
 

 

 

 

 

LEACHATE PLUME DISCHARGING TO A POND 

 

 

 

 

 

 

 

 

 

 

 

 



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

ii 

 

 

LANDFILL LEACHATE-AFFECTED GROUNDWATER                          

DISCHARGING TO A POND 

 

 

 

By TAMMY HUA, B.Sc. 

 

 

 

 

A Thesis Submitted to the School of Graduate Studies in Partial Fulfillment of the  

Requirements for the Degree Masters of Science 

 

 

 

 

 

McMaster University © Copyright by Tammy Hua, April 2021 

McMaster University MASTER OF SCIENCE (2021) Hamilton, Ontario (Earth and 

Environmental Science) 

 



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

iii 

 

TITLE: Landfill Leachate-Affected Groundwater Discharging to a Pond AUTHOR: 

Tammy Hua, B.Sc. (McMaster University) SUPERVISORS: Professor J.E. Smith and 

J.W. Roy NUMBER OF PAGES: XV, 161 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

iv 

 

Lay Abstract (max 150) 

Groundwater contaminated by historic landfills, closed and typically without liners or 

leachate-collection systems, can potentially discharge to surrounding surface waters, 

threatening their ecological communities. The objective of this study was to better 

understand the ecological risk posed by a historic landfill plume discharging to a nearby 

pond, and how this might vary spatially and temporally. The study site contained an 

artificial pond 40m west of a historic sanitation landfill and was monitored for 

contaminant concentrations and contaminant discharge for ~1 year. Elevated 

concentrations of leachate contaminants were relatively steady within the sediments 

(endobenthic zone) and similar across the contaminant discharge area but varied 

substantially in space and time (higher at night, after events, in the winter) at the pond 

bed (epibenthic zone), while the patterns differed by contaminant in the surface water 

above (pelagic zone). These findings can provide insights into improved monitoring and 

protection of ecosystems at landfill sites. 
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Abstract (max 300) 

Groundwater contaminated by leachate from historic landfills, closed and typically 

without liners or leachate-collection systems, can potentially discharge to surrounding 

surface waters and impair their ecological communities. However, few studies have 

focused on emerging contaminants (e.g., per- and poly-fluoroalkyl substances (PFAS)), 

inputs to non-flowing water bodies, and exposure across the various ecological zones. 

The objective of this study was to better understand the ecological risk posed by a 

historic landfill plume discharging to a nearby pond, and how the pond’s ecosystem may 

be affected by potential spatio-temporal variability in contaminant concentrations and 

contaminant discharge. The site contained an artificial pond 40m west of a historic 

sanitation landfill and was monitored for ~1 year. Seasonal samples of shallow 

groundwater analyzed for standard chemistry plus artificial sweeteners and PFAS 

revealed a large and seasonally stable plume footprint in the pond and relatively constant 

exposure to the endobenthic zone (within sediments), with some constituents at 

potentially toxic concentrations. Elevated electrical conductivity measured just above (~1 

cm) the sediment bed indicated exposure to the epibenthic zone, with greater exposure 

associated with higher groundwater fluxes at night, after rain and melt events, and in 

winter.  It is speculated that terrestrial evapotranspiration and pond evaporation play a 

role in these temporal patterns. Estimated contaminant mass fluxes into the pond using 

contaminant and temperature-based flux data showed spatial variability within the plume 

footprint and seasonal patterns. Concentrations in the pond water showed exposure to 

pelagic organisms was consistent for chloride and saccharin (and likely PFAS), but 
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varied seasonally for nitrate and ammonium, with all at lower concentrations compared to 

the endobenthic and epibenthic zones. This study revealed significant and variable 

ecological exposure from a landfill leachate plume discharging to a pond and provides 

guidance to landfill operators on improved monitoring protocols for such sites. 
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1.0 Introduction 

1.1 General Background 

Landfill leachate is water, usually from infiltrated precipitation but it can also come 

directly from the waste itself, that has percolated through landfill waste and dissolved 

various contaminants. Typical landfill leachate will contain dissolved organic matter, 

inorganic macro components (nutrients and major ions), and heavy metals (Christensen et 

al., 2001). Although groundwater can also contain these constituents, in landfill leachate 

the concentrations are typically elevated compared to groundwater concentrations in most 

shallow aquifers. It has been long established that most landfills also contain organic 

pollutants (often xenobiotic compounds) like pesticides and petroleum compounds (e.g., 

benzene, toluene, ethylbenzene and, xylene (BTEX)). In addition to these common 

contaminants, there are also contaminants of emerging concern (CECs), which are 

contaminants that were deemed safe in the past or have recently been detected in the 

environment and have the potential for detrimental impacts to human health or the 

environment (Stuart et al., 2012). Of recent concern are per- and polyfluoroalkyl 

substances (PFAS) because they are potentially harmful, persistent, and mobile 

compounds. Additionally, there is limited information on PFAS. PFAS have been found 

in both modern (Hamid et al., 2019) and old (Hepburn et al., 2019; Propp et al., 2021) 

landfills. 

Most contemporary landfills have liners composed of impermeable material such 

as clay or engineered geotextile, as well as leachate collection systems which isolate the 
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leachate until it is disposed of or treated. These systems do fail on occasion and can result 

in leakage into the surrounding groundwater. Older landfills and dumps, especially those 

closed for several decades (termed historic here, for those closed > 25 years) often do not 

have leachate collection systems or engineered liners, and therefore are more likely to 

leak leachate and contaminate surrounding groundwater (South Australia EPA, 2019). 

Landfills located above a hydraulically conductive aquifer are especially prone to 

contamination and off-site transport via a groundwater plume. This raises health concerns 

since leachate can migrate to drinking water wells and negatively impact human health. 

Moreover, there is a concern for the wellbeing of aquatic ecosystems because leachate-

impacted groundwater can discharge into surface waters and can potentially damage 

aquatic ecosystems.  

Past research has revealed the complex fate and transport of landfill groundwater 

plumes, and their contaminants (e.g., Barker, 1987). Due to the heterogeneous nature of 

groundwater flow and solute transport, it can be difficult to fully identify the spatial 

distribution of contaminant concentrations within a leachate plume (Barker, 1984). 

Processes can get particularly complex when looking into point source contaminant 

plumes discharging to surface waters (Conant et al., 2004; Conant et al., 2019). Several 

studies have investigated the discharge of a landfill plume to a surface water body and 

revealed some of this complexity (Table 1). Particularly, Milosevic et al. (2012) and 

Thomsen et al. (2012) revealed substantial spatial variability due to source composition, 

attenuation processes, and heterogeneous groundwater flow systems. These two studies 

also have shown that there can be temporal variability in the plume composition, 
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concentration, and extent due to the different environments during each season. More 

specifically, there can be more precipitation infiltration resulting in the migration of the 

plume extent during rainy seasons.  

Considering these past studies, there are several topics or conditions that have 

received limited attention to date (Table 1). For example, there has been only one study 

looking into landfill plumes entering a non-flowing water body, such as a ponded wetland 

(Table 1). A pond has the potential for very different ecological impacts compared to 

streams or lakeshores. For example, given a pond’s shallower depth compared to a lake, 

there is no lake stratification for thermal mixing. Furthermore, a stream is flowing and 

turbulent and therefore has more mixing than a pond. Lorah et al. (2009) investigated a 

ponded-wetland (like a pond) and influence from the nearby unlined historical landfill. 

All in all, it is important to better understand the spatio-temporal variation associated 

with the leachate-affected groundwater plume discharging into the pond.  
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Table 1.1: Compilation of studies assessing landfill leachate impacts on surface 

waters 

Study 

Surface 

Water  Summary 

Coakley (1989) lake 

Investigated 230 waste disposal sites near the Great 

Lakes in Ontario 

Borden and 

Yanoschak (1990) stream 

Monitoring program assessed impacts of municipal 

sanitary landfills near large streams 

Douglass and Borden 

(1992) stream 

Assessed impact of a historic landfill on nearby creek 

during dry versus wet periods 

Dickman and Rygiel 

(1998) stream 

Assessed impacts of a landfill on an escarpment near a 

creek and the invertebrate community 

Atekwana and 

Krishnamurthy 

(2004) stream 

Used heavy isotopes to assess potential impacts of 

landfill leachate on a nearby stream 

Parisio et al. (2006) spring 

Investigated iron deposits at groundwater discharge 

zones in mineral springs 

Lorah et al. (2009) wetland 

Assessed impacts on ponded wetland nearby an 

unlined historic landfill 

Yusof et al. (2009) river 

Studied discharging treated and untreated leachate 

influence on river water concentrations  

Ford et al. (2011) cove 

Delineated leachate discharge from historic unlined 

landfill to a contaminant cove 

Maqbool et al. (2011) stream 

Studied impact of an open solid waste dump along a 

stream in Pakistan 

Milosevic et al. 

(2012) stream 

Studied impacts of Risby Landfill on nearby Risby 

Stream 

Thomsen et al. (2012) stream 

Studied impacts of Risby Landfill on nearby Risby 

Stream 

Gooddy et al. (2014) river 

Investigated impacts of industrial landfills dumped on 

peri-urban floodplain 

Fitzgerald et al. 

(2015) stream 

Tested for groundwater inputs of nutrients in urban 

stream beside landfill 

Stefania et al. (2019) stream 

Identified groundwater pollution near an old and 

modern landfill downstream 

Ancic et al. (2020) stream 

Analyzed leachate and groundwater samples at a 

landfill site and upstream/downstream during different 

seasons 
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In addition, there are not many studies that focus on cold climates experiencing freezing 

winters. Also, within these surface waters, there is not much investigation into potential 

impacts to the different aquatic ecological zones, specifically the benthic and pelagic 

zones. The endobenthic zone is below the sediment interface, and where organisms that 

burrow in the sediment reside. The epibenthic zone is right above the sediment interface, 

and finally, the pelagic zone is the area within the water column. And finally, there is also 

limited knowledge when assessing emerging contaminants like PFAS within landfill 

leachate discharging into surface waters. With more research on PFAS fate and transport, 

they can potentially be used as tracers for landfill leachate, especially being known as a 

“forever” chemical. However, PFAS analysis is pricier, and therefore more research 

could lead to determining which other constituents are potential proxies.  

Improved understanding of landfill plume behaviour discharging into a pond, and 

emerging contaminants within said plume is required for more optimal protection and 

management at landfill sites. Additional research can provide guidance on assessing 

environmental impacts and monitoring protocols for those managing historic and modern 

landfills. Typically, landfill operators and environmental consultants sample groundwater 

wells located within the landfill and hydraulically downgradient to monitor 

contamination levels to abide by regulations and contaminant guidelines. Additionally, 

they will sample nearby surface waters to monitor ecosystem impacts, and it is common 

to conduct grab samples of the surface water without addressing the endobenthic or 

epibenthic zones. Furthermore, sampling of surface water and discharging groundwater at 

night or during the winter season are rarely done. The winter season has conditions which 
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are much harsher for field sampling campaigns. There is a possibility that these 

monitoring protocols could be missing the times or locations where contaminants are 

largely impacting the aquatic ecosystems at nearby surface water bodies.  

1.2. Objectives and Approach 

This study’s objective is to better understand the ecological risk posed by a historic 

landfill plume discharging to a nearby pond, and how the pond’s ecosystem may be 

affected by potential spatial and temporal variability in contaminant concentrations and 

contaminant discharge. A key contaminant of interest here is PFAS. While it presents an 

ecological risk, there is little information on groundwater inputs of PFAS to surface 

waters. The evaluation of potential ecological impacts will focus on three parts of the 

pond community - the endobenthic, epibenthic and pelagic zones, as well as downstream 

ecosystems. The study will consist of detailed hydrogeology and contaminant assessment 

at an artificial pond beside a closed landfill (location “HB” for privacy purposes) 

performed over one year to encompass all the seasons. This pond is known to be 

impacted by a landfill plume based on annual reports from landfill site operators to fulfill 

provincial regulations requirements (WSP, 2018). Landfill leachate impacts were also 

confirmed by a previous landfill survey (Propp et al., 2021) conducted in 2018 as part of 

the broader landfill project to which this MSc project also belongs. They collected a 

sample from discharging groundwater at the edge of the pond and found elevated 

concentrations of common landfill leachate constituents and a total PFAS concentration 

(17 compounds) of 1517 ng/L. 
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As part of this study, various hydrological measurements were made to evaluate the 

nature of shallow groundwater flow into the pond. For instance, pressure transducers 

were installed in piezometers in and around the pond to monitor water levels over time. 

Temperature depth data were collected within the subsurface by iButtons installed in iron 

rods. With the resulting temperature depth profiles, the groundwater flux across the pond 

bed was determined. Outlet stream discharge was measured periodically over the year to 

determine seasonal patterns in water exiting the pond. Much of these measurements were 

made continually to capture hydrologic patterns at a variety of temporal scales, such as 

daily, seasonal and event based. These daily, seasonal, and event-based patterns may 

influence the contaminant transport and exposure patterns.  

Data on the leachate plume contaminants were obtained by collecting shallow 

groundwater samples, along with field parameter measurements, at transects along the 

east bank and across the pond, as well as occasional groundwater seep samples. These 

samples were analyzed for the presence and the concentrations of common and emerging 

contaminants. The constituents analyzed included ammonium, artificial sweeteners (AS), 

soluble reactive phosphorus (SRP), various anions and dissolved cations-metals, and 

PFAS. Saccharin, a common artificial sweetener, was used as a CEC tracer to extrapolate 

upon the limited PFAS measurements. Other key leachate tracers of focus were 

ammonium, electrical conductivity, and chloride. The groundwater flux combined with 

the groundwater contaminant concentrations provided information on the contaminant 

flux discharging into the pond. In addition, continuous measurements of electrical 

conductivity at the sediment interface within the pond provided a measure of salt ions 
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entering the pond. Finally, the discharge at the outlet stream was used with contaminant 

concentrations to determine contaminant mass discharge to a receiving creek.  

Using this multi-method approach, contaminant exposure and thus potential 

ecological risk to various parts of the aquatic ecosystem were assessed. The shallow 

groundwater contaminant concentrations targeted the conditions experienced by the 

endobenthic organisms. Meanwhile, the electrical conductivity measured at the sediment 

bed and calculated contaminant fluxes revealed potential conditions experienced by 

epibenthic organisms. Finally, pond and outlet surface water concentrations and mass 

discharge revealed conditions experienced by the pelagic organisms in the pond and 

organisms downstream. This study was part of a broader investigation of the threat posed 

by groundwater contaminated by landfill leachate discharging to surface waters. It started 

off with a leachate survey for CECs in historic landfills (Propp et al., 2021). Followed by 

detailed site investigations assessing the presence of various contaminants and exposure 

zones in two different receiving surface water bodies, this study with a pond and another 

for a stream. Finally, ecotoxicology assessments at both sites, involving endobenthic 

community assessment and in situ caging toxicity tests, are still in progress. This study’s 

results will provide guidance on sampling and monitoring protocols, particularly for 

landfill operators and those investigating contaminant plumes entering a non-flowing 

surface water body. This study will also provide insights into risks posed by contaminant 

exposure in different parts of the ecosystem. Finally, this study will improve 

understanding of how historic landfills may contribute to potential threats posed by PFAS 

and other emerging contaminants.  
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2.0 Literature Review 

2.1 Landfill Leachate 

Landfills are a common method of waste disposal. There are various types of wastes that 

can be disposed of such as municipal solid waste (i.e., typical domestic garbage), 

industrial waste, or hazardous waste. Municipal solid waste is often compacted and 

buried with soil daily. Infiltration of precipitation or water from waste itself can percolate 

through landfill waste and dissolve contaminants producing landfill leachate. In the past, 

landfills were placed anywhere without much regard, and over the years, more design and 

regulations were introduced (Lisk, 1991).  

Modern landfills are engineered with liners meant to isolate the potentially 

harmful waste from groundwater and air. For example, a modern municipal landfill can 

use a clay liner or synthetic liner, usually plastic, to isolate the waste (Youcai, 2018). The 

clay layer slows down the migration of the leachate, potentially allowing microbiological 

degradation of susceptible compounds to occur (Youcai, 2018). Modern landfills 

typically also have leachate collection systems, which are engineering infrastructure built 

within the landfill to catch leachate from the landfill so that it can be removed and then 

contained or treated (on-site or sent to wastewater treatment plants). These systems are 

meant to prevent harmful contaminants from entering the environment and harming the 

organisms within it, including humans. And still, these landfills may leak and 

contaminate surrounding groundwater (e.g., Stefania et al. (2019)). 

Older landfills are of concern since they may not have liners or leachate collection 

systems in place to catch the potentially harmful leachate that would then enter the 
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environment through the groundwater flow regime. Many closed landfills also require 

long-term monitoring as these landfills will continue to generate leachate that can 

potentially leak. Closed historic landfills sometimes do not even have monitoring 

programs because they are either forgotten or not captured under regulations.  

Depending on what was disposed at the landfill site, the leachate contaminant 

concentrations will vary. This becomes even more complicated when considering the 

degradation and transformations into end products of said contaminants. Typically 

landfill leachate composition include cations, nitrogen, volatile organic compounds, 

chlorides, sulfates, heavy metals, and trace metals. Groundwater can contain small 

amounts of some of these constituents but often at trace amounts, and therefore leachate 

indicators help determine the difference. Leachate indicators are persistent (within the 

plume at least), and mobile constituents that help diagnose landfill leachate plumes from 

other potential sources. Major leachate tracers include ammonium, and chloride and, a 

more recently applied leachate indicator, saccharin.  

Additionally, Harrad et al. (2019) compared leachate concentrations between 

unlined, mixed, and lined landfills. They describe mixed landfills as previously unlined 

landfills fit with new HDPE liners. Intuitively, leachate concentrations were greatest with 

lined, moderate with mixed, and lowest with unlined landfills. This is due to dilution 

factors and the age of the landfill. It is also likely due to the times in which various 

contaminants were introduced. The leachate concentrations were also probably lowest at 

the unlined landfills because the leachate plume was migrating downgradient. Their 

results raise concerns for unlined landfills who do not treat their leachate.  



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

11 

Kjeldsen and Christophersen (2001) investigated typical compositions of leachate coming 

from 106 old landfills. They found that newer sanitary landfills will have different 

compositions to older municipal landfills. This is partly because of the different waste 

disposed of at each, and partly because of the age difference. However, it is difficult to 

quantify because of attenuation processes (Kjeldsen and Christophersen, 2001). The 

association with landfill age is related to the common phases of leachate decomposition, 

which include aerobic, anaerobic acid, initial methanogenesis, and stable methanogenesis 

(Kjeldsen et al. 2002). New landfill leachate will start off in the aerobic phase, and 

typically, older landfill leachate will be in the methanogenic phase (Kjeldsen et al. 

(2002). Within each of these stages, there will be different levels of oxygen, water, pH, 

BOD, COD, and biodegradable constituents.  

Landfill leachate can also change seasonally. Ančić et al. (2020) analyzed 

leachate up and downstream a landfill over different seasons. Their results showed 

cytotoxic, pro-oxidative, and mutagenic effects from leachate exposure. They found that 

toxicity increased in dry and warm periods because of the increased degradation rate and 

therefore different chemicals (degradation products) were found in the leachate. 

Fortunately, the concentration levels were not high enough to present a toxicological 

threat.  

Cozzarelli et al. (2011) looked at landfill leachate plumes and their 

biogeochemical evolution as they migrated away from the site. As expected, there is 

immense temporal and spatial variability which largely depends on the redox conditions 

within the plume. These important redox conditions are controlled by the aquifers 
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hydrogeologic framework and the composition of the leachate. Therefore, understanding 

redox conditions will help determine the attenuation processes and therefore the fate of 

the contaminants within the leachate plume. Generally, the redox conditions are mostly 

anaerobic near the landfill and become more aerobic towards the outskirts of the leachate 

plume (Bjerg et al., 2011). Furthermore, among the literature, there is a consensus that 

leachate plumes are narrow and never extend past the width of the landfill (Christensen et 

al., 2001). However, Christensen et al. (2001) also mention that very few studies fully 

document leachate plumes that are not in sandy aquifers. 

2.2 Contaminants of Emerging Concern in Landfills 

Contaminants of Emerging Concern (CECs) is a term used for compounds in the 

environment that have not previously been of concern, only now detected over detection 

limits, or simply not looked at before, and has the potential to cause detrimental effects to 

ecology or human health (Stuart et al., 2012). Categories or types of CECS include 

pesticides (particularly new types of pesticides), pharmaceuticals, personal care products, 

industrial additives, and byproducts, food additives, water treatment byproducts, 

flame/fire retardants, surfactants, hormones and sterols, ionic liquids, and “life-style 

compounds” (Stuart et al., 2012). Life-style compounds are compounds such as caffeine, 

nicotine, and cotinine (Stuart et al., 2012).  These CECs are generally not yet regulated or 

have loose regulations due to lack of research and knowledge. Some challenges with 

regulating CECs are that there needs to be a better understanding of their fate and 

transport within the environment, as well as mode of toxicity. One of the other challenges 



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

13 

is lack of analytical ability. However as analytical techniques improve, more previously 

undetected CECs can be monitored (Stuart et al., 2012).  

Key sources of CECs include wastewater treatment effluent, landfill leachate, 

leaking storage tanks, storm water, agriculture, and industrial practices. Particularly with 

wastewater treatment plants, the CECs are untreated due to lack of infrastructure catered 

to the new contaminants (Stuart et al., 2012). One of the ways CECs enter the water cycle 

is through landfill leachate and can eventually enter the public water supply system. 

Studies have shown that landfills can contain a large variety of CECs. For example, 

Masoner et al. (2020) looked at 19 landfills across the United States and tested for 129 

CECs, most of which were pharmaceuticals, industrial chemicals, household chemicals, 

steroids, and plant/animal sterols. Bisphenol-A, cotinine, and N, N-Diethyl-meta-

toluamide (DEET) were the most ubiquitous. Other CECs not mentioned include 

polycyclic aromatic hydrocarbons (PAHs), and pesticides (Masoner et al., 2019). Buszka 

et al. (2009) sampled groundwater from a well downgradient from a landfill to determine 

concentrations of wastewater indicators and pharmaceutical compounds. They found 

various compounds including pharmaceuticals that indicate that those compounds were 

disposed of in the landfill. They emphasized the importance of testing for these 

compounds to build up a database of their potential occurrence and persistence in the 

environment, especially if they are harmful to human health. This database will be useful 

to future studies that also look at the similar contaminants.  

A group of CECs of particular interest are per- and poly-fluoroalkylated 

substances (PFAS). PFAS are a group of synthetic chemicals containing over 5000 
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different types that tend to persist in the environment and accumulate in the human body 

(Hamid et al., 2019). PFAS are synthetic organofluorine compounds with fluorine atoms 

attached to an alkyl chain containing at least one perfluoroalkyl moiety (CnF2n+1-). PFAS 

have been deemed as the “forever” chemicals because many of them are resistant to 

degradation. There are many different types of PFAS and uses for these compounds as it 

makes manufactured products resistant to grease, oil, water, and heat. Some products 

include textiles, paper, non-stick cookware, carpets, cleaning agents, electronics, and fire-

fighting foams (Hamid et al., 2019). PFAS can enter the environment as a by-product of 

their precursors. For example, fluorotelomer alcohol (FTOH), fluorotelomer carboxylic 

acid (FTCA), fluorotelomer unsaturated carboxylic acids (FTUCA) are precursors of 

perfluoroalkyl acids (PFAA). More specifically, FTOHs are in raw materials of 

fluorotelomer polymers, which are used in textiles, papers etc.  

As mentioned before, PFAS can present human health risk. For example, 

Gyllenhammar et al. (2019) investigated the health risks associated with PFAAs in 

children through drinking water. Specifically, they tested the children’s serum for 

PFAAs. As expected, children had an increased concentration of PFAAs which had 

accumulated over time. It was found that contaminated drinking water is a significant 

source, especially for younger children. Long term studies will be needed to determine 

long term effects of exposure to PFAAs. PFAS is known to have slow elimination rates in 

organisms as well, and therefore bioaccumulates (Hamid et al., 2019). Although PFAS 

tends to accumulate in larger mammals, it is not confirmed that there is no impact on 

smaller organisms.  
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Perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA) (along with 

other PFAAs) are most detected in the environment. PFOA and PFOS are considered 

long-chain PFAS. Long-chain PFAS are PFAS which contain 6 or more carbons and 7 or 

more carbons (for perfluoroalkyl sulfonic acids (PFSA) and perfluoroalkyl carboxylic 

acids (PFCA), respectively). After numerous studies depicted the widespread and harmful 

effects of PFAS, the manufacture of PFOS and PFOA have been restricted under 

Stockholm Convention and placed on the Toxic Substances List in Canada. Although 

some longer chained PFAS get banned, smaller chained types are being used as an 

alternative. However, the short-chained types have shown to be more mobile than their 

banned counterparts (Brandsma et al., 2019). All in all, the switch to short chained 

alternatives may not be a solution as the new contaminants are accumulating in different 

environmental reservoirs (Brandsma et al., 2019).  

PFAS is particularly difficult to analyze due to its novel nature and the vast 

variety of compounds. D’Agostino and Mabury (2017) analyzed various PFAS and 

highlighted the limitations with total organofluorine combustion-ion chromatography. It 

was revealed that 36% to 99.7% of the total organofluorine was not measured. 

Consequently, total PFAS is not representative of the actual total PFAS within water 

samples.  

There has been much concern over the possibility of cross contamination while 

collecting samples for PFAS analysis. However, newer studies have found that typical 

precautions are enough to avoid contamination. Rodowa et al. (2020) demonstrated the 

implausibility of contaminating samples for PFAS analysis (false positives) and found 
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that most field sampling materials did not have enough to reach the Environmental 

Protection Agency (EPA) health advisory limit (70ng/L for a 1L sample). Those that do 

have quantifiable PFAS concentrations have no plausible pathway to contaminate the 

sample. In other words, materials that potentially do not encounter the sample do not 

have cause for concern. However, the materials that do come in direct contact may have a 

plausible pathway to impact PFAS levels but have low risk. Therefore, restricting 

materials can increase the difficulty of sampling and it is recommended to document and 

quantify their risk. This is especially important when testing for trace concentrations.  

The most contaminated groundwater sites for PFAS have been linked to 

firefighting foams. Milley et al. (2018) conducted a Canada wide study investigating the 

contamination PFAS at airports. By using public resources, they were able to predict how 

many airports potentially impacted their nearby surface waters. They concluded that 152 

to 420 airports across Canada have potential contamination of PFAS. They used 

information regarding the use of PFAS (firefighting training), storage of PFAS, surficial 

geology, and proximity to surface waters to determine this claim.  

One of the other ways PFAS enters the water system is by leachate from landfills 

with PFAS containing products. Some products disposed of include cookware, pizza 

boxes, stain/water repellent items. Hamid et al. (2018) conducted a critical review of 

literature to summarize the role of PFAS in landfills. Generally, short chain PFAAs were 

most abundant due to their greater mobility, and production in the industry.  

There are few reports of PFAS from groundwater impacting an aquatic 

ecosystem. However, Briggs et al. (2020) found out that groundwater discharge from 
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hillslopes diluted PFAS concentrations. They applied heat tracing methods to determine 

zones of discharge at a recharging stream. Higher concentrations of PFAS were found 

from flow paths originating from regional groundwater (not the hillslopes), increasing 

PFAs concentrations going downstream.  

2.3 Tracers of Landfill Leachate 

An ideal tracer should have low background levels, be conservative (i.e., non-reactive as 

much as possible), and have low detection limits. The most common tracers of landfill 

leachate in groundwater are chloride and ammonium. Using chloride as a landfill tracer 

can be challenging due to its widespread use as road salts in colder climates, and 

therefore can have multiple point sources. Ammonium is a leachate indicator because of 

the high levels of organics within the waste disposed of at a landfill site and is known to 

persist within the landfill (Christensen et al., 2001). Christensen et al. (2001) claim that in 

landfill leachate the concentration of chloride is typically 150-4500 mg/L while the 

concentration of ammonium is 50-2200 mg/L. These are elevated concentrations 

compared to amounts normally found in shallow groundwater.  

Oftentimes, emerging contaminants are sampled along with more common 

constituents such as ammonium to help better understand the transport of said 

contaminants. It is also useful to find contaminants that correlate with these emerging 

contaminants since the analysis of these contaminants are oftentimes pricier due to their 

novel nature. It is especially more difficult for PFAS since there are many types and some 

analyses do not cover all of them. Hepburn et al. (2019) investigated legacy (historic) 

landfills acting as a point source for PFAS, which again is a poorly constrained 
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contaminant. Concentrations of various PFAS forms were detected and most correlated 

with common leachate constituents such as ammonium and methane. This leads to 

possible use of these PFAS as a conservative tracer. This is because they are sourced 

from landfill leachate and can help distinguish from other sources. PFAS is also highly 

mobile and persistent which is bad in terms of health impacts, but ideal as a tracer. 

Hepburn et al. (2019) provides a framework for assessing PFAS impacts on groundwater 

from legacy landfill. Where if PFOA concentration divided by total PFAA concentration 

is greater or equal to 10%, the impact is likely due to a legacy landfill. However, this 

system did not hold up for the 20 historic landfills surveyed by Propp et al. (2021). 

Additionally, Li et al. (2012) investigated two synthetic compounds PBDEs, and PFCs 

which are used in a variety of products. Due to their highly persistent nature and toxic 

effects on human health, they both pose a risk. Li et al. (2012) conducted a review of 

various studies from different landfill leachate plumes to better understand how these 

compounds behave. They also explored possible correlations between these compounds 

and their precursors. They found that all the 24 landfills studied detected these 

compounds, and that the degradation products are the major source for these 

contaminants of emerging concern. 

Another important group of CECs for landfills are artificial sweeteners (AS), as 

these have been touted as useful tracers in landfills (Roy et al., 2014). AS are a sugar 

substitute that is added to sweeten foods without adding more calories, also used with 

personal care products, drugs, etc. Four common AS assessed in the environment are 

acesulfame, sucralose, cyclamate, and saccharin. Saccharin was most predominant in a 
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stream adjacent to an old landfill site (Roy et al., 2014). This makes sense since saccharin 

is the oldest artificial sweetener and became popular around the 1960s and 1970s. 

Therefore, even though acesulfame is a more ideal tracer (conservative), it was only 

introduced in the early 1990s and not as useful when studying older landfills. However, 

detection of acesulfame and sucralose can indicate contamination by modern wastewater 

in studies targeting old landfills (Propp et al. 2021). 

Stolte et al. (2013) investigated potential ecotoxicity of artificial sweeteners as an 

emerging contaminant. All four artificial sweeteners are widely distributed with no firm 

research regarding their ecotoxicity on a large scale. Luo et al. (2019) looked at the 

distribution of artificial sweeteners in the environment and found high correlation to 

consumption patterns and removal efficiency at associated wastewater treatment plants. 

Subsequently, surface water, groundwater, and drinking water also have concentrations 

of artificial sweeteners although not as high as wastewater treatment plant influent. The 

laboratory results from Stotle et al. (2013) on algae, water fleas, and duckweed 

demonstrated that artificial sweeteners present low potential risk to these organisms. 

However, the researchers suggest that further research be conducted and that regulations 

for food additives are necessary. 

Some analysis for AS also analyze sulfamate, an anion of sulfamic acid that has 

been detected in environmental waters. It is a product of oxidation of cyclamate by 

ozone. Similarly, sulfamate was detected as an oxidation product of acesulfame. A study 

by Van Stempvoort et al. (2019) found that sulfamate has many sources, including 

precipitation making it a less than ideal tracer for wastewater. They found that the lowest 
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concentrations were in groundwater samples with reducing conditions and could cause 

the degradation of sulfamate.  

2.4 Groundwater - Pond Interactions 

The interaction between groundwater and surface water can be influenced by several 

factors. Winter et al. (1998) describes the interaction between a lake and groundwater 

which is similar conceptually to a pond. However, a pond is without wave action due its 

smaller size. Oftentimes, the water level is less variable compared to streams but not 

always and evaporation has a greater effect due to the greater surface area and lack of 

shade. There are three different types of interactions between a pond and the aquifer. A 

pond can be gaining which means there is groundwater inflow from the surrounding 

aquifer. A pond can also be losing which means the pond surface water seeps into the 

aquifer. Finally, a pond can be flow-through which means there is both gaining and 

losing occurring (Winter et al., 1998). 

Walter et al. (2002) simulated a pond-aquifer interaction under natural and 

stressed conditions at a kettle pond. In their report, they discuss the conceptual model of 

pond-aquifer interactions, and variables that affect these interactions. A pond will interact 

with a surrounding aquifer depending on the size of the pond and the thickness of the 

aquifer. Typically, water discharges in upgradient areas and recharges in downgradient 

areas. A greater horizontal hydraulic conductivity of the aquifer sediment will mean less 

groundwater discharging into the pond. Under homogeneous conditions, the hydraulic 

gradients will decrease exponentially with distance away from the shore, therefore the 

highest hydraulic gradients are found along the shore of the pond and where the greatest 
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inflow and outflow of water will occur. Permeability of the aquifer or pond bottom 

sediment will also influence the rate of recharge or discharge where a highly permeable 

sediment will result in greater rate of groundwater movement.  There will also be outlets 

and inlets at a pond in most cases, and therefore the pond water level will depend on the 

outlet, inlet, precipitation, and net groundwater exchange. These are factors affecting the 

interaction between the pond and the associated aquifer. There are also other external 

factors that play a role in the interactions between pond and groundwater. For example, 

topological, hydrological, anthropogenic, and ecological factors. Ecological factors can 

include surrounding vegetation causing drops in water level because of 

evapotranspiration. Anthropogenic factors can include land management, land use, and 

dams. Hayashi (2004) found that evapotranspiration is also a natural factor that can affect 

groundwater-surface water interactions. Evapotranspiration of plants surrounding a 

surface water body can affect the groundwater discharging into the pond. Therefore, there 

are diurnal patterns in surface water bodies as plants will uptake groundwater during the 

day and pause at night.  

Due to the lack of surface water movement and circulation in a pond (compared to 

a stream) there are greater organic deposits at the pond bed, therefore affecting the types 

of biogeochemical exchanges (Winter et al., 1988). Some common types of 

biogeochemical reactions include acid-base reactions, sorption and ion exchange, 

precipitation, and dissolution of minerals, oxidation-reductions reactions, biodegradation, 

and dissolution and exsolution of gases (Winter et al., 1988).  
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The interaction between a pond and its aquifer is not limited to whether the groundwater 

is discharging or being recharged (Conant et al., 2019). There is a more complicated 

relationship at the pond and groundwater interface, also known as the transition zone. 

The transition zone is defined by Conant et al. (2019) “as a three-dimensional volume 

beneath and adjacent to surface water bodies where groundwater-surface water 

interactions occur and conditions transition from groundwater dominated system to a 

surface water dominated system.”. This zone is significantly different from the surface 

water and groundwater zones individually because of various processes. For example, the 

biogeochemistry (i.e., redox reactions) of the transition zone is significantly different. 

Conditions will vary spatially across the pond bottom because of the varying hydraulic 

gradients. The spatial heterogeneity is because biogeochemical processes are controlled 

by advection or diffusion/dispersion processes. Different biogeochemical zones also vary 

temporally as different times of the day or season changes the ecological and hydrologic 

conditions.  

2.5 Temperature-based Groundwater Flux Calculations 

Groundwater can influence the typical temperature profile in the earth. Naturally, the 

earth has a small upward thermal gradient which can be affected by moving water. 

Stallman (1963) formulated an analytical relationship between the transfer of heat and 

water in the earth which allowed the calculation of groundwater movement using 

temperature measurements. Bredehoeft and Papadopulos (1965) presented a solution of 

this relationship in steady state conditions, because groundwater movement causes 

temperature variations within the earth. This analytical solution is a type-curve method 
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used to describe vertical (1-dimensional) steady-state flow of groundwater and transfer of 

heat through an isotropic, homogenous, and fully saturated semi-infinite layer. The type 

curve shows that no flow conditions (heat transfer by conduction only) the thermal 

gradient is linear with depth. Groundwater flow causes heat transfer by convection with 

the water, causing the temperature profile to be non-linear. The temperature curve is 

convex or concave up depending on the direction of water movement (recharging or 

discharging, respectively), and the curvature increases with groundwater velocity. This 

solution is useful to hydrogeologists as it is possible to calculate the rate of groundwater 

movement using temperature measurements within the earth. This is especially useful for 

groundwater and surface water interactions as the recharge and discharge of groundwater 

can be measured at surface water bodies.  

Shan and Bodvarsson (2004) produced an analytical solution for 1D steady heat 

transfer through a multilayered system to provide estimated percolation rates. They based 

their solution off Bredehoeft and Papadopulos. Their assumptions are that each layer is 

homogeneous, and has a constant thermal diffusivity, that the heat/mass flow is 1D and 

perpendicular to the surface, and constant.  

FLUX-LM by Kurylyk et al. (2017) is an analytical solution and spreadsheet 

model that requires temperature depth measurements, layer thickness (from 1 to 3 layers), 

and thermal conductivity of the layers to calculate the vertical groundwater flux based on 

the solutions of Shan and Bodvarsson (2004) and Bredehoeft and Papadopulos (1965). 

FLUX-LM is useful to hydrogeologists who can then use heat as a groundwater tracer. 

This is useful since heat is ubiquitous. For application to groundwater interactions with 
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surface waters, this model is best used at discharge zones where there is minimal or no 

diurnal influence because downward conduction would be impeded by upward advection. 

To account for the diurnal influence, the sensors can be installed deep below the 

influence of diurnal fluctuations (typically 50 cm). For FLUX-LM, the user supplies the 

temperature depth profiles, as well as the layer properties from which the excel solver 

will calculate a theoretical temperature depth profile by “guessing” the groundwater flux. 

The solver then finds the optimal flux value by minimizing root mean square error 

(RMSE) between the calculated and measured temperature depth profiles. Oftentimes the 

sediment layer properties are not known or measured. However, these can be estimated 

based on sediment property tables in the literature. For example, Lapham (1989) provided 

a table outlining a range of values for thermal conductivity of saturated fine- and coarse-

grained sediment. 

2.6 Groundwater Contaminants from Landfills Affecting Surface Waters 

Contaminants in groundwater that discharges to a surface water body have the potential 

to cause harm to its aquatic and surrounding terrestrial ecosystems, as well as impair the 

quality of the surface water and potentially pose a threat to human health. For point 

sources of contaminants, like landfills, studies of the contaminant plumes reaching 

surface waters have largely occurred in the past two decades. Conant et al. (2004) was 

one of the first studies to investigate the impacts. They investigated a PCE plume 

entering a streambed. Simply sampling only, the surface water or only the groundwater 

was a gross misinterpretation of the plume discharging into the river. They found that the 

transition zone had high heterogeneities in plume composition, concentration, and 
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distribution. Therefore, it is important to obtain data from both surface water and 

groundwater to capture heterogeneity in the plume. Years later, Conant et al. (2019) 

created a framework to help conceptualize the ground-surface water interactions by 

describing the flow, biogeochemical, and biological patterns of all types of settings. In 

turn, this conceptual model will help identify potential impacts and issues on water 

quantity, quality, and associated ecosystems.  

There have been several studies focused on landfill plumes reaching various types 

of surface water bodies (Table 1.1). Some examples of such studies include Thomsen et 

al. (2012) who conducted a screening as part of a risk assessment of an old landfill above 

clay till settings in Central Zealand, Denmark. They used historical investigation, and 

contaminant mass balance to estimate contaminant mass discharge into the stream. 

Chloride was used as a tracer, and dissolved organic carbon was used for indication of 

oxygen depletion, and ammonium was used as a toxicity indicator. Their results showed 

substantial spatial variability in contaminant concentrations due to the heterogeneous 

geology which will affect attenuation processes. More specifically, various attenuation 

processes occurred during the transport of the leachate, and therefore results showed high 

variability in leachate indicators, redox parameters, and xenobiotic organic compounds 

due to complex geology. The source composition will also influence the contaminant 

concentrations as waste is not disposed of at the same time at the landfill. At the same 

landfill, Milosevic et al. (2012) determined direct toxicity effects and indirect oxygen 

depletion risks from landfill leachate to associated ecology. They used streambed 

temperature gradients and seepage meters to determine groundwater flux. They also 
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sampled groundwater at “hot spots” for a variety of compounds. Interestingly, surface 

water concentrations were similar to groundwater concentrations during dry periods. This 

was due to low water levels and therefore less dilution influencing contaminant 

concentrations in the stream. Similarly, Fitzgerald et al. (2015) suggested that ammonium 

levels were elevated in a receiving stream due to inputs of groundwater affected by 

several nearby landfills.  

The high heterogeneity of groundwater and surface water interactions is not 

limited to spatial processes but also temporal. Lorah et al. (2009) looked at leachate 

plume in a swamp and its biochemical interactions that cause attenuation. They studied 

particularly groundwater and surface water interactions. The wetland-groundwater 

interactions changed during wet and dry conditions, discharging and 

discharging/recharging periods, respectively. Dry conditions (low water table) showed 

lower levels of ammonium in the slough due to vertically upward discharge only in the 

middle of the slough and attenuation by dispersion and dilution. During wet seasons there 

were high concentrations of ammonium and other leachate constituents that travelled 

further downgradient, and primarily attenuated through sorption. Therefore, seasonality 

seems to play an important role during groundwater and surface water interactions.  

Few studies report on the impacts of groundwater contaminants entering a surface 

water body on aquatic ecosystems, especially related to landfills. However, Dickman and 

Rygiel (1998) found that after 15 years of exposure to a discharging leachate plume, the 

species within the study stream had changed to more pollutant tolerant species as the 

more sensitive species were presumably wiped out. Another example, but not related to 
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landfills, is the study of Roy et al. (2018), who investigated impacts on benthic 

ecosystems in an urban stream receiving groundwater from a contaminant plume 

containing volatile organic compounds (VOCs). They found that there was a reduced 

abundance and richness of taxa in zones of high contaminant concentrations. Essentially, 

the contaminant plume potentially altered the benthic community structure within the 

urban stream. However, due to the complexity of groundwater-surface water interactions 

the cause could not conclusively be attributed to a single factor.  
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3.0 Field Site 

The closed landfill site is approximately 40.5 hectares and is bounded by agricultural land 

to the east and west, and by swampy lands to the north and south. This former unlined 

sanitation landfill was in operation from 1970 to 1986 and received domestic, 

commercial, and non-hazardous industrial solid waste. In July 1986, the landfill ceased 

operations and subsequently was capped and seeded. No landfill leachate collection or 

containment system has been installed to date.  

The landfill itself is approximately 280m wide and 480m long. The site is located 

at the highest elevation within the property (Figure 3.1). To the west of the landfill lies a 

pond, as well as a small stream that flows southward along the west side of the property 

before draining into a swamp south of the property. The 200 by 80 m engineered pond is 

situated approximately 40 m west of the closed landfill. The pond was artificially created 

by landscapers and has a drainage gate leading to the discharge outlet via a culvert 

(Figure 3.2). The engineered pond is inferred to receive some overland runoff as well as 

shallow groundwater flow from the closed landfill. The perimeter of the pond is lined 

with Typha and Phragmites. East of the pond is a road cutting across the landfill in the 

north and south direction. At the west side of the pond there is a small inflowing stream. 

The inflowing stream is almost negligible during the summer months and sees higher 

flow during winter and spring months. The pond supports a variety of aquatic 

invertebrates, as well as newts, turtles, and small fish. There is also Chara (a common 

freshwater plant) covering the bottom of the pond, except for the edges and certain 

patches in the north end of the pond.  
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Figure 3.1. Satellite image of HB site from Google Maps. Landfill (right and outlined 

by dotted line) and pond (left) are labelled. Red arrows indicate approximate groundwater 

flow directions (May 2018 from WSP report). Red dots indicating sample locations from 

Propp et al. (2021). Orange dot indicates Monitoring Well 18R. Blue lines indicate 

streams. 
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Figure 3.2. Bird's eye view of the artificial pond to the west of the landfill. Chara 

(aquatic plant) is shown as the darker areas within the pond. There is a greater amount of 

phragmites at the north-east end of the pond. 
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According to the landfill report (WSP, 2018), the site is within an area that consists of 

clay to silty clay till moraines with alluvial silt, sand, and gravel covering the lower areas. 

The site is also situated within an undrumlinized till plain. Towards the north of the site, 

there are glaciofluvial outwash deposits consisting of sand, gravelly sand, and sandy 

gravel. Towards the south, there is Port Stanley till consisting of silty-to-silty clay till, as 

well as a bog deposit at the southern boundary. These overburden deposits range from 29 

to 46 m in thickness, increasing in thickness from east to west. Bedrock was not 

encountered during the intrusive investigations but consists of Middle Devonian 

limestone and dolostone of the Detroit River Group (WSP, 2018).  

Based on the culmination of hydrologic investigations performed (summarized in 

WSP, 2018), the groundwater flow system of the site comprises four hydrostratigraphic 

units. On top, there is a sand and gravel unit with a mean hydraulic conductivity (K) of 

2.9x10-1 cm/s for the coarse sediments, and 2.6x10-3 cm/s for the fine sediments. Below 

that there is an upper clayey silt unit with a mean K of 8.8x10-5 cm/s. Thirdly, there is a 

confining/semi-confining lower clayey silt unit with a mean K of 6.5x10-6 cm/s and was 

inferred to have weak downward hydraulic gradients. Finally, there is a lower sand and 

gravel unit with a mean K of 3.6x10-1 cm/s for the coarse sediments, and 6.1x10-5 cm/s 

for the fine sediments. The thickness and lateral extent of the lower clayey silt unit is 

unknown. The hydraulic conductivity tests were performed in-situ (James F. MacLaren 

Ltd., 1979 and MacLaren Engineers, 1982). The two upper units represent the shallow 

groundwater system while the lower unit represents the deeper groundwater system. 
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Within the pond, there is organic rich sediment, black in colour and about 30 cm thick, 

hosting aquatic vegetation. 

The groundwater in the shallow flow system flows to the southwest across most 

of the site. Based on the groundwater elevation there appears to be a mound at the landfill 

site causing radial groundwater flow away from the landfill in the east and southeast 

direction. However west the creek, the shallow groundwater flows towards the east 

(towards the creek). Therefore, throughout the site, the groundwater appears to converge 

towards the creek. Furthermore, the synthetic pond likely acts as a discharge zone. 

As part of the annual monitoring, groundwater samples have been routinely 

collected from a series of monitoring wells at the site (WSP, 2018). The samples were 

analyzed for major and minor ions, nutrients and organics, and dissolved metals. Select 

wells were analyzed for volatile organic compounds (benzene, 1,4-dichlorobenzene, and 

vinyl chloride). Concentrations of chloride, alkalinity, potassium, boron, iron, and 

ammonia, total Kjeldahl nitrogen, vinyl chloride, benzene, and 1,4-dichlorobenzene were 

higher compared to the background concentrations in several monitoring wells in the 

upper aquifer groundwater at the site. However, the leachate strength at the site is deemed 

weak because chloride and sodium concentrations tested at the leachate well (Well 41) 

are below their Ontario Drinking Water Quality Standards. The 2018 concentrations were 

within the historic range, meaning previous site assessments found similar concentrations 

of the parameters. The report states that a decreasing trend suggests attenuation of the 

plume through hydraulic migration and microbial degradation. Additionally, the deep 

groundwater flow system has no clear evidence of leachate influence. Finally, the pond 
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surface water, sampled annually, appears to be weakly affected by the landfill according 

to the report in 2018, because of elevated concentrations of alkalinity, chloride, 

potassium, and sodium.  

A landfill leachate survey of historic landfills conducted as part of the broader 

investigation in 2018 by Environment and Climate Change Canada tested for various 

contaminants of emerging concern in samples from two leachate-impacted monitoring 

wells on the HB landfill site, along with discharging groundwater from the east edge of 

the pond (Propp et al., 2021). The investigators concluded that there were landfill 

leachate impacts based on the presence of emerging contaminants in their water samples.  
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4.0 Methodology 

4.1 Shallow Groundwater Sampling at the Study Pond  

To delineate the general extent of the leachate-affected plume discharging to the pond 

and identify areas for focused study, a screening assessment of the groundwater entering 

the east side of the pond was performed in May 2019 (extended further south in June) and 

one in a line across the pond in July 2019. This assessment included shallow discharging 

groundwater below the pond sediment interface and a few seep samples from the edge of 

the pond. These samples were measured for common groundwater geochemistry and 

contaminants (described further below). Subsequently, more permanent groundwater 

sampling devices were placed at most of the same sample locations but only at locations 

with high concentrations of leachate indicators or at locations that help delineate the 

plume extent. Most of the solution samplers were installed along an east-west line across 

the pond called “Transect E-W”, as well as a north-south transect along the east edge of 

the pond called “Transect N-S” (Figure 4.1). Just north of and parallel to Transect E-W, 

there is a shorter transect (5 sample locations) a part of the preliminary screening.  
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Figure 4.1. Bird's 

eye view of the 

pond and the 

sampling transects. 

Instrumentation 

comprised of mini-

piezometers (E-W -

locations numbered 

according to 

distance (m) from 

east shore; N-S - 

locations indicated 

by relative position 

north (N#) or south 

(S#) of the central 

location, first 

measured by Propp 

et a. 2021), along 

with additional 

monitoring 

equipment; 

electrical 

conductivity data 

loggers (EC 

sensors), water level 

piezometers, 

temperature rods, 

and seep locations. 

The inlet is on the 

west side of the 

pond and the outlet 

is to the south. The 

landfill is to the east 

of the pond (see 

Figure 3.1).         
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The dates of sampling groundwater and the locations, as well as the analyses conducted 

are summarized in Table 3.1. The initial screening assessment along the Transect N-S 

consisted of 17 sampling locations total, spanning 5 to 20 metres in between. There were 

also 12 sampling locations spanning every 4 to 16 metres along Transect E-W. The 

spacing of the sampling locations varied because some areas did not produce sufficient 

groundwater flow for sample collection. The mini-profiler system (see Roy and 

Bickerton, 2010) used to collect the groundwater samples consisted of an 18 cm stainless 

steel drive point with sampling ports, which was attached to an ¼-in polyethylene tubing 

inserted into a ⅝-in hollow rod. The mini-profiler system was driven to various depths 

ranging between 14 and 83 cm within the sediment with a hammer drill (Figure 4.2). The 

tubing was connected to a peristaltic pump with Master flex tubing (Figure 4.3). While 

the rod was drilling into the sediment, pond water from a second stainless steel drive 

point attached onto the opposite end of the peristaltic pump, and immersed in the pond 

surface water, was pumped into the sediment to prevent clogging of the ports. The 

groundwater was then pumped into a graduated cylinder by reversing the flow, from 

which electrical conductivity, temperature, dissolved oxygen, and pH were measured 

using hand-held meters (YSI Professional Plus, and YSI ProDO probe, Hoskins 

Scientific). Groundwater samples were collected to be analyzed for ammonium, artificial 

sweeteners, SRP, and various anions. The mini-profiler was subsequently removed and 

used for the next sample location. Before each new location, the tubing was replaced to 

avoid cross contamination. 
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A total of fifteen solution samplers (essentially mini-profiler rods left in place; Figure 

4.4) were installed along both transects, 11 in Transect E-W and 4 additional ones in 

Transect N-S (Figure 4.1) at many but not all the sampling locations from the screening 

assessment. The solution samplers were installed at depths from 10 to 20 cm with the 

intent to target the endobenthic zone. The solution samplers were used to collect a full 

suite of shallow groundwater samples (i.e., analyses including VOCs, anions, cations, 

SRP, ammonium, dissolved metals, artificial sweeteners, and PFAS) on August 22, 2019 

(Sampling Campaign 1) and December 9 and 10, 2019 (Sampling Campaign 2). 

Sampling groundwater from the solution samplers was similar to using the mini-profiler 

system in which Master Flex tubing was connected to a peristaltic pump and fed into a 

graduated cylinder where field parameters were measured, and samples were collected 

(Figure 4.3). 
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Figure 4.2. Photograph of Tammy Hua 

demonstrating the use of a hammer drill to 

install a mini-profiler into the subsurface (not 

HB site). Tubing is pumping water into the 

ground to prevent clogging of ports.

Figure 4.3: Photo of part of the mini-profiler system. Photographed here is the 

peristaltic pump with tubing leading from the mini-piezometer or solution sampler to the 

graduated cylinder. The graduated cylinder is where handheld probes can measure 

groundwater and surface water parameters. Sample bottles wedged in a Styrofoam tray 

are also pictured here. 
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Figure 4.4. Photo of Transect E-W and the semi-permanent solution samplers. 

Solution sampler’s metal hollow rod is sticking out of the pond surface, along with tubing 

that gets hooked onto a peristaltic pump (see Figure 4.3). Temperature rod sticking out of 

the pond surface (circled in red, schematic diagram below).  
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Table 4.1. Dates of sampling groundwater in 2019. Screening used a temporary mini-

profiler system (drive point system) with more limited parameters, and campaigns used a 

permanent drive point system.  

Dates of 

Sampling 

Type of Sampling Parameters/Analyses 

Conducted 

No. of 

Locations 

31-May Screening for Transect N-S NH4
+, EC, Anions, SRP, 

Artificial Sweeteners (AS) 

12 

26-Jun Screening for Transect N-S 

(WS7 to WS10) 

NH4
+, EC, AS 4 

11-Jul Screening for Transect T NH4
+, EC, AS 17 

22-Aug Campaign 1 for Transect 

N-S and Transect T 

NH4
+, EC, Anions, SRP, AS, 

VOCs, Dissolved Metals, 

PFAS, Alkalinity 

15 

29-Aug Additional location 

sampled along Transect N-

S (WS11) 

NH4
+, EC, AS 1 

9/10-Dec Campaign 2 for Transect 

N-S and Transect T 

NH4
+, EC, Anions, AS, VOCs, 

Dissolved Metals, Alkalinity 

13 

4.2 Surface Water Sampling 

Approximately every month (during each of the two sampling campaigns, and 

periodically in between), surface water samples were collected at the outlet and pond 

edge (Figure 4.1). Surface water samples were collected by drawing stream water up 

through a syringe and then inputted into sample bottles. For some analyses, the stream 

water was filtered. Oftentimes, only ammonium and artificial sweeteners were sampled in 

between the sampling campaigns. Surface water samples were handled and stored 

similarly to the groundwater samples, as described below.  
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4.3 Water Sample Handling and Chemical Analyses 

Collected samples were placed into a cooler with ice packs during transport, and then 

refrigerated or frozen until analysis. The sample handling details for the groundwater and 

surface water samples are listed in Table 4.1. Analyses were performed in Environment 

and Climate Change Canada labs at the Canada Centre for Inland Waters (Burlington, 

ON). SRP was measured with a Thermo Scientific Evolution 160 spectrophotometer 

using a mixed reagent of ammonium molybdenate and antimony potassium tartate 

(absorbance measured at 885nm). Ammonium was analyzed using a Beckman Coulter 

DU 720 general purpose spectrophotometer and a phenolhypochlorite reagent 

(absorbance measured at 640 nm). A set of 71 VOCs, largely chlorinated solvents and 

petroleum compounds were analyzed with a Teledyne Tekmar Aquatek 70 autosampler, a 

Teledyne Tekmar 3100 sample concentrator purge and trap, an Agilent G1530A gas 

chromatograph, and a HP/Agilent 5973 mass selective detector. Anions were analyzed 

with a Dionex 2500 ICS ion liquid chromatography system. Trace metals and cations 

were analyzed using Inductively Coupled Plasma-Sector Field Mass Spectrometry (ICP-

MS, NLET methods #2003) at the National Laboratory for Environmental Testing. 

Alkalinity was analyzed using HACH digital titration method 8203 with 1.6 N H2SO4. 

AS were analyzed with a Dionex 2500 ICS ion liquid chromatograph system combined 

with an Applied Biosystems AB Sciex QTrap 550 triple quad mass spectrometers 

(IC/MS/MS). PFAS were extracted using weak-anion exchange (WAX) solid phase 

extraction (SPE) and then analyzed using ultra high-performance liquid chromatography 

tandem mass spectrometry (UHPLC-MS/MS).  
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Table 4.2. Details on water sample handling and storage. Detailed list of compounds 

analyzed can be seen in Table A2 and Table A1 for PFAS. 

Analyte  Volume Collected / 

Bottle Type 

Filtration 

(polyethersulfone 

membrane filter) 

Preservation and 

Storage 

PFAS 

(27 compounds, 

Table A1) 

0.5L polyethylene - 

MEOH rinsed 

None Stored in fridge 4℃ 

Dissolved metals 

(50 compounds, 

Table A2) 

125ml polyethylene  0.45µm pH < 2 with nitric 

acid 70% (M=15.8), 

stored in fridge 4℃ 

Anions 

(7 compounds, 

Table A2) 

30ml polyethylene 0.45µm Stored in fridge 4℃ 

Ammonium 30ml polyethylene 0.45µm pH 5-6 with 10% 

hydrochloric acid; 

frozen until 

analyzed 

Artificial 

Sweeteners 

(11 compounds, 

Table A2) 

30ml polyethylene 0.45µm frozen until 

analyzed 

Volatile Organic 

Compounds 

(71 compounds, 

Table A2) 

40ml glass with septa None pH <2 with 

NaHSO4, no 

headspace, stored in 

fridge 4℃ 

Soluble Reactive 

Phosphorus  

40 ml glass 0.45µm Stored in fridge 4℃ 

Alkalinity 125ml polyethylene None Stored in fridge 4℃ 
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4.4 Water Level and Flow Measurements 

4.4.1 Stream Discharge 

The stream discharge at the outlet of the pond, which exits via a drain and attached 

culvert, was determined by stream gauging using the midpoint method (Turnipseed and 

Sauer, 2010). The vertically averaged velocity was measured every 5 cm across the 

culvert by moving the flow meter (Global Water Model FP101; range of 0.1-4.5 m/s, 

accuracy of 0.03 m/s) up and down the full water depth. However, measurements after 

August were incorrectly done at the edges of the culvert, with depth measured to the 

sediment bottom while velocity was averaged to the culvert bottom. These depth readings 

were adjusted based on previous measurements of the distance between the sediment 

bottom and culvert, assuming any erosion of the sediment was negligible, for which there 

was no visual evidence over the study period. Still, these discharge values likely had 

slightly greater uncertainty. 

At times of lower flow, discharge measurements suffered from having too many 

velocity values below the quantifiable limit, approximately 0.4 m/s. These values register 

as 0 m/s and were typically assigned that value in the discharge calculations. Therefore, 

the discharge calculated could be underestimated. To test this, discharge was calculated 

in two ways, with the 0 m/s readings assigned 0 m/s and 0.4 m/s. The percent difference 

between the original discharge to the adjusted discharge was then calculated, with values 

10% or less signaling an acceptable set of measurements. A 10% or greater difference 

raised concerns because it meant that the measurements did not capture all the flow, and 
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so these measurements were omitted. The uncertainty was likely higher for these smaller 

but acceptable discharge values, though. 

The rating curve was calculated by plotting stage level (described below) and 

discharge from the outlet from the same time. The rating curve would provide 

interpolation of outlet discharge between manual discharge measurements for all 

continual stage measurement times. Unfortunately, there was too much variation and 

uncertainty in the data to provide a reliable rating curve. The discharge was plotted with 

pond level data as well to see if the curve would improve with this water level data set, 

but it was still not reliable. 

4.4.2 Piezometers and Water Levels 

Three piezometers were installed along Transect E-W using direct push methods and 

hand augers (Figure 4.5). The east piezometer, made of PVC plastic and fully screened, 

was installed July 30, 2019. The middle and west piezometers were made of stainless 

steel with a 25 cm screen length at the bottom and were installed on August 1, 2019. 

Each piezometer had a pressure transducer (Micro-Diver©, Van Essen) installed near the 

bottom of the screened section. The Micro-Divers were tied with a fishing wire that was 

then attached to the cap or top of the piezometer. These Micro-Divers were set to log 

pressure (to be converted to water levels) and temperature every 15 minutes.  

A pressure transducer (Solinst) was installed into the stream at the outlet (end of culvert) 

on July 4, 2019 to monitor the outlet stream stage. The transducer was placed into a 

slotted PVC pipe that was pushed into the streambed. The outlet pressure transducer 

measured and logged total pressure, temperature, and electrical conductivity every 15 
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minutes. Another pressure transducer was installed on July 4, 2019 in the middle of the 

pond (Figure 4.1) to measure changes in pond level. In addition, a Micro-Diver was 

installed in one of the on-site monitoring wells (Well 18R) on October 23, 2019 to 

monitor pressure and temperature every 15 minutes at greater depths but still within the 

shallow groundwater flow system. Well 18R is around 65 m northeast from the pond, and 

has a depth of 5.7 m from the ground surface (WSP, 2018). 

 

 

Figure 4.5. Schematic diagram of piezometers across Transect E-W. Installed with 

barometric diver and micro divers (depicted as ovals at the bottom of each piezometer). 

WD = well depth below ground surface, SL = screen length. Well depths and pond are 

not to scale. 
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All the pressure transducers required barometric pressure compensation to convert the 

measured pressure to water head level. A barometric pressure logger (Micro-Diver) was 

deployed July 4, 2019 on the north side of the pond but was lost due to vandalism. 

Consequently, for the period from July 12 to September 12, 2019, barometric pressure 

from a barologger near the city of Woodstock (~17 km away) was used instead. A second 

Micro-Diver was installed on-site on September 12, 2019 at the top of the east 

piezometer to measure barometric pressure (Figure 4.1). The barometric data from the 

east piezometer ended on May 19, 2020 (memory full but could not retrieve the data due 

to COVID-19 travel restrictions), so barometric data from a weather station nearby was 

used (Delhi; ~22 km) from May 20, 2020 to June 27, 2020. There were slight differences 

between the different barometric data sets as their locations were different. The average 

pressure difference between the off-site and on-site location for overlapping time periods 

was used to adjust the off-site barometric pressure such that it better represented the 

conditions at the HB site. To assess potential pressure sensor drift, water levels for the 

piezometers around the pond were periodically measured using a water level tape (Heron 

Instruments dipper-T), around the same time the Micro-Divers were being downloaded.  

During the screening assessments, a hydraulic potentiomanometer (see Winter et 

al., 1988) was used at most sampling locations to determine local vertical hydraulic 

gradients. The potentiomanometer was connected to the polyethylene tubing (Masterflex) 

hooked up to a peristaltic pump. One end of the tubing was attached to the mini-profiler 

system installed in the sediment bed and the other end was connected to a steel drive 

point submerged in the pond surface water. With one end in the groundwater and one end 
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in the surface water, the potentiomanometer was therefore hydraulically connected to the 

groundwater and surface water. A vacuum was created in the potentiomanometer, 

drawing water up into the two clear tubes representing either the groundwater or surface 

water, while still maintaining the head difference between the two. The dominant system 

would fill the corresponding tube more.  

4.5 Temperature-based Groundwater Measurements 

4.5.1 Temperature Depth Profile for Groundwater Flux 

Vertical temperature profiles required for calculating groundwater flux at a given location 

were measured using temperature rods equipped with five Thermochron iButtons (Figure 

4.6). Seven temperature rods consisting of 3/4" iron rods 152 cm long with a tapered 

point (as in Fitzgerald et al., 2015) were installed, each near a solution sampler. More 

specifically, five were installed along Transect E-W, and two additional ones along 

Transect N-S (Figure 4.1). The rods were installed manually using a sledgehammer and 

driven down to a depth of 76.5 cm below the sediment surface (excluding low-density 

sediments on top) for temperature rods TR-T31, TR-WS1, and TR-T13 and 86.5cm 

below the sediment surface for temperature rods TR-T3, TR-WN4, TR-T43, and TR-T66. 

Wooden dowels attached by fishing line were used to space the iButtons at known 

depths. The first four iButtons for all rods were installed at depths of 0.3 cm, 9.9 cm, 19.5 

cm, and 39.1 cm below the sediment surface. For some rods, the fifth and deepest iButton 

was installed at 78.7 cm while others were installed at 88.7 cm below the sediment 

surface. These iButtons were set to log temperature readings every 15 minutes and had an 

accuracy of 0.125ºC. There were two possible settings for the iButtons resolution: 0.5°C 
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for 8 bit, and 0.0625°C for 11 bit. Unfortunately, the lower resolution setting was 

accidentally chosen. The iButtons were removed every few months to download the data, 

and then were replaced in the same position in the same rod.  

 

Figure 4.6. Schematic diagram of a temperature rod equipped with 5 iButtons. In 

reference to the sediment surface.  

 

The iButtons were calibrated all together relative to a single “master iButton” before 

initial deployment and following the final download. The comparison of the two 

calibration values showed that there was little or no drift in temperature for all the 

iButtons. Therefore, only the first calibration value was used for the entire period. There 

is a gap in the continual data between November 2019 and April 2020 because the 

pandemic prevented the downloading of data before it was overwritten. 
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Groundwater flux was calculated from the temperature profile for each temperature rod 

using an analytical model called FLUX-LM. FLUX-LM is an Excel solver by Kurylyk et 

al. (2017) which estimates vertical 1D fluxes using a point in time or constant in time 

temperature depth profile (and saturated sediment thermal conductivity). The “LM” 

stands for layered media which means it can calculate the flux for horizontally layered 

porous media too. Here, it was assumed that there was only one layer within the pond 

sediment covered by the temperature rods. This solution is based on a steady state 

equation by Bredehoeft and Papadopulos (1965) in which the solutions are either positive 

(indicating discharge) or negative (indicating recharge) groundwater flux. Bredehoeft and 

Papadopulos’ (1965) solution is best used when there is a lack of diurnal oscillations in 

temperature signals. Here, data with a diurnal signal was processed with a 24 hour 

moving average to emulate the quasi-steady state, as suggested by Kurylyk et al. (2017). 

Bredehoeft’s solution requires a measurable contrast between surface water and 

groundwater temperatures, so it may not be applicable for extended periods in the spring 

and fall season in temperate climates, including this site. It is best to encompass as many 

sequential days with a steady temperature trend as possible. Some parameters are set 

within the model, such as the volumetric heat capacity of water, and the thermal 

conductivity of the sediment. Thermal conductivity (W/m ℃) was set at 1.77 W/m ℃ 

which is within the range for sand to sandy gravel to sandy loam based on values reported 

in Lapham (1989). However exact conditions from each location will vary. Note that 

fluxes with an absolute value less than 10 m/yr (i.e., whether discharge or recharge 

conditions), had an essentially linear profile (considering the uncertainty in the 
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temperature data measurements) and cannot be quantitatively distinguished, nor the 

actual direction of flow determined.  

A benefit of using FLUX-LM is that it does not calculate the flux within the 

context of the sediment but within the boundaries of the depth measurements provided. 

Therefore, it negates the issue of having to know the exact positions of the iButtons 

below the pond sediment surface, meaning minor erosion and sedimentation will not 

negatively impact the results, unless an iButton is no longer within the sediment or within 

its assigned layer. In this study, the top iButton (0.3 cm depth) was positioned right at the 

top of the denser sediment, and so was potentially not representing the layers sediment 

conditions. Therefore, the groundwater flux and the associated root mean square error 

(RMSE) was calculated for the full profile with the top iButton and for the profile 

without the top iButton. The flux (with or without the top iButton) with the better RMSE 

was applied for the calculations and assessments. 
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Figure 4.7. Photograph of a space in between each dowel segment used to hold 

iButtons and separate them at discrete depths in the temperature rods. 

 

4.5.2 Temperature Mapping  

Measuring temperature just below the sediment surface can map zones of higher 

groundwater discharge. Temperature mapping is because groundwater is colder in 

summer and warmer in winter than the pond water above. Here the sediment temperature 

was measured using a handheld thermometer with a 10 cm probe pushed into the 

sediment (temperature made at its tip). The sediment temperature was mapped on July 

11, 2019 and December 10, 2019 along Transect E-W at each solution sampler location 

(Figure 4.1). On July 4, 2019, sediment temperature was also mapped along the north 
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portion of Transect N-S (19 m total) at every one meter starting at location WS1 (Figure 

4.1). At each meter along Transect N-S the sediment temperature was measured 0 cm, 30 

cm, and 60 cm perpendicular to the east shore. While temperature mapping, the surface 

water temperature was also measured for comparison. 

4.6 Sediment Property Measurements and Calculations 

Sediment samples were collected from cores removed prior to installation of the east and 

west piezometers for grain size distribution analysis (Figure 4.1). Due to the pandemic 

restrictions on laboratory access, the sediment collected was not able to be analyzed. 

However, personal observations of sediment properties were recorded. Additionally, due 

to the coarse material, a sledgehammer was used to install the metal piezometer for 

around 130 cm of the piezometer depth. 

4.7 Electrical Conductivity Monitoring 

Three HOBO Saltwater Conductivity/Salinity Data Loggers were installed north of 

Transect E-W at approximate distances of 10 m, 20 m, and 40 m from the east shore 

(Figure 4.1). All three loggers were programmed to measure electrical conductivity and 

temperature every 15 minutes. The loggers were collected to download data onshore 

every few months and then returned to their original positions. There was no data after 

February 10, 2020 because the loggers’ memory storages were filled, and it was not 

possible to download and clear space due to COVID-19 travel restrictions. An equation 

from Hayashi (2004) was used to correct the electrical conductivity to a standard 

temperature of 25℃ (resulting in specific conductance).  
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5.0 Results and Discussion 

5.1. Sediment Observations 

The shallow soil was observed during coring prior to piezometer installment at the east 

and west shores. A rough classification at each location was determined based on 

personal observations. The east piezometer location (Figure 4.1) had topsoil for the first 

~30 cm, which progressed into silty sand for the next ~100 cm, and then transitioned into 

a sandy gravel layer making it difficult to manually dig deeper. The west piezometer 

(Figure 4.1) subsurface consisted of mostly large pebbles with a sandy matrix for the full 

depth of the piezometer (91 cm). These observations fit with those reported in the WSP 

2018 landfill report.   

5.2 Groundwater - Pond Flow System 

5.2.1 Water Level Measurements 

Continuous measurements of the water levels of the pond, piezometers and monitoring 

well (locations shown in Figure 4.1, 3.1, respectively; associated depths given in Table 

5.1) are shown along with daily precipitation data obtained from a nearby weather station 

(Delhi; ~22 km from the site) in Figure 5.1 and 5.2. There was a plan to survey the 

elevations of each monitoring level in Spring 2020, but due to COVID-19 travel 

restrictions it could not happen. The elevation survey would have allowed for quantitative 

comparisons of hydraulic head levels between each location. Therefore, it was only 

possible to compare relative temporal patterns between each location, noting that historic 

data (WSP, 2018) and measurements of this study (Sections 4.3.2) do indicate 

groundwater flow to and discharge into the pond. 
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There were several issues that affected some of these water level data sets that must first 

be mentioned. The pond level and the west piezometer had a maximum stage level limit 

imposed by either the pond outlet drain or the water level reaching the top of the 

piezometer (approximated by horizontal red line in Figure 5.2), respectively. Another 

issue came up with the diver in the middle well. From September 26, 2019 to November 

15, 2019 the diver read erroneously, and the cause is unknown. The Micro-Diver was 

installed in Well 18R on a later date (October 23, 2019) compared to the other divers. 

Additionally, there was a problem with the barometric pressure compensation during the 

winter season as the barometric diver appeared to have had a measurement lag during 

precipitation events. The measurement lag could have been because of a slow response to 

changes passing through snow covering the well cap, although this is uncertain. The 

barometric error was depicted by sharp dips in the data during the winter in 2020. 

However, this discrepancy was not seen in the east piezometer data because the 

barometric diver was located within the same piezometer, and therefore both probably 

experienced the same lag from snow covering the well cap. Finally, there were occasional 

sharp increases in the east piezometer water level of 10-20 cm (i.e., August 18, 

September 11, October 2, October 16; Figure 5.1), which occurred during precipitation 

events. These responses are attributed to overland runoff flowing down into the fully 

screened piezometer.  

Continuous measurement of outlet stream stage was also measured, and outlet 

stream discharge was measured (2-20% uncertainty) periodically throughout the year 

(Figure A1). Unfortunately, the measured outlet discharge did not produce a useful rating 
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curve for interpolating the outlet discharge over the year. However, the measured outlet 

discharge appeared to increase towards the winter season, similar to the pond level. The 

stream stage did not follow trends found in the pond level from winter 2019 to summer 

2020. Perhaps there were changes that happened at the stage area (culvert outlet), which 

altered the stage positions or sediment bottom topography and caused this discrepancy.  

The water levels at each location displayed similar seasonal trends with a lower 

level in the summer and the highest level in the wintertime (Figure 5.2). This seasonal 

trend reflected greater evaporation and evapotranspiration occurring in the summer, while 

precipitation had no strong seasonal pattern. The seasonal ranges of each water level are 

summarized in Table 5.1. The pond water level had a seasonal range of ~30 cm while the 

seasonal range on the east shore had a range of ~40 cm, which indicates that the 

hydraulic gradient from the onshore piezometers to the pond is greatest in the wintertime. 

Well 18R has a seasonal range of over one meter which is corroborated with past annual 

measurements by the 2018 landfill report (Figure C-6; WSP, 2018).  

Contrary to the east piezometer, the west piezometer decreased in water level 

throughout the summertime rather than remaining steady and increased earlier through 

the fall (Figure 5.2). Likely, the differences between the east and west piezometers 

indicate different groundwater flow systems, with different behaviours, affecting the east 

and west sides of the pond.  

On a shorter timescale there were daily fluctuations in the water level signals for 

all locations except for the deeper monitoring well, Well 18R (Figures 5.1 and 5.2). The 

timing of the peaks and dips for each location are summarized in Table 5.2. Figure 5.3 
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depicts the diurnal pattern in water levels for the pond, east piezometer, and middle 

piezometer from August 4 to 8, 2019, when the diurnal signal was strongest.  Generally, 

the water levels increased throughout the night and were at their lowest during the mid-

afternoon. The magnitude of the diurnal fluctuations decreased and eventually 

disappeared in late fall, and slowly increased again in the spring (Figures 5.1 and 5.2). 

These patterns suggest that these daily fluctuations found in the data were associated with 

evaporation directly from the pond surface and possibly also with evapotranspiration 

from the nearby surrounding terrestrial plants (Rosenberry et al., 1999). Plant activity 

was highest during the afternoon and induced terrestrial plants to take up soil water and 

potentially groundwater, reducing groundwater head levels for shallow water tables. The 

uptake of water from the plants could reduce the hydraulic gradient to the pond and, 

therefore, the total groundwater discharge into the pond, potentially adding to the daily 

fluctuation in pond level. However, the fluctuating pond level would influence the 

hydraulic gradient and could be the cause of the fluctuations observed in the three 

piezometers. To facilitate a closer comparison, the pond and piezometers water levels 

were normalized to the mean in Figure 5.3. The west and middle piezometers closely 

followed the pond level (Figure 5.3) suggesting that they are influenced by the same 

factor (pond evaporation). Compared to the other piezometers and pond level, the east 

piezometer showed the greatest range in daily fluctuations, which indicates another 

factor, likely evapotranspiration from nearby terrestrial plants, is affecting it. Greater 

evapotranspiration losses may be expected at the east shore piezometer location, given 

there is dense vegetation and a shallow water table. Diurnal signals were not detected for 
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Well 18R, likely because the water table was much deeper than the roots zone of 

influence. 

The pond and piezometer water levels also showed response to precipitation and 

snowmelt events (Figures 5.1 and 5.2; Table 5.1), again with the east piezometer being 

the most responsive and likely indicating recharge to the shallow water table. Well 18R 

had a less flashy response to precipitation events, likely because the recharge water 

would have to percolate through a greater depth of sediment, and the flow patterns may 

change as the aquifer is adjusting to recharge input. 
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Figure 5.1. a) Precipitation (cm) b) pond water level (cm) over time. Steep declines in 

water level data are due to problems with barometric pressure compensation for the 

winter (mentioned above). 
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Figure 5.2 Water levels (cm) measured over time. a) east piezometer b) west 

piezometer c) middle piezometer d) Well 18R (see Figure 4.1 for locations). The 

maximum height in the west piezometer is indicated by a red line (~75 cm) in which the 

water level reaches in January 2020. 
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Table 5.1. Summary of water level responses or fluctuations at the diurnal (in 

August), seasonal, and event-based timescales. (*) indicates minimum value 

Location Depth 

Below 

Ground 

Surface 

Aug 18 

Rain 

Event 

Jan 11 

Rain 

Event 

Feb 

20-24 

Snow 

Melt 

Diurnal 

Signal  

Time of 

Diurnal 

Signal  

Seasonal 

Range 

Outlet  15cm 7cm 1.5cm 2cm 7am - 

7pm* 

15cm 

Pond   5cm 8cm 2cm 4cm 7am - 

3pm* 

30cm 

East 1.305m  9cm 6cm 6-8cm 8am - 

4pm* 

60cm 

West 0.9m 6cm  1cm 3cm 7am - 

2pm* 

 

Middle 0.34m 3cm 8cm 2cm 3-4cm 7am - 

3pm* 

53cm 

18R 5.72m  72cm -3.5cm   225cm 
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Figure 5.3. Illustrating water level fluctuations of east, middle, and west piezometers 

and the pond. See Figure 4.1 for locations. The red indicates a rain event of 5.6 cm on 

August 8, 2019. Data was normalized (each data set subtracted from its mean) for 

comparison purposes.  

5.2.2 Groundwater Flow Direction and Flux 

Potentiomanometer measurements between pond and groundwater hydraulic head levels 

can provide an indication of water flow direction across the pond sediment interface. The 

vertical hydraulic gradient was calculated by dividing this measured difference in 

hydraulic head (cm) by the distance between the measurements, which in this case is the 

depth below the sediment interface of the mini-profiler (cm). Figure 5.4 depicts the 

vertical hydraulic gradient at various positions across Transect E-W on July 11, 2019. All 

locations had a positive hydraulic gradient, which indicated a driving force for upward 

groundwater flow into the pond (i.e., negative flux, defining recharge conditions as 
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positive) at that point in time. The variation in hydraulic gradient may reflect variation in 

groundwater flux and/or hydraulic conductivity. Note that there was visual evidence of 

groundwater seeps along the east, west and north edges of the pond in the northern 

portion, most notably at location WN4 in Figure 4. The large groundwater seep at WN4 

provided another indication of groundwater discharge to the pond in this general area. 

Seeps were not evident along the south shore.  

 

 

Figure 5.4. Hydraulic head gradient across Transect E-W (0 is the east shore) on 

July 11, 2019. Hydraulic head gradient (groundwater head - pond head) across the pond 

sediment interface calculated with potentiomanometer groundwater-pond head-difference 

measurements divided by depth of the mini-piezometer. Positive values indicate a driving 

force for upward flow conditions. 
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Sediment temperature was measured with a handheld thermometer probe, pushed about 

10 cm into the subsurface. Sediment temperature measurements can provide indications 

of groundwater flow direction based on the premise that groundwater is cooler than the 

surface water in the summer and vice versa during the winter. The sediment temperature 

along the Transect E-W decreased towards the middle of the pond (~25-30 m positions) 

and increased towards the edges of the pond in summer, July 11, 2019 (Figure 5.5). 

Meanwhile on December 10, 2019, the sediment temperature was highest in a similar 

area, at around 18-27 m, though there was less of a range in sediment temperature due to 

the surface water temperature being like the ground water. The lower sediment 

temperature was in the summer and higher sediment temperature in the winter suggested 

a higher groundwater flux zone in the area around ~25 to 30 m position. Personal 

observations in summer indicated no other major cold spots existed for other parts of the 

transect in between the measurement points. 

 Sediment temperatures were also measured along a smaller section of Transect N-

S on July 4, 2019 (Figure 5.6). Sediment temperature was measured every meter for 19 m 

starting at the WS1 position moving towards the north. Additionally, at every meter the 

sediment temperature was measured 0 cm, 30 cm, and 60 cm from the east bank. The 

sediment temperatures were overall less than the surface water temperature of 32.5℃ and 

decreased towards the north direction (Figure 5.5).  Based on the geology of the landfill 

report, the shallow sediment extending from the landfill to the pond (around 5-8 m in 

depth) consisted of a sand and gravel layer suggesting high hydraulic conductivity, 
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resulting in potentially greater groundwater discharge (WSP, 2018). Therefore, it makes 

sense that the temperature decreased towards the north. 

The temperature rods were designed to measure the vertical pond sediment 

temperature profile (iButtons at 0, 10, 20, 39, 79, and 89 cm depths) at 7 locations in the 

pond (Figure 4.1), with readings covering July 30, 2019 to November 19, 2019 and April 

3, 2020 to June 26, 2020. An example of collected data for temperature rod TR-T3 is 

given in Figure 5.7. The calibrated dataset of each temperature rods was plotted over time 

in Figures A3a, A3b, A4a and A4b. Surface waters have greater seasonal variation 

because they equilibrate with the atmosphere (warmer in summer, cooler in winter). 

Whereas groundwater tends to stay at a constant temperature despite the changing 

seasons. During the summer months, the surface water was warmer than the discharging 

groundwater, and therefore the temperature decreased with depth. During the winter 

months, the surface water became much cooler compared to the groundwater, and 

therefore the deepest iButton was reading warmer temperatures compared to the iButtons 

closer to the surface. The curvature of the profile indicates the magnitude of the flux. A 

straight line (but not vertical) signifies heat transport by conduction is dominant, 

indicating that there is no or little groundwater flux. A substantial curvature indicates a 

greater flux in groundwater. The direction of the curve indicates whether the groundwater 

is recharging (concave up) or discharging (convex up).  The fall and spring seasons were 

transition periods where the surface water and the groundwater were similar 

temperatures, resulting in a vertically linear profile (Figure 5.7). During these transitions, 

the flux cannot be determined from the temperature profile data. Additionally, shallow 
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groundwater may be influenced by daily fluctuations in surface water temperature. The 

deepest depth will experience the least influence from the overlying surface water which 

heats up throughout the day and cools at night. Higher groundwater discharge will limit 

the depth influenced by daily fluctuations.  
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Figure 5.5. Sediment temperature at 10 cm depth plotted over distance along 

Transect E-W (0 m is east shore) for July 11, 2019 and December 10, 2019. Pond 

water temperature was around 27℃ and 4℃ on July 11, 2019 and December 10, 2019, 

respectively.  

 
Figure 5.6. Sediment temperature at 10 cm depth plotted over short distance (north 

portion) along Transect N-S for July 4, 2019. Pond water temperature was around 

32.5℃  
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Figure 5.7. Temperature for 5 depths (0, 10, 20, 39, 89 cm) in the pond sediment 

measured using iButtons in the temperature rod TR-T3. a) August 1-31, 2019 b) 

November 1-19, 2019 c) April 3-30, 2020. 
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The set of plots in Figure 5.8 depict the average temperature depth profiles of each 

temperature rod for August (summer) and November (winter) 2019, respectively. Most 

notably, the profile for TR-T31 was almost vertical in both seasons and was colder in 

summer and generally warmer in winter compared to the other temperature rods, 

suggesting that TR-T31 was in an area with a very high discharge. TR-T31 was in the 

middle of the pond, and the area of high discharge matched with the sediment 

temperature mapping (cold spot in summer, warmer spot in winter). For the remaining 

rods, during the summertime, the profiles were cooler with depth, and vice versa for the 

wintertime. The temperature profiles were linear, however the general curvature for both 

seasons was convex upwards, which indicated upward groundwater flow. Some rods 

showed slightly more curvature than others, which indicated a greater groundwater flux.  

Groundwater fluxes were quantified from the sediment temperature profiles using 

the FLUX-LM model (Kurylyk et al., 2018). FLUX-LM assumes a homogeneous, 

isotropic, fully saturated medium (or layers, but this was not done here) under steady-

state heat transfer across a thermal gradient in the subsurface. Average groundwater flux 

was determined for time periods consisting of several days (typically 2-7 days). Only 

periods with stable average temperatures were used, typically indicated by the bottom 

iButton temperature not changing. It was not possible to do continuous time periods 

because of sudden changes to the profile caused by weather changes, or to assess the 

transition periods when the pond and groundwater were of similar temperature. 

Additionally, an average temperature for each iButton over one period was used to 

account for daily temperature fluctuations.  
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For much of the data there was an issue with the top (1st) iButton (i.e., at the sediment 

interface). The FLUX-LM model requires that the temperature decreases or increases 

monotonically with depth, but this was not always the case because of the top iButton. It 

was generally cooler than the 2nd iButton in summer. The reason for this is uncertain. 

Potentially the top iButton could have been positioned above the sediment or in the fluffy 

sediment layer, and the iButton was measuring the surface water temperature instead of 

the sediment temperature, with the latter experiencing more heating during the day from 

the sun. To accommodate this issue, two flux values per period were calculated, one 

including the top iButton and one excluding the top iButton (ignoring the top 10 cm of 

the profile). An example demonstrating a poor fit to the temperature profile in FLUX-LM 

(top iButton included), and a better fit (top iButton excluded) is shown in Figure 5.9. The 

root mean square error (RMSE) was used when deciding which output was more reliable. 

Generally, model outputs calculated without the top iButton had a lower RMSE.   
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Figure 5.8. Monthly average temperature depth profiles for a) August and b) 

November for all temperature rods. 
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Figure 5.9. Measured temperature profile and FLUX-LM model output for TR-T43 

for the period July 30-August 7, 2019. a) including the top iButton (RMSE = 0.26), and 

b) excluding the top iButton (RMSE = 0.06). 

 

 

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 5 10 15 20 25

D
e
p

th
 (

m
)

Temperature (°C)

Calculated Measured a

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

0 5 10 15 20

D
e
p

th
 (

m
)

Temperature (°C)

Calculated Measured b



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

72 

The flux is plotted over time for each temperature rod, except for rod TR-T31 (explained 

further below), to show temporal trends in the data in Figure 5.10. An RMSE > 0.1 was 

deemed less reliable and depicted as an open symbol. Around 90% of the flux was 

calculated without the top iButton and in only three calculations the RMSE was greater 

than 10%. The low fluxes within +/-10 m/yr, which have a linear profile and are 

essentially indistinguishable by the model, were depicted by the grey zone in Figure 5.10. 

Much of the data indicated low fluxes and were within the grey zone. Few locations 

depicted some recharge conditions, but most others suggested discharge dominant 

conditions. Generally, there were greater discharging conditions in the middle of the pond 

(around 31 m) than the edge.  

It was difficult to clearly assess seasonal patterns due to limited data through 

spring and fall periods, but generally the highest discharge occurred in the winter months. 

TR-WN7 and TR-WS1 showed a temporal pattern in the flux, compared to the other 

temperature rods. When it was summertime, the flux at TR-WN7 and TR-WS1 were 

either low or recharging which makes sense when it is the dry season. During the cooler 

months there was higher discharge (Figure 5.10). The seasonal trends found in the 

temperature data corroborated with the seasonal pattern found in the water level data (low 

in summer, high in winter). For example, with TR-WN7, there was a decreasing trend as 

it got closer to wintertime. Then during the spring season, the transition to warmer 

temperatures, the fluxes were fluctuating around the x-axis (0 m/yr). TR-WS1 and TR-

WN7 are near the edge and may be more affected by drawdown of the water table by 
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vegetation evapotranspiration (daytime) near the pond. Some rods such as TR-T13 had 

mostly negative (discharging) values which indicated a discharge zone.  

The steep vertical temperature profile measured for TR-T31, indicated high 

groundwater discharge. FLUX-LM cannot easily determine the groundwater flux as one 

of the requirements of the model is a temperature gradient that changes monotonically 

with depth. Only two time periods worked with FLUX-LM, July 30 to August 8, and 

August 19 to October 8, and each gave a similar RMSE over a range of fluxes from -50 

m/yr to -100 m/yr. For plotting purposes (Figure 5.11), the flux at TR-T31 will be 

assumed as -75 m/yr for the summer of 2019.  
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Figure 5.10. Groundwater flux values (negative value indicates discharge into pond) 

calculated with FLUX-LM (Kurylyk et al., 2018) plotted over time for each 

temperature rod, except for TR-T31. a) TR-WS1 b) TR-WN7 c) TR-T3 d) TR-T13 e) 

TR-T43 f) TR-T66 +/- 10 m/yr is the minimum threshold for quantification with this 

model (grey shaded area). Open symbols are for values with a RMSE value >0.1, while 

closed symbols are for values with RMSE <0.1. There is a missing data period from 

December 2019 to April 2020, due to loss of data (mentioned above).  
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Figure 5.11 includes the groundwater flux measurements along Transect E-W for three 

time periods (August to Mid-September, November, May to June), which had reasonably 

reliable data from FLUX-LM. Similar to the hydraulic gradient (Figure 5.4) there was 

indication of discharging conditions across Transect E-W.  Additionally, the sediment 

interface temperature (Figure 5.5) and the groundwater flux depicted an increasing trend 

towards 25-31 m along Transect E-W. The groundwater flux then decreased towards the 

edges of the pond. The calculated flux showed a peak at 31 m during the summertime in 

2019, but this high flux was not quantifiable, though likely higher, during other periods. 

Temporally, the groundwater flux was higher in the wintertime compared to the 

summertime.  

The spatial coverage of groundwater flux calculated using the vertical temperature 

profiles was limited by only having seven temperature rods total, 4 across Transect E-W 

and 3 across Transect N-S. Therefore, the sediment interface temperature measurements 

discussed above were used to help interpolate the groundwater flux between the 

temperature rods. The sediment temperatures from July were plotted against the 

associated groundwater flux measured in August at those same locations (Figure 5.12). 

Then, a logarithmic trend line that best fit the data (R2 value of 0.84) was used to 

calculate an interpolated groundwater flux at the remaining sediment temperature 

measurement locations, representing the summer conditions. The fit was poorer for the 

winter data (R2 value of 0.32), likely because the surface water temperature is closer to 

the groundwater temperature, and therefore the contrast is less. The interpolated data 

revealed a greater area with higher discharge (25-31 m). It was also important to note that 



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

76 

flux patterns may be different between the measurement points, though no major 

discharge zones were believed to be missed. However, there could be discrete locations 

with high flux due to preferential flow. 

 
Figure 5.11. Seasonal average groundwater flux for August - Mid September 2019, 

November 2019, and May - June 2020 calculated using FLUX-LM, and including 

August - Mid September interpolated groundwater flux (from sediment 

temperature measurements), plotted with distance across Transect E-W. Note that 

the flux for 31 m is set at -75 m/yr for plotting purposes but ranges from -50 m/yr to -100 

m/yr and is likely higher in the wintertime. 
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Figure 5.12. Sediment surface temperature (July 11, 2019) versus groundwater flux 

(August 22, 2019) calculated with FLUX-LM (Kurylyk et al., 2018) measured at the 

same locations along Transect E-W. Logarithmic relationship used to calculate 

interpolated groundwater fluxes. R2 value= 0.84. Note that the flux for 31 m is set at -75 

m/yr for plotting purposes but ranged from -50 m/yr to -100 m/yr in late summer 2019. 

 

Finally, personal observations provided several other lines of evidence for the presence 

and nature of groundwater discharge to this pond. First, variable ice cover in the 

wintertime indicated areas of higher groundwater discharge as well as preferential flow 

paths for discharging groundwater. Holes in ice cover could be the result of the 

continuous influx of groundwater that can prevent ice from forming above that area 

(Kidmose et al., 2013; Sebok et al., 2013). Pictures of ice holes, an indication of 

preferential flow pathways, can be seen in Figure 5.13. Based on the periodic visits to the 

site, the northwest portion of the pond did not have any ice cover throughout the winter 
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higher groundwater input in this area (Kidmose et al., 2013). Secondly, through personal 

observations there were iron-stained groundwater seeps along the banks of the east shore, 

at the north end of the pond, and other non-stained seeps along the west shore, all in the 

northern portion of the pond. These groundwater seeps can also disrupt ice formation, as 

they can create overland flow to the nearshore area. Thirdly, there were personal 

observations of iron staining on the aquatic plants (Chara) in the north-east portion of the 

pond. 

The distribution and magnitude of groundwater flux to the pond has implications 

for the contaminants input to the pond from the leachate plume. Specifically, the 

contaminant flux is the mathematical product of groundwater flux and contaminant 

concentrations. However, groundwater discharge may also affect the aquatic ecosystem 

through its control on the temperature of the sediment and overlying water. Temperature, 

particularly warmer temperatures will increase the growth, and metabolism of the 

organisms (Brett, 1974). A high discharge zone such as TR-T31 was very cold since 

groundwater is cooler than surface water in the summertime. Low temperatures can 

potentially slow down growth and metabolism of affected organisms. Although our study 

is focused on the contaminants, temperature patterns that could potentially affect 

organism’s metabolism was a side observation from temperature and groundwater flux 

data. 
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Figure 5.13. Evidence of a) ice holes and b) unfrozen sections of the pond (looking 

north) during the winter season. (Photographed by Jim Roy) 
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5.2.3 Pond Outlet Discharge and Turnover 

The outlet stream discharge was plotted along with the outlet stage data in Figure A2, 

noting that the percent error in the discharge measurements could range from 2-20% 

(Turnipseed and Sauer, 2010), but was expected to be relatively high for low discharge 

values at the site. Unfortunately, the data was not reliable enough to create a rating curve. 

The discharge values roughly followed the trends observed in the water level at the 

outlet, with the lowest values in the late summer and higher values in the winter. There 

was a noticeable spike on August 18, 2019, the day of a large precipitation event.  

A very rough estimate of the pond’s average turnover time or residence time was 

calculated using estimates of the pond volume divided by the average outlet discharge 

during the summer and winter season. The pond is about 11,700 m2 (estimated using 

Google Earth). The depth of the pond was crudely estimated to be around 0.4-0.6 m 

based on pond water level measurements during the respective season given the 

uncertainty of the pond’s bathymetry. The residence time for the pond was 12 to 19 days 

for the summer, and 9 to 14 days for the winter. The residence time of the pond could 

affect reactions in the pond (e.g., volatilization of VOCs and nitrification of ammonium 

to nitrate).  
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5.3 Landfill Leachate Plume Chemistry 

5.3.1 Discharging Plume Footprint 

Over the course of the field season, there were multiple locations sampled along Transect 

E-W and Transect N-S on different days. Each sampling time of groundwater using the 

mini-profiler system, or solution samplers is summarized in Table 4.1. Transect N-S and 

Transect E-W were designed to provide rough delineation of the spatial extent (or 

footprint) of landfill plume discharge to the pond and possible changes over time. Note 

that the east location (T3) was from Transect E-W and was also applied to Transect N-S 

when plotting the data. Electrical conductivity (EC), ammonium, saccharin (SAC), and 

chloride are landfill leachate indicators that will be discussed to show spatio-temporal 

variation. The more limited PFAS data are discussed in Section 5.3.3.  

During the preliminary screening of Transect N-S in May, elevated concentrations 

of saccharin, chloride, ammonium, nitrate, and electrical conductivity were found from 0 

m to 30 m north (WS1 - WN7; Figure 5.14). An exception at 30 m south also had 

elevated concentrations of saccharin and electrical conductivity (EC), with the 

concentration of saccharin approximately 6 times greater than at all other locations. 

However, this spike was not measured in subsequent sampling campaigns, perhaps 

because the permanent sampler was at a slightly different location and/or depth (required 

to be able to draw water). Furthermore, there was evidence of high saccharin at -85 m 

along with elevated electrical conductivity compared to background measurements. 

Subsequent sampling campaigns sampled fewer locations along Transect N-S and 

therefore temporal data is less evident (Figure 5.14). Nevertheless, starting at 0 m along 
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Transect N-S, the four constituents showed an increasing trend towards the northern 

portion of the pond.  

Transect E-W was sampled in July, August, and December for various 

constituents (Table 4.1). Elevated concentrations of saccharin, ammonium, EC, and 

chloride were found at the east side at the pond (Figure 5.15), closest to the landfill. The 

elevated concentrations of the plume reached 25 m (July 11); subsequent groundwater 

samples at 25 m were not obtained due to poor flow conditions from the solution sampler. 

The concentrations found at 25 m likely represented the bottom of the plume. At 27 m 

and onwards (towards the west) the concentrations were representing background 

groundwater concentrations. This extent of the plume across the pond was consistent 

through the 3 sampling dates. Generally, there were peaks in concentrations for all four 

indicators at 8 m and 21 m indicating vertical spatial heterogeneity within the plume. 

Lower concentrations near the shore may represent the top of the plume where 

attenuation factors such as dispersion occurs. However, this was not fully supported by 

the redox data mentioned later. There could also be microbial degradation affecting this 

area; however, chloride followed the same trend as other parameters suggesting that 

microbial degradation was not the dominant process affecting the near-shore 

concentrations. Overall, source variability was likely the reason for internal spatial 

variability. Over time, the concentrations tended to stay around the same range. However, 

one noted change for saccharin at 3 m suggested a change in plume position over time. 

More specifically there was likely vertical movement of the plume from summer to 

winter, with its increased amount of recharging groundwater.  
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Several seeps (groundwater discharging to the land adjacent to the pond) along the east, 

north and west shores were sampled from May 31, 2019 to January 23, 2020 and 

periodically in between (Table 5.2). Areas of the highest saccharin concentrations and 

ammonium concentrations were located along the east shore at 20 m and 30 m north, 

where the plume is indicated by Transect N-S. The seeps along the northwest to west 

shores had low concentrations of SAC and ammonium but showed detectable 

concentrations of nitrate along with high chloride. These areas were not within the 

landfill plume footprint. The groundwater concentrations found in the middle of the pond 

and the west of Transect E-W, along with northwest seeps were similar. Similar chemical 

compositions may indicate that groundwater from the west was discharging into the 

middle of the pond. For example, both locations had chloride concentrations of around 

35-45 mg/L, sulfate concentrations of 30-40 mg/L, 0-0.4 mg/L of ammonium, and non-

detectable to low concentrations of saccharin.  

Together the concentrations of landfill indicators for the transects and seeps, 

along with the dissolved metals, VOCs, and other major ions (Figures A6a, A6b, and 

A6c) indicate that the landfill plume footprint extended 120 m or more along the east 

shore on the north end and extended to around 25 m from the east shore. Concentration 

patterns within the plume footprint, particularly along Transect E-W, were more variable 

between contaminants. As noted, saccharin and ammonium and chloride patterns are 

elevated towards the east end of the pond with peaks at 8 m and 21 m and dissipated at 27 

m (Figure 5.15). Along Transect N-S, the elevated concentrations were found at the 

northern side of the pond (Figure 5.14).  
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While it seems obvious that elevated concentrations of these leachate indicators means 

that the plume is from landfill, there are other sources of these indicators. Some alternate 

sources include road salt (Cl), wastewater (SAC, NH4, Cl), agricultural fertilizers (Cl, 

NH4, possibly SAC for manure). However, acesulfame and sucralose are expected to be 

found in modern wastewater but not for old landfills (Roy et al. 2014). In this study, 

acesulfame and sucralose were < 5 ng/L, eliminating wastewater as a contributing source. 

Chloride and bromide ratios are helpful in determining sources (Mullaney et al., 2009). 

Landfill affected samples have lower Cl/Br ratios (~150-200) while ratios for water 

influenced by road salt (>5000), fertilizer (~510) and wastewater (~300-1400). In this 

study, where bromide levels were above detention limits, the Cl/Br ratios ranged from 

~200-300 which fits with the landfill source identification. Furthermore, detection of 

VOCs like methylene chloride, 1,1,2-trichloroethylene, 1,1-dichloroethane, ethylbenzene, 

benzene, and trans-1,1-dichloroethylene, as found in many of the plume footprint 

samples, is not expected in any of those sources, but common in landfills (Sabel & Clark, 

1984).  
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Table 5.2. Concentrations of various constituents (saccharin, ammonium-N, nitrate, 

chloride, and sulfate) in groundwater seeps around the pond. Locations starting from 

the east and move around the perimeter of the pond in counterclockwise direction. 

Location detailed in Figure 4.1 

Location Date Sampled Cl- NO3 SAC NH4 SO4
 

WS1 

 

04-Jul-19 64.69 0.41 179 4.1 18.92 

22-Aug-19 59.33 0.1 151 2.21 18.49 

23-Oct-19 58.3 0.23 151 4.56 24.03 

19-Nov-19 50.47 0.59 275 5.31 19.21 

WN4 

 

31-May-19 118.75 0 3155 53.88 1.11 

02-Dec-19 296.65 0.33 3530 87.74 1.63 

23-Jan-20 256.27 0.41 2289 68.83 2.83 

T3 02-Dec-19 67.25 7.45 132 7.07 24.51 

WN7 31-May-19 9.37 0 756 43.31 10.85 

WN9 31-May-19 119.94 0 345 74.24 14.83 

02-Dec-19 347.98 18.43 243 64.36 19.38 

North 02-Dec-19 250.33 10.19 11 15.01 30.67 

North West 02-Dec-19 36.77 5.44 5 0.05 30.78 
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Figure 5.14. Concentrations of a) saccharin, b) ammonium-N, c) electrical 

conductivity, and d) chloride along Transect N-S (Figure 4.1) in May, July, August, 

and December. Where WS1 = 0m and the northern section is positive distance. Chloride 

was not measured in July or for WS11 in August. 
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Figure 5.15. Concentrations of a) saccharin, b) ammonium-N, c) electrical 

conductivity, d) chloride concentrations along Transect E-W (Figure 4.1) for 

August, and December sampling campaigns. Landfill located to the left of the graph. 
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5.3.2. Geochemistry (Redox) 

McMahon and Chapelle (2008) created a framework for assessing the geochemical redox 

conditions in regional aquifer systems. The framework was based on threshold 

concentrations for oxygen, nitrate, sulfate, and dissolved manganese and iron. The 

framework distinguishes between oxic, suboxic, nitrate-reducing, manganese-reducing, 

joint iron-sulfate reducing, and methanogenic redox conditions. The prescribed 

thresholds have been adjusted somewhat to accommodate site conditions, as 

recommended by McMahon and Chapelle, and probe/measurement concerns (Tables 5.3a 

and 5.3b). For example, dissolved oxygen was measured above ground and therefore 

could be altered when being transported into a graduated cylinder. Additionally, the 

probes needed time to equilibrate and due to time constraints, the oxygen levels were 

recorded prematurely before moving onto the next site (it was often assumed that oxygen 

would be low). Consequently, the threshold for oxygen was raised to 1.2 from 0.5 mg/L 

for this site, and because manganese and iron concentrations were also generally high for 

this site, their thresholds were changed to 0.15 and 0.25 mg/L, from 0.05 and 0.1 mg/L, 

respectively. 

Redox conditions ranged from highly reducing methanogenesis to less reducing 

nitrate-reducing for August and December data (Tables 5.3a and 5.3b). A conceptual 

model was created to illustrate the redox conditions within the plume (Figure 5.16). The 

conditions within the plume footprint ranged from methanogenesis to iron-sulfate 

reducing while conditions outside the plume (Transect E-W only) ranged from nitrate 

reducing to manganese reducing conditions (Figure 5.16). The middle of the pond around 
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27-36 m, a high discharge zone according to the groundwater flux data, was a nitrate-

reducing zone. At 27 m to 31 m the high nitrate levels were likely from other sources 

(e.g., agricultural fertilizer), however, the ammonium at the plume fringe could be 

contributing also. The edge of the plume was at 27 m and because there was not an 

abundance of organics, there may have been enough oxygen to mix with the ammonium 

(source unknown) causing nitrification and the creation of nitrate. Otherwise, background 

groundwater (west side of pond) appeared to be Mn-reducing, likely it had lower nitrate 

concentrations from its source. At 21 m, redox data showed that it was within the plume 

since it was still iron reducing. The top of the plume was likely suboxic as there was 

mixing of fresh water from infiltration. Along Transect N-S (more limited set of sample 

locations; all in plume footprint) the conditions were iron-reducing with a zone of 

methanogenesis at location WN7, in which there were also iron-staining groundwater 

seeps.  
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Table 5.3a. Concentrations of redox parameters (mg/L) and assigned redox 

condition according to modified criteria of McMahon and Chapelle (2008) for 

samples of Transect E-W and Transect N-S (Figure 4.1) from the August sampling 

campaign. Highlighted (green) boxes indicate concentration exceeding the prescribed 

threshold. Mixed means the criteria for more than one redox process are met. 

  O2 NO3
- Mn2

+ Fe2
+ SO4

2- Redox Process 

Threshold 1.2 0.5 0.15 0.25 0.5 - 

HB19-T3 0.2 0 0.103 13.6 0 Methanogenesis 

HB19-T8 0.54 0.12 0.109 17.7 0.05 Methanogenesis 

HB19-T13 0.86 0.11 0.252 5.59 6.84 Fe-SO4 reduction 

HB19-T18 0.35 0 0.319 4.14 9.2 Fe-SO4 reduction 

HB19-T21 1.08 0 0.333 8.17 0.67 Fe-SO4 reduction 

HB19-T27 0.86 6.2 0.137 0.0474 25.13 NO3 reduction 

HB19-T31 0.9 5.2 0.118 0.178 27.08 NO3 reduction 

HB19-T36 0.78 0.69 0.18 0.123 34.63 NO3-Mn reduction 

HB19-T43 0.94 0 0.211 0.162 36.17 Mn reduction 

HB19-T50 1.5 0 0.212 0.357 35.76 Mixed 

HB19-T66 0 0 0.248 0.0863 36.33 Mn reduction 

HB19-TB 0.15 0.13 0.197 17.2 0.19 Methanogenesis 

HB19-WN4 0.2 0.1 0.0715 21.5 0.04 Methanogenesis 

HB19-WS1 0.3 0 0.157 7.8 8.7 Fe-SO4 reduction 

HB19-WS6 0.2 0 0.854 29.6 1.27 Fe-SO4 reduction 

 

  



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

91 

Table 5.3b. Concentrations of redox parameters (mg/L) and assigned redox 

condition according to modified criteria of McMahon and Chapelle (2008) for 

samples of Transect E-W and Transect N-S (Figure 4.1) from the December 

sampling campaign. Highlighted (green) boxes indicate concentration exceeding the 

prescribed threshold. Mixed means the criteria for more than one redox process are met. 

  O2 NO3
- Mn2

+ Fe2
+ SO4

2- Redox Process 

Threshold 1.2 0.5 0.15 0.25 0.5 - 

HB19-T3 1.2 0 0.162 16.1 9.7 Fe-SO4 reduction 

HB19-T8 1.09 0 0.1 20.8 0.25 Methanogenesis 

HB19-T18 2.2 0 0.312 5.22 10.88 Mixed 

HB19-T21 0.45 0 0.365 9 1.96 Fe-SO4 reduction 

HB19-T27 0.6 5.06 0.139 0.0074 24.25 NO3 reduction 

HB19-T31 0.85 4.52 0.107 0.0376 26.82 NO3 reduction 

HB19-T36 0.6 1.41 0.176 0.202 31.44 NO3-Mn reduction 

HB19-T43   0 0.207 0.236 34.77 Mn reduction 

HB19-T50 0.6 0 0.193 0.171 34.9 Mn reduction 

HB19-T66 1.2 0 0.241 0.102 34.63 Mn reduction 

HB19-TB 1.09 0 0.14 18.1 31.11 Fe-SO4 reduction 

HB19-WN4 0.5 0 0.0919 27.3 0.15 Methanogenesis 

HB19-WS1 0.4 0 0.221 12.1 24.45 Fe-SO4 reduction 

HB19-WS6 0.5 0 0.973 41.1 2.8 Fe-SO4 reduction 
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From August to December, the solution samplers near the shore had changed from 

methanogenesis to iron-sulfate reduction. Possible causes for this change could be due to 

changing flow conditions. Faster groundwater flow will reduce residence times and may 

not provide enough time for the conditions to reach methanogenic. Another cause could 

be changes in the vertical plume position and therefore showing natural spatial 

variability. More recharge on the hill during the wintertime (reduced evapotranspiration) 

could potentially push the plume deeper, meaning the top edge of the plume was more 

likely sampled at 3 m from shore. Other data contaminant data such as sweeteners, 

ammonium, or chloride could suggest dilution is occurring if there was a decrease in 

concentrations, although this was not evident in this study.  

 

Figure 5.16. Conceptual model of leachate plume and redox conditions. 
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5.3.3 Plume Contaminants and Endobenthic Exposure 

There were a variety of potential landfill contaminants analyzed, including 27 PFAS 

(Table A1). PFAS is of greatest concern here and so details of those PFAS detected, the 

relative composition and concentrations, and its spatial variability with respect to other 

landfill constituents will be discussed below. Note that there could be many precursors 

and other PFAS compounds not detected simply because they were not a part of the suite 

for analysis. 

Figure 5.17 depicts concentrations of individual PFAS compounds at each 

sampling site along Transect E-W and Transect N-S. Of the 27 PFAS analyzed, 15 were 

not detected at a concentration >2 ng/L and are not shown in Figure 5.17. These 

compounds include; Perfluorodecanoic acid (PFDA), perfluoroundecanoic acid 

(PFUnDA), perfluorododecanoic acid (PFDoDA), perfluorotridecanoic acid (PFTrDA), 

perfluorotetradecanoic acid (PFTeDA), perfluorohexadecanoic acid (PFHxDA), 

perfluorooctanesulfonamide (FOSA), 4,8-dioxa-3H-perfluorononanoate (ADONA), 

sodium 8-chloroperfluoro-1-octanesulfonate (8ClPFOS (C8F16ClSO3)), 9-

chlorohexadecafluoro-3-oxanone-1- sulfonic acid (9Cl-PF3ONS, F53B (C8F16ClSO4)), 

11-chloroeicosafluoro-3-oxaundecane-1-sulfonic acid (11Cl-PF3OUdS, F53B 

(C10F20ClSO4)), perfluorododecane sulfonic acid (PFDoDS), hexafluoropropylene 

oxide dimer acid (HFPO-DA). Within the established plume footprint, the total PFAS 

concentrations surpassed 800 ng/L at all sample locations and generally had similar 

composition. In terms of the composition, the perfluorocarboxylic acids (PFCAs) were 

most abundant, particularly perfluorohexanoic acid (PFHxA), perfluorobutanoic acid 



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

94 

(PFBA), and perfluoropentanoic acid (PFPeA) (Figure 5.18). However, some 

perfluorosulfonic acids (PFSAs), namely perfluorobutanesulfonate (PFBS), and 

perfluorohexanesulfonate (PFHxS) were also found at substantial concentrations. 

The concentrations of PFAS were elevated within the plume footprint along 

Transect E-W (Figure 5.17), and the total PFAS concentrations were highest at 8 m, and 

lowest at 13 m. The non-linear decline in concentration in Transect E-W showed spatial 

variability within the landfill plume, with a similar pattern to those of SAC, Cl, EC, and 

NH4 (Figure 5.15). At 27 m and onwards the concentration of total PFAS became 

negligible (< 7 ng/L), and the PFAS composition changed as well. Most notably, the 

concentrations of PFHxA were negligible outside of the plume footprint, but most 

predominant within the plume footprint. The source for the low concentration PFAS 

found outside the plume footprint was likely not from the landfill. The high nitrate 

reduction zone found at 27 m and 31 suggested another potential contaminant source 

(potentially agricultural fertilizer) so this PFAS might be from atmospheric deposition. 

Along Transect N-S the total concentration of PFAS exceeded 2000 ng/L at WN4 to 

WN7 and was lower (~500 ng/L) for WS1 and WS6 (Figure 5.17). These spatial trends 

were seen in other leachate indicators as well, albeit the concentration peaks for PFAS on 

Transect N-S were located at the northern portion of the pond with detectable 

concentrations at WS1 and WS6. Furthermore, the composition of PFAS along Transect 

N-S was predominantly PFHxA for all locations and matched the composition for the 

locations on Transect E-W that were within the plume footprint (Figure 5.18). One slight 

exception was WS1, which had notably higher perfluorooctanesulfonate (PFOS) and 
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PFHxS than the others, indicating some variability in leachate composition within the 

plume and landfill.  

Correlation plots showed high correlation between, PFAS, ammonium, saccharin, 

electrical conductivity, and chloride. Although they were not equally correlated, for 

example ammonium and EC might be more correlated than saccharin and EC. For the 

scope of this study, this high correlation just indicated that these contaminants came from 

the same plume. Notably, the other constituents were routinely sampled compared to 

PFAS, and less costly. The locations on the Transect N-S were the outliers on the 

correlation plot and might indicate differences within the landfill. This variability may be 

affected by various factors and processes. As mentioned before, different locations of the 

landfill would be filled at different times, therefore the leachate can have variable ages 

within the plume. Additionally, the spatial heterogeneity in the site geology will create 

different flow paths, which also affect residence times and in turn redox conditions. 

Locations near the shore were also likely more affected by precipitation inputs or lack of 

evapotranspiration as fresh groundwater inputs can move the plume downwards. 

There was an earlier study by Propp et al. (2021) conducted in 2018 at this same 

site. Their first and second groundwater samples were from the leachate well and a 

second well respectively, while the third sample was also from the pond shoreline (aka 

WS1 in this study). Results comparing PFAS concentrations from this study to Propp et 

al. (2021) can be seen in Table 5.4. The sample analogous to WS1, had higher 

concentrations of PFAS compared to this study, however they both had predominantly 

PFHxA (Propp et al., 2021). Although the concentration at the leachate well (520 ng/L) 
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was similar to concentrations found at WS1 and WS6, concentrations 5 times higher were 

found near Transect E-W (2600 ng/L). This suggested that the leachate well meant to 

represent the concentrations found in the landfill leachate plume was not capturing the 

highest PFAS concentrations. This highlighted the spatial variability within the leachate 

plume itself and pointed to possible underrepresentation of the leachate plume 

concentrations by single leachate well. 

Compared to modern landfills the concentrations are quite similar, although it was 

hard to compare between studies as there are thousands of different types of PFAS and 

not all studies analyze for the same ones. However, the composition was comparable to 

other landfill plumes. Hamid et al. (2018) found that PFCAs are more dominant in 

landfills, as well as short chain PFAS (C4-C7). As mentioned previously, short chain 

PFAS have higher mobility and solubility. Hamid et al. (2018) looked at a range of 

studies of researching modern landfills and found a range of 310-25,000 ng/L for 

PFHxA. This study had a maximum of 875 ng/L. Overall looking at the distribution 

between the studies in Hamid et al. (2018), it was evident that PFHxA and PFBS and 

PFOA, are the most predominant, much like at HB.  

Some common contaminants (ammonium and chloride) were well above the 

water quality guidelines (WQGs) which indicates that historic landfills still present risk to 

the surrounding environment. Some maximum groundwater concentrations exceeded 

aquatic WQGs at locations within the plume footprint. For instance, ammonium and 

chloride exceeded their aquatic WQGs (10 mg/L and 120 mg/L, respectively) with max 

concentrations of 129 mg/L and 543 mg/L found at WN7, respectively (CCME, 2001; 
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CCME, 2011). Most PFAS compounds do not have guidelines. For example, only PFOS 

has aquatic water quality guidelines of 6800 ng/L and the max concentrations (62 ng/L at 

WN4) found at the site are negligible compared to its guideline (ECCC, 2018a). 

However, the PFOS WQG in Europe is 650 ng/L suggesting that guidelines may change, 

and therefore the concentrations found at this site may not be negligible in the future 

(Directive 2013/39/EU). Overall, there needs to be more toxicity information for PFAS. 
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Figure 5.17. PFAS concentrations for August 22, 2019 sampling campaign. a) 

concentrations for Transect E-W b) concentrations for north south transect. Criteria for 

the PFAS concentration data is only PFAS compounds that have more than one sample 

greater than 2 ng/L are plotted. 
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Figure 5.18. PFAS compositions for August 22, 2019 sampling campaign. a) 

composition for Transect E-W b) composition for Transect N-S. Criteria for the PFAS 

composition is that only locations that have total PFAS > 3 ng/L are included. This is 

because the field trip blanks have totals of PFAS of 0.6-0.7 ng/L and method blanks have 

up to 2.3 ng/L. 
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Table 5.4. Concentrations of total PFAS from this study (27 compounds) in August 

2019 compared to Propp et al. (2021) sampled in 2018 (17 compounds). Note that 

only the same compounds tested in both studies were used to calculate total PFAS so that 

they are comparable. 

Total PFAS (ng/L)  

Location Propp et al. (2021) This study 

Well 41 (leachate source) 520 - 

Groundwater ~15cm (endobenthic zone) Max ~1500 Max ~2600 

Pond Surface Water (lentic zone) - Max ~136 

Outlet Stream (lotic zone) - Max ~118 

 

5.4 Contaminant Flux and Epibenthic Exposure 

5.4.1 Calculated Fluxes Along Transect E-W 

The contaminant mass flux was calculated for saccharin, total PFAS, and ammonium at 

11 locations along Transect E-W. The contaminant mass flux was calculated using the 

average groundwater flux from FLUX-LM and the contaminant concentrations from the 

semi-permanent solution samplers, both from summer 2019. The temperature rods TR-

T3, TR-T13, TR-T31, TR-T43, and TR-T66 were used, and the solution samplers along 

Transect E-W ranged from 14 cm to 39 cm in depth. It was assumed that there were no 

degradation processes occurring across the sediment interface (noting PFAS is not known 

to degrade and SAC and NH4 are more recalcitrant under reducing conditions), or 

substantial plant uptake. In addition, it was assumed that sorption was at equilibrium 

(sorption sites were saturated) based on the age of the leachate plume (historical). 

Essentially, all contaminants measured in the shallow groundwater were assumed to 
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discharge into the pond. Elevated contaminant fluxes entering the pond from 3 m to 21 m 

(Figure 5.19) indicated likely exposure from leachate-plume contaminants to the 

epibenthic organisms. Note that the contaminant flux was calculated at singular points 

and the conditions in-between can vary. Overall, the pattern of contaminant flux 

suggested internal spatial variations reflecting those of the concentrations in the plume, as 

there were peaks found at 8 m and 21 m across Transect E-W. An even greater 

contaminant flux may occur beyond 21 m as there was a zone of high interpolated 

groundwater flux (73 m/s at 25m) (Figure 5.11) and therefore the plume footprint likely 

extended to 25 m. Although the contaminant data showed that the plume does not reach 

that area of highest groundwater flux (~ 30 m) in the sampling periods, they were areas of 

concern as they could potentially become contaminant hot spots with a change in the 

extent of the plume. These hot spots may occur at other areas in the pond (that were not 

measured) and at other sites due to heterogeneous geology. The contaminant mass flux 

was important as it indicated exposure conditions for epibenthic organisms while the 

contaminant concentration in the groundwater alone described exposure conditions for 

the endobenthic community. Since the site was a non-flowing water body, this means that 

contaminants entering the pond at the sediment surface were not being carried 

away/mixed/diluted like in a stream and therefore the epibenthic community was more 

likely affected. These observations also have implications for monitoring as it was 

important to account for heterogeneities to see all possible impacted zones. 
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Figure 5.19. Calculated saccharin, ammonium-N, chloride, and total PFAS flux into 

the pond across Transect E-W (0 m represents the east shore). 

5.4.2 Electrical Conductivity at Sediment Interface 

Hydrologic observations suggested that the epibenthic community may experience worse 
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north of Transect E-W (Figure 4.1), using EC as a tracer for discharging leachate-
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Figure 5.20. It is important to note that the EC sensors were measuring just above the 
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change in groundwater flux. Surface water influence may include mixing of the pond by 

wind and temperature gradients. Therefore, some inconsistency was likely due to external 

factors such as mixing of the pond by wind and temperature gradients. 

The EC sensors show temporal variability over the study period (Figure 5.21), 

especially for the two data loggers nearest the east bank. Some changes might be 

associated with times of sampling or measurement activity (human disturbance; < 

monthly) or the sensor being redeployed at a slightly different distance from the pond bed 

(following downloading). However, the vast majority reflected changes occurring with 

the pond - groundwater system. The east sensor was located at around 10 m from the east 

shore while the middle sensor was located at around 20 m. Judging from the contaminant 

data for nearby Transect E-W, the plume ended around 25m, and therefore the two EC 

sensors were likely within the plume footprint. Both sensors had typical or base values 

within the EC range measured for groundwater in the plume (Figure 5.20), indicating the 

epibenthic organisms (organisms right above the sediment interface) here may be 

experiencing harmful leachate affected groundwater discharging into the pond.   

There was a diurnal pattern in the EC data that was strongest from the east sensor 

and differed in its timing between the three sensors (Figure 5.21).  For example, the EC 

for the middle and east sensors increased at different rates, which was also shown by the 

water level piezometers at similar locations. The east sensor peaked at night and matched 

the timing for the east piezometer which fit with reduced evapotranspiration on land, and 

since plants were no longer taking up soil water and groundwater at night this led to 

greater groundwater discharge at night. Meanwhile, the west sensor showed the smallest 
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changes and peaked during the day. The west sensor pattern fit with patterns found in the 

west piezometer in which the evaporation from the pond lowered the pond head during 

the day, leading to greater groundwater flux then. The low range (700 µS/cm to 750 

µS/cm) in EC likely reflected similar EC between uncontaminated background 

groundwater and the pond. The middle EC sensor had broader peaks that extended from 

night into early day which might be a mix of the two influences, both evapotranspiration 

reduction at night and pond evaporation during the day. Additionally, the diurnal 

fluctuations in groundwater levels disappeared during the fall season, likely because of 

the lack of evapotranspiration and evaporation in the cooler seasons. All together, these 

findings suggest the diurnal EC signal was being driven by fluctuations in groundwater 

flux.  

There were also bigger spikes in EC above the sediment mainly seen in the east 

EC sensor but periodically in the middle and west. These large spikes were not a part of 

the diurnal patterns and showed a ~1000-2000 µS/cm change (Figure 5.21). Some at least 

were likely associated with increased recharge from rain or snowmelt events, though 

internal mixing or circulation changes in the pond could also be a cause, especially for 

the west sensor outside the plume footprint. For example, a known large rain event on 

August 18, 2019 exhibited ~800 µS/cm increase (Figure 5.21). However, precipitation 

events did not directly impact the EC, as it was the hydraulic gradient that drove the 

contaminant groundwater flux into the pond. For example, rainfall on unsaturated soils 

during the dry season will recharge the subsurface first before contributing to the leachate 
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plume. Therefore, some rainfalls will contribute/dilute the pond directly more than the 

contaminant plume.  

Finally, there also appeared to be a seasonal influence that has affected the two 

EC sensors in the plume footprint (Figure 5.20). The EC data followed the same seasonal 

trend as the surrounding water level data with a large increase in EC during the winter 

months. This too then likely reflects greater groundwater discharge due to more recharge 

(less evapotranspiration) in this season. This means prolonged exposure over months for 

the epibenthic organisms within the plume footprint.  

To summarize, the electrical conductivity increased at night, after rain events, and 

in the winter and appeared to be largely controlled by the groundwater flux into the pond. 

The temporal pattern was likely influenced by evapotranspiration from the surrounding 

land and evaporation from the pond. Determining which other factors, such as internal 

pond mixing patterns, were contributing is outside the scope of this study. This has 

implications to the epibenthic zone experiencing exposure to harmful contaminants from 

groundwater. For example, the EC for the east sensor ranged from 850-1050 µS/cm and 

1000-1090 µS/cm for the middle sensor over a 24-hour period in August 2019 (Figure 

5.21). This is about a 20% increase in EC over a short period of time (24 hours) and 

suggests that contaminant concentrations were also drastically changing currently. 

However, it is important to note that these concentrations were found within the 

groundwater at a depth of 14 to 44 cm, and some contaminants may be attenuated in the 

shallow sediment before reaching the pond surface water.  
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Figure 5.20. Specific conductance standardized to 25℃ measured ~1cm above 

sediment bed at locations 10 m, 20 m, and 40 m from the east shore (Figure 4.1) at 

intervals of 15 minutes. 

0

1000

2000

3000

4000

Aug-02-19 Sep-21-19 Nov-10-19 Dec-30-19

S
p
ec

if
ic

 C
o
n
d
u
ct

an
ce

 (
µ

S
/c

m
)

EC1 (East)

EC2 (Middle)

EC3 (West)



MSc. Thesis - T. Hua; McMaster University - Earth and Environmental Science 

107 

 
Figure 5.21. a) Diurnal patterns in electrical conductivity (25℃) (August 4-10, 2019) 

c) Precipitation (cm) for August 16-21, 2019 d) electrical conductivity during a rain 

event (August 16-21, 2019). Precipitation event (5.6 cm) denoted by red arrow for 

August 8, 2019. 
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5.5 Contaminant Concentrations in the Pond and Pelagic Exposure 

The concentrations of various leachate contaminants were measured at the pond outlet 

and WS1 periodically throughout the field season. Those for saccharin and ammonium 

(every 2-3 weeks) and chloride and nitrate (less often) are shown in Figure 5.22 for the 

pond outlet. The concentrations are generally similar for the pond edge samples (Figure 

A7) but show more variability. The pond edge concentration variability was not 

unexpected because the pond edge was within the landfill plume footprint as well as 

down flow from the landfill, and likely less fully mixed compared to the outlet.  

Concentrations measured in the pond were largely affected by the volume in the 

pond and the mass of contaminants entering and interacting with the pond. The factors 

controlling the volume of the pond were the groundwater discharge into the pond, 

evaporation, evapotranspiration, and precipitation. The factors controlling the mass in the 

pond was the total mass entering the pond, attenuation processes such as transformations 

(degradation, redox, microbial activity), uptake by organisms (ex. plants), and sorption. 

Although with sorption, the age of the plume suggests the areas for potential sorption 

were taken up over the years, and therefore not a big factor now. Other factors include, 

photodegradation, volatilization (ex. VOCs). Turnover rate determined the residence time 

in the pond and thereby the time of which reactions could occur. The plant's uptake rate 

would also depend on temperature and light availability. In summary, these factors were 

considered when assessing the concentrations of ammonium, saccharin, and chloride at 

the two pond locations.  
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To start off, chloride was affected the least as the concentrations do not change 

temporally. Chloride is a conservative tracer and has elevated concentrations within the 

plume footprint. The concentration of chloride within the plume footprint was an order of 

magnitude greater than the background groundwater. For example, in the August 

sampling campaign the chloride concentrations in the plume were >400 mg/L and the 

background concentrations were around 40 mg/L, while the surface water concentrations 

were around 60 mg/L, suggesting mixing of the plume and background groundwaters 

were occurring. There could be other sources of chloride contributing to the slightly 

higher concentration at the outlet compared to background groundwater, such as 

agricultural inputs from the inorganic fertilizer or manure used in the surrounding farms. 

However, it was not likely road salting, although common, because there were no major 

roads near the site that would have salting during the snow season.  

Saccharin was analyzed more frequently than chloride in surface water samples, 

therefore provided a more complete temporal data set. However, unlike chloride, 

saccharin can degrade in aerobic conditions (Luo et al., 2019). Similar to chloride, the 

saccharin concentrations stayed consistent across the study season, which suggests 

saccharin was not significantly degraded in the pond. This pattern also suggests a steady 

balance between inputs of contaminated groundwater and other inputs (precipitation, 

background groundwater). These data also indicate persistent exposure of saccharin and 

potentially other non-reactive contaminants to the pelagic organisms within the pond 

(Figure 5.22).  
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Ammonium was also being added at high concentrations with the discharging plume but 

did not show this consistent trend over the study period, with lower concentrations in the 

summer and increasing concentrations into the winter (Figure 5.22). Nitrate, which was at 

negligible concentrations in the plume, increased in concentration along with ammonium. 

Its source could be background groundwater as there was high nitrate at a high discharge 

zone along Transect E-W and could be created from the ammonium by nitrification 

within the oxic pond water. Nitrate can further transform into nitrogen gas, which is 

quickly volatilized, by microorganisms in the sediments and slow in colder conditions. 

The aquatic plants Chara was potentially active throughout the winter, although less so 

because of the lower light levels and cooler temperatures (Pukacz et al., 2016), and since 

both species of nitrogen are taken up by plants, the observed trend for these N species 

could be due to reduced losses to aquatic plants and microbial transformations.  

Concentration data for PFAS from the pond outlet and edge locations were only 

available for July and August 2019 and show similar concentrations for those dates 

(Figure 5.23). The concentration decreased slightly between the pond and the outlet 

because of the influx of clean groundwater causing dilution before reaching the outlet 

stream. The PFAS composition was similar between the two locations suggesting no 

major losses of individual PFAS compounds during transport in pond water to the outlet. 

Although sorption is preferential to longer chained PFAS, there was not a decrease in 

them, likely because the sorption areas were filled up due to the long-time exposure. The 

differences between the times were not significant enough to identify the main factor 
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causing a slight change in concentration between July and August. These concentrations 

represent exposure to pond pelagic organisms.  

Since PFAS in the surface water was only measured twice over the year, to 

predict future possible trends, a proxy such as saccharin or chloride can be used. All three 

compounds (PFAS, saccharin, chloride) are non-transformative (seems so for saccharin 

here), less likely to volatilize, and be taken up by plants. Additionally, saccharin and 

PFAS will likely sorb somewhat, some PFAS compounds more than others, but given the 

age of the leachate plume, the system may be near steady state, in other words, possible 

areas for sorption are filled. Similarly, all three compounds saw slight decreases in 

concentration from July and August. Therefore, the trend for PFAS was likely observed 

for both saccharin and chloride, meaning steady concentrations over the study period.  

Based on the water level data, contaminant flux, and electrical conductivity data 

of the study, there was more leachate affected groundwater entering the plume in the 

winter. This led to speculation for the snowmelt season, as due to the pandemic, it was 

not possible to obtain data for any of the parameters during the snowmelt period 

(mentioned before). Depending on the speed of the snow melt, the effect on the 

concentration levels in the pond will change. For example, if the snow melts fast, the 

runoff will dilute concentrations in the pond. Conversely, low snowmelt can also become 

runoff if the ground is still frozen. There would be less change in the concentration in the 

pond if the snow melts and infiltrates the subsurface and potentially increases the influx 

of both contaminated and uncontaminated groundwater, as suggested by the steady pond 

concentrations of chloride and saccharin. Alternately, if recharge timing or amount is 
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higher for the landfill area, the contaminant flux might be relatively greater. 

Measurements would be required to see what happens, though the results might be 

different from year to year. 

 
Figure 5.22. Contaminant concentrations in outlet stream surface water samples. 

 

 
Figure 5.23. PFAS concentrations in surface water samples from July 4 and August 

22 at the pond edge and outlet. 
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5.6 Contaminant Mass Discharge from Pond Outlet and Exposure Downstream 

The surface water concentration data provided insights into conditions experienced by the 

pelagic community (organisms residing in open waters) in the pond. Meanwhile, the mass 

discharge was important for organisms and other receptors downstream. The mass 

discharge was calculated by multiplying the stream discharge and the associated surface 

water contaminant concentration measured at the pond outlet. As mentioned before, there 

was also a higher percent error, likely 2-20% (Turnipseed and Sauer, 2010) with the mass 

discharge because of the uncertainty in the outlet discharge values.  

From the graphs, the mass discharge first dipped in August and increased over 

time from September to January (Figure 5.24 and Figure 5.24). The ammonium mass 

discharge was approximately 7 times greater in winter than summer. Meanwhile for 

saccharin and chloride it was only approximately 3 times greater. PFAS mass discharge 

was expected to show similar trends shown by saccharin and chloride. The large increase 

in ammonium compared to saccharin and chloride was likely due to the lack of plant 

uptake in the wintertime. Meanwhile the nitrate mass discharge also showed a large 

range, likely due to nitrification of ammonium. For the snowmelt period, an increase in 

contaminant mass discharge may also be expected. Also, given the temporal patterns in 

pond level continuous data (Figure 5.1), mass discharge may also increase somewhat 

following precipitation events, and be slightly higher at night than during the day.  

 The contaminant mass discharge from the pond outlet can provide insights to 

potential impacts on the pelagic community in the stream fed by the outlet. Much like the 

endobenthic and epibenthic zone, the pelagic zone downstream was also experiencing 
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worse conditions during the winter season. Additionally, the outlet may be losing volume 

from infiltrations to the subsurface which may end up in Branch Creek nearby (Townley 

& Trefry, 2000). Therefore, the results of the study may be underestimating the mass 

discharge from the pond. Downstream inputs from surface water or groundwater will 

dilute the contaminant mass in the receiving stream.   

 
Figure 5.24. Chloride and saccharin mass discharge from pond outlet from summer 

2019 to winter 2020. 
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Figure 5.25. Ammonium-N and nitrate mass discharge at the pond outlet from 

summer 2019 to winter 2020.  
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6.0 Conclusions  

6.1 Key Findings 

This study has shown that the multi-method approach using targeted data can provide 

insights to exposure in ecological zones, spatially and temporally, particularly for the 

endobenthic and epibenthic communities, which are not typically monitored. 

Hydrological data using water level piezometers, temperature rods, sediment temperature 

mapping, and outlet discharge measurements provided insights to the groundwater flow 

regime, and revealed temporal and spatial patterns, further discussed below. Contaminant 

data from shallow groundwater sampling campaigns (for leachate indicators, and 

contaminants of emerging concern), surface water sampling, and electrical conductivity 

at the pond sediment interface provided insight to the contaminant exposure patterns and 

contaminant mass entering the pond. The data combined showed that there was a 

leachate-affected groundwater plume impacting a larger area than previously anticipated. 

The shallow leachate plume extended about half the length of the pond and a third across 

showing that the leachate plume can extend further than expected. More specifically, the 

plume likely spanned 120 m along the Transect N-S and extended 25 m along Transect 

E-W starting from the east shore.  

The landfill leachate plume had spatial heterogeneities as there were zones of 

elevated concentrations along with areas of high groundwater flux into the pond. For 

example, there were concentration peaks at 8 m and 21 m (for ammonium, chloride, 

PFAS) but peaks varied with saccharin (peaked at 3 m). Temperature-depth profiles from 

the temperature rods were used to calculate the groundwater flux entering the pond and 
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showed a high groundwater flux in the middle of the pond (31 m) and decreased towards 

the shores (east and west). The patterns of contaminant concentration and groundwater 

flux did not match up thereby demonstrating that exposure to endobenthic and epibenthic 

organisms can be different. However, if the peaks in concentrations and flux were to 

match up, it would result in contaminant hot spots affecting both benthic zones and this 

could be applicable to areas not monitored at the site and at other sites.  

The contaminant data measured from the groundwater and surface water indicated 

that the plume entering the pond from the east shore is contaminated by landfill leachate, 

with the presence of elevated concentrations of many legacy contaminants (e.g., 

ammonium), but also emerging contaminants, including PFAS. This study provides more 

information on PFAS inputs with leachate-affected groundwater plumes discharging to a 

non-flowing surface water body. Notably, there was variation in the composition across 

the plume (Transect N-S) demonstrating variability within the plume itself. Measured 

electrical conductivity at the sediment interface corroborated that there were 

contaminants passing through the sediment interface into the pond. Furthermore, elevated 

concentrations measured in the pond surface water and at the outlet indicate impacts to 

the pond as well as downstream. These impacts vary seasonally, for instance nitrate and 

ammonium increased through the fall season into the winter while saccharin and chloride 

concentrations were consistent into the winter season.  

Factors impacting groundwater to surface water interactions can influence the 

contaminant exposure and mass discharge patterns. The results of this study suggest that 

evapotranspiration may be important in creating diurnal and seasonal patterns in 
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contaminant flux. This process is broadly applicable at similar sites, and at sites with 

strong seasons. The contaminants appeared to persist in each ecological zone all year 

round however hydrological data suggested higher discharge into the pond at night, after 

precipitation events, and during the winter season, which can result in worse conditions at 

times not typically sampled. There was a strong diurnal signal in the water level data 

during the summer months likely due to evapotranspiration, and evaporation from the 

pond. The diurnal signal decreased through the fall and dissipated in the winter as the 

plants died or became dormant and no longer affected groundwater levels. In conclusion, 

contaminant data combined with hydrologic data provided quantitative evidence that this 

leachate plume impacted many areas in and around the pond, and temporally, the 

exposure was worse at night, after rain events, and during the winter season. This study 

demonstrates that historic landfill can be a contamination source to surface water bodies 

nearby. 

6.2 Ecological Risks 

The various datasets collected can provide insights to different parts of the ecosystem. 

First, shallow groundwater concentrations provide insight to the impacts on the 

endobenthic community. Next, the groundwater flux calculated using temperature depth 

data, as well as electrical conductivity above the sediment interface provide insights to 

impacts on the epibenthic community. Finally, the contaminant mass discharge measured 

at the pond outlet, and pond surface water concentrations give indications to the impacts 

on the pelagic community within the pond and downstream ecosystems. Based on the 

study’s results, epibenthic zones generally experience worse conditions at night, 
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following rain events, and in the wintertime. The zone with greatest risk would be the 

endobenthic zone as they are experiencing contaminants not yet diluted by surface 

waters.  

The aquatic plants could also potentially be negatively impacted by the leachate 

plume. Evidence of potential impacts are the bare patches on the pond floor, largely 

located at the northern side. There was also potential iron staining on the plants creating 

more orange-coloured leaves compared to the dark green leaves found at the southern 

side of the pond. The reduced coverage at the pond bottom could be linked to the leachate 

plume, but no data on this was collected in this study. Notably, there was a large bare 

patch seen at the north west side of the pond, where clean groundwater is likely 

discharging. However, the large empty patches on the west are potentially from vehicles 

driving along the pond as mentioned by the neighbouring residents. 

6.3 Implications for Monitoring 

Monitoring potentially contaminated groundwater discharging into a surface water body 

such as a pond can be challenging due to the heterogeneous nature of the groundwater 

flow regime and the contaminant fate and transport. Typical monitoring protocols (i.e., 

annual surface water/well sampling, generally in the summertime) could potentially miss 

impacted ecological zones (i.e., endobenthic/epibenthic zones) in ponds receiving 

leachate-affected groundwater. However, this study provides insight into these ecological 

zones and additional times in which monitoring programs would be more effective and 

capture more of the heterogeneity using targeted data. Sampling cost efficiency is 

important since higher resolution data require more time and resources. Based on the 
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results of this study, it is important to assess potential changes in impacts at night, 

following rain events, and during the wintertime because ecological zones are most likely 

experiencing worse conditions. It is also important to measure the endobenthic and 

epibenthic zones in the event of monitoring groundwater entering a surface water body 

because surface water samples will only indicate conditions the pelagic community is 

experiencing. Pelagic zone exposure can change over time from in-pond transformations 

(i.e., nitrification), and therefore annual surface water sampling in the summertime may 

not properly represent the landfill impacts. Finally, this study’s results inform operators 

of historic landfills to also monitor contaminants of emerging concern such as PFAS as 

elevated concentrations pose health risk to humans and the surrounding ecosystem. 

However, analysis of PFAS is expensive and therefore not currently viable for regular 

sampling. Targeted sampling is useful to limit the number of samples needed, and this 

study provides insights to locations and times that will optimize the information that can 

be obtained (i.e., areas of high groundwater flux in the winter). As mentioned before, 

older landfills have greater possibility of leaking due to lack of infrastructure and can 

affect nearby surface water. Multiple locations should be sampled as one leachate well 

may not be representative of the concentrations found in the landfill leachate plume, 

especially because of various factors causing spatial and temporal variability.  

6.4 Research Recommendations 

A second step to this study would be to assess the impact of the contamination on aquatic 

communities within and around the pond. This is important because this study was able 

to determine the locations and times of high contaminant exposure but not the result of 
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said exposure. Ecotoxicity is currently being explored at this site to assess the impact on 

the aquatic organisms. To test, aquatic organisms are caged and placed on the pond 

bottom and observed over a month to compare survival rates. Additionally, pond 

sediment was sampled to compare the number and different types of endobenthic 

organisms within and outside the plume footprint. Locations were chosen based on this 

study’s results to capture different exposure levels.  

Furthermore, a preliminary investigation into phytoscreening was conducted this 

past year, though it was impeded by the pandemic. The uptake of saccharin in the cattails 

surrounding the pond may provide another important mechanism to determine impact on 

terrestrial organisms, and another possible pathway for emerging contaminants. 

Phytoscreening is useful for monitoring as well because it is easier and faster compared 

to groundwater sampling and can provide insights to potential contaminants in the 

groundwater within the extent of the plant's root system.  

Data from the snowmelt period were not obtained due to the pandemic, as many 

of the data loggers, such as the iButtons and EC sensors, were overwritten or filled 

resulting in missing data from April and March. A final sampling campaign planned 

during that time was also not possible. Therefore, additional data during this period could 

potentially provide more insights into how snowmelt might affect groundwater to surface 

water interactions, and contaminant fluxes. Snowmelt data can provide insights to 

exposure levels to the ecosystem, especially during a time when organisms and plants 

become more active.  
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On a broader scale, it is recommended to continue to monitor PFAS in groundwater, 

particularly at older landfills, because it is a contaminant of emerging concern. There 

needs to be more data on the transport and fate of PFAS in different scenarios and the 

analyses should become more accessible (i.e., standardized sampling protocols, cheaper 

analysis methods). The multi-method study provides insights to other possible research 

designs that encompass more ecological zones and time scales. Additionally, this method 

can be applied to other contaminant plumes affecting a non-flowing surface water body, 

such as a pond.  
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Figure A1: Outlet water level (cm) with discharge measurements over time  
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Figure A2: Rating curve for a) stream stage level at the outlet b) pond water level 
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Figure A3a: Temperature data from iButtons within Temperature rods a) TR-WS1 

b) TR-WN7 c) TR-T3 d) TR-T13 for July 2019 to November 2019, first period 
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Figure A3b: Temperature data from iButtons within Temperature rods e) TR-T31 f) 

TR-T43 g) TR-T66 for July 2019 to November 2019, first period 
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Figure A4a: Temperature data from iButtons within Temperature rods a) TR-WS1 

b) TR-WN7 c) TR-T3 d) TR-T13 for April 2020 to June 2020.  
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Figure A4b: Temperature data from iButtons within Temperature rods e) TR-T31 f) 

TR-T43 g) TR-T66 for April 2020 to June 2020. 
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Figure A5: Sediment surface temperature versus groundwater flux along Transect 

E-W on December 10, 2019. Linear relationship used to calculate interpolated 

groundwater fluxes. R2 value= 0.3222. Without a measured value at 31 m due to the 

temperature profile being too vertical, the fit is too poor to be used to interpolate 

groundwater flux. 
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Figure A6a. Other parameters measured such as dissolved metals along a) Transect 

E-W and b) Transect N-S during the August sampling campaign depicting very 

similar trends. For the north and south transect plots, WS1 = 0m, and north is to the 

right of the graph 
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Figure A6b. Other parameters measured such as VOCs along a) Transect E-W and 

b) Transect N-S during the August sampling campaign depicting very similar 

trends. For the north and south transect plots, WS1 = 0m, and north is to the right of the 

graph 
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Figure A6c. Other parameters measured such as SRP along a) Transect E-W and b) 

Transect N-S during the August sampling campaign depicting very similar trends. 

For the north and south transect plots, WS1 = 0m, and north is to the right of the graph 
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Table A1. List of PFAS analyzed with their respective acronym 

Perfluorobutanoic acid PFBA 

Perfluoropentanoic acid PFPeA 

Perfluorohexanoic acid PFHxA 

Perfluoroheptanoic acid PFHpA 

Perfluorooctanoic acid PFOA 

Perfluorononanoic acid PFNA 

Perfluorodecanoic acid PFDA 

Perfluoroundecanoic acid PFUnDA 

Perfluorododecanoic acid PFDoDA 

Perfluorotridecanoic acid PFTrDA 

Perfluorotetradecanoic acid PFTeDA 

Perfluorohexadecanoic acid PFHxDA 

Perfluorooctanesulfonate PFOS 

Perfluorodecanesulfonate PFDS 

Perfloroethylcyclohexane sulfonate PFECHS 

Perfluorohexanesulfonate PFHxS 

Perfluoroheptanesulfonic acid PFHpS 

Perfluorobutanesulfonate PFBS 

Perfluorooctanesulfonamide FOSA 

Perfluorobutane sulfonamide FBSA 

4,8-dioxa-3H-perfluorononanoate ADONA 

Sodium 8-chloroperfluoro-1-octanesulfonate 8ClPFOS (C8F16ClSO3) 

9-chlorohexadecafluoro-3-oxanone-1- sulfonic acid 9 Cl-PF3ONS, F53B (C8F16ClSO4) 

11-chloroeicosafluoro-3-oxaundecane-1-sulfonic acid 11Cl-PF3OUdS, F53B(C10F20ClSO4) 

Perfluoropolyethers PFPeS 

Perfluorododecane sulfonic acid PFDoDS 

Hexafluoropropylene oxide dimer acid HFPO-DA 
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Table A2. List of compounds analyzed  

Artificial 

Sweeteners 

Acesulfame, Saccharin, Cyclamate, Sucralose, Perchlorate, Glyphosate, 

2,4-D, Fosamine, MCPA, Picloram, Sulfamic Acid 

Anions Fluoride, Chloride, Nitrite, Bromide, Sulfate, Nitrate, Phosphate 

Cations Calcium, Magnesium, Potassium, Silica, Sodium 

Dissolved 

Metals 

Antimony, Arsenic, Barium, Beryllium, Bismuth, Boron, Cadmium, 

Cerium, Cesium, Chromium, Cobalt, Copper, Gallium, Iron, Lanthanum, 

Lead, Lithium, Manganese, Molybdenum, Nickel, Niobium, Platinum, 

Rubidium, Selenium, Silver, Strontium, Thallium, Tin, Titanium, 

Tungsten, Uranium, Vanadium, Yttrium, Zinc 

Volatile 

Organic 

Compounds 

Chloromethane, vinyl chloride, bromomethane, chloroethane, 

diethylether, carbon disulfide, CFC-113, iodomethane, alyl chloride, 

methylene chloride, trans-1,2-dce, acetonitrile, chloropropene, 1,1-

dichloroethane, acrylonitrile, cis-1,2-dce, dichloropropan, chloroform, 

caron tetrachloride, 1,1,1-trichloroethane, THF, 1,1-dichloropropene, 

benzene, methylacrylonitrile, 1,2-dichloroethane, trichloroethene, 

dibromomethane, 1,2-dichlropropane, bromodichloromethane, methyl 

methacrylate, cis-1,3 dichloropropene, toluene, nitropropane, 

tetrachloroethene, trans-1,3-dichloropropene, 1,1,2--trichloroethane, 

ethyl methacrylate, dibromochloromethane, 1,3-dichlropropane, 1,2-

dibromomethane, chlorobenzene, ethyl benzene, 1,1,1,2-

tetrachloroethane, m+p-xylene, o-xylene, styrene, bromoform, isopropyl 

benzene, bromobenzene, polypropylbenzene, 1,1,2,2-tetrachloroethane, 

2-chlorotoluene, 1,3,5-trimethylbenzene, 1,2,3-trichlropropane, trans-

1,4-dichloro-2-butene, 4-chlorotoluene, tert-butylbenzene, 

pentachloroethane, 1,2,4-trimethylbenzene, sec-butylbenzene, p-cymene, 

1,3-dichlorobenzene, 1,4-dichlorobenzene, n-butylbenzene, 1,2-

dichlorobenzene, 1,2-dibromo-3-chloropropane, nitrobenzene, 

hexachlorobutadiene, 1,2,4-trichlorobenzene, naphthalene, 1,2,3-

trichlorobenzene, 
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Figure A7: Contaminant concentrations in pond edge surface water samples 
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