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Abstract 

At Chalk River Laboratories (CRL) two remediation technologies are used on one 

shallow sand trench waste storage area and one abandoned and buried processing plant each 

containing contaminated groundwater plumes. The first technology is a funnel and gate 

permeable reactive barrier (PRB) to filter out strontium-90 from a contaminated groundwater 

plume and the second technology is a wall and curtain system installed near the site of an 

abandoned ammonium nitrate processing plant also used to remove strontium-90 from the 

groundwater. Strontium-90 is a radioactive isotope that is readily taken up through water 

absorption and has the capability of travelling long distances through groundwater. This case 

study used trends in analysis results and comparisons with other reports and literature regarding 

the use of PRBs to assess the two in use at CRL and make recommendations for improvements 

to the systems.   
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Introduction 

Background 

Nuclear fission has been studied and used for research, electricity generation, and isotope 

production for many years. There are many benefits of the use and experimentation with nuclear 

fission but there are also adverse effects that can be difficult to deal with, from the process. One 

adverse effect is the production of the radioisotopes such as Strontium-90 (90Sr) as a side 

product. Strontium-90 is produced by the unbalanced fission of Uranium-235 mostly in nuclear 

power generation and nuclear weapons testing. Strontium-90 has a decay half-life of 28.8 years 

and undergoes beta decay to yttrium-90, which also emits beta radiation to become the stable 

zirconium-90. While there are some uses for 90Sr it is generally considered nuclear waste that can 

be a harmful and mobile environmental contaminant if it is not properly contained (Agency for 

Toxic Substances and Disease Registry, 2004). The main problem of 90Sr is its chemical 

similarity to calcium, so that this radioisotope is incorporated into bones. A direct relationship 

has been established between the amounts of incorporated 90Sr and the likelihood of cancer. 

Strontium-90 in the environment can be found in both soluble and insoluble forms that 

will change depending on the chemistry of the area. When soluble 90Sr is released into the 

environment it has a tendency to dissolve into water and spread to surrounding areas through 

groundwater flow. Interactions between 90Sr and the compounds present in the geology of a 

contaminated area will hinder its ability to flow at the same speed as the local groundwater so it 

will travel at a fraction of the groundwater flow speed (Killey R. K., 2015). This can change over 

time as the conditions of a site and the chemistry of an area changes. As an example lowering the 

pH in an area will make the 90Sr less reactive to formation of compounds and will reduce the 

natural precipitation of 90Sr in a given area (Burke, 2012).  
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Strontium-90 can be readily absorbed by most plants through water pathways. Animals 

foraging in areas with 90Sr contamination can contribute in the spreading of the contamination 

over land through excrement and hunting activities that can make its way into other animals, 

plants, insects, and humans. In animals and humans 90Sr can be absorbed through cuts and 

scratches on the skin, absorption through the skin (depending on the chemical form of 90Sr), into 

the blood stream through ingestion and inhalation. Once in the blood stream 90Sr has a tendency 

of following calcium pathways including incorporation into bones. Although it takes a sizeable 

amount of 90Sr to be chemically toxic to plants and animals, the radiation exposure while inside 

the body can cause severe damage. For some radioisotopes the biological half-life is relatively 

short but due to the incorporation of 90Sr into bones the biological half-life of 90Sr is fairly long 

at 30 years. The biological half-life differs from the radiological half-life as it is a measure of 

how long the body retains the element with the movement and excretion of body fluids over 

time. This provides the potential of the contaminated individual to receive a high beta radiation 

dose and can cause severe cellular damage over time (Agency for Toxic Substances and Disease 

Registry, 2004). Thus, impacts from 90Sr on the environment should be controlled or eliminated 

through remedial activities such as groundwater treatment, source removal, etc. 

Permeable Reactive Barriers 

Permeable Reactive Barriers (PRBs) are one means of in-situ treatment of contaminated 

groundwater. Permeable Reactive Barriers consist of a reactive material that chemically binds 

the target contaminant into its chemical matrix and are sometimes accompanied by installed and 

engineered guidance structures that direct the groundwater flow to travel to and through the 

reactive material. The reactive material used can vary depending on the ability and selectivity of 

the material to bind the target contaminants, as well as the capability of the material to retain the 
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contaminants. In case of 90Sr, the material needs to retain 90Sr until it has decayed to background 

levels as this will mean there won’t be additional radiation dose from 90Sr compared to the 

natural radiation dose from radioactive constituents in the environment. If the design life is long, 

issues can arise for the use of PRBs as the water table, direction of groundwater flow and the rate 

of groundwater flow may change over the life of the PRB creating a situation in which the PRB 

is bypassed or the reactive material is unable to treat the increased flow. These types of situation 

require the PRB and the surrounding area be monitored on a regular basis until the groundwater 

contamination is fully controlled. 

Chalk River Laboratories Case Study Sites 

At Chalk River Laboratories (CRL), research and development in nuclear applications 

has been taking place for over 60 years, creating many scientific breakthroughs but also 

producing radioactive wastes. The earlier wastes were stored in unlined trenches that met the 

standards of the time but some contaminants have been leached out and into the environment. 

Two sites at CRL are the focus of this study as both sites have 90Sr-contaminated groundwater 

plumes emanating from the waste storage facilities. In both cases, in-situ groundwater treatment 

systems using PRBs with various designs were installed to control 90Sr contaminated 

groundwater plumes and both use clinoptilolite, a natural zeolite, as the reactive material.   

South Swamp Site 

The first site is located up gradient of a watershed area known as South Swamp at the 

CRL’s Waste Management Area A (WMA A).  Waste Management Area A was used as a 

radioactive waste storage site employing several emplacement strategies including unlined 

shallow sand trenches, concrete bunkers, and direct to ground burials to store radioactive wastes 

until a final disposal path is available (International Atomic Energy Agency a, 1999). The CRL’s 



GROUNDWATER TECHNOLOGIES AT CHALK RIVER 14 

 

WMA A is located on a dune of glacial sand and till above the area groundwater table. The water 

drainage for the dune area is the South Swamp and Perch Lake, which eventually drains to the 

Ottawa River. It is intended that an impermeable cap is placed on the waste storage site to 

minimize the amount of precipitation through the waste area but this has yet to be completed. 

A PRB was installed in 2013 to prevent 90Sr from continuing to discharge into the swamp 

area. The contaminated groundwater from this site has spread to the nearby Perch Lake area and 

the PRB transects the 90Sr-bearing groundwater plume. Since the contaminated groundwater has 

already reached surface water in the South Swamp a PRB is not a viable option beyond or within 

the South Swamp.  

The South Swamp PRB uses a wall of clinoptilolite to remove 90Sr found in groundwater 

(Conestoga-Rovers & Associates, 2013). By having the contaminated groundwater passing 

through the clinoptilolite, 90Sr is absorbed and chemically bound, effectively preventing 90Sr 

from spreading further. In this case there are three sections of clinoptilolite wall (gates) with 

sheet piling used to create a funnel guiding the groundwater towards the PRB (see Figure 1). The 

design of the PRB takes into account the reduced groundwater flow with the cap in place but this 

will only increase the life expectancy of the PRB. The range of depths of the clinoptilolite for 

each gate is 8.5 m to 9.9 m. The West Gate is 9.42 m long, the Central Gate is 10.77 m long, and 

the East Gate is 12.11 m long. The media at each gate is 3 m thick. Between each gate and 

extending from West and East Gates are lengths of steel piling creating the walls of the funnel 

(see Figure 1). The groundwater flow velocity through the West Gate, Central Gate and East 

Gate are 3.55 e-6 m/s, 4.44 e-6 m/s, and 4.76 e-6 m/s respectively. 



GROUNDWATER TECHNOLOGIES AT CHALK RIVER 15 

 

 

Figure 1. Layout of the PRB including sample well locations.  

Nitrate Plant Site 

The second site is the location of a buried treatment plant and slurry pit that were built to 

process nuclear fuel reprocessing wastes. Due to some system upsets and an accidental release 

and overflow of wastes from the slurry pit, the plant was shut down and buried in situ.  The site 

is located on the ridge of a large sand dune and was installed there as Waste Management 

facilities, which were required to be installed at a higher elevation than the groundwater levels 

(International Atomic Energy Agency a, 1999). One side of the sand dune drains into the 

Maskinonge watershed through Duke Swamp and eventually drains into the Ottawa River. The 

opposite side of the sand dune, away from the watershed, is Lake 233 that is one source of the 

groundwater flow that goes through the lower area of the sand dune into the watershed area. The 

sand dune itself consists of stratified fluvial silts and fine to very fine sand. The other main 

groundwater source is from precipitation in the area draining through the sand dune. The geology 

of the area consists of stratified layers of fine to very fine sand, fine to medium sand, coarse 

sand, bouldery sand, and bedrock (Killey R. K., 2015). 
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To prevent the contaminated groundwater plume from reaching the swamp, a Wall and 

Curtain (W&C) treatment system was installed in 1998 (Killey R. W., 2015). The W&C system 

also uses clinoptilolite as a reactive material. However, unlike a PRB that uses natural 

groundwater flows passing through the treatment wall to treat the groundwater, the W&C has 

two draw points that control the flow and partial direction of the groundwater. To control the 

groundwater flow and direction a drainage pipe was installed up gradient of the reactive material 

but below the groundwater plume. This drainage pipe is connected to a drain line in a below 

grade manhole that can be raised or lowered to increase or decrease in groundwater flow (see 

Figure 2). When the flow is increased the groundwater is pulled in the direction of the W&C 

creating a funnel effect. This is accompanied by a similar system installed on the down gradient 

side of the reactive material where sheet piling was installed to prevent groundwater flow past 

the reactive material. The water is drawn through the reactive material at a controlled speed 

through wells placed between the sheet piling wall and the reactive material. When the flow rate 

is increased through the wells more groundwater is drawn through the reactive material trapping 

Figure 2. Wall and Curtain configuration of components 
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the contaminants that are chemically bound. Initial forecasting of the plume indicated 90Sr would 

surface in Duke Swamp by the year 2000 as the groundwater flow was found to be 

approximately 9 m per year (Killey R. K., 2015). More recent studies have shown the plume is 

moving at a slower rate of 7 m per year (Hoppe, 2012).  

Monitoring Plans. 

 The South Swamp PRB does have a design and monitoring document that was provided 

by the company contracted to install the PRB. It provides the recommended sampling frequency 

for the sample wells that were installed during the construction of the PRB, the care of the area 

surrounding the sample wells, and the method for sampling and purging of the wells using the 

installed equipment. In the document the sampling frequency is suggested to be on a weekly 

basis at the beginning and gradually reduced to an annual basis after one year from completion of 

the installation. This document also provides the sampling protocols including the equipment to 

be used for purging the wells, sampling, sample containers and indicates critical parameters the 

sampler should be looking for when sampling. 

 A formal sampling plan for the W&C is currently in development and contains a brief 

history, design description, lessons learned, and the monitoring requirements.  

Research Questions and Objectives 

 The main objectives of this research are to determine whether the two Permeable 

Reactive Barriers are successful in treating the contaminated groundwater plume each is used for 

and if any improvements may increase the efficiency of either system. To achieve these 

objectives the following research questions are proposed: 

• are the two treatment technologies employed at CRL able to treat leachate from the two 

waste storage areas; and 
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• Should any improvements be made to the two technologies for future remedial activities? 
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Literature Review 

Application of PRB Technology 

The use of PRB technology for the remediation of groundwater is relatively new but there 

is a fair amount of information on the installation, monitoring, and lessons learned from the use 

of this technology (Chamberlain, 2011; United States Environmental Protection Agency, 1998; 

Gavaskar, 1999; Ott, 2000). A few of the main areas of study in many reports and scientific 

papers are related to the initial assessments of the areas where the PRBs are installed, the 

installation methods used, and the indicators that can be measured and monitored for the system 

performance. The determination of indicators for assessing the general health of an installed 

system is paramount as fluctuations in the quantity or value of indicators provide feedback on 

whether contaminant bypass or breakthrough may occur. Installation factors need to be assessed 

for any area a treatment system is to be installed as the physical and geochemical attributes of the 

ground material in the area may give rise to issues with the sustainable use of a treatment system. 

In the case of the PRBs installed at CRL, the Nitrate Plate W&C was installed in 1998 

when only a few similar systems were installed and the South Swamp PRB was installed more 

recently in 2013. This provides a unique circumstance to determine if the lessons of past 

installations have affected the more recent installation. A literature review of other examples of 

installed PRBs will look at the most common parameters analyzed in other cases, how each was 

installed or options available for installation, and compare the pre-installation analyses that took 

place to determine the materials used in the PRBs. This information will be compared to the 

information available on how the CRL’s PRB and W&C were installed, what analysis was 

performed to determine the material used, and how the systems performance being monitored. 
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Pre-Installation Evaluation 

The pre-installation evaluation is typically completed in the form of laboratory synthesis 

of the treatment process, investigation into the direction and properties of the contamination 

plume, and an assessment of the local physical, hydrological, and chemical aspects of 

groundwater and ground material. The reactive material assessments are completed by using an 

apparatus that holds the material and allows for a sample of the local groundwater, with the 

contaminant present, to be pushed through at a similar rate as the local groundwater. Both the 

influent and effluent are measured to determine the quantity of contaminants absorbed by the 

reactive material. This is completed for various reactive materials that will eventually be used in 

the reactive/treatment wall. In some cases, the radioactive 90Sr is replaced with Sr2+ as a 

surrogate to reduce the hazards of manipulating radioactive material and it has been shown that 

Sr2+ reacts chemically in the same way 90Sr does (Seneca, 2012). 

Installation Methods 

The installation method used to emplace the PRB varies depending on the geology and 

physical characteristics of the area. These methods include using a one-pass trencher that 

excavates the soil and backfills as the trencher moves forward, mechanical shovel trenching with 

steel piling sides installed, and direct injection of the reactive material (International Atomic 

Energy Agency b, 1999). Some methods such as using steel piles that are driven into the ground 

can create instances of impermeable faces on the treatment wall (Chamberlain, 2011). One 

example of this occurred at the West Valley Demonstration Project, New York, where steel 

piling was used to create trench walls. The reactive material was a zeolite slurry that was placed 

within the trench and when the piling was removed the friction caused a compaction of the 

treatment wall face creating impermeable surface areas (Chamberlain, 2011). The impermeable 
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surface areas forced the groundwater to divert around the treatment wall bypassing the 

installation. In other installations pea gravel and sand have been used as a buffer between the 

reactive material and steel piling to prevent the same issue (Chamberlain, 2011).  Steel piling is 

commonly used for installing funnel and gate systems or wall and gate systems. One-pass 

trenchers are being used to create and fill the trenches for installing continuous treatment walls. 

In this case a uniform wall of reactive material is installed along the face of a groundwater 

plume. This negates the need for guiding funnels and walls as the continuous wall is designed to 

be thick and long enough to capture the entirety of the plume. This method works well in areas 

that have fairly uniform ground material with little to no large granular material or rocks 

(Chamberlain, 2011). Some material such as vegetation and large rocks and boulders need to be 

moved before the one-pass trencher can be used. 

Reactive Materials 

 Choosing a suitable reactive material for any PRB is essential in the success of removing 

the contaminants in groundwater. Identifying a material requires knowing the characteristics of 

the contaminants, the surrounding geology of the area, and the groundwater. The chemical 

interaction of the contaminants and the reactive material will chemically bind the contaminants 

within the reactive material through adsorption, reacting with the material to form inert 

compounds, or precipitation of the contaminants out of the groundwater (Alvarez, 2000). The 

most common approaches used for 90Sr are adsorption through the non-permanent ionic bonding 

to compounds with slightly anionic surfaces and chemical reaction through reduction/oxidation 

reactions. The ion exchange materials most commonly used are varying forms of natural or 

modified zeolite minerals and in-situ chemical redox reactions are achieved by using zero-valent 

iron as the reaction media (Gavaskar, 1999; Alvarez, 2000). There are other reactive materials 
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that would also work and are being researched but the majority of PRBs used to remove 90Sr 

have used one of the two approaches mentioned (United States Environmental Protection 

Agency, 1998; Chamberlain, 2011; International Atomic Energy Agency, 1999).  

Zeolites 

Zeolites are aluminosilicate minerals with a 3-dimensional tetrahedral crystalline 

structure. The structure is created through shared oxygen atoms between the silicate and 

aluminate constituents that forms a microporous material with narrow channels, cages and 

cavities. Positively charged cations, such as sodium, strontium, and calcium are bound to 

surfaces during formation to offset the net negative charge created by the unbalanced aluminate 

(Al3+ + O4-) (Peskov, n.d.). Cations readily exchange within the framework of the zeolite and the 

microporous structure allow for zeolites to be used as molecular sieves for aqueous solutions and 

gasses. Clinoptilolite is one of nearly 50 mineral types found in the zeolite family and are used as 

water softening materials and nitrogen filtration among other uses (Lenntech, n.d.). Zeolite and 

other similar ion exchange materials are assessed by their Cation Exchange Capacity (CEC) 

which is the capacity for the material to retain exchangeable cations within its internal matrix. 

Table 1 shows typical properties of clinoptilolites. The zeolite that was used in the CRL is a 

sodium-based clinoptilolite. 

The use of various types of natural zeolite for passive treatment walls is an attractive 

option for contamination removal from groundwater plumes mainly due to relatively low costs of 

the natural zeolites (Mulligan, 2001).  
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Table 1. Typical Properties of Clinoptilolites  

Composition Na-based Clinoptilolites 

(TSM-140) 

K-based Clinoptilolites 

(TSM-150) 

SiO2 (wt%)  66.03 69.54 

Al2O3 (wt%) 10.47 9.86 

CaO (wt%) 1.55 0.88 

MgO (wt%) 0.58 0.17 

TiO2 (wt%) 0.13 0.32 

Na2O (wt%) 3.25 1.16 

K2O (wt%) 1.81 4.65 

Fe2O3 (wt%) 1.12 1.92 

MnO (wt%) 0.027 0.034 

Density (kg/L) 1.603 1.603 

Bulk Density (kg/L) 0.72 - 1.28 0.72 - 1.283 

Pore Size (A) 4 4 

Stability pH 3 to 10 3 to 10 

CEC (meq/g) 1.65 1.55 

 

Monitoring Parameters 

 In water treatment, monitoring parameters are assessed to determine if a treatment is 

functioning effectively. The typical cations which show up consistently are sodium (Na+), 

calcium (Ca2+), potassium (K+), magnesium (Mg+), and strontioum-90 (90Sr) (Burke, 2012; 

Khan, 1995; Rabideau, 2005; Obiri-Nyarko, 2014) for 90Sr-bearing waste treatment. These are 

assessed because they are either the target contaminants being removed or they are competing 

cations in the groundwater that will react with the reactive material in place for the target 

contaminants. In some cases, the stable common isotope of Strontium (Sr2+) is also analyzed 

because it reacts to the geochemistry of the area in the same way as 90Sr and has been shown to 

be a possible co-indicator for treatment efficiency (Seneca, 2012). Other common parameters are 

groundwater velocity, pH, and hydraulic conductivity assessments (United States Environmental 

Protection Agency, 1998). The parameters vary more frequently than the levels of cations as they 



GROUNDWATER TECHNOLOGIES AT CHALK RIVER 24 

 

are more commonly researched for the effect on the sorption properties of the reactive material. 

Essentially, groundwater velocity provides the basis for the longevity of the reactive material and 

is a determining aspect in the thickness of the reactive material. The pH affects how efficiently 

the cations (or anions) are absorbed into the reactive material, and the hydraulic conductivity 

indicates the ion concentrations of the groundwater in the influent and effluent which provides an 

indication of how many ions are absorbed into the reactive material (Burke, 2012; Fox, 1999).  

Advantages of PRB 

One of the most commonly stated advantages of PRBs is its lower life-cycle cost than 

traditional pump and treat systems that were historically employed to treat a contaminated 

groundwater plume (United States Environmental Protection Agency, 1998). This is due to the 

relatively low cost reactive material used and minimal maintenance requirements as PRBs use 

the natural groundwater flow as a passive transport mechanism. Since the reactive material is in 

situ there are no secondary waste transportation needed and minimal radiation exposure to the 

workers, the public and the environment. In addition, the operating cost is also low because most 

of the labour are for sampling and analyses. This technology can also be used in areas that are 

less accessible to machinery or in places where the construction of a facility would be too costly 

or difficult. 

Disadvantages to PRB 

Since the PRB is an in-situ treatment system the obvious issue comes from the fact that it 

can’t be easily reconfigured in case there is an issue with a diverted contamination plume or a 

failure of a portion of the installation. If the reactive material fails or reaches its treatment 

capacity the reactive material may need to be removed or reactivated. This will have impacts on 

the life-cycle cost, and health and safety.  Removing the loaded reactive material, which has a 
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large amount of the radioactive contaminant could pose significant environmental, and health 

and safety concerns. By concentrating the radioactive contaminants, the dose rate by the 

treatment wall caused by the radiation may reach relatively high levels that are unsafe for 

workers and the public. This can create a very expensive prospect if the material is to be 

removed and stored in a radioactive waste facility. 

Longevity of PRB treatment systems is also in question as the technology has only been 

around for a few decades. This may seem like a long time to acquire data for longevity 

assessment but some contaminants may require hundreds of years for the contaminants being 

decayed to the background levels.  

Other Considerations 

There is a fair amount of information on the upfront site characterization, the reactive 

materials, and the monitoring methods, but there are a few cautionary works that look more at 

the holistic performance of a PRB. This is well pointed out by the International Atomic Energy 

Agency (IAEA) by specifically noting that a PRB should be accompanied by other mitigation 

measures since the longevity of PRBs are yet to be fully assessed (International Atomic Energy 

Agency a, 1999). Warner (2011) addressed the same issue but suggested using creative design 

methods such as having a series of PRBs in parallel to each other but perpendicular to the 

contamination plume with spacing between the PRBs at the length of a half-life of the 

radioisotope. In this scenario, by the time the contaminant reaches the last PRB, the first PRB 

contains levels of contaminant below the free release criteria (Canadian Nuclear Safety 

Commission, 2000). Some reports provide results from simulations depicting the change in 

groundwater contamination when in-situ remediation measures are installed (Hudak, 2014). 

Another study by Hudak (2014) used a computer simulation to assess the capabilities of PRBs, 
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funnel and gate, non-pumped wells and low-capacity extraction and injection wells in 

remediating groundwater contamination compared with natural attenuation. The results indicated 

none of the mitigation measures were able to fully remove the contamination on their own; 

however low-capacity extraction and injection wells were the most effective with PRBs closely 

behind.  
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Methodology 

Sampling Port Description and Method  

All sampling locations use fully screened sampling wells. This means the sampling tubes 

or wells have slits in the piping perpendicular to the direction of flow of material through the 

pipe but parallel to the groundwater flow. This allows for the groundwater to be captured in the 

full length sampling well providing a near complete profile of the groundwater as opposed to 

partially screened wells that are designed to provide samples of a portion of the groundwater at 

specific heights.  

The method for sampling at various sample wells is the same for both the PRB and 

W&C. The water sample was taken by using a peristaltic pump. The sample was then filtered by 

0.45 micron filter to remove any suspended particulates. 

Sample Analysis 

For the purposes of this case study a brief description of each of the analysis methods that 

are used is provided for information.  

Gross Beta Analysis. All water samples are analyzed for gross beta by the environmental 

laboratory at CRL. The CRL’s environmental laboratory uses a Hidex 300 SL liquid scintillation 

counter equipped with three photomultiplier tubes for the gross beta analysis (Rousselle, 2014). 

The counting technique is the Cerenkov counting technique that uses a triple-to-double 

coincidence ratio (TDCR) to determine the activity concentration in Becquerel’s per liter (Bq/L).  

The TDCR is determined by the equation: 

���� =  ���	
� ����� � ���	
� − ���	
� ����� � �
���
���
� ����� � ���
	� − ���
� ����� � �
��� 

The TDCR is in turn used to determine the counting efficiency 

���� ���������� = 0.90 ×  �����.��  
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The activity concentration in Bq/L is then calculated as: 

 ���!��� "#$
% & =  '��	
� ���� ���� (�	�) − #
��� ���� ���� (�	�)

������* ���������� × '��	
� !
��� (%)  

Where cps = counts per second 

When the water samples are for 90Sr analysis, the samples are sent to an alternate 

analytical laboratory, also at CRL, for the analyses.  The gross beta for the samples are measured 

by a different method in this laboratory. The alternate analytical laboratory uses a gas 

proportional counting instrument to determine the gross beta activity in the sample. The sample 

preparation technique involves taking a known quantity of the sample and adjusting the pH to 

between 8 and 10. The sample is then evaporated to pre-concentrate it as the activity levels are 

relatively low. Once evaporation is complete, the solid phase is re-suspended to a known volume 

and weight by adding 2 M nitric acid. A known volume of the sample solution is then placed on 

a planchet and is evaporated completely using a heat lamp. Once dry, the solid sample is 

weighed and Working Collodion solution is added drop by drop to the dried sample on the 

planchet until the dried sample is covered in solution. This is dried again under a heat lamp and 

weighed again. The dried sample is then counted for 30 minutes to 4 hours in the gas 

proportional detector. 

The gross beta activity is calculated using the formula: 

 =  ���
60 ×  , 

where   

A  = Gross beta activity in the source (Bq) 

CRn = Net sample count rate in beta (cpm) 

ε = Current fractional beta counting efficiency (mass-attenuation corrected for the 

thickness of the source) 

60 = Factor to convert cpm to cps 
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Strontium-90 Analysis. 

 A chemical extraction method is used for 90Sr analysis. It is important to perform this 

type of analysis to differentiate the abundance of the 90Sr from its daughter nuclide yttrium-90 

and any strontium-89 that may be present. Strontium-90 is the nuclide of interest as it has the 

longest half-life and greater eco-toxicity of the various contributors to the gross beta activity. 

The sample preparation and extraction begins with taking a 1 L of water sample, weighing it and 

transferring 700 mL of the sample to a 2 L beaker that is weighed as well. The sample is then 

evaporated on a hotplate set at 200oC, ensuring vigorous boiling and splashing do not result in 

sample loss. Two molar nitric acid is added to the remaining residue until the sample is 

completely dissolved. The sample is then transferred to pre-weighed plastic liquid scintillation 

vials. The vials are weighed with the pre-concentrated solution and the solutions are drip filtered 

through Sr-Spec® columns into a pre-cleaned glass vials, and 10 mL of 0.05 molar nitric acid is 

added to the column to elute the remaining 90Sr for the column. The vial is placed on a hotplate 

to evaporate the treated sample solution. A total of 15 mL of scintillation cocktail is added to the 

sample solution and it is counted using a liquid scintillation counter. The equation used to 

determine the final activity of 90Sr is: 

 

'�  ���!��� (#$ �%)⁄ = '��	
� ���� (�./, 1�*�2�ℎ ��4 #���*���4 �������4)
'��	
�  
�$�� (�%) × ���!��� 5���� × 60 (����4�/������) 7�  

 

Anion and Cations Analysis 

Ion Chromatography is used to analyze the groundwater sample for nitrates, sulfates, 

chlorine, nitrogen, sodium, calcium, potassium, and magnesium. This is done using a DIONEX 
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ICS1500 ion chromatography workstation (Chaput, 2013). As specified in the procedure no 

sample preparation or reagents are required for this analysis. 

Data Assessment 

The data sets used for analysis are the sample results from July 18th 2013 to November 4th 

2015 for the South Swamp PRB and the past 5 years of the W&C operation. The data for the 

PRB are summarized from Table  to Table  and for W&C from Table  to Table  in the next 

section.  It is expected that the characteristics of the groundwater around the South Swamp area 

change with locations and seasons. Thus, the data are presented based on the three gates (i.e., 

East, Central and West Gates) of the South Swamp PRB. 

The average and standard deviation of the results during the monitoring period were 

calculated to determine the 90Sr removal efficiencies, and for overall performance evaluation and 

data comparison.  The design goal of treatment system is used for the performance evaluation. 

This will show if the treatment system is able to treat the contamination plume the degree the 

system was meant to. 



GROUNDWATER TECHNOLOGIES AT CHALK RIVER 31 

 

Results 

South Swamp PRB 

Data obtained from 2014 July to 2015 September were used to analyze the performance 

of the CRL’s South Swamp PRB groundwater treatment system. It is assumed that the 

characteristics of the groundwater around the South Swamp area change with locations and 

seasons. Thus, the data are presented based on the three gates (i.e., East, Central and West Gates) 

of the South Swamp PRB. The data of gross beta and 90Sr, and key cations (i.e., Ca, K, Mg and 

Na) for the two bypass sampling wells at the east and west side of the PRB system are 

summarized in Table 3 and Table 4, respectively. 

Table 2. Radioactivity Concentrations of Gross Beta and Strontium-90 in the Two Bypass Wells 

of CRL’s South Swamp PRB 

Sample 

Collection 

Date 

East Bypass Well PRB-4E West Bypass Well PRB-4W 

Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

03-Jul-14 27.0 15.0 0.55 58.0 33.0 0.57 

09-Oct-14 76.0 --- --- 92.0 --- --- 

11-Mar-15 9.9 --- --- 19.4 --- --- 

24-Jun-15 0.9 <1 --- 134 79.0 0.59 

03-Sep-15 0.6 --- --- 43.1 --- --- 

Average 22.9±31.6 8.0±9.9 0.55 69.3±44.7 56.0±32.5 0.58±0.01 

 

Table 3. Concentrations of Key Cations in the Two Bypass Wells of CRL’s South Swamp PRB 

Sample 

Collection 

Date 

East Bypass Well PRB-4E West Bypass Well PRB-4W 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

09-Oct-14 34.5 2.7 8.7 9.8 5.4 0.8 1.1 5.6 

11-Mar-15 145 6.9 34 98 3.5 0.5 0.7 5.2 

24-Jun-15 24.0 2.2 5.3 33 7.0 0.9 1.5 6.2 

03-Sep-15 19.0 1.8 4.4 25 5.3 0.7 1.0 5.0 
Average 55.6±59.9 3.4±2.4 13.1±14.1 42±39 5.3±1.4 0.7±0.2 1.1±0.3 5.5±0.5 
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The data indicate that the characteristics of groundwater at these two wells were different. 

The East Bypass Well had much lower levels of gross beta and 90Sr, but contained higher levels 

of cations in the groundwater when compared to the data obtained from the West Bypass Well. 

The activity of gross beta decreased from 76 Bq/L to less than 1 Bq/L at the East Bypass Well in 

2015.  This indicates that the contaminated groundwater has flowed to the East Gate instead of 

passing through the by-pass well.  However, there is a small amount of contaminated 

groundwater by-passing the West Gate. 

Because 90Sr analysis is labour intensive and costly, gross beta has been used to monitor 

the performance of treatment systems for 90Sr-bearing groundwater. Gross beta is the total 

amount of beta radiation detected in the sample regardless of the source. This means the beta 

radiation could be emitted by carbon-14, potassium-40, tritium, or any other beta emitting 

radionuclide present in the sample. By calculating the ratio of 90Sr to gross beta (Table 3) a more 

accurate assessment can be made on the performance of the groundwater treatment system. In 

general, 90Sr contributes approximately 55% to the gross beta radioactivity. The ratio may not 

provide an accurate activity of 90Sr in the sample, but it will at least provide an approximate 

value for analysis.  

West Gate Data 

Concentrations of gross beta and 90Sr, and key cations in the influent and effluent of the 

West Gate are summarized in Table  and Table 6, respectively. The influent contained, on 

average, 938±469 Bq/L of gross beta and 620 Bq/L of 90Sr during the 14 months sampling 

period.  The clinoptilolite bed removed more than 98% of 90Sr from the groundwater and the 

effluent contained around 10 Bq/L 90Sr.  Again, 90Sr contributes approximately 55% to the gross 

beta radioactivity. 
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Table 4. Radioactivity Concentrations of Gross Beta and Strontium-90 in Influent and Effluent of 

West Gate at CRL’s South Swamp PRB 

Sample 

Collection 

Date 

Influent (Well PRB-1U) Effluent (Well PRB-1D) % 

Removal 

of 90Sr 
Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

03-Jul-14 1,100 620 0.56 22.0 12.3 0.56 98.0 

09-Oct-14 1,550 --- --- 19.0 --- --- --- 

11-Mar-15 549 --- --- 6.3 --- --- --- 

24-Jun-15 1,100 620 0.56 13.8 6.2 0.45 99.0 

03-Sep-15 389 --- --- 9.1 --- --- --- 

Average 938±469 620±0.0 0.56±0.0 14.0±6.6 9.3±4.3 0.50±0.08 98.5±0.7 

 

Table 5. Concentrations of Key Cations in Influent and Effluent of West Gate in CRL’s South 

Swamp PRB 

Sample 

Collection 

Date 

Influent (Well PRB-1U) Effluent (Well PRB-1D) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

09-Oct-14 10.2 2.3 3.3 77.7 26.6 10.0 3.0 49.1 

11-Mar-15 7.5 1.8 2.4 65.0 41.0 9.5 2.3 38.0 

24-Jun-15 6.7 1.7 1.8 46.0 68.0 12.0 3.9 46.0 

03-Sep-15 7.6 1.9 2.3 58.0 52.0 11.0 2.5 38.0 
Average 8.0±1.5 1.9±0.3 2.5±0.6 61.7±13.3 46.9±17.5 10.6±1.1 2.9±0.7 42.8±5.7 

 

 Levels of calcium and potassium in the effluent of the West Gate were more than 5 times 

higher than those in the influent. The increases in cation concentration due to cation exchange 

with 90Sr should be small because the mole quantity of 90Sr exchanged was so small (1.2x10-7 

mmol/L).  The mole quantity of calcium and potassium gained were 0.97 and 0.22 mmol/L, 

respectively. These increases may attribute to the impurity on the natural zeolite surface since the 

system is relatively new and the zeolite was not pre-washed prior to use. In contrast, sodium 

decreased by more than 30% and the reason is not clear. The level of magnesium generally 

didn’t change much through the zeolite bed. 

 Because the location of the West Bypass Well PRB-4W is close to the West Gate, the 

characteristics of groundwater at the well should be similar to the influent of the West Gate. The 
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levels of cations at both locations were similar except sodium level was much higher at the West 

Gate (Table 3 and Table 5).  However, the levels of 90Sr was much lower at the bypass well 

(Table 2 and Table 3) Indicating a small portion of contaminated groundwater by-passing the 

gate. 

Central Gate Data 

Data for the Central Gate of the South Swamp PRB during the same sampling period are 

summarized in Table 6 and Table 7. On average, the influent contained 765±260 Bq/L of gross 

beta and 531±27 Bq/L of 90Sr during the 14 months sampling period. The clinoptilolite bed 

removed more than 99% of 90Sr from the groundwater and the effluent contained around 2 Bq/L 

90Sr. Again, 90Sr contributes approximately 55% to the gross beta radioactivity. 

 

Table 6. Radioactivity Concentrations of Gross Beta and Strontium-90 in Influent and Effluent of 

Central Gate in CRL’s South Swamp PRB 

Sample 

Collection 

Date 

Influent (Well PRB-2U) Effluent (Well PRB-2D) % 

Removal 

of 90Sr 
Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

03-Jul-14 960 550 0.57 6.2 3.0 0.48 99.5 

09-Oct-14 886 --- --- 3.3 --- --- --- 

11-Mar-15 718 --- --- 1.4 --- --- --- 

24-Jun-15 929 512 0.55 2.1 <1.0 <0.48 99.8 

03-Sep-15 331 --- --- 1.6 --- --- --- 

Average 765±260 531±27 0.56±0.02 2.9±2.0 2.0±1.4 0.48±0.01 99.6±0.3 
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Table 7. Concentrations of Key Cations in Influent and Effluent of Central Gate in CRL’s South 

Swamp PRB 

Sample 

Collection 

Date 

Influent (Well PRB-2U) Effluent (Well PRB-2D) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

09-Oct-14 12.5 2.6 2.6 15.9 42.6 11.6 2.0 44.7 

11-Mar-15 7.0 1.7 1.3 13.0 46.0 8.9 2.2 42.0 

24-Jun-15 6.3 1.6 1.2 10.0 42.0 9.1 2.0 44.0 

03-Sep-15 6.0 1.7 1.1 10.0 30.0 9.0 1.5 41.0 

Average 8.0±3.1 1.9±0.5 1.6±0.7 12.2±2.8 40.2±7.0 9.7±1.3 1.9±0.3 42.9±1.7 

 

 Levels of calcium, potassium and sodium in the effluent of the Central Gate increased 

significantly when compared to those in influent. As discussed in the last section, these increases 

due to cation exchange with 90Sr have been ruled out because the mole quantity of 90Sr 

exchanged was so small (1.0x10-7 mmol/L) when compared to the mole quantity of calcium, 

potassium and sodium gained (0.85, 0.20, and 1.33 mmol/L, respectively). These increases may 

attribute to the impurity on the natural zeolite surface.  Again, the level of magnesium didn’t 

change much through the zeolite bed. 

East Gate Data 

 Table 8 and Table 9 summarize the data obtained from sampling wells at the East Gate 

during the same sampling period.  The influent contained relatively low levels of gross beta and 

90Sr.  On average, the influent contained 13.9±11.1 Bq/L of gross beta and 8.5±7.8 Bq/L of 90Sr 

during the 14 months sampling period.  The clinoptilolite bed removed about 92% of 90Sr from 

the groundwater and the effluent contained around 1 Bq/L of 90Sr. 
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Table 8. Radioactivity Concentrations of Gross Beta and Strontium-90 in Influent and Effluent of 

East Gate in CRL’s South Swamp PRB 

Sample 

Collection 

Date 

Influent (Well PRB-3U) Effluent (Well PRB-3D) % 

Removal 

of 90Sr 
Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

Gross 

Beta 

(Bq/L) 

90Sr 
(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

03-Jul-14 25 14 0.56 2.4 1.0 0.41 92.9 

09-Oct-14 27 --- --- 3.2 --- --- --- 

11-Mar-15 5.5 --- --- 2.8 --- --- --- 

24-Jun-15 7.0 2.9 0.41 2.9 <1.0 0.34 65.5 

03-Sep-15 5.0 --- --- 1.6 --- --- --- 

Average 13.9±11.1 8.5±7.8 0.48±0.10 2.6±0.6 1.0±0.0 0.38±0.05 79.2±19.3 

 

Table 9. Concentrations of Key Cations in Influent and Effluent of East Gate in CRL’s South 

Swamp PRB 

Sample 

Collection 

Date 

Influent (Well PRB-3U) Effluent (Well PRB-3D) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

09-Oct-14 5.4 3.0 7.8 21.5 64.8 11.9 3.5 57.0 

11-Mar-15 21.0 2.5 5.2 31.0 86.0 14.0 4.8 60.0 

24-Jun-15 35.0 2.7 7.6 21.0 85.0 13.0 4.9 58.0 

03-Sep-15 38.0 2.9 7.7 20.0 91.0 14.0 5.4 65.0 
Average 24.9±14.9 2.8±0.2 7.1±1.3 23.4±5.1 81.7±11.6 13.2±1.0 4.7±0.8 60.0±3.6 

 

 Levels of calcium, potassium and sodium in the effluent of the East Gate were more than 

2 times higher than those in the influent.  As discussed in previous sections, these increases may 

attribute to the impurity on the natural zeolite surface instead of cation exchange with 90Sr.

 Because the location of the East Bypass Well PRB-4W is close to the East Gate, the 

characteristics of groundwater at the well should be similar to the influent of the East Gate.  The 

levels of cations in both locations were similar except calcium and sodium levels were higher at 

the East Bypass Well (Table 3 and Table 9). 
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Nitrate Plant W&C 

The performance of the CRL’s Nitrate Plant W&C is monitored by three influent 

monitoring wells along the inlet face of the clinoptilolite wall and a single collection outlet for 

the effluent monitoring located between the clinoptilolite wall and impermeable steel wall. 

Unlike the South Swamp PRB, there are no bypass wells available for monitoring.  

Data for gross beta, 90Sr and key cations obtained from the three influent monitoring 

wells (i.e., W-10, W-13 and W-16) between 2010 April and 2015 October are summarized in 

Table 10, Table 11 and Table 12.  During the above monitoring period, the concentrations of key 

cations (i.e., Ca, K, Mg and Na) were almost the same in the groundwater taken from the three 

wells.  However, the activities of gross beta and 90Sr were different. Well W-13 contained the 

highest radioactivities (7,465±5,523 Bq/L of gross beta and 6,156±5,540 Bq/L of 90Sr), followed 

by Well W-16 (2,416±1,160 Bq/L of gross beta and 1,631±1,049 Bq/L of 90Sr). Well W-10 

contained the lowest radioactivity with 21.9±24.2 Bq/L of gross beta and 20.3±19.3 Bq/L of 90Sr. 

The reason for different levels of activities found at these wells was mainly due to the locations 

and local environment. 
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Table 10. Concentrations of Gross Beta, Strontium-90 and Key Cations in Influent Sampling 

Well W-10 for the CRL’s W&C 

Sample  

Collection Date 

Gross Beta 

(Bq/L) 

90Sr 

(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

13-Apr-10 30.0 19.4 0.65 5.90 1.26 1.46 19.8 

25-Sep-12 87.0 55.0 0.63 8.90 1.60 2.51 23.2 

19-Nov-12 36.0 27.0 0.75 8.90 1.60 2.56 23.6 

04-Jun-13 27.0 14.0 0.52 --- --- --- --- 

13-Sep-13 17.3 --- --- --- --- --- --- 

09-Dec-13 9.3 --- --- --- --- --- --- 

25-Apr-14 5.5 3.0 0.55 --- --- --- --- 

07-Aug-14 7.5 --- --- --- --- --- --- 

15-Dec-14 9.8 --- --- --- --- --- --- 

06-Apr-15 5.0 3.3 0.66 7.60 1.50 2.00 16.0 

05-Oct-15 6.5 --- --- 9.00 1.40 2.50 20.0 

Average 21.9±24.2 20.3±19.3 0.63±0.08 8.1±1.3 1.5±0.1 2.2±0.5 20.5±3.1 

 

Table 11. Concentrations of Gross Beta, Strontium-90 and Key Cations in Influent Sampling 

Well W-13 for the CRL’s W&C 

Sample  

Collection Date 

Gross Beta 

(Bq/L) 

90Sr 

(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

13-Apr-10 900 610 0.68 5.6 1.3 1.5 17.5 

25-Sep-12 14,000 9,100 0.65 10.4 2.0 3.5 21.9 

19-Nov-12 17,000 15,400 0.91 9.3 1.7 2.9 19.7 

04-Jun-13 13600 6,900 0.51 --- --- --- --- 

13-Sep-13 10,100 --- --- --- --- --- --- 

09-Dec-13 8,400 --- --- --- --- --- --- 

25-Apr-14 5,000 3,100 0.62 --- --- --- --- 

07-Aug-14 5,300 --- --- --- --- --- --- 

15-Dec-14 3,220 --- --- --- --- --- --- 

06-Apr-15 2,900 1,830 0.63 8.0 1.4 2.0 18.0 

05-Oct-15 1,695 --- --- 8.2 1.5 2.1 19.0 

Average 7,465±5,523 6,156±5,540 0.67±0.13 8.3±1.8 1.6±0.3 2.4±0.8 19.2±1.8 
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Table 12. Concentrations of Gross Beta, Strontium-90 and Key Cations in Influent Sampling 

Well W-16 for the CRL’s W&C 

Sample  

Collection Date 

Gross Beta 

(Bq/L) 

90Sr 

(Bq/L) 

Ratio 

(90Sr/Gross 

Beta) 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

13-Apr-10 400 250 0.63 5.80 1.50 1.53 18.60 

25-Sep-12 3,100 2,000 0.65 10.00 1.84 2.87 21.90 

19-Nov-12 3,500 3,300 0.94 10.30 2.00 2.98 23.60 

04-Jun-13 1,590 870 0.55 --- --- --- --- 

13-Sep-13 2,900 --- --- --- --- --- --- 

09-Dec-13 4,000 --- --- --- --- --- --- 

25-Apr-14 3,200 1,890 0.59 --- --- --- --- 

07-Aug-14 3,000 --- --- --- --- --- --- 

15-Dec-14 1,621 --- --- --- --- --- --- 

06-Apr-15 2,500 1,480 0.59 7.90 1.60 2.40 16.00 

05-Oct-15 766 --- --- 7.80 1.50 2.70 21.00 

Average 2,416±1,160 1,631±1,049 0.66±0.14 8.4±1.8 1.7±0.2 2.5±0.6 20.2±3.0 

 

 Effluent data for the W&C are summarized in Table 13 and Table 14 for gross beta and 

key cations, respectively.  With the average ratio of 90Sr to gross beta of 0.65, over 99.9 % of 

90Sr was removed from the groundwater by the zeolite wall in the W&C system. 

 The key cation concentrations in the influent and effluent of the W&C varied slightly.  

There was no significant increase of any cation because the W&C has been operated for more 

than 10 years and the impurities on the surface of zeolite were removed by the groundwater 

during the early stage of operation. 
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Table 13. Radioactivity Concentrations of Gross Beta in Effluent of the CRL’s W&C 

Sample 

Collection 

Date 

Gross Beta 

(Bq/L) 

Sample 

Collection 

Date 

Gross Beta 

(Bq/L) 

Sample 

Collection 

Date 

Gross Beta 

(Bq/L) 

26-Jan-10 0.344 06-Jan-12 0.350 02-Jan-14 0.427 

12-Feb-10 0.246 03-Feb-12 0.323 03-Feb-14 0.424 

03-Mar-10 0.187 02-Mar-12 0.247 03-Mar-14 0.216 

09-Apr-10 0.193 03-Apr-12 0.315 01-Apr-14 0.297 

05-May-10 0.260 01-May-12 0.348 01-May-14 0.205 

03-Jun-10 0.372 06-Jun-12 0.374 02-Jun-14 1.230 

06-Jul-10 0.356 03-Jul-12 0.331 02-Jul-14 0.344 

04-Aug-10 0.428 02-Aug-12 0.281 05-Aug-14 0.297 

13-Sep-10 0.447 04-Sep-12 0.356 02-Sep-14 0.278 

05-Oct-10 0.277 01-Oct-12 0.235 01-Oct-14 0.381 

8-Nov-10 0.267 02-Nov-12 0.310 03-Nov-14 0.348 

03-Dec-10 0.148 03-Dec-12 0.213 01-Dec-14 0.349 

13-Jan-11 0.315 02-Jan-13 0.279 02-Jan-15 0.583 

22-Feb-11 0.287 04-Feb-13 0.174 02-Feb-15 0.339 

31-Mar-11 0.287 01-Mar-13 0.232 02-Mar-15 0.293 

25-Apr-11 0.252 02-Apr-13 0.358 01-Apr-15 0.237 

26-May-11 0.286 01-May-13 0.164 04-May-15 0.227 

27-Jun-11 0.307 04-Jun-13 0.322 01-Jun-15 0.238 

06-Jul-11 0.346 02-Jul-13 0.283 02-Jul-15 0.251 

02-Aug-11 0.295 01-Aug-13 0.242 04-Aug-15 0.275 

06-Sep-11 0.311 03-Sep-13 0.371 31-Aug-15 0.214 

04-Oct-11 0.243 03-Oct-13 0.259 02-Oct-15 0.213 

15-Nov-11 0.332 01-Nov-13 0.392 02-Nov-15 0.231 

05-Dec-11 0.376 02-Dec-13 0.248 Average 0.311±0.134 

 

Table 14. Concentrations of Key Cations in Effluent of CRL’s W&C 

Collection Date 

Ca 

(mg/L) 

K 

(mg/L) 

Mg 

(mg/L) 

Na 

(mg/L) 

09-Dec-04 7.2 12.0 1.8 14.5 

25-Jan-05 7.0 11.5 1.8 14.3 

29-Mar-10 4.8 7.3 1.2 17.0 

25-Sep-12 6.5 6.5 1.8 16.4 

06-Apr-15 7.1 4.5 1.9 16.0 

Average 6.5±1.0 8.4±3.3 1.7±0.3 15.6±1.2 
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Discussion 

From the results of the literature review and the analysis of the sample data there are 

strengths and weaknesses of the two PRB systems. This will be looked at in more depth to get a 

better understanding of all the information currently available that address the initial questions. 

The main areas that will be discussed are the sampling plan, the sample analysis parameters, 

sample collection, and any issues experienced during the operation of the PRB’s. 

Sampling Plan 

A sampling plan is an essential component for monitoring the various aspects of any 

treatment system. The goal of a sampling plan is to monitor the ability of a treatment system to 

meet the treatment criteria, to indicate if any changes occur within and outside the system that 

may affect treatment, to indicate if contingency systems will need to be implemented, and, in the 

case of PRBs, providing longevity information (Carey, 2001). This is not an exhaustive list of 

why a proper monitoring plan is required but it highlights some of the key items that will be 

discussed.  

In the sampling data for both PRBs there are data for the target analytes being removed 

from the groundwater, 90Sr, and the concentration of four major competitive cations. These data 

illustrate the ability of the reactive media to remove the target analytes from the groundwater and 

identifies if any of the competitive cations are also being adsorbed. This provides a good 

assessment of the systems that will indicate clogging or possibly breakthrough in the reactive 

media. In the case of the South Swamp PRB, this also illustrates the concentration of each 

analyte in the by-pass wells on the East and West sides of the PRB. Contrary to this the Nitrate 

Plant PRB data do not indicate any by-pass wells that are being monitored. Although the Nitrate 

Plant PRB uses a hydraulic control system that pulls the groundwater plume into the reactive 
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media there is still the potential for plume by-pass to occur. Since no by-pass monitoring is 

taking place there are no indicators to identify if contingency systems should be utilized. By-pass 

monitoring aside, the target concentration of 90Sr in the effluent of the both PRBs is 5 Bq/L 

(Health Canada, 2009). The data, as summarized in the results section, show that effluent 

monitoring wells contain average concentrations of 90Sr ranging from 0.311 Bq/L to 9.3 Bq/L 

indicating that if the contaminated groundwater passes through the reactive media the criteria is 

mostly met with the exception of the PRB West Gate. The East and West by-pass monitoring 

wells for the South Swamp PRB have average 90Sr concentrations of 8.0 and 56 Bq/L 

respectively which are above the 5 Bq/L criteria (Health Canada, 2009). Since there are no by-

pass monitoring well data available for the W&C PRB the complete assessment of the system to 

ascertain if it meets the criteria cannot be determined beyond the earlier statement that if the 

contamination passes through the reactive media it is treated to a degree that the criteria is met. 

Sampling Parameters 

The various parameters that are analyzed for in the samples taken from the sampling 

wells should be selected to provide indication of potential issues and provide the basis for 

determining the success of the system. In the case of a PRB it is important to analyze for 

parameters that will affect the longevity of the system because it may need to remain functional 

for an extended period of time. In this case 90Sr in high concentration and having a half-life of 

28.8 years, the PRB would need to be sustainable for a long time. As mentioned in the literature 

review, it would take over 700 years to decrease the strontium-90 from 4.5 TBq, the approximate 

total concentration of 90Sr in the Nitrate Plant plume, to 100,000 Bq.  

The bonding mechanism for the retention of 90Sr within the reactive media is adsorption 

which is a non-permanent ionic bond and is similar to the attraction of two magnets with 
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opposing poles (Alvarez, 2000). The bond can be broken when another ion with a stronger polar 

strength pushes the weaker polar ion away and attaches to the opposite polar ion. The bonding 

strength of the ions is also affected by the pH of the reactive media (Burke, 2012). If the pH of 

the system becomes more acidic some of the bonded ions will dissolve back into solution and 

flow freely with the groundwater (Alvarez, 2000). This will also reduce the ability of the reactive 

media to adsorb ions from solution. Thus pH would be a worthwhile addition to the routine 

analysis suite as an indicator to changes in the adsorption and retention of ions within the 

reactive media. Adding pH measurements to the analysis suite may also provide further 

confidence in the longevity of the treatment systems and an indicator of if intervention is 

required. 

Hydraulic conductivity measurements may also be useful in future forecasting of the 

health of the treatment system and as a warning indicator that contingency system may need to 

be employed. The hydraulic conductivity is the rate at which water flows through a medium. 

This will provide the speed at which groundwater is flowing within the area or PRB media. This 

is important for the reactive media because groundwater needs to flow more easily through it as 

opposed to the surrounding geology. If the hydraulic conductivity of the reactive media is lower 

than the surrounding geology, the groundwater will be more inclined to flow through the reactive 

media. If the hydraulic conductivity of the reactive media is higher than the surrounding area 

then the groundwater will be more inclined to flow around the reactive media. If the hydraulic 

conductivity is measured on a regular interval on either side of the reactive media the flow of 

groundwater into and out of the media can be trended over time. This may indicate if there is a 

change in the rate of groundwater flow that will impact the accumulation rate of contaminants 

into the reactive media and provide feedback if the reactive media is experiencing clogging. An 
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assessment of the hydraulic conductivity of groundwater in the vicinity of the W&C was 

completed by Hoppe (2012) using multi-level piezometers but this can also be completed using 

tracers injected into the groundwater plume.  

Sample Collection 

The sampling schedules for each site are on either side of the spectrum. The PRB is 

monitored on a regular schedule for all parameters as suggested in the contractor documentation. 

This involves initial sampling completed on a weekly, to monthly, to quarterly basis, and 

eventually completed on an annual basis once the PRB is shown to be performing adequately 

(Conestoga-Rovers & Associates, 2013). Based on the analysis results depicted in Table 3 there 

are concentrations of 90Sr in the groundwater above the 5 Bq/L criteria (Health Canada, 2009). 

The sampling is currently completed on a biannual basis but it may be prudent to increase the 

sampling frequency to monthly until the PRB performance criteria is met. This will provide 

greater trending resolution with increased data points and will also identify if the increased gross 

beta results occur at the biannual sampling dates or determine what the concentration changes are 

during seasonal change.  

The W&C has a very different schedule. Gross beta analysis is completed on a monthly 

basis for the effluent but almost quarterly for the influent. The influent gross beta is completed 

three times in 2013 and 2014 but is only completed twice for 2012 and 2015 and only once in 

2010 leaving zero completed in 2011. This makes for a nice trend in the effluent results but with 

the many gaps in the influent there are many opportunities for issues to occur with no identifying 

results to indicate a change in groundwater behavior. This can be illustrated in Tables 10-12 that 

shows there is significantly higher gross beta concentration in sample well W-13 which could 

indicate the plume has shifted to that side of the clinoptilolite wall. This also shows that the W-
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13 side of the clinoptilolite will adsorb more 90Sr than the other portions of the wall that could 

experience failure or clogging much earlier than the rest of the wall. 

Operational Issues from the W&C and PRB 

In 2007 an investigation took place to see if the contamination plume or a portion of the 

contamination plume was bypassing the W&C (Festarini, 2015). This was identified as a 

possibility when a beaver dam near the South East of South Swamp failed. The failure of the 

beaver dam created a lowering of the local groundwater level that caused a portion of the 

contaminated groundwater plume to diverge and bypass the W&C. The remedial solution was to 

install a barrier that mimicked the beaver dam bringing the groundwater level back up to 

previous levels. A report by Festarini (2015) suggests the installation of alternative groundwater 

treatment methods alongside the W&C to capture any contaminated groundwater from bypassing 

(Festarini, 2015). This suggestion is in line with the IAEA recommendation that PRBs should be 

accompanied by other mitigation measures in case the PRB fails (International Atomic Energy 

Agency, 1999b). 

Another issue that has arisen is the buildup of iron oxides on the inside of the up gradient 

drain pipe and the flow control tube. The up gradient pipe was pressure washed using a high 

powered hose on either end of the pipe. This alleviated the buildup but may need to become a 

routine service required to maintain the W&C’s success. The up gradient pipe also limits the 

outflow speed from the W&C and the capture width because the plume can potentially be pulled 

into the pipe if the flow rate is too high. This would allow the contaminated groundwater to drain 

directly to the drainage pond, contaminating an area up gradient of the Duke Swamp (Jeen, 

2011). 
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One issue with the PRB is the need of an impenetrable cap on the source of the leachate 

the PRB is treating. The design of the PRB took into consideration the reduced water penetration 

into the source area and was not designed to treat the groundwater at the current groundwater 

flow rate (Conestoga-Rovers & Associates, 2013). This may reduce the life span of the PRB and 

may create back pressure causing the groundwater to bypass the PRB. This may be the reason for 

the elevated gross beta measurements seen in the by-pass monitoring wells shown in Figure 1. 

However this may not be an issue at all since the PRB is still a relatively new installation and 

groundwater flows may still be adjusting to pass through the Gates. 
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Conclusions 

The use of in situ reactive barriers is an up and coming technology that may allow for an 

economical solution to many contaminated groundwater issues. Both the PRB and W&C at CRL 

are excellent examples of what this technology can achieve and provide information for future 

applications in contaminated groundwater treatment. Since this technology is still relatively new 

there will be many lessons to be learned throughout the life cycle of early installations that will 

be invaluable in understanding the potential for this technology in future applications.  

In the W&C data there is an obvious and significant decrease in the gross beta 

concentration when the contaminated groundwater passes through the clinoptilolite. No outlier 

sample wells are currently in place or sample wells on the lee side and both would be beneficial 

additions to monitor any bypassing of the reactive media to the sides or under. As to the 

effectiveness of the W&C, the barrier has been bypassed at least once over its life-span due to 

sudden changes in the groundwater flow direction (Festarini, 2015). This issue is minor 

compared to the amount of contamination captured by the reactive media but is an indication that 

other means of capture or removal are most likely needed to ensure the contamination plume is 

prevented from spreading to surface water. Other assessments have deemed the W&C will be 

able to remediate the contamination plume for decades to come but some possible improvements 

should include;  

• pre-identifying and stabilizing structures that can affect the groundwater flow to the 

extent of the beaver dam,  

• installing contingency systems to capture bypass or capture contamination that breaches 

the limits of the clinoptilolite barrier 

• Installing monitoring systems that detect these issues, and  
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• Including regular monitoring of pH and hydraulic conductivity. 

Implementing these changes may help prevent similar issues in the future because the W&C may 

not be a feasible solution on its own.  

The South Swamp PRB on the other hand may be too much in its infancy to determine if 

it will be effective in removing the desired amount of contamination from the groundwater. The 

contamination is mostly captured if the reactive media intersects the contamination plume but 

whether the PRB is robust enough to mitigate the contamination to the desired level without the 

landfill cap reducing the groundwater flow rate may be too early to tell. From the analysis results 

there seem to be issues with plume by-pass and with the West Gate as the average concentration 

of 90Sr is above the 5 Bq/L criteria (Health Canada, 2009). Unlike the W&C that uses a hydraulic 

control system to adjust the capture zone the South Swamp PRB cannot be easily adjusted. With 

more time the by-pass may cease and the West Gate may be able to treat the groundwater to meet 

the criteria but contingency system may be needed to sustain treatment. In the design 

documentation an impermeable cap will be installed on the contamination source and the PRB is 

designed to treat the contaminated groundwater with a reduced groundwater flow rate caused by 

the cap. Since a cap was not installed other contingency systems may need to be installed. In the 

interim some initiatives that could be implemented are: 

• Investigate contingency systems to work in conjunction with the PRB, and 

• Increase the amount of monitoring that is taking place to the decree indicated by the 

contractor until the treatment criteria are met. 

.
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