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Abstract 

The toxic, persistent pesticide dichlorodiphenyldichloroethane (DDD) was used liberally 

prior to and during the World Exposition of 1967 (Expo 67) on Île Sainte-Hélène in Montréal to 

reduce the population of nuisance Trichopterainsects (also called caddisflies or shadflies) in the 

area. Sixteen thousand kilograms were applied over six periods in two years. Despite reports by 

the project leaders that the practice was not detrimental to the ecosystem and that DDD was not 

detected downstream in significant concentrations following applications to the river, further 

investigation was required to determine the occurrence of the pesticide, and its concentrations. 

Given the large volume of pesticide that was applied to the river, I hypothesized that there would 

be a strong DDD signal in sediments downstream of the Expo 67 site. I obtained a sediment core 

from the bay of Île de Grâce at the mouth of Lac St Pierre in the St. Lawrence River, 

downstream of Montréal. The core was sliced, dated radioisometrically, and analysed for the 

presence of dichlorodiphenyltrichloroethane (DDT) and related pesticides using gas 

chromatography. The isotopes cesium-137 (137Cs), radium-226 (226Ra), and lead-210 (210Pb) 

were used to establish dates of sediment deposition. Loss on ignition was used to determine 

organic carbon content. Stable lead content was analysed because it may also support sediment 

ages. Concentrations of DDT, DDD, and dichlorodiphenylethylene (DDE) ranged from below 

the detection limit to 3.3parts per billion (ppb), 57.7 ppb, and 17.1 ppb, respectively. Adjusting 

the concentrations to reflect organic carbon content did not significantly affect the trend in 

concentration by depth. Peaks in DDD concentrations and related compounds were discovered 

that correspond to the Expo 67 applications. These findings demonstrate that DDD was present 

in unusually high concentrations (well above the probable effect level of 8.51 ppb (Ontario 

Ministry of the Environment)) in the St. Lawrence River in 1967, potentially exposing a wide 

variety of organisms. This finding may also be used to inform future decisions regarding the 
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management of the St. Lawrence Seaway. I also investigated the role of fragmentation, 

specialisation, and interdisciplinarity in this research, and critically examined the historical 

context of this project in order to pursue knowledge of this field with as full an understanding of 

it as possible. 
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Chapter 1: Introduction 

1.1 Expo 67 

World Exhibitions have been a popular way for modern societies to showcase different 

cultures and market different products and services. France held the first modern exhibition in 

Paris in 1798 (worldexhibition.org), which featured French examples of manufacturing and 

industry, and the first true world expo took place in London in 1851. For 1967, Montréal, 

Québec, Canada (Fig. 1, Appendix A) won the bid to host the Exhibition (hereafter also referred 

to as Expo 67) after Moscow withdrew its bid in 1962 (Library and Archives Canada (a)). This 

was an opportunity for Canada, and specifically Québec, to showcase itself to the world. The 

theme of the Exposition was “Man and His World’ (Library and Archives Canada (c)). The 

preparations for this event were immense, and despite some concerns during production, the 

Exhibition was a great success, and a significant cultural event for Canada, Québec, and 

Montréal. Media coverage of the event was uniformly positive, exemplified by articles in the 

Winnipeg Free Press, The Globe and Mail, The Ottawa Citizen, and The Calgary Herald, among 

others (Library and Archives Canada (b)).  

The preparations for Expo 67 were extensive and ambitious. In the St. Lawrence River, 

Île Ste. Hélène was expanded, and Moffat Island was expanded and renamed Île Notre-Dame 

using fill excavated from the construction of the new metro system (Library and Archives 

Canada (b), Auclair 1995, Figure 2, Appendix A). There was some opposition to this plan, 

particularly from bird watchers, who were afraid the construction activities would result in the 

loss of a colony of ring-billed gulls on Moffat Island (Auclair 1995). Several government 

organisations were responsible for the development of the exhibition, particularly the Canadian 

Corporation for the 1967 World Exhibition (CCWE), the federal Department of Agriculture, the 
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provincial Department of Agriculture and Colonization, and the municipal Parks Department; the 

CCWE reported to parliament through the Department of Trade and Commerce (Library and 

Archives Canada (c)).  

Among many construction and event plans, a team headed by Philip Corbet was 

established by the CCWE and Department of Agriculture to address the problem of nuisance 

insect populations. Because the majority of Expo events would be taking place on islands, 

emerging insect swarms in the spring and summer from the rapids of the river upstream would 

potentially hinder the visitors’ enjoyment of the pavilions. A study was conducted in 1964 and 

1965 to determine the extent of the nuisance caused by the flies (Corbet et al. 1966). They used 

light traps placed at strategic locations around the island to estimate relative abundances at night 

between May and October. They found that Trichopteraspecies (also called shadflies) were the 

predominant nuisance, with smaller numbers of other freshwater stream invertebrates.  

“Initial investigation by a biological team established that more than 60 species of 

caddisflies occurred at the Expo site, of which eight emerged as adults in numbers judged 

to create a problem; these were mainly Hydropsychidae, but also included were some 

Leptoceridae, Glossosomatidae, Hydroptilidae, and Brachycentridae” (Wiggins 2004). 

The adult insects are airborne, and lay eggs in fresh water, where they mature into encased larvae 

and adults, finally emerging from the surface of the river (Fig.3, Appendix A). Corbet et al. 

(1966) determined times and locations of greatest density, and ultimately concluded that 

insecticide would be the most effective means of solving the problem.  

The “massive use of light traps” was considered as a way to control the nuisance 

(Fredeen 1971), but they decided to use chemical control because it promised a higher degree of 

abatement certainty. Initial tests, described by Fredeen (1971), were conducted on the 
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effectiveness of terrestrial dichlorodiphenyltrichloroethane (DDT) (an organochlorineinsecticide) 

applications, partly to avoid waterway contamination. Successful abatement of nuisance 

Trichoptera via terrestrial applications had been achieved at Fort Erie for 15 years, so the Shadfly 

Project team had a good basis for their hypothesis. Two percent DDT prepared from a 25% 

emulsifiable concentrate was applied by helicopter. Île Ste. Hélène received 1.00 lb per acre 

(1.12 kg/ha) in the treed area, 1.05 lb per acre (1.18 kg/ha) on the new fill, and 2.60 lb per acre 

(2.9 kg/ha) on rock dykes. Concentrations of DDT applications over the time period of DDT’s 

popularity ranged from as little as hundredths of a pound per acre to tens of pounds. On Île Ste. 

Hélène, concentrations of DDT on leaves after the aerial spraying increased from 1.42-4.68 ppm 

to 16.55-106.40 ppm. Fredeen (1971) noted that, in the 27 days following the application, there 

were 14 days of rain during which 4.07 inches (10.34 cm) fell at Île Ste. Hélène. Although they 

were effective at reducing the adult insect populations on the islands (> 90% mortality within 8.6 

to 17.5 hours of resting on treated surfaces), the effect did not last long, and nuisance reduction 

was only observed during the week of spraying. During the two following weeks, the single 

terrestrial DDT application had no practical effect. This led to the decision to apply DDD to the 

waters of the St. Lawrence River upstream of Île Ste. Hélène (Fredeen 1971). Several factors 

influenced this decision: the solubility of dichlorodiphenyldichloroethane (DDD) in water at 25 

degrees Centigrade (0.09 mg/L) is greater than that of DDT (0.025 mg/L) (ATSDR 2012), and 

targeting the larvae in the water was more effective than targeting the adults in the air. In 

addition to these factors, it seems likely that aerial spraying would also have been disturbing to 

Expo visitors. Pesticide use was beginning to garner public concern, and a very public display of 

pesticide spraying over the exhibition may not have generated positive feedback from visitors. 
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Furthermore, aerial spraying would have resulted in visitor exposure to DDT, and potential 

health effects may have been a factor as well.  

Over a series of six applications (two in 1966 and four in 1967), 16 tonnes of DDD were 

applied to the St. Lawrence River at the upstream rapids, off the Department of Transport Ice 

Control Structure, about 2.4 km upstream of the rapids (Fig. 2, Appendix A). 

The application process was led by Frederick John Hartley Fredeen, a Canadian 

entomologist from Macrorie, Saskatchewan (Entomological Society of Saskatchewan p.21, 

University of Saskatchewan 1997). Previous and later work by Fredeen focused on the control of 

blackfly (Simuliidae) larvae in streams (Fredeen 1962, 1969, 1974, 1975, 1977). Most of his 

work was published under only the name of Fredeen, and it is a very focused and prolific record 

of research. Fredeen was likely recruited for the Expo 67 Shadfly Project because of his prior 

experience with pesticide applications to running water. Fredeen (1972) carefully described the 

concentrations and times of applications. The concentrations in the river ranged from 0.361 mg/L 

to 0.421 mg/L for 16 minutes. To determine the success of the project, detached (about 12% 

alive) adult insect numbers were surveyed using anchored nets before and after applications, and 

a significant decline in the populations was observed. Following applications of DDD in 1966, 

reductions in Trichoptera populations at four net sites, 3.2 to 6.7km downstream, ranged from 41 

to 98 percent (estimations based on pre-application numbers). In 1967, reductions ranged from 

66.5 to 98 percent (estimations based on counts made at an untreated area 7.2 km upstream)(Fig. 

6, Appendix A). After the last two applications of DDD, total Trichoptera numbers appeared to 

recover more quickly than they did after the first two applications. Fredeen (1972) suggested that 

this was because of a large drift from upstream of Hydroptilidae larva cases attached to floating 
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algae. It may also indicate a rapidly acquired resistance to DDD, in which case continued 

applications would likely have ceased to have a valuable effect.  

Downstream concentrations of DDD were measured, as well as effects on non-target 

organisms. Measurements of DDD in water were taken several days after each of the 

applications, at three locations: at the site, 16 km downstream, and 72 km downstream of the site. 

The research outlining this work is not rigorous, though the author claims to have found no 

evidence of DDD in the water 75km downstream of Montréal near Sorel, QC; only one of the 

post-application measurements yielded detectable sediment levels. At the application site, 

0.02ppm was detected in the sediment; 0.05ppm was detected 16 km downstream, and 0.07ppm 

was detected 72 km downstream. These measurements were taken on June 15, 1967, two days 

after the fourth DDD application. This pattern of increasing concentration with distance from 

origin might be attributable to the flushing effect of the river and the gradual sorption of DDD by 

particles as it traveled downstream. As DDD adsorbed to particles, they would gradually be 

deposited in the sediments along the path of the water flow (Postma 1961, Duursma 1986). The 

slowed flow of the river at Lac St. Pierre would also give adsorbed DDD more time over a 

shorter distance to be deposited. The effects of the treatments on fishes and birds were briefly 

considered by Fredeen, and consisted of some measurements of DDD and casual counts of dead 

individuals along shorelines. Subjective observations of fish “...indicated no obvious effects from 

the larvicide treatments,” and “larger species such as bass were always abundant...and appeared 

to behave normally” (Fredeen 1972). The average DDD concentration measured in fish 17 miles 

upstream of the site was 0.156 ppm (DDT + dichlorodiphenyldichloroethylene (DDE) was 0.224 

ppm), and approximately twice that (0.369 ppm) at 10 and 45 miles downstream (DDT + DDE 

was 0.227 ppm). The chemical analysis of fish tissues is not described by Fredeen, and neither 
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are the fish species. A comprehensive review of the Shadfly Project literature has been 

conducted by El-Fityani (2010), and may be referred to for further detail. 

In addition to the 16 tonnes of DDD that were applied, it is important to note that a wide 

range of pesticides were being used for agricultural and other pest control situations, and many 

industrial and domestic contaminants were being introduced directly into the St. Lawrence River. 

The city of Montréal had no sewage treatment system so that municipal effluent was discharged 

directly into the river, and regulations governing industrial effluent were in their infancy. Pulp 

and paper effluent regulations were not created until 1971 for new mills (all mills, under the 

Fisheries Act, in 1992) (Health Canada, Environment Canada (d)), which means that high levels 

of mercury, furans, and dioxins, were being released into the St. Lawrence River, often in 

directly through tributaries (Trudeau et al. 2011). The St. François River watershed alone has 

seven pulp and paper mills. It was not until the middle of Expo 67 that Mayor Jean Drapeau 

proposed the construction of two water treatment plants for the city, and not until 1998 that a 

facility was completed and in full operation (Emond 2009). In 2004, the Sierra Club reported that 

the city’s primary-only treatment centre also discharged 42 billion litres of raw sewage per year 

through treatment bypasses, and was given a grade of F – a lower grade than it was given in 

1999. The additions of such diverse and unknown inputs into the St. Lawrence River generally 

contributed to its overall contaminant and pollutant load (phosphorus, nitrogen, pharmaceuticals, 

pesticides from private and municipal use, etc.). Small point-source pesticide inputs contributed 

to the trends observed in this study, but pesticides were not the only contaminant of the St. 

Lawrence River.  

It is of particular relevance that about 2700 kg of DDT was used between 1964 and 1967 

on Île Ste. Hélène to control the Elm Bark Beetle populations (Fredeen 1972). Any DDT, DDE, 
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or DDD detected in downstream sediment may have their source in these applications rather than 

or in addition to the Expo 67 applications. If this were the case, it would be evident in the ratios 

of the three pesticides based on relative degradation rates.  

 

1.2 Social, political, and legal issues 

In addition to the many technical details surrounding the use of DDD at Expo 67, it is 

also important to understand when and under what conditions the Expo preparations took place. 

In a turbulent social and political climate, several events serve as examples that characterise the 

historical context of the Exhibition. Expo 67 took place only five years after the publication of 

Silent Spring by Rachel Carson, which sparked significant public concern regarding the 

characteristics, use, and abuse of the many pesticide agents manufactured and distributed in 

North America. The shadfly eradication program was not kept secret, and several members of the 

public spoke out against the use of DDD, or rothane, in the St. Lawrence River. For example, 

H.A. Willsie, the editor of the Rod and Gun in Canada magazine challenged the use of DDD in 

an editorial (Willsie 1967). Despite limited public outcry, there were no barriers for the CCWE 

in the completion of the eradication. The entire endeavour of building Expo 67 was approached 

with a very practical attitude, as this excerpt of a 1967 Maclean’s article suggests: 

“Here we are, building the biggest fair the world has ever seen.  We hope it will also be 

the greatest.  But whether it turns out great or ghastly, we're bloody well going to build 

it on time.  We have to create even the land we're to build on, or most of it, and we've got 

100 buildings to put up, including a lot of wild-looking structures calling for unusual 

techniques, and we've got to provide the whole lot of them with roads and sewers and 

water and electrical power and fire protection and telephones and special communication 
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systems and air conditioning and whatever else they need.  And we've got about half the 

time we ought to have to do the job.  Not dynamite or .38-caliber automatics or strikes or 

blizzards or civil-service regulations or international protocol or shadflies or committees 

that recommend further study or memos that plead for more time or architects who argue 

over designs or editorial writers who tell us we've bitten off more than we can chew or 

know-it-all computers that predict we can't possibly make it earlier than 1969” (Tennant, 

1967).  

The article describes the do-or-die attitude of the Director of Installations, Colonel Edward 

Churchill, and his seemingly miraculous ability to accomplish complex tasks. With such an 

attitude, it seems entirely plausible that standard procedures may have been bypassed, 

particularly with regard to what few environmentally protective protocols were in place. The 

mild jab at the “editorial writers” may have been said with Willsie in mind. Although there is 

very little reference to the Shadfly Project outside of the actual project proceedings, the general 

attitudes displayed toward the Exhibition indicate that the use of pesticides was strictly a means 

to an end, and other aspects were not seriously considered. Furthermore, political and social 

events and developments in Québec were significant enough to take precedence over any 

potential environmental concerns of Expo 67. 

The 1960s were a time of exuberant ‘progress’ and developing Québecois identity. The 

Quiet Revolution occurred from about 1960 to 1966, a time of departure from the conservative, 

traditional Québecois values that were endorsed under the governance of Premier Maurice 

Duplessis. Under the new regime of Liberal Party Premier Jean Lesage, Québec values abruptly 

changed in many aspects, including a move towards secularism (Baum 2000), better urban 

political representation (Fenwick 1981), a lower voting age (Elections Québec), more liberal 
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rights for women, which was tied into labour rights and class issues (Luxton 2001), creation of a 

provincial pension plan (Tamagno 2008), and the nationalisation of private Québec electricity 

companies (Rocher 2002). Nationalist enthusiasm was strong, and Ottawa stepped in on several 

occasions to prevent the province from overstepping its limited international political authority 

as a province. The steady growth in Québec nationalism accompanied an increasing number of 

separatist groups. In 1963, the Front de Libération du Québec (FLQ) was established which used 

terrorism to promote an independent Québec. The FLQ was responsible for about “170 violent 

incidents” between 1963 and 1970, roughly half of which involved bombs (Torrance, p. 37). The 

situation was volatile enough that the War Measures Act was invoked in 1970. Political, social, 

and cultural issues were at the forefront of the Québecois consciousness, and environmental 

concerns were not a priority. 

 The neglect of environmental protection is evident in the legislation present (or absent) at 

the time. The St. Lawrence River has been a major transportation route in Canada for hundreds 

of years, though the official opening of the Great Lakes St. Lawrence Seaway System in 1959 

facilitated the regulated transport of goods. However, in 1967 very little direct legislation was in 

place to protect the environmental integrity of this waterway, except insofar as transportation 

was concerned, and the quality of drinking water and fishing industries in both Canada and the 

United States. The Fisheries Act existed and included a section (currently 36.3) that prohibited 

the release into waters of substances deleterious to fish (Fig. 1). I was not able to locate the 

version of the Fisheries Act that would have been in effect in 1967. It allows that some 

substances may be released as per the regulations created under the Fisheries Act. The current 

regulations include provisions for pulp and paper mill effluent, mining effluent, petroleum 
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effluent, waste water systems effluent, potato processing plant effluent, meat and poultry 

products plant effluent, and chlor-alkali mercury liquid effluent (Environment Canada (b)).  

 
Fig. 1. Section 36 of the Fisheries Act (Environment Canada (b)). 
 
There are currently no regulations pertaining to pesticide use; pesticide use is regulated by the 

Pest Control Products Act, which came into effect in 1969. Therefore, there were (based on the 

current version of the Fisheries Act) no provisions for pesticide inputs into the St. Lawrence 

River in 1967; a permit would have been necessary. I have not been able to determine whether or 

not such a permit was obtained. According to Fredeen (1972), approval for applications was 

obtained from the Federal Interdepartmental Committee on Pesticide Uses, but there is no 

reference for this, and despite some mention of this committee in online literature, there is no 

description of this committee’s role. One article published in the Journal of the Association of 

Official Analytical Chemists, by Conache (1987) tangentially mentions a sample check program 

run by this committee. 

 The specificity of the Fisheries Act continues to create a complex and sometimes 

confusing legal situation. A petition was submitted to the Office of the Auditor General of 

Canada regarding the use of chemicals to control sea lice at salmon aquaculture farms in New 

Brunswick (Office of the Auditor General of Canada, 2011). The petitioner, Grand 
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MananFishermen’s Association Inc., requested to know whether a permit had been obtained, and 

if not, why. The petitioner also pointed out that the products may affect organisms besides sea 

lice. The response of the Auditor General was that the substances being used were indeed 

deleterious to fish (which, under the Fisheries Act, sea lice qualify as), but no permit was 

obtained. The reason for this was that sea lice also qualify as pests under the Pest Control 

Products Act (1969). The petitioner asked specifically about the impacts on fish habitat (section 

36.3). The Auditor General responded that  

“This question cannot be answered in the abstract as it would depend on the particular 

substance being used and the particular manner and circumstances in which it is used. It 

is Fisheries and Oceans Canada’s position that, generally, the aquaculture industry’s use 

of registered pest control products, when used in accordance with their respective label 

instructions, are unlikely to lead to the destruction of fish habitat.” 

These responses suggest that enforcement of the Fisheries Act is not conducted vigilantly, and 

that the Act is not absolute.  

Some of the other pieces of legislation involved in the protection of Canadian waterways 

include the Canada-US Boundary Waters Treaty, which was established in 1909 and is overseen 

by the International Joint Commission. It protected the usability of the waterway, but neglected 

environmental concerns. The Pest Control Products Act was introduced in 1969 (mentioned 

previously), which regulates which substances are to be used, how they should be handled, and 

the amount of residue acceptable. The Department of the Environment was created in 1971 (the 

same year as the initial Pulp and Paper Mill Effluent Regulations). Eventually, The Great Lakes 

Water Quality Agreement (1972) which was an amendment to the Boundary Waters Treaty, the 

Environmental Contaminants Act (1975), the Fisheries Act (modern version in 1985), the 
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Québec Environment Quality Act (1970), and the Pesticides Act (1987) among others 

acknowledged the need for legislation to protect environmental quality to a greater degree than 

did previous, primarily economy-minded regulations. In 1967 there was, however, great public 

concern over the potential environmental impacts of organochlorine compounds, and some care 

was taken to determine how the addition of DDD to the river would impact the fluvial 

environment. 

 Given the lack of legislation, or ease of circumventing it, the actual motivation for 

measuring the effects of the DDD application is difficult to discern. There was no legislation 

requiring it, and a general emphasis of the event on punctuality, practicality, and enjoyment. Two 

likely candidates stand out, however: public relations and scientific credibility. The tide of public 

opinion against pesticide use was becoming stronger (Sachs 1987, Table 1 Appendix A), and 

several articles in the Montréal Gazette in 1967 made disapproval of the DDD applications quite 

clear (Fig. 7 Appendix A). Rachel Carson’s anti-pesticide book, Silent Spring (Carson and 

Darling 1962) was widely read and the sentiments expressed in the book embraced. The book 

appealed to the romantic imagination of the public and the people of Montréal could not 

reconcile this awakening to the reality of the CCWE’s practical and potentially destructive use of 

DDD. Although the construction of the exhibition itself was viewed as a work of creative genius 

for the most part, this was one aspect that could be seen as either destructive, constructive, or 

both. 

At a time of suspicion with regard to environmental chemical application, scientific 

support was likely a vital component to any insecticidal undertaking to appease discontents– 

whether or not appeasement actually occurred. It was also around this time that DDT proponents 

were ingesting DDT on a daily basis to prove its harmlessness (Time Magazine 1971), and 
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Monsanto published its apocalyptic vision of a world with no pesticides (Monsanto Magazine 

1962).  In short, there was much uncertainty regarding the consequences of DDT (and its 

metabolites), as well as much assumed certainty; opinions and supposed knowledge ranged 

across a huge spectrum, and only more research could provide higher levels of certainty.  

 

1.3 Objectives 

The primary objective of this project was to determine whether there is a measureable 

DDD signal of sediment contamination in the St. Lawrence River at Lac St. Pierre (Fig. 

4,Appendix A) remaining specifically from DDD use at Expo 67. Based on my knowledge of the 

physical environment of the coring site at Lac St. Pierre, the properties of the pesticide DDD, 

and the quantity of DDD applied to the St. Lawrence River in 1967, I predicted a strong DDD 

signal corresponding to Expo 67. If a high concentration of DDD is present in the sediment from 

1967, there is a possibility, depending on the concentration, that non-target organisms were 

exposed to the insecticide at the time, and which might help us to understand trends seen in other 

populations.  

Previous sedimentary pesticide analyses for Lac St. Pierre have been inconclusive. El-

Fityani (2010) compared sediment cores from upstream and downstream of the Expo 67 site. 

Without a similar, but untreated site as a reference, sediment core analysis of a downstream site 

is not as informative. The upstream core was found to have a DDD trend that corresponded to 

agricultural uses of insecticide, but did not indicate use of DDD in 1967. The DDD trend in the 

downstream core was confounded by what is likely to be sediment mixing associated with 

construction and St. Lawrence Seaway. Consequently, the relationship between Expo 67 DDD 

applications and the presence of DDD in the sediment is uncertain. My purpose in this study was 
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to establish a clear DDD trend at a downstream site, which can be compared to the upstream 

core, and potentially be used to inform studies on population-level effects of pesticide exposure. 

Since DDT and its metabolites may also be present in downstream sediment due to agricultural 

uses, this study may also determine whether the DDD input for Expo 67 was greater 

than/distinguishable from agricultural inputs.  

The majority of this work was conducted using analytical chemistry methods, 

supplemented by literature review and a broad interdisciplinary perspective on the history of 

environmentalism. Such a perspective is important for the preservation and improvement of a 

holistic attitude towards the environment and a reflexive self-awareness of the relationship 

between academic research and its environment-centred subject. Without knowledge of context, 

without a comprehension of historical relevance, the ability to change a system where economy 

trumps environment, becomes nearly impossible. It is for this reason that conducting an 

investigation of the historical background of pesticide use and of Québec is an important part of 

this research. 

The information such a project provides will inform historical studies of pesticide 

presence in the environment of the St. Lawrence River, and may form the basis for studies 

involving pesticide transport and accumulation in trophic webs. If there was an unusual input of 

DDD to the St. Lawrence River, it is likely that non-target organisms were exposed to DDD and 

integrated it into their bodies, initiating biomagnification of the contaminant, and potentially 

having population-level effects. Some studies have shown that contaminants in sediments can be 

transported through trophic interactions (Metcalfe and Charlton 1990, Bishop et al. 1994). 

Bishop et al. in particular provide a compelling case for sediment to bird contaminant transfer. 

They compared sediment contaminant concentrations to concentrations found in tissues of 
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blackbirds and tree swallows near the tested sediment and found strong correlations between the 

two. They measured4, 4’-DDE among several other contaminants and found that 

“bioconcentration factors for p, p’-DDE in red-winged blackbird eggs ranged from 12.9 to 582.4 

among 10 sites” (Bishop et al. 1995).  

The results of my investigation may also be important for informing future dredging 

decisions and pest control initiatives, and for promoting an interdisciplinary approach to 

research. It draws attention to the need to balance economic and political agendas with potential 

environmental costs. It will build on the collective knowledge of organochlorine pesticide 

presence in the St. Lawrence River, strengthen evidence of historical trends in pesticide usage, 

and comprise a unique Canadian story of environmental, scientific, and cultural relevance.  



 
 

16 



 
 

17 

Chapter 2: Literature Review 

2.1 DDT Chemistry and Discourse 

 
Fig. 2.Dichlorodiphenyltrichloroethane (DDT) structures and general degradation pathways. 
Adapted from Quensen et al. 1998. 

 

Dichlorodiphenyltrichloroethane (DDT) is a synthetically produced chemical that targets 

sodium ion channels in organisms, affecting nervous system function. The molecule binds to a 

receptor on the channel and prevents it from closing, thus maintaining a continual influx of 

sodium ions. The chemical structure and degradation pathways are illustrated in Figure 2. DDT 

degrades into dichlorodiphenyldichloroethane (DDD) and dichlorodiphenylethane (DDE), both 

of which have similar insecticidal properties to DDT. The metabolite DDD also degrades further 

to DDE and 1-Chloro-2,2-bis (p-chlorophenyl) ethylene (DDMU). Estimates of the half-life of 

DDT vary, particularly with substrate, and range from 14 to 21 years in sediment (CCME 1999). 

Technical grade DDT, which was the mixture used agriculturally and at Expo 67) is composed 

according to table 1. 
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Table 1. Composition of technical grade DDT (CCME 1999). 
Substance Name Percentage in Technical DDT 

p, p'-DDT (4, 4 DDT) 77.1 
o, p'-DDT (2, 4 DDT) 14.9 

p, p'-DDE 4.0 
o, p'-DDE 0.1 
p,p'-DDD 0.3 
o,p'-DDD 0.1 

Unidentified impurities 3.5 
 

DDT and related compounds were used extensively through the 1940s to 1960s to increase crop 

yields, control the spread of malaria and other insect-borne diseases, and to improve the aesthetic 

value of properties. It has been estimated that 4.5 Mt of DDT have been produced since 1940 (Li 

and Macdonald 2005).  

Early reception of synthetic pesticides like DDT was overwhelmingly positive and 

hopeful (Rohwer 1945, Lyle 1947, Knipling 1953, Maguire 2004, Kehoe and Jacobson 2003); 

the substances were very effective, inexpensive, and not considered a health hazard. In a study of 

DDT’s rise and fall, Maguire (2004) stated: 

“During its rise, DDT was constructed as a solution to more and more problems for more 

and more users. [...] DDT was constructed as suitable for: consumers struggling against 

household pests such as houseflies; forest management agencies fighting spruce 

budworms; and municipalities combating suburban pests such as mosquitoes and the 

beetles which spread Dutch elm disease. In promoting DDT, preventive rather than 

curative spraying was advocated and insect eradication was advanced as a desirable and 

viable goal. Eventually, DDT use became ubiquitous.”  

DDT and related substances were generously applied to landscapes, but toxicological tests and 

large-scale observations of population impacts gradually revealed the negative impacts of doing 

so. It was determined that biomagnification was responsible for increasing the concentration, and 
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revealing the toxicity of many pesticides, and many non-target species were being affected. Use 

of DDT was phased out in Canada through the 1970s, and was completely discontinued in 1985 

(Environment Canada (c)). Trends of DDT concentrations and its metabolites in sediment should 

reflect their introduction and gradual phasing out. In the United States, DDT began to be phased 

out by the United States Department of Agriculture (USDA) in the 1960s, and was fully 

prohibited (except for certain cases) in 1972 (USEPA, DDT Regulatory History 2012). DDT was 

still used extensively in other parts of the world at this time. Along with 11 other persistent 

organic pollutants (POPs), most of them also pesticides, and popularly known as the dirty dozen, 

DDT became subject to strong international regulations under the Stockholm Convention in 

2004. The Convention banned nine of the POPs (Annex A), listed two POPs for reduction in 

unintentional release (Annex C), and restricted the use of DDT to the control of malaria vector 

mosquitoes (Annex B) (Stockholm Convention). 

 

2.2 DDD 

Dichlorodiphenyldichloroethane (DDD) is a metabolite of DDT, and shares many of 

DDT’s properties. Its structure is also very similar to that of DDT, the only difference being in 

the number of chlorine constituents (Fig. 2). It does, however, have some unique properties that 

made it appealing to the Expo Committee and that are of relevance when considering long term 

human and ecosystem health impacts (Table 2). Its increased water solubility in comparison to 

that of DDT was particularly significant. One of these properties is the octanol-water partition 

coefficient (Kow), which is the ratio of the concentrations of a substance in both phases. Octanol 

is a non-polar, lipid-soluble phase, and water is a polar phase. Thus, the ratio can be used to 

estimate the solubility of a substance in an organism’s lipid tissues. From this, it can also be used 
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to estimate the ability of the substance to bioconcentrate. The bioconcentration factor (BCF) is 

the ratio of the concentration in an organism to the concentration in the environment. The 

reported Kows and BCFs for DDT and DDD vary widely depending on the organisms being 

tested and/or the method of calculation, though they tend to be quite similar.  

 

Table 2. Properties of DDD and DDT relevant to Expo 67 use and environmental fate. These 
values may vary widely under different conditions. 

Property DDT DDD 
awater solubility  0.025 mg/L 0.090 mg/L 

bBCF (QSAR study) 61 600 63 830 
clog BCF  5.52 5.05 

droot (willow) BCF  5.9-8.9 2.0-6.1 
elogKow 6.91 6.02 

clog Koc (adsorption coefficient)  5.99 mL/g 5.31 mL/g 
Probable Effect Levelf 4.77 µg/Kg 8.51 µg/Kg 

Interim Sediment Quality Guidelinef 1.19 µg/Kg 3.54 µg/Kg 
a = Agency for Toxic Substances and Disease Registry, b = Sabljić and Protić 1982, c = Pereira et 
al. 1996, d = Mitton et al. 2012, e = Agency for Toxic Substances and Disease Registry, f= CCME 
1999. 
 

One study found that DDD has a larger bioconcentration factor, indicating potentially greater 

risk of trophic transport than DDT (Sabljić and Protić 1982). However, the consensus appears to 

be that DDT has a larger BCF, though the difference appears negligible. The BCFs of both 

substances, however, are higher than are predicted by their Kows (Beek et al. 2000). The interim 

sediment quality guidelines and the probable effect levels are particularly relevant to this study 

because these two values apply specifically to freshwater sediment. The greater solubility of 

DDD in water than that of DDT contributed to the decision to use DDD instead of DDT. 

DDD, DDE, and DDT are classified as Group B2 chemicals by the EPA and 2B by the 

International Agency for Research on Cancer (IARC 2012), indicating that they are possibly 

carcinogenic to humans (Agency for Toxic Substances and Disease Registry (ATSDR 2012)). 
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Most toxicological knowledge of the chemicals is derived from laboratory observations of 

abnormal liver morphology in mice, hamsters, and rats (ATSDR 2012). The ATSDR also 

reported cancer oral slope factors (OSF) of 0.34 per (mg/kg)/day for DDT and DDE, and 0.24 

per (mg/kg)/day for DDD. This factor is the proportion of the population that will be affected by 

a low dose of a substance over a lifetime exposure; it is a measure of the risk of developing 

cancer. The slightly lower carcinogenicity of DDD may have been a factor in the decision to use 

it at Expo 67, though it is more likely that the lower toxicity was used to defend its use. Overall, 

DDD appears to have a lesser toxic effect than either DDT or DDE.  

 

2.3 Environmental Fate of DDD 

DDT is converted to DDD via a reductive dechlorination reaction (Fig. 1, 2, Appendix 

B), which occurs, by various means including mammalian, fungal, and bacterial metabolism 

(Fialips et al. 2010, Kitamura et al. 2002, Thomas and Gohil 2011). It is unlikely that DDD is 

subject to photolysis, and its volatilisation half-life from a pond was estimated to be 134 years 

when adsorption was taken into account (HSDB 2012). The half-life of DDD in water was 

reported as 27 years at pH 7, 25˚C. In the colder waters of the St. Lawrence River and generally 

in temperate climates, the half-life is longer due to decreased volatilisation and evaporation and 

decreased presence of degrading microorganisms (ATSDR 2012). Half-life estimates under 

anaerobic conditions range widely depending on the presence of methane or sulphide (HSDB 

2012). It is most likely that the process present in the sediment of the St. Lawrence River is 

bacterial degradation (Fig. 1, Appendix B) because the sediment is likely anoxic. The littoral 

area of Lac St. Pierre from which the core was obtained is high in macrophytic materials, growth 

of which is exacerbated by nutrients brought in by agricultural runoff. Decomposing plant matter 
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in the benthos and at the sediment surface has a very high oxygen demand, thus reducing the 

dissolved oxygen concentration (Carpenter et al. 1979). There is also little disturbance of the 

sediment in the bay of Île de Grâce because the water is sheltered from heavy wave and wind 

action. Wind and waves cause oxygen to be mixed into the water and sediments to be 

resuspended. Further characterisation of the sediment and of Île de Grâce in general is required 

to confirm these suppositions.  

DDT is also converted to DDE in a similar manner, and the reductions can take place by 

mammalian metabolism as well, through a different mechanism (Fig. 2, Appendix B). Research 

on DDT degradation via the metabolism of chickens conducted by Abou-Donia and Menzel 

(1968) shows that degradation of DDD does not produce DDT or DDE. Few studies have been 

conducted on the degradation of DDD, and studies such as Abou-Donia and Menzel’s must be 

used to obtain as thorough an understanding of these substances as possible. Since we know 

DDT degrades to DDD and DDE, we can observe ratios of these chemicals in the sediment and 

possibly construct a clearer picture of the history of the inputs into the river. Further degradation 

of DDD to DDMU and dichlorobenzophenone (DBP) may also occur. The other metabolite of 

DDT, DDE, also degrades to DDMU in marine sediment (Quensen et al. 1998), and faster than 

does DDD. The resultant DDMU will continue this degradation pattern, converting to 2,2-

bis(chlorophenyl)acetonitrile (DDNU), 2,2-bis(chlorophenyl)ethanol (DDOH), and 2, 2-

bis(chlorophenyl)acetic acid (DDA) (ATSDR 2012). To understand how persistent DDD (or 

DDE or DDT) in St. Lawrence River sediments might be, it is necessary to determine their rates 

of degradation. Unfortunately, exact rates are dependent on many site-specific factors, 

knowledge of which may not be readily available (Gambrell et al. 1981), and is not the subject of 

this thesis. There are many estimates of the half-lives of these pesticides, and their long-term 
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degradation rates are not constant due to the occurrence of different modes of degradation over 

time.  

Some studies have been done on the environmental effects of DDD in laboratory 

experiments and field studies. Edwards et al. (1964) examined the effects of DDD on 

chironomidae (midge) larvae in two ponds connected by a channel. Invertebrate larvae were 

surveyed with emergence cages. Pond B contained more individuals than pond A. The next year, 

DDD was applied to pond B and insect numbers were monitored for seven months. Almost all 

chironomidae species were eradicated in pond B; numbers were significantly greater in pond A, 

the opposite of the previous year. Most of the applied DDD was incorporated into the sediment 

shortly after application to the water (within one week), and concentrations in the sediment 

increased after application initially, then declined gradually over a 10-month period. The authors 

proposed that “this eradication probably reflects the intimate association of this group with the 

organic sediments in which most of the TDE [DDD] was absorbed, for most of these species are 

mud-dwellers and -feeders, at least in part.” 

 A Canadian study by Harris et al. (2000) looked at the fate of DDT and metabolites in 

orchards where DDT had been sprayed until the early 1970s. They measured DDT and its 

metabolites in soils, worms, and robins of four orchards in Guelph, Niagara, Simcoe, and 

Okanagan. A summary of their findings is shown in figure 3. Tables 1-3 in Appendix B contain 

more detailed information. Figure 3 shows maximum concentrations; the range of  
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Fig. 3. Concentrations (mg/kg) of DDT and metabolites measured in soil, earthworms (multiple 
species), and robin eggs. Values shown are maximum concentrations found. Adapted from 
Harris et al. (2000). 

 

concentrations varied within sites (due to differences in initial pesticide loading), and between 

species of earthworm (probably a combination of soil concentration and individual uptake and 

metabolic differences). The number of samples ranged from only 1 to 22. There is nonetheless a 

clear increase in concentration from the soil to the worms, and to the robin eggs. I did not include 

the Guelph data in figure 3 because the values were very low (below detection limits) in soil and 

worm samples. The DDD concentrations were consistently low compared to DDE and DDT 

concentrations, which indicates aerobic degradation of DDT. The DDD appears to have 

biomagnified in the transfer from the soil to earthworms, but not in the transfer from earthworms 

to robin eggs. The range in DDD concentrations in the orchard soils was < 0.05 mg/kg (< 50 

ppb) to 0.25 mg/kg (2500 ppb).  

 



 
 

25 

2.4 DDD Use at Clear Lake, California 

Clear Lake, California, was the location of a large-scale insect control initiative from 

1949 to 1957 (Suchanek et al. 2003). Clear Lake is the largest natural freshwater lake in 

California. It has a very long history of human settlement, and has been subjected to many 

anthropogenic stresses, including mining (Suchanek et al. 2003, Richerson et al. 2008). It was 

noted to have a large population of gnats, and much like the St. Lawrence River for Expo 67, 

these proved to be detrimental to the tourism (mostly water sports) industry, as well as irritating 

to local residents. The Lake County Mosquito Abatement District, with aid from the California 

Department of Health Services, conducted three large applications of DDD to the lake. 

Applications were made in 1949, 1954, and 1957. Fourteen thousand gallons of 30% DDD (60% 

xylene, 10% Triton-X 100) were applied each time (Suchanek et al. 2003, Knipling 1950, Hunt 

and Bischoff 1960). This is equivalent to 51 841 pounds of DDD in each application1, three in 

nine years for a total of 155 524 lbs (17 280 lbs/year average). This is a significantly larger total 

mass of DDD than the 16 000 kg (35 274 lbs) that was applied at Expo 67 over two years (17 

637 lbs/year average), in six applications. A water concentration of 70 ppm resulted (Hunt and 

Bischoff 1960). DDD was also added to lakes and reservoirs near Clear Lake. To compare, the 

water concentrations resulting from the Expo 67 applications ranged from 0.167 ppm to 0.432 

ppm (Fredeen 1972). 

As a result of this repeated, massive dosing of DDD to the lake, several species suffered 

heavy losses, particularly the Western grebe (Aechmophorusoccidentalis) (Herman et al. 1969). 

In December 1954, 100 grebes were reported dead. In December 1957, another 75 grebes were 

reported dead (Hunt and Bischoff 1960). Herman et al. (1969) and Hunt and Bischoff (1960) 

described the trophic interactions between multiple species at the lake, and explained how the 
                                                 
130% of 14 000 gallons is 4200 gallons. DDD has a density of 12.34 lbs/gal. (12.34 lbs/gal) (4200) = 51 841 lbs. 
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grebe likely accumulated extremely high concentrations of DDD (averaging 544ppm in 

subcutaneous fat, up to 1600 ppm in dead grebes in 1958) in their tissues. Samples of visceral fat 

of fish from the lake were also measured, and a range of 40 ppm to 2500 ppm was found in carp 

and brown bullhead, respectively. The gnats were being treated with DDD, and the fish in the 

lake would eat the gnats in large quantities, and the grebes would eat these fish. By the late 

1950s, DDD was no longer reducing the gnat population; it had developed resistance, so methyl 

parathion (an organophosphate) was used instead, and resistance to this was eventually observed 

as well (Suchanek et al. 2003). The repeated application of DDD to a closed system such as 

Clear Lake illustrates the potential adverse ecosystem effects of pesticide biomagnification. 

Some important differences between Clear Lake and the St. Lawrence River exist, the foremost 

being that the St. Lawrence River is not a closed system, and experiences a very high flow rate at 

Montréal (16 800 m3/s average) (Environment Canada (g)).  

One of the most striking aspects of the Clear Lake treatments can be found in a report by 

Knipling (1950), when he describes the celebrations of the local community: 

“The enthusiasm of the people of Lake County was the real highlight of the occasion, this 

operation was not an experiment in any way to them — it meant the end of the Clear 

Lake gnat. They designated the date of the treatment as “G E day” - G E, meaning “Gnat 

Eradication.” A replica of the gnat, 4-feet long was constructed by the local undertaker. 

The effigy was called “G. Nat.” It was placed in a coffin on the Court House lawn where 

it lay in state for several days prior to its disposition for all to “mourn.”Every resident of 

the county apparently was present on the night of September 15 to pay final tribute to Mr. 

G. Nat. A number of notables were present, and Mr. Crump, a local attorney, delivered a 

clever, well-prepared eulogy. This was followed by a song about the gnat, written by 
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another Lake County resident. It was sung to the tune of “We'll be glad when you are 

dead — you rascal you.” Following the ceremony, “G. Nat” was placed on a bier in the 

lake and burned.” 

This account describes the atmosphere of the first DDD application in 1949, and emphasizes in a 

rather bizarre manner how important pest eradication was at this time in history.  

Richerson et al. (2008) analysed sediment cores from Clear Lake to determine historical 

contaminant and other anthropogenic stressor changes. The input of DDD to the lake was very 

apparent in the one of the cores. The DDD concentration was measured in parts per million, and 

rapidly rose from less than 5 ppm to 55-175 ppm (estimated from Richerson et al. (2008) Figure 

3) in 1954, which was when the most DDD was introduced.  

 

2.5St. Lawrence River and Seaway 

 The St. Lawrence River is a large river that flows from the eastern end of Lake Ontario at 

Kingston, Ontario and opens into the Gulf of the St. Lawrence, which is bordered by Québec, 

Nova Scotia, New Brunswick, Newfoundland, and Prince Edward Island. It drains an area of 

about 1.3 million km2. The river is narrowest between Kingston and Québec City, with the city 

of Montréal situated between the two. The St. Lawrence River is a major transportation route for 

international trade and tourism, and very popular for recreational activities such as boating, 

swimming, and camping. Because of its importance as a trade route, the river has been subject to 

much modification over the years of increasing use. Hydroelectric dams have been developed to 

harness the power of its huge volume flow, and to control water levels. A channel was dredged 

down much of the length of the river to facilitate large ships’ movements and cottages, parks, 

towns, and cities have been established on its banks to use and enjoy the features and revenues of 
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the waterway. The results of such modification and traffic are large changes to the stratification 

of sediments in the river, changes to water levels, and perturbation of surface sediments 

(Carignan and Lorrain 2000).   

A St. Lawrence Action Plan was established in 1988 (and since upgraded multiple times, 

most recently in 2011) as an effort to reduce contamination levels, including a 90% reduction in 

liquid effluent from industrial plants that discharge into the river (Pham et al. 1993). This plan 

also includes provisions for maintenance of navigability, which involves dredging and harbour 

excavation. One part of the plan involved dredging of the 5.2 km long Landroche Channel, 

which is an access route to Lac St. Pierre in the middle of the length of the lake, on the south 

shore. It was dredged in 2008, and again in 2011, and was widened from 4 m to 11.2 m. The 

sediments were collected, processed, and used as fill for a parking lot (St. Lawrence Plan 2005-

2010 Report).  

Disruptive developments such as dredging and dam construction can have significant 

impacts on important ecosystem structures, resources, and services. The St. Lawrence River is 

home to major commercial fisheries operations, which are jointly governed by Canada and the 

United States. The commercial fisheries of the Québec region are worth millions of dollars 

(Fisheries and Oceans Canada). 

Wide ranges of organochlorine residues, including DDD, have been measured in herons 

from locations all along the St. Lawrence River. Champoux et al. (2006) measured contaminant 

concentrations in heron eggs between 1996 and 1997, including DDT and its metabolites (Fig.4). 

The major things to note about this pattern are that the three organochlorines follow the same 

pattern with increasing proximity to the Gulf of the St. Lawrence (i.e. increase or decrease in 

concentration, not necessarily by the same proportion), and that the concentrations of DDE are 
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much larger than those of DDD or DDT. A secondary scale is used in figure 4 for DDE 

concentrations. For example, at Île aux Herons, the DDE concentration was about 2 ppm, and the 

DDD concentration was about 0.05 ppm (DDE/DDD ratio of 40). Île Dickerson, Grande Île, and 

Île aux Herons are located between Cornwall, Ontario, and the island of Montréal, all upstream 

of the Expo 67 site. The decline in all concentrations from Île aux Herons (at Montréal) to Île de 

la Corneille (in the St. Lawrence estuary) is interesting, and suggests that there were no novel 

DDT inputs between the two islands, or that the contaminants were being effectively 

sequestered. The sudden increase in all concentrations at Île du Bic suggests a new input or 

increased availability. The water becomes brackish just upstream of Île de la Corneille.  

 

 

Fig. 4. DDT, DDE, and DDD concentrations in heron eggs along the St. Lawrence River, 
moving downstream. Adapted from Champoux et al. (2006). 

 
The concentrations found in this study can be compared to the concentrations found in 

the American robin study by Harris et al. (2000). In the robin eggs, the ratios of DDE/DDD were 

44.17 (Simcoe), 76.67 (Okanagan), and 191.87 (Niagara). These variations may be due to 
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differences in degradation rates and in the degree of biomagnification. However, we can broadly 

conclude that there are consistently greater DDE concentrations in bird eggs.  

 

2.6 Lac St. Pierre 

 Lac St. Pierre is one of four large fluvial lakes in the St. Lawrence River (Fig. 3, 

Appendix A). It was chosen as the coring site for this study because it is the only fluvial lake 

downstream of the Expo 67 site, it is of great value as a part of a transportation route and for its 

natural resources, and Lac St. Pierre has been well characterised. The other three fluvial lakes are 

upstream of Lac St. Pierre: Lac St. Laurent (closest to Lake Ontario), Lac St. François, and Lac 

St. Louis (on the west side of the island of Montréal). One of the characteristics of all four fluvial 

lakes is that they are wider than the river preceding and proceeding, thus decreasing the flow rate 

and increasing the rate of sedimentation. For this reason, and because of pesticide adsorption to 

particulate matter, a higher concentration of pesticide is expected to be found in the sediment of 

fluvial lakes than in that of a relatively fast flowing river. Lac St. Pierre is extremely well 

characterised. The lake is remarkably shallow with a mean depth of only 2.7 m and contains 

abundant macrophytic growth (Carignan and Lorrain 2000). “Lake Saint-Pierre is bordered by 

the most expansive freshwater floodplain in Québec, such that its area grows by more than 600 

km2 during periods of high water. Except for the ship channel, with has an average depth of 11 

m, Lake Saint-Pierre is characterized by its shallowness (less than three metres deep)” 

(Environment Canada (f)). The shipping channel runs though the middle of the lake, and was 

first dredged between 1954 and 1959 during the construction of the Seaway. 

 There are four major tributaries of the St. Lawrence River that empty into Lac St. Pierre: 

the Richelieu, Yamaska, St. François, and Nicolet Rivers (in order of upstream to downstream 
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location). Lake Ontario is the primary source of pesticides in the St. Lawrence River 

(Environment Canada (e)), but these tributaries also supply the lake with additional suspended 

sediments, nutrients, and chemicals from extensive agricultural and industrial development. The 

economy of the watershed region of these tributaries (the St. Lawrence Lowlands) is based 

primarily on agriculture, which uses pesticides regularly to increase crop yields (Trudeau et al. 

2011; Environment Canada (e)). If farms are situated near water bodies and do not implement 

run-off prevention measures, the likelihood of pesticide run-off into the water is high. Recent 

studies have shown that high volumes of pesticides are being introduced into Lac St. Pierre from 

the tributaries (Trudeau et al. 2011; Environment Canada (e)). The primary crops in the area are 

soybean and corn, to which are applied herbicides such as atrazine, metolachlor, and dicamba. 

Monitoring efforts since 1992 by the Ministère du Développement Durable de 

l’Environnementet des Parcs (MDDEP) of Québec have observed concentrations of these 

herbicides above that which is required by water quality guidelines for the protection of aquatic 

life. The limit for atrazine, for example, is 0.0018 mg/L (MDDEP Criteria); levels of up to 2.2 

mg/L were observed in 2003 in the Yamaska River (Trudeau et al. 2011). New herbicides such 

as sulfonylureas have been frequently detected. One of the big problems with the use of new 

herbicides is that there are no water quality criteria for them, which means their effects on 

aquatic species are unknown (Trudeau et al. 2011).  

 The need to understand and manage the effects of pesticides on aquatic species, and also 

species that depend on such species for food, is of great importance to Lac St. Pierre, which 

became a designated UNESCO Biosphere Reserve in 2000 (Trudeau et al. 2011). It contains the 

largest heron nesting ground in the world, twelve species of endangered birds, and two species of 

endangered fish (Sorel-Tracy Region Tourism 2009).  



 
 

32 

2.7Sediment Coring Background 

 Sediment cores have been used in paleo-historical studies since the mid-19thcentury 

(BOSCORF 2007) to examine past inputs and activities in water bodies. They provide a history 

of characteristics of a body of water overtime. Ideally, sedimentation rates would be relatively 

constant over the time under investigation, and particularly with as little perturbation of the 

settled particulate matter as possible. Cores have been examined for a wide range of purposes, 

including evolution studies, contaminant trends, and land use trends.  

 

2.8Previous Sediment Core Analysis 

Multiple sediment cores have been extracted from various locations in the St. Lawrence 

River. Sediment cores from Lac St. François analysed by Carignan et al. (1994) and Pelletier and 

Lepage (2003) contained DDD concentrations of about 6 ppb. Carignan et al. found the peak at 

35 cm in depth, and Pelletier and Lepage found peaks at both 35 cm and about 23 cm in depth.  

Previous work conducted by Tamzin El-Fityani (2010) addressed the same question of 

Expo 67 pesticide presence as I do in this work. She examined sediment cores from a fluvial lake 

(Lac St. François) upstream of Montréal as well as downstream (Lac St. Pierre). The upstream 

lake profile was compared to the downstream lake profile to better discriminate changes in the 

sediment composition due to Expo 67 activities. One of the primary reasons for conducting the 

current investigation is that the pesticide profile created for Lac Saint Pierre did not provide a 

clear picture of Expo 67 pesticide use; it contained a complex, unclear DDD signal (Fig. 5). In 

contrast, the profile for Lac St. François (upstream) showed a clearer picture of pesticide use 

history (Fig. 5). There was a distinct137Cs peak of 268 Bq/kg at 27 cm, marking the year 1963, 

which allowed the year 1967 to be more easily located in the core. There was also a clear DDD 
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and DDE peak, but no measureable concentrations of DDT in the Lac St. François sediment core. 

The maximum concentration of DDD measured was 12.2 ppb, which is twice the concentration 

measured by Pelletier and Lepage (2004) and Carignan et al. (1994).  

Conversely, the Lac Saint Pierre core generated a complex DDD signal, but the DDT 

signal was quite strong and distinctive. The 137Cs peak for the Lac St. Pierre core was at 119 cm 

in depth; however this peak was also not distinctive. The relatively weak DDD and 137Cs signals 

were likely due to sediment mixing. Carignan and Lorrain (2000) determined that the long-term 

sediment mixing depth in Lac St. Pierre is 4.9± 0.4 cm. The core studied by El-Fityani was 

obtained from open waters of Lac St. Pierre, an area with heavy boat traffic (wave activity 

generated by wind and boat wakes). The majority of particulate matter from upstream sources 

would be deposited along the main waterway as well. The shipping channel of the St. Lawrence 

Seaway emerges into the lake from the south side of Île de Grâce. Since the mouth of the island 

is oriented downstream, the majority of coarse sediment disturbed by the boating or dredging 

would not have entered the bay where this study’s sediment core was taken. Thus, some of the 

complexities of the core analysed by El-Fityani (2010) could potentially be avoided by 

examining cores from Île de Grâce. 

The DDT and DDE signals in the same location in Lac St. Pierre showed a trend 

somewhat more in keeping with historical use patterns. The core length was significantly longer 

than the core length being examined; this is because the sedimentation rate in Île de Grâce is 

much slower than that of the open waters of Lac St. François and Lac St. Pierre. While the bay of 

Île de Grâce may provide a clearer pesticide use history, its slower sedimentation rate also means 

that there was less sediment material available for analysis for each year of deposition. This may 
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also result in less temporal resolution; multiple years’ worth of sediment may be present in one 

0.5 cm long sample, depending on variable sedimentation rates.  
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Fig. 5.Profiles of pesticide concentrations by depth in the Lac St. François and Lac St. Pierre sediment cores measured by El-Fityani 
(2010). Vertical lines indicate the depth (cm) of the137Cs peak, marking sediment deposited in 1963. This figure was generated from 
raw data in Appendix D and Figures 6 and 9 of El-Fityani (2010). 
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2.9 History of tetraethyl lead in gasoline 

Knowledge of background history of lead in the environment will be necessary for the 

interpretation of the results of the stable lead analysis. A review article by William Kovarik 

(2005) provides a thorough general history of the use of lead in gasoline, the primary source of 

lead found in the environment. Tetraethyl lead was first added to gasoline to reduce the 

occurrence of auto ignition (engine knocking) in the 1920s, and the leaded gasoline industry was 

dominated in the United States by the Ethyl Corporation.  This corporation was composed of 

General Motors and Standard Oil of New Jersey. E.I. du Pont de Nemours Corporation was the 

biggest tetraethyl lead producer for Ethyl Corporation (Kovarik 1999). Although the hazards of 

lead exposure were well known and documented, the economic benefits of tetraethyl lead use in 

gasoline explicitly outweighed the rather obvious danger. An article in the New York Times 

stated in 1924 that a few deaths at a refinery were “not a sufficient reason for abandoning the use 

of a substance by means of which a large economic gain could be affected” (Kovarik 2005). 

Scientific studies on ambient environmental exposure were minimal and poorly conducted, and 

most importantly, dominated by the gasoline industry. “‘So complete was the industry 

domination of research into and knowledge of the hazards of lead,” said [historian William] 

Grabner, “that the central paradigm for understanding lead and its effects remained that 

pioneered by [the medical director of Ethyl Corporation, Dr. Robert] Kehoe and his associates.’” 

(Kovarik 2005). It was not until the early 1960s that research began to be produced that showed 

high lead concentrations in blood and teeth samples of test patients. Research continued through 

the 1980s and 1990s, alongside considerable dissent from industry proponents of leaded 

gasoline. Standards to phase out tetraethyl lead began in the United States in the 1970s, 

particularly because the enactment of the Clean Air Act in 1970, which mandated the reduction 

of hydrocarbon emissions, required the widespread use of catalytic converters in automobiles. 
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Although the Clean Air Act did not address lead emissions directly, the platinum used in 

catalytic converters was damaged by tetraethyl lead. Between 1973 and 1979, the EPA required 

lead levels to decrease gradually from 2 grams/gallon of gasoline to 0.5g/gallon. In reality the 

phase out took longer than that, but by 1986 the standard was 0.1g/gallon. In 1996 the Clean Air 

Act (United States) banned the sale of all leaded gasoline, and the same year the World Bank 

recommended a global phasing-out. Lead use in Canada followed a similar history, with 

concentrations falling between 1973 and 1985, and lead was banned with some exceptions, in 

1990 under the Canadian Environmental Protection Act (CEPA) (Health Canada 2009) and 

Gasoline Regulations. These exceptions encompass gasoline used in some aircraft, farm 

equipment, and trucks and boats that weigh over 3856 kg (Environment Canada (a)).  

The local presence of a tetraethyl lead manufacturing plant may provide more insight into 

the trend of stable lead in the sediment core. A DuPont plant in Maitland, Ontario produced 

tetraethyl lead until 1985 (Wong et al. 1988). Maitland is on the north shore of the St. Lawrence 

River, upstream of Montréal, between Kingston and Cornwall. Tetraethyl lead production 

effluent was discharged into the river via submerged pipes (Wong et al. 1988). Wong et al. 

measured alkylated lead concentrations in fish from the Maitland area, and discovered a range of 

190 to 138 999 µg/kg (ppb) in whole carp tissues. If the Maitland factory lead was transported as 

far as Lac St. Pierre, a decline in sediment lead concentrations might be observable shortly after 

1985 (some lag in the transport). 
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Chapter 3: Materials and Methods 

3.1 Overview 

 The assessment of DDD in sediment cores from Lac St. Pierre, downstream of the site of 

Expo 67, was achieved by a series of analytical techniques. Gamma counting of commonly used 

isotopes for sediment dating was conducted to assign a date of deposition to each layer of the 

core (each sample). Mathematical models were used to convert raw gamma activity to years of 

deposition. Stable lead concentrations in each sample were analysed by inductively coupled 

plasma optical emission spectrometry to support the dates established by isotope activity. 

Solvent extraction followed by gas chromatography of the extract was used to measure 

concentrations of both isomers of each of the DDT compounds (DDT, DDE, and DDD). The 

combination of pesticide concentrations with estimated sediment dates established a pattern of 

DDD presence in the St. Lawrence River. 

 

3.2 Core sampling 

A gravity sediment corer, borrowed from Environment Canada’s St. Lawrence Centre in 

Montréal, was used to extract four cores from the sediment of the mouth of Lac St. Pierre, in a 

bay of Île de Grâce, by Dr. Peter Hodson, Troy Arthur, and me (Fig. 1, Appendix C). The cores 

were extracted on July 27, 2010. The precise location from which the cores were taken is UTM 

east 653977, UTM north 5107254. Previous cores measured by El-Fityani (2010) were taken 

from the open water at UTM east 656131, UTM north 5111970 in Lac St. Pierre in 2004, and 

from Lac St. François at UTM east 569542, UTM north 4999549. Subsequent analysis of the 

previous Lac St. Pierre core showed evidence of sediment mixing, and thus no conclusions could 

be made regarding pesticide use previous to 1967 without considerable data normalisation. The 
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sheltered area of Île de Grâce was chosen as a sampling site because it is likely less prone to 

mixing due to its relative lack of turbulence and lack of previous dredging modification. 

The cores were extracted, capped, and moved to a laboratory at the St. Lawrence Centre. 

At this laboratory, the cores were sliced 0.5 cm at a time, to 30 cm in depth (Fig. 1 Appendix C). 

One core was sliced a further 11 cm at 1 cm intervals. The diameter of the core was 10 cm. 

Slices were taken at 0.5 cm according to the estimated sedimentation rate by Pelletier (personal 

discussion) of 0.5 cm/year. The sedimentation rate in the open water of the lake is considerably 

higher, 1.95 cm/year, determined by isotope dating (Pelletier 2008). The outer part of each slice 

was discarded to prevent the inclusion of mixed sediment formed by the sliding of the core 

against the inner surface of the tube. Each sample was placed in a plastic scintillation vial (Fig. 1 

Appendix C), labelled, and weighed for the eventual determination of percent water content 

(used for radioisotope dating models) (Fig. 2, Appendix C). The samples were air dried over a 

span of several months, and the dry mass was subtracted from the wet mass to calculate water 

content. All samples were transported, processed, and stored at room temperature. 

 

3.3Radioisometric dating 

The dried samples were weighed again to determine percent water content. One core was 

used for the rest of the analysis. The other three cores’ samples were stored for possible future 

analysis, to confirm results or to re-analyse using an alternative method. The selected core was 

chosen because it was sliced to 40 cm instead of 30 cm, and this extra depth provided additional 

information about background radioactivity levels. Loss on ignition was calculated to determine 

percent organic carbon content. Sub-samples were weighed, placed in a muffle furnace raised to 
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a temperature of 450˚C, and weighed again. The difference in masses is an estimate of organic 

carbon through calcium carbonate loss due to the formation of carbon dioxide.  

Linda Kimpe at the University of Ottawa was contracted to perform the radioisometric 

analyses. Ms. Kimpe (personal correspondence) provided instructions regarding the number and 

packaging of samples required for the analysis. Seventeen samples were initially prepared for 

analysis, followed by a further 14 to confirm trends and to obtain more detailed information. 

Once the samples were completely dry, they were ground using a mortar and pestle. The ground 

samples, consisting of very fine particulate matter, were transferred to plastic gamma counting 

tubes from Sarstedt (Newton, North Carolina) (8 mL, 84x14.5 mm), immobilised with septa also 

from Sarstedt, and sealed with Devcon High Strength 2-Ton® All Purpose epoxy. The mass and 

height of each sample in the vial was measured; radioactivity was corrected for sample height, 

weight, and detector efficiency.  

 The samples were shipped to the University of Ottawa, where a gamma detector was 

used to determine activity levels of lead-210 (210Pb), cesium-237 (237Cs), americium-241 

(241Am), and radium-226 (226Ra) in each sample. The gamma detector was a well type HPGe 

gamma detector from Gamble Technologies (Mississauga, Ontario) (EG&G ORTEC GWL-

120230, configuration XLB-GWL-SV). Dimensions of the detector crystal were the following: 

Germanium Crystal Diameter: 54.7 mm 

Germanium Crystal Length: 66.2 mm 

Active Well Depth: 40 mm 

Well Inside Diameter: 15.5 mm 

Total Active Volume: 120 mm 
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The absorbing layer of the crystal was 1.27 mm of aluminum and an inactive germanium layer of 

0.3 µm. The samples were counted for 23 hours, and the software used to collect the data was 

Maestro 6.08 from ORTEC. The raw data were processed and analysed using Matlab R2010a.  

Lead-210 (210Pb) was used because it has a relatively consistent atmospheric deposition 

rate, and its half-life is 22.3 years, which makes it suitable for testing sediment that is only 10-50 

years old. Lead-210 dating assumes a constant rate of sedimentation however, and this may not 

be the case in Lac St. Pierre because of its history of industrial disturbances. Therefore other 

isotopes must be measured. Cesium-137is used because the maximum cesium-137 activity in the 

sediment will correspond to the peak nuclear bomb atmospheric testing activity, which occurred 

in 1963 (Schelske et al. 1994). This peak can then be used to approximate the sediment depth for 

1967. Radium-226 is measured to establish background levels of radiation. Radium is a naturally 

occurring earth crust isotope of which there should be little variation. Several models were 

applied to the raw data, each making different assumptions about sedimentation rates and 

atmospheric isotope deposition rates, to assign years of deposition to each sediment sample. 

Every model takes into account several characteristics of sediment deposition and isotope 

behaviour. Radioactivity sources include both atmospheric and crust-sourced (indigenous) 

isotopes; crust-derived activity is referred to as supported activity, and atmospheric or deposited 

activity is referred to as the unsupported fraction. The different fractions can be distinguished 

because there will be an expected level of supported 210Pb activity based on the activity level of 

its parent isotopes (226Ra and 222Rn). The remaining, or excess, 210Pb activity can be attributed to 

unsupported deposition from the atmosphere or from sedimentation.  

 

 



 
 

43 

3.4Model descriptions  

 Models are needed to approximate sedimentation rates, and to assign dates to sediment 

layers (activity levels). The models assume negligible post-depositional mobility (the measured 

radionuclides do not move once they are deposited in the sediment). The constant rate of supply 

(CRS) and constant initial concentration (CIC) equations are from Appleby and Oldfield (1983). 

The constant flux-constant supply (CF-CS) information was obtained from Robbins (1978). 

 

Constant Flux-Constant Supply (CF-CS) 

 In this model, the input of sediment and the input (flux) of atmospheric 210Pb are 

constant; this is the simplest model, and is represented by the following equation: 

C = C(0)e-km/r 

Where C is the concentration of 210Pb, C(0) is the excess 210Pb, m is cumulative dry mass, r is the 

(dry mass) sediment accumulation rate, and k is the decay constant for 210Pb (0.03114). In this 

model, an increase in the concentration of 210Pb means there is a proportional increase in 

sediment accumulation. 

 

Constant Initial Concentration (CIC) 

 This model “assumes that an increased flux of sedimentary particles from the water 

column will transfer proportionally increased amounts of 210Pb from the water to the sediments.” 

(I.e. more sedimentation = more 210Pb). The equation for the age of the sediments at depth x is  

tx = k-1ln (Co Cx
-1) 

Where t is age in years, k is the decay constant for 210Pb, x is the depth of the sample in the core, 

Co is the unsupported (excess) 210Pb at the sediment-water interface, and Cx is the unsupported 
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210Pb at depth x of the core. The CIC model cannot be used if increased sedimentation dilutes 

210Pb presence (i.e. if incoming sediment has reduced 210Pb). The conditions required for this 

model are rare in environments with high sedimentation rates.  

 

Constant Rate of Supply (CRS) 

 This model “assumes that there is a constant fallout of210Pb from the atmosphere to the 

lake waters resulting in a constant rate of supply of 210Pb to the sediments irrespective of any 

variations which may have occurred in the sediment accumulation rate.” This means a change in 

sedimentation rate causes a concentration or dilution of 210Pb. The dominant source of 210Pb in 

the sediment is from atmospheric fallout. The equation for the age of the sediment at depth x is 

tx = k-1ln(AoAx
-1) 

Where Ao is the total excess (unsupported) 210Pb in the sediment column and Ax is the 

unsupported 210Pb activity at depth x. This model is not useful if sediment slumping occurs 

(sudden movement of large masses of sediment). 

 

3.5 Stable Pb analysis 

 Stable lead analysis was conducted by Mary Andrews (Analytical Services Unit (ASU), 

Queen’s University) using inductively coupled plasma optical emission spectrometry (ICP-OES). 

Twenty-four sub-samples (1-2 g each) were digested in Aqua Regia (2 mL nitric acid to 2 mL 

hydrochloric acid) for five hours. The digested samples were filtered, and run on a Varian Vista 

AX Simultaneous ICP-OES. Stable lead was measured to validate the years assigned to the 

sediment layers, since the use of lead and its release into the environment is well documented.  
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3.6Solvent extraction and GC 

The samples were retrieved from Ms. Kimpe and the sediment removed from the gamma 

detection vials and returned to the original scintillation vials. Pesticide was extracted from the 

sediment using samples weighing between 2.29g and 5.46g. Less material had to be used for 

some of them because there was very little dry sediment for some of the 0.5 cm intervals. This 

can be attributed to high water content in the upper sediment layers and a slow sedimentation 

rate. Nine samples could be analysed together (9 test samples, 1 duplicate, 1 blank, 1 spike) so 4 

rounds of GC analyses were conducted. Solvent extraction was conducted in the ASU of 

Queen’s University, under the supervision of Dr. Allison Rutter and Mesha Thompson. A 

Dionex Accelerated Solvent Extractor (ASE 200) was used to extract pesticides. Steel extraction 

tubes were partially filled with Ottawa sand 20-30 Mesh (Fisher Chemical), the ground sediment 

sample was added on top, followed by an internal standard of 100µL of 1 ppm deca-

chlorobiphenyl (DCBP) to quantify extraction efficiency, and a final layer of Ottawa sand. A 

mixture of 1:1 hexane and acetone (Fisher Chemical, for HPLC, pesticide residue analysis, GC, 

and spectrophotometry) was flushed through each extraction tube. A blank (100 µL DCBP only; 

no sediment) was used as a negative control (Table 2, Appendix C). Appendix IX 

Organochlorine Pesticide Mix from Supelco Analytical (Bellefonte, Pennsylvania) was used as a 

positive control and to establish a standard by which to measure unknown pesticide 

concentrations. DCBP was also added to the Pesticide IX controls. Each round of samples 

extracted with hexane included a duplicate of one of the samples (Table 1 Appendix C, Table 5 

Appendix D) so that extraction and chromatography variations within samples could be 

observed. The sample to be duplicated was chosen randomly, allowing for adequate material 

mass.  
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The extracts of each sample were reduced using a BÜCHI Syncore vacuum evaporator, 

with BÜCHI vacuum pump V-710 and controller V-855. The extracts were filtered using EZ-

Extract TM extraction columns from Thermo Scientific (Diagnostix, Mississauga, Ontario) into 

20 mL test tubes and further evaporated to 1 mL using blown nitrogen gas (BOC Canada Ltd., 

Mississauga, Ontario). Final volumes were contained in GC vials from Chromatographic 

Specialties Inc. (Brockville, Ontario). All liquid transfers were made using sterile hexane as a 

rinse, and all glassware was initially cleaned with dichloromethane (DCM) and hexane. DCM 

was used to remove potential traces of PCBs from glassware. Pesticide analysis was conducted 

on anHewlett Packard (Mississauga, Ontario) 6890 gas chromatograph equipped with a 63Ni 

electron capture detector (GC/ECD), an SPBTM-1 fused silica capillary column (30 m, 0.25 mm 

ID x 0.25 µm film thickness) and the Hewlett Packard Chem station software.  

The chromatography vials run through a single round of chromatography were as 

follows: 9 samples with DCBP added to each, 1 duplicate sample with DCBP added, 3vials of 

DCBP (average of three concentrations taken to account for measurement error), 3 vials of 

Appendix IX organochlorine pesticide mix at 2 ppb, 20 ppb, and 200 ppb concentrations, and 

one vial of clean hexane from the same source that was used in all dilutions and rinses, to 

account for possible hexane contamination. The DCBP was used to compare to DCBP within 

each sample after extraction and chromatography. Appendix IX organochlorine pesticide mix is 

a standard mix of pesticides; the known concentrations are used to determine the unknown 

concentrations in the samples. 
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3.7Data Analysis 

Hewlett Packard Chem station software was used to translate chromatograph detections 

into chromatograms. Spikes were identified on each chromatogram from known retention times 

for the pesticides of interest. Although the software calculated the areas of each curve, the area of 

each curve had to be first marked manually by closing off the base of each curve. A Microsoft 

Excel spreadsheet was used to calculate pesticide concentrations from GC retention times and 

curve areas and generate histograms. The concentrations (ppb, or nanograms of pesticide per 

gram of dry sediment) were determined using the following equation provided by the ASU: 

C = (area)(known concentration of pesticide standard/area of standard) (sample volume/weight) 
Extraction efficiency 

 
Extraction efficiency is calculated by the area of the DCBP curve in each sample divided by the 

average (control) DCBP curve area.  

Organic carbon adjustment was made by dividing the concentrations of each organic 

compound by the proportion of organic carbon (estimated by loss on ignition) in each sample. 

Ratios of pesticide concentrations were used to compare to expected ratios based on estimated 

rates of degradation.  
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Chapter 4: Results 

4.1 Qualitative observations 

 During the process of collecting the sediment cores from Île de Grâce in Lac St. Pierre, 

some observations were made of the surrounding environment and of the cores themselves. The 

bay of Île de Grâce is extremely sheltered from the main flow of the St. Lawrence River; the 

mouth is narrow and shallow, and is oriented downstream. Furthermore, the bay appears to be a 

popular location for recreational boaters to anchor and enjoy summer weather. This latter 

observation sparked some initial concern that dropped anchors would disturb the sediment, thus 

distorting any patterns in pesticide presences. However, the edges of the bay are shallower than 

the open water, and heavily weeded with common species such as cattail (Typhalatifolia); 

recreational boaters were obviously avoiding these areas, and so coring efforts were focused 

here.  

 The cores themselves were easily extracted from the soft, shallow sediment. Further 

inspection and subsequent slicing showed that the cores were uniformly composed of fine silt 

with no obvious layering of sedimentary deposits. For this reason, no data analyses were 

conducted comparing isotope activity in different sediment fraction types: there was only one 

fraction type.  

 The green colour of the pesticide extraction with solvents supports the hypothesis that 

there was a high rate of macrophyte material decomposition occurring at the sediment surface. 
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4.2 Radioisotope dating 

Figure 6 was generated by Ms. Kimpe’s laboratory, illustrating the different trends in 

radioactivity (Becquerels per kilogram of sediment) of each isotope measured, with increasing 

depth. There was a peak in 137Cs at 25.75 cm, and 210Pb followed a somewhat exponential 

decline. 

 

Fig. 6. Radioactivity (Bq/Kg) of measured isotopes with increasing depth of sediment. Data 
supplied by Linda Kimpe, University of Ottawa. 
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The 210Pb activity of the core was very low (~ 150Bq/Kg at the maximum). This was too low to 

be able to claim high confidence in the values generated by the different models. However, the 

137Cs peak (despite having low activity) was quite distinct, and constituted an increase in 

concentration of approximately 60 Bq/Kg to 135Bq/Kg.  

Activity levels as illustrated in this figure were applied to sediment dating models, 

assigning years of deposition to sediment layers. The constant flux-constant rate of supply model 

(CF-CS) placed 1968 at a depth of 22.25 cm. The constant initial concentration model (CIC) 

placed 1967 at the depth of 20.25. The constant rate of supply model (CRS) placed 1967 at 28 

cm in depth. If every sample in the estimated depth range of 1967 were tested, it would be more 

probable that the exact sample for 1967 would be identified correctly. Since the 210Pb levels did 

not quite reach the low background activity level of 226Ra, it was also helpful to test deeper 

samples to confirm the background radiation levels. Background, or supported levels are 

necessary for the completion of the different mathematical dating models.  

 

4.2.1 137Cs Interpolation Model 

 A dating line was created to estimate 1967 based on the 137Cs peak (Fig. 7). The line 

uses two points. 1) We can assume the top of the core (the top 0.5 cm) was deposited in the last 

year, 2010, the year the core was collected. 2) The sudden increase in 137Cs activity at a depth of 

25.75 cm was likely due to the peak nuclear testing activity in 1963. From these two points, a 

linear line of best fit was drawn, and the resulting line equation was used to generate an 

approximate depth corresponding to the year 1967.  
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Fig. 7. Lineof best fit drawn between two data points:the 137Cs peak and the date on which the 
core was extracted. 
 
 
The equation of this line was y=-1.849x+2010.5. When 1967 was substituted into this equation, 

the resulting x value was 23.53 cm.  

Table 3. Comparison of models and Cs137 interpolation. 
Model Depth of 1967 (cm) 
CRS 28 
CIC 20.25 

CF-CS 22.25 
137Cs interpolation 23.53 

 

Table 3 lists the various depths at which each model determined the 1967 sediment to be. 

The average depth, excluding the 137Cs interpolation including the 1986 data point, was 23.51 

cm.  
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4.3Stable Pb analysis 

Stable lead was analysed by ICP-OES to determine a possible location of 1967 sediment.  

 

Fig. 8. Stable lead profile (analysis conducted by Mary Andrews, ASU, Queen’s University). 

 

When the history of the use of lead in gasoline is compared with figure 8, it is evident that the 

decline in measured lead near the surface of the sediment column likely corresponds to the 

gradual removal of lead from gasoline. This would place 1985 (the year the Maitland plant 

stopped producing alkylated lead) between 12 and 16 cm in depth (13.25 cm is the depth at 

which the last peak in lead occurred. A linear interpolation (13.25 cm to 25.75 cm) places 1967 

at approximately 25 cm in depth, which is not outside of the range of depths provided by the 

isotope activities. Therefore, this stable lead data may be in agreement with the 137Cs data and 

further supports the assignment of 1967 to the 20-25 cm sediment layer.  

 

137Cs peak (1963) 1985? 
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4.4Gas chromatography and organic carbon adjustment 

The third round of samples (21.25 cm to 27.25 cm depth) produced large discrepancies in 

estimated pesticide concentrations between the test sample and the duplicate (Table 1, Appendix 

C). This means that there may be an error margin of up to 69% on the other sample 

measurements in that round if the error is systematic.  

 The detection limit for all of the samples was 0.5 ppb. The degradation of DDT 

remained less than 10% for all sample runs. 

 Figure 9 shows the concentrations of compounds measured by GC with increasing 

depth. Since DDT sorbs preferentially to organic carbon materials (Cornelissen et al. 2005), it 

may be useful to adjust DDT concentrations to organic carbon content as measured by loss on 

ignition analysis (Fig. 1, Appendix D). Figure 2 in Appendix D includes the alternative trend for 

when the concentration was corrected for the adsorption of these substances to particulate matter 

containing organic carbon. The maximum 4, 4’-DDD concentration was 49.6 ppb, at 24.75 cm. 

This was the highest concentration of any of the DDx measured, including carbon-adjusted 

concentrations. Figure 10 shows the trend in total DDT (sum of all isomers) over the length of 

the core, as well as the sums of the isomers of DDD, DDE, and DDT. 

 

4.5 Isotope Dating Models 

 When the dates supplied by the dating models were matched to the DDx concentrations 

determined by gas chromatography, there was little variation among the trends. The peaks in 

DDD concentrations ranged in date from 1960 (CF-CS and CIC) to 1974 (CRS); in DDE from 

1960 (CF-CS and CIC) to 1974 (CRS); in DDT from 1962 (CIC) and 1963 (CF-CS), to 1977 

(CRS). Refer to Appendix C for figures.
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Fig. 9. Pesticide concentrations (µg/kg, or ppb, dry weight) of all samples, raw and adjusted for organic carbon content. The x-axis is 
depth of sample (cm). The primary y-axis is concentration (ppb). The secondary y-axis is concentration adjusted to organic carbon 
(ppb). The vertical lines mark the 137Cs peak, indicating the depth of sediment deposited in 1963. 
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Fig. 10. Concentrations of DDT, DDE, and DDD as sums of their isomers.

137Cs peak (1963) 

Stable lead 
decline 
(1985?) 
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Chapter 5: Discussion 

5.1 Overview 

The peak in 137Cs activity of 135.52 Bq/Kg was measured in the core sample at a depth of 

25.75 cm. The DDD peak preceded the 137Cs peak with increasing depth. Since the DDD peak 

occurred just above depth of the 137Cs peak, and the dating models placed 1967 between 20 and 

28 cm in depth, we can claim that there was an increase in these pesticides consistent with Expo 

67 applications. The distinct 137Cs peak coupled to a distinct DDD peak is strong evidence for 

persistence of DDD that was used in 1967. Furthermore, the upstream trend in DDD 

concentration, observed by El-Fityani (2010) at Lac St. François, did not coincide with the 

downstream Lac St. Pierre trend. There are several items of interest in the data collected and 

literature studied which provide material for discussion and further analysis.  

 

5.2 Sediment Dating 

 The sediment core was dated using a gamma radiation detector at the University of 

Ottawa. Raw isotope decay data and sediment sample characteristics were used to generate dates 

for each sample’s time of deposition. The models applied to this sediment core are the most 

popular models, but some problems may be associated with them, as pointed out by Appleby 

(1993), who wrote: 

 “The CIC and CRS models give the same results at sites where the unsupported 210Pb 

profile does not deviate significantly from a simple exponential decline with depth, in 

which event both methods indicate constant sedimentation. In view of the dramatic 

environmental changes that have taken place over the past 150 years, mass accumulation 

rates may in many cases be expected to have varied significantly during this period. 
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Instances of large increases in sedimentation have been observed by a number of 

investigators.” 

The St. Lawrence River has experienced massive environmental change over the last 150 years, 

not the least perhaps of which is dredging, which has immediate and direct effects on 

sedimentation. However, the 210Pb profile generated by gamma counting did not deviate 

significantly from an exponential decline. This suggests a rather constant sedimentation rate, 

which means that any one of the models could provide a realistic estimate of sediment dates.  

Interestingly, the most erratic pattern in 210Pb occurred around the middle of the core, between 

20 and 27 cm: depths which also framed the range of depths estimated by the models for 1967, 

and consequently the range of time during which the St. Lawrence Seaway was under 

construction. The sudden drop in 210Pb activity at the surface was puzzling; speculatively, this 

may be attributable to sediment mixing, particularly if the observed recreational use of the bay is 

a recent phenomenon. The transportation of the core from Île de Grâce to Montréal may also 

have caused surface mixing. 

 The CF-CS model agreed most closely with the 137Cs peak, and the CRS model 

deviated most (28 cm) from the mean depth assigned to 1967, which was 23.51 cm. The simple 

137Cs linear interpolation provided the depth closest to the average, and also coincides closest 

with the measured DDD peak, which occurs at 25.25 cm.  

 The dependence on the 137Cs peak to establish 1963 is, however, not immune to 

problems. For example, Cs is prone to ion-exchange mobilisation under anaerobic conditions 

during summer thermal stratification and hypolimnetic anoxia (Evans et al. 1983) and can also 

be mobilised via sorption to colloid particles (Chen et al. 2005). Further characterisation of the 

sediment at Île de Grâce specifically is required to determine the extent of possible 137Cs 
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mobilisation from the sediment. However, even if mobilisation is occurring, the actual peak 

should occur in the same place. Mobilisation would merely account for the spread of the 137Cs 

peak, and probably accounts for smaller peaks seen elsewhere in the core. 

 

5.3 Sources of error in chromatography 

It is important to note the 69% difference between one of the duplicate sets in the third round 

of GC measurements. This is probably not a problem since it is the only major discrepancy 

among the 4 duplicates measured. However, the other duplicates in that round of measurements 

also had unusually high differences between them (Table 5, Appendix D). The third round of GC 

measurements contained the prominent DDD peak. This is a problem because it might indicate 

that the pesticide concentrations obtained from round three were falsely high, rendering the 

pesticide peaks less distinct. If the concentration values are decreased by the lowest value of 

duplicate deviation, 28% (4, 4’-DDD) a peak is still present, but the generally low concentrations 

exacerbate the emerging confusion. If the concentrations are decreased by 69%, corresponding to 

the duplicate discrepancy, the peak is greatly diminished, necessitating a second core profile. 

Figure 11 illustrates the alternative pesticide profiles if each of the duplicate error margins is 

applied to the data. The DDT profile is little affected by the error margin, and the DDE profile is 

somewhat affected, particularly the secondary 2, 4’-DDE peak. The DDD profile is practically 

identical to the original in pattern, but there is a decidedly less pronounced peak. Despite 

potential large variations in measurements due to error (equipment error and technical 

performance error), the main conclusions are preserved. 
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Fig. 11. A. Measured pesticide concentrations as a function of sediment depth. B. Pesticide 
concentrations reduced by the error margin as calculated from sample duplicates. Error margins 
are applied to each of the samples in the round of measurements in which the duplicate was 
measured (not the average deviation of all the duplicates). 
 

In this scenario, it is assumed that each of the samples in the round is subject to the error 

margin indicated by the duplicate. However, it is more likely that at least part of the error is 

random. Random error can arise from fluctuations in experimental conditions of the 

chromatography, such as changes in temperature, pressure and flow rate (Guiochon and 

Guillemin 1988). The measurements of curve areas are somewhat qualitative (manual 

determination of the base of the curve), so this may also explain some of the observed variation. 

Grob and Barry (2004) suggest that sampling error constitutes the majority of final GC error. 

However, the apparent homogeneity of my sediment core suggests otherwise. Thus, it is 

A B 
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appropriate to examine the average error rather than apply each error margin to each round. The 

average error margin of all the duplicate samples measured is 19.3%. If each of the measured 

concentrations is reduced (or increased) by this percentage, there is no alteration of the trends. 

Instead of a peak DDD concentration of 49 ppb, the concentration is 35.2 ppb. The scale of the 

reduction in concentrations is not significant enough to merit a re-evaluation of the conclusions. 

When the first samples were analysed by gamma counting, water content was calculated to 

determine sedimentation rates. The same measurements were conducted for the second set of 

samples, but the water content values were significantly different from the first set (Fig. 2, 

Appendix C). Since there were no observable physical differences between the sample sets that 

would account for this difference, analysis proceeded on the assumption that the difference was 

due to measurement errors, and the first set of water content data was used for both sets of 

sample calculations. However, if the water content used was indeed erroneous, this would affect 

the sedimentation rate calculations, and thus the year assignments for the samples. Since 137Cs 

dating alone was sufficient to determine sediment dates with an acceptable level confidence, the 

models that used calculated sedimentation rates were not necessary. 

The profiles for DDD and DDT adhere to initial expectations, in line with historic use 

patterns of these substances. DDE, however, has an unusual profile. The 4, 4’-DDE follows the 

same pattern as DDD and DDT, but the 2,4’-DDE has a distinct peak near the top of the core, 

corresponding to relatively recent deposition dates. There are no documented inputs of DDE in 

recent history, and further research would be required to determine the source. There are several 

possible explanations, including illegal pesticide loading, but the high concentration coupled to 

low 4,4’-DDE concentration is puzzling. It is also important to note that it is the 4, 4’ (p, p’) 

form of the DDT-type pesticides that is most insecticidal. So, this anomalous DDE peak would 
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not have had as significant effect on organisms as the deeper 4, 4’-DDE peak. There is also the 

possibility that this unusual DDE peak is due to experimental performance error. 

 

5.4 Organic carbon adsorption and DDT ratios 

When the measured pesticide levels were adjusted by percent organic carbon content, there 

was no change to the overall pattern of concentration with sediment depth. This is because the 

proportion of organic carbon down the length of the core did not vary greatly. There was a 

relatively consistent decline in organic carbon content with depth, but because the pattern does 

not interfere with the pesticide concentration patterns, there is little distortion in the pesticide 

signals from this potential cause. A muffle furnace at 450˚C was used to determine organic 

carbon content; literature sources indicate that this may not be sufficient to remove all organic 

carbon. A temperature of at least 550˚C appears to be a standard of LOI measurements 

(Rosenmeier and Abbot SOP 2005, Dean 1974, Boyle 2004). If the organic carbon was 

underestimated, it is possible that there are trends in the constructed DDx profiles that are not 

accurate.  

Ratios of the different pesticides to each other were compared to obtain a clearer idea of the 

relationships between them and their relative abundances. One of the major problems with this 

endeavour is that very little information is available regarding the concentrations of sedimentary 

pesticide over time since 1967. Fredeen (1972) measured DDD concentration in sediments 72 

km downstream of the application (near Sorel, Québec), very near the location where the current 

core was extracted. Only one measurement yielded a detectable concentration, which was 70 

ppb.  
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DDT values measured in Lac St. Pierre were very low (0-3.5 ppb), which makes its ratio to 

DDE or DDD possibly misleading, particularly since the detection limit was 0.5 ppb. The 

concentrations of DDE and DDD were substantially higher than those of DDT, causing large 

ratios that may not reflect contaminant dynamics. If we compare DDE and DDD, a more 

interesting and descriptive trend appears (Fig.12). 

 

 

Fig. 12. Ratios of DDD to DDE for each sediment sample from Lac St. François core extracted 
in 2004 and Lac St. Pierre core extracted in 2010. The vertical lines indicate the depths of the 
137Cs peak (1963) in each core. 
 
The difference between the two cores is immediately apparent. The ratio of DDD to DDE 

fluctuates between 0.5 and 1.5 in the upstream core, and experiences a sudden increase in the 

downstream core. The only way the Lac St. Pierre trend can be interpreted independently of the 

Lac St. François core is by referring to experimental observations of degradation rates and 
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products of DDT degradation. The literature discussing specific degradation rates is diverse, and 

large variations in experimental conditions are exercised. Most authors have found that under 

aerobic conditions, DDT degrades primarily to DDE, and under anaerobic conditions, it degrades 

primarily to DDD; the relative proportions of the two degradation products vary. We can observe 

however, that the ratio of DDD to DDT or DDE in the sediment samples under investigation is 

substantially higher at 20 to 27 cm in core depth. Assuming that the sediment is anaerobic, the 

prevalence of DDD is appropriate. This is possibly indicative of natural rates of degradation of 

large DDT inputs at this time, or it may indicate an unusual input of persistent DDD during this 

time. 

If the only input into the St. Lawrence River during peak pesticide usage years were 

DDT, one would expect to see a certain pattern in the sediment column. Furthermore, if 

degradation rates were constant over time, the ratio of DDD to DDE would remain constant. 

Since this is not the case in Lac St. Pierre, degradation of DDT to DDD or DDE was either not 

constant or input of DDT and/or metabolites into the river was more complex. To understand 

whether the observed DDD to DDE ratios are indicative of unusual inputs of DDD, more 

knowledge of the sediment chemistry is necessary. For example, the oxygen concentration, 

presence of glucose, methane, sodium dithionate, and microbial communities all contribute to the 

behaviour of organochlorine insecticides in the environment (Montgomery 2007).  

 It must be noted that technical DDD, or rothane, which was applied to the St. Lawrence 

River in 1966 and 1967, was not composed completely of 4, 4’-DDD. Technical DDD was 

manufactured by Dow Chemical, which no longer maintains records from the 1960s (personal 

correspondence). However, several research papers report the proportions of chemicals in 

technical DDD. “Technical DDD contains 5 to 7 percent of what we now know to be the active 
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principle, o,p'-DDD” (Hennigar et al. 1962). Hennigar was referring to the ability of 2, 4’-DDD 

to cause adrenal atrophy (Hennigar et al. 1962, Lacroix and Hontela 2003); it was, however, the 

p,p, or 4,4 isomer that was responsible for DDD’s insecticidal properties. The National Cancer 

Institute (NCI) also reported on the contents of technical DDD: “The major GLC peak 

represented approximately 60 percent of the total area and was assumed to be the p,p'-TDE 

isomer. GLC also indicated at least 19 impurities” (NCI Carcinogenesis 1978). From these we 

can assume that the technical DDD used for Expo 67 consisted of approximately 60% 4,4’-DDD 

and 6% 2, 4’-DDD, with the remaining 34% made up of the isomers of DDE and DDT.  

 

5.5 Sediment Concentrations 

Table 4. Maximum DDD concentrations measured in sediment cores from various water bodies 
in North America (Richerson et al. 2008, Dove et al. 2003, El-Fityani 2010, Pelletier and Lepage 
2003). *The St. Clair River concentration is a sediment surface concentration that corresponds to 
low benthic invertebrate abundance (CCME 1999). 

Water Body DDD Concentration (ppb) 
Lac St. Pierre 50 

Lac St. Francois 6-12.2 
St. Clair River 5* 

Clear Lake 175 000  
Lake Ontario Tributaries 0-97 

 

The maximum concentration of DDD in the core that I analysed was about 50 µg/kg 

(ppb). Table 4 shows concentrations of DDD in other sediments. The concentration of DDD in 

Lac St. Pierre does not even begin to approach the concentrations observed in Clear Lake, 

California, and this is probably partly due to the flushing effect of the river, and the fact that 

about four and a half times more DDD in total was added to the Clear Lake ecosystem than was 

added to the St. Lawrence River for Expo 67. The concentration of DDD measured by Fredeen 

(1972) near Sorel, Quebec (precise location unknown), was 70 ppb. From this value and my own 
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measurement of maximum DDD concentration (assuming the two values are measurements of 

the same input, and that the rate of degradation remains the same with increasing sediment 

depth), the half-life of DDD can be calculated. In 2010, 71% of the 70 ppb DDD remained. The 

formula for the calculation of half-life is: 

Nt = N0(1/2)t/t1/2
 

Where Nt is the quantity remaining (50 µg/kg), N0 is the initial quantity (70 µg/kg), and t1/2 is the 

half-life. Thus, the half-life of the DDD in Lac St. Pierre is 86.5 years. This means that only half 

a half-life has elapsed, and a further 43 years will be required for the initial DDD input to 

degrade 50%. The degradation trend is illustrated in Figure 13. What is interesting about this 

 
Fig. 13. Degradation trend estimated for DDD in Lac St. Pierre, given a half-life of 86 years.  

 
 

calculation is the contrast it makes with statements made by Fredeen (1972). “The DDD 

treatments were not only harmless to fishes at the times of the applications but also left 

negligible residues that could confidently be expected to have a relatively short life...” This 

statement is made immediately after noting that the DDD residues in undisclosed fish species 

were greater downstream during Expo 67 than upstream. If the aforementioned assumptions 
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about the two concentrations are not true (that they are from the same initial Expo 67 input), the 

half-life calculated here is overestimated. The concentration of DDD found in the present study 

may be composed of DDD from multiple sources, particularly if there has been mobilisation of 

DDD vertically in the sediment. If this is indeed the case, the actual Expo 67 DDD is less than 

the peak concentration, giving rise to a shorter half-life. 

 

5.6 Critique of DDD application rationale 

The article by HartleyFredeen (1972) that describes the DDD application process lacks 

scientific rigour in some areas and contains no acknowledgement of the concepts of resistance 

and very little of biomagnification or bioconcentration. Indeed, the estimated bioconcentration 

factor (BCF) for DDD is reported to be as high as 51000 in some organisms (HSDB 2012).  The 

BCF range for DDT is similar to that of DDD although the range of reported values is large 

(ATSDR 2012). Furthermore, the use of DDD at Clear Lake and the outcome of the project were 

known by the Shadfly Project team. A high degree of confidence was placed in the safety of the 

Expo 67 applications of DDD. “The amounts of all three residues combined could not be 

considered harmful to these fishes or to people who might use them as food” (Fredeen 1972). No 

scientific evidence supports this statement, and it is vague; he considers only short-term possible 

effects and focuses on the likelihood of degradation. It’s also interesting that the 

discussion/conclusion of the paper lists much evidence for the metabolism of DDD into other 

compounds (with no toxicity data presented) and its short residence time even in Clear Lake, 

which doesn’t have the advantage of the flushing the St. Lawrence gets, but does not discuss 

where the DDD (or metabolites) in the St. Lawrence might finally settle. There is emphasis on 
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the biodegradability of DDD, with the seeming assumption that the metabolites are an acceptable 

environmental contaminant. 

Just as DDD metabolites seemed to be acceptable contaminants, the presence of lead in the 

environment as a consequence of adding it to gasoline seemed to also be acceptable for a long 

period of time. Stable lead measurements were used in this investigation to strengthen date 

allocations for sediment samples, but the history of tetraethyl lead in gasoline is an interesting 

one for more than just the establishment of sediment ages. The strong influence of industry goals 

on scientific knowledge in this case is troubling; despite widespread knowledge of lead as a 

poison, it took more than 50 years for lead to be effectively removed from gasoline. Economic 

imperatives and individual biases maintained a strong hold on the continuation of a dangerous 

practice. There is a striking parallel with the use of pesticides. The value of 

organochlorinepesticides still outweighed the potential problems with it, and the perception of its 

value cannot be underestimated. As one entomologist enthused in the dawn of the pesticide age:  

“… at no previous time in history have the achievements of entomologists, working in 

collaboration with chemists and engineers, been of such universal value as to make in so 

short a time the name of an insecticide a common word in every household however humble 

or remote. The entomologist has become a wizard in the eyes of the uninitiated -- and indeed 

some of the achievements seem little short of magic” (Lyle 1947). 

The legacy of that enthusiasm is evident in the use of DDD for Expo 67 in spite of well-

established scientific problems and public disapproval. Despite knowledge of environmental 

dynamics of DDT and its metabolites, economic and cultural factors took precedence in 1966 

and 1967.  
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As mentioned previously, there was some public acknowledgement of the project and some 

concern over its possible outcomes. Some statements were made to the public (i.e. not in a 

scientific publication) regarding the impact of the DDD applications when the periodical the Rod 

and Gun in Canada questioned its safety to wildlife. The publisher of the Rod and Gun wrote an 

editorial piece in the June 1967 edition.  

“This is a “show of shows” and its directors have exposed a genius for seeing that all 

possible problems are solved in advance. Some well-meaning director of this most 

successful of world exhibitions decided that the fly situation would so annoy visitors 

during the summer that precautionary measures should be taken. Consequently for 

several weeks, the area was inundated with a pesticide – to be exact, DDD, a cousin of 

DDT. Reports have reached the press stating that great numbers of dead birds have been 

found around several pavilions, fish and other water life are reported to be affected. 

Suggestions have been expressed that perhaps the St. Lawrence River through Lac St. 

Pierre as far as Quebec City may be endangered. This is a water area providing frogs, 

eels, fish, ducks, etc., eaten by people all over the world. This editorial is an invitation to 

Mr. A. Keith, head of our Canadian Wildlife Service, pesticide section, Ottawa, and his 

assistants, biologists Dr. F.G. Cooch and Dr. Solman, to issue a statement to Canadian 

sportsmen regarding the use of DDD by EXPO ’67. The consequences to be faced over 

the next months or years resulting from this lethal pesticide being added to the St. 

Lawrence Seaway waters surrounding EXPO ’67 could prove to be an example all 

Canadians would remember. We await a report” (Willsie 1967). 

In the infancy of environmentalism, it was inquiries like this that prodded the movement 

forward. This report also suggests that the findings made and reported by Fredeen (that there was 
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no adverse impact to fishes and birds) might have been underestimates. The director of the 

Canadian Wildlife Service, David A. Munro, made a reply, published in the September 1967 

edition of the Rod and Gun.  

“Service officials were aware of the intention to use DDD before its test use in the St. 

Lawrence River and were, in fact, consulted about the likelihood of adverse affects on 

migratory birds. In her famous book, “Silent Spring,” the late Rachel Carson told the 

story of the loss of fish-eating migratory birds from Clear Lake, California, through the 

use of DDD for control of insects, with aquatic life history stages. However, the results of 

the DDD application at shallow, warm Clear Lake could not be extrapolated directly to a 

river system such as the St. Lawrence. Considering the relatively small amounts of DDD 

to be used at and near the Expo site, and the low frequency of application proposed, we 

could not forecast a sufficiently high level of hazard to migratory birds to make a sound 

case against the proposal on that basis. You will understand that our official concern is 

limited to possible affects on migratory birds. Your editorial mentioned that dead birds 

have been found around the Expo site. Dead fish, birds and other wildlife have been 

found along the River in past years, before the area was developed for Expo use. Waters 

of the Montreal area are polluted from other sources, as you know, so that the presence of 

dead animals cannot automatically be attributed to the use of DDD. In this connection, I 

should mention that the use of DDD is being monitored by the collection of specimens 

and their analysis for pesticide residues. In due course we expect a report that should 

prove useful in evaluating future proposals of this sort” (Munro, in Rod and Gun 1967). 

This response agrees with the report made by Fredeen (1972), but does not fully address the 

concerns raised by Willsie initially. The Rod and Gun in Canada was a hunting and fishing 
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magazine that ran from 1898 to 1974, and displayed a great deal of pollution and conservation 

awareness, in the name of game preservation. The response by the Wildlife Service is narrow in 

scope, leaving room for the interpretation that unconscious (or conscious) denial of possible 

adverse effects is at play. Officials wanted all of the preparations to go as smoothly as possible, 

and maybe explained away possible hurdles to completion. These attitudes are prevalent today as 

well, when large-scale economic developments are underway. For example, the proposal to 

construct an oil pipeline from Alberta to the west coast of Canada has prompted proposals to 

change environmental assessment policy, and some critics of the pipeline have suggested that 

recent plans to alter the Fisheries Act (McDiarmid 2012, Schoffield 2012) have been motivated 

by pipeline goals (O’Neil 2012). The use of lead in gasoline is another example of this 

developmentally/economically motivated environmental blindness. 

Kovarik notes at the beginning of the article on the use of lead in gasoline that there is “a 

historical amnesia that is typical in the field of environment and public health policy” (p.384). 

This statement is applicable to the situation of current environmental contamination in that there 

was an insufficiency of weight given to the significance of history. Environmental research is 

often concerned with measuring known contaminants in the environment; they are often publicly 

acknowledged contaminants. That is, the degree of toxic potential has been more or less 

established – what remains is to quantify and explicate the degree and mode of toxic action.  In 

this scenario, environmental damage has already occurred, and while descriptive toxicology 

research proceeds, new contaminants are released into the environment to replace those that are 

withdrawn due to their established toxicity. Despite the knowledge that new chemicals may 

cause environmental degradation, we exercise what Kovarik calls historical amnesia and behave 

for the sake of convenience and economic benefits that they are not damaging. A critical, 
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historical reflexivity is needed to proactively limit the environmental impacts of new chemicals. I 

do not suggest that every new chemical be subjected to the same exhaustive analysis that may be 

conducted after they have been deployed into the natural environment, the way organochlorine 

pesticides have, but I do suggest that a greater level of context be considered at every step of the 

scientific, political, and institutional process of “messing with nature.” HartleyFredeen and Philip 

Corbet may have privately considered the possible implications of their scientific projects, but 

there is no public evidence of such.  

In modern Western society, where science inhabits an influential, often unusually 

unquestionable primacy, the motivation to include other spheres of knowledge may be scarce. 

Specialisation (especially in the sciences) is an important one for the modern concept of 

progress, without which many technological achievements would have been impossible. 

However, there is a cost to this, which is a narrowing of perspective that can contribute to 

detrimental effects – particularly for things like work safety and the environment. If one part of a 

large, complex system fails, the entire system may fail because there is no redundancy. The 

release of DDD into the St. Lawrence River in 1967 was conducted with all of the systematic 

decorum that science demands and I maintain that whether or not the action was detrimental to 

the environment, the motivation for doing it derives from a long history of instrumentality and 

ultimately detrimental desire for short-term benefit. The purpose of the DDD release was to 

increase the comfort of the visitors to the exhibition; ironically, an exhibition titled “Man and His 

World,” wherein the world is man’s to exploit as he will, and simultaneously contains a purified 

wilderness that notably lacks any kind of aquatic invertebrates. The comfort of visitors was 

sufficient reason to apply many tonnes of a toxic substance into an ecosystem. It seems absurd, 

this ability to separate man from nature on one level, and embrace man’s place in nature on 
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another. Regardless of the impact of the Shadfly Project, the incident is an example of how 

science has been turned to the instrumental, economic tool of modern society, and selectively 

listens to [economic, cultural] voices external to the science being exercised. Though 

interdisciplinary programs in universities attempt to make such communications less selective, I 

think what is even more needed is for individuals to undertake a breakdown of the divisions that 

have been built up within the individual’s intellect by habituation and systematic encouragement. 

The indiscriminate use of pesticides perhaps may have been more discriminate had the science 

and technology that developed them been more self-aware and less restricted by systemic 

divisions. 

It is only by considering the theoretical, historical, and contextual basis of what we do – in 

the Expo 67 case, pesticide application, and in this case sediment analysis – that we can extract 

ourselves from a primarily instrumental purpose, and immerse ourselves into a more 

comprehensive sense of scientific and environmental responsibility. It may be argued that it is 

not the role of science to determine the application of its fruits, but in the technocentric modern 

world, science attempts to unify everything, and bring everything into itself. Knowledge is 

power, and since science is knowledge, the power it has must be self-aware if it is to be 

responsible. 

 

5.7 Opportunities for further study 

Further study is required to confirm the findings contained in this report. Most importantly, 

another core should be measured to further determine the precision of these analysis methods in 

this context, and to account for possible variation between core sites. Further analysis could also 

include measurements of DDMU, DBP, DDNU and further metabolites in sediment samples 
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(Huang et al. 2001, ATSDR 2012, Quensen et al. 1998) to expand upon the current knowledge of 

DDT degradation in fluvial sediments. 

Additional studies could be conducted to determine the effects of the Expo 67 DDD 

applications on local populations of non-target organisms. Fredeen performed cursory 

measurements of DDD in non-target organisms, but they were primarily anecdotal. Insectivorous 

birds and fish likely ingested insects that had been exposed to a high concentration of DDD from 

the Expo applications. The potential for long-term population effects on chimney swifts, for 

example, may be investigated by looking at guano composition over time. Cores can be taken of 

long-term guano deposits in chimneys and analysed for contaminants much like a sediment core 

(Wake 2011, Greer 2010). A guano core from a chimney at Queen’s University was analysed in 

order to determine changes in diet and account for major losses in chimney swift 

(Chaeturapelagica) populations since the 1990s (Nocera et al. 2012). This study reported a 

sudden rise in DDE that coincided with a drop in the proportion of Coleoptera (beetles) in the 

diet of the swifts. When the DDE concentration decreased in the guano core, the beetle 

proportion rose, and dropped again slightly when DDE levels rose slightly in the 1980s and into 

the 1990s. This pattern of late DDE increase somewhat corresponds to the increase in DDE seen 

in the core analysed in this thesis. The beetle diet was replaced with a diet of Hemiptera (true 

bugs), which have a lower nutritional value for swifts but are more resistant to DDT. The loss of 

nutrition provided by beetles may have contributed to the decline of the Canadian swifts. Wake 

(2011) lists postulated reasons for swift declines in Canada, and insecticide use and water 

chemistry changes are included. Guano cores taken from Montréal chimneys might be examined 

for high DDD levels in 1967 deposits. This would provide further evidence for Expo 67 DDD 

persistence and also establish trophic web transport of the contaminant.  
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Appendix A: Introduction 

 

Fig. 1. Map of the island of Montreal showing the site of Expo 67 (coloured red) in the St. 
Lawrence River south of the main island. (Image from National Capital Freenet, 
http://expo67.ncf.ca/expo_montreal_overview_p1.html). 
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Fig. 2. Map of Expo 67 site (in black) showing ice control structure (circled) from which the 
DDD was applied and sampling sites (adapted from Fredeen 1972). 
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Fig. 3.Trichoptera life cycle. Larva is shown with case. Images obtained from the following. 
Larve: http://sunsite.ualberta.ca/Projects/Aquatic_Invertebrates/?Page=43, Larva case: 
http://tolweb.org/tree/ToLimages/CaddisLarva.jpg, Adult: 
http://biokeys.berkeley.edu/inverts/trichoptera.html, Pupa: http://www.sethgreentu.org/stream-
entomology/insect-life-stages/pupa-stage/ 
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Fig. 4. General map of the fluvial lakes region of the St. Lawrence River (Environment Canada 
(h)). Red markers indicate water quality sampling sites operated by Environment Canada. 
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Fig. 5. Lac St. Pierre. The gray line indicates the dredged shipping channel. From Pelletier (2008).
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Fig. 6. Reductions in the total larval Trichoptera population (expressed as a percentage of the 
population at an untreated site 4.5 miles (7.2 kilometres) upstream of the application site). 
Vertical lines indicate dates of dichlorodiphenyldichloroethane(DDD) applications (May 5, June 
13, July 10, and August 7, 1967). 

 

Table 1. Adapted from Sachs, 1987. The percentage values associated with concerns about 
pesticide use in 1965 and 1984. 

Concern 1965 1984 
Personally concerned about farmers using pesticides 31.6 76.0 
Danger of pesticides to farmer 15.0 78.7 
Danger of chemicals to wildlife 51.8 80.8 
Danger to person who eats fruits and vegetables sprayed with pesticides 41.5 71.1 
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Fig. 7. Excerpt of Montréal Gazette article published April 25, 1967. “It would have to be a 
pretty poor Canadian of whatever province not earnestly to wish a splendid success for Expo 67. 
But whatever heights of glory may be attained by this great international exhibition, a bad taste 
will be left in its wake if success is shown to have been attained at the serious expense of any of 
the natural resources with which God has bountifully endowed this province. And it is just that 
sort of thing that has come to be feared as a result of an effort to eliminate shad flies from the 
Expo scene.” 
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Appendix B: Literature Review 

 
 

 

Fig. 1. Reductive dechlorination of DDT via anaerobic bacteria metabolism and reduced Fe-
bearing clay (Fialips et al. 2010. Permission to use obtained). The sediment of Lac St. Pierre that 
was sampled was not clay, but the figure illustrates a mechanism for a possible source of DDD. 
 

 

Fig. 2. Postulated reductive dechlorination of p, p’-DDT to p, p’-DDE and p, p’-DDD by rat liver 
cytochrome P450 (adapted from Kitamura et al. 2002). 
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Table 1. Contaminant concentrations in soil at orchards that were historically sprayed with DDT. 
Contaminant concentrations are presented in mg/kg (ppm). Adapted from Harris et al. (2000). 

  Guelph   Niagara   Simcoe   Okanagan 
Variable 0-10 cm 0-40 cm 0-10 cm 0-40 cm 0-10 cm 0-40 cm 0-10 cm 
% organic 

matter 3.7 ± 0.4 2.5 ± 0.3 2.3 ± 0.2 1.3 ± 0.2 3.3 ± 0.3 1.7 ± 0.2 3.8 ± 0.4 
        

pH 7.3 ± 0.2 7.5 ± 0.1 6.1 ± 0.3 6.1 ± 0.3 5.6 ± 0.5 5.9 ± 0.9 6.4 ± 0.1 
                

Σ DDT < 0.12 < 0.12 1.9 ± 0.6 1.2 ± 0.5 7.1 ± 3.0 3.4 ± 1.4 14.4 ± 6.0 
DDT < 0.05 < 0.05 1.0 ± 0.4 0.64 ± 0.26 3.4 ± 1.5 1.6 ± 0.7 9.3 ± 4.8 
DDE < 0.02 < 0.02 0.79 ± 0.2 0.56 ± 0.2 3.6 ± 1.4 1.7 ± 0.6 4.9 ± 1.2 
DDD < 0.05 < 0.05 0.05 ± 0.02 0.04 ± 0.01 0.16 ± 0.07 0.13 ± 0.05 0.25 ± 0.15 

DDE:DDT     1.21 1.41 1.36 1.27 1.1 
 

Table 2. Contaminant concentrations (mg/kg dry weight) in earthworm species collected from 
previously DDT sprayed orchards. OREF-1 is a non-orchard reference site. Adapted from Harris 
et al. (2000). 

Species Region n Σ DDT DDT DDE DDD DDE:DDT 
Aporrectodea sp. Guelph 1 < 1.8 < 0.6 < 0.6 < 0.6   

  Niagara 7 4.8 ± 1.4 1.4 ± 0.6 3.5 ± 0.9 0.4 ± 0.3 2.48 
  Simcoe 5 50.8 ± 25.6 18.0 ± 9.7 31.1 ± 17.2 4.4 ± 0.5 2.11 

Aporrectodeaturgida Okanagan 1 0.41 < 0.6 0.41 < 0.6   
  OREF-1 1 < 0.12 < 0.6 < 0.6 < 0.6   

Eiseniarosea Guelph 1 < 1.8 < 0.6 < 0.6 < 0.6   
  Okanagan 2 97.9 ± 6.1 30.3 ± 1.8 67.6 ± 7.9 < 0.6 2.25 

Lumbricusrubellus Niagara 2 3.1 ± 2.2 0.7 ± 0.4 2.5 ± 1.6 0.1 3.98 
  Okanagan          
  Simcoe 3 19.8 ± 9.1 3.2 ± 1.0 15.8 ± 7.9 1.3 ± 0.6 4.89 

Lumbricusterrestris Guelph 2 < 1.8 < 0.6 < 0.6 < 0.6   
  Niagara 13 2.8 ± 0.6 0.7 ± 0.2 2.1 ± 0.4 0.6 ± 0.3 4.94 
  Simcoe 10 17.0 ± 5.7 4.7 ± 2.1 11.5 ± 3.7 2.1 ± 0.8 3.17 

Octolasiontyrtaeum Okanagan 2 80.7 ± 72.7 17.6 ± 17.6 61.4 ± 53.5 1.6 ± 1.6 2.6 
Mixed species Okanagan 3 48.4 ± 27.9 13.8 ± 11.2 29.8 ± 16.2 4.9 ± 2.9 2.85 

All species Guelph 3 < 1.8 < 0.6 < 0.6 < 0.6   
  Niagara 22 3.5 ± 0.6 0.9 ± 0.2 2.6 ± 0.4 0.4 ± 0.2 4.04 
  Okanagan 8 62.9 ± 20.2 17.2 ± 6.1 43.5 ± 14.4 2.2 ± 1.3 2.56 
  OREF-1 1 < 1.8 < 0.6 < 0.6 < 0.6   
  Simcoe 18 26.8 ± 8.2 8.1 ± 3.1 17.7 ± 5.4 2.5 ± 0.6 3.24 
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Table 3.Contaminant concentrations (mg/kg wet weight) in American robin eggs from orchards 
that had been sprayed with DDT until the early 1970s.Adapted from Harris et al. (2000). 

Location % lipid DDT DDE DDD DDE:DDT 
OREF av. 5.4 ± 0.4 0.4 ± 0.06 8.22 ± 3.72 0.06 ± 0.02 18.9 

Okanagan av. 5.9 ± 0.2 13.0 ± 2.3 85.1 ± 10.8 1.11 ± 0.28 17.2 
Guelph 5.7 0.34 1.7 0.01 4.95 
Niagara 5.2 3.89 30.7 0.16 7.9 
Simcoe 5.2 9.58 44.61 1.01 4.66 
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Appendix C: Methodology 

Table 1. Precision estimates of GC output using sample duplicates. The values presented are the 
percent difference between the curve areas obtained from the chromatograph for a randomly 
chosen sample and its duplicate. One duplicate was measured for each round of GC 
measurements. Empty cells indicate sample concentrations that were less than the detection limit 
of 0.5 ppb. 

Sample round 2, 4 DDE 4, 4 DDE 2, 4 DDD 4, 4 DDD 2, 4 DDT 4, 4 DDT 
1 13.3431572  ----  ----  ----  ----  ---- 
2 20.81371868 3.2528824 1.313572776 0.213348262 10.41110783  ---- 
3 68.8927846 37.690229 32.51269559 28.502522  ---- 38.794541 
4 6.854566541 7.1121663 13.58605434 12.57180048  ---- 12.8796501 

 

Table 2. Concentrations (ppb) measured in blank samples. Every component is present in low 
concentrations (< 0.5 ppb). Empty cells in the table indicate that the GC output did not produce a 
measureable peak. 

Sample round 2, 4 DDE 4, 4 DDE 2, 4 DDD 4, 4 DDD 2, 4 DDT 4, 4 DDT 
1 0.002450881 0.0074947 0.00659823 0.010090382 0.000693263 0.01996788 
2 0.008112548 0.0057477 0.015915503 ---- ---- 0.00616764 
3 0.010067751 0.0138056 ---- ---- ---- ---- 
4 0.00959313 ---- ---- ---- ---- ---- 

 

Table 3. Extraction efficiencies (%) of each round of solvent extraction that preceded 
chromatography. DDT degradation (7.94%) was calculated once, with the first chromatograph 
run. The letter “D” indicates a duplicate sample. 
Round 1 Sample 

name % Round 2  % Round 3  % Round 4  % 
BLANK 91.86563 BLANK 125.2386 BLANK 97.04085 BLANK 107.9137 

spike 85.22238 spike 119.3879 spike 111.6431 spike 96.00337 

S2C1 0.5 78.38004 S2C1 10.5 103.1951 S2C1 21.5 92.20069 
S2C1 
28.5 96.70687 

S2C1 1.0 69.80328 S2C1 12.5 88.11807 S2C1 22.5 105.3957 
S2C1 
29.5 83.75783 

S2C1 1.5 88.29774 S2C1 14.5 106.4556 S2C1 23.5 92.49572 S2C1 33 96.9618 
S2C1 2.5 91.64773 S2C1 16.5 107.7335 S2C1 24.5 92.00353 S2C1 38 94.40025 
S2C1 3.5 72.41633 S2C1 18.5 102.8486 S2C1 25.0 85.88966 S2C1 40 96.70507 
S2C1 4.5 78.53515 S2C1 20.5 107.6469 S2C1 26.0 91.43533 S2C1 41 105.0376 

S2C1 5.5 114.6985 S2C1 21.0 102.4802 S2C1 26.5 106.6034 
S2C1 41 

D 92.91366 
S2C1 6.5 92.31485 S2C1 23.0 99.69859 S2C1 27.0 107.0846    
S2C1 8.5 87.25494 S2C1 24.0 104.6999 S2C1 27.5 94.07347    

S2C1 5.5 D 82.63283 
S2C1 23.0 

D 75.9625 
S2C1 27.0 

D 108.2742     
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Fig. 1. Clockwise from top left: Anna Graham, holding a sediment core at Île de Grâce; slicing 
the sediment core in 0.5 cm sections; sediment samples in scintillation vials for transport and 
storage; surface of a sediment core, slicing in progress. 
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Fig. 2. Percent water content of each sample. Two sets of samples were prepared at different 
times for gamma counting, and water content was calculated at these times. 
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Appendix D: Results 

Table 1. 137Cs and 241Am activity levels. 

Depth Cs-137   Cs-134   Am-241   
cm Bq/kg +/- Bq/kg +/- Bq/kg +/- 
0.25 29.02 1.52 0 0 0 0 
1.25 28.9 1.49 0 0 0 0 
2.25 32.29 1.61 0 0 0 0 
3.25 32.5 1.47 0 0 0 0 
4.25 36.41 1.54 0 0 0 0 
5.25 34.66 1.57 0 0 0 0 
6.25 34.71 1.48 0 0 0 0 
8.25 39.63 1.66 0 0 0 0 

10.25 45.8 1.69 0 0 0 0 
12.25 75.95 2 0 0 0 0 
14.25 50.64 1.74 0 0 1.34 0.66 
16.25 59.22 1.84 0 0 0 0 
18.25 53.59 1.7 0 0 0 0 
20.25 58.71 1.91 0 0 0 0 
21.25 58.73 1.77 0 0 0.95 0.55 
22.25 77.58 2.17 0 0 0 0 
23.25 81.25 2.06 0 0 1.25 0.59 
23.75 88.38 2.14 0 0 0 0 
24.25 96.97 2.36 0 0 1.11 0.69 
24.75 104.52 2.38 0 0 1.59 0.64 
25.25 111.53 2.39 0 0 1.29 0.69 
25.75 135.52 2.55 0 0 1.88 0.6 
26.25 131.14 2.5 0 0 1.51 0.6 
26.75 107.92 2.34 0 0 1.12 0.63 
27.25 84.07 2.08 0 0 1.22 0.75 
28.25 61.1 1.94 0 0 1.4 0.69 
29.25 48.53 1.58 0 0 0 0 
32.5 25.85 1.19 0 0 0 0 
37.5 1.39 0.62 0 0 0 0 
39.5 0 0 0 0 0 0 
40.5 0 0 0 0 0 0 
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Table 2.210Pb activity. 

Interval Interval Pb-210 Conc 
Cumulative 

Unsupported 
Depth Dry Mass Total Unsupp Pb-210 
(cm) (g/cm2) (Bq/Kg) (Bq/Kg) (Bq/m2) 
0.25 0.0657 130.14 105.82 69.2 
1.25 0.3354 152.21 127.66 383.1 
2.25 0.6172 159.09 132.82 750.1 
3.25 0.9207 143.84 121.72 1136.1 
4.25 1.2502 123.35 93.59 1488.8 
5.25 1.6031 119.08 89.35 1811.5 
6.25 1.9769 119.27 90.99 2148.6 
8.25 2.7807 105.26 74.08 2809.7 

10.25 3.6379 99.53 74.08 3444.7 
12.25 4.5892 77.72 50.22 4028.6 
14.25 5.5868 82.62 54.61 4551.2 
16.25 6.6322 72.37 45.47 5072.8 
18.25 7.8916 59.11 36.2 5584.9 
20.25 9.2814 64.38 38.53 6104 
21.25 9.9226 37.33 15.9 6268 
22.25 10.5639 69.42 38.63 6432.1 
23.25 11.2051 54.5 29.65 6649.8 
23.75 11.5257 50.91 23.75 6735.1 
24.25 11.8464 56.84 27.87 6817.6 
24.75 12.167 56.57 28.66 6908.2 
25.25 12.4876 64.31 35.58 7010.8 
25.75 12.8098 66.08 37.99 7129.3 
26.25 13.132 63.83 34.37 7245.8 
26.75 13.4542 48.38 20.42 7332.1 
27.25 13.7764 48.54 18.94 7395.5 
28.25 14.4208 44.83 17.04 7511.3 
29.25 15.1473 45.39 19.48 7643.8 
32.5 17.2549 47.28 22.59 8086.3 
37.5 20.4974 39.87 13.64 8661.5 
39.5 21.7943 41.61 17.76 8864 
40.5 22.4428 37.25 10.65 8954.1 
41 22.7671     8987.7 
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Table 3. Stable lead concentrations, measured by Mary Andrew at Queen’s University by ICP-
OES. Blanks were less than 10 µg/g; positive controls were within expected concentration limits. 

Sample name Mid-sample depth (cm) 
Pb 

(µg/g) 
S2C1 3.5 3.25 31.0 
S2C1 4.5 4.25 34.8 
S2C1 6.5 6.25 37.9 
S2C1 8.5 8.25 39.2 
S2C1 8.5 8.25 duplicate 38.3 

S2C1 10.5 10.25 45.0 
S2C1 12.5 12.25 57.2 
S2C1 14.5 14.25 59.8 
S2C1 16.5 16.25 62.6 
S2C1 18.5 18.25 53.9 
S2C1 20.5 20.25 54.9 
S2C1 21.5 21.25 60.6 
S2C1 21.5 21.25 duplicate 58.6 
S2C1 22.5 22.25 60.0 
S2C1 23.0 22.75 60.9 
S2C1 23.5 23.25 62.0 
S2C1 24.0 23.75 63.5 
S2C1 24.5 24.25 64.2 
S2C1 25.0 25.75 61.4 
S2C1 25.5 25.25 60.3 
S2C1 25.5 25.25 duplicate 60.1 
S2C1 26.0 25.75 59.0 
S2C1 26.5 26.25 54.3 
S2C1 27.0 26.75 48.0 
S2C1 27.5 27.25 44.7 
S2C1 33.0 32.5 36.5 
S2C1 38.0 37.5 42.6 
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Fig. 1. Loss on ignition (% mass loss). Darker markers indicate samples analysed in the second 
set of gamma counting measurements.
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Table 4. DDx concentrations (µg/kg) measured by gas chromatography. Empty spaces indicate 
concentrations below the detection limit (0.5 µg/kg). 

Sample 
name 

mid 
sample 
depth 
(cm) 

2, 4’-
DDE 

4, 4’- 
DDE 

2, 4’-
DDD 

4, 4’-
DDD 

2, 4’- 
DDT 

4, 4’-
DDT Σ DDT 

S2C1 
0.5 0.25 1.6255633 1.6913525 1.2927362 1.0451681 0.0449162 0.4975973 6.1973336 

S2C1 
1.0 0.75 1.018804 1.3256464 1.1234546 1.0362391  0.4825171 4.9866613 

S2C1 
1.5 1.25 5.5871514 1.4642124 1.4086191 1.0382671  0.4259307 9.9241807 

S2C1 
2.5 2.25 5.3519056 1.6315176 1.2988484 0.9865962  0.5637525 9.8326203 

S2C1 
3.5 3.25 14.657307 1.3081415 1.2842982 0.9011182 0.1795656 0.3913288 18.721759 

S2C1 
4.5 4.25 17.070107 2.0336092 1.6959162 1.4502942  0.4220255 22.671952 

S2C1 
5.5 5.25 9.2597128 2.2584007 1.4880242 1.2598203  0.6159448 14.881903 

S2C1 
6.5 6.25 8.2853935 2.8224114 1.9456708 1.3723054 0.0922559 0.7501484 15.268185 

S2C1 
8.5 8.25 5.8871462 2.8053663 1.9153331 1.0939862  0.5262361 12.228068 

S2C1 
10.5 10.25 3.5696878 2.5382506 2.6702692 1.9830608   10.761268 
S2C1 
12.5 12.25 5.7380477 5.7274599 6.166488 7.7278699   25.359865 
S2C1 
14.5 14.25 2.7251212 3.7913394 3.2310364 2.7096928  1.0726422 13.529832 
S2C1 
16.5 16.25 1.560309 4.6122932 4.4008786 4.0549928   14.628474 
S2C1 
18.5 18.25 2.9943139 4.2989207 5.1174735 3.706257  0.8018808 16.918846 
S2C1 
20.5 20.25 0.9806533 5.7250426 6.6381009 5.3987305  1.8069744 20.549502 
S2C1 
21.0 20.75 1.2575184 5.4796209 6.4605128 6.325762  1.3557792 20.879193 
S2C1 
21.5 21.25 1.9311898 5.5966524 6.7710815 8.8033986 1.1148955  24.217218 
S2C1 
22.5 22.25 1.9825852 6.1735375 7.4831577 12.161809 1.2565774  29.057667 
S2C1 
23.0 22.75 2.4523737 8.1805165 9.6531581 15.427677  2.5898595 38.303585 
S2C1 
23.5 23.25 3.3931306 7.4666651 10.571467 16.610881 1.3317319 2.4817495 41.855625 
S2C1 
24.0 23.75 4.5367246 12.156151 12.500941 31.728471  3.3332704 64.255559 
S2C1 
24.5 24.25 9.6038773 10.347397 12.15883 45.548782 1.2026384 2.2853244 81.14685 
S2C1 
25.0 24.75 5.8114295 11.690795 12.633393 49.611405 0.9963515 2.419768 83.163142 
S2C1 
26.0 25.75 8.8945472 10.770432 7.9128914 10.145415 0.8378721  38.561158 
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S2C1 
26.5 26.25 9.7637244 9.6011004 6.3506384 7.4092102   33.124673 
S2C1 
27.0 26.75 6.3746205 9.513874 5.0181901 7.1869543 0.3831302  28.476769 
S2C1 
27.5 27.25 3.3812192 8.239872 3.8749289 8.2965134   23.792533 
S2C1 
28.5 28.25 1.158323 7.5897332 2.9824985 8.6553862 0.3387034 0.6351504 21.359795 
S2C1 
29.5 29.25 0.7510396 6.1926165 2.7752867 7.4200712   17.139014 
S2C1 
33.0 32.5 2.2809522 4.0263122 1.222791 4.000253   11.530308 
S2C1 
38.0 37.5 1.4700612 2.0924915  1.7553045   5.3178572 
S2C1 
40.0 39.5 1.1158294      1.1158294 
S2C1 
41.0 40.5 1.8895394           1.8895394 
 

Table 5. Concentrations of samples and corresponding duplicates. 

Compound  S2C1	  5.5	  
S2C1	  5.5	  
DUP	   S2C1	  23.0	  

S2C1	  23.0	  
DUP	   S2C1	  27.0	  

S2C1	  27.0	  
DUP	  

2,4	  DDE	   9.2597	   9.9411	   2.4523	   7.8836	   6.3746	   5.0478	  
4,4	  DDE	   2.2584	   2.4313	   8.1805	   13.1287	   9.5138	   9.2043	  
2,4	  DDD	   1.488	   1.7219	   9.6531	   14.3036	   5.0181	   5.0849	  
4,4	  DDD	   1.2598	   1.1014	   15.4276	   21.5779	   7.1869	   7.1716	  
2,4	  DDT	   0	   0	   0	   0	   0.3831	   0.4276	  
4,4	  DDT	   0.6159	   0.5366	   2.5898	   4.2314	   0	   0	  
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Fig. 2. Sediment pesticide profiles generated by three different models. X-axis is year of 
deposition; Y-axis is contaminant concentration (µg/kg). Column one contains patterns 
generated by the CF-CS model. Column two contains patterns generated by the  
CRS model. Column three contains patterns generated by the CIC model. The general 
trends remain the same among the models, but are distributed differently over time. 
 


