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ABSTRACT 
 

 
EVIDENCE FOR VOLATILE ORGANIC COMPOUND MASS REDUCTION ADJACENT TO 

HYDRAULICALLY INDUCED, ZVI-FILLED FRACTURES IN CLAY 
 
 

Brent J. Ramdial     Advisor: 
University of Guelph, 2012    Professor B.L. Parker 
 
 
Volatile organic compound (VOC) contamination of low permeability geologic deposits due to 

Dense Non-Aqueous Phase Liquid (DNAPL) penetration through fractures is exceptionally 

difficult to remediate using in-situ methods as the low permeability of the sediments limits the 

delivery of reagents proximal to contaminant mass. This thesis examines in detail the extent of 

organic contaminant treatment away from hydraulically-induced fractures injected with 

particulate Zero Valent Iron as (1) ZVI and glycol (G-ZVI) and (2) an emulsified ZVI (EZVI) mixture 

within a contaminated glaciolacustrine clayey deposit. Continuous vertical cores were collected 

through the treatment zone at 2 and 2.5 years after substrate injections and soil sub-sample 

spacing was scaled to show the extent of the treatment zone adjacent to the ZVI in the 

fractures, expecting the treatment would be controlled by diffusion limited transport to the 

reaction zone. Analytical results show evidence of treatment in both the EZVI and the G-ZVI 

containing fractures with the presence of degradation by-products and reduced VOC 

concentrations in the fracture and surrounding clay matrix. 
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1. Introduction 
Many former and active industrial sites exist across North America and Europe where organic 

contamination persists in the shallow subsurface in low permeability clayey deposits. In many of 

these areas there is need to remediate these contaminated lands before a property sale, a 

change from industrialized to non-industrialized land use or due to regulatory requirements 

where remediation is required to protect underlying aquifers. However, this type of 

contamination presents much difficulty for remediation if removal by excavation is not 

financially or technically feasible. The nature of this type of contaminant distribution is much 

different than what is typical in permeable geologic deposits. In the upper few metres and 

commonly deeper, the contamination has typically formed as a result of dense non-aqueous 

phase liquids  (DNAPLs) such as trichloroethylene having entered the subsurface decades ago 

and moved downward and laterally through natural fractures (Figure 1a). After achieving 

immobility, there is dissolution and diffusion of the dissolved mass from the fractures into the 

blocks of low permeability clayey material between the fractures as described by  

Parker et al. (1994, 1997). After months or years all or nearly all of the DNAPL mass is commonly 

converted to dissolved and sorbed phases residing in the low permeability domain (Figure 1b). 

Therefore, the remediation challenge concerns this stored contaminant mass within the low 

permeability zones. 

 

In the past two decades there has been substantial effort directed at development of in situ 

methods for remediation of low permeability clayey deposits.  In the in situ approach, with the 

exception of methods that rely on heating the contaminated zone, treatment solutions and/or 

particles are introduced into the contaminated zone to cause destruction of the contaminants 

by chemical, microbial or biochemical processes. The treatment solutions and particles must be 
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brought into contact with the contaminants and this is the main difficulty concerning in situ 

remediation in low permeability zones. Generally within metres of the ground surface the clayey 

deposits are typically weathered and fractured, however these naturally occurring fractures are 

usually inadequate as effective pathways for delivery of treatments throughout the 

contaminated zones. Therefore, methods were developed to create much larger induced 

fractures in these zones that could serve as pathways for delivery and distribution of treatment 

solutions and particles. There are two general categories for creating induced fractures, (1) 

pneumatic fracturing (2) hydraulic fracturing, based on the fluid used to initiate the fractures 

(either water or air). The induced fractures maybe created with or without the addition of 

particles that serve to keep the fractures ‘open’. These particles (that can be inert such as sand 

or reactive such as iron) are known as proppants and are important to the process of 

remediation using induced fractures.  

 

The injected treatment materials are either chemical solutions and/or particles (colloids or 

layered particles). The literature concerning the use of induced fractures for remediation of 

clayey deposits is sparse; however several case studies have been reported. Hydraulic fracturing 

successfully reduced subsurface TCE concentrations at the Department of Energy’s Portsmouth 

Gaseous Diffusion Plant, X-231A treatment site by introducing two treatment materials (1) Zero 

Valent Iron (ZVI) and (2) Potassium permanganate (KMnO4) into the low permeability clayey 

deposits (Siegrist et al., 1999). Hydraulic fracturing was demonstrated under EPA’s Superfund 

Innovative Technology Evaluation program in 1991 at a site in Oak Brook, Illinois that contained 

low permeability soils that were contaminated with volatile organic compounds (VOCs). At the 

Illinois site, contaminants removed by soil vapour extraction were increased by 7-14 times and 

the radius of influence was 30 times greater after hydraulic fracturing (U.S. DOE., 1998). 
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Although there is literature describing remediation of contaminated clayey deposits where 

induced fractures were used to enhance delivery of treatment solutions and particles, there are 

no published studies where the performance of the remediation was examined 

comprehensively at substantial time after the treatment are applied.  

 

This thesis concerns the performance of a field trial in a surficial clayey deposit using induced 

fractures created hydraulically (hydraulic fractures). The clayey deposit is located in Sarnia 

Ontario  and is situated at a former chemicals manufacturing facility contaminated with a suite 

of organic chemicals, including tetrachloroethylene (PCE), trichloroethylene (TCE), 1,1,2-

trichlorethane (1,2,2-TCA) and 1,2-dichloroethane (1,2-DCA). In 2008, the site owner 

commissioned a consulting firm to conduct a field trial using hydraulic fractures and injection of 

a combination of ZVI to cause abiotic degradation and organic substrates to stimulate microbial 

(biotic) reductive dechlorination. The ZVI and the substrate amendments cause dechlorination 

of contaminants in the fractures which sets up concentration gradients in the low permeability 

matrix blocks between the induced fractures and results in contaminant diffusion from the 

matrix towards the fractures (Figure 2). The goal of this thesis is to use analysis of depth discrete 

samples collected from vertical cores taken through the zones where induced fractures with ZVI 

amendments were propagated to seek evidence concerning VOC degradation expected to have 

occurred within and adjacent to the induced fractures. The methods of core collection, core sub-

sampling and contaminant analyses have been used in previous studies of organic contaminants 

in the clayey deposits near Sarnia (Lane, 2001; Parker and Chapman, 2006). However, this is the 

first time methods have been applied in an assessment of remediation using induced fractures.  
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1.1 Site Geology and Hydrogeology 

The area of study is located on a 40 to 70 m thick clayey deposit that exists along the St. Clair 

River known as the Lambton Clay Plain, which forms the northern third of the 5900 km2 St. Clair 

Plain (Chapman and Putnam, 1984) (Figure 3). The Lambton Clay Plain consists of two 

stratigraphic units, the St. Joseph Till and the underlying Black Shale Till (McKay and Fredericia, 

1995; Klint, 1996) which were formed by deposition in larger proglacial lakes from 10 000 to    

15 000 years ago (Lewis et al., 1994). The lower Black Shale Till unit is approximately 30-35m 

thick and contains numerous black shale clasts, while the upper St. Joseph Till unit consists of 7-

14m of silty clay that typically extends to the surface, although it can be overlain by thin 

deposits of sand and gravel. Within the Sarnia, Ontario area and specifically at the former Dow 

Chemical site, the upper part of the St. Joseph Till can be divided into a highly fractured 

weathered zone consisting of 4-6m of brown to grey mottled silty clay, a 0.5m –1m transition 

zone and an underlying unweathered zone consisting of grey silty clay (Figure 4). While fractures 

are generally indiscernible through observation within the unweathered grey clay, previous 

studies at Dow Chemical (Lane, 2001) have provided evidence of active fractures at depths up to 

15 mbgs. 
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Figure 1 Conceptual model for Dense Non-Aqueous Phase Liquid migration into a fractured 
clayey deposit.  

a) DNAPL penetrating fractured clay through hydraulically active fractures. Adapted from 
Feenstra et al. (1996) b) Diffusion of DNAPL contaminant mass from fractures into the 
surrounding clay matrix over time. Adapted from Parker et al. (1994). 
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Figure 2 Conceptual model for chlorinated volatile organic compound destruction adjacent to 
Zero Valent Iron filled, induced fractures at the Block 20 Former Pond Study Site.   

Adapted from Cherry et al. U.S. Patent 5641020, 1997. 
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Figure 3 Local stratigraphy at Dow Chemical Canada ULC, Sarnia Ontario.  

Adapted from Mckay and Fredericia (1995). 
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Figure 4 The upper 12m of the St. Joseph till showing the highly fractured weathered-transition 
zone complex. 

 From McKay et al. (1993a). 
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2 Site Description and Remedial History 
This section provides a description of the site history and contaminant description as identified 

by previous work. The rationale behind the chosen remedial technology as well as a description 

of the implementation procedures is provided. 

2.1 Site History/Contaminant Description 

Environmental investigations conducted in Block 20 of the Dow Chemical Canada ULC (Dow) 

Retained Lands site in Sarnia, Ontario (Figure 5) identified the presence of chlorinated volatile 

organic compounds (CVOCs) in the subsurface soils and groundwater. As part of their remedial 

efforts, Dow retained CH2M Hill Canada Limited (CH2M Hill) in the Fall of 2008 to perform a 

pilot study involving the use of hydraulic soil fracturing and injection (F&I) technology with the 

goals of (1) treating the area of elevated CVOC concentrations (2) evaluating the effectiveness of 

F&I technology in treating the COVCs in the local soil conditions. The area of interest (Block 20) 

for the pilot study borders on the adjacent LANXESS, Inc (LANXESS) property to the north and 

was home to former polystyrene production facilities (Figure 5). Contained within the area of 

interest is a former pond that held chlorinated organic compounds derived from a production 

upset at a nearby facility in the 1970’s. This former pond was believed to be the source of CVOCs 

in the area and is the target of the remedial efforts. Table 1 identifies the main CVOCs of 

concern at the former pond study site. 

 

Studies by Lane (2001) at the Dow Chemical site showed that while the unweathered grey clay 

contained fractures to depths of 15 mbgs, the majority of DNAPL contaminant mass was 

contained within the weathered-transition zone complex. Given the geological and 

hydrogeological similarities of Lane’s EDC site with this research site, it was expected that the 

contaminant mass would be distributed in a similar manner (Figure 6).Thus the Fracture and 

Injection technology employed by CH2MHill focused on the weathered - transition zone 

complex.   

2.2 Remedial History/ Treatment Description 

After an initial screening process, a list of remedial technology alternatives was derived which 

included (1) In Situ Treatment Using Injection of Treatment Reagent (ZVI and Substrate) (2) 

Excavation and Offsite Disposal (3) Onsite Biocell Treatment and (4) In-Situ Shallow Soil Mixing 
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Using Treatment Reagent (ZVI and Substrate). In-situ Treatment Using Injection of Treatment 

Reagent was agreed upon largely because of the following reasons (CH2M Hill, 2008): 

- It resulted in the destruction of CVOCs if sufficient contact is maintained between the 

injected amendments and the contaminated soils 

- It was a sustainable alternative as it keeps the treatment on-site rather than transferring 

contaminants off-site 

- It minimized volatilization losses during treatment 

- Provided a reduction in long term concentrations at the lowest cost 

Following treatability testing and a literature study for remediation of soil contaminated with 

CVOCs, ZVI and Glycol (G-ZVI) and emulsified ZVI (EZVI) mixtures were selected as amendments 

to be injected into the target area.  Table 2 provides a list of advantages and limitations for each 

ZVI amendment (G-ZVI and EZVI) as outlined by CH2M Hill (2008). 

 

The remedial plan as outlined by CH2MHill called for the creation of three depth discrete 

boreholes at each F&I location or nest with the initiation of one hydraulic fracture per borehole 

creating a stack of three induced fractures per location (Figure 7). Hydraulic fractures were 

previously created in the Sarnia Lambton clay plain by FRx Inc. (Fidler 1997) and during a Pilot 

Study performed in Block 120 at the Dow site in 2008. Hydraulic fracturing was completed in 

two phases (Phase I, Phase II) at the Former Pond Pilot Study by FRx Inc. using procedures 

described by Murdoch (1995) and depicted in Figure 8. In total 30 F&I nests were created 

throughout the Block 20 Former Pond study site (Figure 9) through which ZVI amendments were 

added to the low permeability clayey deposit. After the completion of hydraulic fracturing and 

subsequent injection with the ZVI amendments a 19 mm diameter well with a 762 mm length 

screen was installed in each borehole for possible future substrate injections.  Approximately 

2300 lbs of iron was injected into each fracture for a total of 168 000 lbs and on average 234 

gallons of injectate (guar, water, breaker and glycol) was mixed with the iron to create the 

injection slurry. Rhodamine was added at a rate of 7 gallons per 225 gallons of injected material 

at FRx 16, 17, 20 and at a rate of 5 gallons per 225 gallons of injected material at FRx 4. A 

summary of the Phase I and Phase II F&I activities are outlined below (CH2MHill, 2009): 
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Phase I Activities Oct 13, 2008 
 

- Two F&I locations (FRx4, FRx5) were hydraulically fractured and injected with G-ZVI in 

Area 1 

- Four F&I locations (FRx16, FRx17, FRx10, FRX20) were hydraulically fractured and 

injected with G-ZVI in Area 2 

- Four locations (FRx17, FRx20, FRx16, FRx4) were injected with Rhodamine Water Tracer 

(RWT) to help detect the presence of hydraulically induced fractures in the treatment 

zone 

- Three boreholes were created at each F&I location; one for each fracture depth of 

3.35m, 4.27m and 5.18m bgs 

- Fractures were initiated on 3 m centers in Area 1 and 9 m centers in Area 2 

- Seven F&I locations in the North Utility Corridor (NUC) were hydraulically fractured and 

injected with ZVI only (no glycol or RWT added due to seepage concerns) 

- NUC locations contained 5 hydraulically induced fractures per borehole at depths of 

3.51 m, 3.96 m, 4.4 2m, 5.18 m, 5.64m below ground surface 

 

Phase II Activities Oct 29, 2008 
 

- Six F&I locations (FRx11, FRx15, FRx19, FRx14, FRx18, FRx22) were hydraulically 

fractured and injected with EZVI 

- Three boreholes were created at each F&I location; one for each fracture depth of3.66 

m, 4.57 m and 5.49 mbgs 

- The remaining F&I locations were hydraulically fractured and injected with a mixture of 

fine and coarse grained ZVI 

- No glycol or RWT was added in Phase II 

 

The main concern held by Dow and CH2M Hill with regards to this treatment alternative was 

whether hydraulic fracturing and injection could achieve adequate distribution of the ZVI 

amendments in the soil. Following the completion of the hydraulic F&I activities, (Phase I Oct 

2008, Phase II Nov 2008), 12 boreholes were drilled and four test pits were excavated within the 

treatment area to gain insight into the success of the hydraulic fracturing and the extent of the 

particulate ZVI distributions (Figure 10).  Visual observations from the soil core and the test pit 



 
12 

 

walls provided evidence to CH2M Hill and Dow that F&I technology was initially successful in 

achieving adequate distribution of ZVI amendments to the contaminated soil within the 

treatment area. 

 

In 2010, University of Guelph G360 personnel were invited onto the Block 20 Former Pond 

treatment site to provide insight into the effectiveness of F&I technology in destroying the 

detected CVOCs within the contaminated soil. G360 personnel took advantage of two field 

events (or “episodes”) in June and December of 2010 to collect high resolution depth discrete 

sub-samples for VOC analysis from six continuous cores in order to (1) delineate the vertical 

extent of contamination (2) assess mass and phase distributions (3) assess the effectiveness of 

treatment by GZVI and EZVI amended injections.  The locations of six University of Guelph core 

collected within the treatment zone, including the four cores collected from the footprint of the 

former pond are displayed in Figure 11. A conceptual model of ideal hydraulic induced fracturing 

and injection piezometer nests along with proposed University of Guelph coring is shown in 

Figure 12.The 2010 field episodes are described in detail in Section 3.2. 
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Table 1 Chlorinated volatile organic compounds of concern pre-treatment 

Category Chlorinated Volatile Organic Compounds of Concern 

Chlorinated 
Ethenes 

Vinyl Chloride (VC), Trichloroethylene (TCE),  
Tetrachloroethylene (PCE) 

Chlorinated 
Ethanes 

1,1-Dichloroethane (11DCA), 1,2-Dichloroethane (12DCA),  
1,1,1-Trichloroethane (111TCA), 1,1,2-Tirchloroethane (112TCA),  

1,1,2,2-Tetrachloroethane (1122PCA) 
Chlorinated 
Methanes 

Carbon Tetrachloride (CT), Chloroform (CF) 
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Table 2 List of advantages and limitations of G-ZVI and EZVI amendments in treating 
chlorinated volatile organic compounds 

 
Zero Valent Iron and Glycol 

(GZVI) Emulsified Zero Valent Iron (EZVI) 

Description 

ZVI is commonly used to create reducing 
conditions for treatment. It is typically placed in 
reactive barrier walls or injected directly into 
the subsurface 

EZVI was developed and patented by NASA Kennedy Space 
Center (KSC) in conjunction with the University of Central 
Florida (UCF) 

Glycol is a substrate used for enhancement of 
biodegradation of compounds which are not 
readily treated by ZVI (e.g. EDC) 

Microscale iron placed into a surfactant-stabilized 
biodegradable water-oil-emulsion. The interior of the 
droplets contains ZVI particles and a biodegradable 
vegetable oil ETI (EnviroMetal Technologies) holds the patent 

for the treatment of chlorinated contaminants 
with ZVI   

Advantages 

Rapid dechlorination of most of the site 
contaminants with ZVI as shown by Treatability 
Study 

Emulsification provides improved contact between the ZVI 
and contaminants 

Lowest material cost The vegetable oil acts as a substrate for further biotic 
degradation which could degrade EDC   

Readily available; Glycol is a Dow product The ZVI encapsulation protects the iron from groundwater 
increasing reactive life   

Limitations 

3% ZVI/Glycol mix was not proven effective for 
EDC or PCE reduction during 16 week 
Treatability Study 
 

Has not been successfully injected following fracturing; 
may have limited distribution 

Longer duration likely needed to allow sufficient 
breakdown of the glycol for use as a substrate 

Has not been tested for the treatment of EDC 

  
Has been applied on a limited test/pilot scale 

Expensive material 
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Figure 5 Dow Chemical ULC Retained Lands Site in Sarnia Ontario showing Location of Block 20. 
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Figure 6 General representation of the Dense Non-aqueous Phase Liquid contamination at Block 
20 Treatment Site. 

After Kirkpatrick M.Sc. (1998), Lane M.Sc. (2001). 
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Figure 7 Conceptual model for a desired fracture and injection location.  

Three depth discrete boreholes were created at each Fracture and Injection (F&I) location and 
one hydraulic fracture was initiated in each borehole creating a stack of three fractures at each 
F&I location. 
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Figure 8 A schematic describing the hydraulic fracturing process. 

(Adapted from http://www.frx-inc.com/ accessed April 17, 2010). 
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Figure 9 Locations of Hydraulic Fractures and Injection Nests at the Block 20, Former Pond 
Treatment Site (from CH2MHILL, 2008). 
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Figure 10 Photos from the Hydraulic Fracture and Injection Activities at the Block 20 Former 
Pond Treatment Site (photos taken by CH2MHILL, 2008). 

a) Drilling at a fracture and injection location (or nest) b) Injection of Rhodamine tracer c) 
Installation of the PVC injection wells d)Excavation of a test pit with visible Rhodamine e) 
Completed induced fractures . 
 

a) b) c)

d) e)

auger

Injection 
piezometers

Induced fractures

Injection with 
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Photos by Ch2MHill 2008
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Figure 11 University of Guelph corehole locations at the Block 20, Former Pond Treatment site.  

Inset shows distance of coreholes relative to adjacent Fracture and Injection Piezometer nests 
located within the footprint of the former pond. 
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Figure 12 Conceptual model of two ‘ideal’ hydraulically induced fracture and injection nests with 
proposed University of Guelph coring locations. 
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3. Approach and Methods 

3.1 Overview of Approach 

 
This section summarizes the approach to data collection used to achieve the research study 

goals of (1) examining in detail the performance of particulate ZVI injected into hydraulically-

induced fractures within a contaminant clayey deposit as both ZVI and glycol (G-ZVI) and an 

emulsified ZVI mixture (EZVI), (2) delineating the vertical extent of the contaminant plume into 

the clay aquitard as well as quantifying mass distributions of contaminants stored in a low 

permeability clay.  

 

Direct push technology and a dual tube soil coring system was used to collect high integrity, 

intact continuous soil core to allow for accurate depth discrete soil sub-sampling and 

subsequent VOC analysis in order to meet the research goals of each field episode. Direct push 

technology allowed for the removal of continuous core, which can identify thin permeable 

layers, zones of discoloured soil, free product, secondary pedologic features and induced 

fractures that can control the movement of contaminants in the subsurface and the 

effectiveness of in situ remediation technologies (Einarson, 1995).  The direct push dual tube 

method (described in detail Section 3.3.1) has a number of advantages over other single-rod 

direct push systems including (1) having the hole sealed as it is advanced, preventing mixing and 

possible cross contamination of soil from pore fluids in different zones and (2) it allowed for 

rapid collection of continuous core as well as depth discrete sampling of specific intervals 

(Einarson et al., 1998).     

 

High-resolution depth discrete sub-sampling techniques (described in detail Section 3.3.4) were 

used to collect soil sub-samples for CVOC analysis from the extracted core. These techniques 

were successfully used in past studies (Parker et al., 2003; Parker et al., 2004; Chapman and 

Parker, 2005) where they allowed for the collection of sub-samples from close vertical spacing, 

(typically 0.025m to 0.100m for puck core and macro plunger tube techniques and 0.005m to 

0.010m spacing for micro plunger tube techniques), so that detailed concentration profiles 

could be obtained. The importance of obtaining detailed concentration profiles during this study 

was emphasized as contaminant transport within the clayey deposit is a diffusion dominated 
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and time controlled process leading to the possibility of only small treatment diffusion halos 

present surrounding the ZVI-contained induced fractures after 2 and 2.5 years, which could not 

be detected from a coarse sample spacing.  

3.2 Scope of Work 

Two fieldwork sessions, or “episodes”, were performed in 2010 in order to collect data needed 

to accomplish the research study goals. The first episode was conducted by University of Guelph 

(G360) personnel along with consultants from CH2MHill Canada Limited (CH2MHill) and Profile 

Drilling Incorporated (Profile) on June 28, 2010 to June 29, 2010 and the second episode was 

conducted by G360 personnel and Aardvark Drilling Inc from December 6 to December 8, 2010.  

The goals of the first episode in June 2010 were to assess the effectiveness of hydraulic fracture 

and injection technology (F&I) in distributing the particulate ZVI amendments (G-ZVI and EZVI) 

to the contaminant mass stored in the clayey matrix and to quantify mass distributions of 

contaminants (parents and daughter products) two years after hydraulic fracture and injection 

treatment. After a review of baseline soil and groundwater data collected in 2008, G360 

personnel selected four core locations within the treatment zone (3 from within the highly 

contaminated zone and 1 from the less contaminated zone) for core collection, extrusion, 

lithology, feature logging and soil VOC analysis. The cores were collected and after extrusion 

logged on-site for lithology with a focus on identifying hydraulically induced particulate ZVI-filled 

fractures, induced fractures without the particulate ZVI and other potentially naturally occurring 

fractures, followed by depth discrete VOC sub-sampling and subsequent VOC analysis at the 

G360 laboratory at the University of Guelph.   

 

The main goal of the second episode in December of 2010 was to assess the performance of 

hydraulic fracturing and injection with ZVI amendments as a means of reducing CVOC 

concentrations within a clayey deposit. To accomplish this goal (1) additional continuous cores 

(UG1-2 and UG2-2) were collected adjacent to the June 2010 core locations, extruded, logged, 

sub-sampled and then analyzed for VOC and Chloride;  (2) Shelby tube core (UG1-2S and UG2-

2S) were collected adjacent to coreholes UG1-2 and UG2-2, logged, sub-sampled and analyzed 

for mineralogy, total organic carbon and microbiology; and,  (3) Groundwater from three 

injection piezometers (injection points for the EZVI and or G-ZVI) within the treatment zone 

adjacent to the continuous core locations was sampled and analyzed for groundwater VOCs, 
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Cations/Dissolved metals, Anions, Compound Specific Isotope Analysis, Soluble and Total 

Dissolved Iron. All extruded core and groundwater samples from the second episode were kept 

in coolers on ice before transport to the G360 laboratory for lithologic logging, sub-sampling and 

analysis or shipment to a pre-determined laboratory. Sampling methodology and laboratory 

analyses are described later in this section.  

 
A summary of core lithology and feature identification for G360 core (both episodes) at the 

Block 20 treatment site can be found in Section 4.1 and a list of analyses and analytes in Table 3 

and Table 4. While all soil and groundwater sampling was conducted by G360 personnel for both 

episodes of this study, drilling and core extraction for the first episode in June 2010 was 

performed by CH2MHill personnel and Profile Drilling, with the extruded core being handed 

over to G360 personnel for sub-sampling. Bob Ingleton (University of Waterloo) and Aardvark 

Drilling handled the drilling duties for the second episode in December 2010.  

3.3 Field Methods 

The following subsections discuss the methods used for field data collection. In general, 

collection of field data started with collecting vertical core, followed by lithologic logging and 

core inspection and then soil sub-sampling for VOCs and other analytes. An overview of the data 

collection process employed during this study is displayed in Figure 13, and is explained in detail 

in the following sub-sections.  

3.3.1 Direct Push Coring – Envirocore® 

Continuous soil cores were collected using the University of Guelph’s truck mounted direct push 

rig and the Envirocore® dual tube sampling system described by Einarson (1995). This system 

has the capability to use vibration pounding, hydraulic pushing or a combination of both to 

maximize soil core recovery and penetration depths depending on site-specific conditions.  The 

dual core barrel system consisted of an outer casing and an inner sample barrel filled with a 

butyrate sample liner. A drive shoe was attached to the base of the outer casing to prevent soil 

from entering the space between the outer casing and the inner barrel. As the two units were 

advanced, the inner barrel and butyrate liner filled with soil. The inner barrel was removed, 

capped, labelled and then split for lithologic logging and VOC and chloride sampling as described 

in Figure 14, while the outer casing remained in the place during retrieval to act as a temporary 

seal, keeping the hole open and preventing vertical cross contamination.  A plastic catcher was 
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placed at the base of the inner butyrate liner to help prevent soil from falling out of the sample 

barrel during extraction.  After collecting the final sample, the hole was filled with pre-mixed 

Aquagrout Benseal® slurry.  

 

The EC5 Envirocore® core barrel system was used for continuous coring at the Block 20 

treatment site at locations UG1-2 and UG2-2 during the second episode in December 2010. The 

outer casing had an outer diameter (OD) of 87.5 mm, which yielded a 75.0 mm OD core.  The 

outer casing and inner barrel intervals used for this episode was 914 mm. UG1-2 and UG2-2 

were cored approximately 2.1 m and 2.0 m from monitoring wells MW275 and MW276 

respectively, both to a final depth of 12.2 mbgs. 

3.3.2 Direct Push Coring – Shelby Tube Core  

Shelby tube coring method (Shuter & Teasdale, 1989) was used to collect minimally disturbed 

core in stainless steel Shelby tubes for subsequent mineralogy, TOC /foc and microbial analyses. 

In order to obtain Shelby tube samples, the EC5 outer casing was pushed with the sealing piston 

in place until the drive shoe was positioned above the desired sampling interval. A 610mm long 

beveled-tip stainless steel Shelby tube (50mm OD, 47mm ID) was attached to a push rod and 

then advanced through the outer EC5 casing down to the base of the hole. Once at the base the 

push rod and Shelby tube assembly are centred and then advanced a known distance (610 mm) 

through the drive shoe collecting the soil sample within the Shelby tube. The push rod-Shelby 

tube assembly was then extracted and the Shelby tube was detached and capped with plastic 

end caps. Shelby tube samples were then packed and delivered to the University of Guelph 

G360 laboratory for temporary storage at 4o C until sub-sampling and analysis.  

 

The Shelby tube system was used to collect core at the Block 20 treatment site at locations UG1-

2S and UG2-2S, during the second episode in December 2010. Core locations were 

approximately 0.7 m and 0.6 m from MW275 and MW276 respectively and were both cored to a 

final depth of 11.6 mbgs. A total of 34 m of core were collected in seventeen 0.6 m long Shelby 

tubes at UG1-2S and UG2-2S. The minimally disturbed Shelby tube samples were extruded and 

sub-sampled at the G360 laboratory and then sent for mineralogy, microbial and TOC/foc 

analyses (described later in this section). 
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3.3.3 Direct Push Coring – Profile Drilling Inc 

Continuous core UG1-1, UG2-1, UG3 and UG4 were collected during episode one in June 2010 

by Profile drilling using direct push technology and a track mounted AMS PowerProbeTM rig 

along with a modified dual tube sampling system. Cores were collected in 38 mm butyrate liners 

from 1219 mm (4-ft) inner and outer core barrels.  

3.3.4 Core Sub-sampling 

Field methods used to collect sub-samples from extracted soil core during field episodes one 

and two in 2010 are described in the following sub-sections as well as groundwater sampling 

methods utilized in sampling two Fracture and Injection piezometer nests.  

 

3.3.4.1 Core Splitting  

Core collected using the method outlined in Section 3.3.3 in episode one were split in the field 

after being extracted by Profile Drilling personnel. Capped butyrate liners were placed in a chain 

vice and cut longitudinally along the core axis with a hook blade. Blade penetration was limited 

to 5 mm or less into the soil to minimize sample disturbance. After removing the top part of the 

butyrate liner, the top 1/3 of the core was removed using a stainless steel scraper or a piece of 

wire. The bottom 2/3 of the core was then immediately photographed and logged for general 

lithology and fracture identification before being covered by aluminum foil to prevent 

contaminant loss due to volatilization. Core sub-sampling proceeded thereafter, followed by a 

more detailed logging of all fine-scale features and lithologic interfaces.  

 

Cores collected using methods outlined in Sections 3.3.1 and 3.3.2 during the second episode 

were transported back to the University of Guelph for splitting and analysis. Capped butyrate 

liners were place in a wooden core box and cut longitudinally along the core axis with a hook 

blade, taking care to limit blade penetration to 5mm into the soil. After the top portion of the 

liner was removed, the top 1/3 of the core was removed using a metal wire. The bottom 2/3 of 

the core was then photographed and logged for general lithology and fracture identification 

before being covered with aluminum foil to prevent contaminant loss due to volatilization. Core 

sub-sampling proceeded thereafter, followed by a more detailed logging of all fine-scale 

features and lithologic interfaces. Shelby tube core samples (described in Section 3.3.2) were 

cute longitudinally along the core axis using a skill saw. Care was taken to ensure the blade did 
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not penetrate greater than 5mm into the sample. Once the top half of the steel tube was 

removed the core was covered with aluminum foil and aseptically sampled for microbial 

analysis. Samples for mineralogy and TOC/foc analysis were taken shortly after.  

All sub-sampling and core splitting equipment that contacted any part of the soil core was 

cleaned between each core to prevent cross contamination following the four step 

decontamination procedure outlined below: 

(1) Hand wash with scrubbing tool in tap-water and Alconox soap 

(2) Rinse with de-ionized water 

(3) Rinse with methanol 

(4) Rinse with de-ionized water 

 

3.3.4.2 Core VOC Sub-sampling 

Core VOC sub-sampling procedures for episode one and episode two differed in that two 

separate techniques were used to extrude the soil core sub-samples. The Plunger tube sub-

sampling technique was employed in episode one (Figures 15 and 16), while sub-sampling in 

episode two utilized the Core Slicing technique (Figure 17). In both episodes closer sample 

spacing was used around identified ZVI fractures as well as the interface between the highly 

weathered brown silty clay and the less weathered grey clay, while sample spacing in the 

remaining core varied from 200 mm to 450 mm. Prior to taking a soil sub-sample, the aluminum 

foil (described in the previous section) was peeled back and a thin layer of soil was scraped off 

the desired sample location to remove any smeared sediment.  All VOC soil sub-samples were 

analyzed by the University of Guelph, G360 laboratory with 17 duplicate samples being sent to 

Maxxam Analytics from episode one and 51 duplicates samples being sent to Stone 

Environmental Inc from episode two. Results of confirmatory analysis between the three 

laboratories are displayed in Appendix A. 

 

Plunger Tube Sub-sampling Technique 

All core collected in episode one (UG1-1, UG2-1, UG3, UG4) were sub-sampled using macro tube 

samplers and plungers at sample spacing’s ranging from 25 mm to 300 mm, while micro tube 

samplers and plungers were employed at Cores UG1-1 and UG2-1 for a more refined sampled 

spacing of 5 - 10 mm around detected particulate ZVI filled fractures. Plunger tube sub-sampling 

was conducted with a macro or micro tube sampler made up of a custom fabricated hollow 
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stainless steel tube with an inner solid stainless steel piston or plunger. Two plunger tube 

sampler sizes were employed during episode one, 15 mm ID macro tube samplers (no template) 

and 5 mm ID micro tube sampler that utilized a prefabricated sampling template. Macro tube 

samplers  were used to collect 2-16 g (average 6.3 g) soil samples from each core (UG1-1, UG2-1, 

GU3, GU4) and to extrude each sample into pre-weighed 40 mL glass vials containing 15 mL 

HPLC grade methanol (Figure 15), while micro tube samplers and a prefabricated steel sampling 

template were used to collect 0.3-1.3g (average 0.80 g) soil samples from around identified 

particulate ZVI-filled fractures in Core UG1-1 and UG2-1 (Figure 16). Samples were then 

extruded into 5 mL scintillation vials containing 2.5 mL of HPLC grade methanol. All sample vials, 

40 mL and 5 mL, were sealed with a layer of Teflon tape to prevent sample loss due to 

volatilization. 

 

Core Slicing Sub-sampling Technique 

Cores collected in episode two (UG1-2, UG2-2) using the Envirocore® method were sub-sampled 

with the core slicing sub-sampling technique described schematically in Figure 17. After the core 

was successfully split and logged for lithology and identifiable features (described in the 

previous section) a 3-5mm thick slice (8-15 g puck) was cut off the core using a stainless steel 

putty knife. The slice was then trimmed around the edges, cut in half and placed in 40 mL VOA 

vials containing 15 mL of HPLC grade methanol. The cap was taped with Teflon tape to prevent 

sample loss due to volatilization. Sample spacing was highly focused around identified 

particulate ZVI-filled fractures with samples being taken at 5 - 10 mm intervals. Closer sample 

spacing (10 – 20 mm) was also employed at the interface (or “transition zone”) between the 

brown silty weathered clay and the less weathered grey clay, while a coarser spacing of  

200 - 450 mm was used in the remainder of the sampled core.  

 

3.3.4.3 Core Chloride Sub-sampling 

Depth discrete soil samples were collected for chloride analysis from Core UG1-2, UG2-2 during 

episode two. Chloride samples were collected with the core slicing sampling technique 

(described in Section 3.3.4.2). Generally, the chloride and VOC samples were collected from the 

same sample slice (i.e. from the same sample depth), with half the sample being placed in HPLC 

grade methanol for VOC analysis and the second half being place in pre-weighed 40 mL VOA 

vials containing 15 mL of de-ionized water for chloride ion analysis. A layer of Teflon tape was 
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placed around the cap to seal all vials, which were then placed on ice and transported to the 

University of Guelph for temporary storage at 4o C. Following storage, samples were prepped 

using the procedure described in Section 3.4.2.2 and sent to Maxxam Analytics Inc for analysis 

following Standard Method 4110B. 

 

3.3.4.4 Total Organic Carbon/Fraction of Organic Carbon Sampling 

Samples were collected during episode two from Shelby tube core UG1-2S for Total Organic 

Carbon (TOC) analysis and fraction of organic carbon (foc) analysis. Shelby tube core samples 

were split open (as describe in Section 3.3.4.1) and samples were taken throughout the core 

from depths that were (1) adjacent to a particulate filled ZVI fracture (2) both within and 

surrounding the transition zone between the weathered brown silty clay and the unweathered 

grey clay layer (3) deep within the unweathered grey clay to provide background TOC levels. 

Four samples were collected at distances of approximately 20 mm and 140 mm above and 

below an identified particulate ZVI filled fracture and four samples were collected from 

approximately 150 mm and 300 mm above and below the interface of the weathered brown 

silty clay and the unweathered grey clay interface. Two samples were taken from an arbitrary 

distance deep into the unweathered grey clay of ~11 mbgs for background TOC values. 

Approximately 20 - 75 g of sample were collected from Shelby tube cores, placed in sealed 

plastic sample bags and kept at room temperature prior to shipment and analysis at University 

of Guelph’s Agriculture and Food Laboratory (AFL).  

 

3.3.4.5 Mineralogy Sampling 

Samples for mineralogy analysis were collected from Shelby tube core UG1-2S from during 

episode two in December 2010. Three 200 - 250 g samples were collected at depths 

corresponding to the weathered brown silty grey clay (4.22 mbgs), the transition zone between 

weathered brown silty clay and unweathered grey clay (5.47 mbgs) and the unweathered grey 

clay (11.24 mbgs). Once extruded from the core, samples were sealed in plastic sample bags and 

shipped to SGS Canada Inc. for analysis.  
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3.3.4.6 Microbial Sampling 

Soil sub-samples for microbial analyses were collected from core UG1-1, UG2-1 (episode one) 

and core UG1-2S (episode two). Episode one sub-samples were collected aseptically, with 

sterilized sub-sampling equipment on-site before being transported to the G360 laboratory for 

storage while episode two samples were sub-sampled aseptically upon arrival at the G360 

laboratory at the University of Guelph. All samples were kept refrigerated until future analysis. 

In total, twenty nine samples were collected for microbial analysis. Twenty-seven samples were 

collected adjacent to ZVI-filled fractures in core UG1-1, UG2-1 and UG1-2S and two background 

samples were collected from core UG1-2S.  Sample spacing around particulate ZVI-filled 

fractures ranged from 25 - 100mm and the two background samples collected from core UG1-2S 

were from depths of 11.1 mbgs and 11.4 mbgs, well into the unweathered grey clay.  

3.3.5. Groundwater Sampling  

Field methods used to collect groundwater samples from depth discrete hydraulic fracture and 

injection wells (FRx) as well as all analyses completed on groundwater samples are described in 

the following sections. For this study, groundwater samples were collected for analysis from 

three wells (FRx 9-1, FRx 9-2 and FRx 17-1) at depths of 5.49 m, 4.57 m and 5.18 m below 

ground surface respectively. Groundwater samples were collected using 1/4 inch or 6.4 mm 

thick polyethylene tubing dedicated to each piezometer using a peristaltic pump and 

combination of a steel manifold system or the ‘straw sampling’ technique. The steel manifold 

allowed the 40 mL VOA sample vials to be filled from the bottom and out the top with no 

atmospheric contact before contacting the pump. The manifold system was used to sample FRx 

9-1 but field personnel decided to switch to the ‘straw sampling’ for piezometers FRx 9-2 and 

FRx 17-1 due to problems encountered when the steel manifold began to freeze due to sub-zero 

temperatures. The “straw sampling” technique is outlined in the following steps: 

1) Measure the water level in each injection piezometer or well 

2) Calculate the sample tube volume for each 6.4 mm dedicated polyethylene sample tube 

using the dimensions of the sample tube (length and diameter) 

3) Purge sample tube volumes from each well using a peristaltic pump 

4) Due to freezing issues, water samples were drawn into the sample tubes with the 

peristaltic pump, after which the pump was shut off to maintain a vacuum and the tube 

was removed from the well 
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5) The bottom end of the sample tube was then place in/over a sample container, the top 

end of the sample tube was detached from the peristaltic pump, and a thumb was 

placed over the end of the tube to maintain the vacuum 

6) The flow rate of water out of the sampling tube and into the sample container was 

controlled by slowly rolling one’s thumb off the end of the tube 

7) This process was repeated until each sample container was filled; a dedicated tubing 

was used to sample each well 

Three sample tube volumes were successfully purged from each injection well except for FRx 9-2 

from which only one sample tube volume could be purged due to low yield. Low flow purging 

and sampling was employed for all groundwater sampling completed during episode two in 

order to minimize drawdown and the collection of stagnant groundwater in each well.  

 

3.3.5.1 Groundwater VOC Sampling 

A total of six 40 mL VOA vials (two vials per sampled well) were collected during episode two for 

groundwater VOC analysis. Following sample collection, each 40 mL vial was sealed with Teflon 

tape, placed into compartmentalized cardboard boxes and placed on ice before being 

transported to the University of Guelph where they were stored at 4° C until analysis. A trip 

blank was included in each cooler to identify sample contamination with VOCs during 

transportation and was prepared by filling a 40 mL VOA vial with DI water. Groundwater 

samples were transported from University of Guelph to the University of Waterloo’s Earth 

Science Lab for analysis for analysis one week after collection.   

 

3.3.5.2 Groundwater Compound Specific Isotope Analysis 

A total of twelve 40 mL VOA vials with septa (four vials per sampled well) were collected and 

analyzed for δ13C of PCE, TCE, c-DCE, t-DCE, 11-DCE, VC, 1122PCA, 1122PCA, 112TCA, 111TCA, 

12DCA and 11DCA at the University of Waterloo’s Environmental Isotope Laboratory (EIL). A 

total of 0.25 mL of 10N NaOH was added to each vial prior to sample collection in order to 

preserve and prevent additional biodegradation of the samples. Each vial was filled to almost 

overflowing before being tightly capped and examined for air bubbles. If air bubbles were 

detected, the sample was discarded and another vial was filled. The samples were then sealed 

with Teflon tape, place in compartmentalized boxes, stored on ice before transportation to the 

University of Guelph where they were refrigerated until analysis by University of Waterloo’s EIL.  
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3.3.5.3 Groundwater Dissolved Metals and Anions 

Groundwater samples for dissolved metals analysis were collected in 20 mL Nalgene bottles. 

One bottle was collected from each sampled well (three total) and all samples were preserved 

to a pH of 2 (checked with pH paper) with HNO3 and filtered with 0.45 um Waterra inline filters. 

Groundwater samples collected for anion analysis were placed in 10 mL Nalgene bottles, one 

bottle per sampled piezometer for a total of three sample bottles. Samples collected for 

Dissolved Metals and Anion analyses were stored on ice before transportation to Maxxam 

Analytics for analysis.  

 

3.3.5.4 Total and Soluble Iron 

A CHEMets® field kit was used to analyze groundwater collected at FRx 17-1 for both Total and 

Soluble Iron content. This analysis was completed in the field and provided an estimated value 

for Total and Soluble Iron content in the groundwater at piezometer FRX 17-1.  

 

3.3.5.5 Deviations from Initial Groundwater Sampling Plan 

The original groundwater sampling planned called for sample collection at two fracture and 

injection nests (FRx 15 and FRx 17), with a total of six wells (FRx 15-1, FRx 15-2, FRx 15-3, FRx 17-

1, FRx 17-2, FRx 17-3) being sampled for a variety of analyses. However, initial attempts at 

sampling at FRx 15 failed because two of the three injection wells (FRx 15-2, FRx15-3) were dry. 

A decision was made to sample nearby by F&I nest, FRx 9. Two injection wells (FRx 9-1, FRx 9-2) 

at nest FRx 9 were successfully sampled for groundwater analyses but sampling was halted at 

FRx 9-3 due the presence of a possible free phase DNAPL. One well (FRx 17-1) was successfully 

sampled at nest FRx 17, but again sampling was stopped at FRx 17-2 and FRx 17-3 due to the 

presence of a possible free product DNAPL. Due to time restrictions and inclimate weather only 

wells FRx 9-1, FRx 9-2 and FRx 17-1 were successfully sampled during episode two.  
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3.4 Lab Methods 

The following section describes procedures followed during laboratory analysis of field samples 

collected during episodes one and two at Block 20 Former Pond Site.  

3.4.1 VOC analyses  

3.4.1.1 Soil VOC analysis 

University of Guelph G360 Lab 

Depth discrete soil VOC samples from continuous core were analyzed at the University of 

Guelph’s G360 laboratory in Guelph, Ontario using the shake flask extraction technique and GC 

method described in Górecka et al. (2001).  

Sample preparation is summarized as follows: 

- Sonication for 1 hour in a 40o C bath on arrival to laboratory 

- Shaken weekly for 4-5 weeks on a heavy duty Bigger Billy model no. M49235, orbital 

shaker for 1 hour at 350 rpm 

- Centrifuged for 30 minutes at 1500 rpm prior to aliquot extraction 

- 1  µL aliquots of methanol were injected into a Hewlett-Packard 6890 Gas 

Chromatograph (GC) equipped with a µ -ECD detector for analysis 

GC operation is summarized below: 

- GC split-splitless injector operated at 225o C, with helium carried gas at flow rate of 2.3 

mL/min and a split ratio of 1:50 

- A 30m long, Supelco SPB-1 GC column with 0.25 mm ID and a 3 µm film thickness 

- The GC oven was programmed to start at 55o C for 3 mins, then increased by 10o C/min 

to 200o C where it was held for 3 minutes 

- The µ-ECD operated at 350o C  

- All calculations were performed by the HP ChemStation software 

Total soil concentrations (Ct) were calculated from reported aliquot concentrations on methanol 

(Cm) based on the following formula: 

            [3.1] 

Where Vm is the total volume of methanol in the sample [L], Cm is the concentration of analyte in 

methanol [µg/L] and mws is the total mass of wet soil [g].  Porewater concentrations (Cw) were 

estimated using a modified form of the relationship described by Chapman and Parker (2005) 

for sorbing organic solutes as follows: 
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   [3.2] 

Where Ct is the total soil concentration [ug VOC/ g wet soil], ρbwet is the wet bulk density of the 

soil [g/cm3], Ø is soil porosity and R is the retardation factor calculated as follows: 

  [3.3] 

Where ρb is the dry bulk density of the soil [g/cm3], Ø is soil porosity and Kd, the distribution 

coefficient = Koc foc [cm3/g].  

 

The G360 VOC analyte lists for both episodes one and two are listed in Tables 3 and 4.  

Calibration curves were created using methanolic standard solutions for the individual analytes 

and a minimum of five calibration points were used to generate each curve. Any samples with 

concentrations outside the calibration range were diluted with HPLC grade methanol and re-ran.  

Quality assurance/quality control (QA/Q) measures employed during analysis included the 

following: 

- Analysis of instrument blanks each day 

- Analyze lab blanks every 10 samples to allow identification of VOC carry-over between 

samples and assess lab analysis repeatability 

- Analysis of a lab control sample or initial calibration verification to assess accuracy of 

the calibration curves generated from calibration standards 

- Analysis of one method blank per analytical batch (12 hours or 20 samples) directly after 

analysis of calibration standards and after analysis of highly contaminated samples to 

identify carry-over between samples 

- Degree of surrogate recovery (to be within 70-130%) was determined for each sample 

to assess problems associated with the sample matrix  

Results were flagged if any QA/QC anomalies were detected during analysis and all VOC 

concentrations were reviewed by a laboratory technician prior to reporting using US EPA’s 

Guidelines for Organic Data Review (US EPA 1999). 

 

Maxxam Analytics 

Duplicate samples from episode one were sent to Maxxam Analytics upon request by CH2MHill 

for VOC analysis by an EPA Method 8260C (modified) for Capillary Gas Chromatography/Mass 

Spectrometry and the Purge and Trap technique of US EPA 5030C/5035AA found in EPA SW-846 
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methodology. To summarize, VOCs were introduced into a gas chromatograph (GC) by the purge 

and trap technique, which resulted in the purged sample components being trapped in a tube 

containing suitable sorbent materials. The sorbent tube was then heated and back-flushed with 

an inert gas to desorb trapped sample components. The analytes were then transferred to a 

fused silica capillary column for analysis. The column was temperature programmed to separate 

the analytes, which were then detected with a mass spectrometer interfaced via direct 

connection to the GC. Target analytes were then identified by comparing their mass spectra 

with the electron impact spectra of authentic standards and quantification is accomplished by 

comparing the response of a major ion relative to an internal standard. 

 

Stone Environmental Inc.  

Duplicate samples from episode two were sent to Stone Environmental Inc. where they were 

analyzed using procedures based on SW846 USEPA Method 8260B, that were designed to 

measure the concentration of specific VOCs in soil samples using solid phase micro-extraction 

(SPME) and a gas chromatograph equipped with a capillary column and mass spectrometer. Soil 

samples were first prepared in 20 mL extraction vials based on methods outlined in ASTM 

Method D6520. The SPME fibre was then exposed to the headspace above the sample for 8 

minutes while the sample was rapidly stirred with a magnetic stirrer on a magnetic plate. The 

absorbed analytes are thermally desorbed from the SPME fibre in the injection port of the 

Hewlett Packard 5890 Series II gas chromatograph and then transferred to a narrow bore 

capillary column where a temperature program was used to enhance separation as the analytes 

were carried through the column to the ion source of the Hewlett Packard 5971 Series Mass 

Spectrometer. The ionized molecules were then focused and separated according to their 

mass/charge ratio by a quadropole analyzer. The signal was amplified by an electron multiplier 

and interpreted by the mass spectrometer data system to produce a total ion chromatogram 

and mass spectra for every point on the chromatogram.   

 

3.4.1.2 Groundwater VOC analysis 

University of Waterloo –Wayne Noble 

Groundwater VOC analysis was conducted by the University of Waterloo’s Institute for 

Groundwater Research Groundwater Laboratory as outlined in the laboratory’s Standard 
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Operating Procedures.  

Laboratory Analysis for Dichloromethane and Dichloroethane Isomers via Headspace and GC-

ECD 

For DCM, 11DCA and 12DCA, a headspace was created in the aqueous samples with a ratio of 

6.0 mL headspace to 4.0 mL aqueous sample.  The samples were placed on a rotary shaker for 

15 minutes to allow equilibration between the water phase and gas phase.  For analysis, each 

sample was placed on a Hewlett Packard 7694 headspace Sampler.  A 1 mL sample was then 

injected onto a Hewlett Packard 5890 series II gas chromatograph (GC) equipped with a Ni63 ECD 

detector with an using an J&W DB-624. (30 m x 0.53 mm)  The GC had an initial temperature of 

50 oC, with a temperature program of 10 oC/min reaching a final temperature of 130 oC, which 

was held at 130 oC for 0.5 minutes.  The detector was set for 300 oC and the injector 

temperature was 200 oC.  The carrier gas was ultra pure Helium with a flow rate of 7 mL/min.   

 

Laboratory Analysis for Chloroform, Carbon Tetrachloride, 111-Trichloroethane, 

Trichloroethylene, 112-Trichloroethane, Tetrachloroethene & Tetrachloroethane Isomers 

A 2.0mL sample was removed and added to 2 ml of internal standard solution (500 ug/L of  

1, 2-Dibromoethane in pentane) in a 5 mL glass screw cap vial with Teflon-faced septum. The 

sample was placed on an orbital shaker for 15 minutes at 300 RPM. The supernatant was then 

removed, placed in a 2 mL glass crimp-top GC vial and put on a Hewlett Packard 5890 Series II 

gas chromatograph equipped with a Ni63 ECD detector.  Using a HP 7673 liquid auto sampler a 

1uL sample was injected onto a DB-624 capillary column. The detector temperature was 300 oC, 

injection temperature was 200 oC and the column temperature ramp is 50 oC to 150 oC at a rate 

of 15 oC/min and then held for 1 min. The carrier gas is pre-purified helium with a total flow rate 

of 25 mL/min and the make-up gas is 5% methane, 95% argon. 

 
Laboratory Analysis for Vinyl Chloride, and Dichloroethene Isomers 

For Vinyl Chloride and the Dichloroethene isomers, a headspace was created in the aqueous 

samples with a ratio of 6.0 mL headspace to 4.0 mL aqueous sample.  The samples were placed 

on a rotary shaker for 15 minutes to allow equilibration between the water phase and gas 

phase.  For analysis, the sample was placed on a Hewlett Packard 7694 headspace Sampler.  A 1 

mL sample was then injected onto a Hewlett Packard 5890 gas chromatograph (GC) equipped 

with an Hnu Photo ionization detector (PID) using an Hnu NSW-plot capillary column.  The lamp 
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potential was 10.2 eV.  The GC had an initial temperature of 50 oC, with a temperature program 

of 20 oC/min reaching a final temperature of 200 oC and was then is held at 200 oC for 9 minutes.  

The detector was set for 150 oC and the injector temperature was 100 oC.  The carrier gas was 

ultra pure Helium with a flow rate of 20 mL/min.   

 
Quality Control and Quality Assurance Program 

Quality control procedures are used to estimate and evaluate the information on the analytical 

data and to determine if operations are in order or if corrective action is necessary.  To evaluate 

these procedures precision, accuracy, detection limits and other quantifiable and qualitative 

indicators are monitored.  These measures are used to monitor the program and to ensure that 

all data generated are suitable for their intended use.   

 
Analytical quality control involved method blanks which are carried through the entire analytical 

procedures, as well as spiked blanks which are spiked with the analytes from an independent 

source in order to monitor the execution of the analytical method, with percent recoveries 

recorded (%R).   The two blanks and approximately eight spiked blanks are analyzed every time 

sampling is undertaken.  Calibrations are conducted in accordance with requirements, which 

were specific to the particular instrumentation and procedures. 

3.4.2 Inorganic/Major Ion Analysis 

3.4.2.1 Groundwater Anions and Dissolved Metals 

Maxxam Analytics conducted the analysis of groundwater samples for dissolved metals and 

Anions. Samples were analyzed for anions following methods described in Standard Methods for 

the Examination of Water and Wastewater 21th edition (2005), as listed below. 

 

CAM SOP-00463 "Determination of Chloride in Water and Soil by Micro-Colorimetry" 

Reference Method: SM 4500-Cl E 

The process of chloride ion determination in water samples involved the displacement of a 

thiocyanate ion from mercuric thiocyanate by the chloride ion to from soluble mercuric chloride. 

The thiocyanate ion then reacts with the ferric ion from the ferric nitrate in the reagent to from 

ferric thiocyanate. This forms a red colour proportional to the chloride content of the water, 

which was determined at 48 nm. Chloride concentration was determined in water samples by 
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micro-colorimetery using a Konelab/Aquaken 250.  

CAM SOP-00440 "Determination of Nitrate and Nitrite by Colourimetric FIA in Waters, Soils and 

Sludge" Reference Methods: SM 4500-NO2-B and 4500-NO3- I 

Nitrate was quantitatively reduced to nitrite by passage of the sample through a copperized 

cadmium column.  The nitrite (both reduced nitrate and original nitrite) was then determined 

calorimetrically by diazotizing with sulfanilamide followed by coupling with N- (1-naphthyl) 

ethyenediamine dihydrochloride by using flow injection analysis (FIA).  The resulting water-

soluble dye has a magenta colour, read at 520nm and is proportional to the nitrite + nitrate in 

the sample.  This sum is also known as total oxidized nitrogen (TON).   Nitrite alone was 

determined by removing the cadmium column and run in parallel with nitrite + nitrate. 

 Concentrations determined in the nitrite method were subtracted from the corresponding 

concentrations of nitrite + nitrate method to give the nitrate concentrations of the samples.  

 

CAM SOP-00456  - Fluoride in Waters, Solids and Food by ISE Reference method:  Protocol for 

Analytical Methods Used in the Assessment of Properties under XV.1 of the Environmental 

Protection Act:  Analytical Test Group-Water Extractable Chloride 

The fluoride electrode method measured the ion activity of fluoride in solution which depended 

on the solution's total ionic strength, pH, and on compounds capable of complexing fluoride. 

The addition of an appropriate buffer provided a nearly uniform ionic strength background, 

adjusted the pH and broke up complexes so that, in effect, the electrode measured 

concentration. Ion-Selective Electrodes (ISE) were used to develop an electrical potential that 

was proportional to the ion concentration for which the membrane was selected. An ISE and a 

reference electrode were placed in solution and connected to a pH/ion meter to form a 

potentiometric cell, which at equilibrium measured the potential difference between the ISE 

and the reference electrode. This potential is proportional to the activity of the ion of interest 

and the Nernst Equation describes the relationship: 

 [3.4] 
Where E is the electrode potential, Eo is the standard potential of the system, R is a gas 

constant, T is the temperature in degrees Kelvin, F is Faraday’s constant, A is the activity of the 

ion being measured and n is the number of electrons involved in the reaction.  

Activity is not the same as concentration and the activity of an ion is strongly influenced by the 



 
40 

 

total ionic strength of the solution. By adding an Ionic Strength Adjuster (Buffer) to samples and 

standards the ionic strength is held constant. The Nernst Equation is reduced to   

      [3.5] 

Thus the electrode potential varies directly with the log of the concentration and the slope is 

2.3RT/nF. 

 

Groundwater samples for dissolved metals (including Aluminium, Copper, Lead, Calcium, 

Phosphorous, Nickel) were analyzed by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) 

as outlined in Method 6020, EPA document SW-846 Testing Methods for Evaluating Solid Waste, 

Physical/Chemical Methods. This method measured the ions produced by a radio frequency 

inductively coupled plasma. Analyte species that originated in a liquid were pneumatically 

nebulised and the resulting aerosol was transported into the plasma torch by argon gas. The 

ions are entrained in the plasma gas using a differentially pumped vacuum interface and then 

extracted into a mass spectrometer. Ions produced in the plasma are sorted according to their 

mass-to-charge ratios by a quadrupole mass spectrometer having a minimum resolution 

capability of 1 AMU peak width at 5% peak height. The ions transmitted through the quadrupole 

are quantified by a channel electron multiplier and the ion information is processed by a data 

handling system.  QA/QC measures included checking for instrument drift and suppression or 

enhancements of instrument response in the sample matrix by use of internal standards as well 

as interference correction which included compensation for background ions contributed by 

plasma gas, reagents and constituents of the sample matrix.  

 

3.4.2.2 Soil Inorganic Anion 

Soil samples for chloride analysis were prepared at the G360 laboratory before shipment to 

Maxxam Analytics for analysis following Standard Methods 4110B as outlined in Standard 

Methods for the Examination of Water and Wasterwater 21th edition (2005), 20th Edition (1998).  

Soil samples were prepared for analysis by shaking each sample in 15mL of DI water for one 

hour on four to five separate occasions in an orbital shaker at 350 rpm. Samples were then 

centrifuged at 1500 rpm for approximately 30 minutes, followed by extraction of 5 to 10mL 

aliquots, which were then sent to Maxxam Analytic for analysis.  
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Total soil chloride concentrations (Ct) were calculated from the reported aliquot concentrations 

in de-ionized water (CDI) using the following formula: 

       [3.6] 

Where VDI is the total volume of de-ionized water in each vial (mL), CDI is the reported chloride 

concentration in de-ionized water (mg/L) and mws is the mass of wet soil (g).  The average 

detection limit for total soil chloride was 5 ug/g wet soil (minimum value of ~1 ug/g and 

maximum value of ~21 ug/g).  Porewater concentrations were estimated using a modified form 

of the relationship described by Chapman and Parker (2005) for sorbing organic solutes: 

   [3.7] 

Where ρbwet is the wet bulk density of the medium (g/cm3) and ø is the porosity of the medium. 

The average detection limit for total porewater chloride concentrations was ~20 mg/L 

(minimum value of ~5 mg/L and maximum value of ~122 mg/L). Soil chloride concentrations and 

corresponding reporting detection limits are provided in Table 14. 

3.4.3 Total Organic/Solid Phase Organic Carbon (foc)  

Samples collected from Shelby tube core (UG1-2S) during episode two in December 2010, were 

sent to the University of Guelph’s Agriculture and Food Laboratory (Soil and Nutrient Lab) in 

January 2011 for Total Carbon analysis and subsequent fraction of organic carbon (foc) 

determination. A total of ten samples were analyzed by the Leco SC-444 Combustion Method 

for Total Carbon (total inorganic and total organic) and the Walkley-Black Method for Total 

Organic Matter.  

 

The Leco SC-444 method of carbon determination is based on the combustion and oxidation of 

Carbon and Sulphur to form CO2 and SO2 by burning the sample at 1350oC to 1450oC in a stream 

of purified O2.  The amount of evolved CO2 and SO2 is measured by infrared detection and used 

to calculate the percentages of Carbon and Sulphur in the sample. Inorganic carbon can be 

determined by ashing the sample at 475oC for three hours prior to LECO SC444 use. Organic 

carbon is calculated from the subtraction of the inorganic carbon result from the total carbon 

result. Leco SC-444 Combustion analysis is based on the methods outlined by Nelson and 

Sommers (1982).  
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The determination of Total Organic Matter employed use of the Walkley-Black acid digestion 

method and followed procedures outlined by Tiessen and Moir (1993). In the procedure, 

potassium dichromate is added to the soil sample and with the addition of sulphuric acid the 

dichromate ion is reduced by the organic carbon. The unreduced dichromate ion is then 

measured by titration with iron II sulphate. The method determines soil organic carbon and is 

converted to soil organic matter by multiplying by 1.724 (soil organic matter contains 58% 

carbon).The solid phase fraction of organic carbon (foc) was calculated using the following: 

   

   ] [3.8] 

3.4.4 Mineralogy 

Three samples were shipped to SGS Canada Inc. in Lakefield Ontario for Semi-Quantitative Clay 

Speciation X-ray Diffraction (XRD) Analysis at their Advanced Mineralogy Facility. Samples were 

prepared upon receipt by the laboratory by crushing 150 g of soil core sample to approximately 

300µm. The clay fraction was separated from the bulk sample by centrifuge due to the poor 

crystallinity and small size of clay minerals. A slide of the oriented clay fraction was prepared 

and scanned followed by a number of procedures including addition of ethylene glycol and high 

temperature heating. Clay minerals were then identified by their individual diffraction patterns 

and changes in their diffraction pattern after the different treatments.  

 

Semi-quantitative analysis by Reference Intensity Ratio (RIR) method was performed based on 

each mineral’s peak heights and their respective I/lcor values, available from the Powder 

Diffraction Files (PDF) database. Mineral abundances for the bulk sample (weight %) were 

generated by Bruker-EVA software. Mineral abundances generated by RIR analysis were 

reconciled with a Whole Rock Analysis by X-Ray Fluorescence spectroscopy (XRF) in order to 

provide the most reliable results (Zhou, 2010). 

3.4.5 Compound Specific Isotope Analysis 

The δ13C analysis of PCE, TCE, c-DCE, t-DCE, 11-DCE, VC, 1122PCA, 1122PCA, 112TCA, 111TCA, 

12DCA and 11DCA was completed at the Environmental Isotope Laboratory (EIL) at the 

University of Waterloo. Samples were analyzed using a Gas Chromatograph Isotope Ratio Mass 

Spectrometer or GC-IRMS and Purge and Trap extraction was used for pre-concentration of the 
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volatile organics (<100 µg/L) to be injected into the GC. The analytical system consisted of 

Tekmar 3000, Purge and Trap Concentrator (Tekmar Company, Cincinnati, Ohio), a Trace GC 

(Thermo Finnigan, San Jose, CA interface), a GC –Combustion III interface operating at 940°C for 

13 Carbon and a Delta plus XL isotope ratio mass spectrometer  (Thermo Finnigan MAT, Bremen, 

Germany). The trap used was a Purge Trap K (Vocarb TM 3000) (Supelco, Bellefonte, PA). A 60m, 

DB-624 column with 0.32 mm internal diameter and 1.8 µm film thickness was used and the GC 

oven program was set to hold 2 minutes at 40°C, and increased to 200°C at the rate of 15°C per 

minute.  The column flow was set to 2.4 mL/minute under a constant column flow mode. The 

precision of analysis for δ13C was 0.5 ‰ and blank runs are done to remove the carryover effect 

of semi-volatiles if present in the sample matrix. 
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Table 3 List of analyses and analytes –Episode 1 Dow Sarnia Block 20 Former Pond Study Site 

Site 
Location Analysis Analyte 

Category Analyte List Lab 

 Episode 1  
June 2010 

Soil 
VOCs 

Chlorinated 
Ethenes 

1,1-Dichloroethene( 11DCE), cis 1,2-Dichloroethene  
(c-DCE), trans 1,2-Dichloroethene (t-DCE), 

Trichloroethylene (TCE), Tetrachloroethylene (PCE) 
UG 

G360 
Lab 

Chlorinated 
Ethanes 

1,1-Dichloroethane (11DCA), 1,2-Dichloroethane 
(12DCA), 1,1,1-Trichloroethane (111TCA),  

1,1,2-Tirchloroethane (112TCA),  
1,1,2,2-Tetrachloroethane (1122PCA) 

Chlorinated 
Methanes 

Carbon Tetrachloride (CT), Chloroform (CF), 
Dichloromethane (DCM) 
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Table 4 List of analyses and analytes –Episode 2 Dow Sarnia Block 20 Former Pond Study Site 

Site 
Location Analysis Analyte Category Analyte List Lab 

Episode 2 
Dec 2010 

Soil VOCs 

Chlorinated  
Ethenes 

1,1-Dichloroethene( 11DCE), cis 1,2-Dichloroethene (c-DCE), trans 1,2-
Dichloroethene (t-DCE), Trichloroethylene (TCE), Tetrachloroethylene 

(PCE) 
UG G360 Lab 

Chlorinated  
Ethanes 

1,1-Dichloroethane (11DCA), 1,2-Dichloroethane (12DCA), 1,1,1-
Trichloroethane (111TCA), 

1,1,2-Tirchloroethane (112TCA), 1,1,2,2-Tetrachloroethane (1122PCA) 
Chlorinated Methanes Carbon Tetrachloride (CT), Chloroform (CF), Dichloromethane (DCM) 

Soil VOCs 

Chlorinated  
Ethenes 

1,1-Dichloroethene( 11DCE), cis 1,2-Dichloroethene (c-DCE), trans 1,2-
Dichloroethene (t-DCE), Trichloroethylene (TCE), Tetrachloroethylene 

(PCE), Vinyl Chloride (VC) 
Stone 

Environmental Chlorinated  
Ethanes 

1,1-Dichloroethane (11DCA), 1,2-Dichloroethane (12DCA), 1,1,1-
Trichloroethane (111TCA), 

1,1,2-Tirchloroethane (112TCA), 1,1,2,2-Tetrachloroethane (1122PCA), 
1,1,1,2-Tetrachloroetane (1112PCA) 

Chlorinated Methanes Carbon Tetrachloride (CT), Chloroform (CF), Dichloromethane (DCM) 

Inorganics 
Dissolved  

Anions 
Chloride (Cl) 

Maxxam 

Analytics 

Mineralogy 
Crystal Mineral 

Assemblage 

Ankerite, Brookite, Calcite, Chlorite, Dolomite, Kaolinite, Mica, 

Plagioclase, Potassium Feldspar, Pyrite, Quartz 
SGS Canada Inc 

Carbon 
Package 

Carbon Total Carbon, Inorganic Carbon, Organic Carbon 
UG AFL 

Organic Matter Total Organic Matter 

GW-VOC 

Chlorinated  
Ethenes 

1,1-Dichloroethene( 11DCE), cis 1,2-Dichloroethene (c-DCE), trans 1,2-
Dichloroethene (t-DCE), Trichloroethylene (TCE), Tetrachloroethylene 

(PCE), Vinyl Chloride (VC) UW 
Groundwater  

lab Chlorinated  
Ethanes 

1,1-Dichloroethane (11DCA), 1,2-Dichloroethane (12DCA), 1,1,1-
Trichloroethane (111TCA), 1,1,2-Tirchloroethane (112TCA), 1,1,2,2-
Tetrachloroethane (1122PCA), 1,1,1,2-Tetrachloroetane (1112PCA) 

Chlorinated Methanes Carbon Tetrachloride (CT), Chloroform (CF), Dichloromethane (DCM) 

GW-
Inorganics 

Dissolved  
Metals 

Aluminun, Antimony, Arsenic, Barium, Beryllium, Bismuth, Boron, 
Cadmium, Calcium, Chromium, Cobalt, Copper, Iron, Lead, Lithium, 

Magnesium, Manganese, Molybdenum, Nickel, Phosphorous, Potassium, 
Selenium, Silicon, Silver, Sodium, Strontium, Tellurium, Thallium, Thorium, 

Tin, Titanium, Tungsten, Uranium, Vanadium, Zinc, Zirconium 
Maxxam 
Analytics 

Anions 
Sulphate (SO4), Chloride (Cl) Bromide (Br), Flouride (F), Nitrate (NO3), 

Nitrite (NO2) 

GW-CSIA 13C Isotope 

1,1-Dichloroethene( 11DCE), cis 1,2-Dichloroethene (c-DCE), trans 1,2-
Dichloroethene (t-DCE), Trichloroethylene (TCE), Tetrachloroethylene 

(PCE), Vinyl Chloride (VC), 1,1-Dichloroethane (11DCA), 
1,2-Dichloroethane (12DCA), 1,1,1-Trichloroethane (111TCA), 1,1,2-

Trichloroethane (112TCA), 
1,1,2,2-Tetrachloroethane (1122PCA), 1,1,1,2-Tetrachloroethane 

(1112PCA) 

UW EIL 

GW-

Inorganics 
Metals Total Iron, Soluble Iron CHEMets 
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Figure 13 An overview of the data collection process employed during this research study. 
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Figure 14 Core retrieval and extraction with G360’s direct push rig and the EnvirocoreR dual tube 
sampling system (December 2010). 

a) G360’s truck mounted direct push rig collecting soil core samples b) Removal of the core 
barrel from the drive rod c) Removal of the butyrate liner from the inner core barrel d) A capped 
butyrate liner e) Splitting a capped liner with a hook blade f) Removing the top 5mm- 10mm of 
the soil to minimize smearing prior to soil core sub-sampling. 
 

 

Photo : Gilmore  2010

a) b) c)

d)

e)

f)

Inner core barrel

Capped Inner Butyrate liner

Wooden core box

Hook blade
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Figure 15 Macro tube soil sub-sampling technique employed during Episode one (June 2010). 

a)Stainless steel macro  tube samplers and plungers b) Removing soil sub-samples from the soil 
core c) Placing the sub-sample into a 40ML VOA vial containing HPLC grade methanol  for 
preservation and extraction of VOC mass d)A capped VOA sample vial, sealed with Teflon tape 
to minimize sample loss due to volatilization. 

macro tube 
sampler

soil sample

40mL VOA with 
methanol

macro plunger

a) b)

c) d)

Sample collection with 
macro tube sampler

Sample extraction with 
macro plunger
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Figure 16 Micro tube soil sub-sampling technique employed during Episode one (June 2010). 

a) A stainless steel micro tube sampler and plunger b)Extracting soil sub-samples from the soil 
core using a steel template c)Placing extruded soil sub-samples into a 5mL plastic scintillation 
vial containing  HPLC grade methanol for preservation and extraction of VOC mass d) A capped 
scintillation vial, sealed with Teflon tape to prevent sample loss due to volatilization. 
 

micro tube 
sampler

Sample collection with steel 
sub-sampling template

5mL glass sample via 
with methanol

soil 
sample

micro 
plunger

Sample extraction with 
micro plunger

a) b)
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Figure 17 Schematic describing the Core Slicing sub-sampling technique employed during 
Episode two (December 2010). 
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4. Results and Discussion 

 4.1 Core Observations and Descriptions 

 
Six cores were collected and logged for lithology and identifiable features (with a focus on 

particulate ZVI-filled fractures) during two episodes at the Block 20 Former Pond Study site in 

2010 in Sarnia Ontario. Qualitative observations showed that while the general lithology of the 

study site was consistent (Fill, underlain by brown clay till, underlain by grey clay till) the 

thickness of the brown clay till (weathered zone) and the depth of the interface between the 

brown clay till (weathered zone) and the underlying grey clay till (unweathered zone) varied 

throughout (Figure 18, Figure 19). Continuous cores collected during episode one in June 2010 

(UG1-1, UG2-1, UG3, UG4) were extracted in 5.1 cm diameter butyrate tubing by Profile Drilling 

Incorporated using a track mounted AMS PowerprobeTM  9630 VTR-Pro direct push rig. Episode 

two cores (UG1-2, UG2-2) were collected using the University of Guelph’s truck mounted direct 

push rig and the Envirocore® dual tube sampling system described by Einarson (1995). A 

summary of core lithology and feature identification can be found in Table 5 and is described 

below.  

 

Episode One Core (June 2010) 

Core was collected from locations UG1-1 and UG2-1 to a depth of 7.01m bgs, from location UG3 

to a depth of 6.76m bgs and location UG4 to depth of 6.10m bgs. Coring in episode one was 

focused on the brown clay till and only slightly penetrated the underlying grey clay till. As a 

result the vertical extent of the clay till was not determined from episode one core.  

 

UG1-1 

The lithology of core UG1-1 was made up of a 1.73 meter (m) thick Fill, underlain by a 4.16m 

thick layer of brown clay till, which was underlain by a grey clay till. The Fill and brown clay till 

layers formed a weathered zone approximately 5.89 m thick and contained three horizontal 

fractures. The location of the shallowest fracture was estimated at 3.96 meters below ground 

surface (mbgs) due to swelling in the clay and it contained no visible ZVI amendments or 

Rhodamine water tracer (RWT).  The second identified fracture located at 4.79 mbgs contained 

particulate ZVI and no visual evidence of RWT. There was evidence of a possible fracture present 

at 5.82 mbgs due to the presence of orange-brown oxidation staining; however there was no 
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visual evidence of RWT or particulate ZVI.  Rhodamine was not detected within nor around any 

of the identified induced fractures in the weathered zone at core UG1-1 but there was trace 

RWT staining at approximately 3.66 mbgs. There were no identifiable fractures at that depth.  

 

UG2-1 

The weathered zone at UG2-1 was approximately 6.17m thick and consisted of 1.96 m of Fill, 

underlain by 4.21 m of thick brown clay till. There was a 0.50 m thick zone of higher sand 

content approximately 2.0 mbgs. The weathered zone was underlain by grey clay till and 

contained no visual evidence of fractures. Four fractures were identified in the weathered zone 

at depths of ~4.57, 4.79, 5.33 and 5.39 metres below ground surface. The two shallow fractures 

contained trace amounts ZVI particles and RWT, while the two deeper fractures showed no 

visual evidence of ZVI particles or RWT. The depth of the shallowest fracture (~5.57 mbgs) was 

estimated due to swelling in the clay.  

 

UG3 

Core UG3 had a 6.76 m thick weathered zone, consisting of 1.96 m of Fill underlain by 4.8 m of 

brown clay till. The weathered zone was underlain by unweathered grey clay till. One fracture 

was identified in the weathered zone at 3.86 mbgs that contained ZVI and no RWT. There was 

evidence of a second fracture identified at 4.19 mbgs containing trace amounts of ZVI but no 

RWT.  

 

UG4 

Corehole UG4 was finished to a depth of 6.10 mbgs, which was not deep enough to penetrate 

into the unweathered grey clay till at the study site. The weathered zone consisted of a 1.68 m 

thick Fill underlain by brown clay till that was at least 4.42 m thick. Since the grey clay till was 

not penetrated at this core location, it can be stated that the weathered zone was at least 6.10 

m thick but the actual total thickness of the layer is unknown. One potential induced fracture 

was identified in the core at 3.81 mbgs and a vertical fracture was identified at a depth of 5.70 - 

6.10 mbgs. Oxidation around the vertical fracture was evident due to the presence of orange 

staining.  

 

 



 

53 
 

Episode Two Core (December 2010) 

Core in episode two was collected from the approximated top of the brown clay till to a depth of 

12.2 mbgs in core locations UG1-2 and UG2-2. Coring efforts focused on not only the brown clay 

till (as in episode one) but also on capturing the depth of vertical contamination within the 

underlying grey clay till. The vertical extent of the unweathered grey clay zone was not 

determined in episode two but can be found in the literature (Section 1.1). 

 

UG1-2 

The weathered zone (brown clay Till and Fill) was approximately 5.49 m thick at UG1-2 and was 

underlain by at least 6.71 m of grey till.   Three fractures were identified in brown clay till at 

UG1-2. Two fractures (3.76 and 3.80 mbgs) contained the presence of very trace amounts of ZVI 

particles, while the third fracture (4.26 mbgs) was approximately 13 mm thick and contained ZVI 

particles. While none of the three identified fractures contained RWT, there were trace amounts 

of RWT detected at a depth of 3.40 mbgs, but no fractures were visually identified at that depth.  

 

UG2-2 

Core UG2-2 had a 5.49 m thick weathered zone (brown clay till and Fill) underlain by at least 

6.55 m of grey clay till. One fracture was identified at a depth of 4.13 mbgs that contained both 

ZVI and RWT. There were four other fractures, located at depths of 3.26, 3.44, 3.63 and 3.71 

mbgs that contained neither ZVI nor RWT.  

 

Core Recovery 

Continuous core collected in episode one by Profile Drilling Inc. using a track mounted direct 

push rig and in episode two by the University of Guelph using a truck mounted direct push rig 

both had core recovery of 100% (Table 6) with the exceptions listed below: 

1) Run 1 in core UG1-1, UG2-1, UG3 and UG4 had a lower recovery because they were 

collected through the loose Fill layer 

2) Core UG1-1 and UG2-1 both had >100% recovery in Run 4 due to clay swelling 

3) Core UG3 and UG4 had 60% and 50% recovery in Run 2 and Run 3 respectively  

4) Core UG1-2 had a 72% recovery in Run 1  

5) Core UG2-2 had 50% recovery in Run 1 and Run 3 due to the catcher getting caught on a 

rock or the outer steel casing 
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Discussion 

Particulate ZVI-Filled Fracture Positions 

The six cores collected as part of this study were logged for lithology and the presence of 

induced fractures that contained particulate ZVI amendments (Table 7).A total of eight fractures 

were identified as being hydraulically induced based on the presence of ZVI amendments and 

RWT. Induced fractures identified in core UG2-1, UG1-1, UG1-2, and UG2-2 all showed strong 

visible evidence of particulate ZVI while the remaining induced fractures identified in core UG3 

and UG4 contained only trace ZVI grains. Two additional fractures were identified in core UG1-2 

that may have contained very slight traces of ZVI but visual observations were inconclusive. All 

eight induced fractures were found within the weathered brown clay zone at depths of 3.80 - 

4.80 mbgs and at distances that ranged from 1.10 - 1.60 m above the top of the unweathered 

grey clay zone. No two cores had induced ZVI-filled fractures at the same depth with the 

exception of UG1-1 and UG2-1 which both had a ZVI-filled fracture at 4.79 mbgs. 

 

A summary of lithology and fracture identification on core collected by Ch2MHill personnel in 

November 2008, June 2010 and November 2010 can be found in Table 8 and showed that 

generally one induced ZVI-filled fracture was identified per core per sampling event. Identified 

ZVI-filled fractures were located 3.88 – 5.03 mbgs in the weathered brown silty clay zone or 

approximately 0.75 – 2.25 m above the top of the unweathered grey clay (Table 9).  

 

The remedial plan outlined by C2MHill and Dow required the creation of three depth discrete 

hydraulically induced fractures at each fracture and injection location (at depths between 3.5 

and 5.5 mbgs) within the Block 20 Former Pond treatment zone in order to maximize the 

exposure of CVOCs within the weathered zone to the injected G-ZVI and EZVI slurries. In the 

majority of extruded core only one or two induced ZVI-filled fractures were identified and their 

position was highly variable within the weathered brown silty clay zone. The variability in the 

number of identified hydraulically induced fractures as well as their location (depth below 

ground surface), could be due to the presence of numerous pre-existing fractures within the 

weathered zone. It is plausible that induced fractures may have joined pre-existing vertical (and 

horizontal) fractures  (i.e. “short-circuiting” effect )which would have reduced the number of 

induced fractures identified in each core as well as affect their location/position.  A proposed 

conceptual model displaying the possible effects of “short circuiting” on the hydraulic induced 
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fracture network at the Former Pond Study site is shown in Figure 20. It would be expected that 

short circuiting of induced fractures with pre-existing fractures would reduce the effectiveness 

of G-ZVI and EZVI emulsion distribution both laterally and vertically throughout the treatment 

zone which could diminish the overall effectiveness of the treatment technology.  

 

Lithology 

The general lithology of a brown weathered silty clay(weathered zone) underlain by a thin 

transition zone underlain by a grey unweathered clay  (unweathered zone) was consistent with 

study sites located at the (former)Dow Chemical Facility(Lane , 2001) and at sites located near 

Sarnia Ontario (Lane, 2001; Chapman and Parker, 2006). However the thickness and locations of 

each zone was highly variable when comparing between study sites on a km scale and also when 

comparing core on a meter scale within each study site. At this study site the brown silty clay till 

or weathered zone ranged from ground surface to approximated depths of 4.88 - 5.64 mbgs 

respectively and the thickness of the transition zone varied from 0.61 – 1.12 m (Table 7). Core 

collected from Lane’s EDC site (Lane, 2001) located on the Dow Chemical facility along a 4 m 

transect ( 0.3 – 0.4 m core spacing) showed the depth of the weathered zone ranged from 2.9 – 

4.0 mbgs and was underlain by a 0.15 – 0.70 m thick transition zone. Lane’s (2001) Mixed NAPL 

site located 5 km from the Dow chemical facility showed a shallower weathered zone (1.5 – 2.7 

mbgs) and a transition zone that was 0.1 – 1.5 m thick.  
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Figure 18 North-South transect through the west side of the Former Pond Treatment Site 
showing interpolated lithology and identified induced fractures 
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Figure 19 North-South transect through the east side of the Former Pond Treatment Site 
showing interpolated lithology and identified induced fractures. 
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Figure 20 Conceptual model displaying the possible effects of “short circuiting” on the 
hydraulically induced fracture network at the Former Pond study site.
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Table 5 Summary of University of Guelph core lithology and fracture identification at the Former 
Pond study site  

Date 
Core 

ID 
Depth 
(mbgs) 

Lithology Description 

Identified Fracture 
Depth (mbgs) 

Natural  Induced 

Episode 1 
June 2010 UG2-1 

0.00-1.96 Fill Light brown sandy silt, some gravel 
 

~4.57 

1.96-2.13 Brown Clay Till Dark brown, sandy clay 
 

4.79 

2.13-2.44 Brown Clay Till Dark brown, silty clay, trace sand 5.33 
 

2.44-6.17 Brown Clay Till Light brown silty clay 5.39 
 

6.17-7.01 Grey Clay Till Grey, silty clay     

Episode 1 
June 2010 UG1-1 

0.00-1.73 Fill Light brown sandy silt  ~3.96 
 

1.73-5.89 Brown Clay Till Light to dark brown silty clay 
 

4.79 

5.89-7.01 Grey Clay Till Grey, silty clay 5.82 
 

     

Episode 1 
June 2010 UG3 

0.00-1.96 Fill Light brown sandy silt 
 

(3.86) 

1.96-6.76 Brown Clay Till Light to dark brown silty clay 
  

6.76-7.32 Grey Clay Till Grey, silty clay   (4.19) 

Episode 1 
June 2010 UG4 

0.00-1.68 Fill Dark brown sandy silt 
 

(3.81) 

1.68-2.44 Brown Clay Till Light brown silty clay 
  

2.44-3.05 NR Not recovered 5.79-6.10 
 

3.05-6.10 Brown Clay Till Light brown silty clay     

Episode 2    
Dec 2010 

UG2-2 

2.13-5.64 Brown Clay Till Brown to brown-grey silty clay 3.26 
 

5.64-12.19 Grey Clay Till Grey clay 3.44 
 

 
    3.63 

 

 
    3.71 

 
        4.13 

Episode 2    
Dec 2010 

UG1-2 

2.13-4.88 Brown Clay Till Brown-grey silty clay 3.76 
 

4.88-5.49 Brown Clay Till Brown-grey clay , some silt 3.80 
 

5.49-12.19 Grey Clay Till Grey clay 
 

4.26-4.27 

          

mbgs – meters below ground surface
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Table 6 University of Guelph Former Pond study site core recovery 

Core ID UG1-1 UG2-1 UG3 UG4 UG1-2 UG2-2 

Run Number Recovery (%) 

1 25 30 60 50 72 50 

2 100 90 60 100 100 100 

3 100 100 100 50 100 50 

4 +100 +100 100 100 100 100 

5 100 100 100 100 100 100 

6 100 100 95 n/a 100 100 

7 n/a n/a n/a n/a 100 100 

8 n/a n/a n/a n/a 100 100 

9 n/a n/a n/a n/a 100 100 

10 n/a n/a n/a n/a 100 100 

11 n/a n/a n/a n/a 92 100 
+100 indicates > 100% recovery 
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Table 7 Induced fracture position in comparison to site lithology based on University of Guelph core logs 

Core ID 
Depth of 

Transition Zone 
(mbgs) 

Thickness of 
Transition 
Zone (m) 

Depth to top of 
Unweathered 
zone (mbgs) 

Total Induced 
Fractures in 

Core 

Induced 
Fracture 

Depth (mbgs) 

Induced Fracture 
Position Above 

Unweathered Zone (m) 

Induced Fractures Location 

Weathered 
zone 

Transition Zone Unweathered Zone 

UG2-1  
      ~4.57* ~1.60*       

5.18-6.17 0.99 6.17 2     2 0 0 

        4.79 1.38       

UG1-1  
                

4.88-5.89 1.01 5.89 1 4.79 1.10 1 0 0 

                  

UG3  
      (3.86) (2.90)       

5.64-6.76 1.12 6.76 (2)     (2) 0 0 

        (4.19) (2.57)       

UG4  
                

undefined undefined undefined (1) (3.81) undefined undefined undefined undefined 

                  

UG2-2  
                

4.88-5.64 0.76 5.64 1 4.13 1.51 1 0 0 

                  

UG1-2  
                

4.88-5.49 0.61 5.49 1 4.26-4.27 1.23-1.22 1 0 0 

                  

*-approximated depth due to clay swelling 
( )-possible induced fracture indicated by trace ZVI particulates 
mbgs – meters below ground surface 
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Table 8 Summary of CH2MHill core lithology and fracture identification at the Block 20 Former 
Pond study site 

Date Core ID Core Depth 
General Lithology 

Fracture Depth (mbgs) 

    mbgs Natural Induced 

Nov 2008 08-SB2-020 

0.00-1.29 Fill Clay, trace sand and gravel   4.66 

1.29-2.19 Gravel Gravel and crushed stone yes 
 

2.19-2.35 Sand Brown coarse grained sand 
  

2.35-5.79 Brown Clay Till Dark brown to light brown, grey silty clay 
  

5.79-6.10 Grey Clay Till Grey silty clay     

Nov 2008 08-SB7-020 

0.00-1.51 Fill Brown clay, trace sand and gravel 
 

(3.91) 

1.51-1.62 Sand Black coarse grained sand 
  

1.62-5.74 Brown Clay Till Brown, silty clay, grey mottled yes 
 

5.74-6.10 Grey Clay Till Grey silty clay 
  

Nov 2008 08-SB6-020 

0.00-2.19 Fill Brown clay, trace sand and gravel  yes   

2.19-5.97 Brown Clay Till Brown silty clay, grey mottled 
  

5.97-6.10 Grey Clay Till Grey clay     

Nov 2008 08-SB4-020 

0.00-1.95 Fill Brown clay, trace sand and gravel   3.88 

1.95-4.88 Brown Clay Till Brown silty clay, grey mottled 
  

4.88-6.10 Grey Clay Till Grey silty clay     

June 2010 SAR-020-BH276 

0.00-2.78 Fill Brown clay fill, trace sand and gravel, organics 
 

3.96 

2.78-5.18 Brown Clay Till Brown to grey silty clay, trace gravel 
  

5.18-6.10 Grey Clay Till Grey silty clay till 
  

June 2010 SAR-020-BH275 

0.00-2.46 Fill Brown clay fill, sand and gravel 4.33   

2.46-5.79 Brown Clay Till Brown silty clay, grey mottled 
 

5.03 

5.79-6.71 Grey Clay Till Grey to brown silty clay till     

June 2010 SAR-020-BH274 

0.00-2.44 Fill Brown clay fill, trace gravel, organics   3.96 

2.44-6.17 Brown Clay Till Brown silty clay, grey mottled 
  

6.17-7.32 Grey Clay Till Grey silty clay till     

June 2010 SAR-020-BH278 

0.00-1.63 Fill Brown clay fill, trace sand and gravel, organics (4.15) 
 

1.3-4.95 Brown Clay Till Brown to black silty clay 
  

4.95-5.49 Grey Clay Till Grey silty clay till 
  

Dec 2010 SAR-020-MW276/SB2 
0.00-2.44 Fill Brown silty clay fill, trace organics 4.05   

2.44-4.88 Brown Clay Till Brown, grey mottled silty clay till 
 

(4.75) 

Dec 2010 SAR-020-MW275/SB7 
0.00-2.44 Fill Brown silty clay fill, trace organics   3.96 

2.44-4.88 Brown Clay Till Brown, grey mottled silty clay till 
  

Dec 2010 SAR-020-MW274/SB6 
0.00-2.44 Fill Brown silty clay fill, trace organics 2.99   

2.44-4.88 Brown Clay Till Brown, grey mottled silty clay till 3.81   

Dec 2010 SAR-020-MW278/SB4 
0.00-2.44 Fill Silty clay fill, trace organics 

  
2.44-3.66 Brown Clay Till Brown, grey mottled silty clay till     

( )-possible induced fracture indicated by trace ZVI particulates 
mbgs – meters below ground surface 
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Table 9 Induced fracture position In comparison to site Lithology based on CH2MHill core logs 

Date Core ID 
Depth of Core 

(mbgs) 

Depth to top of 
Unweathered zone 

(mbgs) 

Induced 
Fracture Depth 

(mbgs) 

Induced Fracture 
Position Above 

Unweathered Zone 
(m) 

Total Induced 
Fractures in 

Weathered zone 

Nov 2008 

        
 

  

08-SB2-020 6.10 5.79 4.66 1.13 1 

        
 

  

Nov 2008 

            

08-SB7-020 6.1 5.74 (3.91) 1.83 1 

            

Nov 2008 

        
 

  

08-SB6-020 6.1 5.97 n/a n/a 0 

            

Nov 2008 

        
 

  

08-SB4-020 6.1 4.88 3.88 1.00 1 

            

June 2010 

        
 

  

SAR-020-BH276 6.10 5.18 3.96 1.22 1 

        
 

  

June 2010 

            

SAR-020-BH275 6.71 5.79 5.03 0.76 1 

            

June 2010 

        
 

  

SAR-020-BH274 7.3.2 6.17 3.96 2.21 1 

            

June 2010 

    .   
 

  

SAR-020-BH278 5.49 4.95 n/a n/a 0 

            

Dec 2010 

        
 

  

SAR-020-MW276/SB2 4.88 undefined (4.75) n/a 1 

        
 

  

Dec 2010 

            

SAR-020-MW275/SB7 4.88 undefined 3.96 n/a 1 

            

Dec 2010 

        
 

  

SAR-020-MW274/SB6 4.88 undefined n/a n/a 0 

            

Dec 2010 

            

SAR-020-MW278/SB4 3.66* undefined n/a n/a 0 

            

 *-refusal 
( )-possible induced fracture indicated by trace ZVI particulates 
mbgs – meters below ground surface
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4.2 Soil Core VOCs 

The former Block 20 Pond site is the focus of interest for the remediation effort, as it is believed 

to be the source of chlorinated volatile organic compound (CVOC) contamination in the area 

resulting from a nearby facility upset in the 1970’s. Five core were collected, sub-sampled and 

analyzed for CVOCs including: 1,1-dichloroethene (11DCE), cis-1,2-dichloroethene (c-DCE), trans-

1,2-dichloroethene (t-DCE), trichloroethylene (TCE), tetrachloroethylene (PCE), 1,1-

dichloroethane (11DCA), 1,2-dichloroethane (12DCA), 1,1,1-trichloroethane (111-TCA), 1,1,2-

trichloroethane (112TCA), 1,1,2,2-tetrachloroethane (1122PCA), 1,1,1,2-tetrachloroethane 

(1112PCA), dichloromethane (DCM), chloroform (CF) and carbon tetrachloride (CT). High-

resolution sub-sampling (typically 0.50-1.0 cm spacing adjacent to hydraulically-induced ZVI-

filled fractures, 2.5-20 cm spacing at the brown silty clay-grey clay interface and 30-45 cm 

spacing in the unweathered grey clay) from each core provided contaminant distribution data 

that allowed for 1) delineation of the vertical extent of contamination 2) quantification of mass 

stored in both the weathered brown clay and unweathered grey clay zones 3) evaluation and 

assessment of Hydraulic Fracturing and Injection technology in destroying CVOCs contained 

within the clayey deposit. 

 

The total VOC contaminant mass from each collected core was estimated using the Trapezoidal 

Rule and values ranged from 232 g in core UG2-2 to 1327 g in core UG3. Soil VOC concentrations 

(Ct) [ug/g wet sol] for analytes measured from depth discrete samples collected in the 2010 field 

episodes were expressed as a percentage of the total CVOCs (% TCVCOs) in each core (Table 

10).The majority of the total CVOC concentration in each core was attributed to chlorinated 

ethanes (60-83%) followed by chlorinated ethenes (15-39%) and then chlorinated methanes (0-

2%) (Figure 21)and the dominant contaminants were 1122PCA, TCE, PCE, 112TCA and 12DCA 

which made up approximately 1-10%, 5-10%, 10-30%, 20-40% and 35-40% of the total CVOC 

concentration, respectively(Figure 22).  

 

The maximum concentration of each contaminant varied over the treatment zone but each 

maximum was consistently located above the unweathered grey clay zone as shown in Table 11. 

Chlorinated VOCs with the highest detected concentrations (CF, 12-DCA, 11-TCA, CT, TCE, 112-

TCA, PCE and 1122-PCA) each had maxima located within a 1-3 m thick zone within the brown 
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weathered clay-transition zone complex (Table 12). The average position of each CVOC 

concentration maximum above the unweathered grey clay zone was 1.63 m in core UG1-2, 1.85 

m in core UG2-2, 2.45 m in core UG1-1 and 1.99 m in core UG3. The two CVOCs with 

concentration maxima located within the unweathered grey clay were t-DCE in core UG1-2 and 

DCM in core UG2-2. Concentrations of t-DCE and DCM were generally very low, either below or 

slightly above method detection limits throughout the treatment area and their presence within 

the unweathered zone is likely the result of degradation of parent compounds PCE, TCE and CT 

and CF respectively and not from the accumulation of significant contaminant mass.  

 

Total CVOC concentration profiles from core UG1-2 and UG2-2 (Figure 23) showed that there 

was penetration of the upper 0.5 - 1.5 m of the unweathered grey clay till by the contaminant 

mass, where CVOC concentrations rapidly decreased three to four orders of magnitude due to 

the diffusion front of the contaminant mass into the matrix and also possible degradation. 

Abrupt vertical attenuation within the top 2 m of the unweathered grey clay till also occurred at 

the Laidlaw site where VOC concentrations in the unweathered zone below an infiltrated PCE 

DNAPL source decreased three orders of magnitude over one vertical meter (Kirkpatrick, 1998)). 

Lane (2001) showed vertical attenuation below an infiltrated 12DCA (EDC) DNAPL source at the 

Dow Sarnia facility (Figure 23) and below an infiltrated mixed DNAPL source (mainly PCE, HCB, 

HCA) at a nearby Dow Landfill Site (~5 km), where concentrations decreased three orders of 

magnitude over a 1-1.5 m vertical distance.  Chapman and Parker (2006) reported a decline by 

several orders of magnitude in CVOCs and Semi CVOCs concentration within the upper few 

meters of the unweathered grey clay till at a study at a Fly Ash pond adjacent to the Dow 

Landfill site. 

 

The presence of concentration maxima in the unweathered and transition zone for the main 

CVOCs on site imply that the majority of bulk contaminant mass was contained above the 

unweathered grey clay zone. To confirm this the Trapezoidal Rule for numerical integration was 

used to approximate the total mass of CVOCs contained above the unweathered zone in core 

UG1-2 and UG2-2 by estimating the area under the total CVOC vs. depth profiles (Figures 23).  

Nearly all of the TCVOC mass, 98% in UG1-2 and 96% in UG2-2, was found in a 1-3 m zone above 

the unweathered grey clay, within the weathered zone-transition zone complex. Lane (2001) 

had similar results at the nearby EDC site, where 88% of the EDC mass that had been released 
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was contained atop the unweathered grey clay, 3.2 - 4.8 mbgs and at the nearby Mixed NAPL 

site (~5 km away) where between 93% and 100% of the bulk NAPL mass was retained in the 

weathered and transition zones. 

 

With the majority of the contaminant mass believed to be contained within the weathered 

brown clay-transition zone complex and only a small percentage of the total mass diffusing 1-2 

m into the low permeability grey clay, the vertical extent of contamination was expected to be 

approximately 6-7 mbgs. However, low CVOC concentrations were detected well into the 

unweathered grey clay at distances beyond those that could have been supported solely by 

diffusive transport from the weathered clay. The maximum depth of detected CVOC 

concentrations presented in Table 13 showed that majority of the CVOCs in UG1-2 and about 

half in UG2-2 were detected at depths greater than 7 mbgs or at distances greater than 2 m into 

the unweathered grey clay zone. Trace concentrations of PCE, TCE, 1122-PCA, 112-TCA and 12-

DCA were detected at depths of 12.04, 11.73, 9.60, 11.73 and 9.60 mbgs in core UG1-2 (Figure 

24) and trace concentrations of PCE, TCE, 112-TCA were detected in core UG2-2 at depths of 

12.04, 11.43 and 11.43 mbgs (Figure 25). In both cores, potential by-products of degradation (c-

DCE, CF) were detected at depths exceeding 9 m.  The deepest quantifiable result was detected 

at 9.6 mbgs for 112-TCA in core UG1-2. Beyond depths of 9.6 mbgs, detected results all fell 

above the method detection limits but below reporting limits.  

 

Lane (2001)showed detects of 12DCA, PCE and degradation by-products (c-DCE, TCE, 11DCE) at 

depths of 15 mbgs in soil core at the Dow EDC site, which was upwards of 10 m into the 

unweathered grey clay and beyond the depth of penetration that could be attained by diffusive 

transport. Lane (2001) proposed that DNAPL contaminants had travelled through widely spaced, 

open fractures that were present within the unweathered grey clay till to depths of at least 15 

mbgs. Those observations are similar to findings of this study site where detection of trace 

CVOCs (e.g. PCE, TCE, 112TCA) were observed at depths up to 12 mbgs or 6.5 m into the 

unweathered grey clay till.   
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Table 10 Summarizing chlorinated volatile organic contaminant concentrations as a percentage of the total CVOCs measured in each UG core 

  Chlorinated Volatile Organic Compound (% of TVOCs) 

Core ID 11DCE t-DCE c-DCE TCE PCE 
Total 

Chlorinated 
Ethenes 

11DCA 12DCA 111TCA 112TCA 1122PCA 1112PCA 
Total 

Chlorinated 
Ethanes 

DCM CF CT 
Total 

Chlorinated 
Methanes 

UG1-1 0.04 0.01 0.05 4.88 33.50 38.5 0.04 34.33 0.98 21.03 4.92 n/a 61.3 0.01 0.01 0.20 0.2 

UG3 0.34 0.01 0.02 5.80 9.60 15.8 0.75 39.21 2.25 33.95 6.84 n/a 83.0 0.01 0.02 1.20 1.2 

UG4 1.60 0.01 0.03 10.30 7.07 19.0 0.02 34.42 2.54 42.54 1.02 n/a 80.5 0.01 0.01 0.44 0.5 

UG1-2 0.23 0.15 0.18 5.54 14.68 20.8 0.62 33.70 1.77 27.65 8.61 5.00 77.3 0.15 0.24 1.49 1.9 

UG2-2 0.82 0.38 0.46 11.10 19.22 32.0 1.03 39.50 1.25 21.20 0.75 3.54 67.3 0.42 0.23 0.11 0.8 

Notes: 
n/a –Not analyzed  
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Table 11 Core VOCs showing local concentration maxima and corresponding depth below ground surface 

 UG1-2  UG2-2 UG1-1 UG3 UG4 

CVOC 
Concentration 

Maxima 
(ug/g) 

Depth 
(mbgs) 

Concentration 
Maxima 
(ug/g) 

Depth 
(mbgs) 

Concentration 
Maxima 
(ug/g) 

Depth 
(mbgs) 

Concentration 
Maxima 
(ug/g) 

Depth 
(mbgs) 

Concentration 
Maxima 
(ug/g) 

Depth 
(mbgs) 

Chlorinated Ethenes   
 

  
 

  
 

        

11-DCE 11.34 5.13 20.15 5.28 4.23 2.24 39.59 5.69 103.39 5.79 

t-DCE 0.08 8.23 6.89 4.09 0.30 4.67 0.32 2.34 0.19 1.23 

c-DCE 8.67 3.81 12.17 4.14 10.79 2.24 13.55 2.34 3.93 3.35 

TCE 372.09 3.80 162.21 4.17 415.25 3.15 1167.17 5.69 395.12 4.88 

PCE 971.90 4.31 302.80 4.08 2688.25 4.75 2022.53 4.47 345.09 5.79 
Chlorinated Ethanes   

 
  

 
  

 
        

11-DCA 42.88 3.72 22.99 4.14 4.21 2.74 154.18 5.03 0.67 3.05 

12-DCA 1905.89 3.80 536.96 3.70 2904.75 3.15 7005.96 4.47 1431.92 4.88 

111-TCA 140.92 3.80 28.14 3.70 433.31 3.15 529.31 4.47 119.72 4.88 

112-TCA 2099.39 3.80 487.09 3.73 4949.71 3.15 7145.44 4.47 1910.15 4.88 

1112-PCA 372.55 3.80 89.16 3.73 n/a 
 

n/a   n/a   

1122-PCA 636.09 3.80 28.22 3.56 1533.13 3.51 1831.18 4.47 95.76 4.27 
Chlorinated Methanes   

 
  

 
  

 
        

DCM 4.83 5.13 10.68 5.69 ND 
 

0.08 0.91 ND   

CF 14.37 3.80 5.18 3.70 2.26 2.74 15.97 5.69 0.25 3.35 

CT 132.57 3.80 5.71 3.70 85.21 3.86 315.72 4.47 33.47 4.27 
ND- concentrations below method detection limits 
N/a- Not analyzed 
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Table 12 Core VOCs showing local concentration maxima and corresponding distance above top of unweathered clay zone 

 UG1-2  UG2-2 UG1-1 UG3 

CVOC 
Concentration 

Maxima  
(ug/g) 

Depth 
(mbgs) 

Distance 
Above Top of 
Grey clay (m) 

Concentration 
Maxima  
(ug/g) 

Depth 
(mbgs) 

Distance 
Above Top of 
Grey clay (m) 

Concentration 
Maxima  
(ug/g) 

Depth 
(mbgs) 

Distance 
Above Top of 
Grey clay (m) 

Concentration 
Maxima  
(ug/g) 

Depth 
(mbgs) 

Distance 
Above Top of 
Grey clay (m) 

CF 14.37 3.80 1.69 5.18 3.70 1.94 2.26 2.74 3.15 15.97 5.69 1.07 

12-DCA 1905.89 3.80 1.69 536.96 3.70 1.94 2904.75 3.15 2.74 7005.96 4.47 2.29 

111-TCA 140.92 3.80 1.69 28.14 3.70 1.94 433.31 3.15 2.74 529.31 4.47 2.29 

CT 132.57 3.80 1.69 5.71 3.70 1.94 85.21 3.86 2.03 315.72 4.47 2.29 

TCE 372.09 3.80 1.69 162.21 4.17 1.47 415.25 3.15 2.74 1167.17 5.69 1.07 

112-TCA 2099.39 3.80 1.69 487.09 3.73 1.91 4949.71 3.15 2.74 7145.44 4.47 2.29 

PCE 971.90 4.31 1.18 302.80 4.08 1.56 2688.25 4.75 1.14 2022.53 4.47 2.29 

1112-PCA 372.55 3.80 1.69 89.16 3.73 1.91 n/a 
 

  n/a 
 

  

1122-PCA 636.09 3.80 1.69 28.22 3.56 2.08 1533.13 3.51 2.38 1831.18 4.47 2.29 

Negative value (-) indicates maximum is located in the unweathered grey clay zone 
Positive value (+) indicates maxima is in the weathered zone 
Core UG2-1 was only sub-sampled immediately around a particulate ZVI-filled fracture and not from the contact of the weathered and unweathered clay 
Core UG4’s total depth was within the weathered brown clay zone and so no samples from the contact of the weathered and unweathered clay 
N/a- Not analyzed 
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Table 13 Core VOCS and corresponding maximum depth of detected concentrations in deep core UG1-2, UG2-2 

 
UG1-2  UG2-2 

CVOC Concentration 
(ug/g) 

Maximum Depth of 
Detection from Ground 

Surface (mbgs) 

Maximum Depth of Detection 
Below Top of Unweathered 

Clay (m) 

Concentration 
(ug/g) 

Maximum Depth of 
Detection from Ground 

Surface (mbgs) 

Maximum Depth of Detection 
Below Top of Unweathered 

Clay (m) 

Chlorinated Ethenes          

11-DCE 0.522 5.94 0.46 1.434 6.20 0.56 

t-DCE 0.081 8.23 2.74 4.965 4.16 -1.48 

c-DCE 0.096 11.43 5.94 0.104 10.82 5.18 

TCE 0.003 11.73 6.25 0.008 11.43 5.79 

PCE 0.011 12.04 6.55 0.003 12.04 6.40 

Chlorinated Ethanes   
 

  
  

  

11-DCA 0.598 5.94 0.46 0.169 9.96 4.32 

12-DCA 0.391 9.60 4.12 2.972 6.60 0.97 

111-TCA 0.008 9.60 4.12 0.255 5.49 -0.15 

112-TCA 0.015 11.73 6.25 0.037 11.43 5.79 

1112-PCA 0.046 5.94 0.46 3.186 5.08 -0.56 

1122-PCA 0.023 9.60 4.12 1.957 4.18 -1.46 

Chlorinated Methanes   
 

  
  

  

DCM undefined undefined undefined undefined undefined undefined 

CF 0.037 9.60 4.12 0.045 11.73 6.10 

CT 0.003 5.94 0.46 0.282 4.09 -1.55 

undefined- DCM results from samples at 6 mbgs and deeper were rejected due to uncertainties in the lab analysis  
positive value (+) indicates maximum depth of detection in the unweathered grey clay zone 
negative value (-) indicates maximum depth of detection in the transition zone or weathered zone 
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Figure 21 Distribution of classes of volatile organic compounds as a percentage of total 
chlorinated volatile organic compounds from each sub-sampled core at the Former Pond 
treatment site.  

Chlorinated ethanes accounted for the majority (60-83%) of the volatile organic contaminants at 
each core location. 



 

72 
 

 
Figure 22 Distribution of individual volatile organic compounds as a percentage of total volatile 
organic compounds from each sub-sampled core at the Former Pond treatment site.  

The chlorinated ethanes 12DCA and 112TCA accounted for over 50% of the total volatile 
organics in each core, followed by chlorinated ethenes PCE and TCE which accounted for 16-40%
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a)                                                                                      b)         

 
Figure 23 Comparing total volatile organic contaminant mass and concentration profiles at a)Former Pond site and b)Lane (2001) EDC site. 

The majority of the contaminant at Former Pond Treatment site (~96-98%) and Lane’s EDC site (~88%) are contained within the weathered zone. 
At both sites, there is a rapid 3-4 order magnitude decrease in TCVOC concentrations in the top 1-2 m of the unweathered clay.
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Figure 24 Selected volatile organic compound profiles form core UG1-2 depicting vertical extent 
of contaminant distribution.  

Trace detections of TCE, PCE, 112-TCA at depths of 11-12 bgs. The deepest quantifiable result 
was observed at 9.6 mbgs for 112-TCA. 
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Figure 25 Selected CVOC profiles from core UG2-2 depicting vertical extent of contaminant 
distribution.  

Trace detections of TCE, PCE, 112-TCA at depths of 11-12 bgs. No quantifiable results at depths 
greater than 9.0 mbgs. 
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4.3 Evidence of Degradation Adjacent to Hydraulically Induced Fractures Injected with ZVI 
Amendments  

4.3.1 Description of the Reaction Zone Based On Soil Core VOC Concentrations Profiles 

High resolution depth discrete soil sub-sampling and subsequent VOC analysis was performed 

on a total of five hydraulically induced particulate ZVI-filled fractures, (one each from core UG1-

1, UG2-1, UG1-2 and UG2-2 and UG3), in order to assess the effectiveness of the hydraulic 

fracture and injection technology in destroying on-site CVOCs at the Block 20 Former Pond study 

site. If degradation (both abiotic and biotic) was occurring due to microbial activity and the 

injection of ZVI amended slurry, CVOC concentrations within and immediately adjacent to the 

hydraulically induced fractures would be reduced compared to concentrations in the 

surrounding clay matrix. Degradation of CVOCs adjacent to the particulate ZVI injected fractures 

would create a concentration gradient resulting in the diffusion of higher concentration CVOCs 

out of the clay matrix and into the reaction zone within and adjacent to the induced fractures. 

Results from high resolution soil sub-sampling and VOC analysis adjacent to each of the five ZVI-

filled fractures identified in core UG1-1, UG2-1, UG1-2, UG2-2 and UG3 showed that ongoing 

passive degradation around each fracture had successfully created a “treatment diffusion halo” 

or “reaction zone” that was easily identified in the CVOC concentration profiles (Figures 26-

30).The size of the diffusion halo/reaction zone and the magnitude of each CVOCs reduction in 

concentration immediately surrounding the ZVI-filled fracture will be summarized in this section. 

In a later section (Sub section 4.3.2), trends in parent-daughter compound relationships will be 

examined to gain insight into possible biotic and abiotic degradations processes that might be 

ongoing at the treatment site. 

 

 Core UG1-1 

Concentration profiles adjacent to the EZVI-filled fracture detected at 4.79 mbgs in core UG1-1 

are shown in Figures 26a-c, for chlorinated ethenes, chlorinated ethanes and chlorinated 

methanes respectively. There was little evidence of reduction in chlorinated ethene 

concentrations adjacent to the EZVI fracture and no distinct diffusion halo or reaction zone as 

concentrations of 11DCE, c-DCE and t-DCE were mainly below MDLs and concentrations of PCE 

and TCE were constant, though they both showed a slight increase in the 5 cm zone immediately 

above the fracture (Figure 26a). There were three locations, 4 cm above and 4 and 20 cm below 

the fracture, where there was a rapid 2-orders of magnitude decrease in TCE concentrations 
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over a 1 cm range but these instances appeared to be isolated and do not signify a “trend” in 

TCE. The chlorinated ethanes (Figure 26b) showed the greatest evidence of degradation around 

the ZVI-fracture with 2.5-orders of magnitude decrease in 112TCA concentrations as well as a 

12-13 cm thick reaction zone. 1,1,2,2-Tetrachloroethane and 1,1,1-TCA both showed slight 

decreases in concentrations (1 order of magnitude) and a less distinct 4-5 cm-reaction zone 

above the fracture. There was no observed decrease in 12-DCA concentrations either above or 

below the EZVI fracture and concentrations of 11DCA were consistently below MDLs. CT and CT 

showed a marginal (< 1-order of magnitude) decrease in concentration above the fracture.  

There was a possible 6-7 cm zone above the fracture and a 4-5 cm zone below the fracture 

where CT and CF concentrations were reduced to below MDLs, which could represent a 10-12 

cm thick reaction zone (Figure 26c). Concentrations of DCM were below MDLs throughout the 

45 cm sub-sampled zone adjacent to the EZVI filled fracture in core UG1-1 

 

Core UG2-1 

A G-ZVI-filled fracture detected at 4.79 mbgs in core UG2-1 was the focus of depth discrete sub-

sampling and VOC analysis and the resulting concentration profiles were displayed in three plots 

in Figure27a-c.  The results are similar to those seen in core UG1-1 where the chlorinated 

ethenes showed little or no change in concentration, the chlorinated ethanes showed the 

greatest reduction in concentrations and the chlorinated methanes showed marginal reduction 

in concentrations adjacent to the G-ZVI fracture. Tetrachloroethene and TCE concentrations 

were relatively constant throughout the 40 cm sub-sampled area but showed a marginal 

decrease in concentrations in the 3-4 cm zones immediately above the fracture indicating the 

possibility of a small reaction zone (Figure 27a). Three of the chlorinated ethanes (1122-PCA, 

112-TCA, 111-TCA) showed decreases in concentration and well defined reaction zones adjacent 

to the G-ZVI-filled fracture (Figure 27b). Concentrations of 1122-PCA and 112-TCA decreased 

2.5-3 orders of magnitude adjacent to the fracture while 111-TCA showed a smaller 1-order of 

magnitude in concentration. The largest reaction zone, approximately 9-10 cm, was seen in the 

111-TCA concentration profile, followed by a 7-8 cm zone in the 1122-PCA profile and a 3 cm 

zone in the 112-TCA profile. 112-Trichlroethane concentrations appeared to be slowly 

decreasing in the 10-15 cm zone above and below the fracture which could indicate that the 

while the reaction zone is relatively small (3 cm), the 112-TCA diffusion halo might extend 

upwards of 20 cm away from the G-ZVI fracture. The concentration profiles for the chlorinated 



 

78 
 

methanes (Figure 27c) showed an order of magnitude decrease in CT and CF concentrations (to 

below MDLs) in the 15- 20 cm above the fracture. CT and CF concentrations remained below 

MDLs in the 20 cm below the fracture although CF showed a marginal increase in concentrations 

between 2-6 cm below the G-ZVI fracture. There were no values of DCM detected above MDLs 

in the 40 cm sub-sampled zone.  

 

Discussion 

High resolution soil sub-samples were collected from the 45 cm thick zone adjacent to 

hydraulically induced ZVI-filled fractures identified in episode one core (UG1-1, UG2-1) at the 

Block 20 Former Pond Site in order to identify past or currently occurring  CVOC degradation 

(abiotic or biotic). There was little or no evidence for chlorinated ethane reduction/destruction 

in either core as PCE and TCE concentrations were relatively constant and t-DCE, c-DCE and 

11DCE concentration were consistently below MDLs. There were three locations in core UG1-1, 

4 cm above and 4 and 20 cm below the fracture, where there was a rapid 2-order of magnitude 

decrease in TCE concentrations over a 1 cm range but these instances appeared to be isolated 

and are not thought to be indicative of a large reaction zone. 

 

The largest reduction in CVOC concentrations as observed for the chlorinated ethane 

compounds 1122-PCA, 112-TCA, and 111-TCA in both UG1-1 and UG2-1. Well defined reaction 

zones of 7-8 cm, 3-4 cm and 9-10 cm in thickness were observed in the 1122-PCA, 112-TCA and 

111-TCA concentration profiles respectively from UG2-1. In UG1-1, a larger 12-13 cm reaction 

zone was observed in the 112-TCA concentration profile, and both the 1122-PCA and 111-TCA 

profiles indicated a 5 cm reaction zone above the fracture while below the fracture 

concentrations remained at or below MDLs making it difficult to identify any trends in 

concentration. In both cores 12-DCA concentrations adjacent to each fracture appeared 

constant and did not exhibit any significant reduction or noticeable trends, which was to be 

expected as 12-DCA is very resistant to degradation by ZVI. In time, the addition of either glycol 

or emulsified vegetable oil along with the ZVI is expected to stimulate microbial activity which 

could lead to the reduction of 12-DCA. 

 

Chlorinated methane concentrations in cores UG1-1 and UG2-1 were generally much lower than 

those observed for the chlorinated ethenes and ethanes, which made it more difficult to identify 
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any trends in concentration reduction adjacent to identified ZVI-filled fractures in each core. In 

both cores a loosely defined reaction zone can be identified above the fracture (~7 cm in UG1-1 

and 3-4 cm in UG2-1) as CT and CF concentrations decrease to MDLs. However, in the 20 cm 

sub-sampled zone below each fracture CT concentrations remained at MDLs, while CF 

concentrations were highly variable making it difficult to identify a definitive reaction zone. 

Based solely on CF concentrations below each fracture in core UG1-1 and UG2-1 it is possible 

that 5 cm and 2 cm thick reaction zones were present.  

 

Core U1-2 

Concentration profiles focusing on the 10 cm sub-sampled zone adjacent to the EZVI-filled 

fracture detected at 4.26 mbgs in core UG1-2 are shown inFigures28a-c, for chlorinated ethenes, 

chlorinated ethanes and chlorinated methanes respectively. Evidence of chlorinated ethene 

degradation was evident from the half order of magnitude decrease in TCE concentration and a 

defined 9 cm reaction zone surrounding the ZVI-filled fracture (Figure 28a). There was a slight 

decrease in PCE concentrations above the fracture and an apparent increase in PCE levels below 

the fracture. No trends in 11-DCE, t-DCE and c-DCE concentrations were observed adjacent to 

the fracture but there was a single detect of  

c-DCE and 11-DCE in the 10 cm zone adjacent to the fracture. Degradation of chlorinated 

ethanes 1122-PCA, 1112-PCA, 112-TCA and 111-TCA was evident below the EZVI-filled fracture 

from 0.5-1-order of magnitude decreases in concentrations and the formation of a 5 cm thick 

reaction zone (Figure 28b).  There was a marginal increase in 12-DCA concentrations below the 

fracture while there were no noticeable trends in 11-DCA concentrations within the 10 cm sub-

sampled zone. Concentrations of CT and CF were highly variable but both compounds showed a 

decrease in concentrations to non-detectable levels in the 3-4 cm below the EZVI-filled fracture 

indicating the possible presence of a reaction zone (Figure 28c). Dichloromethane 

concentrations were below MDLs throughout the sub-sampled zone. 

 

Core U2-2 

Chlorinated volatile organic compound degradation surrounding a G-ZVI-filled fracture located 

4.13 mbgs in core UG2-2 was evident from decreases in CVOC concentrations (Figures 29a-c). 

The chlorinated ethene profiles depicted in Figure 29a, showed a ~5 cm thick treatment zone 

above the fracture where PCE and TCE concentrations decreased by an order of magnitude. 
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Tetrachloroethylene (PCE) and trichloroethylene (TCE) concentrations did not show a 

discernable trend below the fracture.  There were no noticeable trends in c-DCE, t-DCE and 11-

DCE concentrations adjacent to the G-ZVI filled fracture as concentrations were below MDLs 

with the exception of a single detection of c-DCE and 11-DCE and two detections of t-DCE. 

Concentration profiles for 1122-PCA, 1112-PCA, 112-TCA and 111-TCA all showed an order of 

magnitude decrease in concentration in the 10 cm zone surrounding the ZVI fracture indicating 

the presence of defined reaction zone/diffusion halo (Figure 29b). There were no noticeable 

trends detected in the 11-DCA and 12-DCA concentration profiles adjacent to the G-ZVI filled 

fracture. Carbon tetrachloride (CT) and CF concentrations were highly variable, fluctuating from 

detectable to non-detectable levels immediately adjacent to the ZVI fracture making it difficult 

to identify any trends that might be occurring (Figure 29c). 

 

Discussion 

High resolution soil sub-sampling was conducted in episode two cores UG1-2 and UG2-2 six 

months after the first University of Guelph field episode in June 2010. High resolution soil core 

subsamples were collected at 1 cm spacing in the 10 cm zone adjacent to the identified ZVI-filled 

fracture to confirm that CVOC destruction was occurring due to biotic and abiotic degradation as 

detected in the episode one results. There was clear evidence of CVOC destruction adjacent to 

ZVI-filled fractures in core UG1-2 and UG2-2, but the extent of the reaction zone/diffusion halo 

could not be clearly defined as sub-sampling was limited to 5 cm above and 5 cm below each 

identified ZVI-filled fracture. 

 

Concentration profiles from episode one core indicated that there was little or no evidence of 

chlorinated ethene destruction adjacent to each identified ZVI-filled fracture; however, marginal 

reductions in PCE and TCE concentrations were observed in the concentration profiles from 

episode two core UG1-2 and 2-2. In core UG1-2, reductions in TCE concentrations were more 

evident than PCE, as PCE concentrations appeared to increase slightly below the fracture while 

in UG2-2 the reduction in PCE and TCE was more evident above the fracture. In both core there 

were no trends in c-DCE, t-DCE or 11-DCE as they were only detected sporadically throughout 

the 10 cm sub-sampled zone. Similar to episode one core, the chlorinated ethanes in UG1-2 and 

UG2-2 showed the greatest reduction in concentration adjacent to the ZVI-filled fractures. 

Concentrations of 1122-PCA, 1112-PCA, 112-TCA and 111-TCA all showed a 1-2 order of 
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magnitude decrease in concentrations although in core UG1-2 the reduction was observed in 

the 5 cm below the fracture, while in UG2-2 there was a more symmetric reaction 

zone/diffusion halo in the 10 cm surrounding the fracture. Concentrations of 12-DCA were 

relatively constant throughout the 10 cm zone adjacent to the fracture in both core, though 

profiles in UG2-2 indicated a very marginal decrease in concentrations that could be evidence 

for 12-DCA degradation. There was no trend in concentration observed for 11-DCA in either 

episode two cores as there were only sporadic detections throughout the 10 cm zone adjacent 

to each fracture.  

 

The chlorinated methane (CT, CF) profiles in cores UG1-2 and UG2-2 showed reduction in 

concentrations adjacent to each fracture. In both cores, CF concentrations were highly erratic 

fluctuating between detection and non-detection limits, which could indicate that CF is not only 

being degraded adjacent to each fracture but also being formed as a degradation product of CT. 

Similar to episode one core, no DCM was detected in the 10 cm sub-sampled zone surrounding 

either fracture in cores UG1-2 and 

UG2-2.  

 

The University of Guelph G360 laboratory encountered co-elution effects during VOC analysis on 

episode two core soil sub-samples and as a result methanol extracts from 51 samples were 

submitted to Stone Environmental Inc. for confirmatory analyses. Duplicate methanol extracts 

analyzed by Stone Environmental compared well with samples analyzed by UG G36 laboratory 

(based on relative percent difference calculations) with the exception of only a few outliers. 

Appendix A contains the results of the confirmatory analysis. Two of the main differences 

between the analysis performed by each laboratory were 1) the G360 lab was able to achieve 

lower MDLs for the major analytes 2)Stone Environmental was able to analyze for additional 

samples (VC) and overcome some of the co-elution effects experienced by the G360 lab.  

 

The duplicate CVOC results (analyzed by Stone), on methanol extracts taken from UG1-2 and 

UG2-2 soil core sub-samples are depicted in Figures 28d-f and Figures 29d-f respectively. 

Chlorinated ethene profiles (Figure 28d and Figure 29d), chlorinated ethane profiles (Figure 28e 

and Figure 29e) and chlorinate methane profiles (Figure 28f and Figure 29f) all compared well 

with concentration profiles based on G360 results and showed similar concentration profiles 
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and CVOC reduction adjacent to each ZVI-filled fracture. The chlorinated ethanes 1122-PCA, 

1112-PCA 112-TCA 111-TCA showed the greatest reduction in concentration adjacent to each 

fracture followed by the chlorinated ethenes (PCE, TCE). Vinyl chloride (VC) concentrations were 

reduced to MDLs in both core in the 10 cm zone surrounding each fracture as shown in the 

Figures 28d and 29d. The chlorinated methane reduction was less distinct in samples analyzed 

by Stone Environmental due to their higher detection limits as concentrations of CT, CF and 

DCM were all below MDLs (Figure 29f).   

 

Core UG3 

A possible induced ZVI-filled fracture identified in core UG3 was located at 4.19 mbgs and  

Figures 30a-cdepict the concentration profiles for the chlorinated ethenes, chlorinated ethanes 

and chlorinated methanes in the 2 m zone surrounding the fracture. There were two locations 

that showed a decrease in chlorinated ethene concentrations in the 1 m zone surrounding the 

possible fracture (Figure 30a). The first location was the 5 cm zone immediately adjacent to the 

possible induced fracture where TCE concentrations decreased by 2-orders of magnitude. The 

second was a 15 cm zone located 

10-25cm above the possible induced fracture in which, both TCE and PCE showed 2-orders of 

magnitude decrease in concentrations. Concentration profiles for the chlorinated ethanes 

(Figure 30b), showed 3-orders of magnitude decrease in 112-TCA, 2-orders of magnitude 

decrease in 1122-PCA and an order of magnitude decrease in 111-TCA within a 5 cm zone 

adjacent to the possible induced fracture. On a larger scale, 111-TCA showed 2-orders of 

magnitude decrease in concentrations 25 cm above and 50 cm below the possible fracture, 

indicating an original reaction zone/diffusion halo that might extend up to 75 cm around the 

fracture. 11-Dichloroethane (11-DCA) also showed a 3-order magnitude decrease in 

concentrations 50 cm below the possible fracture that was similar to the one shown in the 111-

TCA concentration profile. Chlorinated methane profiles (Figure 30c) showed that CT decreased 

to below MDLs in a 5 cm zone surrounding the fracture while CF concentrations were highly 

variable and did now show any trends. On a larger scale, CT and CF concentrations initially 

decreased 4 and 2-orders of magnitude respectively 50 cm below the possible fracture and 

there were similar but less defined decreases in concentration 50 cm above the possible 

fracture which could indicate the presence of a 1m thick reaction zone/diffusion halo.
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Figure 26 Logarithmic concentration profiles (moles/kg vs. metres) around an induced EZVI-Filled fracture in UG1-1 showing a) chlorinated 
ethenes vs. distance from fracture b) chlorinated ethanes vs. distance from fracture c) chlorinated methanes vs. distance from fracture.  

The chlorinated ethanes showed the largest reduction in concentrations as well as the most distinct diffusion zone. A less defined diffusion zone 
is shown in the chlorinated methane profiles while the chlorinated ethenes appear to be unaffected by the remedial efforts 
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Figure 27 Logarithmic concentration profiles (moles/kg vs. metres) around an induced G-ZVI-Filled fracture in UG2-1 showing a) chlorinated 
ethenes vs. distance from fracture b) chlorinated ethanes vs. distance from fracture c) chlorinated methanes vs. distance from fracture.  

The chlorinated ethanes showed the largest reduction in concentrations as well as the most distinct diffusion zone. A less defined diffusion zone 
is shown in the chlorinated methane profiles while the chlorinated ethenes appear unaffected by the remedial efforts to date. 
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Figure 28 Logarithmic concentration profiles (moles/kg vs. metres) around an induced EZVI-Filled fracture in UG1-2 showing a) chlorinated 
ethenes vs. distance from fracture b) chlorinated ethanes vs. distance from fracture c) chlorinated methanes vs. distance from fracture.  

Contaminant reduction is evident below the EZVI-filled fracture for the chlorinated ethanes (1112PCA, 1122PCA, 112TCA, 111TCA), methanes 
(CT and CF) and chlorinated ethene TCE. 
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Figure 28 Continued. Logarithmic concentration profiles (moles/kg vs. metres) around an induced EZVI-Filled fracture in UG1-2 for duplicate 
samples analyzed by Stone Environmental Inc.  
Results compare well with G360 laboratory results as profiles show similar trends and contaminant reduction below the EZVI-filled fracture.  
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Figure 29 Logarithmic concentration profiles (moles/kg vs. metres) around an induced G-ZVI-Filled fracture in UG2-2 showing a) chlorinated 
ethenes vs. distance from fracture b) chlorinated ethanes vs. distance from fracture c) chlorinated methanes vs. distance from fracture.  

A more symmetric diffusion zone is detected around the G-ZVI filled fracture in the chlorinated ethenes (PCE, TCE) and chlorinated ethanes 
(112TCA, 1112PCA, 111TCA) concentration profiles.  
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Figure 29 Continued. Logarithmic concentration profiles (moles/kg vs. metres) around an induced EZVI-Filled fracture in UG2-2 for duplicate 
samples analyzed by Stone Environmental Inc. 
Results compare well with G360 laboratory results as profiles show similar trends and contaminant reduction adjacent to the G-ZVI-filled 
fracture with the exception of the chlorinated methanes which were present at concentrations below laboratory method detection limits. 
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Figure 30 Logarithmic concentration profiles (moles/kg vs. metres) in the two meters adjacent to a possible induced ZVI-Filled fracture in UG3 
showing a) chlorinated ethenes vs. distance from fracture b) chlorinated ethanes vs. distance from fracture c) chlorinated methanes vs. distance 
from fracture.  

Reduction in concentrations of TCE, 112TCA, 1122PCA and 111TCA is evidence adjacent to the ZVI-filled fracture, however there is evidence of a 
much larger 50-75cm diffusion zone surrounding the fracture in the 111TCA, 11DCA, CF and CT profiles.
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4.3.2 Using Parent to Daughter Product Transformations as a Means to Identify Possible CVOC 
Degradation Adjacent to Particulate ZVI Injected Induced Fractures  

 
This section will use parent-daughter product transformations and CVOC concentration profiles 

as a means to identify possible CVOC degradation adjacent to identified ZVI-filled induced 

fractures. It will not attempt to distinguish between the various pathways and degradation 

processes that could have caused the CVOC destruction but will instead focus on identifying 

“trends” in parent-daughter relationships and confirm the presence of reaction zones to show 

that degradation had occurred or is currently ongoing adjacent to ZVI-filled fractures within the 

study site.   

 

Many of the chlorinated volatile organic compounds found at the Block 20 Former Pond Study 

site can undergo microbial biodegradation due to the addition of glycol (as G-ZVI)and emulsified 

vegetable oil (as EZVI) as well as abiotic degradation (with or without the addition of ZVI) given 

the appropriate geochemical conditions. It can be extremely difficult to distinguish between the 

biodegradation and abiotic degradation processes as degradation of parent compounds can 

follow the same biodegradation and abiotic degradation pathways producing the same 

degradation by-products. For example, PCE and TCE can be degraded as follows: 

i) Biodegradation via anaerobic reductive dechlorination pathways 

ii) Abiotic reductive dechlorination pathways with ZVI 

iii) Abiotic Beta-elimination pathways with ZVI 

The reductive dechlorination pathways (biotic and abiotic) both reduce PCE and TCE to 

dichloroethenes and then to VC and ethane which makes it very difficult to distinguish between 

the two degradation processes in systems that can support both (such as the Block 20 Former 

Pond Treatment site). For chlorinated ethene degradation it is possible to distinguish between 

Beta-elimination and the two reductive dechlorination processes by the production of 

degradation by- products; however, the scope of work during this study did not include many of 

the degradation end products (i.e. ethenes, ethanes, chloroacetylene, acetylene) among the 

suite of analytes. 

 

It must also be considered that because many of the CVOC degradation end products were not 

part of the sampling plan or laboratory analysis, a mole balance could not be completed as part 
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of this study. Some of the degradation pathways referred to in this and following sections are 

incomplete and the resulting mole ratios were used only as a tool to identify CVOC trends 

adjacent to each ZVI-filled fracture. It should be noted that for certain degradation pathways, 

mole ratios would show a decrease in parent compounds and a corresponding “false” increase 

in daughter compounds when concentrations of daughter compounds were consistently below 

method detection limits. In these instances changes observed in the mole ratio would be the 

result of a decrease in parent compounds and not necessarily from an increase in daughter 

products. Analysis of both concentration profiles and corresponding mole ratios for selected 

degradation pathways helped to eliminate the introduction of “false” evidence for CVOC 

degradation.  

 

Episode one Core UG1-1 and UG2-1 

Mole ratios and concentration profiles of selected parent daughter compounds representing 

possible degradation (abiotic or biotic) adjacent to ZVI-filled fractures from core UG1-1 and 

UG2-1 are discussed below. 

 
Chlorinated Ethene Degradation 

Anaerobic Reductive Dechlorination (PCE—TCE—c-DCE, t-DCE) 

Abiotic reductive dechlorination with ZVI (PCE—TCE—c-DCE, t-DCE) 

 

The mole ratios representing possible biotic and abiotic reductive dechlorination pathways for 

PCE and TCE (PCE: TCE: c-DCE, t-DCE) adjacent to an identified ZVI-filled induced fracture in Core 

UG1-1 and UG2-1 are displayed in Figures 31a and 32a. The ratios were PCE and TCE dominant 

in both cores and remained fairly constant throughout the sub-sampled zone adjacent to each 

ZVI-filled fracture. There were 3 locations in core UG1-1(Figure 31a) that showed a sharp 

decrease in moles of TCE (3.5 cm above and 3 and 20 cm below the fracture), but only one 

location (20 cm below the fracture) showed an increase in t-DCE daughter product. A marginal 

decreasing trend in moles of PCE was observed in the 3-4 cm zone above the fracture in Core 

UG2-1 (Figure 32a), which indicate the possibility of a small reaction zone above the fracture as 

suggested by the chlorinated ethane concentration profiles described in section 4.3.1.  

 

There was no definitive evidence of chlorinated ethene degradation (biotic or abiotic) adjacent 



 

92 
 

to ZVI-filled fractures in Core UG1-1 and UG2-1 as the mole ratio for PCE: TCE was relatively 

constant and there was no significant production of daughter products. There was indication in 

core UG2-1 of a slight decrease in moles PCE in the 3-4 cm zone above the fracture that could 

indicate PCE degradation and a possible 3-4 cm reaction zone but there were no corresponding 

changes in the moles of TCE, c-DCE or t-DCE. In core UG1-1 there were 3 locations that showed a 

sharp decline in moles of TCE over a 1 cm distance but only one location (20 cm below the 

fracture) had a corresponding increase in daughter product t-DCE. It is possible that there was 

abiotic Beta-elimination of TCE at the other 2 locations (3.5 cm above and 3 cm below the 

fracture) but there was insufficient data available to confirm this possibility. It is possible that 

the decrease in moles of TCE shown in UG1-1 could be the result of the sampling error or lab 

anomalies.  

 

Chlorinated Ethane Degradation 

Methanogenic Dechlorination, Anaerobic Dechlorination (1122PCA—112TCA – 12DCA)  

 

The mole ratios representing possible anaerobic dechlorination of 1122-PCA to 12-DCA were 

dominated by 12-DCA, followed by 112-TCA and then 12-DCA in core UG1-1 and UG2-1as shown 

in Figures 31b and 32b. There was a distinct trend identified in both cores where moles of 112-

TCA decreased as distance to the fracture decreased throughout the 45 cm sub-sampled zone 

surrounding each fracture.  In core UG1-1(Figure 31b), the mole ratio became 12-DCA dominant 

in the 12-13cm adjacent to the fracture as moles of 112-TCA were reduced to zero. In UG2-

1(Figure 32b) the reduction in moles of 1122-PCA and 112-TCA to near zero/MDLs occurred in 

the 7-8 cm and 2-3 cm adjacent to the fracture respectively. These observed zones adjacent to 

each ZVI-filled fracture where the moles of parent compounds were reduced to zero confirm the 

presence of reaction zones previously identified in section 4.3.1.  

 

The steady decrease in moles of 112-TCA below the fracture in UG1-1(Figure 31b) and above the 

fracture in UG2-1(Figure 32b) indicated that although the reaction zone may be confined to the 

15 cm adjacent to the ZVI-filled fractures, 112-TCA diffusion halos could have extended upwards 

of 40 cm, (20 cm above and 20 cm below), away from each fracture. The reduction in moles of 

1122-PCA and 112-TCA observed in core UG1-1 and UG2-1 did not correspond to a definitive 

increase in moles of 12-DCA as moles of 12-DCA were constant throughout the 45 cm zone. The 
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changes in molar concentration of 12-DCA observed in Figures 31b and 32b were the result of 

decreases in concentrations of parent compound 1122-PCA and 112-TCA and did not represent 

changes in concentration of 12-DCA.  Abiotic degradation of 12-DCA has been shown to occur 

very slowly if at all and enhanced biodegradation (with glycol or Emulsified Vegetable Oil) was 

expected to account for the majority of 12-DCA degradation at the Block 20 Former Pond Site. 

Since there was no observed decreases in concentrations of 12-DCA adjacent to either fracture 

in core UG1-1 and UG2-1 it appeared that biodegradation of 12-DCA had yet to occur at 

significant rates as of June 2010.  

 

Abiotic dehydrochlorination (111TCA—11DCE)  

Anaerobic reductive dechlorination (111TCA-11DCA) 

 

A distinct trend in the reduction of moles of 111TCA was observed in the 9-10 cm adjacent to 

the induced ZVI-filled fracture in core UG2-1(Figure 32d).  In core UG1-1(Figure 31d), a decrease 

in moles 111-TCA was observed in the 4-15 cm zone above the fracture before being reduced to 

zero within the 4 cm immediately above the fracture. Closer examination of the 111-TCA: 11-

DCE mole ratios below the fracture in UG1-1 indicated that the reaction zone could extend 5 cm 

below the fracture, which could indicate a larger 10 cm reaction zone that was not easily 

identified by the concentration profiles (section 4.1.1).  In both cores concentrations of 11-DCE 

were below MDLs, and there was no indication of the abiotic dehydrochlorination of 111-TCA to 

11-DCE and it is possible that 111-TCA had been degraded via anaerobic reductive 

dechlorination to 11-DCA in core UG1-1 and UG2-1. The mole fractions by themselves do not 

provide evidence of 11-DCA formation as the mole ratios are dominated by 111-TCA, but they 

do confirm the presence a 9-10 cm in UG2-1(Figure 31e) and an ~10 cm reaction zone in  

UG1-1(Figure32e). An increase in detections (trace concentrations) of 11-DCA in episode one 

core was observed in the concentration profiles (Figure 26b and Figure 27b) as described in 

section 4.3.1.  

 

The mole ratios did not provide enough information to distinguish if the reduction in 111-TCA 

adjacent to ZVI-filled fractures in core UG1-1 and UG2-1 were the result of abiotic or biotic 

degradation. During abiotic degradation, 80% of 111-TCA is transformed to acetic acid which 

was not analyzed for as part of this study and 20% transformed to 11-DCE which was not 
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detected. There were detections of 11-DCA as outlined in section 4.3.1 but it cannot be 

conclusively assessed what percentage of 111-TCA was transformed via biotic vs. abiotic 

pathways. The mole ratios did allow for confirmation of reactions zones adjacent to each ZVI-

filled fracture as described from concentration profiles in Section 4.3.1. An approximate 10 cm 

reaction zone was observed in both cores but a more distinct diffusion halo was observed from 

the decreasing trend in moles of 111-TCA adjacent to the ZVI-filled fracture in  

UG2-1(Figures 32d and 32e).The was a steady decrease in moles 111-TCA from 15 cm above the 

fracture to the reaction zone in UG1-1(Figures 31d and 31e), which could indicate the presence 

of a larger diffusion halo (~25-30 cm) that extended beyond the reaction zone. 

 

Chlorinated Methane Degradation 

Anaerobic dechlorination (CT—CF—DCM) 

 

The mole ratios depicting reductive dehalogenation of CT to DCM adjacent to ZVI-filled fractures 

in core UG1-1 and UG2-1 showed a decreasing trend in moles of CT and CF above both fractures. 

In core UG1-1 (Figure 31c) a 10-12 cm reaction zone was observed adjacent to the fracture 

where moles of CT and CF decreased to zero or MDLs. In core UG2-1(Figure 32c) a less defined 

7-8 cm reaction zone was observed adjacent to the ZVI-filled fracture and there were 5 locations 

between 2 and 6 cm below the fracture where there was an increase in moles of CF which could 

have resulted from past CT dechlorination. Concentrations of DCM were below MDLs (as 

discussed in section 4.3.1) and there were no increases in moles of DCM in the reaction zone in 

either core.  

 

Through reductive dehalogenation (dechlorination) pathways CT can be transformed to CF and 

DCM both biotically or abiotically.  The lack of DCM production in episode one core could 

indicate ( 1) incomplete dechlorination of CT (biotic or abiotic) (2) CT degradation followed a 

reductive elimination pathway and produced CO which was not analyzed for as part of this study 

or (3) abiotic hydrolysis of CT produced CO2 which was not analyzed for in this study. Trends in 

CT: CF: DCM mole ratios were more difficult to detect than trends for chlorinated ethene or 

ethane degradation pathways because the chlorinated methanes were present at much lower 

overall concentrations. Concentrations tended to fluctuate around MDLs making it more difficult 

to detect trends in molar composition. It can be confirmed by comparing the mole ratios for CT 



 

95 
 

degradation to the concentration profiles described in section 4.3.1 that a 10-12 cm and a 7-8 

cm reaction zone was formed adjacent to ZVI-filled fractures in UG1-1 and UG2-1 respectively 

and that there was destruction of CT and CF within those zones. 

 

Episode one Core UG1-2 and UG2-2 

Mole ratios and concentration profiles of selected parent daughter compounds representing 

possible degradation (abiotic or biotic) adjacent to ZVI-filled fractures from core UG1-2and UG2-

2 are discussed below. 

 

Chlorinated Ethene Degradation 

Anaerobic Reductive Dechlorination (PCE—TCE—c-DCE, t-DCE) 

Abiotic reductive dechlorination with ZVI (PCE—TCE—c-DCE, t-DCE 

 
 
Mole ratios and corresponding concentration profiles for two possible pathways for reductive 

dechlorination of PCE and TCE are represented in Figures 33a and 34a.  In core UG1-2 (Figure 

33a) the mole ratio above the fracture was relatively constant and was dominated by PCE and 

TCE. However, below the fracture a trend was observed where moles of TCE decreased as the 

distance to the fracture was decreased. A similar trend was observed in core UG2-2 where 

below the fracture there was a decrease in moles of TCE as the distance to the fracture was 

decreased (Figure 34a)and the  

PCE: TCE: c-DCE: t-DCE mole ratio was relatively constant until 2 cm zone above the fracture 

where there was a slightly decreasing trend in moles of PCE. There were two locations 1 cm and 

3 cm below the fracture in UG2-2where the decrease in moles TCE resulted in an increase in 

moles of daughter products, c-DCE and t-DCE(Figure 34a). 

 

Observations from CVOC concentration profiles and mole ratios provided little evidence for 

ongoing degradation of PCE and TCE in episode one core UG1-1 and UG2-1. However, there 

were trends noted in the mole ratios and corresponding concentration profiles for episode two 

cores UG1-2 and UG2-2, which indicated a reduction in moles of TCE and to a lesser degree 

moles of PCE adjacent to ZVI-filled fractures. The detection of daughter products c-DCE and t-

DCE in the 10 cm zone adjacent to each fracture in episode two cores (mainly UG2-2) could be 

the result of TCE and PCE degradation although distinction between possible abiotic and biotic 
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degradation processes is not possible with the current data set. There is also the possibility 

there was trace c-DCE and t-DCE already present at the Block 20 Former Pond Study Site prior to 

any remedial activities. The lack of significant c-DCE and t-DCE formation in core UG1-2 could be 

an indication that abiotic degradation of PCE and TCE with ZVI had occurred but could also be 

explained by (1) c-DCE and t-DCE being formed at concentrations below MDLs, (2)c-DCE and t-

DCE being formed but are being reduced more quickly to below MDLs.  

 

Chlorinated Ethane Degradation 

Methanogenic Dechlorination, Anaerobic Dechlorination (1122PCA—112TCA – 12DCA)  

 

There was a distinct trend in 112-TCA reduction in the 10 cm thick zone adjacent to the ZVI-filled 

fracture in UG2-2 (Figure 34b) which confirmed the presence of a defined reaction zone as 

described in Section 4.3.1. Mole ratios in core UG1-2 indicated a slight accumulation of 1122-

PCA and 112-TCA in the 5 cm above the fracture and a more defined decreasing trend in moles 

of 1122-PCA and 112-TCA in the 5 cm below the fracture (Figure 33b). Changes observed in the 

moles of 12-DCA in UG1-2 and UG2-2 were the result of changes in the molar concentration of 

1122-PCA and 112-TCA and not from actual increases or reductions in 12-DCA concentrations.  

 

A definitive decrease in moles of 1122-PCA was observed in UG2-2 and decreases in moles of 

1122-PCA and 112-TCA were observed below the fracture in UG1-2, which could indicate that 

degradation had occurred and could still be occurring due to biological and/or abiotic (with ZVI) 

processes. Similar to observations in episode one core, there was no production of 12-DCA 

adjacent to the fracture in UG1-2 and UG2-2 which could indicate incomplete anaerobic 

dechlorination of 1122-PCA, degradation by abiotic processes or 12-DCA production at very low 

quantities. There was also no distinct reduction in 12-DCA in either core which could imply that 

significant biodegradation of 12-DCA via glycol or EZVI had yet to occur. Although conclusions 

cannot be made as to whether biotic or abiotic degradation pathways were dominant in episode 

two core, the mole ratios along with representative concentration profiles confirmed the 

destruction of 1122-PCA and 112-TCA as previously discussed.  
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Abiotic dehydrochlorination (111TCA—11DCE)  

Anaerobic reductive dechlorination (111TCA-11DCA) 

 

The mole ratios representing 111-TCA degradation in core UG1-2 and UG2-2 did not show any 

significant trends in parent daughter relationships as abiotic dehydrochlorination daughter 

product (11DCE) concentrations were mainly below MDLs (Figures 33d and 34d)and reductive 

dechlorination daughter product (11-DCA) concentrations were highly variable ranging from 

below MDLs to trace detections (Figures 33e and 34e). Mole ratios of 111-TCA: 11-DCE and 111-

TCA: 11-DCA in core UG2-2 (Figures 34d and 34e)showed a more defined trend as moles of 111-

TCA decreased as distance to the fracture was decreased which was representative of the 

defined reaction zones observed in the concentration profiles and was previously described in 

(Section 4.3.1). Ratios in UG1-2 (Figures 33d and 33e) did not show any discernible trends in 

moles of 111-TCA but did indicate a constant mole ratio above the fracture which confirmed the 

presence of a non-symmetric reaction zone as reductions in moles of 111-TCA were only 

observed in the 5 cm below the fracture.  Although there were no trends in the 111-TCA: 11-

DCA mole ratios, there was evidence of 11-DCA formation that could indicate ongoing reductive 

dechlorination of 111-TCA in core UG1-2 and UG2-2.  

 

Chlorinated Methane Degradation 

Anaerobic dechlorination (CT—CF—DCM) 

 

The mole ratio above the fracture in UG1-2 was dominated by the presence of CT ranging 

between 40-70% and by CF at 20% (Figure 33c) and there was no discernable increasing or 

decreasing trend in either moles CT or moles CF as the distance to the fracture decreased. In the 

5 cm below the fracture there was a loosely defined trend as moles of CT decreased as the 

distance to the fracture was decreased as well as two instances where there the decrease in 

moles CT corresponded to an increase in moles CF. The formation of a 4 cm reaction zone 

around the fracture in UG2-2 was evident in the mole ratio as there was little or no CT and CF 

present (Figure 34c). There were increases in moles of CF above and below the fracture at 

distances of 3-5 cm but no trends were identified in core UG2-2.  
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The increase in moles of CF below the fracture in UG1-2 and adjacent to the fracture in UG2-2 

could indicate that dechlorination of CT had occurred at those locations. A closer look at the 

mole ratios and concentration profiles (Figure 34c) showed that both concentrations of CT and 

CF decreased to MDLs in the reaction zone adjacent to the fracture and the increase in moles of 

CF could be the result of CT degradation. There was no formation of DCM, which could indicate 

incomplete dechlorination of CT. It is also possible that CT had undergone degradation via 

abiotic pathways (reductive hydrolysis or beta-elimination) but the formation of CF within the 

reaction zone in episode two core indicated that at least some form of dechlorination had 

occurred.  

 

Duplicate samples analyzed by Stone Environmental Inc. 

Stone Environmental Inc was able to analyze for the presence of VC in the soil sub-samples, 

which gave additional insight into whether a partial or a more complete degradation of parent 

compounds PCE and TCE had occurred in core UG1-2 and UG2-2. Moles ratios and concentration 

profiles for the reductive dechlorination of PCE and TCE were examined in detail in this section 

based on analytical results from Stone Environmental. Confirmatory results between samples 

analyzed by Stone Environmental and G360 laboratory showed good correlation based on 

Relative Percent Difference calculations (Appendix A).  

 

Chlorinated Ethene Degradation 

Anaerobic Reductive Dechlorination (PCE—TCE—c-DCE, t-DCE- VC ) 

Abiotic reductive dechlorination with ZVI (PCE—TCE—c-DCE, t-DCE- VC) 

 

Core UG1-2 

Concentration profiles (Figure 35a) showed that VC, t-DCE and c-DCE concentrations in UG1-2 

were below MDLs with the exception of a single VC detect located 4 cm below the EZVI filled 

fracture. Concentrations of PCE and TCE were relatively constant above the fracture while below 

the fracture concentrations appeared to decrease as the distance to the fracture was decreased. 

The mole ratio (Figure 35a) was fairly constant both above and below the fracture. Although the 

PCE and TCE concentrations were decreasing below the fracture the mole ratio remained fairly 

constant, which could indicate the possibility of dilution within the reaction zone. However, 

there was detection of VC below the fracture which might indicate some anaerobic 
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dechlorination had occurred. The 0.25-0.50 m zone outside of reaction zone showed hits of VC 

and it is possible that VC was degraded within the 10 cm reaction zone adjacent to the fracture. 

It cannot be determined of the detected VC, was present as the result of parent compound 

degradation or if it was present as a parent compound itself prior to the remedial treatment.   

 

Concentration profiles for samples analyzed by Stone Environmental and UG G360 laboratory 

(Figures 33a and 35a) were quite similar as both showed a decrease in TCE concentrations 

within the reaction zone, with a more definitive trend in the 5 cm zone below the fracture. Mole 

ratios from samples above the fracture were both relatively constant, but the decreasing trend 

in TCE observed from the G360 analyzed samples was not apparent in the samples analyzed by 

Stone Environmental.  

 

Core UG2-2 

Concentration profiles (Figure 35b) showed that daughter products c-DCE, t-DCE and VC were all 

below MDLs with the exception of one detection of VC, located 5 cm below the G-ZVI fracture. 

Concentrations of PCE and TCE above the fracture showed a definite decrease in concentration 

as the distance to the fracture decreased, while concentrations below the fracture were more 

erratic but did show a possible, less defined decrease in overall concentration. Mole ratios 

(Figure 35b) showed a definitive decrease in moles of PCE above the fracture as the distance to 

the fracture decreased while below the fracture the mole ratio was fairly constant. Increases in 

moles of daughter products were the result of decreases in PCE and/or TCE concentrations and 

not from an increase in daughter product formation.  

 

Concentration profiles and mole ratios for samples analyzed by UG G360 laboratory and Stone 

Environmental were very similar, with the exception of the single detect of VC evident in the 

Stone results and two hits of t-DCE and a single detect of c-DCE evident from the G360 results 

(Figures 34a and 35b). Profiles (Figures 34a, and 35b) showed a definitive decrease in PCE and 

TCE concentrations in the 5 cm above the fracture while the mole fractions showed a decreasing 

trend in moles PCE as the distance above the fracture decreased. In both cases concentration 

profiles and mole ratios did not show a very definitive trend in PCE or TCE below the fracture. 

Similar to core UG1-2, it appeared that VC was present 1 m outside of reaction zone and was 

being degraded to below MDLs within the reaction zone. It is not possible with the current data 
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set to determine if VC was present as a parent compound or the result of dechlorination of PCE 

and TCE. 
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Figure 31 Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to an EZVI filled fracture 
at corehole UG1-1 (~1.5m from FRx 15)  
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Figure 31 Continued. Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to an EZVI 
filled fracture at corehole UG1-1 (~1.5m from FRx 15)  
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Figure 32 Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to a G-ZVI filled fracture 
at corehole UG2-1 (~2m from FRx 17) 
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Figure 32 Continued. Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to an G-ZVI 
filled fracture at corehole UG2-1 (~2m from FRx 17) 
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Figure 33 Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to an EZVI filled fracture 
at corehole UG1-2 (~3.6m from FRx 15)  
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Figure 33 Continued. Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to an EZVI 
filled fracture at corehole UG1-2 (~3.6m from FRx 15)  
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Figure 34 Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to a G-ZVI filled fracture 
at corehole UG2-2 (~3.6m from FRx 17) 
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Figure 34 Continued. Mole fractions and corresponding concentration profiles for selected degradation pathways adjacent to a G-ZVI 
filled fracture at corehole UG2-2 (~3.6m from FRx 17) 
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Figure 35 Concentrations profiles and mole fractions for anaerobic reductive dechlorination of PCE adjacent to a) an EZVI filled fracture 
in UG1-2 b) a G-ZVI filled fracture in UG2-2. Samples were analyzed by Stone Environmental. 
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4.3.3 Soil Chloride Concentrations Profiles 

Episode 2 Core (UG1-2, UG2-2) 

In addition to sub-sampling for VOCs, depth discrete soil samples were collected for chloride 

analysis (as described in Section 3.3.4.3). In total, thirty three samples were selected for soil 

chloride analysis by Maxxam Analytics Inc (described in Section 3.4.2.2), thirteen of which were 

from core UG1-2 and twenty from UG2-2. Samples analyzed from core UG1-2 focused on a 1.5 

m zone below the hydraulically induced ZVI-filled fracture(4.26 mbgs) to the top of the 

unweathered grey clay (Figure 36), while samples analyzed from UG2-2 focused on a broader ~4 

m zone surrounding the induced ZVI-filled fracture which was located at 4.13 mbgs (Figure 37). 

Total soil chloride values were converted from CDI [mg Cl-/L DI] into Ct [ug Cl-/g wet soil], Cw [mg 

Cl-/L porewater] and Cm [moles Cl-/L porewater] using methods described in Section 3.4.2.2 and 

the results are presented in Table 16. Chloride concentrations ranged from 200 – 4900 mg/L in 

UG1-2 and 100 – 3300 mg/L in UG2-2 and in both core the maximum detected concentration 

occurred immediately adjacent to the ZVI-filled fracture. 

 

Major Observations: 

Core UG1-2 

Soil chloride sub-samples were collected and analyzed from the 0.05 m above and ~1.5 m below 

the EZVI-filled fracture in core UG1-2 to gain insight into whether dechlorination of the CVOCs 

had occurred at the Block 20 Former Pond Study Site. A comparison of total soil CVOCs 

(TCVOCS) and soil chloride with distance from the ZVI-filled fracture was displayed in Figure 36. 

The highest observed soil chloride concentrations were located adjacent to the fracture and a 

maximum detected value of 1.37E-01 moles/L (4848 mg/L) was located 0.01 m below the 

fracture.  There was an increase in soil chloride concentrations of 7.4E-02 moles/L in the 0.05 m 

zone below the fracture and over that same distance there was a decrease in Total Ethenes and 

Total Methanes of 2.5E-03 and 2.57E-04 moles/L respectively. The total chlorinated ethane 

concentration did not show as good a correlation with the soil chloride profiles within the 0.10 

m zone adjacent to the fracture because it was dominated by 12DCA which was resistant to 

degradation throughout the episode one field event.   
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Core UG2-2 

Soil chloride sub-samples were collected and analysed from the 4 m zone adjacent the G-ZVI-

filled fracture in UG2-2 as a means for identifying if dechlorination of CVOCs had occurred at the 

Block 20 Fracture and Injection Treatment area. Concentration profiles of TCVOCs and soil 

chloride with distance from the identified G-ZVI filled fracture were plotted in Figure 37. The 

highest detected soil chloride values were located in the 0.10 m zone adjacent to the fracture 

with the maximum value of 9.11E-02 moles/L (3232 mg/L) located 0.01 m above the fracture. 

Soil chloride concentrations appeared to be relatively consistent, and showed only minor 

fluctuations in 0.5 – 1.5 m above the fracture and the 1.0 – 2.0 m below the fracture. However, 

within the 0.5 m zone above and 1.0 m zone below the fracture, chloride concentrations 

showed 6.75E-02 moles/L and 7.93E-02 moles/L increases respectively. Within the 0.10 m zone 

adjacent to the fracture, there were increases in chloride concentration of2.00E-02 moles/L 

above and 1.39E-02 moles/L below the fracture and corresponding decreases in TCVOC 

concentrations of up to 6.90E-03 moles/L and 2.90E-03 moles/L respectively. 

 

The Lambton Clay Plain was formed from proglacial lakes so initial chloride concentrations of 

the porewater was likely zero (Husain, 1996). However, chloride has been detected in the upper 

few meters of the weathered zone at sites within the Lambton Clay Plain (Lane, 2001; Husain, 

1996) and is most likely from anthropogenic sources like road salt and brine ponds from site 

operations. A previous study conducted at the former Dow Chemical plant in Sarnia (Lane, 2001) 

indicated the presence of chloride ions at two locations separated by 30m.  The first location 

had chloride concentrations of ~100 mg/L at depths 2-3 mbgs and the second had 

concentrations of ~900 mg/L at 2m bgs. The source of chloride at both locations was attributed 

to routine salt application and snow plowing, with the higher concentrations at the second 

location being a result of its past use as a repository for snow removal from several roads at the 

facility (Lane, 2001). Past studies in the Sarnia area have also shown that chloride can diffuse 

upwards from the underlying bedrock (Husain, 1996; Desaulniers, 1986; Lane, 2001. It must be 

considered that both sources of chloride may have an effect on the Block 20 results, accounting 

for some of the total soil core chloride detected in core UG1-2 and UG2-2.  

 

The results of soil chloride analysis from core UG1-2 and UG2-2 indicates the significant 

accumulation of chloride ions (up to 4900 mg/L) within and adjacent to the ZVI-filled fractures 
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and then diffusion outwards into the surrounding clay matrix. This build-up of chloride ions 

corresponds to the decrease in CVOC concentrations and is most likely the result of CVOC 

dechlorination within and adjacent to the ZVI-filled fractures. It is unlikely that chloride 

concentrations detected in UG1-2 and UG2-2 were the result of road salt application as in Lane’s 

(2001) study as concentrations were much higher in the two Block 20 core.  Lane (2001) also 

collected chloride data adjacent to a Brine Pond located near the EDC study site and found 

chloride concentrations of 150 000 mg/L in the upper 2 m below ground surface. Those profiles 

show a decrease in chloride within the upper 4 mbgs and there was no evidence of spikes in 

concentrations, as seen in the 20 cm zone adjacent to the ZVI-filled fractures (UG1-2, UG2-2) in 

this study.  Lane’s (2001) data is displayed in Appendix E.  
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Figure 36 Total soil chloride and total CVOC concentrations at an induced ZVI-filled fracture in 
Core UG1-2 

Profiles show decreases in total chlorinated methanes and ethenes and a corresponding 
increase in total soil chloride adjacent to the fracture.  
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Figure 37 Total soil chloride and total CVOC concentrations at an induced ZVI-filled fracture in 
Core UG2-2 

Profiles show decreases in total chlorinated methanes, ethenes and ethanes and a 
corresponding increase in total coil chloride adjacent to the fracture.  
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Table 14 Total Soil Chloride Concentrations in Core UG1-2 and UG2-2 

Core 
ID 

Sample 
ID 

Distance 
from 

fracture 
(m) 

Sample 
mid-

depth 
(mbgs) 

Chloride Concentration   

CDIw  RDL Ct  RDL Cw  RDL Cmoles RDL 

mg Cl-/L DI water ug Cl-/g wet soil mg Cl-/L porewater moles Cl-/L porewater 

UG1-2 19 0.073 4.19 663 5 644.19 5 3819.65 29 1.08E-01 8.E-04 

UG1-2 17 0.053 4.21 545 5 742.01 7 4399.71 40 1.24E-01 1.E-03 

UG1-2 15 0.038 4.23 609 5 790.66 6 4688.15 38 1.32E-01 1.E-03 

UG1-2 20 -0.012 4.28 567 5 817.65 7 4848.18 43 1.37E-01 1.E-03 

UG1-2 22 -0.032 4.30 472 5 442.68 5 2624.83 28 7.40E-02 8.E-04 

UG1-2 24 -0.052 4.32 366 5 374.79 5 2222.29 30 6.27E-02 9.E-04 

UG1-2 25 -0.205 4.47 143 1 207.05 1 1227.71 9 3.46E-02 2.E-04 

UG1-2 26 -0.459 4.72 95 1 156.01 2 925.05 10 2.61E-02 3.E-04 

UG1-2 27 -0.663 4.93 146 1 116.79 1 692.49 5 1.95E-02 1.E-04 

UG1-2 28 -0.866 5.13 80 1 78.81 1 467.33 6 1.32E-02 2.E-04 

UG1-2 29 -1.069 5.33 63 1 79.47 1 471.23 7 1.33E-02 2.E-04 

UG1-2 30 -1.323 5.59 59 1 63.48 1 376.39 6 1.06E-02 2.E-04 

UG1-2 31 -1.679 5.94 23 1 38.75 2 229.76 10 6.48E-03 3.E-04 

UG2-2 49 1.793 2.34 163 1 210.60 1 1248.76 8 3.52E-02 2.E-04 

UG2-2 50 0.980 3.15 78 1 249.27 3 1478.00 19 4.17E-02 5.E-04 

UG2-2 51 0.777 3.35 74 1 175.15 2 1038.54 14 2.93E-02 4.E-04 

UG2-2 52 0.574 3.56 62 1 170.08 3 1008.48 16 2.84E-02 5.E-04 

UG2-2 54 0.434 3.70 60 1 140.84 2 835.09 14 2.36E-02 4.E-04 

UG2-2 55 0.396 3.73 76 1 144.09 2 854.34 11 2.41E-02 3.E-04 

UG2-2 65 0.053 4.08 215 10 424.91 20 2519.49 117 7.11E-02 3.E-03 

UG2-2 63 0.033 4.10 231 10 476.32 21 2824.32 122 7.97E-02 3.E-03 

UG2-2 61 0.013 4.12 377 10 544.78 14 3230.22 86 9.11E-02 2.E-03 

UG2-2 67 -0.007 4.14 328 10 519.64 16 3081.19 94 8.69E-02 3.E-03 

UG2-2 69 -0.027 4.16 377 10 458.92 12 2721.11 72 7.68E-02 2.E-03 

UG2-2 71 -0.047 4.18 361 10 461.72 13 2737.70 76 7.72E-02 2.E-03 

UG2-2 56 -0.950 5.08 48 1 70.85 1 420.07 9 1.18E-02 2.E-04 

UG2-2 57 -1.153 5.28 46 1 59.94 1 355.44 8 1.00E-02 2.E-04 

UG2-2 58 -1.356 5.49 35 1 55.16 2 327.04 9 9.22E-03 3.E-04 

UG2-2 60 -1.560 5.69 39 1 48.72 1 288.91 7 8.15E-03 2.E-04 

UG2-2 73 -1.864 5.99 24 1 31.07 1 184.22 8 5.20E-03 2.E-04 

UG2-2 74 -2.068 6.20 15 1 25.18 2 149.32 10 4.21E-03 3.E-04 

UG2-2 75 -2.271 6.40 17 1 21.26 1 126.09 7 3.56E-03 2.E-04 

UG2-2 76 -2.474 6.60 12 1 18.33 2 108.66 9 3.07E-03 3.E-04 

mbgs- meters below ground surface 
(-) distance from fracture indicates a downward direction (away from ground surface) 
(+) distance from fracture indicates an upwards direction (to ground surface) 
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4.4 Comparing CVOC Degradation in Core Containing Hydraulically Induced EZVI Injected vs. G-
ZVI Injected Fractures  

 
Chlorinated volatile organic compound concentration profiles adjacent to an EZVI filled fracture 

in UG1-1 were compared to CVOC concentration profiles adjacent to a G-ZVI filled fracture in  

UG 2-1 to determine if the addition of EZVI vs. G-ZVI produced any significant differences with 

respect to CVOC degradation. In episode one core the focus was on the 40-45 cm zone adjacent 

to each ZVI-filled fracture, with an emphasis on the 10-15 cm thick reaction zone immediately 

surrounding the fractures. 

 

Episode one core (UG1-1 vs. UG2-1) 

The purpose of this section is not to determine whether EZVI or G-ZVI is better at treating CVOCs 

at the Block 20 Former Pond Study Site but to identify any major trends or differences that were 

detected in the mole ratios and concentration profiles that could provide insight with regards to 

future applications of F&I technology in treating CVOC contaminated clays. Direct comparisons 

of the effectiveness of each application (EZVI vs. G-ZVI) would not produce accurate conclusions 

as each core was collected from different locations leading to variability in: 

 - Lithology 

 - Total CVOC concentrations (evident in concentration profiles) 

 -CVOCs distribution in the core 

-EZVI and G-ZVI fracture depths and locations (i.e. fractures located at different 

locations and depths) 

 

The major difference observed in the CVOCs reduction for EZVI vs. G-ZVI contained core was in 

the size of the treatment zone and/or diffusion halo adjacent to each fracture. This was most 

evident for the chlorinated ethanes as reaction zones (diffusion halos) for 112-TCA and 1122-

PCA appeared to be larger in UG1-1 than in UG2-1 (Figure 38).  In UG1-1, the reaction zone for 

112-TCA extended ~7-8 cm away from the EZVI filled fracture, while in UG2-1 a ~1-2 cm reaction 

zone was detected.  A 6 cm thick reaction zone was detected above the EZVI filled fracture in 

UG1-1 and a 3 cm reaction zone was detected adjacent to the G-ZVI filled fracture in UG2-1. 

Examination of both concentration profiles (Figure 38) and mole ratios (Figures 31d, 31e and 

Figures 32d, 32e) for possible 111-TCA degradation pathways indicated that while there was a 

more defined 8 cm diffusion halo adjacent to the G-ZVI filled fracture in Core UG2-1, there was a 
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less defined, equally as large reaction zone in UG1-1 as well as a possible larger diffusion halo 

extending 12-15 cm above the EZVI-filled fracture. The chlorinated methanes CT and CF both 

exhibited larger reaction zones adjacent to the EZVI-filled fracture in UG1-1 compared to the G-

ZVI-filled fracture in UG2-1 (Figure 39) but it should be noted that chlorinated methane 

concentrations were much lower than the chlorinated ethanes which resulted in less defined 

reaction zones. The chlorinated ethenes (PCE, TCE) did not show any significant degradation in 

either UG1-1 or UG2-1 but episode two sampling conducted in December 2010 did indicate 

some erratic reductions in PCE and TCE concentrations adjacent to ZVI fractures. 

 12-Dichloroethane was the only compound that appeared to be resistant to both EZVI and G-

ZVI applications as there were little or no changes detected in concentration profiles or mole 

ratios. 

 

In retrospect it would have been more informative to extend the high-resolution soil VOC sub-

sampling an additional 15-20 cm away from the ZVI-filled fractures in episode two cores (UG1-2, 

UG2-2) in order to capture the full extent of each treatment zone/diffusion halo. Having only 

focused the high resolution sub-sampling in the 10 cm surrounding each fracture, it must be 

considered that the full extent of the diffusion halo/reaction zone might not have been captured 

for all CVOCs and for this reason only soil CVOC results from episode one core (UG1-1, UG2-1) 

were used to compare the potential effectiveness of EZVI vs. G-ZVI applications at the Former 

Pond Site. 
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Figure 38 Comparing chlorinated ethane diffusion halos/treatment zones around a) an EZVI injected fracture in Core UG1-1 and b) a G-ZVI 
injected fracture in Core UG2-1.  

Larger treatment halos are evident in the 112-TCA and 1122-PCA profiles from Core UG1-1.     
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Figure 39 Comparing chlorinated ethane diffusion halos/treatment zones around a) an EZVI injected fracture in Core UG1-1 and b) a G-ZVI 
injected fracture in Core UG2-1.  

Slightly larger diffusion halos are detected in the CT and CF profiles from Core UG1-2.
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5. Conclusions 

Summary of core analysis at four locations at the Dow Sarnia site where hydraulically induced 

fracturing with injection of G-ZVI and EZVI amended slurries occurred in depth discrete injection 

wells at depths of 3.5 to 5.6 mbgs, showed that these locations are situated in an area of high 

contamination that is contained within a weathered fractured zone that extends 6 to 7 mbgs. 

The six cored holes drilled adjacent to the four injection locations showed strong visual evidence 

of fractures containing ZVI at only 5 of the 18 possible fracture and injection wells, with an 

additional 3 fractures containing only trace ZVI.  Therefore, the spatial distribution of the ZVI is 

much less than expected based on the conventional conceptual model for the continuity and 

geometry of propped hydraulically induced fractures in clay. The zone in which the induced 

fractures were made is weathered and contains an existing dense fracture network and it is 

likely that the propagation of the induced fractures was interrupted by short circuiting in the 

natural fractures.  

 

In the conceptual model on which this study is based, the individual fractures containing ZVI and 

the organic substrates, either glycol (G-ZVI) or vegetable oil (EZVI), causes chlorinated volatile 

organic contaminant degradation within the fracture, which causes a concentration gradient for 

diffusion of the contaminants from the matrix towards the fracture. Therefore the 

dechlorination occurs in a diffusion zone associated with each of the induced fractures 

containing the ZVI and substrates. The core sub-sampling was conducted throughout the length 

of the core with a focus on the 0.10 – 0.25m surrounding each fracture.  The 0.005 – 0.010m 

sample spacing in this focused area around the fractures proved to be successful for identifying 

the dechlorination zones, where such zones exist. The six continuous cores were collected using 

direct push technology, two with the Envirocore dual tube sampling system and four with a 

modified dual tube sampling system. Both systems performed well collecting high integrity, 

intact continuous soil core that allowed for accurate depth discrete soil sub-sampling and 

fracture identification needed to achieve the goals of the study.  

 

The core sub-samples at two of the ZVI-filled fractures, at 4.13 m and 4.26 m below ground 

surface, were analyzed for chloride in addition to the chlorinated volatile organic contaminants 

and these chloride profiles showed evidence of characteristic one-dimensional diffusion away 

from the ZVI fractures consistent with a time period of 2.5 years. The chloride profiles indicate 
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conclusively that dechlorination is taking place and reactions are occurring within the fracture.  

 

Examination of the compound specific profiles associated with each of the five induced fractures 

containing abundant ZVI indicates that the chlorinated ethanes have undergone the most 

degradation with weaker evidence of chlorinated ethene degradation. There is evidence of 

chlorinated methane degradation, however the initial concentrations were very low and are 

only slightly above the method detection limits making it difficult to identify the extent of the 

reaction zones. The stronger evidence for ethanes degradation relative to ethenes degradation 

may indicate that the degradation is more likely caused by microbial processes enhanced by the 

addition of the organic substrates and the ZVI rather than abiotic processes related to ZVI. 

 

The addition of G-ZVI vs. EZVI to the induced fractures showed similar results in that both 

amendments caused a reduction in overall chlorinated volatile organic contaminant 

concentrations though neither amendment had a significant effect on 12-DCA concentrations. 

Concentration profiles for chlorinated ethanes (112-TCA, 1122-PCA) and chlorinated methanes 

(CT and CF) adjacent to the EZVI-filled fracture in UG1-1 showed larger diffusion halos than 

profiles for the same contaminants adjacent to a G-ZVI filled fracture in UG2-1.However at this 

time we cannot conclusively say if one amendment is more effective at degrading chlorinated 

volatile organic contaminants due to variations in lithology, depth and location of induced 

fractures and overall contaminant concentration and distribution between the cored locations.  

 

The chlorinated volatile organic contaminant results showed that there was more evidence of 

degradation in soil samples collected 2.5 years after the start of the hydraulic fracturing and 

injection treatment than after 2 years. This was most evident in the chlorinated ethenes which 

showed no evidence of degradation in the 2 year cores but did show evidence in the 2.5 yr 

sampling episode and could indicate that initial geochemical conditions favored degradation of 

the chlorinated ethanes and methanes.  

 

The concentration profiles adjacent to the induced fractures after 2 years followed more of a 

step-wise function while profiles from after 2.5 years were more representative of traditional 

diffusion profiles. This was most likely an artifact of the sampling method due to the difference 

in the amount soil sample collected between the macro and micro tube plunger techniques 
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employed at the 2 year field episode and the core slicing technique employed at the 2.5 year 

episode. The micro tube sampler allowed for the extrusion of ~1 g soil samples adjacent to the 

fracture which contained ZVI grains and would have continued to react over at 2-3 month period 

reducing contaminant concentrations to near method detection limits as the samples were 

awaiting laboratory analysis. The core slicing technique allowed for the extrusion of larger soil 

subsamples (~8 g) which would also react with ZVI grains contained within the sub-sample 

though not enough to significantly reduce concentrations. 

 

This study shows that the basic premise for the use of hydraulically induced fractures containing 

particulate ZVI and liquid organic substrates to remediate low permeability clayey deposits 

contaminated with chlorinated volatile compounds is supported to a degree. The two chloride 

profiles are consistent with dechlorination starting soon after the induce fractures were created 

and continuing through the 2.5 year period to when the cores were collected and all five volatile 

organic contaminant profiles showed reductions in contaminants concentrations immediately 

adjacent to the induced fractures. However, the results do not allow for conclusions concerning 

the long term sustainability of reactions within the fractures or the time scale required for 

complete contaminant degradation. Where fractures with proppants exist, reactions are 

occurring and the system remains diffusion controlled with shorter distances and enhanced 

concentration gradients accelerating remediation times. However, creations of induced 

fractures were less than ideal and the delivery of proppants unpredictable, slightly diminishing 

the overall performance of the treatment method.  

 

Implications 

This study is the first to assess the effectiveness of hydraulic fracture and injection with ZVI 

amendments at treating contaminant mass stored in a low permeability geologic deposit by 

using a high resolution sample spacing to show the magnitude of mass destruction in the 

fracture and matrix adjacent to ZVI-filled fractures after 2 and 2.5 years. The use of 0.5 – 1.0 cm 

sample spacing allowed for the detection of 2 – 10 cm treatment zones adjacent to induced 

fractures that would have gone undetected using a coarser sample spacing (> 2.5 cm) or less 

refined sampling techniques such as collecting composite grab samples over a 30 cm interval. 

The reduction of CVOC concentrations and increase in chloride concentrations at ZVI-filled 

fractures were strong evidence that CVOC degradation (by way of dechlorination) was occurring. 
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However, after two years the treatment zones extended only 2 – 10 cm away from the fractures 

into the matrix and the concentration of the most predominant contaminant at the Former 

Pond Site, 1,2-DCA, remained relatively unaffected by degradation processes. It was expected 

that the addition of ZVI would effectively reduce the majority of CVOC mass, which would then 

allow for biological degradation of 12-DCA. Future field work could confirm 1,2-DCA degradation 

and would provide additional insight into the long term effectiveness of this remedial 

technology.   

 

Given the total volume of contaminated soil to be treated at the Former Pond site (16 820 cubic 

metres), the less than ideal creation of the induced fracture network, and that after 2 to 2.5 

years, treatment zones extended only 2 – 10 cm from ZVI-filled fractures, the selection of this 

remedial option, while effective in reducing CVOC mass, may require very long time frames to 

be effective. Multiple injections of treatment amendments may also be required to maintain 

long term biological degradation processes. However, definitive conclusions cannot be made on 

the long term effectiveness of this remedial technology as this research project was limited to 

data collected during the first 2.5 years after the initial injections.   

 

Future Work 

• Controlled laboratory column experiments within contaminated clays for assessing the 

extent of ZVI reactions (using a complete mass/mole balance). 

• Collecting additional cores after several years to gain insight into the effectiveness of 

the remedial system 5 and 10 years after injection. 

• Compare the diffusion of Rhodamine and Chloride outwards from induced fractures and 

the back diffusion of CVOCs from the matrix towards the induced fractures. 

• Cost/benefit analysis of ZVI, GZVI, EZVI or straight electron donor addition (e.g., 

vegetable oil or glycol) for degradation of these compounds in fractured clay. 

 

Future research at the Block 20 Former Pond Study site might consider answering the following 

questions: 

1) What are primary degradation mechanisms - abiotic or biological? 

2) How long will the degradation be maintained before amendments are consumed? 
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Recommendations for Improved Field Methods 

As outlined above, the field methods employed at the Former Pond site were successful in 

meeting the goals of this thesis; however small changes and improvements can be made to 

improve these methods for any future work: 

• Extend high resolution sampling (0.5 to 1 cm spacing) at least 45 cm away from 

fractures to ensure complete capture of treatment/reaction zone. 

• Use of 2-inch stainless steel Shelby tubes to collect core around ZVI-filled fractures may 

result in less disturbed core. 

Use of a template for core slice sub-sampling, similar to the template used for the micro sub-

samplers, might help to improve sample distance accuracy. 
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APPENDIX A: Confirmatory Soil VOC Analysis 

 
 
Confirmatory analysis was conducted on soil VOC samples from Episode one and two. Episode 

one samples were sent to Maxxam Analytics as requested by Ch2MHill Canada and episode two 

samples were sent to Stone Environmental Inc.  A simple relative percent difference (RPD) 

calculation was used to compare the results from both external laboratories with G360 results 

based on the following formulae: 

   %  
 
The results of the relative percent difference calculations are displayed in Tables 1 and 2. Scatter 

plots comparing the results from 4 of the major VOC analytes (TCE, PCE, 12DCA and 112TCA) are 

displayed in Figures 1, 2 and 3. In general samples analyzed by G360 compared very well with 

results from both Maxxam Analytics and Stone Environmental with the majority of samples 

having <50% RPD.  
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Results from Confirmatory Soil VOC Analysis 

G360 and Maxxam Analytics 

 

Table1. Comparison of G360 and Maxxam Analytics Soil VOC Results 

  

1,2-DCA (ug/g) TCE (ug/g) 1,1,2-TCA (ug/g) PCE (ug/g) 

Core 
Sample 

ID 
G360 Maxxam RPD (%) G360 Maxxam RPD (%) G360 Maxxam RPD (%) G360 Maxxam RPD (%) 

UG4 VOC 135 1432 1500 -5 395 590 -40 1910 1800 6 236 420 -56 

UG3 VOC 157 ND ND n/a 1 1.8 -28 3 3.1 3 0 0.3 -53 

UG3 VOC 170 302 260 15 83 96 -15 485 360 30 60 77 -24 

UG3 VOC 199 4359 5800 -28 1167 1500 -25 4718 6300 -29 1641 2700 -49 

UG2-1 VOC 234 303 330 -9 57 74 -26 44 45 -3 209 300 -36 

UG2-1 VOC 238 516 540 -5 106 140 -28 308 290 6 455 660 -37 

UG2-1 VOC 241 432 570 -27 93 130 -33 174 190 -9 389 560 -36 

UG2-1 VOC 246 486 600 -21 84 120 -36 229 240 -5 339 560 -49 

UG1-1 VOC 275 941 1200 -24 216 280 -26 347 360 -4 1445 2200 -41 

UG1-1 VOC 276 785 870 -10 122 150 -20 0 ND n/a 1300 2000 -42 

UG1-1 VOC 280 442 530 -18 61 87 -35 53 52 2 452 810 -57 

UG1-1 VOC 285 384 420 -9 54 68 -24 34 35 -4 455 650 -35 

UG1-1 VOC 289 369 340 8 62 66 -6 80 70 14 463 560 -19 

UG1-1 VOC 293 427 510 -18 64 93 -37 113 120 -6 399 650 -48 

UG1-1 VOC 295 412 530 -25 64 99 -43 127 140 -10 340 650 -63 

UG1-1 VOC 306 155 180 -15 47 64 -30 67 70 -4 611 1000 -48 

UG1-1 VOC 306 140 180 -25 29 44 -40 53 52 2 474 980 -70 
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Figure1. Scatter plots comparing samples analyzed by G360 and Maxxam Analytics.  
Hollow symbols represent a sample that was detected by one lab but not the other.  
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G360 and Stone Environmental 

 
Table 2.Comparison of G360 and Stone Environmental Soil VOC Results 

  
12DCA (mg/L) TCE (mg/L) 112TCA (mg/L) PCE (mg/L) 

Core 
Sample 

ID 
Stone G360 RPD % Stone G360 RPD % Stone G360 RPD % Stone G360 RPD % 

UG1-2 VOC 1 116.52 174.58 40 13.32 14.73 10 109.86 167.83 42 14.81 12.78 -15 

UG1-2 VOC 2 309.48 389.99 23 74.47 62.98 -17 464.22 514.46 10 145.07 112.26 -25 

UG1-2 VOC 3 799.51 788.53 -1 105.43 97.4 -8 878.58 955.4 8 184.5 153.85 -18 

UG1-2 VOC 4 811.18 821.38 1 115.88 121.7 5 845.95 888.47 5 220.18 210.02 -5 

UG1-2 VOC 9 1254.31 1303.31 4 264.06 264.3 0 1452.36 1545.11 6 435.71 405.19 -7 

UG1-2 VOC 8 989.85 1021.5 3 205.21 201.16 -2 1050.2 1164.39 10 325.93 304.31 -7 

UG1-2 VOC 7 1162.45 1034.23 -12 230.07 211.83 -8 1210.88 1177.42 -3 411.7 350.09 -16 

UG1-2 VOC 5 548.76 951.74 54 97.09 204.15 71 1069.38 1076.9 1 225.13 376.18 50 

UG1-2 VOC 10 878.65 769 -13 161.39 149.37 -8 896.59 829.93 -8 295.87 225.4 -27 

UG1-2 VOC 11 1089.84 1054.21 -3 220.73 190.47 -15 1062.25 1044.77 -2 331.09 262.35 -23 

UG1-2 VOC 12 1260.21 1284.7 2 278.42 263.72 -5 1377.44 1478.62 7 454.26 391.97 -15 

UG1-2 VOC 13 1684.93 1905.89 12 398.26 372.09 -7 1838.11 2099.39 13 750.56 551.85 -31 

UG1-2 VOC 14 1282.57 1088.67 -16 224.45 208.25 -7 1175.69 1110.91 -6 342.02 307.15 -11 

UG1-2 VOC 19 449.37 515.46 14 71.9 70.01 -3 179.75 207.79 14 359.5 339.97 -6 

UG1-2 VOC 18 402.34 532.89 28 67.06 68.09 2 130.28 195.15 40 459.82 459.89 0 

UG1-2 VOC 17 435.38 528.17 19 69.15 65.06 -6 162.2 225.82 33 358.55 272.87 -27 

UG1-2 VOC 16 496.52 506.67 2 55.45 44.7 -21 165.51 177.2 7 322.74 221.03 -37 

UG1-2 VOC 15 537.88 537.03 0 69.16 54.81 -23 182.5 228.59 22 336.18 292.57 -14 

UG1-2 VOC 20 333.56 599.06 57 31.77 42.09 28 27 50.07 60 476.52 568.45 18 

UG1-2 VOC 22 414.25 515.75 22 48.19 50.86 5 57.49 82.7 36 532.6 445.71 -18 

UG1-2 VOC 23 594.6 543.39 -9 130.81 106.24 -21 178.38 120.63 -39 2378.38 971.9 -84 

UG1-2 VOC 24 376.78 452.33 18 86.87 69.08 -23 90.01 100.87 11 1151.28 478.28 -83 

UG1-2 VOC 25 538.48 567.07 5 73.63 90.45 21 186.82 259.72 33 395.62 347.95 -13 

UG1-2 VOC 26 530.24 528.82 0 64.39 70.62 9 104.16 164.75 45 67.23 61.44 -9 

UG1-2 VOC 27 494.32 419.89 -16 42.98 42.69 -1 78.8 101.98 26 8.6 7.28 -17 

UG1-2 VOC 28 234.6 189.08 -21 12.2 14.87 20 30.97 28.44 -8 ND 1.07 n/a 

UG1-2 VOC 29 156.38 226.61 37 27.11 26.98 0 20.85 33.02 45 104.26 104.04 0 

UG1-2 VOC 30 108.8 149.47 31 29.01 26.96 -7 14.51 20.1 32 235.73 202.9 -15 

UG1-2 VOC 36 270.17 ND n/a ND 0.01 n/a 259.36 0.04 -200 ND 0.01 n/a 

UG1-2 VOC 39 ND ND n/a ND ND n/a 116.63 ND n/a ND 0 n/a 
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Table 2.Comparison of G360 and Stone Environmental Soil VOC Results continued. 

  

12DCA (mg/L) TCE (mg/L) 112TCA (mg/L) PCE (mg/L) 

Core 
Sample 

ID 
Stone UG RPD % Stone UG RPD % Stone UG RPD % Stone UG RPD % 

UG2-2 VOC 49 37.79 28.1 -29 8.48 6.07 -33 62.68 46.57 -30 ND 0.69 n/a 

UG2-2 VOC 50 78.54 66.99 -16 20.05 16.61 -19 106.95 95.81 -11 12.03 5.18 -80 

UG2-2 VOC 51 189.34 123.67 -42 91.23 35.19 -89 189.34 125.94 -40 92.95 21.04 -126 

UG2-2 VOC 53 349.04 391.39 11 120.58 100.49 -18 333.17 432.87 26 190.39 103.59 -59 

UG2-2 VOC 54 382.7 536.96 34 119.59 155.23 26 302.97 467.46 43 175.41 174.54 0 

UG2-2 VOC 55 385.23 525.15 31 124.63 152.37 20 385.23 487.09 23 169.95 187.13 10 

UG2-2 VOC 66 318.71 414.91 26 144.87 160.35 10 144.87 212.68 38 318.71 302.8 -5 

UG2-2 VOC 64 333.08 329.82 -1 106.33 118.56 11 128.11 155.58 19 192.16 235.77 20 

UG2-2 VOC 63 286.67 309.92 8 92.75 95.87 3 84.31 108.62 25 193.92 194.13 0 

UG2-2 VOC 62 232.96 321.97 32 75.71 73.06 -4 43.68 67.17 42 160.16 141.38 -12 

UG2-2 VOC 61 274.2 331.58 19 53.23 61.44 14 22.58 27.31 19 67.74 96.74 35 

UG2-2 VOC 67 311.01 430.34 32 111.25 133.88 18 82.54 125.04 41 251.2 263.97 5 

UG2-2 VOC 68 293.62 343.04 16 92.44 107.12 15 68.51 100.91 38 152.25 172.88 13 

UG2-2 VOC 69 228 352.24 43 101.33 119.18 16 83.6 141.75 52 211.11 214.32 2 

UG2-2 VOC 70 281.81 426.14 41 136.36 162.21 17 127.27 207.65 48 272.72 284.66 4 

UG2-2 VOC 71 390.89 342.82 -13 142.14 115.93 -20 177.68 173.4 -2 260.59 173.88 -40 

UG2-2 VOC 56 285.95 413.79 37 78.64 82.57 5 122.55 189.93 43 285.95 232.27 -21 

UG2-2 VOC 57 239.66 254.55 6 36.87 40.13 8 81.12 101.75 23 129.05 145.5 12 

UG2-2 VOC 59 170.19 195.73 14 28.08 25.05 -11 52.76 76.31 36 76.59 68.83 -11 

UG2-2 VOC 60 177.74 191.45 7 18.88 21.47 13 39.99 45.59 13 66.65 91.45 31 

UG2-2 VOC 74 45.96 41.76 -10 ND ND n/a ND 0.34 n/a ND 0 n/a 
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Figure2a. Scatter plots comparing samples from UG1-2 analyzed by G360 and Stone 
Environmental.  
Hollow symbols represent a sample that was detected by one lab but not the other. The solid 
line represents a 1:1 relationship.  
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Figure2b. Scatter plots comparing samples from UG2-2 analyzed by G360 and Stone 
Environmental.  
Hollow symbols represent a sample that was detected by one lab but not the other. The solid 
line represents a 1:1 relationship.  
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APPENDIX B: Field Observation Logs 
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APPENDIX C: Total Carbon/Total Inorganic Carbon 
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Table 1. Results of Total Carbon/Total Inorganic Carbon by Combustion Method and Total Organic Matter by Walkley-Black Method  
(University of Guelph AFL) 

Sample ID  Sample 
Depth (cm) 

Combustion Method                                              
(% dry weight) 

Walkley-Black Method 
(% dry weight) 

Fraction of 
Organic Carbon 

(foc) Total Carbon Inorganic Carbon Organic Carbon Organic Matter 
TOC 1 436.25 4.61 4.14 0.47 0.6 0.0010 
TOC 2 448.31 5.03 4.57 0.46 0.6 0.0009 
TOC 3 431.80 4.73 4.55 0.18 0.7 0.0004 
TOC 4 420.37 4.88 4.03 0.85 0.6 0.0017 
TOC 5 1113.79 2.82 1.62 1.2 1.7 0.0043 
TOC 6 1144.27 2.8 1.62 1.18 1.7 0.0042 
TOC 7 534.67 4.6 3.66 0.94 1.0 0.0020 
TOC 8 565.15 4.64 3.76 0.88 1.0 0.0019 
TOC 9 590.55 4.56 3.84 0.72 1.0 0.0016 

TOC 10 623.57 4.63 3.99 0.64 0.8 0.0014 
 
 
 
 
Fraction of organic carbon was calculated from the Combustion method results using the following formula: 
 

] 
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APPENDIX D: Mineralogy 



 

150 
 

Results of Semi Quantitative Clay Speciation X-Ray Diffraction Analysis (SGS Canada) 
 
Table 1. Semi Quantitative X-Ray Diffraction Results  

  
Sample ID 

Mineral #1             
(wt %) 

Mineral #2           
(wt %) 

Mineral #3          
(wt %) 

Quartz 29.8 35.4 28.3 

Muscovite 7.9 17.2 9.6 

Illite 7.6 7.4 5.1 
Clinochlore 2.3 2.8 3.7 
Kaolinite 1.1 - - 

Orthoclase 4.4 7.5 6.9 

Albite 6.6 6.5 7.1 

Calcite 12.0 7.0 8.5 

Dolomite 25.7 10.4 26.1 
Ankerite 2.5 4.3 4.8 

Pyrite - 0.7 - 

Brookite - 0.8 - 
Total 99.9 100.0 100.1 
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Table 2. Semi Quantitative Bulk Analysis (RIR method) Reconciled with a Whole Rock Analysis  

  

Sample ID 

Mineral #1             
(wt %) 

Mineral #2           
(wt %) 

Mineral #3          
(wt %) 

SiO2 (%) 44.50 54.30 44.30 

Al2O3 (%) 8.20 12.90 9.95 

Fe2O3 (%) 3.18 5.12 3.61 
MgO (%) 6.27 3.44 6.13 
CaO (%) 14.70 7.18 13.50 

Na2O (%) 0.64 0.61 0.64 

K2O (%) 2.24 3.14 2.67 

TiO2 (%) 0.43 0.65 0.46 

P2O5 (%) 0.08 0.11 0.10 
MnO (%) 0.06 0.07 0.06 

Cr2O3 (%) 0.02 0.02 0.02 

V2O5 (%) 0.02 0.02 0.02 
LOI (%) 20.10 12.20 18.60 
SUM (%) 100.5 99.8 100.1 
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APPENDIX E: Historical Chloride Data at Dow Chemical (Sarnia, Ontario) 
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a)                                                            b)                                                        c) 

Figure 1. Chloride profiles form a) diffusion upwards from bedrock (Desaulniers et. al, 1981) b) 
diffusion downwards from road salt applications (Lane, 2001) c) diffusion from possible 
dechlorination of VOCs (this study). 
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a)                                                            b)                                                            c) 

 
Figure2. Comparing chloride profiles from a) Former Pond Study b) Lane’s 2001 EDC Site Well 
Nest   
c) Lane’s 2001 EDC Site Brine Pond. 
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APPENDIX F: Literature Review on Abiotic and Biotic VOC Degradation in 
Ground Water
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Volatile Organic Compound (VOC) degradation in groundwater involves the transformation of 

parent compounds to daughter products or degradation by-products and can be grouped into 

two general classes (Vogel et al., 1987): 

(1) Oxidation-reduction reactions that require an external transfer of electrons 

(2) Substitution and dehydrohalogenations which do not involve a transfer of electrons 

Oxidation-reduction reactions are usually the dominant mechanisms driving VOC degradation 

and most are catalyzed by microorganisms (Wiedemeier et al., 1998), while substitution 

reactions such as hydrolysis can degrade chlorinated alkanes to non chlorinated alkanes with or 

without a microbial population catalyzing the reaction (Vogel et al., 1987; Olaniran et al., 2004).  

 

Most organic compounds will biodegrade at a particular rate over a given length of time under 

specific site conditions. The speed of the biodegradation is dependent on a number of factors 

including: (1) environmental conditions such as organic matter content and temperature (2) 

presence and activity of microbial communities (3) the availability of a primary substrate (VOC, 

carbon source) to microbial communities (Lawrence, 2006). The presence and concentration of 

the primary substrate controls both the growth of the microbial population and the 

biodegradation rates. Low concentrations of primary substrate will result in small microbial 

populations and slower degradation rates and an increase in substrate concentrations will result 

in the growth of the microbial population and an increase in degradation rates (Bradley and 

Chapelle, 1998). 

 

ZVI (or iron metal) is a strong reductant that, when immersed in water, releases electrons that 

can catalyze beneficial abiotic and biotic transformations of common organic and inorganic 

contaminants. Laboratory and field research has demonstrated that zero-valent metals will 

reductively dehalogenate aqueous phase chlorinated solvents such as tetrachloroethene (PCE), 

trichloroethene (TCE), and 1,1,1-trichloroethane (TCA).  Regardless of the form that the 

application of the ZVI takes (i.e., PRB, EZVI, GZVI) the main dehalogenation reaction pathways 

occurring at the iron surface are generally the same. The speed of the degradation is dependent 

on a number of factors including: (1) condition and amount of the available iron surface area for 

degradation (smaller particle, larger surface area, faster reactions) (2) contact between 

contaminant and surface of iron particles (surface mediated reactions).  
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Biodegradation of Chlorinated Alkanes 

Chlorinated alkanes can be degraded under both aerobic and anaerobic conditions by biotic 

processes through reductive dechlorination or dichloroelimination and by abiotic processes 

through hydrolysis and dehydrohalogenation (Vogel and McCarty., 1987a; Vogel, 1994). 

Laboratory derived pathways for the abiotic degradation, anaerobic and methanogenic 

biodegradation of 1122-PCA, and 112-TCA are shown in Figure 1a modified from Chen et al. 

(1996).Pathways for 111-TCA are shown in Figure 1b and 12-DCA are shown in Figure 1c. Lab 

derived pathways for the anaerobic biodegradation of carbon tetrachloride are shown in Figure 

2 (adapted from Lawrence, 2006). 

 

Abiotic Transformations 

Dehydrohalogenation, the removal or one or two halogen atoms from an alkane (Vogel and 

McCarty, 1987a), and hydrolysis, a substitution reaction, are types of abiotic processes that can 

degrade chlorinated alkanes under both aerobic an anaerobic conditions. Chlorinated alkanes 

are more easily hydrolysed when the chlorine-carbon ratio is less than two or when chlorine 

atoms are located on the number 1 carbon atom resulting in half-lives that can range from days 

(chloroethane) to centuries (1112PCA) (Vogel and McCarty, 1987b; Vogel, 1994).   PCE has been 

shown to be abiotically transformed to TCE under methanogenic conditions by Chen et al. 

(1996) and McCarty (1997) showed that during abiotic degradation about 80% 111-TCA is 

transformed to acetic acid by hydrolysis and 20% is transformed to 11-DCE by 

dehydrochlorination.  

 

Aerobic Biodegradation 

Degradation pathways derived by Sands et al. (2005) and Whittaker et al. (2005) conclude that 

the dichloroethanes (11-DCA, 12-DCA) are not by-products of 111-TCA and 112-TCA 

biodegradation under aerobic conditions, however under anaerobic conditions 111-TCA and 

112-TCA will be degraded via reductive dechlorination forming 11-DCA and 12-DCA respectively. 

Under aerobic conditions microbial populations can utilize 12-DCA as a carbon source, 

effectively degrading it chloroethanol, which can then mineralized to carbon dioxide and water 

(Janssen et al., 1985; Hage et al., 2001). 

 

 



 

158 
 

 

Anaerobic Biodegradation 

Chen et al. (1996) showed how 1122-PCA could be degraded to 112TCA and 112TCA to 12DCA 

through dehydrohalogenation under methanogenic conditions in a municipal sludge digester. 

McCarty (1997) showed that carbon tetrachloride was transformed to chloroform under 

denitrifying conditions then mineralized to carbon dioxide and water under sulphate reducing 

conditions. Adamson and Parkin (1999) showed that carbon tetrachloride and 111-TCA tend to 

inhibit the degradation of each other under anaerobic conditions. Dolfing (2000) suggested that 

while polychlorinated ethanes may degrade preferentially by reductive dechlorination under 

strongly reducing conditions, dichloroelimination may actually be the dominant reaction 

because more energy is available to microorganisms than is available during reductive 

dechlorination. 



 

159 
 

Biodegradation of Chlorinated Alkenes 

Reductive dechlorination under anaerobic conditions is the primary degradation for the majority 

of the common chlorinated alkenes, however certain chlorinated ethenes (TCE, 12DCEs, VC) can 

be degraded via oxidative pathways under aerobic conditions (Lawrence, 2006).  Aerobic 

degradation pathways for TCE are shown in Figure 3a and anaerobic degradation pathways for 

PCE and TCE are shown in Figure 3b. 

 

Aerobic Biodegradation 

The degradation of chlorinated ethenes, with the exception of PCE, under aerobic conditions by 

oxidation is well documented in the literature (Hartmans and De Bont, 1992; Hopkins and 

McCarty, 1995; Coleman et al., 2002). Studies describing the degradation of PCE under aerobic 

conditions were not found in the peer-reviewed literature. Aronson et al .(1999) indicated that 

PCE was not degraded when dissolved oxygen (DO) concentrations were greater than 1.5 mg/L, 

which is the approximate boundary between aerobic and anaerobic conditions.  

 

According to degradation pathways constructed by Whittaker et al. (2005) TCE is degraded 

under aerobic conditions via three different pathways by three different microorganisms and 

the dichloroethenes are not a by-product of the aerobic degradation process. The only apparent 

source of 12-DCE is through reductive dechlorination of TCE under anaerobic conditions. Bradley 

and Chapelle (1998) showed that 12-DCE and VC are both used as a primary carbon source by 

microorganisms under aerobic conditions leading to their subsequent degradation.   

 

Co-metabolism is known to degrade TCE, the dichloroethenes and VC under aerobic conditions, 

and the co-metabolic rate increases as the degree of chlorination decreases on the ethene 

molecule (Vogel, 1994). During aerobic co-metabolism, the chlorinated alkene is indirectly 

dechlorinated by oxygenase 

enzyme produced when microorganisms use other compounds as a carbon source (Wiedemeier 

et al., 1998). CO-metabolic degradation of TCE is limited to low concentrations because at higher 

concentration (mg/L range) are toxic to microbes that catalyze the reaction (Wiedemeier et al., 

1998). 
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Anaerobic Biodegradation 

The degradation of chlorinated ethenes by microorganisms under anaerobic conditions has 

been documented in both laboratory and field studies (Bouwer et al., 1981; Bouwer, 1994; 

Dolfing, 2000). Under anoxic groundwater conditions, anaerobic or facultative microbes will first 

use nitrate, followed iron(III), sulphate and finally carbon dioxide as electron acceptors and as 

the concentration of each electron acceptor is decreased, the redox conditions potential 

becomes greater or more negative, favouring biodegradation by reductive dechlorination 

(Chapelle et al., 1995; Wiedemeier et al., 1998).  

 

The more highly chlorinated alkenes are used as electron acceptors during anaerobic 

biodegradation and are reduced in the process. PCE and TCE are the most susceptible to 

reductive dechlorination because they are the most oxidized of the chlorinated ethenes, while 

the more reduced daughter products (VC, dichloroethenes) are the least prone to reductive 

dechlorination (Vogel et al., 1987). This inverse relationship between the degree of chlorination 

and the rate of reductive dechlorination may explain the presence 12-DCE and VC in anoxic 

groundwater contaminated with PCE and TCE (Murray and Richardson, 1993).  

 

Reductive dechlorination has been demonstrated under nitrate and iron reducing conditions 

(Wiedemeier et al., 1998) but Azadpour-Keeley et al. (1999) proposed that reductive 

dechlorination of CVOCs may be more rapid and more efficient when redox conditions are 

below nitrate reducing levels. Sulphate and methanogenic groundwater conditions can create 

an environment that can facilitate biodegradation for a greater number of CVOCs and also a 

more rapid rate of biodegradation (Bouwer, 1994). Reductive dechlorination of VC and DCE is 

most apparent under sulphate and methanogenic conditions (Wiedemeier et al., 1998). 
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Degradation by ZVI and EZVI 

Zero valent iron (ZVI) is a strong reductant that, when immersed in water, releases electrons 

that can catalyze beneficial abiotic and biotic transformations of common organic and inorganic 

contaminants. Laboratory and field research has demonstrated that zero-valent metals will 

reductively dehalogenate aqueous phase chlorinated solvents such as tetrachloroethene (PCE), 

trichloroethene (TCE), and 1,1,1-trichloroethane (111-TCA) (Gillham and O’Hannesin, 1994; 

Johnson et al., 1996; Roberts et al., 1996; Wadley et al., 2005).  Regardless of the form that the 

application of the ZVI takes (i.e., PRB, EZVI) the main dehalogenation reaction pathways 

occurring at the iron surface are generally the same and involve excess electrons produced from 

the corrosion of ZVI in water as follows:  

Fe0→ Fe2+ + 2e-   (1) 
Fe2+

(surface)→ Fe3+
(aqueous) + e-   (2) 

 
Hydrogen gas is produced as well as OH-, which results in an increase in the pH of the 
surrounding water according to the following reaction: 
 

2H2O + 2e-→ H2(gas) + 2OH-    (3) 
 

A list of chlorinated compounds that can be abiotically reduced by Fe can be found in Table 1 

(ITRC, 2005). Notable chlorinated compounds that are not readily reduce by Fe include 1,2-DCE 

and DCM. 

 

EZVI can also be used to enhance the destruction of chlorinated DNAPL in source zones by 

creating intimate contact between the DNAPL and nZVI or microscale-ZVI particles.  The EZVI is 

composed of food-grade surfactant, vegetable (corn) oil, water, and ZVI particles (either nano- 

or micro-scale iron), which form an emulsion (Quinn et al., 2005).  Each emulsion droplet 

contains ZVI particles in water surrounded by an oil-liquid membrane.  Since the exterior oil 

membrane of the emulsion droplet has hydrophobic properties similar to that of DNAPL, the 

droplets are miscible with DNAPL.  It is believed that as the oil emulsion droplets combine with 

DNAPL, the chlorinated solvent is sequestered in the oil and then dissolves into the aqueous 

droplet containing nZVI that is within the oil emulsion droplet (Quinn et al., 2005).  While the 

nZVI in the aqueous emulsion droplet remains reactive, the chlorinated compounds are 

continually degraded within the aqueous emulsion droplets via abiotic reduction.  

In addition to the abiotic degradation associated with the ZVI, the injection of EZVI containing 



 

162 
 

corn oil and surfactant results in sequestration of the chlorinated ethenes into the oil and 

biodegradation of dissolved chlorinated ethenes.  The vegetable oil and surfactant can act as 

electron donors to promote anaerobic biodegradation of the chlorinated solvents. If the amount 

of ZVI is not sufficient to completely degrade the VOCs to non-chlorinated end products then 

the vegetable oil and surfactant can act as a slow release electron donor for biodegradation 

processes. 

 

Pathways for chlorinated ethenes during reduction by ZVI 

ZVI can catalyse reductive dechlorination of PCE and TCE by a step-wise dehalogenation 

process(Figure 4a), but degradation primarily occurs via beta-elimination where PCE  and TCE 

are transformed to dichloroacetylene and chloroacetylene respectively, which is subsequently 

dehalogenated to acetylene (via hydrogenolysis) and then degraded to ethene and ethane 

(Figure 4b) (Arnold and Roberts, 2000). Arnold and Roberts (2000) showed that beta-elimination 

accounted for 87% of PCE, 97% of TCE, 94% of c-DCE and 99% of t-DCE reaction. One beneficial 

characteristic of the B-elimination pathway is that the production of c-DCE and VC was largely 

circumvented, which can be significant in groundwater remediation scenarios where the 

accumulation of c-DCE and VC by-products can potentially create more toxic conditions than the 

parent compounds. 

 

Pathways for chlorinated methanes during reduction by ZVI 

The two main reaction pathways for the anaerobic reduction of CT is 1) hydrogenolysis (Figure 

5a) and 2) reductive elimination (Figure 5b) and both pathways are initiated by dissociative 

electron transfer to give trichloromethyl radical and chloride ion (Balko and Tratnyek, 1998). In 

the hydrogenolysis pathway the trichloromethyl radial is reduced to CF and may undergo further 

hydrogenolysis to DCM, while in the reductive elimination pathway the trichloromethyl radical 

undergoes a second dissociative electron transfer to form dichlorocarbene which is then 

hydrolysed to give HCl and CO (Balko and Tratnyek, 1998). The reductive elimination pathway is 

thermodynamically favoured over the hydrogenolysis pathway and is also favoured from a 

remediation standpoint as final products from reductive elimination are more benign (Balko and 

Tratnyek, 1998). 
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a) 

 
b) 
 

 
c) 
Figure 1a-c. Lab derived pathways for abiotic, anaerobic and aerobic biodegradation of a) 1122-
PCA and 112-TCA b) 111-TCA c) 12-DCA  
(Adapted from Lawrence, 2006)(modified from Chen et al., 1996) 
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Figure 2. Lab derived pathways for the anaerobic biodegradation of carbon tetrachloride 
(adapted from Lawrence, 2006)(modified from  Ma et al., 2005; Sands et al., 2005) 
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a) 

 
b) 
 
Figure 3a-b. a) Lab derived aerobic pathways for aerobic degradation of TCE  
(adapted from Lawrence, 2006) (modified from Whittaker et al, 2005) b) Lab derived pathway 
for anaerobic degradation of PCE (adapted from Lawrence, 2006) (modified from Ellis and 
Anderson, 2005) 
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a)                                                                                     b) 

Figure 4. Hypothesized reaction pathways for the chlorinated ethylenes during reduction by ZVI 
a) reductive dechlorination pathways b) Beta-elimination pathways 
(adapted from Arnold and Roberts, 2000) 
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a)                                                                                       b) 

Figure 5. Abiotic and biotic transformations of CT by ZVI a) hydrogenolysis pathway b) reductive 
elimination pathway (adapted from Balko and Tratnyek, 1998) 
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Table 1. Chlorinated compounds shown to be abiotically reduced by iron 

 

Ethenes
Tetrachloroethene PCE
Trichloroethene TCE
cis-1,2-Dichloroethene cis-1,2-DCE
trans-1,2-Dichloroethene trans-1,2-DCE
1,1-Dichloroethene 1,1-DCE
Vinyl chloride VC

Ethanes
Hexachloroethane HCA
1,1,1,2-Tetrachloroethane 1,1,1,2-PCA
1,1,2,2-Tetrachloroethane 1,1,2,2-PCA
1,1,1-Trichloroethane 1,1,1-TCA
1,1,2-Trichloroethane 1,1,2-TCA
1,1-Dichloroethane 1,1-DCA
1,2-Dibromoethane 1,2-DBA

Methanes
Tetrachloromethane CT, PCM
Trichloromethane TCM
Tribromomethane TBM

Propanes
1,2,3-Trichloropropane 1,2,3-TCP
1,2-Dichloropropane 1,2-DCP

Other
N-Nitrosodimethylamine NDMA
Dibromochloropropane DBCP
Lindane
1,1,2-Trichlorotrifluoroethane
Trichlorofluoromethane

Common Name
Common 

Abbreviation
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APPENDIX G: G360 Soil VOC Method Detection Limits 
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Table 1. Average method detection limits and laboratory reporting limits for Episode 1 soil 
VOC results 

Compound 
Average 

Detection Limits 
(ug/g) 

Average 
Reporting 

Limits (ug/g) 

Chlorinated Ethenes 
 

  

11-DCE 0.146 0.584 

t-DCE 0.146 0.584 

c-DCE 0.146 1.169 

TCE 0.006 0.292 

PCE 0.003 0.292 

Chlorinated Ethanes 
 

  

11-DCA 0.219 0.584 

12-DCA 0.029 1.169 

111-TCA 0.006 0.292 

112-TCA 0.015 0.292 

1122-PCA 0.015 0.292 

Chlorinated Methanes 
 

  

DCM 0.146 0.584 

CF 0.006 0.292 

CT 0.006 0.292 

The MDLs and RDLs were variable due to dilutions performed on higher concentrations samples. 
Detection limits are displayed in ug/g wet soil. 
Samples analyzed by University of Guelph’s G360 laboratory.  
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Table 2. Average method detection limits and laboratory reporting limits for Episode 2 soil 
VOC results 

Compound 
Average 

Detection Limits 
(ug/g) 

Average 
Reporting Limits 

(ug/g) 

Chlorinated Ethenes 
 

  

11-DCE 0.060 0.238 

t-DCE 0.060 0.238 

c-DCE 0.060 0.238 

TCE 0.002 0.119 

PCE 0.001 0.119 

Chlorinated Ethanes 
 

  

11-DCA 0.089 0.476 

12-DCA 0.012 0.476 

111-TCA 0.002 0.119 

112-TCA 0.006 0.119 

1112-PCA 0.006 0.119 

1122-PCA 0.006 0.119 

Chlorinated Methanes 
 

  

DCM 0.060 0.238 

CF 0.002 0.119 

CT 0.002 0.119 

The MDLs and RDLs were variable due to dilutions performed on higher concentrations samples. 
Detection limits are displayed in ug/g wet soil.  
Samples analyzed by University of Guelph’s G360 laboratory.  
 


	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	1. Introduction
	1.1 Site Geology and Hydrogeology

	2 Site Description and Remedial History
	2.1 Site History/Contaminant Description
	2.2 Remedial History/ Treatment Description

	3. Approach and Methods
	3.1 Overview of Approach
	3.2 Scope of Work
	3.3 Field Methods
	3.3.1 Direct Push Coring – Envirocore®
	3.3.2 Direct Push Coring – Shelby Tube Core
	3.3.3 Direct Push Coring – Profile Drilling Inc
	3.3.4 Core Sub-sampling
	3.3.5. Groundwater Sampling

	3.4 Lab Methods
	3.4.1 VOC analyses
	3.4.2 Inorganic/Major Ion Analysis
	3.4.3 Total Organic/Solid Phase Organic Carbon (foc)
	3.4.4 Mineralogy
	3.4.5 Compound Specific Isotope Analysis


	4. Results and Discussion
	4.1 Core Observations and Descriptions
	4.2 Soil Core VOCs
	4.3 Evidence of Degradation Adjacent to Hydraulically Induced Fractures Injected with ZVI Amendments
	4.3.1 Description of the Reaction Zone Based On Soil Core VOC Concentrations Profiles
	4.3.2 Using Parent to Daughter Product Transformations as a Means to Identify Possible CVOC Degradation Adjacent to Particulate ZVI Injected Induced Fractures
	4.3.3 Soil Chloride Concentrations Profiles

	4.4 Comparing CVOC Degradation in Core Containing Hydraulically Induced EZVI Injected vs. G-ZVI Injected Fractures

	5. Conclusions
	REFERENCES
	APPENDIX A: Confirmatory Soil VOC Analysis
	APPENDIX B: Field Observation Logs
	APPENDIX C: Total Carbon/Total Inorganic Carbon
	APPENDIX D: Mineralogy
	APPENDIX E: Historical Chloride Data at Dow Chemical (Sarnia, Ontario)
	APPENDIX F: Literature Review on Abiotic and Biotic VOC Degradation in Ground Water
	APPENDIX G: G360 Soil VOC Method Detection Limits

