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ABSTRACT: The objective of a soil fracturing program conducted at a former dry cleaning 
facility was to mitigate tetrachloroethylene (PCE), and its daughter products trichloroethene 
(TCE), cis-1,2-dichloroethene (cDCE) and vinyl chloride (VC), to risk-based soil and 
groundwater remediation criteria by emplacing permeable sand fractures in clay subsoils 
through which peroxidants were injected. A Modified Fentons Reagent was initially injected 
into the fracture network on two occasions to oxidize the chlorinated ethenes. Groundwater 
quality results obtained one month thereafter indicated an average decrease of PCE 
concentrations in groundwater by 32%. A slurry of potassium permanganate oxidant 
(KMnO4) was subsequently injected into the fracture network on six occasions during 2007 
in an effort to achieve longer term oxidation of chlorinated ethenes remaining in soil and 
groundwater. Twelve injections of sodium permanganate followed in 2008 and 2009. 
Groundwater sampling results to August 27, 2009 indicated that PCE groundwater 
concentrations had decreased on average by 95% in wells inside the perimeter of the plume 
and 78% in wells centered in the core of the plume. A general decrease in soil PCE 
concentrations has reduced the quantity of hazardous-classed soil by approximately 62% 
across the site. On-going peroxidant injections are anticipated to oxidize PCE and other 
chlorinated constituents that continue to leach from core area clays into the fracture network. 

INTRODUCTION 
The in situ remediation of low permeability soils (i.e. hydraulic conductivity of < 10-6 m/s), 
such as clays, impacted by dense non-aqueous phase liquids (DNAPLS), is problematic 
because of diffusion limitations that hinder expedient contaminant removal or in-place 
treatment. For in situ remediation technologies to be effective, especially those that rely on 
the delivery of treatment amendments into low permeability soils, contact with contaminants 
must be maximized and diffusion pathlengths reduced. Other important considerations 
include the selection of an appropriate permeability enhancement and amendment delivery 
system, and selection of amendments that are compatible with geochemical conditions while 
still maintaining their effectiveness for transforming target contaminant(s) to innocuous end 
products. The general application of this remedial approach also requires consideration of the 
horizontal continuity, degradation capacity, and longevity of treatment agents (Siegrest et al., 
1999). Unfortunately, documented case studies for successful in situ remediation of low 
permeability soils and groundwater by chemical or biological means are still the exception 
rather than the rule.  

This case study presents an in situ approach that shows encouraging results for 
remediating low permeability clay soils and groundwater impacted by significantly elevated 
concentrations of PCE. This was achieved using the combined technologies of Hydraulic Soil 
Fracturing (HSF) and multiple injections of chemical oxidants comprising peroxygen 
solutions and permanganate slurries into clay subsoils through the permeable network of 
fractures. The introduction of induced, horizontal sand fractures served to hydraulically 
connect the natural system of vertical micro-fractures which are the primary migration 
pathways for DNAPLs in glacio-lacustrine clay soils.  



 

 

The intersecting horizontal induced fractures and vertical natural fractures create a near- 
orthogonally connected network of closely spaced pathways. This dramatically increases 
contact area with contaminants and decreases diffusion pathlengths for contaminant removal 
from the clay matrix. The increased permeability also increases groundwater flow and 
contaminant flux through clay soils, resulting in further enhanced treatment possibilities. 
Fracture boreholes completed as injection wells facilitated the targeted, sequential injection 
of aggressive peroxidant solutions and slow-release peroxidants into the sand fractures at 
discrete depths to maximize peroxidant distribution in clay subsoils. The time required for 
the in situ chemical oxidation remediation approach is mainly controlled by the rate at which 
the peroxidant is transported with groundwater to the impacted areas. The impacted soil at 
the site is clay and silty clay, which has a low permeability and low groundwater velocity. 
Therefore fracturing of the clay soils was anticipated to dramatically decrease the time 
required for remediation of the chlorinated ethene impacts. 

 
Background and Site Conditions.  A retail dry cleaning facility operated at a shopping mall 
complex in Edmonton, Alberta, Canada until 1985. During the demolition of the facility, two 
solvent underground storage tanks (UST) containing PCEs were discovered and removed in 
1993. Approximately 550 tonnes of impacted soil was excavated and removed from the site 
for landfill disposal. Further remedial excavation was halted due to the risk of structural 
failure of an adjacent building at the mall complex.  A new retail store was subsequently built 
in the location of the former dry cleaning facility. Subsurface investigations conducted by 
XCG Consultants Ltd. in 2005 and 2006 confirmed the presence of significantly elevated 
concentrations of tetrachloroethene (PCE) and the existence of its daughter products 
trichloroethene (TCE), cis-1,2-dichloroethene (cDCE), and vinyl chloride (VC) in the soil 
and groundwater. A risk assessment was carried out for the site to develop a scientifically 
defensible opinion regarding the magnitude of the public health and ecological risks 
associated with PCE and its potential daughter products in soil and groundwater beneath the 
site. Property-specific risk assessment standards were developed for both soil and 
groundwater as targets for site remediation. A remedial options review concluded that 
hydraulic soil fracturing in combination with in situ chemical oxidation (ISCO) could be 
applied in low permeability clay soils underlying the site. 

The site is covered by asphalt pavement under which a discontinuous layer of sand/gravel 
fill or silty clay fill is present to a maximum depth of 2 m. The fill soils are underlain by  
a mottled, light grey to medium brown, low plastic, and slightly fissured clay of glacio-
lacustrine genesis. The clay soils were present to the maximum depth of investigation of 
8.5 m  , and contained occasional layers of silty clay, fine to medium sand, and rafted clay 
till. The groundwater level was typically encountered at 2 to 4 m below the ground surface. 

PCE impacts in soil and groundwater were present over an area of approximately 900 m2 
including underneath an existing liquor store. PCE impacts in clay were greatest between 5 to 
7 m below the ground surface, yielding a maximum concentration of 7,380 mg/kg near the 
former solvent USTs (Figure 1). PCE concentrations in groundwater were greatest near the 
former dry cleaning machines, upwards to 172,000 ug/L (Figure 2). Site specific PCE 
remediation criteria of 32 mg/kg and 59,000 ug/L were developed as clean up objectives 
based on conservative assumptions to safeguard human health and environmental receptors. 
Site specific objectives for TCE and other associated chlorinated alkenes/alkanes were also 
developed. 



 

 

             
 
 
 
 
 
FIELD PROGRAM 
Soil Fracturing. Hydraulic fracturing is a process whereby a fluid is pumped into a well at a 
rate and pressure high enough to overcome the in situ confining stress and the material 
strength of a formation (i.e. soil or rock) resulting in the formation of a fracture. This process 
has been used for decades in the petroleum industry to enhance production rates from low-
yielding oil and gas wells. Hydraulic soil fracturing (HSF) technology was developed and 
commercialized for environmental applications at contaminated sites in Canada in the early 
1990s (Bures and Leach, 1994). In practice, a slurry mixture containing a proppant (sand) 
and a viscous fluid (guar gum and potable water mixture) is pumped under pressure into 
subsurface soils to create a fracture. Fracturing is facilitated by the use of specialized down 
hole fracturing equipment designed for various soil types, drilling configurations, and 
operating pressures. After the slurry has been placed in subsoils, sand proppant holds the 
fracture open while an enzyme or chemical additive breaks down the viscous fluid. The fluid 
subsequently drains from the fracture pathways, leaving only permeable sand inside the 
induced fractures. HSF has been successfully applied to accelerate site clean-ups with 
remediation technologies such as soil vapor extraction, multi-phase extraction, pump and 
treat, and chemical and biological treatment amendments.  

A fracture network comprising 42 highly permeable sand fractures initiated from 13 
borehole locations was emplaced within the solvent plume area of the site in October, 2006 
using the Frac Rite™ process. Fracture fluid formulation and pumping of sand slurry was 
conducted using Frac Rite’s EF9300 skid-mounted fracture unit. Direct push rods connected 
to a fracture tool assembly were advanced to target fracture depths. Three to four near-
horizontal fractures were initiated at depths ranging from 4.5 to 8.0 m at each borehole 
location to create sand pathways of between 3.0 to 5.0 m theoretical radius. Fracturing was 
conducted from top to bottom, i.e. from shallow depth to progressively greater depths, at 0.5   
to 1.0 m vertical increments. Approximately 30 tonnes of +14-40 mesh sized silica sand was 
emplaced as discrete fractures within the plume, including underneath an existing slab-on-
grade retail store.  

 

FIGURE 1. Area of PCE impacts in 
soil which exceed risk-based 
remediation criteria - July 9, 2006. 

FIGURE 2. Area of PCE impacts in 
groundwater which exceed risk-based 
remediation criteria – July 9, 2006. 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Injection of Peroxidants.  In situ chemical oxidation is the process of using an oxidant to 
chemically convert compounds in the soil and groundwater to non-hazardous or less toxic 
compounds that are more stable, less mobile and/or inert. Based on the characteristics of the 
site and a review of potential oxidants, OxytekTM, a controlled-reaction, Modified Fentons 
Reaction solution containing upwards to 17% hydrogen peroxide (H2O2) was injected on two 
occasions to chemically oxidize the chlorinated ethenes present within the soil and 
groundwater. The chemical oxidation reaction is rapid and usually complete after 96 hours. A 
total of 3,715 litres of Oxytek™ solution was injected into wells in November, 2006. 

Potassium permanganate (KMnO4), a solid oxidant material mixed with municipal water, 
was used to oxidize the chlorinated ethenes within the soil and groundwater at the site on six 
occasions in 2007. The oxidant reaction between PCE (and other chlorinated ethenes) and 
potassium permanganate generates non-toxic by products, including carbon dioxide, 
manganese, sodium, and chloride. Potassium permanganate does not self-decay, and 
therefore, has an advantage over other chemical oxidants as it will persist in the subsurface 
clays longer; thus, will be able to migrate further from the points of injection and penetrate 
into the subsurface soils. A total of 8,825 litres of KMnO4 slurry at approximately 4% 
solution by weight was injected into wells in 2007. An additional 18,000 litres of a 12% 
solution oxidant of NaMnO4 was injected during 12 injection events in 2008 and 2009. 

Soil and Groundwater Quality Monitoring. Seven groundwater and three soil sampling 
events and were conducted in 2007, 2008, and 2009 to assess changes in soil and 
groundwater quality resulting from peroxidant injections. Six boreholes were drilled in 2007 
and nine boreholes in 2009 for collecting soil samples; two of the boreholes were completed 
as injection wells. A total of 18 wells were sampled for groundwater during each 
groundwater sampling event. Analysis for PCEs was conducted on soil samples while 
analysis of PCE, TCE and associated chloro-alkanes/alkenes were monitored in groundwater. 
 
RESULTS AND DISCUSSION 
Initial injections with Modified Fentons Reaction (MFR) H2O2 solution in November of 2007 
were successful in the rapid reduction of PCE groundwater concentrations by 32 % (average) 
in eight of nine wells sampled one month after treatment. 

 

During each fracturing event, real-
time pressure and flow data were 
monitored by the fracturing operator 
(Figure 3) using the EF9300 data 
acquisition system. Fracture pressure 
and flow rates were monitored to 
ensure that these parameters did not 
exceed operational criteria. These data 
were also used in subsequent fracture 
analyses. Customized injection wells 
were installed by XCG in selected 
fracture boreholes to facilitate the 
subsequent injection of oxidizing 
amendments into subsoils. 

FIGURE 3. Monitoring of operational 
parameters during soil fracturing 

 



 

 

The most significant reductions in PCE concentrations occurred in wells MW1, MW2, 
and MW7 corresponding to where most of the MFR solution was injected. PCE 
concentrations decreased in these wells from 56,000 ug/L to 23,000 ug/L (MW1), 
 24,000 ug/L   to 460 ug/L (MW2), and 110,000 ug/L to 41,000 ug/L (MW7) between July, 
2006 (i.e. pre-injection) to December, 2007 (post MFR injection, Figure 4). Only one well 
(MW17-2) remained above the property specific clean-up value of 59,000 ug/L from 
groundwater samples taken in December, 2006.  
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  FIGURE 4. Reduction in groundwater PCE concentrations 
    in monitoring wells after two injections of MFR solution. 
   

The results of KMnO4  injections on PCE concentrations in 22 monitoring wells sampled 
during 2007 were assessed by considering changes in groundwater quality in 18 perimeter 
wells (i.e. those wells located along the perimeter of the “hot spot” of the plume) and 4 core 
wells (i.e. those wells inside the hot spot core of the plume) where PCE concentrations were 
greatest.  

Groundwater quality results to the end of 2007 indicated that PCE concentrations 
detected in samples from perimeter wells had decreased an average of 95% for those wells 
initially having detectable PCE concentrations (Figure 5). In addition, PCE in six of the 
eighteen perimeter monitoring wells had decreased to non-detectable concentrations (MW3, 
MW11-3, MW18-2, MW18-3, MW20-3, and MW21-3).  Groundwater PCE concentrations 
at three monitoring wells that were initially above site specific risk-assessment remediation 
criteria before amendment injection have since decreased below the risk assessed criteria 
(MW1, MW7, and MW17-2). The median PCE concentration in perimeter wells sampled on 
August 27, 2009 was 107 ug/L. 

The results for PCE concentrations in core wells MW6, MW17-2, MW17-3, and    
MW19-3 exhibited an average decrease of concentrations by 29% in MW6 and MW17-3, 
compared to an increase of 25% in MW19-3 (Figure 6). The initial concentration measured 
in MW17-2 may have been a laboratory anomaly and was not considered in this assessment. 
Therefore the net decrease in PCE groundwater concentrations in core wells was 11%. By 
August 27, 2009 the median concentration of core wells was 8,250 ug/L, a decrease of 78%. 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 5. Percentage of original PCE concentrations in perimeter monitoring wells  
for the period between December 2006 to May/November 2007. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 6. Percentage of original PCE concentrations in core monitoring wells  
for the period between December 2006 to May/November 2007. 
 

Concentrations of other chlorinated aliphatic hydrocarbons in 22 groundwater monitoring 
wells displayed a net increase from December 2006 to November 2007, indicating that 
fracture pathways enhance the rate of leaching of these constituents from clay soils (Table 1).   



 

 

TABLE 1.  Relative change in concentrations of TCE and other chlorinated 
constituents in groundwater, December 2006 to November 2007. 

 

PCE  
BY-PRODUCT 

NO. OF WELLS 
WITH INCREASED 
CONCENTRATIONS 
(% of TOTAL) 

NO. OF WELLS 
WITH DECREASED 
CONCENTRATIONS 
(% of TOTAL) 

NO. OF WELLS WITH 
NON-DETECTABLE 
CONCENTRATIONS 
(% of TOTAL) 

Trichloroethylene 11   (50%) 4  (18%) 7   (32%) 
1,1 - dichloroethene 10  (45%) 3  (14%) 9  (41%) 
cis-1,2-dichloroethene 13  (59%) 0  (0%) 9  (41%) 
trans-1,2-dichloroethene 12  (55%) 0  (0%) 10  (45%) 
1,1-dichloroethane 2  (9%) 1  (5%) 19  (86%) 
1,2-dichloroethane 1  (5%) 0  (0%) 21  (95%) 
chloroethane 1  (5%) 0  (0%) 21  (95%) 
Vinyl chloride 7  (32%) 0  (0%) 15  (68%) 
1,1,2,2-tetrachloroethane 2  (9%) 0  (0%) 20  (91%) 
1,1,1-trichloroethane 3  (14%) 3  (14%) 16  (72%) 
1,1,2-trichloroethane 7  (32%) 3  (14%) 12  (54%) 

 
In contrast, the increase in chlorinated alkanes detected in monitoring wells was less 

pronounced than that of chlorinated alkenes. This may in part be explained by the fact that 
KMnO4 is not a very effective oxidant for degrading chlorinated alkanes, which are saturated 
compounds, compared to chlorinated alkenes, which are unsaturated. 

The PCE concentrations measured in soil samples collected in April and July, 2007 
showed the greatest decrease in the south and north perimeters of the soil PCE plume (to 
non-detectable concentrations in BH1 and BH4-south plume) and a 50% reduction in BH6 
(to 58 mg/L-north plume). The overall PCE soil plume area was reduced by 62% in area 
from October, 2006 to August, 2009. 
 

 

 

 

 

 

 

 

 

                  

 

   

The soil and groundwater 
analytical results support the 
contention that peroxidant 
injections into a fracture 
network created within clay 
soils has reduced PCE 
concentrations in groundwater 
to below risk-based remediation 
criteria in all wells within 3 
years. In contrast, PCE 
concentrations in clay soils are 
diminishing more gradually, 
limited by diffusion based 
leaching into the network of 
induced sand fracture pathways. 
Nevertheless, the PCE soil 
plume has decreased to 
approximately one-third of its 
pre-treatment size (Figure 7).   

 

FIGURE 7.  Post-injection  PCE impacts in soil 
which exceed risk-based criteria (2008 and 2009 
plume boundaries shown). 



 

 

Significant PCE impacts persist in soil near core area wells, manifested as PCE rebound 
in groundwater after treatment events. The PCE appears to be leaching from soils to 
replenish PCE oxidized within the surrounding fracture network. It has been observed that 
post-remediation monitoring at some field sites experience a rebound in target concentration 
of the target contaminant following the application of KMnO4 (e.g. Goldstein et al. 2004). It 
was suggested that if significant amounts of contaminant mass in the soil or rock matrix are 
not treated, post-remediation concentration rebound will occur in fractures (natural and 
induced) from the matrix. Ongoing oxidant injections are planned in 2010 to mitigate PCE 
remaining in the former source area clays. 
 
CONCLUSIONS 
The implementation of in situ remediation technologies comprising ISCO and hydraulic soil 
fracturing is showing promising results for the cost-effective mitigation of DNAPL impacts 
in low permeability soils such as clays. After 18 injections of peroxidant solutions over three 
years, the groundwater PCE plume at the former dry cleaner site has been reduced to 
concentrations below risk-based derived criteria. Elevated concentrations of PCE persist in 
core wells centred near the former source area due to leaching of PCE and other chlorinated 
aliphatics from the clay matrix into fracture pathways. On-going treatment using ISCO 
injections into clay soils via fracture pathways is anticipated to achieve site-specific 
remediation criteria for the remaining PCE soil impacts in 2010. The use of these innovative 
remedial options demonstrates a cost-effective treatment alternative for chlorinated ethenes 
using a passive, in situ approach. 
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