depths of 0 to 10 cm where possible (or 0 to a maximum depth 

if 10 cm could not be reached) and placed in Whirlpak bags. Point samples were taken to confirm 

Tier I, Tier II and CEPA areas as necessary. Composite samples (soil samples from 3-5 locations 

within the area in question, number of soil samples dependent upon area) were employed during 

excavation for confirmatory testing. The maximum area for composite samples was 5 m by 5 m 

but smaller areas were sampled as necessitated by topography.  

  A mobile laboratory was set up on site to conduct PCB analysis (Rutter et al. 2003). 

During excavation, the analysis for PCBs in soil was performed using two shaker methods.  The 

first, longer shaker method was replaced by a modified shaker method in 2004, which was 

developed to improve turnaround time.  In both methods, soils were analysed by accurately 

weighing 10 g (dry weight equivalent), and spiking with an internal standard solution 

(decachlorobiphenyl).   The original shaker method differed in extraction solvent and number of 

extractions – 50 mL dichloromethane was used and the sample was extracted 3 times for 20 

minutes.  The decanted fluid from each extraction was poured through a sodium sulphate filter 

into a round bottom flask. The extract was then concentrated by rotoevaporation to approximately 

1 mL, and a solvent exchange to hexanes was performed. The extract was flushed through a 

florisil clean-up column and made up to 10 mL.  The modified shaker method was performed by 

extraction with 50 mL of a 1:1 mixture of hexane and acetone for 20 minutes on a platform 

shaker. The modified shaker run can be less reliable (decreased precision and accuracy) than the 

longer method and was only employed in the field in order to accommodate a short field season’s 

excavation schedule.  All extracts were analysed by gas chromatography with electron capture 

detection (GC/ECD).  None of the analytical blanks contained any PCBs at concentrations above 
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1.0  µg/g and all control samples were within 30% of the expected value.  Relative standard 

deviations between the samples and their analytical duplicate were below 30% for all results.  

Surrogate recovery was within 20%. 

   

2.3.3 Soil Excavation and Remediation   
Excavation followed the grid system wherever possible. Clean roads were constructed to allow 

access to contaminated soil locations.  To build clean roads, contaminated areas were excavated 

and clean fill added.  Where this was not possible or efficient, clean roads were created by 

placing clean fill on top of Tier II soil without excavation.  In this case the clean road and 

underlying Tier II soil was excavated once the area was completed.  These details were mapped 

daily to keep track of the PCB contaminated soil - any buried Tier II soils were removed during 

subsequent excavations. Contaminated soil was removed using heavy equipment by initially 

excavating the first 0-30 cm layer of soil.  A composite sample of the excavated area was then 

obtained and analyzed.  Excavation continued by removing 30 cm layers until the remaining soil 

had a PCB concentration below criterion or bedrock was reached. When laboratory analysis 

confirmed grid squares had been remediated to the appropriate criteria, they were signed off by 

the scientific officer, site engineer and site superintendent. In most cases, CEPA soil was 

removed from all grid squares followed by Tier II and then Tier I.  The Qikiqtaaluk Corporation, 

Iqaluit under contract to DIAND (Department of Indian and Northern Development, subsequently 

INAC, Indian and Northern Affairs Canada), conducted the remediation work.  

  Three technologies were initially examined for possible use at Resolution Island: 

incineration, thermal desorption and solvent extraction.  The use of all of these technologies on 

site was eventually eliminated after review by the Nunavut Impact Review Board (NIRB), largely 
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due to concerns regarding transport and maintenance of equipment in a harsh environment and 

the associated environmental and financial risks (Poland et al. 2001).  The NIRB is an 

environmental impact assessment bureau established under Article 12 of the Nunavut Land 

Claims Agreement (INAC 1993). Proposals are submitted to the NIRB for projects within the 

Nunavut Settlement Area. These proposals are initially screened and recommendations are made 

to the NIRB, which in turn submits its decision to the Minister of Indian and Northern Affairs. 

The NIRB bases its decision in writing on the four options (the fourth being what was selected: 

excavation and shipment south for destruction) in accordance with Section 12.4.4 (INAC 1993).  

Excavation of soils and incineration at a southern disposal facility was chosen as the remediation 

technology for destruction of CEPA soils from BAF-5 (Poland et al. 2001).  Remediation 

protocols modified for Tier I and Tier II soils are described below. 

 

2.3.4 Remediation of CEPA Soils   
All contaminated areas that were in violation of the CEPA regulations were excavated with 

diligence to ensure that all soils contaminated at CEPA levels were removed. The geology of the 

site is fractured gneiss and therefore excavation to bedrock, using only heavy equipment, left 

significant amounts of soil on the ground. If the remaining soils were contaminated with PCBs at 

the CEPA level, residual soils were then completely removed using manual labour and a vacuum 

truck.  No visible soil remained on the bedrock in these areas.  The topography of the site in the 

main area of PCB contamination is illustrated in Figure 2-3. The volume of excavated CEPA soils 

was approximately 2500 m3 in the S1/S4 valley, and 2000 m3 at the S1/S4 beach area. 

Remediation at the S1/S4 beach was particularly challenging due to the steep cliff in its upper 
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zone. At the beach location, some CEPA soil was left behind as heavy equipment could not 

access the entire area due to the steep grade. 

  All excavated CEPA material was passed through a screener, allowing particles with 

diameters less than 5 cm to fall through.  CEPA materials were sieved to reduce the overall 

volume of soil that had to be treated.  This reduced costs for both shipment south and destruction 

of the contaminated material.  The sieved material was containerized and shipped south for 

destruction by incineration.  The rejected material (particles with diameters > 5 cm) was 

classified as Tier II material. Approximately 5000 m3 of CEPA soil was excavated in total from 

the site, including the valley, beach and other onsite contaminated areas. Initially, excavated soil 

was stored in a lined warehouse facility after screening. Over a period of three years, this 

stockpiled soil was ultimately containerized into 3.1 m3 steel containers, loaded by barge onto a 

ship and incinerated at a disposal facility in southern Canada. Upon the removal of these soils, 

96% of all PCBs by mass had been accounted for.  The remaining 4% of PCBs was distributed in 

approximately 15,000 m3 of Tier I and Tier II soils. 

 

2.3.5 Remediation of Tier I and Tier II Soils   
Excavation of Tier I and Tier II soils commenced after the CEPA soils were removed. Once 

excavated, the soils were not screened as cost savings were not significant. Soils were not 

containerized but placed directly in a Tier II landfill on site as described below.  Soils remaining 

after excavation to bedrock by heavy equipment were not vacuumed. Tier II soil was removed 

prior to excavation of Tier I soils. In areas with difficult access, Tier I and Tier II soils were 

removed together.  
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Excavation of Tier I soils proceeded similarly to that of Tier II soils. In some areas the 

Tier I soils were excavated to bedrock rather than by 30 cm stages, to facilitate excavation. Two 

other options were included in the protocol for Tier I soils; disposal in an on-site non hazardous 

landfill or covered in place with clean fill. At the site, the majority of the Tier I soil was used in 

the Tier II landfill as intermediate fill and as the initial layer of fill capping this landfill.   

An engineered, lined landfill was chosen as the most viable disposal technology for the 

Tier II contaminated soil on BAF-5.  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 were faced in the design and construction of the landfill, such as: selecting a 

suitable landfill location at this mountainous and widely contaminated 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 (from surface) to the 

permafrost layer, 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.  

 

2.3.6 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 contaminated particulates and any dissolved or suspended PCB oils transported 

by surface water.  It incorporated gabions and geosynthetic liners, which formed the funnel, and a 
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0.82 m wide stainless steel gate (Figure 2-4).  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 contaminated water through a combination of geotextiles and geosynthetic filter 

materials, listed in Table 2-2. The gate consisted of a stainless steel box into which up to four 

filter cassettes could be placed (Figure 2-5a-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.   

 

2.3.7 Construction of Trial Surface water Barrier  
The initial task in the installation was to establish the base plate on which the gate would sit. 

Once the area was excavated, 130 mm steel reinforcing-bar rods were bolted to the bedrock and 

then a concrete foundation was poured. A stainless steel base plate (0.9 m x 1.5 m) could then be 

bolted to the steel rods protruding through the concrete base. 

Figure 2-4 shows the funnel and gate design concept that was used for the barrier 

construction on site in 2003. Contaminated drainage water would first flow through protective 
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gabions and over a mat in order to trap particulate matter. Water and entrained particulate matter 

would then be contained by the “funnel” and forced to pass through the filter box or “gate”. The 

box consists of four pairs of slots into which filters or cassettes containing absorbing material can 

be placed. The steel boxes 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 Figure 2-5a-d) contained different materials in the third filter slot.  The 

third filter contained either granulated active carbon (GAC) or a shredded, hydrophobic 

geosorbent as an adsorption agent in a 25 mm thick cassette constructed of polypropylene. The 

final filter contained four hydrophilic absorbent booms (1 m long with a diameter of 120 mm) in 

a 760 mm thick cassette; two of these cassettes were used and placed in each side of the gate.  All 

filters and their properties are outlined in Table 2-2 and are described in detail in Kalinovich et al. 

(2008). 

Prior to barrier construction, the area that would form the funnel was tested for PCBs and 

found to be Tier II in some locations. This soil was excavated and the funnel area filled with 

clean fill.  The funnel walls were formed using 3 gabions (2 m x 1 m x 0.5 m) on each side. These 

gabions were bolted to the bedrock prior to being filled with rocks. Once filled, the gabions were 

joined and sealed with wire lacing. Once the frame of the funnel was complete, the liners were 
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positioned. The base was formed by two layers of geosynthetic clay liner (GCL) containing 

bentonite clay. The GCL used in this design comprised a thin layer of bentonite between two 

nonwoven needle-punched geotextiles. 

The GCL was laid on the reservoir floor and up the sides of the gabions to ensure that 

water was directed to the gate. The GCL layers were then saturated with water to create a 

watertight seal for the funnel. A flexible liner (laminated polyurethane, nylon and polypropylene) 

was placed on top of the GCLs and sandbags were placed on top of the gabions to hold down the 

liners on top and as they were toed in behind the gabions. The liners were toed into the ground at 

the front of the funnel and a rigid silt trap mesh overlaid this area. Smaller gabions (2 m x 1 m x 

0.3 m) were then installed over the end of the liners at the entrance to the funnel to prevent rocks 

and debris from clogging the barrier. These gabions further secured the liners to the ground.  The 

silt trap mesh was secured by the gabions and extends into the funnel area to trap soil that passes 

through the gabions. 

After the liners were in place, the two metal boxes, which formed the gate, were bolted to 

the stainless steel plate. The liners were secured to the boxes by folding them under a 

polyethylene strip, which was bolted onto the boxes. At this point the filters were installed. A 

clean cell was constructed directly behind the gate. It consisted of an area bounded by a wooden 

frame and filled with sandy soil which contained no PCBs. Any PCBs passing through the system 

(either as adsorbed onto soil particles or in water) would contaminate this clean soil. The soil in 

this clean cell could be analyzed and results used to gauge the performance of the funnel and gate 

system. 
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2.3.8 Surface water Barrier Modifications   
In 2004 it was realized that increased sediment removal was required.  The high sediment 

loadings were causing clogging and reducing both filtration and sorption efficiencies.  The design 

scheme was altered (Figures 2-6 a and b) to improve its performance.  The design was modified 

to increase the capacity for soil retention within the funnel prior to reaching the gate.  The first 

design amendment consisted of increasing the area within the funnel.   

This was achieved by lengthening the funnel sides to create a second pond. By increasing 

the ponding area, it became possible to trap contaminated soils further upstream, prior to reaching 

the gate.  Flow impediments in the form of chevrons were constructed upstream from the funnel 

area.  These chevrons were designed to help channel the water towards the barrier system, trap 

contaminated sediment and reduce flow velocity.  The design of the chevrons made it possible to 

retain and stabilize soil particles as well as promote vegetation growth.  Geosynthetics offer 

immediate soil protection and once installed provide a framework that can be integrated with 

established vegetation for a longer-term erosion control solution (Theisen 1992). 

Coarse aggregate was spread in front of the barrier system to help widen the flow path, 

and to even out and reduce overall flow velocity (Woinarski  2003).  A gabion lined with a slit 

film woven polypropylene geotextile (W2 shown in Table 2-2) was placed 5m 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 to protect from rips and tears that may occur during sediment removal. 

The bedrock topography of the northern barrier wall has a much steeper slope that is 

approximately a 0.5 m drop at the mouth of the funnel.  The majority of the water came directly 

through the channel in which the barrier was constructed.  A directional flow aid was required to 
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ensure that water on this higher section of the valley is directed to flow towards the barrier 

(Figures 2-6 a and b). This came in the form of a berm and a constructed flow impediment.  The 

berm (1 m x 3 m x 0.5 m) was constructed utilizing the Tier I level debris rock (particle size 

radius >200 mm) and clean fill from the area (Figures 2-6 a and b).  In front of this berm another 

flow impediment, sediment trap structure was placed.  This structure was 3 m in length and 

wrapped in a slit film woven polypropylene geotextile (W2 shown in Table 2-2). 

 The ground naturally sloped towards the barrier funnel with a 1 m drop in elevation to 

the first ponding area.  The construction of the flow impediments made certain that in times of 

excess flow, the preferential flow path remained channeled towards the funnel of the barrier.    

 

2.4 Results and Discussion 

2.4.1 Excavation and Remediation  
Figures 2-7 a and b show 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.   

 

2.4.2 Sediment collection in PRB Funnel   
In June 2004 the first observations of how the barrier would perform under spring melt run off 

conditions were obtained. It was observed that the amount of mobile contaminated soils greatly 
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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: 

   – 
   (1) 

where υt is the terminal settling velocity (m/s),  is acceleration of gravity (m/s2),  is the 

density of the particle (g/m3),  is the fluid density (at 5 oC) (g/m3),  is the diameter of the 

particle (m) and μ is the medium viscosity (kg/ms).  The value of can be used in the following 

equation to solve for the Reynolds number: 

 /μ   (2) 

where  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 (  = 1 to 2000) 

(Metcalf and Eddy 2003).  Therefore, the following equation was used to calculate the drag 

coefficient, : 

  0.34    (3) 

 

The drag coefficient can be used in the modified Newton’s equation  

  
   (4) 

to calculate the settling velocity.   
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Iterative calculations were conducted until the particle settling velocity calculated from 

the drag coefficient equation (3) was equal to an assumed particle settling velocity.  When the 

settling velocity used to compute the Reynolds number agreed with the settling velocity value 

from the modified Newton’s equation (4), the solution value was confirmed.   

The area of the funnels was maximized as much as topography would allow.  Given that 

the cumulative area ( ) of the funnel of the valley barrier was 14 m2 with an average flow rate 

( ) of 1x10-3 m3s-1 through the area it was possible to calculate a particle settling velocity specific 

to that system where  is the overflow rate (m3/m2s).  The parameter  is difficult to measure at 

BAF-5 as it is a phenomenon that occurs when no personnel is on site and therefore must be 

theoretically calculated. 

   (5) 

The fraction of particles with the settling velocity  that are removed ( ) can be calculated via:  

   (6) 

By calculating the settling velocities of particles of varying sizes it was possible to design the first 

pond such that particles with a grain size greater than 0.4 mm would settle out, thus allowing 

clean water to overflow the system.  This corresponds to trapping 57% of the suspended particles 

in surface runoff through the process of sedimentation (Figure 2-8).   

The soil loading that was trapped in the funnel system in 2004 was estimated to be 2.5 

m3.  Using an approximate soil density of 1.8 g/cm3 and an average soil concentration of 18 µg/g 

(1260 Aroclor), the mass of PCB trapped by the funnel was 81 g.  It was found that this amount 

of sediment loading on the system severely hindered the performance of the more permeable gate.  

The flow rate through the clean (no sediment present) barrier averaged 1.5 x 10-3 m3s-1.  As the 
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barrier gate filled up with contaminated particulate, this flow rate through the gate decreased.  As 

a result, sediment accumulated and was deposited at the gate, thereby severely reducing the 

hydraulic capacity of the gate.    

Modifications to increase the funnel as described in the methods section of this paper 

were conducted in August of 2004.  Modifications were limited by topography and therefore were 

able to only double the capacity of the barrier funnel.  With the addition of the second pond, it 

became possible to capture particles greater than 0.2 mm diameter – now 70% of the soil fraction 

could be trapped through the process of sedimentation.  By further reducing the amount of 

material that had to be dealt with in the gate, the hydraulic performance of the gate was increased 

and therefore the overall performance of the barrier system was improved.  After calculating the 

percentage of soil fraction trapped via sedimentation, it was determined that further modifications 

to enhance overall sedimentation prior to the funnel were required in efforts to prevent clogging 

of the system. 

Both the coarse aggregate and chevron-shaped sediment traps constructed of 

geosynthetics placed upstream from the second funnel helped to reduce the flow velocity and 

increase trapping of contaminated soils.    A moss, Distichum capillaceum, has started to grow on 

the southern face of the chevron flow impediments (see Appendix D, Figure 7-44 showing no 

moss in 2005 and Figure 7-45 showing moss present in 2006).   It has been shown that mosses 

have the capacity to uptake PCBs from both atmospheric deposition as well from the soil (Lim et 

al. 2006; Borghini et al. 2005; Blais 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-suspension of sediments (Rickson 2006).  It should, however, be 

stressed that other factors, such as sediment and hydraulic load have a greater influence on the 
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retention performance than vegetation (Braskerud 2001).  Although the moss will most likely 

passively uptake and sequester PCBs, the effects may not be noticeable within the barrier scheme.      

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 run-off 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 subsequent 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 reintroduced 

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 2-3.  The reduction of both volume 

of soil and mass of PCBs indicate the barrier is performing well, i.e. the system is retaining PCB 

contaminated soil while maintaining permeability through the gate with a minimum loss of fines.   

 

2.4.3 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 analyzed in September of 2003 – these filters did not experience 
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spring melt, only summer storm events.  The filters retained 379 mg of PCB (Table 2-4).  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 2-3, 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 

woven polypropylene geotextile at the very front of the gate hindered barrier performance to the 

extent that water and contaminated soil barely moved through the filter system.  In this year, only 

35.9 mg of PCB was retained by the filter system.  It was realized at this point that modifications 

to both filter materials as well as the filter funnel would be required.   

Filter materials were overhauled in 2004 with a shift to a more permeable, granular 

system.  In 2005, it was seen that the granular system worked well with the increased sediment 

loading from excavating and stockpiling of Tier II contaminated soils near the valley barrier. 

With the increased mobile sediment, it did not clog.  Even though 7 m3 of Tier II contaminated 

soils were removed from the funnel, the gate managed to perform well enough to capture 313 mg 

of PCB without clogging (Table 2-4).   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 mm) gravel filters were favoured over 

smaller particle sized granulated activated charcoal (GAC) filters (2 to 3.35 mm).  The large pore 

throats in the larger particle filters would provide increased permeability to the system, while 

retaining PCB contaminated particles through increased tortuosity within a thicker filter matrix.  

After 2006 the reduction of sediment loading allowed for an emphasis on trapping contaminated 
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fines by using the finer particle sized GAC filters.  The filter system in 2007 was found to trap 

289 mg of PCB.  Figure 2-9 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.        

 

2.4.4 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 2-5 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 remediation 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.  
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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 run-off, 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 (Table 2-5) 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 2003-2007.  Based on the success of 

the 2004 barrier design, further permanent barrier systems were installed in two other locations 

on site: one further downstream from the valley barrier, at the base of a 350 m cliff, to trap 

contaminated sediment prior to entering the Arctic ocean and one in an area that was highly 

contaminated with PCB, with little sediment deposits left.   

 

2.4.5 Economics 
Costs are estimated for the entire project – including areas other than the S1/S4 valley.  However, 

the bulk of the clean-up at this site had to do with remediation of PCBs and the excavation and 

disposal of the soils from the S1/S4 Valley drainage area so the values given are excellent 

indicators of the remediation described in this paper.  The total cost for the project (1997 – 2007) 

was $64.75 million with 595 persons employed.   BAF-5 is a highly remote site, as indicated by 
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the costs for construction/support and transportation which account for 60% of the total costs.  As 

of 1997, the project experienced Inuit employment levels above 85%.  Costs associated by PCB 

contaminated levels are as follows:  an estimated $12 million to deal with CEPA level of 

contaminated materials, $6 million to deal with Tier II materials and $2 million to deal with Tier I 

materials.   

 

2.5 Conclusion 
The remediation of PCB contaminated soils at a remote site with an extreme climate such as 

BAF-5 has been successful.  In total, 5,000 m3 of CEPA contaminated soil was excavated and 

shipped off site for destruction by incineration, and 15,000 m3 of Tier I/Tier II materials have 

been excavated and removed from the Arctic ecosystem by placement in an on-site lined landfill.  

A long-term remediation and monitoring plan has been set-up on site, which included the 

construction of surface funnel and gate permeable reactive barriers.  Modifications to barrier 

design to improve capacity for soil loading were required in 2004.  These modifications proved 

highly successful in trapping and retaining PCB contaminated soil.  Monitoring results 

demonstrate that the barrier itself is not a source of contamination and appears to be retaining the 

contaminated soil effectively.    

These results indicate that this type of barrier system works well in conjunction with 

excavation to trap destabilized, mobile contaminated soils.  The barrier design is adaptive and can 

be modified to coincide with changes in field conditions to enable optimal barrier performance.  

The barrier system described in this paper is an adaptation of the funnel-and-gate permeable 

reactive barrier remediation technology more commonly used to treat groundwater and is the first 
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system of its kind to be used in cold regions.  Results and lessons learned from this paper can be 

used to optimize further surface barrier systems.  
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2.8 Tables 
Table 2-1:  Remediation of PCB Contaminated Soils in the Canadian Arctic: Excavation 

and Surface PRB Technology 

Level Concentration (ppm) DEW Line Cleanup Protocol 

CEPA > 50 Shipment to Southern licensed facility 

DCC Tier II 5 – 50 Isolate from the Arctic ecosystem (Northern 
disposal facility or ship south) 

DCC Tier I 1 –5 Burial in non-hazardous landfill 
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Table 2-2:  Filter materials examined ( k = hydraulic conductivity, EOS = Equivalent 

Opening Size, μ = mass per unit area,  tGT = thickness of geotextile from Terrafix) 

Kalinovich et al. (2008). 

Filter Type Relevant Properties 
W1 Polypropylene slit-film woven 

geotextile 
EOS= 0.6 mm 
k = 3.3 x 10-4 m/s 
μ = 82 g/m2 

tGT = 0.61 mm 
 

W2 Polypropylene slit-film woven 
geotextile 

EOS= 0.6 mm 
k= 1.0 x 10-4 m/s 
μ = 210 g/m2 

tGT = 0.67 mm 
 

NW1 Nonwoven, polypropylene needle-
punched geotextile 

EOS = 50 – 150 µm 
k = 1.5 x 10-3 m/s 
μ  = 730 g/m2 

tGT = 4.65 mm 
 

NW2 Nonwoven, polypropylene needle-
punched geotextile 

EOS= 50 – 150 µm 
k = 1.9 x 10-3 m/s 
μ = 690 g/m2 

tGT = 4.24 mm 
 

Hydrophilic Geosorbent Booms, 76 mm diameter, 
polypropylene 

Not applicable 
 
 

Hydrophobic 
Geosorbent 

25.4 mm shredded bluepolypropylene Not applicable 
 

GAC1 Granulated Activated Carbon 2 – 3.35 mm particle size 
 

GAC2 Granulated Activated Carbon 2 mm particle size 
 

Gravel Granular 2 – 8 mm particle sizes 
6.4 – 12.7 mm particle sizes. 
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Table 2-3:  Sediment Trapped in S1/S4 Valley Barrier, Average PCB Concentration and 

Total Mass of PCBs. 

Year Volume of 
Sediment (m3) 

Average PCB Concentration 
in Sediment (µg/g) 

Mass of PCBs in 
Sediment (g) 

2004 2.5 18 ± 12 81 ± 54 
2005 7.0 4.8 ± 2.3 60 ± 29 
2006 2.2 5.9 ± 4.0 23 ± 16 
2007 1.0 5.1 ± 1.3 9.3 ± 2.4 

 

Table 2-4:  Total mass of PCBs in S1/S4 valley barrier gate (values within 30% limits) 

Year Mass of PCBs in gate (mg) 
2003 379 
2004 35.9 
2005 313 
2006 128 
2007 289 
 
 
Table 2-5:  Monitoring soil points in S1/S4 valley barrier (values given in µg/g) 

Location of Sample 2004 2005 2006 2007 
Upstream of chevrons 12 7.4 1.3 4.5 
Between chevrons and Gabion Fence n.s. 3.3 8.7 3.7 
Upstream of Gate 11,13, 37 3.7 7.6 5.3 
Within Gate between first two filters n.s. 37 5.0 6.7 
Clean Cell 3.9 2.6 n.s. n.s. 
Second clean cell (30 m downstream of barrier) n.s. n.s. n.s. 3.8 
n.s. denotes no sample taken. 
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2.9 Figures 

 

 

Figure 2-1:  Map Showing Location of Resolution Island, Nunavut. 

 

Figure 2-2:  Map Showing Areas of Contamination: S1/S4 Valley and Beach, Furniture 

Dump (adapted from Reimer et al. 1991). 
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Figure 2-3:  Profile of S1/S4 Valley and Beach Area (from Poland et al. 2001) 

 

 

 

360 m 



 

58 

 

 

Figure 2-4:  Prototype Barrier Design 2003 (adapted from ASU 2004) 
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Figure 2-5a-d:  Prototype Barrier Gate Design 2003 a) Front View b) Top View c) Side View 

d) Full Unit.  Dimensions given in mm. 

(d) 
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(b) 
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Figures 2-6 a and b:  Modified Barrier Design 2004 
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Figures 2-7 a:   Map Showing Before (1996) Excavation (adapted from ASU 1997) 
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Figures 2-7 b:   Map Showing After (2005) Excavation (adapted from ASU 2006) 
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Figure 2-8:  Soil Grain Size Distribution Graph, S1/S4 Valley, 1994 

 
 
 

 

 

 

Figure 2-9:  Mass of PCB and Volume of Soil Removed During the Period 2005-2007. 
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Chapter 3 
Surface Permeable Reactive Barriers for PCB Remediation in the 

Canadian Arctic 

 

3.1 Abstract 

Between 2003-2005, three surface permeable reactive barriers were designed and constructed to 

deal with leftover site contamination at a site (called BAF-5)  located on the summit of 

Resolution Island, Nunavut, just southeast of Baffin Island at 61o 35’N and 60o 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 to, its operational years. Each of the three 

barrier designs has a different configuration, to meet the needs of the targeted remediation area, 

based on their contaminant history. Modifications were made to the barrier designs based on field 

results and observations.  Monitoring results indicate that the barriers are performing well and not 

contributing to increased concentrations of PCBs downstream.  In comparing field and laboratory 

results, it can be seen that areas with higher concentrations of PCB contamination behave 

differently than areas with lower concentrations of PCB contaminated soil.  Previous laboratory 

studies did not replicate what was observed in the field – it had previously been hypothesized that 

particle retention was the most important factor in trapping and capturing PCBs.  However, rinsed 

filter samples from the field indicated that partitioning of PCBs between contaminated soil and 

GAC particles were occurring at levels of 62 ± 11% – suggesting that sequestration of the PCBs 

from the environment should be a primary focus of the barrier.  This sequestration requires both 

particle retention (within the granular GAC filters) as well as maintained contact time between 

particles for adsorption processes to proceed.  This mechanism - partitioning of PCB to GAC - 
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was more important at one location than the other.  These results suggest that it may be possible 

to tailor future barrier designs to their unique site histories and locations.  

 

3.2  Introduction 

3.2.1 General Introduction 

Polychlorinated biphenyl (PCB) contamination in the Arctic has been documented 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 1960s. (Bright et al. 1995; 

Stow et al. 2005). 

Source removal by soil excavation is often used for remediation of these sites.  

Unfortunately, much PCB contamination can be left behind during this process in the form of 

mobile soils.  PCBs can then enter the arctic ecosystem travelling on these mobile soil particles 

(Poland et al. 2001).  This is particularly important in the Arctic, where there is a narrow food 

web and PCBs bioacculumate and biomagnify in fatty tissues (ATSDR 1997).    

This chapter describes how permeable reactive barriers (PRBs) can be modified from a 

basic funnel and gate design to remediate surface conditions in cold regions.  The application of 

PRBs has been investigated in cold regions such as the Arctic (Poland et al. 2001; Lindsay and 

Coulter 2003; ) and the Antarctic (Snape et al. 2001; Woinarski et al. 2003; Gore et al. 2006; 

Woinarski et al. 2006). The barriers at Resolution Island, described in this chapter, are the first of 

their kind – a novel variation of a proven technology.  Each of the three barrier designs has a 

different configuration, to meet the needs of the targeted remediation area, based on contaminant 

history.  In all cases, particle retention must be the key parameter of the design, to ensure 
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permeability is maintained (Kalinovich et al. 2008a).  The use of a material such as granular 

activated carbon (GAC) provides a granular medium for particle retention as well as an 

adsorptive surface to retain PCBs from both water and soil.  Field observations and laboratory 

studies of these different barriers provide insight in how to achieve an optimal barrier design. 

This paper is a companion paper to a previous paper submitted by Kalinovich et al. 

(2008b).  The previous paper (Chapter 2) described the site remediation, methods and 

construction of a permeable reactive surface barrier for PCBs at Resolution Island, Nunavut. This 

chapter will describe how that design was applied to two other areas of PCB contamination and 

chart the differences between their design configurations and field performance.  Laboratory 

column tests have been used to further elucidate results from the field.  

In the case of media selection, batch and column studies are commonly undertaken to 

establish static and dynamic equilibrium situations.  These studies help to model best and worst-

case scenarios for the field barrier.  By mimicking what was observed in the field, it becomes 

possible to understand and predict the behaviour of different barrier systems and test changes to 

the design in a laboratory setting. The adsorption effectiveness can be assessed by comparing 

adsorption isotherms that describe the adsorption capacity of a selected adsorbent.  

Desorption of PCB from contaminated soil into water is thought to be a very slow 

process (VanNoort et al. 2003). Previous batch tests have shown that GAC will adsorb PCBs 

from PCB-contaminated water (Kalinovich et al. 2004).  However, in the field and in the barrier 

system, one is dealing with mostly PCB contaminated particles in suspension traveling through a 

water column although some dissolved material may also be present. In order to better understand 

the mechanisms involved it was decided to study how GAC might affect desorption of PCBs 
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from contaminated soil into water (i.e. the partitioning of PCBs in the three component system 

GAC/soil/water). 

 

3.2.2 Site Description 

The military station on Resolution Island is located at the southeastern tip of Baffin Island 

approximately 310 km southeast of Iqaluit and at the end of Frobisher Bay (61o 35’N and 60o 

40’W, Figure 2-1).  The main station site is situated on a summit 360 m above sea level on Cape 

Warwick at the northeastern end of the island overlooking Brewer Bay.  Approaches to the island 

are by sea at Brewer Bay, and by air using a runway located northwest of the summit. 

   An estimated 8000 kg of pure PCBs was left on site at the time of abandonment.  Three 

areas were targeted for PCB remediation and eventual surface barrier construction; the valley, the 

beach and the furniture dump (Figure 2-2). The initial surface barrier in the valley was installed in 

2003 and modifications have been made to improve the performance of the barrier.  Site 

remediation, the design, construction and modifications of the prototype barrier has been 

described in previous papers (Kalinovich et al. 2006; Kalinovich et al. 2008b). Two additional 

permanent surface barriers have since been constructed and monitored.   

The S1/S4 valley is on the southern side of the summit and encompasses the area directly 

adjacent and below the giant troposcatter dishes, including the maintenance buildings used for the 

radar dishes.   Large quantities of PCBs in the form of Aroclor 1260 were stored and used in the 

electrical equipment in these outbuildings.  Over the course of the project (1996 – 2005) these 

outbuildings were torn down and the materials contaminated with PCBs removed.  The valley is 

the site of the initial prototype surface barrier and is described in Kalinovich et al. (2008b). 
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The beach refers to the extension of the S1/S4 drainage pathway that resides at the 

bottom of a 300 m cliff (the valley above), leading into Brewer Bay (Figure 2-3).  Contamination 

at this site came as a result of migrating PCB contaminated soils from the above valley.   

Part of the S1/S4 beach area (Figure 3-1) is inaccessible for excavation, with slopes 

averaging 10% (greater than 50% in some areas).  Much of the area is covered with vegetation 

and soils were found to be similar to the valley, but with some fines present.  In this region, large 

deposits of soil, rock and boulders were found.  The stability of the soil in this region was 

attributed largely to the vegetative cover. 

Soils with PCB exceeding 50 µg/g were excavated in 2004 in accordance with Canadian 

regulations (CEPA 1999).  Instability of excavated soil in this region was a concern, as not all 

contaminated areas could be accessed and the bulk removal of soils could lead to mass erosion of 

these contaminated soils into Brewer’s Bay.  In 2005, a stainless steel barrier was constructed in 

the beach area to deal with these unstable soils and the migration of PCBs until the region 

stabilized. 

East of the S1/S4 valley lies an additional area (referred to as the furniture dump) that 

was heavily contaminated with PCBs (Figure 2-2). This area was given its name based on the 

discovery of partially buried old furniture during initial site investigations in 1993; it is not 

known when the dump was created.   In 1999, fourteen transformers were removed from this 

area.  Transformers were found to contain oil contaminated with PCBs at levels of 37-72%.  

Miscellaneous electrical equipment was also removed from this area in 1999.     
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Soil in this area was sandy and no vegetation was present, except for some lichen and 

moss.  The drainage from the dump opened onto a sandy flat and continued east over a cliff to the 

ocean.       

The furniture dump area was found to be heavily contaminated with PCBs (Figure 3-2).  

Metal debris was removed and disposed of, in accordance Canadian Regulations and the Dewline 

Cleanup Criteria (DCC) guidelines (Poland et al. 2001).  After excavations, there was little soil 

left in this region (Figure 3-3).   

 

3.3  Methods 

3.3.1  Monitoring 

Monitoring plans were set up at each barrier site.  Prior to instalment of barrier systems, areas 

were sampled and analysed to ensure a ‘clean’ (< 1 µg/g PCB) base for construction.  Upstream 

and downstream point samples were taken to establish known prior concentrations.  Clean cells 

were constructed directly behind each barrier gate, in efforts to demonstrate whether 

contamination was breaking through the barrier system or not.  Clean cells were constructed and 

isolated from the surrounding areas using geosynthetic clay liners filled with clean fill obtained 

from uncontaminated areas of the site.  

 

3.3.2 Sampling 

Soil, gravel and GAC samples were collected using plastic scoops and placed in WhirlPak bags. 

Water samples were collected in 1 L Teflon bottles. Samples were shipped by air freight to 

Queen’s University, Kingston, Ontario, Canada for testing. 
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3.3.3 Analysis 

The standard analytical procedure for the analysis of PCBs, namely gas chromatography with an 

electron capture detector (GC/ECD) was used. These analyses were performed at the Analytical 

Services Unit, Queen's University by the procedures described in Kalinovich et al. (2008b).  

Solvent extraction using dichloromethane by soxhlet apparatus or shaker for solids and liquid-

liquid extraction for liquids was used.  The solvent was then exchanged to hexanes.  The eluent 

was flushed through a Florisil clean up column with hexanes prior to GC/ECD analysis.  Methods 

are described in more detail in Section 7.2 in Appendix B.  

 

3.3.4 Column Studies 

The column apparatus was constructed of stainless steel and comprised an entrance drain, filter 

sections and an exit drain and is described in Section 7.3 in Appendix B.    Each middle section 

can be interchanged, providing for greater flexibility in testing varying filter thickness. Water 

flow was controlled using a programmable water pump.  Once testing was completed, 

contaminated exit water passed through a sand and charcoal filtration system prior to being 

discarded or re-used. Breakthrough was considered evident when fines exited the column 

apparatus.  The filter materials and water were tested periodically to ensure exiting waters were 

PCB free.     

The PCB contaminated soil used for experiments was excavated from the site and stored 

at 4oC.  Different PCB concentrations in the soils were combined (rough approximation of 5 µg/g 

and 500 µg/g) and homogenized by mechanical mixing for 2 days to create a sample of uniform 

soil with a PCB concentration of 75.6 ± 0.2 μg/g.  Three sub-samples of this soil mixture were 
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analyzed using soxhlet extraction to establish its PCB concentration. The column apparatus and 

methods are described in detail in Section 7.3 in Appendix B. 

A known quantity of PCB contaminated soil from the site was flushed through the 

column at a constant flow rate as a slurry, sourced from a glass beaker (Figure 7-6).  The solution 

was pumped through continuously at 4 L/min for 2 min (i.e. waste water was re-circulated 

through the system).   

 The column was then carefully taken apart to establish the fraction of PCB contaminated 

soil that remained within the different sections (i.e. entrance, filter section, exit drain; see Figure 

3-4, configured as upwards flow).  The filter portion was removed and the material was poured 

onto a 1 mm sieve.  GAC particles range from 2 – 3.35 mm and therefore through wet-sieving, it 

was possible to separate the different constituents.  The material was flushed with double de-

ionized water and laid out to dry on a metal tray.  Column runs were conducted in triplicate for 

each material used.  The material was sampled for soxhlet analysis.  A Light Electron Microscope 

(magnification 0.75X, ocular 16X) photograph of the filter material was taken of the wet-sieved 

GAC and/or sand material.  The photographs showed that no soil grains were attached to the wet-

sieved GAC filter material: all PCBs found on the GAC material could therefore be attributed to 

adsorption.  In cases where suspected outliers were present and soil grains were found on sample 

material, outliers were removed due to methodological error. Otherwise, a Grubb’s test was 

performed to evaluate whether outliers should be removed from data sets (see Appendix C). 

Column tests were run in triplicate and some column samples were sampled in triplicate to ensure 

homogeneity. 
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Column tests were conducted to evaluate whether PCBs were adsorbing onto the GAC 

filter, or whether particle retention was more important as a filter function.  Previous tests 

(Kalinovich et al. 2008a, shown in Chapter 4 of this thesis) indicated the latter. The tests were run 

while the apparatus was horizontal, to mimic field conditions.  These column tests were slightly 

different than other column study tests (results shown and discussed in Chapter 4 of this thesis) in 

that the material that was analyzed and evaluated in these tests was the filter material itself.  To 

reduce the amount of wet-sieving for later on, a 25.4 mm thickness of filter was used.  Site sand 

of similar particle shape and size to GAC (Figure 3-5) was also used as a filter material.  This 

allowed the comparison of a relatively non-sorptive material (with respect to GAC) to GAC.    

 

3.4 Results and Discussion  

3.4.1 Valley (2003-2007) 

The initial stainless steel prototype surface barrier was installed in the S1/S4 valley (herein 

referred to as the valley) in 2003.  This barrier system was modified in 2004 to its present design 

configuration (Figure 3-6a) (Kalinovich et al. 2008b).  The heavy sediment loading and large 

volume of water that flows through the valley drainage pathway required a series of modifications 

to be made to both the filter materials and barrier design.  Modifications were made to improve 

the sedimentation processes upstream and within the funnel of the barrier. A second ponding area 

was created using gabions and geosynthetics.  Flow impediments in the form of gabions with 

woven polypropylene slit-film geotextiles and directional aids shaped like chevrons were used 

upstream of the funnel to help reduce flow and trap more sediment.  These modifications were 

discussed in detail in Chapter 2.  
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3.4.2  Furniture Dump (2003-2007) 

In 2003, a wooden barrier was placed in the furniture dump and its filters were sampled in 2004 

(Table 3-1).  Due to these higher than expected filter PCB concentrations, the furniture dump 

wooden barrier was replaced with a permanent stainless steel gate structure in 2005. Soil samples 

were analysed from areas both upstream and downstream of the barrier system (Table 3-2).  Since 

there was significantly less soil and running water present in the furniture dump, further 

modifications were not necessary.  The barrier consists of one ponding area (funnel) and the 

stainless steel gate (Figure 3-6b).  The drainage pathway leading up to and surrounding the 

furniture dump barrier is much narrower than in the valley with very little soil remaining in the 

area.  The barrier was constructed in a natural ponding area carved into the bedrock and the walls 

of the funnel are made of the bedrock lined with geosynthetics (geosynthetic clay liner overlaid 

with geomembrane).     

Often water did not flow through this barrier system during on-site visits. When water is 

available to be sampled, the resulting concentrations are high. These high concentrations of PCBs 

in water at the furniture dump indicate the presence of high concentrations of PCB contaminated 

soil, even though little soil was left in this region post excavations.  In 2006, approximately 0.3 

m3 of contaminated soil was removed from the funnel.  The total amount of PCBs removed was 

approximately 15.5 g.  These high amounts of PCBs indicate that although transformers were 

removed, and the area was thoroughly excavated and the bedrock vacuumed, small quantities of 

highly contaminated PCB soil remain.     

The PCB concentration in the soil trapped between filter boxes was found to be 68 µg/g.  

This indicates that the barrier was successful in trapping highly contaminated fines, as this 
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concentration was greater than what was being caught via sedimentation processes in the funnel 

and of that downstream from the barrier system.   

 

3.4.3 Beach (2005-2007) 

A third barrier system was constructed at the base of the cliff at the beach site based on the 

success of the design of the initial prototype barrier in the valley.  Excavation of the CEPA (>50 

µg/g) contaminated soil in this area did not commence until 2004.   The excavation of Tier I and 

Tier II level of contaminated soils was conducted in 2005, prior to the construction of the barrier 

system, in August of 2005.  The footprint of the barrier system was excavated to < 1µg/g.  

Monitoring of the barrier system did not commence until 2006.   

This barrier system design was based on the valley modified design.  As in the valley, 

high volumes of soil and water were expected to flow through this barrier system.  Lessons 

learned from the valley were applied to the design of the beach barrier system.  The stainless steel 

gate width was increased from 1.2 m to 1.8 m in order to accommodate high flow rates.  The 

present meandering drainage pathway was excavated further and lined with cobble stone to help 

trap soil and slow the water flow through the steep channel. Underneath the soil in this upper area 

is a natural layer of clay, which helps to keep contaminated PCB water from escaping through the 

fractured bedrock.  Gabion fences were bolted to bedrock to help protect the barrier from mass 

sediment deposits and rock fall.  Flow impediments in the form of chevrons were again placed at 

the mouth of the funnel to help retard flow prior to entering the funnel area (see Figure 3-6c).  

Due to the topography of the area, the approach to the beach barrier has a much steeper slope 

compared to the other two barriers.   
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The amount of PCB in the sediment trapped by the barrier was quite low:  the amount of 

pure PCB removed from the barrier system was calculated to be 2.5 g, with levels in the sediment 

ranging between 0.3 to 1.3 µg/g. Monitoring samples prior to construction of the barrier reinforce 

that these low concentrations are indicative of successful excavations in the area (PCB 

concentrations in soil range from 0.5 to 3.6 µg/g within the vicinity).  These results indicate that 

the excavations and particularly stabilization in the area were highly successful and that the beach 

barrier system, out of the three surface barrier systems, deals with the lowest concentrations of 

PCB contaminated soils.         

 

3.4.4 Barrier Site Comparisons 

3.4.4.1 Monitoring 

In 2003, monitoring points of both soil and water were constructed at each barrier location (valley 

and furniture dump) using a point sampling technique (see Figure 7-48 in Appendix D and Figure 

7-73 and Figure 7-74 in Appendix E).  PCB contaminated soil could be found downstream from 

both the valley and furniture dump barriers.  Soils in this area were inaccessible for excavation as 

they were too near the cliff edge and interfere with monitoring results.  The future proposed 

beach barrier would trap any migrating PCBs from the valley.  Table 3-2 and Table 3-3 show 

PCB concentrations for samples taken at both the valley and furniture dump barrier locations in 

2004-2007.  The monitoring of these same points over the years was intended to help evaluate 

barrier efficacy. 

Analysis of water samples taken from the valley and furniture dump barriers over the 

period 2004-2007 are shown in Table 3-4.  Analysis of water samples taken from the beach 
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barrier are shown in Table 3-5.  The higher concentration of PCB in water downstream can be 

attributed to the surrounding high concentrations in soil that had not been excavated.  The greater 

concentration of PCB in water found in the furniture dump underscores that the small amount of 

soil left in the area is contaminated to a higher level.    

Dynamic storm and spring runoff produce varying amounts of sediment and levels of 

contamination in the barrier systems both upstream and downstream, making monitoring of the 

barrier systems difficult to evaluate.  In the furniture dump, PCB concentrations in soil pockets 

are highly heterogeneous: two samples taken within the same soil pocket (i.e. in front of the 

sediment trap) had respective concentrations of < 1.0 µg/g and 58 µg/g.   

As sediment loading in the areas has decreased, it became possible to introduce 

geotextiles as final polishing filters in the barrier systems to help trap fines.  To help better 

monitor the efficacy of the valley barrier, a second clean cell was installed further downstream 

from the barrier system. The area previously downstream from the valley barrier site had been 

delineated as Tier II level of PCB contamination, and since it was not vacuumed (as is the case in 

the removal of CEPA level of PCB contaminated soils), pockets of Tier II soil remain. The results 

in sampling downstream from the barrier give no indication to how well the barrier is truly 

performing due to the known previous contamination in this area.    

As stated previously, areas of contamination present prior to the construction of the 

valley and furniture dump barriers make the evaluation of the monitoring points of both these 

systems very difficult.  The beach barrier system was built at the end of the S1/S4 drainage 

pathway to accommodate the PCB contaminated soils that could not be accessed for removal 

downstream of the valley barrier, and above the area of excavation at the beach (see Figure 7-18 

in Appendix D).  However, with the beach barrier system, the area downstream from the beach 
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barrier has been shown to contain less than <1.0 µg/g PCB consistently in soil, both before and 

after barrier implementation, indicating that the barrier is retaining PCB contaminated fines, and 

breakthrough of these fines is not occurring at detectable levels downstream.  The PCB levels in 

water downstream of the beach barrier also remained low (Table 3-5).    

 

3.4.4.2 Sediment  

In order to accommodate the increased sediment loading in the valley barrier, the funnel portion 

of the barrier was extended and sediment traps were put in place to reduce velocity and settle out 

particulate matter prior to reaching the gate (Kalinovich et al. 2008b).  In contrast, the small 

amount of soil found present in the furniture dump barrier necessitated only two samples: one 

side of the funnel was found to have a concentration of 16 µg/g and the other 9 µg/g.  

Both the volume of soil and mass of PCB collected in the furniture dump barrier can be 

compared to those of the valley barrier.  In 2005 in the valley, 7 m3 of soil was removed, but the 

total amount of PCB removed was 60 g:  whereas, in the furniture dump, the concentration of soil 

(g/m3) coming through was on average 2.5 times greater than that travelling through the valley 

barrier, with the volume of soil remaining quite low (0.3 m3).  This relation between volume of 

soil and levels of contamination can be seen for all three barrier sites for the years 2006 and 2007 

in Table 3-6.  In looking at the contaminant history of the area and monitoring results from 2003, 

these results seem compatible.   

In a snapshot of distribution of mass of PCBs within the three barrier systems (mass in 

both filters and sediment and volume of sediment) for 2006 (Table 3-7), it can be seen that the 

majority of PCBs trapped within the three barrier systems comes from the entrapment of the 
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contaminated sediment – most importantly in trapping the relatively small amount of mobile soils 

in the furniture dump. 

The furniture dump also behaves differently temporally compared to the other two 

barriers (Table 3-6).  The major trend for both the valley and beach barriers is that both sediment 

deposits and mass of PCB are decreasing - indicating that the area may be re-stabilizing. In 

contrast, the furniture dump had been excavated in 1999 and the area should have stabilized by 

now, given the valley barrier’s behaviour.  Instead, concentrations of PCB have not decreased in 

the furniture dump (Table 3-2), with sediment and level of contamination varying depending on 

spring runoff conditions (reflected by soil volumes that were transported to the barrier systems in 

Table 3-6).  These increased high-level PCB concentrations over time in the furniture dump may 

be an indicative that PCB is re-surfacing, however further monitoring will be required to prove 

this.  It has been shown that freeze-thaw action can bring previously buried contaminants to the 

surface (Macdonald et al. 2005).     

If the rising level of contamination (in terms of soil concentration) in the furniture dump 

barrier is due to this process, surface barriers may become more relevant for application in cold 

regions as areas that were previously in permafrost and are now experiencing freeze-thaw activity 

(Hugh 2008; Grossi et al. 2007), thereby potentially releasing buried contaminants.   

 

3.4.4.3 Filters 

The barrier design allows for changes in the filters used each year.  Filter materials were changed 

between 2003-2004 to 2005-2007 from geotextiles and geosynthetics to more permeable granular 

material such as gravels and GAC (Table 3-1 and Table 3-8).   In 2003, both geosynthetics (in the 
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form of hydrophilic and hydrophobic adsorbents as well as woven and nonwoven geotextiles – 

denoted as W for woven and NW for nonwoven) were incorporated with GAC (Table 2-2). 

The performance of these materials was hindered as the large sediment loading was much 

greater than expected.  This perceived need for greater particle retention led to a switch to 

permeable granular materials in 2004 while soils in the excavated areas were highly mobile.  

Excavation ceased at the end of the 2005 field season and therefore the amount of soil coming 

through the valley barrier had decreased significantly by 2006.  Prior to the end of the 2006 field 

season, two gravel and one GAC filters were used to accommodate the sediment loading.  The 

new configuration implemented at the end of the 2006 field season consisted of two GAC filters 

and only one protective gravel filter.  In previous years (Table 3-8), the gravel trapped greater 

amounts of PCB compared to the GAC.  In 2007, the GAC trapped more PCB than the gravel 

filters – similar to the furniture dump.  As soils began to stabilize, the re-introduction of 

geotextiles as fine polishing filters was possible.  These geotextiles were re-introduced in 2006 

into beach system and in 2007 in both the valley and furniture dump.   

In 2004, filters were sampled and analyzed from both the valley and the furniture dump 

barriers (Table 3-1).  In comparison with results taken from the valley barrier, it can be seen that 

with the exception of the granulated activated carbon (GAC), the furniture dump barrier retained 

greater amounts of PCB in its filters.  In comparing filter results, the hydrophilic geosorbent in 

the valley barrier was more effective at retaining PCB than the hydrophobic geosorbent.  The 

opposite can be seen in the furniture dump.  Even though the area was excavated thoroughly, 

inevitably some PCB contamination would remain in the fractured bedrock. This contamination 

could be present as oil and migrated slowly through the soil, which may explain why the 

hydrophobic geosorbent retained more PCB than the hydrophilic geosorbent.   
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Results of the small pore-sized nonwoven geotextiles (NW1 and NW2 in Table 3-1 and 

Table 3-8) clearly indicate that a small amount of highly contaminated fines are migrating 

through the furniture dump drainage pathway.       

In comparing all the filter results (Table 3-8), it can be seen that the furniture dump 

captured the greatest amount of PCB and the beach the least.  In the valley and beach barriers, the 

protective granular barriers (larger filter particle size, larger filter EOS) trapped more PCB than 

the following charcoal filters.  This was not the case with the furniture dump – concentrations 

increased with smaller particle size with much greater effect.  The furniture dump field results 

indicate that either fine particle retention and/or possibly greater adsorption of PCB to the GAC 

filter material is occurring at this location, which is not happening at the same level at the other 

barrier sites.    

It seems likely that as the soil in the excavated areas stabilizes, the amount of coarser 

sediment transported to the valley and beach barriers will decrease relative to the finer (greater 

level of PCB) material. This argument would also fit in with the decrease in sediment loading in 

the funnel of the barrier.   In 2005, excavation was still proceeding which would account for the 

higher level of sediment in that year. The valley and beach barriers are functioning as designed 

since the contaminant is being removed as water passes through the barrier system.  The re-

introduction of two geotextile filters to trap the finer particles as the final step is to increase the 

efficiency of all three barrier systems and remove the finer material being transported from the 

drainage area. 

Differences in performance of the barriers have been iterated in previous sections:  the 

amount of sediment deposited in the various barrier funnels, and the mass of PCB retained in 

each barrier system.  The furniture dump behaves differently than the other two barriers – 
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indicating one of two possibilities:  Firstly, higher levels of contaminated soil behave differently 

than lower levels of PCB contaminated soil within this GAC system and secondly, barrier 

systems with less water flowing through the GAC filters adsorb PCBs more effectively.  

Laboratory work discussed in the next section will attempt to explain these behaviours and the 

driving forces of sorption/desorption. 

 These types of barriers have a finite treatment capacity and the lifetime of the barrier can 

be limited by physical changes to the barrier, such as decreases in porosity and permeability 

(Blowes et al. 2000).  Clogging of the barrier by particles also leads to preferential flow channels 

that may reduce adsorption capacity of the barrier material by reducing residence time with the 

reactive media (Seki et al. 2006). Over the 2003-2007, design modifications had been made 

specific to the individual barriers needs to accommodate these factors.  These design 

modifications were partially made possible through better understanding of the behaviour of the 

barrier materials in controlled, laboratory experiments.  These laboratory experiments are 

described below. 

 

3.4.5 Laboratory Studies – Field Samples   

It was seen from field samples at the furniture dump that although very little soil was present in 

the filters, high concentrations of PCBs were evident.  Laboratory studies were undertaken to 

evaluate whether the PCB in the filter was attached to the soil, or adsorbed onto the GAC.  

Several samples from the furniture dump barrier (FD1, FD2 and FD3) and the valley (V1, V2 and 

V3) with higher PCB concentrations were selected for analysis.  These samples were rinsed with 

distilled water to remove all soil particles from the GAC and left to dry prior to soxhlet extraction 
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and GC/ECD analysis, similar to the procedure used for column samples described in Section 

3.3.4.   Results of initial and final partitioned concentrations are shown in Figure 3-7.   

These rinsed field samples showed that adsorption plays a much larger role than 

previously thought from laboratory testing.  GAC field samples showed an adsorption of 35 ± 2% 

(valley) and 62 ± 11% (furniture dump) of the total amount of PCBs.  This contrasts with 

experimental column data in the laboratory which shows an adsorption of 0.4  ± 0.3 % after 2 

minutes and only up to 8.7  ± 2.4% after 72 hours.  In column tests, particle retention was the 

most important factor -there was no significant difference (t=0.3564, p> 0.05) found between the 

sand (0.2 ± 0.3 %) and GAC (0.4 ± 0.3 %) materials for adsorption during column runs. There is 

also a noted difference between how the different sites are behaving; adsorption clearly plays a 

much more integral role in the furniture dump barrier.  The soil pH of these two sites are similar 

(3.9 in the valley, 3.8 in the furniture dump), but the flow regime through the barrier systems are 

different; the valley barrier experiences greater volumes of both water and soil.  The difference in 

performance between barriers may be due to different concentration gradients affecting mass 

transfer processes. These results show that there seems to be a significant difference in how the 

GAC is behaving in the field versus what is being seen in the laboratory column tests.   

Over time, granular filter materials can be washed out (Locke et al. 2001).  In the field, 

one of the key questions was whether PCBs may be rinsed off/out of the filter materials.  A 

longer-term washing column study was conducted that flushed 100 L of water through the 

column over 25 minutes and showed that PCBs were not lost by an increased volume (V)of water 

flushing through the system (6.1 ± 0.4% at V = 8 L, 3.8 ± 2.0% at V = 100 L).   
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The adsorption in field sample results could not be explained by column studies 

conducted. This may be due to long contact time in the field or increased particle-to-particle (soil-

to-GAC) contact (Werner et al. 2005).   This occurs from spring run-off, when soils are mobilized 

and trapped within the granular filter matrix.  As the water flow decreases, soil particles are left in 

the filter for periods ranging from several months up until 1 year.  The partitioning adsorption 

phenomenon is quite complex concerning PCBs.  In efforts to simplify the system for better 

understanding, several new batch studies to be discussed in Chapter 5 were developed in order to 

attempt to explain these mechanisms.  With these results, it may be possible to tailor each barrier 

system to suit the needs of its unique hydrogeological location.   

 

3.5 Conclusions 

The surface barrier systems that were originally installed in 2003 and 2005 have proven to be 

successful in trapping PCB contaminated soil.  The monitoring plans have adapted over the years 

to accommodate changes in design and efficiency of monitoring the barrier systems themselves.  

Changing patterns in previously contaminated areas downstream of the barrier confounds 

monitoring points that are taken in these locations.  It is difficult to tell whether the contamination 

comes via breakthrough of the barrier systems or whether it is from contamination already present 

in the area shifting to a new pocket or gully.  As soil pockets stabilize over time, less sediment at 

lower concentrations will pass through the barrier systems and the performance of a monitoring 

strategy will improve.  Conversely, the furniture dump system behaves in a different way than the 

other two barrier systems: as time goes on greater contamination seems to flow through the 

barrier system.  The cause for this is unknown.  Increased freeze-thaw action may be bringing 
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previous contamination to the surface. However, the barrier is effectively concentrating and 

trapping highly contaminated fines as can be seen in the filter results 

Laboratory studies indicated that particle retention was the most important factor in 

retaining PCBs – however rinsed field samples demonstrated that absorption plays a larger role 

than has been simulated in the laboratory – particularly for areas with highly PCB contaminated 

soils, as with the furniture dump at our field location.  This sequestering of PCBs in a permeable 

reactive barrier has great implications for both surface and subsurface remediation. Inevitably, 

soil particles trapped in granular filters will wash out over time, however, the PCBs will remain 

adsorbed to the GAC filters and clean soil particles may exit the system.  This sequestering can be 

incorporated into the design for both surface and subsurface barriers, by designing the retention 

time of particles within the filter to be equal to that of the time needed for partitioning.  Further 

testing in terms of evaluating soils, comparing concentrations and planarity effects using 

congener analysis needs to be conducted in order to tailor barrier designs for their unique 

hydrogeologic conditions and contaminant histories.  Preliminary work in this area has been 

conducted and is described in Chapter 5.  
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3.8 Tables 

Table 3-1:  Filter results of Furniture Dump (FD) and Valley (V) Barriers, 2004 (amount 

PCB in mg). 

Filter Samples FD Barrier V Barrier 

W1 1.9 1.7 

NW 1 21 6.5 

NW 2 27 n.s. 

Hydrophobic Geosorbent 

GAC 

16 

161 

4.8 

360 

n.s. denotes no sample taken. 

 
 

Table 3-2:  Soil Monitoring Points in Furniture Dump Barrier (2004-2007). 

 PCB Concentration (µg/g) 

Location of Sample 2005 2006 2007 

Upstream of Sediment Trap <1.0, 58 24 43 

In Funnel 24 20 32 

Between Filters in Gate n.s. 68 118 

Between Barrier and Cliff 38 49 32 

Near Cliff Edge 2.8 16 12 
n.s. denotes no sample taken 
 

Table 3-3:  Monitoring Soil Points in Valley Barrier (2004-2007). 

 PCB Concentration (µg/g) 

Location of Sample 2004 2005 2006 2007 

Upstream of Chevrons 12* 7.4 1.3 4.5 

Between Chevrons and Gabion Fence n.s. 3.3 8.7 3.7 

In Funnel 11,13,37 3.7 7.6 5.3, 6.7 

Between Filters in Gate n.s. 37 5.0 n.s. 
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Clean Cell 3.9 2.6 n.s. n.s. 

Second Clean Cell (30 m downstream) n.s. n.s. n.s. 2.6 

*sample taken where chevrons were eventually placed. 
n.s. denotes no sample taken 
 

Table 3-4:  Monitoring Water Samples in Furniture Dump and Valley Barriers. 

 PCB Concentration (µg/L) 

Location of Sample 2004 2005 2006 2007 

Valley     

Upstream of Chevrons n.s. n.s. 0.02 0.08 

Between Chevrons and Gabion Fence n.s. n.s. 0.12 n.s. 

In Funnel 0.07 n.s. 0.11 0.03 

After Filter Box n.s. n.s. 0.09 0.07 

20 m downstream n.s. n.s. n.s. 0.02 

50 m downstream n.s. n.s. n.s. n.s. 

Near Cliff Edge n.s. n.s. n.s. 0.08 

     

Furniture Dump     

20 m Upstream n.s. n.s. n.s. 0.60 

Funnel 0.70 0.89 n.s. n.s. 

n.s. denotes no sample taken. 

 

 

Table 3-5:  Water Monitoring Samples From Beach Barrier (2006, 2007). 

Location of Sample PCB Concentration 

(µg/L) 

 2006 2007 

In Funnel 0.21 n.s. 

After Filter Box 0.05 0.01, 0.04 

Below cliff at Sea Edge 0.05 0.03 
n.s. denotes no sample taken 
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Table 3-6:  Mass of PCB (g) and Volume of soil (m3) Collected by Each Barrier for the 

Years 2006-2007. 

Barrier Volume of 

Sediment (m3) 

Mass of PCBs (g) 

 2006 2007 2006 2007 

Valley 2.2 1.0 5.1 8.8 

Beach 2.0 1.3 0.7 1.3 

FD 0.3 0.3 30 17 

 

 

Table 3-7:  Mass of PCBs Collected in the Three Barrier Systems in 2006. 

Barrier Volume of 

Sediment (m3) 

Mass of PCBs 

in Sediment (g) 

Mass of PCBs 

in Filter (g) 

Valley 2.2 5.0 0.13 

Beach 2.0 0.7 0.05 

FD 0.3 29 0.73 

 

 

Table 3-8:  Filter Results From all Barriers in 2005-2007 

  Valley  Beach  FD 

Filter Mass PCB (mg) 

2005   2006   2007 

Mass PCB (mg) 

2005    2006   2007 

Mass PCB (mg) 

2005    2006   2007 

½ Gravel 149 64 - - 14 23 - 70 37 

Full Gravel 65 47 17 - 15 13 33 134 42 

GAC 23 20 128 - 7.2 11 48 258 121 

GAC 75* - 145 - 8.9 10 - 249 138 

NW2 - - - - - 0.3 - - - 

*These set of GAC filters were placed in the valley during the summer season and are not part of 
the regular filter configuration. 
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3.9 Figures 

 

 

Figure 3-1:  Map of Contamination at Beach Prior to Excavation 
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Figure 3-2:  Map of Contamination at Furniture Dump Prior to Excavation (adapted from 

ASU 1999). 

 

 

Figure 3-3:  Map of Contamination at Furniture Dump After Excavation (adapted from 

ASU 2000). 
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Figure 3-4:  Schematic of Column Apparatus, Shown in Vertical Position.   

 

 

Figure 3-5:  Photograph of GAC and Sand Used for Column and Batch Experiments 

89 mm
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Figure 3-6 a-c:  Photograph of Valley Barrier (a), Furniture Dump Barrier (b) and Beach 

Barrier (c) in their Different Design Configurations. 

(a) Valley Barrier

(b) Furniture Dump Barrier

(c) Beach Barrier 
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Figure 3-7:  Rinsed and Non-Rinsed field GAC Filter Samples.  FD1-3 Denotes 3 Furniture 

Dump GAC Barrier Field Samples and V1-3 Denotes 3 Valley GAC Barrier Field Samples.   
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Chapter 4 

The Application of Geotextile and Granular Filters for PCB 

Remediation 

4.1 Abstract   
The application of a surface, permeable reactive barrier has been implemented at a remote site in 

the Canadian Arctic for the remediation of polychlorinated biphenyl (PCB) contaminated soils 

and water.  The initial barrier system was installed in July of 2003.  Preliminary work included 

here in both the field and laboratory suggested that geotextiles alone may not be adequate for this 

particular Arctic barrier system due to issues related to survivability and durability (specifically 

the effects of high UV and freeze-thaw) and clogging.  Subsequent field and laboratory work in 

this chapter demonstrated that granular materials trapped the majority of PCB contaminated soil 

without impeding hydraulic performance, however, fines were escaping. Extensive column 

testing in the laboratory presented here in this chapter will show that a nonwoven geotextile filter 

can be applied with success with a granular permeable reactive barrier system.  This paper 

presents the results of laboratory experiments and field research used in the design of this barrier 

system.   

 

4.2 Introduction 
Geosynthetic barrier systems that contain contaminants by virtue of their low permeability are 

now well established (Rowe 2005; Southen and Rowe 2005; Barroso et al. 2006; Bouazza and 

Vangpaisal 2006; Dickinson and Brachman 2006; Touze-Foltz et al. 2006).  In sites with 

contaminated drainage pathways, a more permeable system may be required.  However, little 
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research has been conducted on the use of permeable barrier systems to contain contaminants.  

This paper describes such an application, and provides the results of laboratory studies and field 

research aimed at establishing the efficacy of such systems. 

A permeable reactive barrier was implemented at a remote site in the Canadian Arctic 

(Resolution Island, Nunavut, Canada) for the remediation of polychlorinated biphenyl (PCB) 

contaminated soils and water.  This work is being carried out to support the long-term monitoring 

plan on Resolution Island, a former cold-war era radar site.  This barrier system has incorporated 

several filter materials over the years in an effort to improve the design and meet site compliance 

concentrations.  Laboratory testing including permittivity testing, batch tests and column tests 

was conducted to assess the suitability of geosynthetic sorbents, geotextiles and granular filters 

for removing PCBs from water.  

This paper presents the results of three laboratory studies and three seasons of field 

research supporting barrier filtration at Resolution Island, Nunavut, Canada, located at 60 degrees 

35'N, 60 degrees 40'W.  The first laboratory study investigates the effects of stresses (including 

UV exposure and freeze-thaw conditions) on geotextile permittivity.  The second laboratory study 

compares adsorption isotherms of two promising sorbents identified during the 2003 field season:  

Granulated Activated Carbon (GAC), and a hydrophilic geosynthetic adsorbent.  The final 

laboratory study, using a horizontal stainless steel column apparatus, measured the fines escaping 

a variety of permeable filter systems.  The field research results from 2003 describe challenges 

with clogging in a combined geotextile-geosorbent-GAC system.  The 2004 results show an 

increase in permeability in a system using granular materials alone.  Finally, the 2005 field 
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research summarizes the remaining challenges in the design of this barrier system.  Conclusions 

are drawn for both research and practice, and limitations to the design are described. 

 

4.2.1 Funnel and Gate Barriers on Site 
Subsurface permeable reactive barriers have been used to successfully remediate contaminated 

groundwater for the past decade (Starr and Cherry 1994; Blowes et al. 1999; McGovern et al. 

2002; Birke et al. 2003; Lai et al. 2006).  There are many advantages to using this particular 

technology in treating contaminated water.  After the initial installation, there are very few costs 

associated with the operation and maintenance of the barrier system beyond site monitoring (US 

EPA 2001).  The barrier system offers a passive system for treatment of groundwater, using no 

external energy source.   Reactive barrier systems have the potential to remove contaminants 

from groundwater to meet regulatory levels (US EPA 2001).   

In order to successfully remediate a plume, the reactive barrier wall must be large enough 

that the entire plume passes through it.  If a contaminant plume extends to great depth or is very 

wide, the necessary dimensions for the reactive barrier may be so large as to become impractical, 

and alternative remediation technologies may be required.  McMurty and Elton (1985) originally 

discussed a design concept in qualitative terms that could enable a barrier to deal with these large 

contaminant plumes, which was later implemented by Starr and Cherry (1994).  This is 

commonly known as a Funnel-and-Gate system. 

  At Resolution Island the field season is short, access to the site is difficult, and climatic 

conditions are harsh.  Remediation of the PCB contaminated soil under these conditions required 

the development of a unique cleanup strategy and a novel remediation technology.  The 
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contaminated soil was excavated and either destroyed through incineration if levels were > 50 

ppm or landfilled on site if concentrations were between 1 and 50 ppm.  However, because of the 

difficult terrain and the fractured bedrock of the site, some PCB contaminated soil remained on 

site. Long-term remediation goals were established to minimize PCB migration into the Arctic 

ecosystem.  A technology to demobilize movement of PCBs in sediment and surface water was 

subsequently developed to meet these goals. Surface funnel-and-gate permeable reactive barriers 

were designed and constructed on-site.   

PCB contamination was not present at depths below 1 m and generally there was little 

surface soil above bedrock.  There is essentially no groundwater due to the shallow depth from 

the surface to the permafrost layer, and therefore subsurface remediation was not necessary.  The 

barrier was designed to trap contaminated soils in the funnel portion and to filter fines in the gate 

portion, with a final polishing step involving the use of an adsorbent to remove aqueous PCBs.     

This approach is particularly important when excavation during remediation mobilizes 

contaminated soil.  In Canada, cleanup criterion for former military sites in the north stipulates 

that PCB concentrations in soil exceeding 1 ppm must be isolated from the Arctic ecosystem.  

Excavation is a cost-effective approach to achieve this goal, but the sediment mobilized can clog 

geotextile-based permeable systems.  Therefore, permeable reactive barriers can be used during 

excavations to trap mobile particles in the drainage pathway, and can be complemented in 

subsequent years with geotextiles as sediment loading decreases. 

 The smallest particle size of soil contains the highest amount of PCBs (ASU 2002).   The 

barrier was designed to capture these highly contaminated fine particles of soil and to provide at 

least partial treatment of runoff water containing PCBs.  In the design employed at Resolution 
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Island, contaminated drainage water flowed first between a funnel constructed of gabions, and 

then over a geosynthetic liner in order to trap particulate matter by reducing the flow of the water. 

Water and entrained particulate matter would then be contained by the “funnel” and forced to 

pass through the filter box, or “gate”.   

 

4.2.2 Filters for Remediation  
The soil to be remediated at Resolution Island is a sand with 20% gravel and classified as SP 

under the Unified Soil Classification System. It has no plasticity, a d85 (particle size in which 85% 

of the soil sample is finer than) of 5 mm, a d50 of 0.6 mm, a d10 of 0.075 mm, a coefficient of 

curvature (Cc) of 0.83, and a coefficient of uniformity (Cu) of 11.3.  The grain size ranges from 

75 μm to 25.4 mm with a gently changing slope.   This section will describe the application of 

various filter technologies in remediating this type of contaminated soil. 

Filters, by removing particulate matter from water, play a critical role in potable and 

waste water treatment (Reddi 1997).  In each application, the filter provides an economical 

particle separation process that can achieve a desired water quality level with respect to 

particulate matter and, in some cases, with respect to specific contaminants that are often found in 

colloidal or particulate phases.  Filters can be used in barrier systems exposed to liquid carrying 

particles in suspension (Faure et al. 2006; Liu and Chu 2006; Muthukumaran and Ilamparuthi 

2006; Wu et al. 2006).  Though an atypical use of geotextiles, this design acts in a similar manner 

to a ‘silt fence’ application (Stormont et al. 1997; Theisen 1992; Henry et al. 1999). 

 There are various filter design criteria depending on the application.  The two most 

important functional criteria for filter design are soil retention and permeability (Giroud 1996; 
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Luettich et al. 1992; Luettich 1993; Mlynarek and Fannin 1998).  However these criteria have 

conflicting requirements; as retention increases, so does the likelihood of clogging, and as 

clogging increases, permeability drops.      

Geosynthetic adsorbents, both hydrophilic and hydrophobic, were used in the original 

field filtration design at Resolution Island, but have since been discarded in preference of 

granular activated carbon (GAC), which can act both as a filter for contaminated fines and  

adsorb aqueous PCBs.  Sorptive removal can be a good solution for the attenuation of 

hydrophobic organic contaminants in water (Simon et al. 2003), and have been shown to be 

effective in cleaning up PCBs in the environment (Carroll et al. 1994).  Therefore, their 

application in this scenario was investigated. GAC is an adsorptive material that has been used in 

many permeable reactive barriers (PRBs) (Lorbeer et al. 2002; Birke et al. 2003) as well as being 

a suitable sorption material for PCB remediation (Ghosh et al. 2003).   The use of a passive 

material that will be able to withstand the harsh arctic conditions has great appeal.  Table 2-2 

describes the various filter materials and their relevant properties.       

In addition to the field trials on Resolution Island, the various filter and absorbent 

materials used on site have been examined in a number of laboratory studies. Batch tests were 

conducted on the two most promising sorbents from the 2003 field data results: GAC and the 

geosynthetic hydrophilic absorbent boom.  Sorption kinetics were evaluated and compared 

between these two materials. The geotextiles were also tested for permittivity and permeability 

after being subjected to freeze-thaw and UV stresses to simulate the harsh conditions in the Arctic 

environment and evaluate survivability and durability of the materials. 
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4.2.3 Batch Studies 
Batch studies rapidly screen potential materials for reactive barriers.  Results from these studies 

can be used to quickly select which materials are best suited for the contaminant/geochemical 

situation, and these materials can then be selected for further laboratory testing (Powell and 

Powell 1998).  Batch tests are usually faster, cheaper and simpler to set up than column studies 

(Crittenden et al. 1985; Powell et al. 1995).  This study used batch adsorption isotherm tests.  In 

these tests, a controlled amount of media was added to water with known concentrations of 

contaminant, and then shaken for a specified interval.  In batch studies, it is also possible to keep 

concentration constant and vary the mass of the adsorbent.  The prior type of batch studies were 

chosen due to the heterogeneity in GAC particle sizes, as the amount of error associated with 

syringes in the laboratory were known and accounted for.   These studies were used to compare 

the two most promising adsorbent filter materials used in the 2003 field, GAC and the hydrophilic 

geosynthetic adsorbent.     

 

4.2.4 Column Studies 
Column studies provide a means to mimic field conditions.  Column studies were conducted to 

assess permeability, breakthrough and effective residence times.  These tests involved pumping a 

feed solution that mimicked contaminated run-off passing at varied rates through a column of 

reactive material.  Breakthrough occurs when the reactive media thickness is too short and in the 

field would result in the barrier failing to meet the compliance point (Powell and Powell 1998).  

Column studies provide a means of assessing which filter materials trapped the maximum amount 

of fines without clogging.    
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4.3 Methods 

4.3.1 Barrier  

In 2003, a trial barrier system was installed on site (Figure 4-1).  The filter box, or gate, consisted 

of four pairs of slots into which filters or cassettes containing absorbing material were placed 

(Figure 4-2). The filter box was made from 1.6 mm stainless steel panels.  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.   Unfortunately, temperature was not able to be 

monitored.     

To allow changing of the filter cartridges, the lids of the barrier were removable. 

Cartridges were placed in each filter slot. Geotextile filters were installed by fitting the geotextile 

on a wood frame and placed in the slots furthest upstream (Figure 4-2). Window screen material 

with an aperture of 2 mm was used to contain granular materials.  Details of the filter materials 

used are given in Table 2-2. 

 

4.3.2 Column  
The column apparatus was constructed of stainless steel and comprised an entrance drain, filter 

sections and an exit drain (Figure 3-4).  Each middle section can be interchanged, providing for 

greater flexibility in testing varying filter thickness. Water flow was controlled using a 

programmable water pump.  For mass balance calculations, effluent was captured in 1 L Teflon 

bottles (i.e. Table 7-36 in Appendix F).  Once testing was completed, contaminated exit water 

passed through a sand and charcoal filtration system prior to being discarded or re-used.  For the 

purposes of this particular paper, breakthrough was considered evident when fines exited the 

column apparatus and captured in 1L Teflon bottles, described below.  The filter materials and 
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water were tested to ensure exiting waters were PCB free.  The column apparatus was designed to 

allow for both vertical (preferential for kinetics testing) and horizontal (preferential for 

mimicking field conditions) orientation of testing.  Prior to running adsorption experiments, it 

was important to evaluate whether a mass balance could be achieved on the newly constructed 

apparatus.  Column tests were run in triplicate.   

The PCB contaminated soil used for experiments was excavated from the site and stored 

at 4oC.  Different concentrations of soils were combined and homogenized to create a sample of 

uniform soil concentration with a PCB concentration approaching 50 μg/g.  Soil with a higher 

PCB concentration was used for experiments to facilitate subsequent analysis (PCB extraction by 

soxhlet, PCB extraction in water by liquid-liquid extraction).  The soil was mechanically mixed 

for two days using a tumbling apparatus to obtain reasonable homogeneity.  Three sub-samples of 

this soil mixture were analyzed using soxhlet extraction to evaluate its PCB concentration.  A 

level of PCBs in soil of 44 ± 3.3 μg/g was achieved. 

To establish a mass balance, a known quantity of this PCB contaminated soil was flushed 

through the column at a constant flow rate as a slurry, sourced from a glass beaker.  The effluent 

was collected and carefully filtered through filter paper with an opening of 0.7 µm.  The source 

beaker was rinsed and the effluent was also filtered through filter paper with an opening of 0.7 

µm.  Air was blown through the column to dry the material inside for 12 hours.  The column was 

then carefully taken apart to ensure that each fraction of PCB contaminated soil remained within 

the sections (i.e. entrance drain, filter section, exit drain; see Figure 3-4).    After emptying the 

column, the column was wiped down with gauze, and DCM and all samples were analyzed using 

soxhlet extraction (US EPA 1996) and GC/ECD (Gas Chromatography with an Electron Capture 
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Detector).  Concentrations were converted to percentages, to enable comparison between the 

experiments.  It was possible to use these numbers to establish a mass balance on the column.  

Across 10 experiments an apparatus error of ± 10% was created to allow for variance.  The 

average percent recovery variance from these 10 experiments was 10.3%, calculated as the 

standard deviation.   This mass balance added confidence that results obtained using this column 

apparatus reflected good performance and meaningful results.   

Discrepancies in filter porosity can lead to large variations in results.  A larger degree of 

pore space within the filter compartment translates to more fines escaping.  Tests were performed 

for samples at the same porosity, estimated by using the same mass of filter material for each run.    

Data reported in this chapter are from column runs within acceptable mass error limits of  ± 5% .  

 

4.3.3 Filter Analysis of Filters in Field Gate 
Three geotextiles (W1, W2, NW2; see Table 2-2) were examined.  The effective opening size 

(EOS) of the filters was obtained from the manufacturers’ literature, using the ASTM D 4751 

standard.  After a period in the barrier gate (the filters were left on site during either the summer 

field season or ‘over-wintered’ during the winter and spring seasons) they were removed and 

sampled by cutting out three 70 mm by 70 mm squares cut across the top, the middle and the 

bottom of the filter. This was done so that the values in each area could be averaged, and applied 

to give an appropriate value for each section of filter (top, middle, bottom) as well as averaged for 

the whole filter. The hydrophobic geosorbent shredded material was sampled in two rows down 

the sides of the filter from top to bottom, totaling six samples with two samples taken from the 

top, two from the middle region and two from the bottom region of the filter box. Because the 

granules of the activated carbon (GAC) shifted during transport back to the laboratory, the 
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granulated carbon was poured into several large containers and thoroughly mixed. In total, nine 

samples were taken for extraction and the results were averaged. In the case of the absorbent 

booms, there were four booms in each filter box. One sample was taken per boom from the filter 

boxes. These four boom samples were sub-divided into: top, top middle, bottom middle and 

bottom (Figure 4-3). The results for the two middle booms were pooled. The samples were then 

analyzed for PCBs using Soxhlet extraction and GC-ECD analysis. 

 

4.3.4 Batch Tests 
Distilled, deionized water (800 mL) was added to a 1 L Teflon bottle.  To this water, PCBs as 

Aroclor 1260 (1000 μg/mL) was added, in varying amounts to obtain concentrations ranging from 

25 to 1000 ppb in water. The resulting solution was tumbled in a revolving box, at a rate of 30 ± 2 

rpm, as per Ontario Leachate Testing Regulations 558/00 (Environmental Protection Act 2000).  

After one hour of tumbling (to allow time for the solution to mix thoroughly), the bottles were 

removed and 1.0000 ± 0.0005 g of pre-measured sample (sorbent) was added to the solution.  The 

bottles containing 1260 Aroclor, water and geosynthetic were allowed to tumble for various 

periods of time:  12 hours, one day, three days, and one week.  At the end of the allotted period of 

time, the samples were then filtered through pre-weighed filter paper (Q8 Fisher) into separatory 

funnels. PCB analysis was performed on the resulting water. The bottles were rinsed and rinsate 

was poured through the funnels, to ensure that all material was retrieved.  The solid samples were 

then allowed to dry before Soxhlet extraction.  Batch tests were run in triplicate at a minimum.   
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4.3.5 PCB analysis 
All dried, pre-weighed samples were placed in a glass thimble and spiked with a 100 μL aliquot 

of DCBP, a surrogate standard. Samples were extracted with 250 mL of methylene dichloride. 

Extracts were concentrated using a rotoevaporator and the solvent was exchanged to hexane 

before cleanup of the sample, accomplished by flushing the hexane containing PCBs through a 

Florisil silica column and making the resultant eluent up to 10 mL with hexanes.  Approximately 

1.5 mL of sample was then transferred from the 10mL volumetric into a labeled GC vial and 

sealed. Each sample was analyzed using an HP 5890 Series II Plus gas chromatograph equipped 

with a Ni63 electron capture detector (GC/ECD), a SPBTM-1 fused silica capillary column (30 m, 

0.25 mm ID x 0.25 μm film thickness) and HPChem station software. A 10 ppm 1260 Aroclor 

standard was run with the samples, blank and spike along with three DCBP standards, used to 

calculate percent recovery. A hexane blank is also run with the samples. 

 

4.3.6 Permittivity Testing 
Four different geotextiles were tested for their permittivity and permeability, including woven 

W1 and W2 and nonwoven NW1 and NW2.  A second set of these geotextiles was exposed to 

freeze-thaw cycles to mimic the Arctic environment. This procedure ran for 150 days. Each 

morning, the filters were submerged in water and placed in a freezer. At night (after 

approximately 10 hours) the filters were removed and allowed to thaw at room temperature (26 ± 

3 oC).  These steps were repeated every 1-2 days for a total of 100 continuous freeze-thaw cycles. 

Another set of these same geosynthetics were exposed to ultra-violet light for five months during 

spring and summer. The materials were secured to a wooden board and placed flat on the 

southern side of the roof of the five-storey Biosciences building at Queen’s University, Kingston, 

Ontario, Canada (Lat: 44 degrees 14’ N Long: 76 degrees 30’W). The filters were monitored and 
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continually exposed to the elements.  After completing exposure conditions, the geosynthetics 

were tested using the ASTM D-4491 standard, “Test Method for Water Permeability of 

Geotextiles by Permittivity”.  These conditions are much more harsh than would be typical in the 

field (see Figure 7-1 in Appendix A). The flow rates through the woven and nonwoven filters 

were recorded along with the water pressures on either side of the geotextiles. 

 

4.4 Results and Discussion 

4.4.1 Permittivity Testing 
Permittivity testing was conducted on the geosynthetics to evaluate the effects of the harsh 

conditions of the Canadian Arctic on the hydraulic performance (Table 4-1).   The pressure 

differences across the geosynthetics were recorded when different flow rates were applied.  The 

temperature was also recorded for each run as the viscosity of water changes with temperature.   

The effect of different gradients on the flow through the geotextiles was also investigated.    

Exposure to UV-light and freeze/thaw cycles significantly (at the 95% confidence level based on 

Student’s t-test) affected the flow through all geotextiles tested. Specifically, UV affected W1 and 

NW2, freeze thaw affected both NW1 and NW2.   In some cases the material was stretched, 

indicated by greater permittivity and permeability values.  In other cases the pores of the 

materials were damaged and collapsed, reflected by permittivity and permeability values.  This 

shrinking action in the field could reduce permeability, while stretching could impact the 

effectiveness of soil retention by increasing permeability within the filter.  The amount of freeze-

thaw and UV exposure the filters would be exposed to over a year on site would be much less 

than what these materials were exposed to.  On site, the geotextiles are encased within the 

stainless steel box.  Freeze-thaw events would occur over a short period of time in the field: in the 
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early summer (May-June) and again in early fall (September-October).  In the field, filter 

materials would be exposed two both a spring and a fall set of freeze-thaw conditions, although 

the number of freeze-thaw cycles would unlikely exceed 100. 

 

4.4.2 Batch Studies 

4.4.2.1 Sorbent 
For all periods of time and concentrations (25 to 1000 ppb in water) of PCB, the hydrophilic 

geosorbent proved to be very effective at adsorbing the PCBs under these static conditions.  

Recovery of the PCBs in the sorbent, averaged over 39 samples, was 96 % ± 13 %.  In all cases, 

the amount of PCB detected in the water was below detection levels (<3 ppb).  PCBs, especially 

1260 Aroclor which is made up primarily of hexa- and septa-chlorobiphenyls, have very low 

solubilities in water (Hutzinger et al. 1983).  It was noted that there was no significant difference 

between the varying periods of time of tumbling, which indicated that the reaction reached 

equilibrium by 12 hours (Table 7-33 in Appendix F).   

Additional batch tests were conducted to assess the maximum sorption capacity of the 

sorbent and to establish whether efficiencies changed when a greater concentration of PCB was 

present in the solution.  It was found that as amounts of PCB approached 600 ppm for 1 g of 

sorbent, efficiencies were significantly decreased (Figure 4-4).  However, there has been no 

evidence to suggest that the materials would be exposed to these levels of PCB in such a short 

period of time in the field.  These findings were therefore promising, since they indicated that the 

hydrophilic geosorbent booms selected from 2003 were capable of accommodating high 

concentrations of PCBs.    
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4.4.2.2  GAC 
GAC was tumbled for two different durations, 12 hours and 24 hours, at varying concentrations 

(25 to 1000 ppb in water).  Similar to the findings from the hydrophilic geosorbent boom batch 

tests, there was no detectable PCB in the water and recovery for the GAC (92 % ± 6 %, n=14) 

demonstrated that GAC was as effective a sorbent as the geosynthetic booms under the conditions 

examined.    Although GAC may retain PCB contaminated soil by acting as a granular filter, the 

ability of the granular material to treat PCB contaminated water in the field may be greater than 

that of the hydrophilic geosynthetic sorbent due to its more permeable nature as a granular 

material, exposing greater surface area to the contaminant.  In batch studies, the maximum 

sorption capacity of the GAC was not reached.  As PCB amount increases, levels of sorption 

efficiency will decrease as the maximum sorption capacity is reached.  Even at levels of 800 ppm, 

100% of PCB was adsorbed. These levels of PCB contamination were not observed in the field 

because the higher concentrated soil was removed via excavation.  Contamination at levels tested 

in the laboratory are unlikely to be found in field sites, reducing concerns about sorption capacity.  

Isotherms could not be generated for these as amounts in water were inconsistent, often below 

detection limits (Table 7-34 in Appendix F).  At this point in time kinetic studies were not 

conducted on the GAC batch samples as these initial batch tests were only meant for comparison 

with the geosynthetic sorbent in terms of sorption capacity.     

 

4.4.3 Column Studies 
A particle size of 2-3.35 mm was selected for the GAC filter.  It was expected the bridging 

mechanism that occurs during clogging of pore spaces would reduce pore throats (Giroud 1996); 

thereby retaining a greater quantity of PCB contaminated fines.  Inevitably, some fines will 

escape through the 3-D pore network structure of the granular filter.  Modeling of granular filters 
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has shown that over time, granular filter material is unstable and can lead to washing out (Locke 

et al. 2001).  In an application where the goal is to trap contaminated fines and the filter is likely 

to receive seasonal loading, this can become a problem.  In this study, laboratory tests were 

conducted using a horizontal column apparatus that was capable of mimicking site conditions 

such as dynamic seasonal loading.   

Column test results were conducted to compare 76 mm thick gravel, 25 mm and 76 mm 

thick GAC filters.  There are two types of GAC filters of varying size partitions: GAC2 has a 

uniform particle size of 2 mm and GAC1 consists of particle sizes ranging from 2 mm to 3.35 

mm.  The sand had an angular shape and a uniform particle size of 2 mm.  The gravel was sieved 

to a particle size range of 3 – 6 mm.  Results are given in Table 4-2 and Figure 4-5.  “Trapped by 

filter” refers to PCBs that are trapped either in front of the filter or within the filter.  “Trapped 

within filter” refers to PCBs in the filter material.  “Escaped” refers to PCB fines exiting column 

and collected in 1L Teflon bottles. From these results, it is apparent that the thicker GAC filter 

performs better than both types of thin GAC filters or the thick gravel, in terms of the amount of 

fines escaping the filtration system, although for  the thick filter GAC1 compared to the thin 

GAC1, results were not quite statistically significant (t=3.8891, p<0.05, df=4).  It was found that 

the thick gravel filter performs similarly to a thin GAC1 filter (t=0.2085, p<0.05, df=4).   This 

result is particularly interesting, primarily because gravel is a much more cost-effective filter 

material.  Provided that there was enough space to make a thick enough gravel filter in the field, 

one could use less GAC material and reserve it for a fine polishing step.  

Although nonwoven needle-punched geotextiles were prone to clog, and hence 

performed poorly hydraulically as a full size filter, they performed very well in trapping PCB 
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contaminated fines due to their fine pore structure.  These filter materials were re-introduced as 

final polishing steps, after the granular filters.  The filters were re-designed as half-height filters, 

covering from the bottom to the middle of the filter chamber.  If clogging occurs, water can flow 

over the top of the geotextile filter, without hindering the overall hydraulic performance of the 

barrier system.   

In column studies, the half-height geotextile filters did not make a noticeable difference 

to the amount of fines trapped when used with the finer GAC (GAC2).  However, when used with 

the larger particle-size GAC (GAC1), the half-height geotextile filter reduced the fines escaping 

the system (t=2.9848, p<0.05, df=4).  It was found that increasing the thickness of the charcoal 

filters (Figure 4-5) provided the best performance in terms of trapping PCB contaminated fines.  

As is seen in the field results (presented later in this paper), much of the soil gets trapped prior to 

entering the filter chamber.  This occurs because the water flow is not great enough to push the 

soil along the bottom through the window screen mesh into the granular filter.  These studies 

were short-term (2 min), pumping the soil slurry through the column only once, followed by 

flushing the system for the remaining period of time.  Further studies will be needed to 

investigate the role of the polishing half-height geotextile over longer periods of time and with 

dynamic loading of soil through the column.  The column study results were beneficial in 

demonstrating that a geotextile filter, used in the form of a half-height filter, can be used together 

with a granular reactive media to provide effective trapping of PCB contaminated soil without 

hindering hydraulic performance  
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4.4.4 Field Work 
The initial filter box, or gate, installed in 2003, consisted of four pairs of slots into which filters 

(or ‘cassettes’) containing absorbing material were placed (Figure 4-1 and Figure 4-2).  In 2003, 

two separate sets of filters were installed.  The first set experienced summer rain conditions and 

the filters were shipped south for sampling and analysis. The second set of filters experienced 

over-wintering and spring run-off conditions.  Filters were sampled on site at the beginning of the 

field season and replaced soon after with a new set of filters.  For subsequent years, filters were 

installed at the end of the field season, ‘over-wintered’, and sampled at the beginning of the 

subsequent field season (Table 4-3).   

 

4.4.4.1 2003 
In 2003 both nonwoven and woven filters were incorporated into the gate (Figure 4-2).  From 

these field results (Table 4-4 and Figure 4-7), it was found that all filter materials successfully 

trapped PCB to varying degrees. GAC proved to be the most effective filter material.  Whether 

this was due to its properties as a granular filter or as a sorbent remains to be established. 

Although the geotextile filters successfully retained PCBs, they were found to clog.  The 

woven geotextile filters were replaced in an attempt to reduce the clogging.  The W1 and W2 

geotextile filters were soil-stained along the bottom half. The nonwoven geotextile (NW1) was 

completely soil-stained, indicative of high water levels and clogging (Figure 4-6). Samples were 

analyzed for PCBs and the results indicate that the filters were successful in trapping PCBs. The 

results shown in Figure 4-7were obtained from averaging and multiplying the concentration of 

the sample squares by the density and area of the section in question (top, middle, bottom). This 

yielded total μg of PCB trapped by the filter, allowing for direct comparison of the filters.  
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From these results, it can be seen that there is a vertical gradient in concentration with 

more PCBs trapped at the bottom of the filters than at the top. This gradient is likely due to the 

fact that most of the soil stayed in the bottom half of the flowing water column. These results 

confirm that most of the PCBs are adsorbed onto fine soil particles. Pore opening sizes must be 

chosen carefully to prevent clogging. The NW1 filter was more successful in trapping PCBs than 

either W1 or W2 due to both its smaller pore channels and increased thickness which gave rise to 

a substantially smaller EOS  for NW1 than W1 or W2 (Table 2-2).  The barrier was designed to 

filter out fine particles of contaminated soil; these initial field trials indicate that the geotextiles 

were successful in this task. The total amount of PCBs trapped by the geotextiles was 7.1 mg in 

the 6- week trial. However, due to clogging, the nonwoven geotextiles were not effective as a 

filter in this location.  However, as noted earlier, they did subsequently prove effective as a half-

height polishing filter. 

 

4.4.4.2 2004 
In 2004 at the field site, it was found that the soil loading was much greater than previously 

expected.  The barrier, with its current design of geotextiles and geosynthetics, could not cope 

with the volume of soil.  Water was found to be overflowing the barrier before any filters were 

removed.  Once the geotextile filters were removed, a greater volume of water flowed through the 

barrier.    Due to the performance of geotextiles in the laboratory tests and in the field, it was 

decided to switch to granular filters in order to improve upon the design.  Half-height gravel was 

used as the first filter to trap the maximum amount of contaminated soil without clogging the 

whole system in the first step.  This half-height filter could remove the majority of the sediment 

without clogging, by allowing clean water to flow over top to the next filter.  If the half-height 
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filter clogged, which was inevitable, it would not completely hinder the performance of the rest of 

the barrier system.  Figure 4-8 shows the filter materials arrangement at the beginning of field 

season 2004 (July) and the switch to new materials.   

Gate design amendments included a move to more permeable substances, such as 

granulated activated carbon (GAC), instead of adsorbent geosynthetics.  The particle size used in 

2003 was deemed too fine and broad a distribution of particle sizes (0.425 µm – 2.0 mm) to 

function as a granular filter after examining granular filter criteria.  In using such a small particle 

size of GAC there was the added fear of losing highly contaminated GAC fines outside of the 

system.  The new particle size distribution used in the GAC filter for the 2004 field season was 

comprised of fewer fines and a narrower distribution (GAC1, 2 – 3.35mm). The GAC had the 

added benefit of acting as a soil retention filter as well as being able to potentially treat PCB 

contaminated water.  Larger particle size gravel filters (2 – 8 mm) were placed in front of the 

GAC to trap soil and help protect the more expensive GAC filters.   

Some of the water flowed in between and around the geosynthetic sorbent materials, 

rather than through them.  Water levels in the hydrophilic geosorbent boom slot did not appear to 

exceed 0.3 m, as water quickly flowed between and around the booms.  Again, this indicates that 

the materials chosen were not permeable enough to allow water to flow freely, and that the 

preferential flow path was around these materials.  From this observation in the field, it was 

concluded that geosynthetic sorbent materials, like the geotextile filters, may have a use in the 

barrier system, but not without design modifications. 
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4.4.4.3 2005 

The barrier system was inspected at the start of the field season (July). Large volumes of 

sediment (7 m3) had been trapped but water was still flowing through the filters in the filter box.  

Fines were seen to be escaping from the box through the filter gates, although not enough to 

visibly increase volume of soil deposits downstream.  Using the column apparatus as an indicator, 

the amount of fines escaping could range from 3% to 6% (Table 7-20, Appendix E).  Monitoring 

points downstream from the barrier did not show an increase in PCB concentration. 

The new particle distribution (2 – 3.35 mm) in the GAC filter was sampled in 2005 to 

evaluate its success.  The larger particle size GAC trapped contaminated soil but did not clog.  

The thickness of the GAC filters was increased (from 76 mm to 152 mm) in 2005 to ensure that 

breakthrough of contaminant did not occur.  Gravel particle size was increased in the filter system 

(6.4 – 12.7 mm) largely to accommodate constraints on time; this change was related to logistics 

rather than design considerations.   

Column tests were comparable to what is seen in the field:  Although the granular filters 

were not clogging, fines were still escaping the barrier system.  The granular filters cannot be 

made to be thicker within the space allotted in the current design.  The GAC must maintain its 

present thickness of 152 mm in the field to accommodate the sorption of PCBs from water.  In 

this remediation scheme, a final polishing step in the form of a half-height geotextile filter 

provides the perfect option for helping to refine the remediation process.   

Although a full-size nonwoven geotextile filter clogged when used as a lead filter in the 

system (as discovered in the 2003 field trial), it was also found to be the most successful 

geotextile filter for trapping PCB contaminated fines.  By placing the nonwoven geotextile at the 
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end of the system, after most of the particulates have been removed, the potential for clogging can 

be substantially reduced. Furthermore, by using a half-height filter, it can clog without impeding 

the overall hydraulic performance of the barrier system.  In the future, half-height (265 mm) 

nonwoven needle-punched geotextile filters will be placed at the end of the gate system, in order 

to act as a final, polishing step.  It is proposed to use several of these final polishing filters in 

series, allowing water to flow over top the first with the second filter catching what the first filter 

missed. 

Excavation work at the site was completed in 2005.  The barriers constructed at the site 

will, in future years, have a much lower sediment loading.     

 

4.5 Conclusion 

Based on data from a remote site in northern Canada, we can conclude that the use of suitable 

geotextiles in a surface permeable reactive barrier is necessary to improve their performance and 

minimize the escape of PCBs to the environment via drainage pathways.  Although granular filter 

media is preferable from the perspective of permeability, survivability and durability, a nonwoven 

geotextile is ideal for small particle retention in this particular use of barrier technology and 

should be included in the filtration system as a final, polishing step.  As seen in the 2003 field 

season data, the nonwoven filter outperforms the W1 and W2 filters in PCB retention.  This is an 

important contrast to the laboratory permittivity testing results, which show an advantage to 

woven filters in terms of performance under extreme UV and freeze-thaw stress conditions. 

The geosynthetic hydrophilic adsorbent was as effective an adsorbent as GAC up to 600 

µg for 1 g of adsorbent in the batch studies.  By contrast, the GAC enabled excellent PCB uptake 
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while maintaining an adequate flow in the field studies.   In these field conditions, water tended to 

flow around and between the hydrophilic sorbent booms, rather than through the material itself.   

Horizontal column studies demonstrated that the use of a nonwoven geotextile in 

conjunction with a more permeable GAC could reduce the loss of contaminated fines.  The 

column studies showed that if thickness of the barrier was not limited, it would be possible to 

replace the finer GAC material with a less expensive alternative, such as gravel to trap 

contaminated particles.  However, this would hinder remediation of PCB in water by decreasing 

residence time of the contaminant in the reactive portion of the barrier.  Through both field and 

column work, it has been shown that to meet remediation goals, a nonwoven geotextile filter can 

be applied to remove PCB contaminated fines when used together with a granular, permeable 

reactive barrier system.   

Further studies will be needed to investigate the role of the polishing half-height 

geotextile over longer periods of time and with dynamic loading of soil through the column. 

Evaluation of the GAC material and its performance with respect to adsorption versus particle 

retention is currently ongoing.  The results will help decide whether a more economical material 

with the same particle size and distribution could be substituted in lieu of GAC.  Column studies 

must be conducted under varying temperatures to examine the effects of PCB adsorption in a 

colder climate. 
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4.8 Tables 
Table 4-1:  Permittivity Results of Geotextiles Evaluated for Use in Barrier Filter System. (σ 

= Standard Deviation).  Literature Results Taken from Manufacturer Guidelines (Terrafix 

1997). 

Geotextiles Permittivity 

(s-1) 

σ Permeability 

(cm s-1) 

σ 

NW2  
Literature 0.58 n.a 0.23 n.a 
Control 0.62 0.08 0.25 0.03 

Freeze/thaw 0.45 0.14 0.19 0.05 
UV 0.75 0.27 0.30 0.12 

NW1  
Literature 0.25 n.a. 0.15 n.a. 
Control 0.19 0.07 0.11 0.04 

Freeze/thaw 0.38 0.10 0.23 0.06 
UV 0.28 0.08 0.17 0.05 
W1  

Literature 0.17 n.a. 0.03 n.a. 
Control 0.37 0.08 0.07 0.03 

Freeze/thaw 0.34 0.12 0.07 0.03 
UV 0.73 0.39 0.15 0.08 

n.a. denotes non available 

 

 

 

 

 

 

 

 

 



 

122 

 

Table 4-2:  Column Test Results.  Table Depicts Trapped PCB Fines in Various Portions of 

Column. 

Filter % Trapped by Filter % Trapped within Filter % Escaped 

GAC2 (76 mm, Thick) 87 ± 5 25 ± 5 7 ± 1 

GAC2 (76 mm, Thick) with 1/2 NW2  87 ± 3 25 ± 3  7 ± 0.4 

GAC1 (76 mm, Thick) 78 ± 2 23 ± 3 13 ± 0.1 

GAC1 (76 mm, Thick) with 1/2 NW2  70 ± 5 12 ± 2 8 ± 3 

Gravel (76 mm, Thick) 71 ± 13 12 ± 0.2 20 ± 4 

Sand (25 mm, Thin) 64  15   20   

GAC2 (25 mm, Thin) 80 ± 13 18 ± 6 20 ± 3 

GAC1 (25 mm, Thin) 72 ± 3 13 ± 9 22 ± 7 

 

Table 4-3:  History of Filters Used and Field Observations at Resolution Island 2003-2006 

Installation/Removal Filters (listed 

upstream to 

downstream) 

Observations Conditions 

Installed in July 2003.   

Removed in September 

2003.  Shipped to Queen’s 

sampled and analyzed.   

Woven and non woven 

geotextiles 

GAC 

Hydrophilic geosorbent 
Hydrophobic 

geosorbent 

 

Poor hydraulic 

performance.      

Exposed to summer rain conditions 

only. 

Excavation nearby. 

Installed in September 

2003.  Removed in July 

2004.  Sampled on site. 

Woven geotextiles 

GAC 

Hydrophilic geosorbent 

Hydrophobic 

geosorbent 

 

Poor hydraulic 

performance.      

Over-wintered.  Spring run-off 

conditions. 

Excavations nearby. 

Installed in September 

2004.  Sampled on site.  

Removed in July 2005.   

Gravel  

GAC 

Better hydraulic 

performance. 

Over-wintered.  Spring run-off 

conditions.  Excavations and large 

soil piles nearby. 
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Installed in September 

2005. Removed in July 

2006.  Sampled on site. 

Gravel 

GAC 

Adequate hydraulic 

performance. 

Over-wintered.   Excavations nearby 

and completed this year. 

 

Installed in August 2006. Gravel 

GAC 

Nonwoven Geotextiles 

N/A Noted need for finer particle 

retention, hence re-introduction of 

geotextiles. 

  
 
Table 4-4:  Various Filter Materials and PCB Retained (mg) by the 2003 Barrier System. 

Note Performance of PCB Retained by GAC Compared to all other Materials. 

Filter PCB retained (mg) 

W1 0.4 

W2 0.2 

NW1 6.5 

Hydrophobic Geosorbent 2.7 

GAC2 360 

 

4.9 Figures 

 

Figure 4-1:  Downstream View of Barrier System Installed at Resolution Island, Nunavut, 

July 2003. 
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Figure 4-2:  Barrier Filter Slots and Filter Materials used in 2003.  Flow of Water Through 

Barrier Filter System is from top of Figure to Bottom of Figure. 

 

 

Figure 4-3:  Adsorbent Barrier Materials used in 2003.  Note 4 booms Arranged in 

Hydrophilic Adsorbent Cartridge. 



 

125 

 

 

 

Figure 4-4:  Efficiency at Capturing PCB in Hydrophilic Geosorbent Boom Material from 

Batch Test Results. 

 
 

Figure 4-5:  Column Test Results of GAC and Thick Gravel.  Figure Depicts Trapped % 

PCB Fines in Various Portions of Column. 
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Figure 4-6:  Geotextile Filters Used in 2003.  Note Soil Stains. 

 

 

 

Figure 4-7:   Mass of PCB in Geotextile Filters From 2003 Field Season in Valley Barrier 

(μg). 
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  Filter Box Beginning of    Filter Box End of 2004 Field Season 
  2004 Field Season 
Hydrophilic 

Geosorbent 

Hydrophilic 

Geosorbent 

 GAC GAC 

GAC Hydrophobic 
Geosorbent 

 Gravel Gravel 

W1 W1  Half-height Gravel Half-height Gravel 

Figure 4-8:  Arrangement of Filters in Gate in 2004.  Note Change From Geosynthetics to 

Granular Materials. 

 

  

Direction 

of flow 
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Chapter 5 

Granular Activated Carbon Barriers for PCBs 

5.1 Abstract  
Downstream contamination resulting from the source removal of contaminants such as 

polychlorinated biphenyls (PCBs) can have severe ecological impacts. Surface permeable 

reactive barriers have been implemented for the remediation of surface PCBs in soils and waters.  

Filters used granulated activated carbon (GAC) for the entrapment of contaminated soil particles 

and the sorption of PCB in water.  Field results indicated that PCB sequestration by the GAC was 

occurring in the field at much greater levels than observed in traditional batch and column 

laboratory studies. Literature rate constants vary several orders of magnitude and the interference 

of colloids in batch tests and the age of the PCB contamination all affect the prediction of 

partitioning and rate constants.  Temperature effects on adsorption led to conclusions that 

particle-particle partitioning between contaminated soil and GAC were the main mechanism of 

PCB mass transfer.  Congener analysis may help in evaluating and discerning rate constants that 

are difficult to see when evaluating an Aroclor mixture.  These results can be applied to the 

design and modeling of sorption barriers for recalcitrant contaminants such as PCBs.   

 

5.2 Introduction 
Abandoned military stations from the Cold War have left formerly pristine sites in the Canadian 

Arctic with a legacy of contaminant issues (Bright et al. 1995; Stow et al. 2005).  When these 

sites were built, polychlorinated biphenyls (PCBs) were commonly used as coolants and 

lubricants in electrical equipment.  When radar station equipment was abandoned on site in the 
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early 1970s, subsequent failure of the equipment and spills led to extensive soil contamination 

with PCBs (Reimer et al. 1991; Poland et al. 2001). The toxicological effects of PCBs combined 

with their ability to bioaccumulate and biomagnify up the food chain are of particular concern in 

the Arctic where the food chain is narrow and many of the inhabitants eat local foods (Dewailly 

et al. 1989; Van Oostdam et al. 1999; Sandau et al. 2000; Bjerregaard et al. 2001). 

Surface Permeable Reactive Barrier systems have been implemented for remediation of 

surface PCB contaminated soils and waters at a remote location in the Canadian Arctic known as 

Resolution Island, located at  61o 35’N and 60o 40’W (Kalinovich et al. 2008a; Kalinovich et al. 

2008b).  These barriers are in situ passive treatment systems that provide remediation over the 

long term to areas where source removal of PCB contaminated soils was conducted via 

excavation.   

Filters for the barriers were originally selected with an emphasis on particle retention, as 

low concentrations of PCB (0.02 – 0.1 µg/L ) were found in the water (Kalinovich et al. 2008c).  

Granular Activated Carbon (GAC) filters were included in the system as granular filters to ensure 

that PCBs that were present in the water would be captured, as dissolved or particulate matter.   

Mechanisms for retention by GAC (particle retention and adsorption) in the barrier system are 

unknown and important for maximizing design efficiency. GAC has been used in many different 

scenarios from permeable reactive barriers to the amendment of harbor sediments for the 

sequestration of PCBs (Werner et al. 2005; McDonough et al. 2008).   Sequestration of PCBs 

onto GAC has been studied extensively (Cornelissen et al. 1997a, Nollet et al. 2003; McDonough 

et al. 2008).  Previous studies have indicated that the sequestration of PCBs onto GAC is 

irreversible (Nollet et al. 2003).  Rate constants are variable in the literature for desorption from 

soil when activated carbon or soot are present. Labile rate constants range from 0.001 – 0.2 h-1 for 
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just one congener, IUPAC congener 28 (Girven et al. 1997; ten Hulscher et al. 2002 ).  This is 

largely attributable to the inherent hetereogeneity in dealing with different systems (different 

soils, age and level of PCB contamination – as explained below, different types of activated 

carbon) although it is believed that methodological differences in separating out and evaluating 

the fractions also derive different results (Cornelissen et al. 1997c).  

Initial adsorption batch testing indicated that when compared to hydrophobic and 

hydrophilic adsorbent, GAC retained the same amount if not more PCBs, with very little PCB in 

the water (< 3 µg) at spiked levels of 800 µg (Kalinovich et al. 2004).  However, after inclusion 

within the surface barrier system, field observations indicated that the GAC filter could also 

function as a granular filter – trapping PCB contaminated soils and retaining them within its 

granular structure.    

This present study is unique in studying the mechanisms of partitioning and sorption of 

PCB to GAC from both water and soil in a permeable barrier context using site contaminated soil.  

Both particle retention and adsorption mechanisms are taken under consideration within a 

GAC/soil/water system.  This paper will show that the design of a granular system (such as a 

PRB or an in-situ treatment curtain) being used to treat PCBs must take into account particle 

retention – not just for permeability criteria, but as a significant mechanism for capture and 

sequestration of PCBs via particle to particle partitioning.  The aim of this paper is to provide the 

groundwork to the development of a model for sorption barriers for recalcitrant contaminants 

such as PCBs.  In addition, this paper will illustrate how analysis of congeners may be used to 

track partitioning within a soil, water and GAC system.  This is the first report indicating the 
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dominance of particle-particle partitioning in adsorption of PCBs to GAC in soil/water/GAC 

mixtures. 

 

5.3 Materials and Methods 
Soil was excavated from the site and sieved to < 1mm.  Soil was homogenized by tumbling for 24 

hours and analyzed in triplicate for PCBs. PCB in soil and GAC were extracted via soxhlet 

extraction.  PCB in water was extracted using dichlormethane and all extracts were analyzed by 

GC-ECD.  Methods are described in detail in Kalinovich et al. (2008b). The GAC used had a 

particle size of 2-3.35 mm (CNS 612 from A.C. Carbone in Quebec, Quebec).  Manufacturer 

specified product information included: Surface area BET N2 of 1100 – 1200 m2/g, hardness of 

97-99%, moisture content 5% maximum, total ash content 3-5%, bulk density 0.45 – 0.54 g/cm3, 

iodine number of 1100-1150 mg/g.       

 

5.3.1 Batch Tests  

Two types of batch tests were conducted to evaluate system kinetics.  The first used a traditional 

set up (Type A) to compare a system containing GAC, soil and water (GSW) to a system 

containing only soil and water (SW). Both tests were conducted using 1 L Teflon bottles with 800 

mL double de-ionized water, 1 g of soil and in the case of the GSW system, 1 g of GAC.   Batch 

tests were placed into a revolving box and rotated at 30 ± 2 rpm for time periods ranging from 1 

hour to 336 hours.  Each test was conducted in triplicate to account for variance from soil 

heterogeneity.  At the end of the chosen time period, materials were separated.  The bottle 

contents were poured through a 1 mm sieve, which retained the GAC particles and the sieve was 
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rinsed to flush the soil through.  Pictures of the GAC using a Light Electron Microscope 

(magnification 0.75X, ocular 16X) photograph of the filter material was taken of the GAC to 

ensure no soil grains were attached to the GAC.   The water was then filtered through a 0.7 µm 

microfiber glass filter to remove the soil using a apparatus.  This apparatus was chosen over 

vacuum filtration (with a 0.45 µm filter) due to the reduced errors associated with being able to 

separate the soil from the GAC directly into the filtration apparatus.  As the analysis of the soil 

from the site had indicated there were little or no fines present (Section 4.2.2 of this thesis), this 

filter size seemed adequate.     The GAC and water fractions were then extracted using 

dichloromethane as an extraction solvent – the GAC via soxhlet extraction, the water via liquid-

liquid extraction and analyzed via GC-ECD (as described in Kalinovich et al. 2008a, and in 

Appendix B of this thesis).  Mass balance was confirmed (± 10%) for the initial 12 batch tests by 

analysis of the soil filters (see Table 7-37 in Appendix G). 

The second type of batch test (Type B) used smaller bottles (250 mL amber glass bottles 

with a Teflon lined lid), and described as ‘small batch tests’.   These tests were performed to 

compare GS (GAC-Soil) to GSW (GAC-Soil-water) systems.  Analysis was performed only on 

the GAC from these batch tests by soxhlet extraction and GC-ECD. 

 

5.3.2 Column tests 
Column tests are used to more readily replicate or mimic barrier processes in the field.  Column 

tests were conducted using a horizontal stainless steel column described in Kalinovich et al. 

(2008b). Site contaminated soil and water was recirculated through a 35.4 mm GAC filter for 
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adsorption studies.  Column runs were conducted in triplicate.  The GAC filters were removed, 

air-dried and subsequently analysed by soxhlet extraction and GC-ECD.  

 

5.3.3 Congener analysis 
GAC samples were air-dried prior to analysis.  Samples were extracted for 6 hours with 

dichloromethane using a Soxhlet Apparatus.  The extract containing PCB congeners was 

concentrated, solvent exchanged and analyzed by gas chromatography with tandem mass 

spectrometry (MS/MS) using a Varian 4000 ion-trap mass spectrometer.  A 60 m HP-5MS (0.25 

mm i.d. x 0.25 um film thickness) column was used with He as the carrier gas.  Analysis was 

carried out for all 209 congeners. 

 

5.3.4 Quality Control and Assurance 
For 1260 Aroclor extractions, all surrogate recoveries for both soxhlet extraction and water 

analysis were within 80 - 120%.  All run spikes were within 30% and blanks below detection 

limits.   Detection limits for PCBs by liquid-liquid extraction and by soxhlet extraction were 0.02 

µg/L and 0.1 µg/g respectively.  Surrogate recoveries for congener analysis was within 80-120% 

for RS and SS.  Detection limits for the various PCB congeners were 10 ng/g.  In all cases 

laboratory duplicates were within 30%. 

 

5.4 Results and Discussion 
These studies were conducted in order to evaluate how best to design a surface permeable 

reactive barrier for the remediation of PCB contaminated soil and water using GAC.   
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Initial batch and column tests using site contaminated soil from Resolution Island and GAC 

indicated that particle retention was far more important than adsorption of PCBs onto GAC 

(Kalinovich et al. 2008c).  After 72 h in column tests, only 8.7 ± 2.4% of the PCBs was found 

adsorbed to the GAC (Kalinovich et al. 2008c).  However, this finding was not consistent with 

field observations.  In comparing two of the barrier sites in the laboratory, GAC samples were 

found to have 34 - 77% PCB absorbed onto the GAC – after the PCB contaminated soil had been 

rinsed off the GAC.  This indicates that particle-particle partitioning is occurring.  Three 

significant differences were noted between the conditions in the field and the column studies: 

temperature, amount of water, and residence time.  In order to better model the field results, the 

effect of these parameters on the mechanisms of partitioning were further investigated and a 

comprehensive conceptual model for sorption was developed.     

 

5.4.1 Partitioning Model for Sorption Barrier 
PCBs on their own or in an aqueous solution will adsorb onto GAC quickly, and the relationship 

for this has been described with both Langmuir and Freundlich isotherms but generally fits a 

nonlinear Freundlich model (McDonough et al. 2008).  Given enough time and an adequate 

sorption capacity of the GAC, eventually all PCB in water will transfer to the GAC.   

Partition coefficients are often over estimated due to the inclusion of colloids in aqueous 

phase (Karickhoff et al. 1979).  Colloids that complex contaminants and are not separated by 

filtration decrease the apparent contaminant Kd (partitioning coefficient between soil and water) 

(Wu and Gschwend 1985; Baker et al. 1986).  In situ measurements of the aqueous phase in 

particular can be influenced by these colloidal particles.  Cornelissen et al. (1997b) found that 

their in situ measurements of Koc (Koc = Kd·fOC, where fOC is the fraction of organic carbon in the 
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soil) were much higher than literature and laboratory values and attributed it to the difference 

between long-term (field) and short-term (laboratory) contaminations, in that a much lower 

amount of chemical is present for partitioning with the aqueous phase as the ‘fast’ fractions are 

desorbed and ‘slow’ fractions increase.  When placing this soil particle in water, three partitioning 

phases can be seen:  a labile or ‘rapid’ phase, a more resistant or ‘slow’ phase and a very slow 

phase – indicative of diffusion from within the particle itself (ten Hulscher et al. 1999).  

Subsequently, this desorbed ‘aqueous’ PCB can be taken up by the GAC which is limited by the 

soil desorption rates.  In contrast, when contact between particles is made, partitioning of PCBs in 

soil to the GAC particle occurs quickly and is thought to be irreversible (Werner et al. 2005).  The 

complex dynamics of this system (PCB desorption from soil into water, PCB in water sorbing to 

GAC, PCB in soil sorbing to GAC) is difficult to capture with laboratory experiments.    

A conceptual model for a sorption barrier using GAC and hydrophobic organic 

contaminants such as PCBs, is presented in Figure 5-1. The processes described briefly below 

occur simultaneously and may be competitive with one another (e.g. aqueous PCB re-adsorption 

to soil and uptake onto GAC) and thus are quite difficult to capture and isolate analytically for 

individual rates and partitioning constants.    

K1: describes particle-particle partitioning between a contaminated soil grain and 

activated carbon.  This relationship has been described as Freundlich both linearly (Jonker and 

Koelmans 2002) and nonlinearly (Ahn et al. 2005) in literature.  The rate for this reaction is very 

fast (an overall (0- 168 h) linear rate constant k of 0.04h- found in this study, where k is equal to 

the slope in a linear plot of ln Ct/Co vs t (h) ).   Both partitioning rates and constants are inherent 

to the type of GAC and soil used within the system.      
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K2 and K6: describes rate constants the ‘slow’ and ‘fast’ fractions (Frap and Fslow) of 

desorption from the contaminated soil particle into the surrounding aqueous phase.  Both the 

amount (or fractions of) and rate constants can be deduced from kinetic batch studies and by a 

two-phase exponential decay nonlinear modeling as described by Cornelissen et al. (1997b), 

Scheider et al. (2007) by plotting normalized concentration (Ct/Co) versus time: 

  Ct/Co = Frape-k(rap)t + Fslowe-k(slow)t       (1) 

where Ct is the PCB concentration leftover in the soil at time t, Co is the initial PCB 

concentration of the soil, Frap is the fraction of PCB desorbed in the rapid phase, -k(rap) (h-)is the 

rate constant for the fraction of PCB desorbed in the rapid phase, t is time (h), Fslow is the fraction 

of PCB desorbed in the rapid phase, and -k(slow) (h-)is the rate constant for the fraction of PCB 

desorbed in the rapid phase. 

K4: describes very slow desorption that can be described by models such as particle 

radial transport (Wu and Gschwend 1988) but may be difficult to differentiate analytically in a 

laboratory from K2 and K6.  Physically, it is a ‘ghost’ rate constant in the sense that it is known 

to be there and may be possible to calculate from a variety of models, such as that proposed by 

Cornelissen et al. (1997c) and is described by a three-phase exponential decay nonlinear model.   

K5: describes the re-adsorption equilibrium process that occurs between contaminated 

soil and water.  As with K3, this is a mechanism that may be theoretically calculated but may not 

be able to be seen when evaluating Aroclor mixtures.  Each PCB congener behaves differently 

and may have to be evaluated through congener analysis to separate out congeners that have 

desorbed and re-adsorbed versus congeners that remained on the soil particle.     
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There is the possibility that K2, K4, K5 and K6 may be evaluated using congener 

analysis to discern broad trends.  In particular, congeners that have both para positions substituted 

with chlorines yet no chlorines in meta positions appear to be able to signify particle-particle 

partitioning, as proposed later in this chapter.  

K3:  describes adsorption to GAC via PCB either dissolved and/or colloidal in the water.  

This rate in the system is limited by the volume of water that is present in the system and the 

types of colloidal material found in the ‘aqueous’ phase as well as the rate of desorption by the 

soil.  The uptake of PCB in water to GAC has been described as Freundlich in nature 

(McDonough et al. 2008).  

The generic conceptual model described above can be applied broadly to recalcitrant 

contaminants such as PCBs, for which the Koc value for the contaminant, or the Kd value 

(partitioning constant between soil and water) is found to be sufficient to ensure that mobility of 

this contaminant will be predominantly as attached to particles, not dissolved in the aqueous 

phase.  

 

5.4.2 Batch Tests Type A 
Figure 5-2 shows results from batch studies conducted for both SW and GSW systems.   Soil 

concentration at time t (Ct) is calculated from subtracting amounts in water and GAC from the 

initial soil concentration (Co).  From these results, it can be seen that there is a difference in initial 

desorption rates (t=2.937, p< 0.05, df=36) and overall desorption when GAC is introduced into 

the system (t=7.48, p<0.05, df = 62).   For both these systems, an initial rapid desorption phase 

and a slower desorption phase can be seen – indicating that the system is biphasic in terms of rate 

constants (Figure 5-2).  Overall, very little PCB is partitioned from the weathered soil (4.5  ± 
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<0.001% for GSW, 1.8 ± 0.04% for SW).  It is suspected that some of the loss is likely 

attributable to colloidal interferences. 

 

5.4.2.1 Colloidal Interferences 
Previous laboratory results (Kalinovich et al. 2008a) indicated that when PCB and GAC were 

present together in an aqueous system, all detectable PCBs were transferred to the GAC and the 

PCB concentration of the water was < 20 ng/mL.  Considering the capacity of GAC for the 

uptake of PCBs (Kalinovich et al. 2004) and the mass of PCB used within the system (800 µg),  

the uptake of PCBs by the GAC in the GSW system was much less than expected – even after 

considering that the desorption from the soil would be the rate-limiting mechanism.    In 

comparing the GS and GSW systems at 72 hours, the amount of PCB present in the water is 

statistically the same for the two systems (1.4 ± 0.97 µg/g for SW, 1.0 ± 0.14 µg/g for GSW).  At 

a later time period when GAC fines were observed (336 h), the amount of PCB present in the 

water remained statistically the same (1.8 ± 1.5 µg/g for SW, 1.3 ± 0.98 µg/g for GSW).  The 

amount that is in the water for the GSW system should have been lower due to the presence of 

GAC within the system – results indicated from previous batch tests that the uptake from GAC 

should not slow down until capacity (2 orders of magnitude higher than that used in this 

experiment) is reached.   

After 72 hours of tumbling, noticeable amounts of very small GAC fines were visible 

upon filtering and separating the GAC from the soil and the water.  Contribution from particulates 

was confirmed by analysis of the 0.7 µm filters.  It was thought that the amount (after filtration 

through a 0.7 µm glass microfiber filter) in the water could be attributable to either colloid-sized 

particles or a non-equilibrium scenario, where it has been shown that Koc is affected by the length 
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of time suspended particles are in a water column (Wu and Gschwend 1985; Schneider et al 2007; 

Valsaraj and Thibodeaux 1999).     Repeated ‘filtering’ extractions and using a 0.25 µm filter 

(instead of the 0.7 µm filter) indicated that GAC fines were interfering with the aqueous phase 

concentrations, that 0.16 ±0.04 µg of PCB remained in the aqueous phase for a GSW system, as 

opposed to those repeatedly filtered through a 0.7 µm filter (results of the latter shown in Table 

5-1).  Table 5-1 shows results of batch tests that were tumbled for 72 hours, decanted and filtered 

through a 0.7 µm filter.  This process was repeated two times for the SW system and three times 

for the GSW system.  It is likely that the amount of PCB adsorbed to the GAC fines would not be 

fully extracted during liquid-liquid extraction.  Experience in the laboratory has resulted in low 

surrogate recoveries for soxhlet extractions when GAC was wet, indicating that liquid-liquid 

extraction would not be sufficient to remove PCB from GAC particles present in the water. 

   

5.4.2.2 Rate and Partitioning Constants 
Rate constants and partitioning constants are quite variable for PCB contaminated systems within 

the literature.  Many parameters could be affecting this:  overall methodologies, age of 

contamination, temperatures, soil properties – organic carbon content and specific surface 

charges, as well as differences in type of GAC used.   

However, in this study, calculated Koc values (from site contaminated soils) were within 

the range of literature values.  More recent studies have found that Koc values found in the 

laboratory are not relevant to desorption seen in the field – desorption is either independent of 

Kow and Koc or the effects are not able to be captured (Schneider et al. 2007).    Evaluating the 

partitioning coefficient (Kd) between soil and water to be a meaningful number that can be 

compared with other methodologies and research groups can be difficult and somehow colloidal 
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effects must be taken into account.    Some of these acknowledged incomplete phase separations 

have been noted in previous batch studies (Cornelissen et al. 1997c ).   The apparent Kd (and 

subsequently Koc) can be seen to be nonlinear with respect to time and there seems to be little to 

no effect on Kd when GAC is present within the aqueous system (Figure 5-3).  In theory, a 

partitioning coefficient should not change with respect to time, but can however change with an 

increase in suspended solids in solution, such as colloids (Baker et al. 1986), a change in 

temperature (Bergen et al. 1993) or the presence of a super sorbent, such as black carbon 

(Accardi-Dey and Gschwend 2003).  The filtration results of the GSW system shown in Table 5-1 

confirm that there are small particles in the GSW water that are causing an overestimate of the 

amount of PCB in the aqueous phase, whereas the repeated filtration made no difference to the 

SW system.   

 

5.4.2.3 Solid-Solid Interactions 

GAC has already been shown as a sorbent material to effectively sequester PCBs in harbor 

sediments, thereby removing the bioavailability of PCB to the surrounding ecosystems (Ghosh et 

al. 2003; Werner et al. 2005) via particle-particle interactions.  The conventional batch and 

column laboratory testing indicated that particle retention was the primary mechanism of trapping 

PCB in a GAC filter within the barrier system.   However, this did not fit with field data – GAC 

field samples indicated that at some locations, up to 77% of PCB had partitioned onto the GAC, 

after the contaminated soils had been rinsed off of the GAC particles.   Parameters such as 

amount of water, temperature and length of contact between GAC and soil particles were not 

being depicted accurately in the laboratory as ‘field conditions’.  In the field, the ratio of water: 

soil: GAC is different in the barrier system than replicated in the initial batch tests.  There is 
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much less water in the field than in the laboratory batch tests.  The temperature in the field is 

much colder than in the previous laboratory studies.   

In the new batch tests (Type B), the effect of temperature was investigated.  PCB 

contaminated soil particles reside in the charcoal filters for months, up to 1 year before sampling.  

Column and batch tests have been short term predictors by comparison.  New batch tests were 

created to more readily replicate field conditions.  The amount of water was reduced in the new 

batch tests, cold temperature was investigated and a 1 month particle-particle batch test was 

conducted.   These batch tests were also used as quick screening tools to evaluate the effects of 

various parameters (such as amounts of diesel present in the system) upon desorption.  Results for 

batch experiments conducted at 21oC are depicted in Figure 5-4.  

 These batch tests indicated that there is a difference in desorption behavior when even 

small amounts of water is present (50 mL) and that particle-particle partitioning is the more rapid 

process – within 72 hours, 14% of PCB had mass transferred to the GAC via particle-particle 

partitioning, whereas with water present only 5.2% of PCB was sorbed onto the GAC.  In the 

field, high levels of PCB adsorb onto the GAC.  This large mass transfer indicates that particle-

particle partitioning occurs in the barrier system.   In the field, contaminated particles are 

transported to the filter in times of high flow (and get trapped there).   The water levels then drop, 

allowing for GAC-soil particle interaction without significant water interferences.  These results 

however, cannot confirm how much interference the water causes once the soil is in contact with 

the GAC particle and whether in the barrier system itself particle-particle partitioning is 

occurring.   

 



 

142 

 

5.4.2.4 Behaviour of Diesel and Site Contaminated Weathered Soils 

Batch tests introducing diesel into the system were conducted to evaluate the effects of 

hydrocarbons, as diesel can increase mobility of PCBs in the aqueous phase. Amounts of diesel 

that were similar to soil field concentrations (10 µg/g) did not appear to affect the mobility of the 

PCBs in the soil (see Figure 5-4), although it is possible these results could be explained by the 

diesel simultaneously taking up sorption sites.  As the diesel promoted mobility, the diesel 

inhibited sorption by taking up sites on the GAC, in effect counter-balancing increased solubility 

at this low concentration.  The uptake of PCB by GAC via particle-particle partitioning remains 

the dominant mechanism for both adsorption rate and total mass of PCBs adsorbed. Larger 

amounts of diesel (the concentration chosen to mimic the amount of oil present in highly 

concentrated PCB Aroclor contaminated soil) was set up with a spike of diesel (resulting in a soil 

concentration of 15 200 µg/g) in the system to evaluate effects on the system behavior. It was 

found that the addition of diesel in this high dose facilitated the desorption of PCB from the soil 

and adsorption onto the GAC (11% adsorbed, in comparison with 4% adsorbed from particle-

particle partitioning at t= 1h). This result may help to explain differences between highly PCB 

contaminated soils (such as in the furniture dump) and lower concentration of PCB in soils (such 

as in the valley):  the greater amount of pure product PCB present at the site, the greater the 

amount of base oil also present in the system.   

Batch tests also compared ‘laboratory contaminated soil’ to ‘site contaminated, 

weathered soil’ (Figure 5-5).  The difficulty in using laboratory contaminated soils to derive 

desorption rates for PCBs from soil is that they overestimate the ‘labile’ phase of PCB present on 

the soil, as the amount present on the surface of the soil at the ready to desorb is much greater 

than when time is given for intraparticle diffusion.  Any treatment of the contaminated 
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soils/sediments must treat the site mixture, as the base oil and chlorinated solvents used in 

equipment that contain PCBs all act to influence the behavior of partitioning (Hemminger and 

Mason 1994), which would be different than the mixture ordered from a pharmaceutical company 

for laboratory standards and spikes.  Lower molecular weight congeners will partition into higher 

weight isomers as well as partitioning into the fluidizers (Hemminger and Mason 1994).   

‘Weathered’ Aroclors may be missing some of the more mobile congeners, which help to 

make up the labile phase in the soil.  The amount of labile phase left on the soil particle can be 

related to the length of time soil particle is saturated in PCB, allowing for intra-particular 

diffusion, and the degree of weathering (flushed with water, removing more mobile congeners on 

surface of particle or some levels of degradation of congeners by UV radiation) the soil particle is 

exposed to.  It is important to note the differences between the weathered and new Aroclors to be 

able to predict mobility of congeners and be able to design systems to capture these PCB 

congeners, as the degree of weathering and partitioning can be predicted by comparing ‘fresh’ 

Aroclor to ‘weathered’ Aroclor.  If there are a greater amount of more mobile congeners in the 

system, solute transport becomes an issue in designing the filter system.     

 

5.4.3 Temperature Effects 

5.4.3.1 Batch Studies 
Large batch tests (system volume of 1 L) for both SW and GSW systems were conducted in 

triplicate for 1, 12 and 24 h at 3oC.  This temperature was chosen as the average temperature for 

the summer months (June – September) where temperatures would be above zero on site was 2.4 

± 1.8 oC.  Small batch tests comprised of valley soil with GAC (no water and small amounts of 

water – 50 mL, as opposed to 1 L) and furniture dump (FD)soil with GAC (no water and little 
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water – 50 mL) were also performed to evaluate differences in particle-particle partitioning as 

well as small amounts of water.   

There was no significant difference in behavior of the large batch test systems when 

temperature was altered (Table 5-2) for either the SW or the GSW systems.   However, in the 

absence of water, the particle-particle partitioning for both the valley and furniture dump soils 

appeared to be hindered by a decrease in temperature, as at 3oC only 2% of PCB is sorbed onto 

GAC compared with 14% at 21oC (Table 5-3).  In the field, the lids of the stainless steel boxes 

were painted black.  This was to increase absorption of heat from the sun to promote earlier 

thawing in the spring.  However, the effects this would have on filter temperature inside the 

barrier system throughout the season is not entirely certain.       

 

5.4.3.2 Column Tests 
24 hour column tests were performed in triplicate and the amount of PCB adsorbed onto GAC 

compared to regular (21oC) temperature conditions. 

The 24 hour column tests performed in the cold room at 3oC showed that GAC adsorbed 

less PCB (2.1 ±0.9%) than those performed at room temperature of 21oC (8.7 ±0.02%).  Since the 

large batch tests showed no change with temperature, and the particle-particle partitioning tests 

appeared to be affected by the decrease in temperature, these results indicate that particle-particle 

partitioning is the main mechanism for adsorption for PCB to GAC within a permeable reactive 

barrier system.   The column testing most mimics what occurs in the field (contaminated soil and 

water flowing through a GAC filter), therefore this data confirms that particle retention is an 

important mechanism to the barrier.  The GAC functions as a granular filter, trapping 

contaminated soil particles.  However, once the PCB contaminated soil particles are trapped 



 

145 

 

within the granular structure of the filter, irreversible sequestration of PCBs onto the GAC is 

occurring via particle-particle partitioning, a mechanism that could be indicated by temperature 

effects.     

Solid-solid partitioning is much faster than desorption and re-adsorption processes that 

must occur when water is present in the system – even though laboratory tests indicated that these 

were hindered by temperature, field results clearly indicated that the length of time that these 

particles were trapped by the granular media was adequate for the sequestration of PCBs by GAC 

to occur.  In the field this particle-particle partitioning without water takes place during spring 

run-off and storm events, when large, volumes of water flow through the barrier, depositing PCB 

contaminated soil particles.  These results have significant implications for the design of future 

adsorption barriers – by taking into account particle retention and length of time a particle of a 

particular size will be ‘trapped’ in a filter system, barriers can be designed for retaining a particle, 

sequestration the contaminant from the soil particle, and allowing the now ‘clean’ soil particle to 

be washed out of the filter system.   This partitioning and particle retention are much more 

important processes than solute transport when dealing with hydrophobic organic contaminants 

like PCBs, as the mechanisms of transport for PCBs will be: as attached to particles (such as soil), 

on colloidal material, or by gravity where large pools of PCB are present.  Further studies are 

required, but it may be possible to design granular filters (PRBs) with retention criteria that would 

trap a particle for the required time that would allow mass transfer of PCBs to the GAC, based on 

K1 and using particle transport in granular filter models similar to that developed by Locke et al. 

(2001).        
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5.4.3.3 Thermodynamic Properties 
Desorption activation energies were calculated using the method described in Cornelissen et al. 

(1997a) and Nollet et al. (2003) were 52.5 kJ/mol and 3.8 kJ/mol for the GSW system and SW 

systems respectively,.  The very low Ea value for the SW desorption indicates that it is a diffusion 

controlled process (Banerjee et al.1997) and, that it is more likely that physisorption is a more 

dominant process than chemisorptions, as the mechanism of adsorption for PCB to GAC.   

Activation energies upwards of 40 kJ/mol are indicative of processes such as chemisorption, 

which previously has been a proposed mechanism for the adsorption of PCB molecules to GAC 

(Nollet et al. 2003).  These results re-emphasize the importance of particle-particle contact to 

sequester PCBs in GAC from soil and place a greater role on the granular structure within the 

filter, as it is thought that chemisorption events occur on contact and are irreversible.  

Physisorption events are weak interactions via van der waals forces and thought to be reversible.    

 

5.4.4 Congener Analysis 
In order to evaluate what is occurring in a system, it is important to evaluate all congeners within 

the particular PCB mixture to evaluate important trends for design parameters, as each congener 

within an Aroclor mixture will behave as its own chemical compound.  A full congener analysis 

was conducted on several of the 24 h batch test results and soils, comparing effects of particle-

particle contact, amount of water, diesel, and age of contamination.  Individual congener 

concentrations less than 10 ppb were not included and congener results were grouped by similar 

characteristics for increased confidence in results.    

Congener results were evaluated by several categorical means.  The first groupings were 

based upon the EPA’s evaluation of ‘dioxin-like characteristics’ (US EPA 2003) which contain 
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all of the following four characteristics:  planar (mono-ortho and non-ortho), four or more 

chlorines attached, both para- positions substituted by chlorines (PP), 2 or more meta positions 

substituted by chlorines (2M).  Homologue groups were also evaluated (Figure 5-6), with specific 

attention paid to the hexa-homologue group as the majority of PCB congeners in 1260 Aroclor 

reside in that homologue.   Through congener analysis, it was seen that it was possible to track 

congeners that will partition to GAC through particle-particle contact, but will not adsorb to GAC 

when water is present.  Several groupings of congeners can be used to demonstrate this property:  

congeners that were classified as ‘dioxin-like’ and had all four characteristics (IUPAC congener 

nos: 118, 105, 167, 156, 157), PP without the characteristic 2M congeners (87&115), and finally, 

within the hexa-homologue group, planar congeners (167, 156, 157).  

Figure 5-7 illustrates these three groupings (‘Dioxin-Like’, PP no 2M and Planar) and the 

reduced mobility in the presence in water for all batch test conditions that represent field 

conditions:  low amounts of diesel (GSwd), particle-particle partitioning (GS), low amounts of 

water (GSw).  The three groups are not found adsorbed to GAC when water or water with low 

amounts of diesel is present in the system, although one can see from the soil analysis (S) that 

those congeners are present in the soil.  When water is absent, those congeners transferred 

completely from the soil particle to the GAC, as seen in comparing the GS and S results.  There 

was also a noted difference in mobility between the weathered, site-contaminated soil (GSw, 

GSwd) and the laboratory spiked sample (GCSwSp).  These particular groupings of congeners are 

clearly more mobile when the contamination is new, although further testing would be required to 

evaluate why this is so.  There is some overlap in congeners between the groups, particularly 

between planar within the hexa-homologue group and congeners with ‘dioxin-like’ 

characteristics.  The potential use for congener data in discriminating these mechanisms needs to 
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be developed further.    By designing and monitoring for the more toxic, less mobile compounds 

(such as the heavier chlorinated congeners), inherently the design should encompass the more 

mobile congeners that have demonstrated their affinity for adsorbing to GAC.   

In terms of evaluating the mobility of congeners and the comparison of ‘weathered’ soils 

to fresh 1260 Aroclor, it was noted that the lesser chlorinated congeners (di-, tri-, tetra-) were 

found to be much lower in the contaminated soil (0.2%), whereas in the 1260 Aroclor standard 

they constitute just over 1% .  This comparison was conducted to re-illustrate the differences and 

errors that can be compounded by using “new” contamination, such as a laboratory spiked soil 

versus “old” weathered, site contaminated soil.  These results also indicate if the spill is 

unweathered, which congeners are most likely to mobilize and thus should be targeted.    

 

5.5 Conclusions 

A conceptual model was designed and subsequent laboratory testing derived to enable analysis of 

particular rate constants and partitioning coefficients.  Rate and partitioning constants for 

desorption of PCB contaminated soil to activated carbon or soot vary widely in the literature, 

leading to uncertainty in parameters to be inputted into a model.  Colloidal interference (as is the 

case in SW batch tests) and small particles (as is the case in GSW batch tests) present in the 

aqueous phase that are difficult to analyze result in two errors:  underestimating how much PCB 

has desorbed from soil while overestimating how much PCB is in the aqueous phase.  This is 

evident by the partitioning constant between soil and water changing with respect to time.     

In the field, it was noted that mass transfer of PCB in the soil to the GAC occurred at 

sufficient levels (up to 77%) to warrant further investigation.  Initial laboratory studies in the 
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form of batch and column tests could not confirm why or how this was happening.  Batch tests 

were altered to account for differences between the field and the laboratory, chiefly, the amount 

of water - it was found that the presence of water in the batch systems severely limited the 

capabilities of GAC to sequester PCBs – and temperature.  Temperature studies indicated that the 

main mechanism for mass transfer of PCB in soil to GAC within a barrier system was through 

particle-particle contact, a mechanism that is irreversible and effectively removes the PCB from 

the surrounding ecosystem.  Kinetic studies showed that particle-particle partitioning is a rapid 

process in comparison to when varying amounts of water was present in the system, again 

indicating that this mechanism is preferable.  In a PRB granular filter system, contact between 

contaminated soil particle and GAC is made when the granular structure retains the soil particle 

in its pore network.   

Batch tests introduced diesel into the system in order to compare whether particle-particle 

partitioning was still relevant when PCB mobility in the aqueous phase was increased.  At levels 

of hydrocarbons in the water seen in the field at the site, particle-particle retention remained the 

dominant mechanism.  At higher levels of diesel, the uptake of PCB by the GAC was facilitated 

in water, resulting in a much greater mass transfer of PCBs.  These results indicate that when 

designing a comprehensive model for these systems, solute transport may be relevant as a 

transport mechanism only when large quantities of hydrocarbons are present at the site.   

Laboratory contaminated soils are not useful in discerning parameters from batch and 

column studies, however, laboratory contaminated soils are useful for initial evaluations of 

mechanisms and tracking mobility of specific PCB congeners.  Since Aroclors are made up of a 

variety of congeners and each congener acts individually, it is possible to track specific 

mechanisms (such as particle-particle mass transfer from soil to GAC) using congeners.  



 

150 

 

Specifically, congeners that have two or more para positions chlorinated and zero to one chlorine 

in the meta position have potential for this purpose although more study is required.  By 

designing and monitoring for the more toxic, less mobile compounds, a sorption barrier design 

can be created that will adsorb the more mobile congeners, which have demonstrated their 

affinity for adsorbing to GAC.   

This paper has laid down the groundwork of mechanisms and research avenues that can 

be pursued for the development of a permeable reactive barrier where the design must take into 

account particle retention, thereby adsorbing recalcitrant, hydrophobic contaminants via particle-

particle partitioning.    
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5.7 Tables 
 

Table 5-1:  PCB in Water Results of Filtering GSW and SW 72 h Batch Tests. Mass Shown 

in µg of PCB.  σ Denotes Standard Deviation. 

 1st pass in 0.7 µm Filter 2nd pass in 0.7 µm Filter 3rd pass in 0.7 µm Filter 
 mass in water σ mass in water σ mass  in water σ 

GSW 2.0 0.4 0.5 0.2 0.071 0.002 
SW 0.6 0.1 0.8 0.1 n.s. n.s. 

 
n.s. denotes no sample taken 
 

 

http://www.epa.gov/pcb/pubs/congenertable.pdf�
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Table 5-2:  Normalized Soil Concentration GSW and SW Results for Kinetic Batch Tests at 

3oC and 21oC at t = 1, 12 and 24h.  Results in Triplicate.  σ Denotes Standard Deviation. 

 GSW SW 
 3oC 21oC 3oC 21oC 

Time (h) Ct/Co σ Ct/Co σ Ct/Co σ Ct/Co σ 
1 0.994 0.001 0.989 0.001 0.994 0.006 0.993 0.006 

12 0.971 0.014 0.957 0.008 0.995 0.002 n.s. n.s. 
24 0.956 0.010 0.972 0.009 0.992 0.004 0.993 0.002 

n.s. denotes no sample 

 

Table 5-3:  Small Bottle Batch Test Results.  Percent of PCB Adsorbed to GAC at 

Temperatures 3oC and 21oC.1 

 %PCB adsorbed to GAC 
 3oC 21oC 

SG 2% 14% 
SGw 6% 13% 

S(fd)G 2% 9% 
S(fd)Gw 12% n.s. 

n.s. denotes no sample 

 

 

 

 

 

 

 

 

 

 

 

                                                      
1 SG denotes Soil-GAC, SGw denotes Soil-GAC 50mL water, S(fd)G denotes Soil (from the furniture 
dump)-GAC, S(fd)Gw denotes S(fd) denotes Soil from the furniture dump-GAC-50mL water. 
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5.8 Figures 
 

 

 

Figure 5-1:  Partitioning Mechanisms Occurring within Barrier System 
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Figure 5-2:  Batch Test Type A Results SW and GSW.  Solid Lines Obtained by 

Exponential Curve Fitting. 
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Figure 5-3:  log Apparent Kd vs time for GSW and SW Systems.  Solid Lines Obtained by 

Exponential Curve Fitting. 
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Figure 5-4:  Small Batch Tests for Desorption over Time.  Solid lines obtained by 

exponential curve fitting.2  

   

                                                      
2 GS denotes GAC-Soil, GSw denotes GAC-Soil-50mL water, GSwD denotes GAC-Soil-50mL water, 
Diesel, GS (fd) denotes GAC-Soil(furniture dump soil), GSW denotes GAC-Soil-800mL water. 
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Figure 5-5:  Desorption rates for Laboratory Contaminated Soil.3  

 

 

 

Figure 5-6:  Congener Distribution by Homologue Group (secondary y axis) under 

Different Conditions. 4  

                                                      

3 (GCSWSp denotes GAC-Clean Soil-Water-PCB Spike) and weathered site soil (GSW denotes GAC-Soil-
Water).  Solid lines obtained by exponential curve fitting. 
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Figure 5-7:  Congener adsorption onto GAC.5  

  

                                                                                                                                                              

4 GS denotes GAC-Soil, GSw denotes GAC-Soil-50 mL water, GSwd denotes GAC-Soil-50mL water-
diesel, GCSwSp denotes GAC-Clean Soil-50mL water, spiked PCB, S denotes Soil. 

 
5 GS denotes GAC-Soil, GSw denotes GAC-Soil-50mL water, GSwd denotes GAC-Soil-50 mL water, 
diesel, GCSwSp denotes GAC-Clean Soil-50mL water-PCB spike, S denotes soil.  
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Chapter 6 

General Discussion, Conclusions and Recommendations 

6.1 Synthesis of Results 

A detailed discussion of results has been given in Chapters 2-5 of this thesis. In this section, the 

main findings are synthesized.  

In Chapter 2 the remediation of a former military site and the implementation of surface 

permeable reactive barrier to treat ongoing contamination was found to be successful.  A surface 

funnel and gate barrier system was first constructed on site in 2003.   The original S1/S4 valley 

design comprised of one funnel (7m3) and a variety of materials in the gate, including geotextiles, 

geosorbents and granular activated carbon.  In 2004 it was noted that modifications to both the 

funnel and the gate were required to improve the entrapment of PCB contaminated soils in the 

funnel and the hydraulic performance of the gate.    These modifications proved highly successful 

in trapping and retaining PCB contaminated soil.   Monitoring results suggest that the system as 

revised in 2004 appears to be retaining the contaminated soil effectively.   It was found that this 

type of surface barrier design worked well in conjunction with source removal to trap 

destabilized, mobile contaminated soils.  The design can be adapted to changing field conditions 

for optimal performance as soils in the area are destabilized.     

Based on the success of the barrier design and modifications described in Chapter 2, two 

other permanent barrier sites were constructed on site between 2003-2005.  Chapter 3 describes 

how the designs of the barriers and monitoring plans were adapted to maximize the efficacy of 

the barrier system.  The physical constraints in topography provided challenges in designing this 
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barrier system and had to be overcome by selecting the most appropriate design configuration and 

filter materials.   

Modifications were made to the barrier designs based on field results and observations.  

Differences between the performances of the three barrier systems were observed. Larger 

volumes of soil and water flowed through the beach and valley barriers, requiring modifications 

to the barrier system that would promote sedimentation processes at these sites.  This increased 

flow created a design challenge to address as both greater permeability and increased fine particle 

retention were required in the filter system.   PCB was found to adsorb onto GAC particles more 

within areas of high concentration (such as the furniture dump barrier) versus areas of low 

concentration (beach and valley barriers).  Laboratory studies indicated that particle retention was 

the most important factor in retaining PCBs.  However, field barrier samples indicated that there 

was a larger degree of PCB sorption by the GAC than was able to be explained by the present 

laboratory experiments.    

This sequestering of PCBs in a permeable reactive barrier has great implications for both 

surface and subsurface remediation. Soil particles trapped in granular filters may wash out over 

time with dynamic loading as is the case at these barrier locations.  However, further study needs 

to show that the PCBs will remain adsorbed to the GAC filters and clean soil particles may exit 

the system.  This sequestering could be incorporated into the design for both surface and 

subsurface barriers, by designing the retention time of particles within the filter to be equal to that 

of the time needed for partitioning.  Laboratory studies (such as column tests) are required to 

obtain requisite retention times for the contaminated particle.  Subsequent computer modeling for 

particle transport through granular filter media can estimate the granular filter thickness that will 



 

161 

 

retain the particle for the required time.  The minimum thickness of the granular filter must 

correspond with the mass of filter material required to account for sorption capacity as derived 

from batch studies.  Further laboratory studies would be required to calibrate this model.  

Chapter 4 took a closer look at particle retention for the barrier systems and the suitability 

of geosynthetics for this surface system.  System permeability requirements dictated a need for a 

more permeable, granular system.  However, due to the limiting factor of barrier thickness, the 

loss of highly PCB contaminated fines that would travel through the more permeable granular 

filters was a concern.  While a granular filter media is preferable from the perspective of 

permeability, survivability and durability, a nonwoven geotextile is ideal for small particle 

retention in this particular use of barrier technology and should be included in the filtration 

system as a final polishing step.  In the field it was found that nonwoven needle-punched filters 

outperformed two types of slit-film woven polypropylene filters for PCB retention, yet laboratory 

results indicated that the woven filters had better survivability under extreme UV and freeze-thaw 

stress conditions.  Barrier designs must protect the geotextiles from UV radiation.  In the 

application described in this dissertation, the materials are contained within a stainless steel box.  

Permittivity in nonwoven geotextiles was affected by freeze-thaw stress by stretching and 

collapsing pore structures.   If designing a system using geotextiles in critical applications where 

the exact pore size is required, each geosynthetic material will need to be evaluated in the 

laboratory for ‘worst -case’ scenarios, to ensure suitability of materials.  Adsorbents were initially 

included in the system to deal with solute transport mechanisms.  GAC performed as well as the 

geosorbents in the laboratory, yet also had better permeability in the field than the geosorbents 

and therefore were subsequently investigated.   
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Horizontal column studies demonstrated that the use of a nonwoven geotextile in 

conjunction with a more permeable GAC could reduce the loss of contaminated fines.  The 

column studies also showed that if thickness of the barrier was not a limiting factor in design, it 

would be possible to replace the finer GAC material with a less expensive alternative, such as 

gravel, to trap contaminated particles.  Increased thickness in a granular filter results in increased 

structural tortuosity within the filters and greater probabilities of retaining a particle of a given 

size.  Even though the gravel particles are larger, a thicker filter would be the equivalent of a 

thinner filter filled with smaller filter particles (GAC) in terms of particle retention.  However, 

this cost benefit in using a more cost effective material (such as gravel over GAC) would hinder 

the remediation of PCBs in water by decreasing residence time of the contaminant in the reactive 

portion (GAC) of the barrier.  If the goal of the design is to remove the contaminated soil from 

the local environment by halting mobility in the most cost-effective manner, then this permanent 

sequestration of PCB onto GAC is not necessary, except to treat solute and colloidal transport 

mechanisms.  Future designs could evaluate the minimum amount of GAC required from batch 

studies and increase the amount of more cost-effective material for particle retention.  Further 

laboratory studies and computer modeling of the system investigating particle transport could be 

incorporated into the design to evaluate length of time the colloidal/solute PCB ‘spends’ in the 

reactive portion of the filter and evaluate effectiveness of the design.           

Chapter 5 addressed several unanswered questions from Chapters 2-4.   A mechanism 

(chemisorption via particle-particle partitioning, Chapter 5) was proposed as the type of sorption 

occurring within the barrier.  Chapters 3 and 4 indicated that particle retention should be 

incorporated as a primary design for any sorption barrier meant to deal with recalcitrant, 

hydrophobic compounds such as PCBs.  Previous studies (Cornelissen et al. 1997a-c, Milward et 
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al. 2005; Werner et al. 2005; Werner et al. 2006; McDonough et al. 2008) examining GAC and 

PCBs did not effectively evaluate the system using PCB contaminated soil in combination with 

GAC and water.  It was necessary to discern how much of an effect GAC had on desorption from 

soil with and without water.  Rate constants and partitioning constants obtained from the studies 

conducted in this dissertation indicated that they were within the range expressed in the literature, 

which spans several orders of magnitude. Further laboratory testing indicated colloidal 

interference, suggesting that partitioning constants obtained had much experimental error.  More 

accurate parameters are required prior to any computer modeling of the system, as currently these 

partitioning constants are varying with time under the present experimental conditions.  In the 

literature these variances with time have been attributed to colloidal interferences (Baker et al. 

1986) and the presence of a super sorbent such as black carbon (Accardi-Dey and Gschwend 

2003).    The accuracy of these parameters is also affected by the age of contamination, or the 

amount of weathering the PCB contaminated soil has experienced.  The difficulty in using 

laboratory contaminated soils to derive desorption rates for PCBs from soil is that they 

overestimate the ‘labile’ phase of PCB present on the soil, as the amount present on the surface of 

the soil at the ready to desorb is much greater than when the PCBs on the soil have had time for 

intra-particle transport. The more mobile congeners that help to make up this labile phase will not 

be present in aged or weathered soils.  Overcoming the difficulty in obtaining relevant, accurate 

parameters is ongoing (Schneider et al. 2007). 

It is important to note the differences between weathered and new Aroclors in terms of 

congener mobility.  If there are a greater amount of more mobile congeners in the system, solute 

transport becomes an issue in designing the filter system.  Much of the previous work for 

evaluating sorption mechanisms for PCBs to GAC has been conducted for individual congeners 
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and this may lead to incorrect conclusions, since each congener acts on its own accord like a 

different chemical compound.  These previous results which focused on very specific congeners 

are not transferrable to the field, where PCB contamination is present in complex mixtures of the 

PCB congeners (such as Aroclors) and can be affected by fluidizers and solvents present in 

electrical equipment (Hemminger and Mason 1994).   Only by grouping congeners based on their 

characteristics and using weathered Aroclor contaminated soils can trends be broadly applied.   

Recent studies have illustrated the promise for the utilization of GAC for the remediation 

PCB contaminated sediments through particle-particle sorption (Milward et al. 2005; Werner et 

al. 2005; Werner et al. 2006; McDonough et al. 2008).  However these studies did not adequately 

delineate the mechanisms for the uptake of PCB such as to be found in a sorption barrier context.   

It was found that in the field, greater amounts of PCBs were sorbed onto the GAC than in 

laboratory studies.  Initial laboratory studies in the form of batch and column tests could not 

confirm why or how this was happening.  Batch tests were altered to account for differences 

between the field and the laboratory.  Three differences were identified between field and 

laboratory conditions: the amount of water - it was found that the presence of water in the batch 

systems severely limited the capabilities of GAC to sequester PCBs, temperature and time of 

contact between PCB contaminated soil particle and GAC filter particle. Water acts as the 

primary transport medium in the field, depositing PCB contaminated soil particles within the 

granular filter during run-off and storm events.  The rest of the time, little water was present in 

the barrier system and PCB contaminated soil particles remained in contact with GAC filter 

particles for up to 1 year.  By comparing batch test results under cold (3oC) and temperate (21oC) 

temperature conditions, it was found that when water was present, temperature had no effect on 

how much PCB was adsorbed onto the GAC particles.  Adsorption of PCB to GAC by particle-
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particle partitioning, however, was hindered by a reduction in temperature.  The adsorption of 

PCB to GAC from column tests were also found to be hindered by reduced temperatures.  This 

evidence indicated that the mechanism of sorption for PCBs to GAC was via particle-particle 

interaction.  The calculation of activation energies indicated that chemisorption (as opposed to 

physisorption) was the mechanism of adsorption for particle-particle partitioning, which is 

irreversible (unlike physisorption, which is reversible).  The length of time that PCB 

contaminated soil particles remained in contact with GAC particles differed in the field and the 

laboratory: contact times in the field could range from months up to 1 year, in the laboratory, the 

longest contact times evaluated were 72 hours in a column, and 2 weeks in a batch test.  In the 

field, PCB contaminated soil particles are transported by water and deposited in the granular 

system where they then remain entrained until sampled or for the 3-6 %, flushed out.      

These results have significant implications for surface remediation strategies and the 

application of GAC for PCB sequestration, especially in terms of a sorption barrier design.   In 

terms of surface remediation, these barriers appear to work well, are low-maintenance and low 

cost.  In the future, these results can be used towards the modeling of a sorption barrier designed 

to trap a particle for a particular time that would allow mass transfer of PCBs to the GAC- based 

on the partitioning constant between contaminated soil particle and GAC particle (Chapter 5) and 

using particle transport through granular filter models such as that proposed by Locke et al. 

(2001). 
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6.2 Conclusions and Recommendations 
This thesis has described the design and construction of three surface permeable reactive barriers 

at a remote site in the Canadian North.  The manuscripts within this thesis have evaluated 

materials and provided suggestions for the most efficient design in a challenging environment.  In 

this section, the key findings are summarized and recommendations for future work are provided.   

 

6.2.1 Implementation of Funnel and Gate Surface Barriers for passive remediation 
of PCBs. 

This study chronicled the development of a novel barrier system as part of the long term 

remediation strategy for a contaminated site in the Canadian Arctic.  The ability to modify design 

plans and goals in response to challenges posed by site access, climate and topography were 

documented in order to help other researchers, practitioners and regulators learn from what was 

done at Resolution Island, Nunavut.   The primary transport mechanism for PCBs is adhered to 

soil particles.   Therefore, the primary strategy for containment of contaminants is sedimentation 

since it passively collects contaminated particles for later removal; however sedimentation alone 

is not sufficient.   Sequestration mechanisms are required for PCBs that are transported in the 

aqueous phase as dissolved, colloidal, or attached to fine particulate matter to meet site 

remediation goals.  The surface barriers designed as part of this study functioned successfully 

after modifications were made to respond to site conditions, particularly high volumes of 

sediment.  The proposed barrier system is considered an appropriate remediation technology for 

remote sites where source removal has been conducted and/or surface downstream migration of 

contaminant is a concern.        
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6.2.2 The combined use of granular and geotextile filter materials for the treatment 
of surface contamination. 

It was found that permeable materials such as granular particle retention filters and adsorbents 

were the most successful in dealing with unpredictable diurnal and seasonal migrations of 

contaminated soils and water than geotextile filters and geosynthetic adsorbents.  More cost 

effective and durable materials such as gravel (as opposed to a design consisting entirely of the 

more costly material GAC) could be placed upstream within the filter system for taking out larger 

particles to protect more sorptive materials such as GAC.  Nonwoven needlepunched geotextiles 

were vital as ‘polishing steps’ in the barrier system, for removing highly contaminated 

particulates.   

 

6.2.3 Mechanisms of sorption for PCB to GAC in a permeable barrier system. 

GAC was found to sequester greater amounts of PCB in the field than in the initial laboratory 

tests.   This was attributed to particle retention as a granular filter in addition to the adsorptive 

capacity of GAC for PCBs.   Chapters 2 and 4 hypothesized that particle retention was of greater 

importance than adsorption.  The comparison of cold (3oC) to temperate (21oC) temperature 

conditions for batch and column tests provided conclusive evidence that mass transfer of PCB 

from the contaminated soil to the GAC particles was the main mechanism of PCB sorption in the 

barriers on Resolution Island, Nunavut.       
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6.2.4 Recommendations 

This research comes at the intersection of several fields:  geotechnical engineering, environmental 

engineering and environmental analytical chemistry.  The following recommendations for further 

research are based on the findings from this research program:   

1. Using results from this thesis combined with current models for particle transport 

through a granular filter, a model for PCB sequestration onto GAC in a sorption barrier could be 

designed. Further column testing would be required to evaluate required retention times for the 

contaminated particle –field results from this dissertation indicate that an adequate retention time 

period for a trapped particle may enable complete, irreversible mass transfer to the GAC.  This 

time parameter can be used to estimate granular filter thickness from the computer modeling of 

particle transport through a granular filter system.  Future research may wish to confirm this 

hypothesis and evaluate the amount of PCB that gets trapped via this particle retention and 

subsequent sequestration during high flow periods (such as spring run-off and storm events) when 

the retention time is short for PCBs (on particulate matter, dissolved or colloidal) not caught in 

the filters.    Further laboratory studies may be required to calibrate this model.   Current sorption 

barriers generally consider particulate matter for issues of permeability (US EPA 1998; Blowes et 

al. 2000).  The design for the thickness of a PRB reactive wall is generally: 

              (1) 

where b is the required  thickness of the wall, V is the groundwater velocity through the reactive 

media (not the aquifer) and t is the residence time that the contaminant needs to be in contact with 

reactive media to allow its removal (Gavaskar et al. 1999).  The theory that granular filters can 

‘wash out’ (Locke et al. 2001) can be incorporated into a filter medium design such that it ‘holds’ 

a contaminated particle for the required period of time (t) to sequester the contaminant from the 
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soil.  In efforts to reduce the transport of soils while maintaining permeability, it may be possible 

to supplement more expensive material such as GAC with gravel to increase thickness of the 

barrier (and tortuosity of flow paths) while maintaining permeability.  If the design goal is to 

reduce mobility of PCB migration, this slowing down of material is beneficial as it increases 

retention time within the barrier system and permanently traps contaminated soil in a more cost-

effective manner.   

 A general comparison of the thickness of sorption barrier characterized by solute 

transport residence time using Equation 1 (traditional sorption barrier design) and the theoretical 

model developed above should be conducted.  Computer modeling and further laboratory studies 

could be combined to evaluate which of the two is a more effective and cost-efficient approach 

for PCB sequestration in sorption barriers.  Solute transport was not evaluated in this dissertation 

as it was discovered early on that this was not an important transport mechanism for this 

particular site.  The required retention time of particle for mass transfer of contaminant (PCB) to 

GAC was not evaluated through column testing in this dissertation.  Field results indicated that 

this time could take up to a year.  Investigations would be required prior to running column 

experiments to find a suitable tubing material.  PCBs will adsorb strongly to many materials and 

unfortunately, materials that tend to be PCB resistant (such as Teflon and Viton) are not strong 

enough to endure this type of continuous pumping for lengths of time much beyond 24 hours 

without constant supervision.  

2. In the evaluation of sorptive materials for PCBs, it is highly recommended that 

practitioners evaluate groups of congeners using site contaminated materials, or at the very least 

by grouped characteristics.  In practice, PCBs were sold as a mixture of congeners, each of which 
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behaves with their own distinct chemical properties.  Though the properties and behaviours of 

PCBs many vary between specific congeners, most research to date use select congeners and 

ignore the heterogeneity of the PCB mixture being evaluated. The selection of specific congeners 

and analyzing their behaviours and traits within a laboratory setting is not adequate for broad 

application.  PCBs were sold as mixtures and were diluted in fluidizers, which affects partitioning 

of the PCBs (Hemminger and Mason 1994).    Practical results can be obtained by running a full 

congener analysis within a mixture – as there may be synergistic and competing mechanisms for 

partitioning, adsorption and desorption mechanisms.  Researchers can achieve more reliable 

results by grouping congeners in their samples by characteristics like ortho-, para- and meta-

substitution of chlorines.  By analyzing for all congeners present within the site contaminated soil 

and grouping these congener results to find general trends, more effective and generally 

applicable information can be passed on in the literature.   

3. A conceptual model for a GAC-soil-water system was proposed in Chapter 5.  A 

mechanistic model that encompasses a GAC-soil-water system currently does not exist in the 

literature and would be useful.  In defining difficult rate and partitioning constants such as K3 and 

K5 (Figure 5-1, Chapter 5) congener analysis is promising, since groups of congeners with the 

same characteristics may partition/adsorb/desorb in the same manner.  More immobile groups of 

congeners that partition via particle-particle partitioning but do not partition when water is 

present in the system may be useful for design applications.  By designing a sorption barrier 

system that sequesters these more immobile contaminants, results in a more conservative design 

and may end up in trapping all PCBs.  Methodologies for the analysis of PCB contaminated 

waters and related partitioning coefficients need to be more stringent, and should take account of 

colloidal interference and the resulting apparent partitioning constants.  The inclusion of colloids 
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and highly contaminated particles (such as GAC fines) in these calculations can be significant for 

contaminants such as PCBs (Chapter 5).  A mechanistic model developed for this system must 

somehow consider these colloidal and particle interferences. 
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Chapter 7 

Appendices 

Appendix A - Supplementary Information to Chapter 1 

7.1.1 Climate Data and Water Flow 

Resolution Island is renowned for its harsh climate.  Due to its geography as an island at the 

eastern entrance to the Hudson Strait, it resides in a micro-climate.  This has the effect of 

unpredictable weather patterns; heterogeneous flow conditions on site and high amounts of fog 

during the summer field season.    Climate data is presented in (Figure 7-1:  Climate Data for 

Resolution Island, Nunavut). Mean monthly temperature (oC)  is for the period 1963-2001. Data 

ranges from 1963-1975, 1995-2001, and estimated for 1975-1995 by comparison with Iqaluit.  

Mean wind speed( km/h) is for all directions over the period 1963-80.  Depth of snow cover (m) 

as average of last day of the month and previous month over the period 1947-75.  Global Solar 

radiation in W/m2 (taken from mean daily total) as the average of Iqaluit (1972-80) and Coral 

Harbour A (1971-80).   

 

7.1.1.1  Precipitation 

Average snowfall per year on the island is approximately 1.2 m; this snowfall total combined 

with summer rainfall can be combined to give an accumulative average precipitation of 0.4 m of 

water. If this last value is applied to the entire S1/S4 valley area (21,200 m2) one can calculate a 

volume of water that will flow through the barrier.  This volume is calculated to be approximately 

7,850 m3. Water samples taken from this region demonstrate that the Aroclor 1260 in water 

concentration is approximately 0.07 ppb.  If one assumes that all the water passing through the 
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S1/S4 valley is contaminated at this level then the amount of total PCB retained in the valley 

water per season is 0.55 g.  A value of 0.79 ppb PCB was found in water at the top of the cliff 

which would corresponds to a mass of 6.2 g passing over the cliff per season. These are both 

relatively low amounts of PCB. However, with the design modifications now in place it is 

expected that the amounts will be considerably reduced. It is likely that the PCBs are present 

adsorbed onto fine particles. In the pond where settling has occurred some of the suspended 

particles will have settled out leaving only very fine material in a colloidal state. 

There are approximately 46 rainy days (characterized as a day with greater than 5 mm 

precipitation) per year, with approximately 15 of those days classified as rainy occurring during 

the summer field season. This is the period of greatest concern as both rain and water from 

snowmelt can mobilize soil contaminated with PCBs through this period of rapidly flowing water.  

If one assumes that all the annual precipitation falling in the catchment area passes through the 

barrier in 15 days as runoff then this represents a flow rate of 360 L/min.  In reality, the amount 

of runoff coming through the barrier would be less than this theoretical maximum. 

 

7.1.1.2 Flow Rate 

It was not possible to measure the actual flow rates in the valley before it reaches the barrier, as 

the drainage pathways to the barrier are branched and only join at the site of the barrier. A flow 

rate was measured utilizing the funnel and gate barrier system. Water from the valley exits via the 

gate of the barrier and thus it is possible to collect water at timed intervals to get a quantitative 

value for flow rate during high velocity flow periods.  Filters remaining from September 2003 

were still within the barrier system.  One half of the gate was blocked off using the steel lid.  

Flows were determined during the spring runoff (Table 7-1) and found to range from 30 L/min to 
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100 L/min through one half of the gate; 100 L/min corresponds to a permeability of 0.3 m/min or 

0.5 cm/s.  

The flow measurements were useful as a guide in assessing the capability of the system 

to handle the water flow. It should also be remembered that flow measurements were taken 

through experimental filters which were in operation from September 2003 to June 2004 (and 

therefore partially clogged).  As water flowed through the system with filters in place, the filter 

box can be viewed as being of an adequate size.  

 

7.1.2 Soil Analysis 

Soil analyses were conducted on site soil in 1994 for the beach and valley soils.  Analyses were 

conducted on soils within the barrier funnels in 2008 for characterization.  Results are shown 

below in Table 7-2 and in Figure 7-2, Figure 7-3 and Figure 7-4. 

 

7.1.3 References 

Environment Canada.   CDCD V1. 02.  Canadian daily climate data.  Climate Information 
Branch, Atmospheric Environment Service: 2002. 
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7.1.4 Tables 

 

Table 7-1:  Flow data Collected Through Valley Barrier 2004. 

Date and 
Time 

Volume 
(L) 

Time 
(s) 

Rate 
(L/s) 

Average 
Rate 
(L/s) 

σ 

5-Jul-04 15 10.2 1.46 

1.54 0.12 2:00 PM 17 10.4 1.67 
15 10.34 1.42 
17 10.75 1.62 

3-Jul-04 8 15.3 0.52 
0.47 0.04910:00 AM 7 15.02 0.47 

6 15.37 0.42 

2-Jul-04 22 30.44 0.72 

0.54 0.1219:00AM 7 15.41 0.47 
7 15.63 0.46 

  8 15.46 0.51 
 

Table 7-2:  Soil Analysis for Soils from Funnels of Barriers 

Barrier pH Atterberg Limits Density Carbonates
Organic 
Matter  CEC 

      (g/cm3) (mg) (%)   
Beach 6.7, 6.8 NO PLASTICITY 1.2 2.0033 3.18 4.2 
Valley 3.9 NO PLASTICITY 1.2 2.0004 2.46 1.7, 1.8 

Furniture 
Dump 3.8 NO PLASTICITY 1.3 2.0083 2.18 1.7 
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7.1.5 Figures 

 

 

Figure 7-1:  Climate Data for Resolution Island, Nunavut (Environment Canada, 2002). 
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Figure 7-2:  Soil Sieve Analysis for Soil from Funnel of Valley Barrier, Analyzed Post Excavations in 2008. 
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Figure 7-3:  Sieve Analysis for soil From Funnel of Beach Barrier, Analyzed in 2008. 
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Figure 7-4:  Sieve Analysis for Soil from Funnel of Furniture Dump Barrier, Analyzed in 2008.
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Appendix B - Methods 

7.2 Analysis 

All GAC samples were analyzed for PCBs using Soxhlet extraction.  Soils and gravels were 

analyzed via either Soxhlet extraction or the Shaker method.  All waters were analyzed via liquid-

liquid extraction. 

7.2.1 Shaker Method 
All soil and gravel samples were spiked with an aliquot of decachlorobiphenyl (DCBP), a 

surrogate standard, prior to analysis by gas chromatography (GC) with electron capture detection 

(ECD). Samples were extracted with dichloromethane, using a soxhlet apparatus. Extracts were 

concentrated using a roto-evaporator and the solvent was exchanged to hexane before cleanup of 

the sample, by passing the hexane containing the PCBs through a Florisil column. 

All samples were thoroughly homogenized before sampling for the analysis. Soil samples 

were sub sampled for determination of wet/dry weight ratio. 

Accurately weighed samples of wet soil (10 g) to which DCBP, sodium sulphate (40 g) and 

Ottawa sand (20 g) were added, were extracted 3 times for 20 minutes with 50 mL of 

dichloromethane on an orbital shaker. After the last extraction is decanted, 25 mL of 

dichloromethane was added to the extraction flask, swirled vigorously and decanted. 

The extract was then concentrated by rotoevaporation to approximately 1 mL, and 5 mL 

of hexane was added and again evaporated to 1 mL. This was repeated twice more, resulting in 1 

mL of hexane solvent, which was then applied to a florisil column for cleanup. The column was 

thoroughly rinsed with hexane and the eluent containing the PCBs diluted to 10.0 mL. A GC vial 

(2 mL) was then filled and the sample analyzed by GC/ECD. 
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7.2.2 Soxhlet Method 
This method is used to determine the concentration of polychlorinated biphenyls (PCB) in a soil 

matrix.  This method is normally used to analyze Aroclor 1254 and 1260 but can be easily 

adapted to other Aroclors by running the appropriate standards.  The range of concentrations that 

can be determined for these PCB analytes is between 0.5 and 500 μg/g (or higher with appropriate 

dilutions).  This method determines the concentration of PCB as the appropriate Aroclor using 

gas chromatography with an ECD detector. 10 to 15 g of sample is accurately weighed into a 

thimble and spiked with surrogate DCBP. 20 g of Ottawa sand and 20 g of sodium sulphate are 

added and mixed. Following soxhlet extraction (4-6 hours), the solvent is roto-evaporated, and a 

solvent exchange is performed with hexane. The remaining sample is flushed through a florisil 

column with hexane.  After the sample has been passed through the florisil column, it is diluted to 

a final volume of 10.0 mL in a volumetric flask.  A small portion of the sample is then transferred 

to a GC vial. Samples are run in a gas chromatograph (GC) and the PCBs are detected by an 

electron capture detector (ECD) and compared to the appropriate Aroclor standards prepared in 

the same manner. 

 

Sample concentration = sample area × standard concentration ×  10mL              x surrogate recovery 
          standard area                sample weight   
 

Dry:Wet (D/W) ratio = Mass of dry soil       (determined by drying sample in oven) 
            Mass of wet soil 
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7.2.2.1 Quality Control 
Control and duplicate samples must be within 30%.  Surrogate recovery concentrations must be 

within 20%.  Blanks are below detection limit (<0.1 ppm for Soxhlet extractions, <0.5 ppm for 

Shaker extractions). 

7.2.3 PCB by Liquid-Liquid Extractions 
The minimum concentration that can be determined for these PCB analytes is 0.003 μg/g.  This 

method determines the concentration of PCB as the appropriate Aroclor using gas 

chromatography with an ECD detector.  500 ml of sample water is measured out, transferred to a 

separatory funnel and spiked with a surrogate, decachlorobiphenyl (DCBP).  Next, 25 ml of 

methylene chloride are added to the sample water, shaken and allowed to separate.  The 

methylene chloride is then drained from the bottom of the funnel, filtered through sodium sulfate 

and collected in round bottom flask.  The sample is extracted with methylene chloride a total of 

three times in order to extract the 500 mL of sample into 75 mL of solvent.  The solvent is then 

roto-evaporated, and a solvent exchange is performed with hexane.  The remaining sample is 

flushed through a florisil column with hexane.  After the sample has been passed through the 

florisil column, it is diluted to a final volume of 10.0 mL in a volumetric flask.  A small portion 

of the sample is then transferred to a GC vial. Samples are run in a gas chromatograph (GC) and 

the PCBs are detected by an electron capture detector (ECD) and compared to the appropriate 

Aroclor standards.  

 

7.2.3.1  Quality Control 
The reported detection limit is < 0.003 ppm.  Accuracy values were calculated as 7.2% and 

precision is 0.003 ppm (95% confidence interval). 
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7.2.4 GC-ECD 
Each sample extract was analyzed using an HP 5890 Series II Plus gas chromatograph equipped 

with a 63Ni electron capture detector (GC/ECD), a SPBTM-1 fused silica capillary column (30 m, 

0.25 mm ID x 0.25 μm film thickness) and the HPChem station software. The chromatographic 

conditions were as follows: Sample volume - 2 μL, splitless injection, initial temperature – 100 

°C for 2 min; ramp – 10 °C/min to 150 °C, 5°C/min to 300 °C; final time 5 minutes. Carrier gas 

used was helium with a flow rate of 2 mL/min. Nitrogen was used as a makeup gas for the ECD.  

All values were reported as ppm (μg/g) on a dry weight basis. 

  

7.2.5 Congener Analysis by Soxhlet Extraction and GC-MS/MS 
Samples was extracted for 6 hours with dichloromethane using a Soxhlet Apparatus.  The extract 

containing PCB congeners was concentrated, solvent exchanged and analyzed by gas 

chromatography with tandem mass spectrometry (MS/MS) using a Varian 4000 ion-trap mass 

spectrometer.  A 60 m HP-5MS (0.25 mm i.d. x 0.25 um film thickness) column was used with 

He as the carrier gas.    Detection limits were 0.01 µg/g for congeners.  Laboratory duplicates 

must be within 30%, surrogate recovery within 20%. 

 

7.3 Column Test Methods 

7.3.1 Test Soil 
PCB contaminated soil was made up using contaminated soil from Resolution Island and sieved 

to a particle size < 1mm, which is similar to what is found in the funnel portion of the barrier 

system in the S1-S4 valley.  The mixture was mixed for two days using the tumbling apparatus 
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that was used for the batch tests, to ensure homogeneity.   Soil was analysed using soxhlet 

extraction and GC/ECD analysis. 

 

 

Soil Concentrations for Column Runs  

 

A – J:   44 ± 3.3 µg/g 

K – AO:  82 ± 2.5 µg/g 

AP – AZ: 82 ± 2.6 µg/g 

BA – BG: 77 ± 0.2 µg/g 

 

 

7.3.2 Column Design   

7.3.2.1 Initial Plexiglass Design 
The initial column design was constructed using plexiglass (Figure 7-5). The column apparatus 

was designed to allow for both vertical (preferential for kinetics testing) and horizontal 

(preferential for mimicking field conditions) orientation of testing.    The plexiglass design was 

found to be only suitable for vertical testing.  The plexiglass material was also found to be 

unsuitable for PCBs as it could not be cleaned with solvent and no mass balance could be 

achieved.   

 

7.3.2.2 Stainless Steel Column Design 
The switch to a material that was resistant to uptake of PCBs and non-reactivity to solvent for 

cleaning was desirable. Advantages to using this material were numerous.  The stainless steel 

(Figure 7-6) apparatus mimics field conditions better as the field barrier is made of stainless steel, 
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PCBs tend not to adsorb to stainless steel and welding ensures that the apparatus is water tight 

even under high pressures.  It was found that with this stainless steel design a mass balance could 

be achieved (Table 35 and Table 7-36 in Appendix F). 

Water flow was controlled using a Masterflex Digistat I/P peristaltic pump model number 

77601-60. The pump was calibrated for flow and volume of liquid being pumped and checked 

prior to each column run.  Contaminated exit water enters through a sand and gravel filtration 

system prior to being dumped or re-used. The filter materials and water are tested periodically to 

ensure exiting waters are PCB free. 

   

7.3.2.3 Clogging and Temperature Effects on Filters 
Pressure sensors were used to evaluate clogging of filter materials under half-frozen conditions, 

as would be typical during spring melt run-off events. Pressure sensors (Honeywell 

19CU100P2K) were used and interfaced with a computer via Labjack U12 (model # LJU12) and 

DAQ Factory OEM 5.0.   The calibration of the sensors was conducted using standpipes and 

pressure gauges and a voltmeter.  

The column apparatus was set up as in the field: 2 x 76.4 mm gravel filters, 2 x 76.4 mm 

GAC1 filters and 1 half-height NW2 filter.  The column apparatus was filled halfway with water 

and left for 24 hours at -20oC prior to testing.  The system was placed in a re-circulation mode to 

ensure that all fines would be retained within the column system.  As soil was added, pressure 

was checked once water ran clear in the source beaker prior to the addition of more soil.  This 

took approximately a half hour and 4 kg of soil per column run to reach a clogged status.       
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Results with half frozen filters indicated that up to 4 kg of soil could be put into the system 

without clogging (seeTable 7-3, Figure 7-7, Figure 7-8, Figure 7-9, Figure 7-10), therefore runs 

of non-frozen filter materials to evaluate clogging were not conducted. 

 

7.4 Separating Soil/GAC/water mixtures 

Soil/GAC /water mixtures were separated using the 142 mm diameter stainless steel pressure 

filtration apparatus shown in Figure 7-11.  GAC/soil or batch tests containing GAC/soil/water 

was poured through a 1.0 mm sieve, situated on top of the apparatus.  Excess soil particles were 

rinsed off using double de-ionized water and filter materials were examined using Light Electron 

Microscope as described in Chapters 3 and 5 to ensure no soil particles remained.   Soil was 

separated from water using a 0.7 µm glass microfiber filter.  Mass balance was obtained using 

this apparatus as filters were then analysed for PCBs along with GAC and water as part of batch 

and column analyses.   
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7.6 Tables 
 

Table 7-3:  Pressure Results from Attempts to Clog Half-Frozen Filter System in Column. 

Mass of Soil Added 

to System (g) 

Pressure (psi) Mass of Soil 

Added to System 

(g) 

Pressure (psi) 

Mass of Soil Added 

to System (g) 

Pressure (psi) 

Gravel 1 Gravel 2 GAC1 Gravel 1 Gravel 2 GAC1 Gravel 1 Gravel 2 GAC1 

9.000 10 8 8 10.00 10 8 8 10.00 10 8 8 

98.00 12 12 12 100.0 12 12 12 100.0 12 12 12 

228.0 14 12 12 230.0 14 12 12 250.0 14 12 12 

328.0 14 14 12 330.0 14 14 12 500.0 14 14 12 

458.0 14 14 12 457.0 14 14 12 800.0 14 14 12 

618.0 14 14 12 623.0 14 14 12 1100 14 14 12 

793.0 14 14 12 790.0 14 14 12 1200 14 14 12 

1003 16 14 14 1000 14 14 14 1500 14 14 14 

1233 14 14 12 1200 14 14 12 1800 14 14 12 

1468 14 14 12 1400 14 14 12 2100 14 14 12 

1688 14 14 12 1700 14 14 12 2400 14 14 12 

1918 14 14 12 1900 14 14 12 2700 14 14 12 

2178 14 14 12 2200 14 14 12 3100 14 14 12 

2568 14 14 12 2500 14 14 12 3300 14 14 12 

2958 14 14 12 2800 14 14 12 3600 14 14 12 
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Mass of Soil Added 

to System (g) 

Pressure (psi) Mass of Soil 

Added to System 

(g) 

Pressure (psi) 

Mass of Soil Added 

to System (g) 

Pressure (psi) 

Gravel 1 Gravel 2 GAC1 Gravel 1 Gravel 2 GAC1 Gravel 1 Gravel 2 GAC1 

3318 14 14 12 3000 14 14 12 3900 14 14 12 

3758 14 14 12 3300 14 14 12 4200 30 30 30 

4228 30 30 30 3800 14 14 12 

4100 30 30 30 
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7.7 Figures 
 

 

Figure 7-5:  Plexiglass Column Apparatus 



 

191 

 

 

Figure 7-6:  Stainless Steel Column Apparatus.

 

Figure 7-7:  Gravel 1 from Clogging Test. 
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Figure 7-8:  Gravel 2 from Clogging Test. 

 

Figure 7-9:  GAC1-1 from Clogging Test. 
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Figure 7-10:  GAC1-2 from Clogging Test. 
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Figure 7-11:  Apparatus for Separating GAC/Soil/Water Mixtures. 

  

Double De-ionized Water

Particle-free Water Extract

0.7 µm Filter to Separate Soil from Water

0.6 mm Sieve to Separate Soil from GAC
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Appendix C - Quality Assurance/Quality Control 

Control Spiked samples were included in each set of extractions.  Control values must be within 

30%.  Extractions outside of control limits are either re-extracted or reported as non-

conformance.  Laboratory duplicates that are run must be within 20% of each other.  Blanks must 

be below detection limits, for Soxhlet Extraction <0.1 µg/g, for Shaker Extraction <0.5 µg/g, 

<0.02 µg/mL for PCB in Water. 

 

7.8 Field Sample Analysis 2003 – 2007 

 

Table 7-4:  QA/QC for Barrier and Soil Sample Analyses 2003-2007. 

Date of Analyses 
(Y/M/D) 

Target 
Control 
(µg/g) 

Control 
(µg/g) 

Blank 
(µg/g) Method 

031008 5.0 6.8 <0.1 PCB by Soxhlet 
031026 5.0 5.3 0.23 PCB by Soxhlet 
031026a 5.0 5.0 <0.1 PCB by Soxhlet 
040105 5.0 5.9 <0.1 PCB by Soxhlet 
040105 5.0 5 <0.1 PCB By Soxhlet 
041005 5.0 5.8 <0.1 PCB by Soxhlet 
041005 5.0 4.8 <0.1 PCB by Soxhlet 
041009 5.0 5.3 <0.1 PCB by Soxhlet 
041009 5.0 3.5 <0.1 PCB by Soxhlet 
040405 5.0 5.4 <0.1 PCB by Soxhlet 
041023 5.0 5.2 <0.1 PCB by Soxhlet 
041023 5.0 4.8 n.s. PCB by Soxhlet 
041024 5.0 6.1 <0.1 PCB by Soxhlet 
041102 5.0 5.7 <0.1 PCB by Soxhlet 
041111 n.s. n.s. <0.1 PCB by Soxhlet 
050725 5.0 6.3 <0.1 PCB by Soxhlet 
050915 5.0 5.0 <0.1 PCB by Soxhlet 
050918 5.0 5.0 <0.1 PCB by Soxhlet 
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Date of Analyses 
(Y/M/D) 

Target 
Control 
(µg/g) 

Control 
(µg/g) 

Blank 
(µg/g) Method 

050920 5.0 5.0 <0.1 PCB by Soxhlet 
060816 5.0 4.2 <0.1 PCB by Soxhlet 
060818 5.0 5.1 <0.5 PCB by Shaker 
060818 5.0 5.3 <0.1 PCB by Soxhlet 
060818 5.0 5.3 <0.5 PCB by Shaker 
060821 5.0 6.8 <0.1 PCB by Soxhlet 
060822 5.0 4.0 <0.5 PCB by Shaker 
070816 5.0 5.2 <0.1 PCB by Soxhlet 
070816 5.0 4.6 <0.5 PCB by Shaker 
070901 5.0 5.3 <0.5 PCB by Shaker 
070902 5.0 5.6 <0.1 PCB by Soxhlet 
070903 5.0 5.2 <0.1 PCB by Soxhlet 
070903 5.0 5.2 <0.5 PCB by Shaker 
070904 5.0 4.9 <0.1 PCB by Soxhlet 

n.s.denotes no sample analysed. 

  

Table 7-5:  QA/QC PCB by Water Analyses Field Samples 

Year Spike Values (µg/mL) 
Control 
(µg/mL) Blanks (µg/mL) 

2003 0.09, 0.10, 0.09, 0.10 0.10 <0.02, <0.02, <0.02, <0.02 

2004 0.05, 0.05 0.05 <0.02, <0.02 
0.08, 0.08, 0.10, 0.09, 0.10, 
0.10, 0.08 0.10 

<0.02, <0.02, <0.02, <0.02, < 0.02, < 0.02, 
< 0.02 

2005 
0.09, 0.10, 0.09, 0.10, 0.09,  
0.11, 0.08 0.10 

<0.02, <0.02, <0.02, <0.02, < 0.02, < 0.02, 
< 0.02 

0.05, 0.06, 0.04 0.05 <0.02, <0.02, <0.02 

2006 0.09, 0.09, 0.11 0.10 <0.02, <0.02, <0.02 
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7.9 Batch Tests  

Table 7-6:  QA/QC Data for Adsorption Batch Tests. 

Date of Analyses (Y/M/D) 
Control 
Target Control Blank Method 

031106 5.0 (µg/g) 4.9 <0.1 PCB By Soxhlet 
031106  1.0 (µg/g) 0.7 <0.1 Batch Spike 
040530 150 (µg/g) 133 <0.1 PCB By Soxhlet 
040530 n.s. n.s. 0.5 Method Blank 
040601 5.0 (µg/g) 6.8 <0.1 PCB by Soxhlet 
040601 500 (µg/g) 481 <0.1 Batch Spike 
040601 5.0 (µg/g) 5.3 0.4 PCB by Soxhlet 
040603 200 (µg/g) 150 <0.1  Batch Spike 
040603 2.0 (µg/mL) 2.4 <0.02 PCB in Water 
051004 5.0 (µg/g) 5.7 <0.1 PCB by Soxhlet 
051004 0.1 (µg/mL) 0.13 <0.02 PCB in Water 
051004 100 (µg/g) 92 n.s. Batch Spike 
051004 0.1 (µg/mL) 0.06 n.s. PCB in Water 
050511 5.0 (µg/g) 5.2 <0.1 PCB by Soxhlet 
050525 0.1 (µg/mL) 0.1 <0.02 PCB in Water 
050707 0.1 (µg/mL) 0.1 <0.02 PCB in Water 

n.s. denotes no sample analysed. 

Table 7-7:  QA/QC From PCB in Water Analyses for GSW/SW Batch Tests 

Blank 
(µg/mL) 

Control 
(µg/mL) 

Control Target 
(µg/mL) 

<0.02 0.19 0.20 
<0.02 0.10 0.10 
<0.02 0.10 0.10 
<0.02 0.19 0.20 
<0.02 0.10 0.10 
<0.02 0.10 0.10 
<0.02 0.25 0.20 
<0.02 n.s. n.s. 
<0.02 0.10 0.10 
<0.02 n.s. n.s. 
<0.02 0.20 0.20 

n.s. denotes no sample 
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Table 7-8:  QA/QC From PCB by Soxhlet Analyses for GSW/SW Batch Tests 

Blank (µg/g) 
Control 
(µg/g) 

Control 
Target (µg/g) 

<0.1 5.1 5.0 
<0.1 5.1 5.0 
<0.1 4.3 5.0 
<0.1 6.2 5.0 
<0.1 4.3 5.0 
<0.1 5.2 5.0 
<0.1 6.4 5.0 
<0.1 5.4 5.0 
<0.1 5.6 5.0 
<0.1 4.5 5.0 
<0.1 5.0 5.0 
<0.1 5.7 5.0 
<0.1 6.3 5.0 
<0.1 6.3 5.0 

 

 

Table 7-9:  QA/QC From Small Batch Tests 

Blank (µg/g) 
Control 
(µg/g) 

Control 
Target (µg/g) 

<0.1 4.2 5.0 
<0.1 5.3 5.0 
<0.1 5.1 5.0 
<0.1 4.3 5.0 
<0.1 4.3 5.0 
<0.1 4.6 5.0 
<0.1 5.7 5.0 
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7.10 Column Tests  

Table 7-10:  QA/QC Data for Column Testing (Mass Balance, Fines). 

Blank 
(µg/g) 

Control 
(µg/g) 

Control 
Target 
(µg/g) 

Blank 
(µg/mL)

Control 
(µg/mL)

Control 
Target 

(µg/mL)
<0.1 5.2 5.0 
<0.1 4.1 5.0 
<0.1 6.0 5.0 

<0.02 0.09 0.10 
<0.1 5.1 5.0 
<0.1 5.4 5.0 
<0.1 5.8 5.0 
<0.1 4.7 5.0 
<0.1 4.9 5.0 
<0.1 6.5 5.0 
<0.1 4.7 5.0 
<0.1 4.7 5.0 
<0.1 3.8 5.0 
<0.1 4.2 5.0 
<0.1 6.0 5.0 
<0.1 4.8 5.0 
<0.1 5.0 5.0 
<0.1 6.0 5.0 
<0.1 5.8 5.0 
<0.1 4.3 5.0 
<0.1 5.5 5.0 
<0.1 5.7 5.0       

 

Table 7-11:  QA/QC Data for GAC vs. Sand (Rinsed and Non-Rinsed) Column Runs. 

Blank 
(µg/g) 

Control 
(µg/g) 

Control Target 
(µg/g) 

<0.1 4.6 5.0 
<0.1 4.7 5.0 
<0.1 4.8 5.0 
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7.11 Congener Analysis 

Control samples were run with each soxhlet extraction and analyzed by GC-MS/MS.  Control 

samples must be within 30%.  Control targets are 1.0 µg/g 1260 Aroclor and 1.0 µg/g CEN – a 

congener mix for the two runs.  Controls attained were 0.8 µg/g and 0.7 µg/g respectively.   

Blanks were found to be < 10 ng/g for both runs.  The average surrogate recovery was calculated 

to be 95%. 

7.12 Detecting Outliers 

If outliers were suspected, a Grubb’s test was performed to evaluate whether the suspected outlier 

should be retained.  The Z score is calculated by subtracting the suspected outlier value from the 

mean and dividing it by the standard deviation.  The calculated Z value is compared to the value 

from a statistical table and the outlier is rejected if the calculated Z is greater than the table Z 

value. 

Z = |mean – value|/σ 

Below is a data set from the 72 hours batch tests described in Chapter 5 (GSW).  A suspected 

outlier (highlighted in red) is removed based on the results from this test. 

 

t = 72 hours
% desorbed from Soil 

2.82 average: 4.5
3.78 stdev: 1.0117
3.50 
6.90 
2.98 
9.31 
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Zcalc = |4.5-9.3|/1.0117  

Zcalc= 4.729     

Ztable = 1.944 (where n=6, n is number of samples, p = 0.01).   

Zcalc > Ztable, therefore outlier is rejected with 1% risk of false rejection. 
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Appendix D - Supplementary Information for Chapter 2 

7.13  PCB Remediation 

7.13.1 Establishing Grids in the Valley 

 

 

Figure 7-12:  GPS System Marking Grid Points in the S1/S4 Valley

 

Figure 7-13:  Using Traditional Methods to Check Grids in the S1/S4 Valley 
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Figure 7-14:  Intersection Grid Marker Flag M21 
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7.13.2 Delineating PCB Contaminated Areas 

 

 
Figure 7-15:  Delineation of Tier II Contaminated Area.  Note Blue rope and Spray Paint. 
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Figure 7-16:  Area of CEPA Contamination in the S1/S4 Valley Prior to Excavations (1994). 

 

 

Figure 7-17:  Area of CEPA Contamination in the S1/S4 Valley Post Excavations (2002). 
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7.13.3 CEPA Removal 

 

 

 

Figure 7-18:  Stain of Drainage Pathway, S1/S4 Cliff 

Extent of 

Contamination 

Inaccessible CEPA 

Contamination 

Location of Beach 

Barrier
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Figure 7-19:  Manually Removing CEPA Contaminated Soil Using Shovels and Vacuum 

Truck 

 

Figure 7-20:  CEPA Contaminated Soils Being Placed in Stainless Steel Conical Shipping 

Containers. 
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7.13.4 Excavation of Tier I and II Soils 

 

 

Figure 7-21:  Excavation in the S1/S4 Valley, Grid Marker Bottom Left Corner of Figure. 

 

 

Figure 7-22:  Excavated Tier II Soil Being Transported to the Tier II Landfill 
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Figure 7-23:  Tier II Lined Landfill. 
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7.13.5 S1/S4 Valley Barrier  

 

Figure 7-24:  Barrier Filter Arrangements S1/S4 Valley (2003- 2007).  Arrow indictates 

Direction of Flow. 

3M Boom 3M Boom 

GAC2 Matasorb 

NW1 NW2 

W2 W1 
July 2003 – September 2003 

 

3M Boom 3M Boom 

GAC BC1240 Matasorb 

Empty empty 

W2 W2 
September 2003 – June 2004 

 

GAC1 GAC1 

Gravel Gravel 

Gravel Gravel 
June 2004 – August 2005 

 

GAC1 GAC1 

Gravel Gravel 

Gravel Gravel 
August 2005 – August 2006 
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GAC1 GAC1 

GAC1 GAC1 

Gravel Gravel 
August 2006 – August 2007 

 
 

 
 NW 2 NW2 

GAC1 GAC1 

GAC1 GAC1 

Gravel Gravel 
August 2007 – July 2008 

 
 

 

 

Figure 7-25.  Sieving Granular Materials for Filters on Site, 2006. 



 

212 

 

7.14 Field Data 

 

 

Figure 7-26:  Sampling Matasorb from the Valley Barrier, July 2004. 

 

 

Figure 7-27:  Sampling GAC CNS612 from the S1/S4 Valley Barrier, July 2005. 
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Table 7-12:  2004 S1/S4 Valley barrier PCB filter results. 

Filter  Bottom section Middle section Top section 

 µg/g mg µg/g mg µg/g mg 

W1 (2 filters) 15 0.4 17.8 0.5 6.6 0.2 

Hydrophobic Geosorbent 4.9 1.3 1.3 0.4 1.6 0.4 

GAC2 2.8 19 0.3 2.1 1.4 9.2 

Hydrophilic Geosorbent 
 (2 filters) 

6.2 2.0 1.2 0.4 <0.1 <0.1 

 

 

Table 7-13:  2005 S1/S4 Valley barrier filter results PCB. 

Medium Location PCB (µg/g) 

Gravel  Left first filter bottom third 1.1 

Gravel Left first filter middle third  0.9 

Gravel Left first filter top third 4.8 

Gravel  Right first filter bottom third 1.7 

Gravel Right first filter middle third  1.1 

Gravel Right first filter top third 2.0 

Gravel  Left second filter bottom third <0.5 

Gravel Left second filter middle third  <0.5 

Gravel Left second filter top third 1.0 

Gravel  Right second filter bottom third 1.3 

Gravel Right second filter middle third  0.8 

Gravel Right second filter top third 1.0 

GAC1  Left filter bottom third <0.5 

GAC1 Left filter middle third  1.3 

GAC1 Left filter top third 0.8 

GAC1  Right filter bottom third 1.4 

GAC1 Right filter middle third  <0.5 

GAC1 Right filter top third 1.2 
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Table 7-14:  PCB Concentration of Filter Box Materials From the S1/S4 Valley Barrier 

System in Operation From 28 July 2005 to 26 August 2005 

Medium Location PCB Conc (µg/g) 

GAC1  Left bottom third 0.8; 1.0 

GAC1 Left middle third  1.3; 0.7; 1.3 

GAC1 Left top third 6.3; 8.9 

GAC1  Right bottom third 3.1; 1.2; 0.7 

GAC1 Right middle third  2.2; 1.7 

GAC1 Right top third 6.8; 3.7 
 

 

Table 7-15:  Metal Concentration (ppm) of Filter Box Materials From the S1/S4 Valley 

Barrier System in Operation From 28 July 2005 to 26 August 2005 

Material Cobalt Copper Nickel Zinc 

Sediment <5.0 114 13.0 33 

Sediment 9.0 186 32 76 

GAC1 5.7 76 22 34 

GAC1 7.6 125 25 47 

GAC1 17.8 80 72 79 

GAC1 19.9 58 77 60 

 

Table 7-16:  PCB Concentration of Filter Box Materials From the S1/S4 Valley Barrier 

System in Operation From 26 August 2005 to 2 August 2006 

Medium Location PCB (µg/g) 

Gravel  Left first filter bottom half <0.5 

Gravel Left first filter top half  1.4 

Gravel  Right first filter bottom half 0.5 

Gravel Right first filter top half  0.8 

Gravel  Left second filter bottom third 0.5 
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Medium Location PCB (µg/g) 

Gravel Left second filter middle third  0.5 

Gravel Left second filter top third 0.8 

Gravel  Right second filter bottom third 0.6 

Gravel Right second filter middle third  0.6 

Gravel Right second filter top third 0.7 

GAC1  Left filter bottom third 0.6 

GAC1 Left filter middle and  third  0.6 

GAC1  Right filter bottom third front half 1.6 

GAC1  Right filter bottom third back half 1.5 

GAC1 Right filter middle third  0.6 

GAC1 Right filter top third 1.0 
 

Table 7-17:  PCB Concentrations in Filter material from S1/S4 Valley Barrier, 2007. 

Medium Location PCB (µg/g) 

Gravel  Left first filter top third 0.4 
Gravel Left first filter middle third 0.2 
Gravel Left first filter bottom third 0.1 
Gravel Right first filter 0.2 
GAC1  Left second filter 1.7 
GAC1 Right second filter top third 2.8 
GAC1  Right second filter middle third 1.3 
GAC1 Right second filter bottom third 0.8 
GAC1  Left third filter top third 3.3 
GAC1 Left third filter middle third 1.6 
GAC1  Left third filter bottom third 2.2 
GAC1 Right third filter 1.4 
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7.14.1 Flow Data through Barrier 

 

 

 

Figure 7-28:  Collecting Water flow through the Valley Barrier System, 2005. 
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7.14.2  Design and Construction valley barrier 

 

Figure 7-29:  Area for Concrete Pour of S1/S4 Valley Gate Base. 

 

 

Figure 7-30:  Constructing the Gabion Funnel Wall:  Note Bedrock Bolts. 
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Figure 7-31:  Wetting the GCL Using a Water Truck. 

 

 

 

Figure 7-32:  Positioning the Geomembrane Liner. 
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Figure 7-33:  S1/S4 Valley Barrier System Constructed in 2003. 

 

Figure 7-34:  S1/S4 Valley Barrier System, July 2004. 



 

220 

 

 

Figure 7-35:  S1/S4 Valley barrier system, July 2004.  Note overflow. 
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7.14.3 Modifications to Valley Barrier 

 

 

Figure 7-36:  Extension of Second Funnel.  2005. 

 

Figure 7-37:  Laying out the GCL liner for the second funnel. 
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Figure 7-38:  Wetting the GCL using a water truck. 

 

 

Figure 7-39:  Toeing in the liners in a ditch using granular bentonite. 
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Figure 7-40:  Constructiong Chevron Flow Impediments in the S1/S4 Valley. 

 

 

Figure 7-41: Gabion with Half-height Woven Geotextile (W1) Along the Backside.  Note 

Cobbled Aggregate Between Gabion and Chevrons. 
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Figure 7-42:  S1/S4 Valley Barrier full of water and sediment in 2005.   

 

 

Figure 7-43:  Heavy machinery excavating PCB contaminated soil from S1/S4 Valley 

barrier, 2005. 
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Figure 7-44:  No Moss Growth in 2005. 

 

 

Figure 7-45:  Moss (Distichum capillaceum) Growth on Chevrons (2006). 
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Figure 7-46:  Clean cell (Ottawa Sand) Behind Barrier Gate. 

 

 

Figure 7-47:  Clean cell Downstream of Barrier, Clean Fill from Site Used. 
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Figure 7-48:  Monitoring points for S1/S4 Valley barrier system 2007. 
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Appendix E - Supplementary Information for Chapter 3 

7.15 Light Electron Microscope Images of Samples 

 

Figure 7-49:  GAC from Column Run AM.  No Soil. 

 

Figure 7-50:  GAC Sample from Column Run AQ.  Soil visible (some outlined). 
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Figure 7-51:  Sand Sample from Column Run AK.  No Soil Grains. 
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7.16 Laboratory Results 

Table 7-18:  Rinsed and Non-rinsed GAC and Sand Column Data.  OL denotes outlier.   

 Filter Material sample µg/g 

Mass of 
Filter 
 (g) 

PCB Mass Trapped in Filter 
(µg) 

Initial Soil Mass 
(g) 

Initial Mass of 
PCB 
 (µg) 

PCB Trapped in Filter 
(%) 

GAC1 AH1 3.3 153.2 508 23.3023 1902 27 OL 
GAC1 AH2 4.4 153.2 669 23.3023 1902 35 
GAC1 AH3 4.0 153.2 603 23.3023 1902 32 
GAC1 AI 0.1 153.4 21 40.6687 3319 0.6 
GAC1 AJ 16 153.1 2440 37.6960 3076 79 OL 
Sand AK1 <0.1 407.6 8.9 39.6649 3237 0.3 
Sand AK2 <0.1 407.6 10 39.6649 3237 0.3 
Sand AK3 <0.1 407.6 8.2 39.6649 3237 0.3 
Sand AL <0.1 407.6 0.2 36.9337 3014 0.0 
Sand AO <0.1 407.4 19 39.0043 3183 0.6 

sand blank AM <0.1 407.6 4.8 27.2511     
GAC1 blank AN <0.1 153.8 2.0 28.6743     
GAC1 NR AP 1.0 153.2 153 19.5034 1590 9.6 
GAC1 NR AR 3.5 153.1 538 25.4000 2071 26 
GAC1 NR AQ 2.0 153.2 312 20.4448 1667 19 

GAC1  AS <0.1 153.2 1.2 34.0001 2772 0.0 
GAC1  AT 0.1 153.6 9.3 23.7100 1933 0.5 

In this case, outliers removed as soil was present in LEM photographs in these samples. 
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Table 7-19:  Data from Rinsed Field Samples 

Sample  (µg/g) 
Mass PCB in 
sample (µg) 

Rinsed 
GAC1 
(µg/g) 

Rinsed 
GAC1 (µg) 

Soil 
Rinsed 
off (µg) 

% PCB on 
GAC 

% PCB on 
soil 

Mass 
Recovery 

FD1  15.2 278 13.9 214 n.s. 77% n.s. 77% 
FD2 24 91.3 16 46.3 8 51% 9% 59% 
FD3 27 140 24 82.5 24 59% 17% 76% 
V1 3.3 23.9 2.2 8.9 18.5 37% 77% 115% 
V2 2.2 17.5 1.1 5.9 6 34% 34% 68% 
V3 2.8 19.2 1.5 6.6 8.9 34% 46% 81% 

n.s. denotes n.s analyzed 

 

Table 7-20:  Fines Escaping From Full Filter System in Column Tests with Changing Volume. 

Sample 

Initial 
Soil 

(µg/g) 

1/2 
Gravel 
(µg/g) 

Full 
Gravel 
(µg/g) 

GAC1 
(µg/g) 

GAC 
1 

(µg/g) 

NW1 
(1/2 

height) 
(µg) 

Fines 
(µg) 

V 
(L) 

Escape 
(%) 

Average 
(%) σ 

BA 76.5 1.3, 1.7 0.5 0.8 0.2 31 158 8 5.7 6.1 0.4 
BB 76.5 2.7 0.5 0.6 0.1 38 8 6 
BC 76.5 1.0 0.3 0.8 0.1 14 154 8 6.5 
BD 76.5 2.9 0.7 0.7 0.3 31 131 100 5.9 3.8 2.0 
BE 76.5 1.4 0.1 0.4 0.1 24 50 100 2.5 
BF 76.5 1.5 1.0 1.8 0.2 8.9 107 100 4.9 
BG 76.5 5.5 3.6 0.5 0.1 15 37 100 1.7     
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Table 7-21:  Column Results of 2 GAC filters followed by 4 NW2 filters 

Sample 
GAC1 
(µg/g) 

GAC 1 
(µg/g) 

NW1 (3/4 
height) 

(µg) 

NW1 
(1/2 

height) 
(µg) 

NW1 (1/3 
height) 

(µg) 

NW1 (1/4 
height) 

(µg) 
Fines 
(µg) 

V 
(L) 

% 
Escape 

BH 1.2 0.3 58 40 11 0.3 98 8 3.9 
 
 

Table 7-22:  Amount of PCB adsorbed to GAC During Column Runs Under Varying Times. 

 Filter Material sample 
GAC1 
(µg/g) 

Mass of Filter 
PCB Mass Trapped 

in Filter Initial Soil Mass 
Initial Mass of 

PCB 
PCB Trapped 

in Filter Time 

 (g) (µg) (g)  (µg) (%) 
 

(min) 
GAC1 AI 0.13 153.4 21 40.6687 3319 0.6 2 
GAC1  AS 0.01 153.2 1.2 34.0000 2772 0.04 2 
GAC1  AT 0.06 153.6 9.3 23.7000 1933 0.48 2 
GAC1  BI 0.65 132.2 86 31.3223 2396 3.6 480 
GAC1  BJ 1.31 132.3 173 32.1745 2461 7.0 4320 
GAC1  BK 1.91 132.4 253 32.2266 2465 10.3 4320 
GAC1  BL 1.61 132.3 213 31.7286 2427 8.8 4320 
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Table 7-23:  Testing for Significant Difference Between Rinsed Sand and Rinsed GAC. 

  Rinsed GAC Rinsed Sand 
0.6 0.278 

0.04 0.008 
0.5 0.04 

Average 0.38 0.11 
Standard Deviation 0.3 0.15 

Variance 0.03 0.0075 

Relative degrees of Freedom (f) 2.94 
f 3 

t=3.182 Confidence Level 95 (U) U (from table) 0.62 
Difference in Means (d.i.m.)              d.i.m. 0.27 (0.38 – 0.11) 

d.i.m < U 
Therefore, no significant 
difference. 

t=1.638 Confidence Level 80 (U) U (from table) 0.32 

d.i.m < U 
Therefore, no significant 
difference. 
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7.17 Installation of Furniture Dump Barrier 

 
Figure 7-52:  Installation of Temporary Base Plate in Furniture Dump Drainage Pathway,  

2003. 

 

Figure 7-53:  Installation of Temporary Wooden Barrier in Furniture Dump Drainage 

Pathway, 2003. 



 

235 

 

 

 

Figure 7-54:  Temporary Wooden Furniture Dump Barrier (2004). 

 

 

Figure 7-55:  Installation of Permanent (Stainless Steel) Furniture Dump Barrier. 
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Figure 7-56:  Installation of Base Plate of Furniture Dump Barrier. 

 

 

Figure 7-57:  Stainless Steel Gates in Place (2005). 
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7.18 Installation of Beach Barrier (2005) 

 

Figure 7-58:  Excavated Area for Beach Barrier. 

 

 

Figure 7-59:  Area for Base Plate for Beach Barrier. 
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Figure 7-60:  Installation of Rebar into Bedrock for Base Plate. 

 

 

Figure 7-61:  Construction of Gabion Walls for Beach Barrier. 



 

239 

 

 

Figure 7-62:  GCL Installation. 

 

 

Figure 7-63:  Wetting of GCL. 
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Figure 7-64:  Liner and Filter Gates Installation of Beach Barrier. 

 

 

Figure 7-65:  Beach Barrier from Top of Cobbled Pathway. 
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Figure 7-66:  Removing Contaminated Soil from Beach Barrier, 2006.  

 

 

Figure 7-67:  Waste Wrangler Being Prepared for Transport from S1/S4 Beach 
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Figure 7-68:  Waste Wrangler Filled with PCB Contaminated Soil Being Air-lifted by 

Helicopter 

 

 

Figure 7-69:  S1/S4 Valley Barrier Sediment and Water July 2005. 
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Figure 7-70:  Furniture Dump Barrier Sediment and Water July 2005. 

Figure 7-71:  Barrier Filter Arrangements Furniture Dump (2003- 2007).  Arrow indictates 

Direction of Flow. 

Hydrophilic Geosorbent Hydrophilic Geosorbent 

GAC2 Hydrophobic Geosorbent 

NW1 NW2 

W2 W1 
July 2003 – July 2004 

 

  GAC1 GAC1 

Gravel Gravel 

empty empty 

empty empty 
July 2004 – July 2005 
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GAC1 GAC1 

GAC1 GAC1 

Gravel Gravel 

Gravel Gravel 

July 2005 – July 2006 
 

GAC2 GAC1 

GAC1 GAC1 

Gravel Gravel ½ full 

Gravel ½ full Gravel 

July 2006 – August 2007 
 

NW2 NW2 

GAC1 GAC1 

GAC1 GAC1  

Gravel ½ full Gravel ½ full 

August 2007 – July 2008  
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7.19 Field Data from Furniture Dump Barrier 2003-2007. 

 

Table 7-24:  PCB Concentrations and Masses in Filter Materials from the Furniture Dump 

Barrier (2003-2004). 

Filter  Bottom 
Section  

Middle Section Top Section 

  ppm mg ppm mg ppm mg 
W1 and W2 21 0.63 26 0.77 18 0.52 

NW1 140 8.6 140 9 53 3.3 
NW2 180 11 180 11 74 4.7 

Hydrophobic 51 14 7 2 0.5 0.15 
GAC2 14 95 5.5 36 4.5 30 

Hydrophilic Geosorbent   
(2 filters) 

22 6.7 5.8 1.8 4 1.3 

 

 

Table 7-25:  PCB Concentration of Filter Box Materials From the Furniture Dump Barrier 

System (July 2004 - August 2005). 

Medium Location PCB 
(µg/g) 

Gravel  Left filter bottom third 1.8 
Gravel Left filter middle third <0.5 
Gravel Left filter top third <0.5 
Gravel  Right filter bottom third 1.4 
Gravel Right filter middle third <0.5 
Gravel Right filter top third <0.5 
GAC1  Left filter bottom third <0.5 
GAC1 Left filter middle third <0.5 
GAC1 Left filter top third <0.5 
GAC1  Right filter bottom third 9.3 
GAC1 Right filter middle third <0.5 
GAC1 Right filter top third <0.5 
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Table 7-26:  Metal Concentrations in the Furniture Dump Barrier System (ppm), 2005. 

Date 
Sampled Material Cobalt Copper Nickel Zinc 
11-Jul-05 Water 0.082 0.406 0.527 0.22 
11-Jul-05 Sediment 6.2 56 16.9 31 
11-Jul-05 Sediment 8.1 108 24 52 
8-Aug-05 GAC <5.0 45 10.7 <15 
8-Aug-05 GAC <5.0 21 <5.0 <15 
8-Aug-05 GAC <5.0 10.1 <5.0 <15 
8-Aug-05 GAC <5.0 38 7.8 <15 
8-Aug-05 GAC <5.0 16.1 <5.0 <15 
8-Aug-05 GAC <5.0 7.3 <5.0 <15 
8-Aug-05 Gravel 5.5 21 21 21 
8-Aug-05 Gravel 6.2 20 25 22 
8-Aug-05 Gravel 6.1 18.7 21 22 
8-Aug-05 Gravel 6.4 19.6 24 21 
8-Aug-05 Gravel 5.3 17.4 24 20 
8-Aug-05 Gravel <5.0 19.4 18.1 16 
8-Aug-05 Gravel 5.5 22 24 18 

 

 
Table 7-27:  PCB Concentrations of Filter Box Materials From the Furniture Dump Barrier 

System (August 2005-2006). 

Medium Location PCB 
(µg/g) 

Gravel  Left first filter bottom third 2.6 
Gravel Left first filter middle third 0.8 
Gravel Left first filter top third 1.8 
Gravel  Right first filter bottom half 3.0 
Gravel Right first filter middle half 0.9 
Gravel  Left second filter bottom half 0.9 
Gravel Left second filter top half 0.8 
Gravel  Right second filter bottom half 7.6 
Gravel Right second filter top half 1.4 
GAC1  Left third filter bottom third 5.8 
GAC1 Left third filter middle top third 7.3 
GAC1 Left filter top third 1.0 
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Medium Location PCB 
(µg/g) 

GAC1  Right third filter bottom third 16 
GAC1 Right third filter middle third front half 20 
GAC1 Right third filter middle third back half 13 
GAC1 Right third filter top third 0.7 
GAC2  Left last filter bottom third 24 
GAC2 Left last filter middle third  3.3 
GAC2 Left last filter top third  <0.5 
GAC1  Right last filter bottom third 27 
GAC1  Right last filter middle third 6.4 
GAC1 Right last filter top third <0.5 

 

Table 7-28:    PCB Concentrations of Filter Box Materials From the Furniture Dump 

Barrier System (July 2006-August 2007). 

Medium Location PCB 
(µg/g) 

Gravel  Left first filter top half 0.2 
Gravel Left first filter bottom half 2.4 
Gravel Right first filter 0.6 
Gravel  Left second filter 0.5 
Gravel Right second filter top third 0.1 
Gravel Right second filter middle third 0.2 
Gravel  Right second filter bottom third 1.5 
GAC1  Left third filter top third 1.8 
GAC1 Left third filter middle third 2.7 
GAC1 Left third filter bottom third 15 
GAC1  Right third filter 3.5 
GAC1  Left fourth filter 3.7 

GAC1/GAC2 Right fourth filter top third  0.1 
GAC1/GAC2 Right fourth filter middle third  0.7 
GAC1/GAC2  Right fourth filter bottom third 9.9 
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Figure 7-72:  Barrier Filter Arrangements for S1/S4 Beach Barrier (2005- 2007).  Arrow 

Indicates Direction of Flow. 

GAC1 GAC2 GAC1 

GAC1 GAC1 GAC1 

Gravel Gravel Gravel 

Gravel ½ full Gravel ½ full Gravel ½ full 
August 2005 – July 2006 

 

NW2 ½ height NW2 ½ height NW2 ½ height 

GAC1 GAC2 GAC1 

GAC1S GAC1 GAC1 

Gravel Gravel Gravel 

Gravel ½ full Gravel ½ full Gravel ½ full 
July 2006- August 2007 

 

NW2 (4) NW2 (4) NW2 (4) 

GAC1 GAC1 GAC1 

GAC1 GAC1 GAC1 

Gravel ½ full Gravel ½ full Gravel ½ full 
August 2007 –July 2008 
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Table 7-29:  PCB Concentrations of Filter Box Materials From the S1/S4 Beach Barrier 

System (August 2005 - July 2006). 

Medium Location PCB 
(µg/g) 

Gravel  Left first filter bottom half 0.1 
Gravel Left first filter top half 0.6 
Gravel  Central filter 0.2 
Gravel Right first filter 0.2 
Gravel  Left second filter 0.1 
Gravel  Central second filter 0.1 
Gravel  Right second filter bottom third 0.2 
Gravel Right second filter middle third 0.2 
Gravel Right second filter top third 0.2 
GAC1  Left third filter bottom third 0.1 
GAC1 Left third filter middle third 0.1 
GAC1 Left third filter top third 0.7 
GAC1  Central third filter 0.2 
GAC1  Right third filter 0.1 
GAC1 Left last filter 0.1 
GAC2  Central last filter bottom third 0.1 
GAC2 Central last filter middle third 0.1 
GAC2 Central last filter top third 0.5 
GAC1  Right last filter 0.4 
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Table 7-30:  PCB Concentrations of Filter Box Materials From the S1/S4 Beach Barrier 

System (July 2006 - August 2007). 

Medium Location PCB 
(µg/g) 

Gravel  Left first filter top half 0.5 
Gravel Left first filter bottom half 0.1 
Gravel  Central filter 0.1 
Gravel Right filter 0.6 
Gravel  Left second filter 0.1 
Gravel Central second filter 0.1 
Gravel Right second filter top third 0.1 
Gravel  Right second filter middle third 0.1 
Gravel  Right second filter bottom third 0.2 
GAC1  Left third filter top third 0.6 
GAC1 Left third filter middle third 0.3 
GAC1 Left third filter bottom third 0.2 
GAC1  Central third filter 0.2 
GAC1  Right third filter 0.4 
GAC1  Left fourth filter 0.3 
GAC2 Central fourth filter top third 0.8 
GAC2 Central fourth filter middle third 0.2 
GAC2  Central fourth filter bottom third 0.1 
GAC1  Right fourth filter 0.2 
NW2 Left 1.6 
NW2 Center 2.4 
NW2 Right 2.5 
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7.20 Monitoring Plan for Furniture Dump and S1/S4 Beach Barriers   

 

 
Figure 7-73:  Monitoring Schematic and PCB Results for S1/S4 Beach Barrier, 2007. 
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Figure 7-74:  Monitoring Schematic and PCB Results for Furniture Dump Barrier, 2007. 
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Appendix F - Supplementary Data for Chapter 4 

 

Table 7-31:  Concentration of PCBs in Valley Filters, 2003. 

Filter Bottom section Middle section Top section 

 µg/g µg/g µg/g 

W1 12 3.5 3.3 

W2 4.1 1.7 0.9 

NW1 50 37 16 

Hydrophobic Geosorbent 6.2 2.8 0.8 

GAC2 18 18 18 

Hydrophilic Geosorbent 0.8 6.1 6.6 
 

Table 7-32:  Mass of PCB in Valley Filters, 2003. 

Filter Bottom section Middle section Top section Total  

 µg µg µg µg 

W1 260 78 73 411 

W2 120 49 27 196 

NW1 3180 2340 1000 6520 

Hydrophobic Geosorbent 1720 770 220 2710 

GAC2 121000 121000 121000 363000 

Hydrophilic Geosorbent 270 3840 2100 6210 
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Table 7-33:  Batch Test Data for Hydrophilic Geosorbent. 

PCB mass in Hydrophilic Sorbent 
(µg) 

Initial Mass of PCB 
(µg) 

Mass of PCB in 
Water (µg) 

Time 
(h) 

97 100 N/A 1 
365 400 N/A 1 
746 800 N/A 1 
102 100 N/A 1 
401 400 N/A 1 
724 800 N/A 1 
79 80 <0.1 1 

179 200 <0.1 24 
57 70 <0.1 24 
70 70 <0.1 24 

168 200 <0.1 24 
53 50 <0.1 24 

113 100 <0.1 24 
104 100 <0.1 24 
481 500 <0.1 24 
93 100 <0.1 12 

326 400 <0.1 12 
546 500 <0.1 12 
97 100 <0.1 12 

388 400 <0.1 12 
689 800 <0.1 12 
90 100 <0.1 24 

327 400 <0.1 24 
628 800 <0.1 24 
90 100 <0.1 24 

279 300 <0.1 24 
668 800 1.6 24 
398 400 <0.1 24 
101 100 <0.1 24 
378 400 <0.1 24 
801 800 <0.1 24 
105 100 <0.1 24 
417 500 <0.1 24 
755 800 <0.1 24 
93 100 <0.1 168 
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PCB mass in Hydrophilic Sorbent 
(µg) 

Initial Mass of PCB 
(µg) 

Mass of PCB in 
Water (µg) 

Time 
(h) 

340 400 <0.1 168 
657 800 0.8 168 
93 100 <0.1 168 

292 300 <0.1 168 
692 800 1.6 168 

 

Table 7-34:  Batch Test Data for GAC2. 

PCB mass in GAC2 (µg) Initial Mass of PCB (µg) PCB in Water (µg) Time (h) 
26 27 <0.1 12 
26 26 <0.1 12 
55 53 <0.1 12 
55 54 <0.1 12 

200 200 <0.1 12 
200 206 <0.1 12 
350 348 <0.1 12 
350 364 <0.1 12 
150 134 <0.1 12 
80 64 <0.1 12 
80 69 0.8 12 

300 261 0.8 12 
300 291 <0.1 12 
800 750 <0.1 12 
800 716 0.8 12 
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Table 7-35:  Data from Column Runs A – AH.  Values indicate Mass of PCB. 

    Source Filter Exit Column 
Original 

Mass Recovered Recovery 

Trapped 
Within 
Filter 

Trapped by 
Filter Escaped 

Filter Type Run  µg  µg  µg  µg  µg  µg % % % % 
25 mm GAC1 A 1777 107 357 55 2513 2296 91% 4% 75% 14% 
25 mm GAC1 B 1037 220 520 73 1815 1850 102% 12% 69% 29% 
25 mm GAC2 C 1224 272 313 51 1961 1859 95% 14% 76% 16% 
76 mm gravel D 676 161 213 36 1329 1086 82% 12% 63% 16% 
25 mm sand E 1068 340 443 74 2200 1925 88% 15% 64% 20% 
25 mm GAC1 F 1450 630 648 114 2814 2841 101% 22% 74% 23% 
25 mm GAC2 G 1523 546 467 37 2212 2573 116% 25% 94% 21% 
25 mm GAC2 H 1160 340 473 18 2167 1991 92% 16% 69% 22% 
76 mm Gravel I 1670 286 457 30 2274 2443 107% 13% 86% 20% 
76 mm Gravel J 823 203 415 31 1667 1472 88% 12% 62% 25% 
40L 76 mm Gravel K 2168 161 N/A N/A 4698 2329 50% 4% 50% 50% 
40L 76 mm Gravel L 1647 143 N/A N/A 3977 1790 45% 4% 45% 55% 
40L 76 mm Gravel M 1885 212 N/A N/A 4762 2097 44% 4% 44% 56% 
40L 76 mm GAC1 N 1950 967 N/A N/A 4542 2917 64% 21% 64% 36% 
40L 76 mm GAC1 O 2246 422 N/A N/A 3994 2668 67% 11% 67% 33% 
40L 76 mm GAC1 P 1893 528 N/A N/A 4350 2422 56% 12% 56% 44% 
76 mm Gravel, 76 mm GAC1 Q 825 855 415 31 3973 2126 54% 22% 42% 10% 
76 mm Gravel, 76 mm GAC1 R 805 1288 N/A N/A 4267 2093 49 % 30% 49% N/A 
76 mm Gravel, 76 mm GAC1 S 805 435 N/A N/A 4282 1540 36% 17% 36% N/A 
new 76 mm Gravel T leaked N/A N/A N/A N/A N/A N/A N/A N/A N/A 
76 mm GAC1 1/2-height NW2 U 1952 385 186 N/A 3451 2523 73% 11% 68% 5% 
76 mm GAC1 1/2-height NW2 V 1856 368 289 N/A 3503 2513 72% 11% 63% 8% 
76 mm GAC1 1/2-height NW2 W 1371 479 367 N/A 3447 2217 64% 14% 54% 11% 
76 mm GAC1 Z 1300 886 449 N/A 3439 2634 77% 26% 64% 13% 
76 mm GAC1 AA 1459 790 420 N/A 3427 2669 78% 23% 66% 12% 



 

257 

 

    Source Filter Exit Column 
Original 

Mass Recovered Recovery 

Trapped 
Within 
Filter 

Trapped by 
Filter Escaped 

Filter Type Run  µg  µg  µg  µg  µg  µg % % % % 
76 mm GAC1 AB 1657 704 436 N/A 3490 2797 80% 20% 68% 12% 
76 mm GAC2 AC 1902 1083 269 N/A 3495 3254 93% 31% 85% 8% 
76 mm GAC2 AD 1881 803 193 N/A 3454 2877 83% 23% 78% 6% 
76 mm GAC2 AE 1941 767 238 N/A 3465 2946 85% 22% 78% 7% 
76 mm GAC2 1/2- height NW2 AF 1771 952 226 N/A 3460 2949 85% 28% 79% 7% 
76 mm GAC2 1/2- height NW2 AG 2034 804 230 N/A 3446 3068 89% 23% 82% 7% 
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Table 7-36:  Mass Balance for Column Run F.  Typical Mass Balance Performed for Each Column Run Shown in Table 5. 

MASS (µg) original soil: soil amount used:   GAC   mass used (g) µg PCB in GAC 

    ran 06/02/26   g sub-sampled µg/g     

INITIAL: 2814     beaker: 54.0912 GAC 1 2.9 20.816 61 

GAC 630 43.8 beaker with soil: 117.6547 GAC 2 3.2 20.119 64 

SOIL 1405 47.7 beaker after: 54.0915 GAC 3 3.1 21.800 68 

WATER <0.01 41.3 soil poured from beaker: 63.5632   0 

                
Mass 

balance 2841 44.3 average(µg/g) ug total used in expt: 2814 average(µg/g) 3.1 204.15 630 

% recovery 101% 3.3 stdev(µg/g)     stdev(µg/g) 0.1 
^TOTAL MASS 

GAC^ 
^TOTAL IN 

GAC^ 

Soil    SHAKER---> (µg)   

(in Chamber 1 of Column) filtered waters     

soxhlet (g): 37.11 exit tube source SWAB 

µg/g 38     

µg: 1405 648.00 44.70 114 

        
        

    
sum shaker 

run: 806 µg 
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Appendix G - Supplementary Data for Chapter 5 

  

Table 7-37:   Mass Balance for GSW Batch Tests.  All values of PCB in µg. 

      
Test (Time in h) GAC (µg) Soil (µg) Water (µg) Initial (µg) Recovery 

1 (1) 0.4 74.6 0.5 81.6 93% 
2 (1) 0.4 79.3 0.5 81.7 98% 
3 (1) 0.3 93.1 0.4 81.7 115% 

1 (12) 3.0 80.2 1.0 81.7 103% 
2 (12) 2.0 67.7 0.8 81.6 86% 
3 (12) 2.9 81.9 1.0 81.6 105% 
1 (24) 1.9 73.2 0.9 81.7 93% 
2 (24) 1.4 75.9 0.0 81.7 95% 
3 (24) 0.9 78.7 1.2 81.7 99% 

1 (168) 1.4 74.3 2.0 81.7 95% 
2 (168) 1.6 74.0 0.5 81.7 93% 
3 (168) 1.9 82.1 1.1 81.7 104% 
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Table 7-38:  Data from GSW Batch Tests. GSW denotes GAC-Soil-Water 

Time 
(h) 

Co (µg) 
Soil 

PCB in 
GAC (µg) Ave. σ 

PCB in 
Water (µg) Ave. σ 

Ct (µg) 
Soil 

Desorbed 
% Ave. σ 

1 76 0.39 0.37 0.07 0.51 0.48 0.03 75.10 1.19 1.12 0.13 
1 76 0.43 0.48 75.09 1.19 
1 76 0.28 0.45 75.27 0.97 
3 76 0.92 0.86 0.07 0.70 0.73 0.05 74.37 2.14 2.10 0.11 
3 76 0.87 0.79 74.34 2.18 
3 76 0.79 0.71 74.50 1.98 
6 76 1.32 1.26 0.06 0.71 0.85 0.22 73.97 2.67 2.78 0.21 
6 76 1.20 1.10 73.70 3.02 
6 76 1.28 0.73 73.99 2.64 
9 76 1.67 1.52 0.13 0.65 0.66 0.01 73.68 3.05 2.87 0.15 
9 76 1.44 0.66 73.90 2.77 
9 76 1.45 0.68 73.87 2.80 

12 83 3.01 2.64 0.52 1.02 0.95 0.13 78.97 4.85 4.32 0.78 
12 83 2.04 0.80 80.15 3.43 
12 83 2.86 1.02 79.11 4.68 
24 76 1.94 1.42 0.54 0.88 1.02 0.20 73.18 3.71 2.76 0.92 
24 76 1.44 74.56 1.89 
24 76 0.86 1.16 73.98 2.66 
57 76 2.51 3.03 0.59 0.86 0.85 0.07 72.62 4.44 5.10 0.83 
57 76 2.89 0.77 72.34 4.81 
57 76 3.68 0.91 71.41 6.04 
72 76 1.25 2.77 1.78 0.89 1.04 0.14 73.86 2.82 4.25 1.34 
72 76 1.70 1.17 73.13 3.78 
72 76 1.70 0.96 73.34 3.50 



 

261 

 

Time 
(h) 

Co (µg) 
Soil 

PCB in 
GAC (µg) Ave. σ 

PCB in 
Water (µg) Ave. σ 

Ct (µg) 
Soil 

Desorbed 
% Ave. σ 

72 83 4.80 0.93 77.27 6.90 
72 83 1.50 0.97 80.53 2.98 
72 83 6.60 1.13 
72 76 2.26 1.23 72.51 4.59 
72 76 2.78 1.17 72.05 5.20 
72 76 2.34 0.89 72.77 4.25 

168 72 1.35 1.90 0.26 2.03 1.25 0.52 68.22 4.72 4.26 0.77 
168 72 1.57 0.54 69.49 2.95 
168 72 1.86 1.12 68.61 4.17 
168 76 1.31 1.67 73.02 3.92 
168 76 2.78 1.11 72.11 5.12 
168 76 2.55 1.02 72.43 4.70 
336 76 2.30 2.11 0.30 2.40 1.30 0.98 71.30 6.18 4.48 1.48 
336 76 2.26 0.53 73.21 3.67 
336 76 1.76     0.96     73.28 3.58     
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Table 7-39:  Data from SW Batch Tests. SW denotes Soil-Water. 

Time 
(h) 

Co 
(soil) 

PCB in 
Water 
(µg) 

Ct 
(µg) 

Desorbed 
% Ave. σ 

1 83 0.3 82.7 0.36 0.75 0.608
1 83 1.2 81.8 1.45 
1 83 0.4 82.6 0.43 
3 76 0.6 75.4 0.84 0.82 0.144
3 76 0.5 75.5 0.67 
3 76 0.7 75.3 0.95 
6 76 1.0 75.0 1.28 1.08 0.252
6 76 0.6 75.4 0.80 
6 76 0.9 75.1 1.17 
9 76 0.9 75.1 1.24 1.17 0.089
9 76 0.8 75.2 1.11 
24 72 1.1 70.5 1.56 1.34 0.223
24 72 0.8 70.8 1.12 
24 72 1.0 70.6 1.34 
57 76 1.5 74.5 2.01 1.97 0.171
57 76 1.4 74.6 1.78 
57 76 1.6 74.4 2.12 
72 72 2.5 69.1 3.46 1.94 1.352
72 72 1.0 70.6 1.45 
72 72 0.6 71.0 0.89 

168 72 1.0 70.6 1.34 1.38 0.171
168 72 0.9 70.7 1.23 
168 72 1.1 70.5 1.56 
336 72 2.6 69.0 3.58 1.82 1.525
336 72 0.6 71.0 0.78 
336 72 0.8 70.8 1.12     
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Table 7-40:  Data Comparing Particle-Particle Partitioning to the Partitioning in the Presence of Water. Ct
1 denotes concentration in soil 

at time after 1 hour, Ct
2 denotes concentration in soil after subsequent 9 hour batch. 

PARTICLE ADSORPTION FOR 1 HOUR, GSW FOR 9 HOURS NORMAL 9 HOUR 

GSW 
Soil 
(g) 

Co Soil 
(µg/g) 

Mass of 
GAC (g) 

PCB in 
GAC 
(µg) 

PCB in 
Water 
(µg) 

Ct
1soil 

(µg/g) % 
Desorbed 

% 

PCB in 
Water 
(µg) 

Ct
2 Soil 

(µg/g) 
Desorbed 

% 
1 1 75.6 1.0005 4.74 0.54 70.33 93% 7% 0.65 73.6838 97% 
2 0.999 75.54 1.0006 4.74 0.64 70.16 93% 7% 0.66 73.8983 98% 
3 1.001 75.653 1.0009 3.56 0.83 71.26 94% 6% 0.68 73.8721 98% 

 

 

Table 7-41:  Data Comparing Subsequent Filterings for PCB in Water. 

Sample 

Mass of PCB 
on First 0.7 
µm Filter 

(µg) 

Co 
Soil 
(µg) 

Mass of 
PCB on 

GAC 
(µg) 

Volume 
Decanted 

After First 
Filtering 

(mL) 

Mass of 
PCB After 

First 
Filtering 

(µg) 

Mass of PCB 
After Second 
Filtering (µg) 

Mass of PCB 
After Filtering 
Third Filtering 

(µg) 

Mass of PCB in Water 
After First Filtering 

Using Fine Filter (0.04 
µm) 

GSW1 50.2 76.2 3.63 750 1.48 0.31 0.07 0.12 
GSW2 46.8 75.9 3.57 700 2.21 0.55 0.07 0.16 
GSW3 44.4 76.0 4.63 700 2.26 0.78 0.07 0.20 
SW1 12.6 75.6 n.s. 600 0.65 0.92 n.s. n.s. 
SW2 18.2 76.3 n.s. 700 0.49 0.80 n.s. n.s. 
SW3 18.1 75.7  n.s. 700 0.67 0.67 n.s. n.s. 

n.s. denotes no sample 
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Table 7-42:  Raw Data from Small Batch Tests 

Test 
Time 
(h) 

Initial 
Amount of 
PCB (µg) 

Mass of 
PCB on 

GAC (µg) 

Mass of PCB on 
Filter (Soil) 

(µg) 
5 g Valley Soil, 5 g GAC1 1 382 13.4 257 

24 382 35.0 190 
72 382 54.7 234 

168 381 50.0 
5 g Valley Soil, 5 g GAC1, 50 mL water 1 382 5.5 304 

24 382 20.0 274 
72 382 19.7 176 

168 382 32.2 211 
5 g Valley Soil, 5 g GAC1, diesel (1.3 g), 50 mL 

water 1 382 6.5 278 
24 382 16.7 210 
72 382 19.5 272 

168 382 16.1 
5 g Clean Soil, 5 g GAC1, Spike PCB (in oil), 50 mL 

water 1 650 130 n.s. 
24 650 64.5 n.s. 
72 650 74.0 n.s. 

168 650 44.7 n.s. 
5 g Clean Soil, 5 g GAC1, Spike PCB (in MeOH), 50 

mL water 1 380 35.7 n.s. 
24 380 58.8 n.s. 
72 380 53.5 n.s. 
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Test 
Time 
(h) 

Initial 
Amount of 
PCB (µg) 

Mass of 
PCB on 

GAC (µg) 

Mass of PCB on 
Filter (Soil) 

(µg) 
168 380 61.7 n.s. 

5 g Furniture Dump Soil, 5 g GAC1 1 271 12.8 n.s. 
24 272 24.7 n.s. 
72 272 34.3 n.s. 

168 270 31.9 n.s. 
5 g Clean Soil, 5 g GAC 1, Spike PCB (in oil), 50 mL 

water 1 380 70.3 n.s. 
5 g Vally Soil, 5 g GAC1, diesel (0.76 g) 50 mL water 1 382 49.9 n.s. 

1 383 37.5 n.s. 
24 382 65.2 n.s. 

5 g Valley Soil, 5 g GAC1 720 270 17.3 n.s. 
5 g Furniture Dump Soil, 5 g GAC1 720 381 36.5  n.s. 

n.s. denotes no sample analyzed 
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Table 7-43:  Raw congener data from first congener run.  t = 24 h for all batch samples, except for GSwD, where t = 72 h. 

SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

1   <10 <10 <10 <10 <10 <10 <10 <10 <10 
2   <10 <10 <10 <10 <10 <10 <10 <10 <10 
3   <10 <10 <10 <10 <10 <10 <10 <10 <10 

4+10   <10 <10 <10 <10 <10 <10 <10 <10 <10 
7+9   <10 <10 <10 <10 <10 <10 <10 <10 <10 

6   <10 <10 <10 <10 <10 <10 <10 <10 <10 
5+8   <10 <10 <10 <10 <10 <10 <10 <10 <10 
14   <10 <10 <10 <10 <10 <10 <10 <10 <10 
11   <10 <10 <10 <10 <10 <10 <10 <10 <10 
12   <10 <10 <10 <10 <10 <10 <10 <10 <10 
13   <10 <10 <10 <10 <10 <10 <10 <10 <10 
15   <10 <10 <10 <10 <10 <10 <10 <10 <10 
19   <10 <10 <10 <10 <10 <10 <10 <10 <10 
30   <10 <10 <10 <10 <10 <10 <10 <10 <10 
18   <10 <10 <10 <10 <10 <10 <10 <10 <10 
17   <10 <10 <10 <10 <10 <10 <10 <10 <10 
27   <10 <10 <10 <10 <10 <10 <10 <10 <10 
24   <10 <10 <10 <10 <10 <10 <10 <10 <10 

16+32   <10 <10 <10 <10 <10 <10 <10 <10 <10 
34   <10 <10 <10 <10 <10 <10 <10 <10 <10 
23   <10 <10 <10 <10 <10 <10 <10 <10 <10 
29   <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

26   <10 <10 <10 <10 <10 <10 <10 <10 <10 
25   <10 <10 <10 <10 <10 <10 <10 <10 <10 

28+31   <10 <10 <10 <10 <10 <10 <10 <10 <10 
20+21+33   <10 <10 <10 <10 <10 <10 <10 <10 <10 

22   <10 <10 <10 <10 <10 <10 <10 <10 <10 
36   <10 <10 <10 <10 <10 <10 <10 <10 <10 
39   <10 <10 <10 <10 <10 <10 <10 <10 <10 
38   <10 <10 <10 <10 <10 <10 <10 <10 <10 
35   <10 <10 <10 <10 <10 <10 <10 <10 <10 
37   <10 <10 <10 <10 <10 <10 <10 <10 <10 
50   <10 <10 <10 <10 <10 <10 <10 <10 <10 
54   <10 <10 <10 <10 <10 <10 <10 <10 <10 
53   <10 <10 <10 <10 <10 <10 <10 <10 <10 
51   <10 <10 <10 <10 <10 <10 <10 <10 <10 
45   <10 <10 <10 <10 <10 <10 <10 <10 <10 
46   <10 <10 <10 <10 <10 <10 <10 <10 <10 
69   <10 <10 <10 <10 <10 <10 <10 <10 <10 
73   <10 <10 <10 <10 <10 <10 <10 <10 <10 
52   <10 <10 <10 17 <10 16 44 <10 <10 
43   <10 <10 <10 <10 <10 <10 <10 <10 <10 
49   <10 <10 <10 <10 <10 <10 <10 <10 <10 

48+47+75   <10 <10 <10 <10 <10 <10 <10 <10 <10 
65   <10 <10 <10 <10 <10 <10 <10 <10 <10 
62   <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

44   <10 <10 <10 <10 <10 <10 12 <10 <10 
59   <10 <10 <10 <10 <10 <10 <10 <10 <10 
42   <10 <10 <10 <10 <10 <10 <10 <10 <10 

71+72   <10 <10 <10 <10 <10 <10 <10 <10 <10 
68+64+41   <10 <10 <10 <10 <10 <10 <10 <10 <10 

40   <10 <10 <10 <10 <10 <10 <10 <10 <10 
57   <10 <10 <10 <10 <10 <10 <10 <10 <10 
67   <10 <10 <10 <10 <10 <10 <10 <10 <10 
58   <10 <10 <10 <10 <10 <10 <10 <10 <10 
63   <10 <10 <10 <10 <10 <10 <10 <10 <10 
61   <10 <10 <10 <10 <10 <10 <10 <10 <10 
74   <10 <10 <10 <10 <10 <10 <10 <10 <10 
76   <10 <10 <10 <10 <10 <10 <10 <10 <10 
70   <10 <10 <10 <10 <10 <10 <10 <10 <10 

80+66   <10 <10 <10 <10 <10 <10 <10 <10 <10 
55   <10 <10 <10 <10 <10 <10 <10 <10 <10 
56   <10 <10 <10 <10 <10 <10 <10 <10 <10 
60   <10 <10 <10 <10 <10 <10 <10 <10 <10 
78   <10 <10 <10 <10 <10 <10 <10 <10 <10 
79   <10 <10 <10 <10 <10 <10 <10 <10 <10 
81   <10 <10 <10 <10 <10 <10 <10 <10 <10 
77   <10 <10 <10 <10 <10 <10 <10 <10 <10 

104   <10 <10 <10 <10 <10 <10 <10 <10 <10 
96   <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

103   <10 <10 <10 <10 <10 <10 <10 <10 <10 
100   <10 <10 <10 <10 <10 <10 <10 <10 <10 
94   <10 <10 <10 <10 <10 <10 <10 <10 <10 

98+102   <10 <10 <10 <10 <10 <10 <10 <10 <10 
93   <10 <10 <10 <10 <10 <10 <10 <10 <10 

95+88   105 55 59 171 64 260 589 <10 22 
121   <10 <10 <10 <10 <10 <10 <10 <10 <10 
91   <10 <10 <10 <10 <10 <10 <10 <10 <10 
92   20 <10 <10 33 12 49 108 <10 <10 
84   <10 <10 <10 12 <10 15 45 <10 <10 
90   <10 <10 <10 <10 <10 <10 <10 <10 <10 

89+101   196 91 96 308 136 576 1078 <10 35 
113   <10 <10 <10 <10 <10 <10 <10 <10 <10 
99   <10 <10 <10 <10 <10 <10 28 <10 <10 

119   <10 <10 <10 <10 <10 <10 <10 <10 <10 
112   <10 <10 <10 <10 <10 <10 <10 <10 <10 

83+109   <10 <10 <10 <10 <10 <10 <10 <10 <10 
97+86+125   <10 <10 <10 <10 <10 14 32 <10 <10 

117+116+111   <10 <10 <10 <10 <10 <10 <10 <10 <10 
115+87   17 <10 <10 29 11 50 100 <10 <10 
120+85   <10 <10 <10 <10 <10 <10 11 <10 <10 

110   78 34 38 110 50 241 462 <10 13 
82   <10 <10 <10 <10 <10 <10 <10 <10 <10 

124   <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

108   <10 <10 <10 <10 <10 <10 <10 <10 <10 
107   <10 <10 <10 <10 <10 <10 <10 <10 <10 
123   <10 <10 <10 <10 <10 <10 <10 <10 <10 
106   <10 <10 <10 <10 <10 <10 <10 <10 <10 
118   24 <10 <10 24 11 107 181 <10 <10 
114   <10 <10 <10 <10 <10 <10 <10 <10 <10 
122   <10 <10 <10 <10 <10 <10 <10 <10 <10 
105   <10 <10 <10 <10 <10 18 35 <10 <10 
127   <10 <10 <10 <10 <10 <10 <10 <10 <10 
126   <10 <10 <10 <10 <10 <10 <10 <10 <10 
155   <10 <10 <10 <10 <10 <10 <10 <10 <10 
150   <10 <10 <10 <10 <10 <10 <10 <10 <10 
152   <10 <10 <10 <10 <10 <10 <10 <10 <10 
145   <10 <10 <10 <10 <10 <10 <10 <10 <10 
148   <10 <10 <10 <10 <10 <10 <10 <10 <10 
136   95 57 59 176 72 329 542 <10 15 
154   163 <10 <10 <10 <10 <10 <10 <10 <10 
151   86 124 128 406 193 825 1350 <10 33 
135   56 51 53 169 70 323 580 <10 13 
144   <10 22 22 75 38 162 260 <10 <10 
147   <10 <10 <10 <10 <10 <10 <10 <10 <10 

149+139   607 335 336 1048 517 2264 3558 <10 87 
140   <10 <10 <10 <10 <10 <10 <10 <10 <10 
143   <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

134   24 12 13 48 19 86 143 <10 <10 
133   <10 <10 <10 12 <10 24 42 <10 <10 

142+165+131   <10 <10 <10 <10 <10 <10 17 <10 <10 
161+146   72 34 34 123 59 275 458 <10 <10 
153+168   658 305 310 991 571 2532 3898 <10 85 

132   189 107 104 344 173 750 1154 <10 28 
141   211 102 105 341 182 827 1264 <10 28 
137   <10 <10 <10 <10 <10 <10 14 <10 <10 
130   19 <10 <10 26 15 68 110 <10 <10 

163+164   228 101 106 361 196 936 1405 <10 27 
160+138   412 182 194 597 346 1597 2343 <10 48 

158   54 20 23 83 48 194 356 <10 <10 
129   <10 <10 <10 19 <10 34 52 <10 <10 
166   <10 <10 <10 <10 <10 <10 <10 <10 <10 
159   <10 <10 <10 <10 <10 <10 <10 <10 <10 
162   <10 <10 <10 <10 <10 <10 <10 <10 <10 
128   41 18 19 74 34 171 274 <10 <10 
167   11 <10 <10 13 <10 71 124 <10 <10 
156   30 <10 <10 41 18 208 29 <10 <10 
157   <10 <10 <10 <10 <10 <10 12 <10 <10 
169   <10 <10 <10 <10 <10 <10 <10 <10 <10 
188   <10 <10 <10 <10 <10 <10 <10 <10 <10 
184   <10 <10 <10 <10 <10 <10 <10 <10 <10 
179   151 88 90 310 130 638 896 <10 20 
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SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

176   47 26 25 100 41 201 291 <10 <10 
186   <10 <10 <10 <10 <10 <10 <10 <10 <10 
178   79 40 39 149 67 333 479 <10 <10 
175   15 <10 <10 30 12 63 97 <10 <10 

182+187   390 204 193 699 360 1702 2342 <10 42 
183   238 111 109 421 205 99 1389 <10 24 
185   51 23 22 98 44 224 325 <10 <10 
174   461 205 232 767 358 1821 2458 <10 43 
181   <10 <10 <10 <10 <10 <10 <10 <10 <10 
177   242 114 117 443 219 1072 1439 <10 24 
171   116 52 51 209 101 494 696 <10 11 
173   <10 <10 <10 17 <10 35 51 <10 <10 
192   <10 <10 <10 <10 <10 <10 <10 <10 <10 
172   59 26 24 111 50 291 415 <10 <10 

193+180   868 361 379 1379 737 3830 5292 <10 87 
191   18 <10 <10 32 14 83 125 <10 <10 

170+190   523 186 199 806 396 2263 3269 <10 41 
189   15 <10 <10 14 <10 83 142 <10 <10 
202   27 13 13 63 21 113 162 <10 <10 
200   20 <10 <10 46 17 91 130 <10 <10 
204   <10 <10 <10 <10 <10 <10 <10 <10 <10 
197   <10 <10 <10 15 <10 32 42 <10 <10 
201   24 <10 <10 55 18 109 157 <10 <10 
198   13 <10 <10 24 <10 55 81 <10 <10 
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SAMPLE NAME: GS GSw GSwD GCSw
MeOH 

GS(fd) FD soil V soil blank 1ppm 1260 
IUPAC #                   

199   220 85 84 431 162 929 1332 <10 18 
203+196   281 99 99 516 174 1198 1709 <10 21 

195   108 34 33 196 71 457 677 <10 <10 
194   314 96 103 530 198 1353 1947 <10 19 
205   17 <10 <10 27 <10 75 117 <10 <10 
208   <10 <10 <10 35 <10 30 58 <10 <10 
207   <10 <10 <10 14 <10 25 41 <10 <10 
206   65 15 16 163 27 225 371 <10 <10 
209   <10 <10 <10 <10 <10 <10 <10 <10 <10 

                      

    GS GSw GSwD
GCSw
MeOH GS(fd) FD soil V soil blank 1ppm 1260 

  
SUM 7759 3429 3528 13352 6258 30946 47241 <10 785 

Total PPM 7.8 3.4 3.5 13.4 6.3 30.9 47.2 <0.01 0.8 
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Table 7-44:  Raw congener data from second run 

SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
1 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
2 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
3 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

4+10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
7+9 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

6 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
5+8 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
14 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
11 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
12 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
13 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
15 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
19 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
30 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
18 <10 <10 <10 <10 <10 <10 <10 33 <10 <10 
17 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
27 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
24 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

16+32 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
34 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
23 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
29 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
26 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
25 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

28+31 <10 <10 <10 <10 <10 <10 <10 83 <10 <10 
20+21+33 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

22 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
36 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
39 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
38 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
35 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
37 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
50 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
54 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
53 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
51 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
45 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
46 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
69 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
73 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
52 49 42 94 <10 <10 <10 22 38 <10 <10 
43 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
49 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

48+47+75 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
65 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
62 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
44 12 <10 <10 <10 <10 <10 <10 30 <10 <10 
59 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
42 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

71+72 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
68+64+41 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

40 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
57 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
67 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
58 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
63 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
61 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
74 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
76 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
70 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

80+66 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
55 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
56 19 <10 <10 <10 <10 <10 <10 <10 <10 <10 
60 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
78 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
79 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
81 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
77 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

104 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
96 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

103 <10 <10 58 <10 <10 <10 <10 <10 <10 <10 
100 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
94 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

98+102 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
93 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

95+88 652 255 484 <10 29 19 311 <10 104 49 
121 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
91 11 <10 <10 <10 <10 <10 <10 <10 <10 <10 
92 99 <10 <10 <10 <10 <10 46 <10 19 <10 
84 41 <10 <10 <10 <10 <10 <10 <10 <10 <10 
90 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

89+101 1161 <10 598 <10 <10 34 640 41 177 74 
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SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
113 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
99 37 <10 <10 <10 <10 <10 <10 <10 <10 <10 

119 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
112 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

83+109 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
97+86+125 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

117+116+111 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
115+87 124 <10 <10 <10 <10 <10 62 <10 22 <10 
120+85 15 <10 <10 <10 <10 <10 <10 <10 <10 <10 

110 504 115 252 <10 22 11 255 <10 63 27 
82 377 99 150 <10 <10 16 245 <10 64 29 

124 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
108 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
107 886 140 235 <10 38 25 371 <10 94 42 
123 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
106 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
118 214 30 91 <10 <10 <10 56 38 <10 <10 
114 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
122 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
105 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
127 42 <10 <10 <10 <10 <10 <10 <10 <10 <10 
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SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
126 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
155 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
150 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
152 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
145 <10 <10 <10 <10 <10 40 42 <10 92 30 
148 13 <10 <10 <10 <10 <10 <10 <10 <10 <10 
136 753 164 243 <10 39 25 432 <10 100 54 
154 64 <10 <10 <10 <10 <10 <10 <10 <10 <10 
151 1173 260 537 <10 73 42 754 <10 177 84 
135 502 113 204 <10 30 18 271 <10 78 32 
144 975 16 135 <10 18 12 274 <10 51 22 
147 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 

149+139 2295 927 1420 <10 270 150 2627 45 626 296 
140 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
143 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
134 152 <10 <10 <10 <10 <10 88 <10 25 11 
133 49 <10 <10 <10 <10 <10 <10 <10 <10 <10 

142+165+131 24 <10 <10 <10 <10 <10 <10 <10 <10 <10 
161+146 767 111 <10 <10 39 21 428 57 92 37 
153+168 3516 1192 181 <10 452 215 4256 75 950 391 

132 303 100 433 <10 31 25 230 <10 73 30 
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SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
141 2297 286 452 <10 110 55 1251 <10 226 106 
137 25 <10 <10 <10 <10 <10 <10 <10 <10 <10 
130 220 34 68 <10 13 <10 134 <10 <10 13 

163+164 1865 285 502 <10 106 49 1282 <10 26 96 
160+138 1596 723 1040 <10 304 134 3257 51 247 247 

158 1340 48 85 <10 20 <10 304 <10 348 23 
129 105 34 63 <10 <10 <10 <10 <10 <10 <10 
166 <10 <10 297 <10 <10 <10 <10 <10 <10 <10 
159 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
162 12 <10 <10 <10 <10 <10 <10 <10 <10 <10 
128 410 50 93 <10 23 11 223 <10 <10 21 
167 170 13 <10 <10 <10 <10 90 <10 <10 <10 
156 345 29 <10 <10 12 <10 212 <10 <10 <10 
157 18 <10 <10 <10 <10 <10 <10 <10 <10 <10 
169 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
188 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
184 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
179 1550 203 346 <10 77 47 935 <10 167 86 
176 474 63 105 <10 22 15 269 <10 49 24 
186 <10 65 79 <10 <10 <10 <10 <10 <10 <10 
178 991 107 174 <10 46 <10 58 <10 93 45 
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SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
175 130 <10 <10 <10 <10 <10 71 <10 <10 <10 

182+187 3288 522 771 <10 290 148 3002 <10 520 249 
183 2788 285 441 <10 153 73 1563 <10 259 125 
185 523 65 100 <10 29 16 299 <10 56 24 
174 1227 215 814 <10 176 118 2566 <10 380 198 
181 2109 296 <10 <10 66 <10 <10 <10 <10 <10 
177 2570 288 448 <10 147 77 1774 <10 262 131 
171 1261 123 211 <10 64 31 774 <10 113 54 
173 115 <10 <10 <10 <10 <10 79 <10 <10 <10 
192 344 <10 <10 <10 <10 <10 <10 <10 <10 <10 
172 490 74 <10 <10 50 21 546 <10 84 36 

193+180 1477 868 1132 <10 554 226 5520 34 865 384 
191 227 <10 <10 <10 <10 <10 119 <10 18 <10 

170+190 341 78 723 <10 25 19 332 19 60 20 
189 206 <10 <10 <10 <10 <10 101 <10 10 <10 
202 391 32 <10 <10 14 <10 189 <10 <10 15 
200 254 21 <10 <10 <10 <10 132 10 40 10 
204 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
197 120 <10 <10 <10 <10 <10 63 <10 <10 <10 
201 297 32 <10 <10 13 <10 170 <10 29 13 
198 124 <10 <10 <10 <10 <10 76 <10 <10 <10 



 

282 

 

SAMPLE NAME: 
  

Valley 
Soil 

Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

IUPAC #                       
199 1770 171 305 <10 93 51 1193 <10 172 78 

203+196 2857 231 362 <10 158 78 1896 <10 255 115 
195 1077 77 139 <10 39 22 526 <10 73 30 
194 3353 179 339 <10 121 51 1835 48 177 75 
205 216 <10 <10 <10 <10 <10 110 <10 <10 <10 
208 88 <10 <10 <10 <10 <10 <10 <10 <10 <10 
207 63 <10 <10 <10 <10 <10 <10 <10 <10 <10 
206 374 29 <10 <10 20 13 162 <10 43 16 
209 39 24 404 <10 60 62 19 78 217 56 

V Soil 
Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS  GSw 

SUM 54366 9114 14608 <10 3846 1970 42542 680 7596 3498 
Total PPM 54.4 9.1 14.6 <0.01 3.8 2 42.5 0.7 7.6 3.5 

  



 

283 

 

Table 7-45:  Congener Data of Run 1 Samples, Values Greater than 10 ppb Retained and Converted to Percentages. 

SAMPLE NAME: # 
Chlorines 

GAC 
SOIL 

GAC SOIL 
50 mL 
Water 

GAC SOIL 50 mL 
water low diesel 

GAC Soil 
PCB MeOH 

GAC 
SOIL 
(FD) 

FD 
SOIL 

V SOIL 1 ppm 
1260 

Classification 

IUPAC # 

52 4 0.12 0.00 0.00 0.13 0.00 0.05 0.09 0.00 4CL 2M 

95+88 5 1.33 1.55 1.59 1.28 1.01 0.84 1.25 2.37 4CL 2M; 4CL 

92 5 0.25 0.00 0.00 0.25 0.19 0.16 0.23 0.00 4CL 2M 

84 5 0.00 0.00 0.00 0.09 0.00 0.05 0.10 0.00 4CL 2M 

89+101 5 2.48 2.56 2.60 2.30 2.14 1.86 2.28 3.80 4CL; 4CL 2M 

99 5 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.00 4CL PP 

97+86+125 5 0.00 0.00 0.00 0.00 0.00 0.04 0.07 0.00 4CL 2M 

115+87 5 0.22 0.00 0.00 0.22 0.18 0.16 0.21 0.00 4CL PP 

110 5 0.99 0.96 1.03 0.82 0.79 0.78 0.98 1.40 4CL 2M 

118 5 0.31 0.00 0.00 0.18 0.18 0.35 0.38 0.00 CP1 4CL PP 2M 

105 5 0.00 0.00 0.00 0.00 0.00 0.06 0.07 0.00 CP1 4CL PP 2M 

136 6 1.21 1.59 1.59 1.31 1.13 1.06 1.15 1.67 4CL 2M 

151 6 1.10 3.47 3.49 3.02 3.03 2.66 2.86 3.61 4CL 2M 

135 6 0.71 1.44 1.44 1.26 1.11 1.04 1.23 1.44 4CL 2M 

144 6 0.00 0.61 0.59 0.56 0.60 0.52 0.55 0.00 4CL 2M 

149+139 6 7.71 9.41 9.15 7.82 8.14 7.31 7.52 9.50 4CL 2M; 4CL PP 

134 6 0.30 0.35 0.34 0.35 0.31 0.28 0.30 0.00 4CL 2M 

133 6 0.00 0.00 0.00 0.09 0.00 0.08 0.09 0.00 4CL 2M 

142+165+131 6 0.00 0.00 0.00 0.00 0.00 0.03 0.04 0.00 4CL 2M 

161+146 6 0.91 0.97 0.91 0.91 0.93 0.89 0.97 0.99 4CL 2M 

153+168 6 8.36 8.56 8.44 7.39 9.00 8.17 8.24 9.24 4CL PP 2M 
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SAMPLE NAME: # 
Chlorines 

GAC 
SOIL 

GAC SOIL 
50 mL 
Water 

GAC SOIL 50 mL 
water low diesel 

GAC Soil 
PCB MeOH 

GAC 
SOIL 
(FD) 

FD 
SOIL 

V SOIL 1 ppm 
1260 

Classification 

IUPAC # 

132 6 2.40 3.02 2.83 2.56 2.73 2.42 2.44 3.01 4CL 2M 

141 6 2.68 2.87 2.86 2.55 2.87 2.67 2.67 3.06 4CL 2M 

137 6 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.00 4CL PP 2M 

130 6 0.24 0.00 0.00 0.19 0.23 0.22 0.23 0.00 4CL 2M 

163+164 6 2.89 2.84 2.89 2.69 3.09 3.02 2.97 2.96 4CL 2M 

160+138 6 5.23 5.11 5.27 4.45 5.45 5.15 4.96 5.27 
4CL 2M; 4CL PP 

2M 

158 6 0.69 0.55 0.62 0.62 0.75 0.63 0.75 0.00 4CL PP 2M 

129 6 0.00 0.00 0.00 0.14 0.00 0.11 0.11 0.00 4CL 2M 

128 6 0.52 0.51 0.51 0.55 0.54 0.55 0.58 0.00 4CL PP 2M 

167 6 0.14 0.00 0.00 0.09 0.00 0.23 0.26 0.00 CP1 4CL PP 2M 

156 6 0.38 0.00 0.00 0.31 0.29 0.67 0.06 0.00 CP1 4CL PP 2M 

157 6 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 CP1 4CL PP 2M 

179 7 1.91 2.47 2.44 2.31 2.05 2.06 1.90 2.18 4CL 2M 

176 7 0.60 0.73 0.69 0.75 0.65 0.65 0.61 0.00 4CL 2M 

178 7 1.01 1.13 1.06 1.11 1.06 1.07 1.01 0.00 4CL 2M 

175 7 0.19 0.00 0.00 0.22 0.19 0.20 0.20 0.00 4CL 2M 

182+187 7 4.96 5.73 5.24 5.21 5.67 5.49 4.95 4.61 
4CL PP 2M; 4CL 

2M 

183 7 3.02 3.11 2.98 3.14 3.23 0.32 2.94 2.60 4CL PP 2M 

185 7 0.65 0.65 0.61 0.73 0.70 0.72 0.69 0.00 4CL 2M 

174 7 5.85 5.75 6.31 5.72 5.64 5.88 5.20 4.73 4CL 2M 

177 7 3.08 3.19 3.18 3.30 3.45 3.46 3.04 2.60 4CL 2M 

171 7 1.48 1.46 1.40 1.56 1.60 1.59 1.47 1.26 4CL PP 2M 

173 7 0.00 0.00 0.00 0.13 0.00 0.11 0.11 0.00 4CL 2M 
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SAMPLE NAME: # 
Chlorines 

GAC 
SOIL 

GAC SOIL 
50 mL 
Water 

GAC SOIL 50 mL 
water low diesel 

GAC Soil 
PCB MeOH 

GAC 
SOIL 
(FD) 

FD 
SOIL 

V SOIL 1 ppm 
1260 

Classification 

IUPAC # 

172 7 0.75 0.73 0.66 0.83 0.79 0.94 0.88 0.00 4CL 2M 

193+180 7 11.02 10.14 10.31 10.28 11.62 12.36 11.19 9.50 
4CL 2M; 4CL PP 

2M 

191 7 0.23 0.00 0.00 0.24 0.22 0.27 0.26 0.00 4CL PP 2M 

170+190 7 6.64 5.22 5.41 6.01 6.24 7.30 6.91 4.47 4CL PP 2M 

189 7 0.19 0.00 0.00 0.11 0.00 0.27 0.30 0.00 CP1 4CL PP 2M 

202 8 0.34 0.36 0.35 0.47 0.34 0.37 0.34 0.00 4CL 2M 

200 8 0.26 0.00 0.00 0.34 0.26 0.29 0.28 0.00 4CL 2M 

197 8 0.00 0.00 0.00 0.11 0.00 0.10 0.09 0.00 4CL PP 2M 

201 8 0.30 0.28 0.26 0.41 0.29 0.35 0.33 0.00 4CL 2M 

198 8 0.16 0.00 0.00 0.18 0.00 0.18 0.17 0.00 4CL 2M 

199 8 2.80 2.38 2.28 3.22 2.56 3.00 2.82 2.00 4CL 2M 

203+196 8 3.57 2.77 2.69 3.85 2.75 3.87 3.61 2.26 4CL PP 2M 

195 8 1.37 0.96 0.91 1.46 1.12 1.47 1.43 0.00 4CL PP 2M 

194 8 3.99 2.71 2.80 3.95 3.11 4.37 4.12 2.09 4CL PP 2M 

205 8 0.22 0.00 0.00 0.20 0.00 0.24 0.25 0.00 4CL PP 2M 

208 9 0.00 0.00 0.00 0.26 0.00 0.10 0.12 0.00 4CL 2M 

207 9 0.00 0.00 0.00 0.11 0.00 0.08 0.09 0.00 4CL PP 2M 

206 9 0.82 0.43 0.43 1.21 0.43 0.73 0.78 0.00 4CL PP 2M 

SUM 7874.37 3562.81 3676.79 13412.26 6345.55 30989.48 47283.50 914.75 
Total 
PPM 7.87 3.56 3.68 13.41 6.35 30.99 47.28 0.91 6 

                                                      
6 4CL denotes 4 chlorines, 2M denotes 2 or more chlorines in the meta position, PP denotes 2 or more chlorines in the para planar position.  CP1 indicates co-
planar. 
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Table 7-46:  Congener Data of Run 2 Samples, Values Greater than 10 ppb Retained and Converted to Percentages. 

IUPAC # # chlorines V Soil 
Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS GSw Classification 

52 4 0.0893 0.4610 0.6403 0.0000 0.0641 0.0000 0.0526 7.0594 0.1308 0.1194 4CL 2M 

103 5 0.0000 0.0676 0.3967 1.2453 0.0243 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 

95+88 5 1.1993 2.8003 3.3118 0.1725 0.7455 0.9446 0.7307 0.0000 1.3660 1.3728 4CL 2M; 4CL 

91 5 0.0206 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 

92 5 0.1828 0.0000 0.0000 0.0000 0.0000 0.1602 0.1081 0.0000 0.2470 0.2099 4CL 2M 

84 5 0.0756 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

89+101 5 2.1371 0.0000 4.0954 0.0000 0.0000 1.6607 1.5010 7.6110 2.3269 2.0772 4CL; 4CL 2M 

99 5 0.0686 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL PP 

115+87 5 0.2283 0.0000 0.0000 0.0000 0.0000 0.0000 0.1466 0.0000 0.2858 0.2376 4CL PP 

120+85 5 0.0281 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 CP1 4CL 2M; 4CL PP 

110 5 0.9275 1.2568 1.7243 0.2042 0.5711 0.5594 0.5987 0.0000 0.8300 0.7558 4CL PP 

82 5 0.6937 1.0881 1.0276 0.0000 0.0000 0.7811 0.5746 0.0000 0.8381 0.8044 4CL 2M 

107 5 1.6301 1.5402 1.6114 0.0000 0.9762 1.2219 0.8696 1.3586 1.2312 1.1850 CP1 4CL 2M; 4CL PP 

123 5 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 CP1 4CL 2M PP 

118 5 0.3929 0.3309 0.6214 0.0000 0.0000 0.0698 0.1304 7.0369 0.0908 0.0846 CP1 4CL PP 2M 

127 5 0.0771 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 CP1 4CL 2M 

145 6 0.0000 0.0000 0.0000 0.0000 0.0000 1.9717 0.0974 0.0000 1.2110 0.8401 4CL 

148 6 0.0248 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

136 6 1.3854 1.7980 1.6621 0.0000 0.9907 1.2299 1.0125 0.0000 1.3089 1.5268 4CL 2M 

154 6 0.1185 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL PP 

151 6 2.1578 2.8554 3.6764 0.0000 1.8627 2.0896 1.7698 0.0000 2.3188 2.3506 4CL 2M 

135 6 0.9244 1.2358 1.3968 0.0000 0.7656 0.9140 0.6358 0.0000 1.0275 0.9096 4CL 2M 
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IUPAC # # chlorines V Soil 
Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS GSw Classification 

144 6 1.7940 0.1770 0.9220 0.0000 0.4476 0.5725 0.6424 0.0000 0.6668 0.6039 4CL 2M 

147 6 0.0161 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

149+139 6 4.2228 10.1716 9.7215 0.0000 6.8964 7.4431 6.1633 8.3565 8.2120 8.2935 4CL 2M; 4CL PP 

134 6 0.2794 0.0000 0.0000 0.0000 0.0000 0.3120 0.2064 0.0000 0.3285 0.3038 4CL 2M 

133 6 0.0908 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

142+165+131 6 0.0450 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

161+146 6 1.4116 1.2137 0.0000 0.0000 0.9988 1.0428 1.0050 10.4978 1.2102 1.0487 4CL 2M 

153+168 6 6.4707 13.0705 1.2389 0.0000 11.5484 10.6359 9.9870 13.7459 12.4578 10.9685 4CL PP 2M 

132 6 0.5568 1.0951 2.9646 17.6278 0.7852 1.2202 0.5389 0.0000 0.9597 0.8483 4CL 2M 

141 6 4.2271 3.1360 3.0947 0.0000 2.8198 2.7465 2.9355 0.0000 2.9615 2.9627 4CL 2M 

137 6 0.0456 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL PP 2M 

130 6 0.4045 0.3739 0.4645 0.0000 0.3293 0.3484 0.3142 0.0000 0.0000 0.3762 4CL 2M 

163+164 6 3.4320 3.1202 3.4355 0.0000 2.7033 2.4515 3.0087 0.0000 0.3450 2.7023 4CL 2M 

160+138 6 2.9367 7.9313 7.1173 0.0000 7.7810 6.6409 7.6429 9.3384 3.2350 6.9238 4CL 2M; 4CL PP 2M 

158 6 2.4655 0.5223 0.5848 0.0000 0.5216 0.4226 0.7132 0.0000 4.5622 0.6308 4CL PP 2M 

129 6 0.1923 0.3760 0.4327 0.0000 0.1513 0.0000 0.0000 0.0000 0.0000 0.1560 4CL 2M 

166 6 0.0000 0.0000 2.0361 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL PP 2M 

159 6 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 CP1 4CL 2M 

162 6 0.0221 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 CP1 4CL 2M 

128 6 0.7545 0.5481 0.6346 0.0000 0.5865 0.5595 0.5242 0.0000 0.0000 0.5815 4CL PP 2M 

167 6 0.3130 0.1393 0.0000 0.0000 0.1223 0.0000 0.2103 0.0000 0.0000 0.0000 CP1 4CL PP 2M 

156 6 0.6341 0.3154 0.0000 0.0000 0.3126 0.0000 0.4963 0.0000 0.0000 0.2308 CP1 4CL PP 2M 

157 6 0.0329 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 CP1 4CL PP 2M 

179 7 2.8515 2.2265 2.3696 0.0000 1.9726 2.3072 2.1944 0.0000 2.1898 2.3983 4CL 2M 
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IUPAC # # chlorines V Soil 
Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS GSw Classification 

176 7 0.8719 0.6855 0.7189 0.0000 0.5668 0.7255 0.6318 0.0000 0.6449 0.6755 4CL 2M 

186 7 0.0000 0.7078 0.5389 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

178 7 1.8245 1.1751 1.1881 0.0000 1.1849 0.0000 0.1365 0.0000 1.2243 1.2728 4CL 2M 

175 7 0.2396 0.0000 0.0000 0.0000 0.1705 0.0000 0.1657 0.0000 0.0000 0.1808 4CL 2M 

182+187 7 6.0512 5.7228 5.2804 0.0000 7.4083 7.3464 7.0427 0.0000 6.8255 6.9811 4CL PP 2M; 4CL 2M 

183 7 5.1302 3.1299 3.0214 0.0000 3.9222 3.5938 3.6683 0.0000 3.3937 3.4926 4CL PP 2M 

185 7 0.9620 0.7120 0.6864 0.0000 0.7403 0.7795 0.7025 0.0000 0.7391 0.6795 4CL 2M 

174 7 2.2577 2.3540 5.5729 0.0000 4.5012 5.8370 6.0199 0.0000 4.9855 5.5603 4CL 2M 

181 7 3.8810 3.2412 0.0000 0.0000 1.6816 0.0000 0.0000 0.0000 0.0000 0.0000 4CL PP 2M 

177 7 4.7284 3.1543 3.0699 0.0000 3.7632 3.8306 4.1633 0.0000 3.4310 3.6769 4CL 2M 

171 7 2.3195 1.3471 1.4424 0.0000 1.6353 1.5462 1.8150 0.0000 1.4826 1.5088 4CL PP 2M 

173 7 0.2116 0.0000 0.0000 0.0000 0.1708 0.0000 0.1863 0.0000 0.0000 0.0000 4CL 2M 

192 7 0.6330 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

172 7 0.9016 0.8160 0.0000 0.0000 1.2833 1.0359 1.2815 0.0000 1.0974 1.0039 4CL 2M 

193+180 7 2.7183 9.5191 7.7466 0.0000 14.1576 11.1989 12.9521 6.2852 11.3408 10.7760 4CL 2M; 4CL PP 2M 

191 7 0.4174 0.0000 0.0000 0.0000 0.2532 0.0000 0.2796 0.0000 0.2401 0.2027 4CL PP 2M 

170+190 7 0.6266 0.8556 4.9467 19.4924 0.6506 0.9254 0.7781 3.5710 0.7892 0.5616 4CL PP 2M 

189 7 0.3795 0.0000 0.0000 0.0000 0.0000 0.0000 0.2362 0.0000 0.1319 0.0810 CP1 4CL PP 2M 

202 8 0.7194 0.3527 0.0000 0.0000 0.3535 0.4713 0.4445 0.0000 0.0000 0.4237 4CL 2M 

200 8 0.4678 0.2259 0.0000 0.0000 0.2510 0.3065 0.3092 1.9184 0.5254 0.2881 4CL 2M 

197 8 0.2207 0.0000 0.0000 0.0000 0.1168 0.0000 0.1486 0.0000 0.1310 0.1159 4CL PP 2M 

201 8 0.5463 0.3468 0.0000 0.0000 0.3349 0.2583 0.3981 0.0000 0.3748 0.3689 4CL 2M 

198 8 0.2279 0.0000 0.0000 0.0000 0.1600 0.1801 0.1788 0.0000 0.0000 0.1420 4CL 2M 

199 8 3.2570 1.8717 2.0853 0.3159 2.3784 2.5395 2.7996 0.0000 2.2527 2.1872 4CL 2M 



 

289 

 

IUPAC # # chlorines V Soil 
Rinsed 
GAC V 

Rinsed 
GAC FD blank GS(fd) GSw(fd) FD Soil 

CEN 
spike GS GSw Classification 

203+196 8 5.2574 2.5381 2.4808 0.3764 4.0291 3.8482 4.4493 0.0000 3.3482 3.2239 4CL PP 2M 

195 8 1.9826 0.8436 0.9538 0.0000 1.0007 1.0777 1.2349 0.0000 0.9574 0.8469 4CL PP 2M 

194 8 6.1697 1.9682 2.3206 0.0000 3.0825 2.5099 4.3046 8.8746 2.3242 2.0905 4CL PP 2M 

205 8 0.3981 0.0000 0.0000 0.0000 0.1823 0.0000 0.2571 0.0000 0.0000 0.1305 4CL PP 2M 

208 9 0.1625 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL 2M 

207 9 0.1162 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 4CL PP 2M 

206 9 0.6883 0.3166 0.0000 0.0000 0.5001 0.6200 0.5419 0.0000 0.5671 0.4466 4CL PP 2M 
7

                                                      
7 4CL denotes 4 chlorines, 2M denotes 2 or more chlorines in the meta position, PP denotes 2 or more chlorines in the para planar position.  CP1 indicates 
coplanar. 
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Table 7-47:  Congener data from run 1 by group. 

GROUPS GS GSw GSwD GCSwMeOH GS(fd)
FD 
soil 

V 
soil 

1ppm 
1260 

PLANAR 0.8 0.0 0.0 0.6 0.5 1.3 0.8 0.0 
NON PLANAR 96 97 96 99 98 98 99 87 
%PP 61 57 56 59 61 62 62 51 
%2M 96 97 96 99 98 100 100 87 
% PP NO 2M 0.2 0.0 0.0 0.2 0.2 0.2 0.3 0.0 
% 2M NO PP 36 40 40 40 38 38 38 36 
% dioxin like 0.8 0.0 0.0 0.6 0.5 1.3 0.8 0.0 

 

Table 7-48:  Congener data from run 1 by homologue. 

HOMOLOGUES  
> 10 ppb in % GS GSw GSwD GCSwMeOH GS(fd)

FD 
soil 

V 
soil 

1ppm 
1260 

DI 0% 0% 0% 0% 0% 0% 0% 0% 
TRI 0% 0% 0% 0% 0% 0% 0% 0% 
TETRA 3% 3% 3% 3% 2% 2% 3% 4% 
PENTA 6% 5% 5% 5% 4% 4% 6% 8% 
HEXA 35% 41% 41% 37% 40% 38% 38% 41% 
HEPTA 42% 40% 40% 42% 43% 43% 42% 32% 
OCTA 13% 9% 9% 14% 10% 14% 13% 6% 
NONA 1% 0% 0% 2% 0% 1% 1% 0% 
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Table 7-49:  Congener data from run 2 by group. 

GROUPS 
V 

Soil 

Rinsed 
GAC 

V 

Rinsed 
GAC 
FD GS(fd) GSw(fd)

FD 
Soil 

CEN 
spike GS GSw

PLANAR 3.5 2.3 2.2 1.4 1.3 1.9 8.4 1.5 1.6 
NON PLANAR 96 97 95 97 96 98 77 96 97 
%PP 58 65 53 68 60 65 59 62 60 
%2M 98 98 94 98 94 99 79 95 96 
% PP NO 2M 1.3 1.3 1.7 0.6 0.6 0.7 0.0 1.1 1.0 
% 2M NO PP 42 34 43 30 35 35 27 34 37 
% dioxin like 3.4 2.3 2.2 1.4 1.3 1.9 8.4 1.5 1.6 

 

Table 7-50:  Congener data from run 2 by homologue. 

HOMOLOGUES > 10 ppb in 
% 

V 
Soil 

Rinsed 
GAC 

V 

Rinsed 
GAC 
FD GS(fd) GSw(fd)

FD 
Soil 

CEN 
spike GS GSw

DI 0% 0% 0% 0% 0% 0% 0% 0% 0% 
TRI 0% 0% 0% 0% 0% 0% 0% 0% 0% 
TETRA 0% 0% 1% 0% 0% 0% 7% 0% 0% 
PENTA 8% 7% 13% 2% 5% 5% 16% 7% 7% 
HEXA 35% 48% 39% 40% 41% 38% 42% 41% 42% 
HEPTA 37% 36% 37% 44% 39% 42% 10% 39% 39% 
OCTA 19% 6% 11% 3% 8% 5% 16% 8% 8% 
NONA 1% 0% 0% 1% 1% 1% 0% 1% 0% 
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