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Abstract 

In this study an optimized gas chromatography negative chemical ionization mass 

spectrometry method was developed for analyses of target pesticides including 

chlorpyrifos, diazinon, endosulfan (α- and β isomers), gamma-hexachlorocyclohexane, 

malathion, pentachloronitrobenzene and endosulfan’s degradation product endosulfan 

sulfate.  Chromatography was performed on a DB-5 MS + DG column with helium as 

mobile phase.  Method detection limits ranged from 1.0 to 4.0 pg/µL for the target 

pesticides.  This study provided the first detection of all the selected pesticides in 

atmospheric samples collected at Osoyoos, British Columbia.  Of the organochlorines, 

the highest atmospheric concentrations in 2011 and 2012 were observed for α-endosulfan.  

The maximum concentration for α-endosulfan, β-endosulfan and endosulfan sulfate were 

7.94 × 103 pg/m3, 1.94 × 103 pg/m3, and 3.34 × 102 pg/m3, respectively observed during 

the August 22 to 31, 2011 sampling period.  The maximum concentration for 

α-endosulfan, β-endosulfan and endosulfan sulfate in 2012 were 6.22 × 103 pg/m3 

(sampling period: May 31-June 1), 2.53 × 103 pg/m3 (July 5-18), and 6.55 × 102 (May 

31-June 1) pg/m3, respectively.  The highest concentration of gamma- 

hexachlorocyclohexane detected at Osoyoos sampling site in 2011 was 84.1 pg/m3 with 

detection frequency of 9.68%, while the detection frequency in 2012 dropped to 0% 

which was expected as lindane use was terminated in Canada on December 31, 2004.  

The highest concentrations of pentachloronitrobenzene in 2011 and 2012 were 3.57 × 102 
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pg/m3 (July 24), and 1.12 × 102 pg/m3 (September 5-7) respectively.  For 

organophosphorus pesticides the highest frequency of detection was observed for 

chlorpyrifos (100% detection frequency in 2011 and 90.9% in 2012).  The highest 

atmospheric concentration of organophosphorus pesticides was observed for malathion 

(2.33 × 104 pg/m3, June 28-July 6, 2011 and 5.44 × 104 pg/m3, July 5-18, 2012).  

Maximum concentrations of chlorpyrifos and diazinon were observed earlier in the 

agricultural season than for malathion.  The highest atmospheric concentrations of 

chlorpyrifos were observed during April 29-May 6, 2011 (2.88 × 103 pg/m3) and March 

38-April 11, 2012 (3.84 × 103 pg/m3).  The highest atmospheric concentrations of 

diazinon were observed during May 18-25, 2011 (1.54 × 104 pg/m3) and June 10-11, 

2012 (1.29 × 104 pg/m3). 
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1. Introduction 

1.1 Introduction to pesticides 

A pesticide is a chemical or biological agent that discourages or kills pests [1-7].  

Target pests can include insects, weeds, plant pathogens, roundworms, mollusks, and 

microbes that destroy crops, spread disease, or are disease vectors [1, 2, 8].  Pesticides 

are widely used in agriculture to improve productivity and quality of foods and protect 

crops from losses and yield reduction from pests [1-4, 9-19].  Pesticides are also used in 

the non-agriculture sector and domestic sector for controlling and preventing organisms 

which are harmful to human health or may lead to revenue losses in recreational or 

industrial activities (e.g. mosquito or other insect control programs) and building 

structures (e.g. termite control) [3, 9-13, 20, 21].  Secondary indirect benefits of 

pesticides based upon the added revenue generated from agriculture include more 

resources for governments to spend on education and medical sectors in communities [14, 

15].  Pesticides can be classified by chemical structure such as carbamates, 

organophosphorus pesticides (OPs), organochlorines (OCs), pyrethroids, triazines; or by 

target organism such as antimicrobials, fungicides, herbicides and insecticides [1, 5, 8, 14, 

15].  The focus of this study is on selected OCs and OPs as there has been current or 

past usage of these chemical classes of insecticides within the study region of the 

Okanagan Valley in British Columbia or within surrounding areas where there is potential 

for long-range atmospheric transport into this region.  In addition one fungicide, 

pentachloronitrobenzene (PCNB), was also included in my study as it was used prior to 
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2009 on golf courses in British Columbia. 

 

1.2 Physicochemical properties of selected pesticides 

The selected insecticides for my study include the following: OCs (α-endosulfan, 

β-endosulfan, gamma-hexachlorocyclohexane (γ-HCH)) and OPs (chlorpyrifos, diazinon, 

and malathion).  In addition, endosulfan sulfate (degradation product of endosulfan) and 

PCNB are also included in this study.  PCNB is also commonly known as quintozene.  

Structures of the selected compounds are shown in Table 1.1. 

Endosulfan sulfate has been identified as the predominant metabolite or degradation 

product of endosulfan in various environmental media including air, sediment, soil, and 

plants [4, 16, 17, 20, 22-27].  Degradation of endosulfan can occur by oxidation or 

hydrolysis in the presence of light, water, oxygen, heat or bacteria [16, 20, 22, 23].  The 

major transformation pathways of both isomers of endosulfan are shown in Figure 1.1 

[22].  The α-isomer of endosulfan is converted more readily to endosulfan sulfate than 

the β-isomer in aquatic systems [22, 24].  Endosulfan sulfate will also degrade in the 

environment but at a slower rate than endosulfan, so it is more persistent than the parent 

pesticide [22, 24].  Other degradation products of endosulfan include a hydrolysis 

product, endosulfan diol, which can further degrade to endosulfan α-hydroxyether, 

endosulfan ether or endosulfan lactone [16, 20, 22]. 

Pesticides are semi-volatile organics and thus can exist in the gas or particle phase as 

well can be removed from the atmosphere during precipitation [1, 4, 17, 18, 22, 24, 28,  



 3 

Table 1.1. Structures of selected pesticides. 

Compound Structure Compound Structure 

α-endosulfan 

 

Chlorpyrifos 

 

β-endosulfan 

 

Diazinon 

 

Endosulfan 
sulfate 

 

Malathion 

 

γ-HCH 

 

PCNB 

 

 

 

 

Figure 1.1. Transformation pathways of α-endosulfan and β-endosulfan. Taken from [22]. 
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29].  The selected pesticides have the potential to be volatilized from surfaces or directly 

released into the atmosphere during application [4, 17, 18, 20, 21, 25, 28, 30-33].  The 

partitioning between the gas and particle phase depends on the physicochemical 

properties of the pesticides [1, 4, 8, 17-19, 21, 24, 28, 29, 34-38].  For example, 

α-endosulfan is enriched in the technical mixture (α/β-endosulfan ≈ 7/3) [1, 4, 6, 7, 17, 20, 

22, 24, 26, 27, 30, 31, 39, 40] and in atmospheric samples it is generally present at a 

higher ratio of α-endosulfan than β-endosulfan (α/β > 3) than in the formulation as 

α-endosulfan is more volatile (β-endosulfan: vapour pressure 1.38×10-4 (25 ºC); 

α-endosulfan: vapour pressure 1.05×10-3 (25 ºC)) [4, 17, 24].  These selected pesticides 

have vapour pressures >10-5 Pa (Table 1. 2) and are predominately observed in the gas 

phase [1, 4, 17-19, 24, 28, 29, 34-38, 41, 42] and thus my research will focus on the gas 

phase concentrations of these targeted pesticides.  Generally, the water solubility of OPs 

is greater than OCs and thus OPs have higher potential to be washed out of the 

atmosphere during precipitation events or to be transported in the environment in surface 

waters [8].  The water solubility of malathion and diazinon are the highest of the 

pesticides under study (see Table 1.2).  Pesticides with longer soil-half lives will have a 

greater potential to be present for longer periods of time after application and this will 

impact seasonal trends in atmospheric concentrations of pesticides [8, 22].  In the 

literature a range of soil half-lives are reported (see Table 1.2) such as for α- and β-isomer 

of endosulfan (35-75 days and 33-150 days, respectively) [4, 8, 22].  Soil conditions 

play an essential role in the degradation rates of endosulfan especially ambient 
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temperature and soil content [22, 43, 44].  The degradation rate of endosulfan is lower at 

20 ºC than at 40 ºC, and also lower at lower at 15 % water content in soil than at 40 % 

[22].  In the aqueous phase, a positive correlation was found between the hydrolysis rate 

of endosulfan and pH [22].  For example, endosulfan in seawater (pH~8.1) had a higher 

rate of disappearance than in nature water (pH 5.5-7) [8, 22]. 
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Table 1.2. Physicochemical properties of interested pesticides and their degradation 

product.  Adapted from [4, 8, 22, 29, 41, 42]. 

Compound Soil half-life 

(days) 

Water 

solubility 

(mg/L) 

Vapour pressure 

(Pa) 

Henry’s law 

constant 

(Pa·m3/mol) 

α-endosulfan 35-75 0.33 1.05×10-3 (25 ºC) 1.1 (20 ºC) 

β-endosulfan 33-150 0.32 1.38×10-4 (25 ºC) 0.2 (20 ºC) 

Endosulfan sulfate 134-164 0.48 1.33×10-6 (25 ºC) 0.015 (20 ºC) 

Chlorpyrifos 14-47 2.6 3.00×10-3 (25 ºC) 3.72×10-1  

(20 ºC) 

Diazinon 10-200 40 1.87×10-3 (20 ºC) 1.19×10-2  

(20 ºC) 

Malathion 1-13 145 5.33×10-3 (30 ºC) 4.94×10-4  

(20 ºC) 

PCNB 21-80 0.44 6.60×10-3 (20 ºC) 1.60×10-2  

(20 ºC) 

γ-HCH 14-240 7.3 5.60×10-3 (20ºC) 3.50×10-6  

(20 ºC) 
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1.3 Impacts of pesticides on humans and the environment 

Pesticides have drawbacks, such as potential toxicity to humans and other desired 

species in the environment [3-6, 14, 17, 19, 22, 24, 26, 29-35, 45-75].  High risk groups 

include those exposed to pesticides during production or application processes 

(formulators, production workers, mixers, sprayers, farmers) and children living in high 

pesticide use applications regions [14, 45-52]. 

OCs stimulate the nervous system, the mode of action is similar in both humans and 

insects [8, 51].  OCs disturb the sodium/potassium balance surrounding the nerve fibre 

which result in a nerve continuously sending transmissions rather than responding to 

stimuli [8].  The mode of action of OPs is also the same for humans and insects.  OPs 

inactivate the enzyme acetylcholinesterase (AChE) [8, 45, 46, 52].  AChE speeds the 

breakdown of acetylcholine (ACh) released by nerve cells [8].  ACh is the 

neurotransmitter that allows the signals transfer from one cell to a receptor cell.  The 

nerve impulse continues until AChE catalyzes the breakdown of ACh. 

OCs such as endosulfan, γ-HCH, PCNB are banned or are being phased out in 

Canada and worldwide because they are hazardous to human health and persistent in 

nature [3-6, 14, 17, 19, 22, 24, 26, 29-35, 47, 51, 53-74, 76, 77].  Acute toxicity of OCs 

results in nervousness, hyperexcitement resulting in tremors, uncoordinated movement, 

nausea, vomiting, and confusion [8].  OCs may also affect fertility and reproduction [8, 

14, 47, 76].  The United States National Academy of Science reported that DDE 

(dichlorodiphenyldichloroethylene, metabolite of DDT (dichlorodiphenyltrichloroethane)) 
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causes eggshell thinning which resulted in population declines of some species of birds 

[14]. 

Endosulfan was listed in the Stockholm Convention on Persistent Organic Pollutants 

(POPs) in 2011 [4].  Symptoms of acute toxicity for endosulfan in human beings include 

difficulty in breathing, atonia, congestion of kidneys, hemorrhagic lung, nausea, vomiting, 

loss of consciousness and death [8, 51].  Long term exposure of endosulfan may cause 

immunosuppression, congenital birth defects, neurological disorder and mental 

retardation [8, 51].  Neurotoxicity is the main effect observed for both acute and chronic 

toxicity in human beings and animal [8, 51].  Endosulfan is lipophilic and can persist 

within fatty tissues of living organisms [53, 54].  It has been detected in milk and fish 

[51, 53, 54].  It is also reported that endosulfan is toxic to the reproductive system [47, 

51].  A study on male reproductive development in 407 school male children (272 

exposed and 135 controls) in a village located in the valley below cashew plantations that 

were on the hills where endosulfan had been sprayed aerially found that endosulfan 

exposure could delay sexual maturity and interfere with hormone synthesis in male 

children [47].  

Lindane was listed in the Stockholm Convention on POPs in 2009 [4, 55].  The 

final date for cancellation of all lindane uses in Canada was on December 31, 2004 due to 

the toxicity to human beings and non-target species (highly toxic to fish and bees), and 

the persistence and long-range atmospheric transport from the application regions [4, 8, 

52, 56-62, 78-81].  Neurotoxicity is the main side effect of lindane usage [8, 52, 55].  
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Besides agricultural uses, lindane was also used in the treatment of scabies and head lice 

before 2005 in Canada [55, 78].  An infant died shortly after the use of 1% lindane 

lotion and the concentration of lindane in the brain tissue was 110 ppb [55]. 

Quintozene was used as a fungicide for snow mold control on golf courses in North 

America for a long time and was banned for the use on golf courses in 2009 in Canada 

[82-87].  In order to have high quality turf conditions, intensive application of chemicals 

such as quintozene was required for the maintenance of turf on golf courses [82].  

Studies found that the applications of quintozene for control of turf grass diseases were 

toxic to aquatic organisms through loading into runoff water [83, 84].  Quintozene could 

cause mortalities and longer time to hatch in early life stages of Japanese medaka; eggs 

and fry observed ocular malformations, body segmentation, and retarded development of 

organs, the notochord and the brain [83]. 

OPs are of great concern due to their toxicity [49, 50, 75, 45, 46, 48, 52].  

Preschool children who live in agricultural areas have higher potential exposure to OPs 

[49, 50].  A birth cohort study on the prenatal exposure to OPs and intelligence quotient 

scores for 329 children was conducted among farmworker families in an agricultural 

community in California [45].  It was found that prenatal exposure was associated with 

poorer intellectual development in children such as poorer scores for processing speed, 

perceptual reasoning, memory and verbal comprehension [45].  A similar study on the 

relationship between OPs prenatal exposure and cognitive development at children aged 

from 12 months (n=200), 24 months (n=276) to 6~9 years old (n=169) found that 
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prenatal exposure to OPs was negatively associated with cognitive development, 

especially on perceptual reasoning [48].  In the Upper Valley of the Negro River (major 

site of apples and pears production in Argentina), a study on 97 healthy pregnant women 

aged from 15 to 36 showed endocrine disruption during pregnancy associated with 

exposure to OPs (such as chlorpyrifos, azinphos methyl and phosmet) [46].  This result 

was obtained by analyzing the biomarker of OPs exposure (β-glucuronidase and 

cholinesterases), progesterone levels and cortisol in the blood samples.  It was found 

that erythrocyte cholinesterase decreased, while cortisol and progesterone levels 

increased significantly during the spraying period, which indicated changes in hormone 

metabolism pathways because of OPs exposures [46].  OPs are also toxic to aquatic 

organisms.  LC50 (lethal concentration, 50%) for fathead minnows of chlorpyrifos, 

malathion and diazinon are 0.331 mg/L, 8.6 mg/L and 15 mg/L, respectively [52].  OP 

oxon degradation products are even more toxic than their parent thions [52, 75].  For 

example, the 24 h LC50 values for malathion, malathion oxon, diazinon, and diazinon 

oxon in Rana boylii were 2.137 mg/L, 0.023 mg/L, 7.488 mg/L, and 0.760 mg/L, 

respectively [52]. 
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1.4 Fate of pesticides in the environment 

Pesticides can be found anywhere in air, soil, water and the tissues of organisms [1-4, 

6, 16-40, 45, 46, 48-50, 53, 54, 56-77, 79-81, 88-107].  The processes undergone by 

pesticides in the environment can be group into processes that impact the persistence (e.g. 

chemical and microbial degradation, photo-degradation), and processes that impact 

mobility (e.g. runoff, volatilization, leaching) (see Figure 1.2) [76].  Figure 1.2 shows 

that pesticides have the potential to be transported by air.  Pesticides can volatilize from 

surfaces where they are applied or they can be carried into the atmosphere by dust during 

seeding processes or soil erosion [17, 19, 34, 43, 76].  Airborne pesticides can travel 

long distances as they can be carried by wind on particles or in the gas phase [3, 4, 6, 

17-20, 22, 24-28, 30-36, 39, 40, 56-69, 71-73, 75, 76, 79-81, 89-94].  Endosulfan and 

γ-HCH were found in the remote areas such as the Arctic, the Antarctic, Rocky 

Mountains, and Tibetan Plateau as a result of long-range atmospheric transport [22, 28, 

35, 36, 56, 63, 71, 72, 79, 80, 89, 95].  Water transport of pesticides includes run-off 

from surfaces, wet deposition, infiltration of water through drains, ditches, the ground 

and rivers [16, 23, 76].  Pathways of movement of pesticides in soils include attachment 

to particles in soil and subsequent movement through the soil with water or breakdown 

by metabolism by microorganisms in the soil [16, 23, 43, 44, 76, 108].  For example, 

pesticides that were applied in sloping lands such as in mountainous or hilly regions can 

be rapidly transported via subsurface lateral flow, overland flow and leaching through 

preferential pathways in soil and may contaminate the surface waters through the rapid 
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transport processes [108].  Some pesticides (e.g. endosulfan and γ-HCH) can 

accumulate in the tissues of organisms, in a process called bioaccumulation, which leads 

to higher concentrations of that pesticides in organisms [3, 6, 19, 22, 25, 26, 30, 32-35, 45, 

46, 48, 51-54, 56-59, 63-73, 76].  The efficiency of this transport varies significantly 

among different animals, plants and insects and also depends on the persistence of 

pesticides [76]. 
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Figure 1.2. Transport of pesticides in the environment. Adapted from [76]. 
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1.5 Introduction to analytical method 

The most common methods of pesticide analysis for my targeted pesticides are gas 

chromatography (GC) coupled with mass spectrometry (MS) or tandem mass 

spectrometry (MS/MS) [1, 4, 6, 17-19, 24, 25, 27, 29, 31-34, 37, 39, 40, 53, 54, 57, 58, 

60, 61, 63-74, 79, 81, 89-93, 96-101].  The ionization techniques used in GC-MS or 

GC-MS/MS include electron ionization (EI), negative chemical ionization (NCI) and 

positive chemical ionization (PCI) [4, 24, 27, 29, 32, 53, 57, 63-65, 73, 74, 88-91, 96-98].  

Electron ionization also previously called electron impact remains the most popular 

ionization approach in both GC-MS and GC-MS/MS [27, 29, 32, 53, 64, 73, 74, 97, 98, 

109].  Although this technique works well for many gas phase molecules under GC 

separation conditions (temperatures < 320°C), EI induces extensive fragmentation for 

both target analytes and matrix components which results in low abundance of molecular 

ions and often lower sensitivity and poor specificity particularly for pesticide analysis [97, 

102, 109]. 

Chemical ionization (CI) results in less fragmentation than EI as CI generally 

produces fewer ions and thus increasing the potential that the molecular ions can be 

observed at significant abundance [74, 97, 102, 109].  CI can be used to form negative 

or positive ions.  In positive CI when methane is used as reagent gas the main reactions 

are as follows:	

𝐶𝐻# + 𝑒&		 → 𝐶𝐻#⦁* + 2𝑒& 

𝐶𝐻#⦁* + 𝐶𝐻# → 𝐶𝐻,* + 𝐶𝐻-⦁ 
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𝑀 + 	𝐶𝐻,* → 𝑀𝐻* + 	𝐶𝐻# 

MH+ is the protonated molecular species which allow for the determination of the 

molecular mass of molecules in the sample [109].  C2H5
+, C3H5

+ and C3H7
+ can also 

form in the reagent gas but are of lower abundance than CH5
+ [109].  PCI is not often 

used in analysis of pesticides as it provides no added selectivity or sensitivity relative to 

EI [6].  In NCI or negative ion chemical ionization (NICI), a negative ion is formed and 

the process requires that the molecule undergoing ionization has electronegative atoms 

[109].  Negative ions (molecular ion or fragment ions) can be formed in the following 

ways: the analyte molecule (AB) captures thermal electrons (AB + e-→AB⦁-, AB + 

e-→A⦁ + B-, AB + e-→A+ + B- + e-); or less commonly ion-molecule reactions between 

ions and analyte take place in the reagent plasma (acid-base reaction or an addition 

reaction through adduct formation such as shown for N2O and PhOH as follows: N2O + 

e-→N2O⦁-, N2O⦁-→N2 + O⦁-, O⦁- + CH4→CH3⦁ + OH-, PhOH + OH-→PhO- + H2O) [109].  

In general, the reagent gas in NCI mode provides thermal electron and the most common 

reagent gases used in NCI or PCI are methane, iso-butane and ammonia [109]. 

Liquid chromatography (LC) coupled with MS/MS is used in pesticides analysis for 

non GC-amenable pesticides that are thermolabile, polar, non-volatile or pesticides 

requiring derivatization to improve volatility or chromatographic performance when 

GC-MS methods are used [2, 53, 75, 77, 90].  LC-MS/MS is also able to analysis some 

GC-amenable pesticides such as selected OPs that are generally analyzed by GC-MS 

coupled with EI or NCI under selective ion monitoring (SIM) mode.  For some OPs 
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LC-MS/MS can give lower detection limits than GC-MS or GC-MS/MS [90].  OCs and 

some fungicides such as PCNB are not suitable to be analyzed by LC-MS/MS as they 

have poor sensitivity with LC-MS or LC-MS/MS due to poor ionization with electrospray 

ion sources [53].  LC-MS/MS is able to analyze more polar chemical classes of 

pesticides and their transformation products simultaneously [53, 90].  Generally, 

transformation products are less volatile, more polar and some of them are thermolabile 

compared to their parent compounds and they also suffer from poor chromatographic 

performance on nonpolar GC columns [53]. 

 

1.6 Research objectives  

This research examines atmospheric concentrations of chlorpyrifos, diazinon, 

α-endosulfan, β-endosulfan, endosulfan sulfate, γ-HCH, malathion, and PCNB at 

Osoyoos sampling site in the Okanagan Valley (British Columbia).  No prior 

measurements of these pesticides in this agricultural region have taken place and the 

results of this study will provide a better understanding of the atmospheric occurrence of 

these target pesticides in an agricultural region with current or past usage of these 

pesticides.  This data will also aid in assessing the potential for regional or 

trans-boundary atmospheric transport contributions to atmospheric concentrations of 

pesticides. 

The main objectives of the present study can be summarized as below: 

• To optimize the GC-NCI-SIM method for selected target pesticides (chlorpyrifos, 
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diazinon, α-endosulfan, β-endosulfan, γ-HCH, malathion, and PCNB) and one 

degradation product (endosulfan sulfate) to enable analysis of pesticides in extracts 

from atmospheric samples; 

• To provide information of the occurrence of the selected target pesticides and 

degradation product in the Canadian Okanagan Valley at the Osoyoos sampling site; 

• To identify the seasonal trends in concentrations of selected target pesticides and 

annual variations from field sampling in 2011 and 2012.  In addition, the 

relationship between the degradation product and its parent active ingredients in 

endosulfan formulations (α-endosulfan and β-endosulfan) will be determined to 

provide insight into the age of the formulation in the atmosphere; 

• To provide insight into the relationship between the atmospheric concentrations of 

pesticides and the regional usage patterns from crop guides and available usage 

information; 

• To assess the relationship with climatic factors including temperature and wind; 

• To verify that the target pesticides are predominately in the gas phase by evaluating 

both gas and particle phase concentrations in selected sampling periods in 2012 with 

high concentration of α-endosulfan in the gas phase. 
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2. Literature review 

This chapter provides a review of the occurrence of selected pesticides in the 

atmosphere in Canada, United States and other countries.  The atmospheric sampling 

methods, sample preparation and analysis methods for pesticides were presented in this 

chapter as well.  A general review of available information on usage of the selected 

target pesticides in British Columbia, Canada, and Washington State was also included in 

this chapter. 

  

2.1 Atmospheric sampling methods of pesticides 

Pesticides are semi-volatile organics and a variety of approaches have been used for 

sampling including active sampling (high and low-volume) and passive sampling [1, 4, 6, 

17-19, 22, 24-41, 57, 58, 60, 61, 63-69, 71-74, 75, 80, 90-93, 95, 103, 110, 111].  Active 

sampling approaches use an air sampling pump to force air through the collection device 

(sampling module) with high volume samplers typically operated at a flow rate of a few 

hundred to a few thousand m3/day and low volume samplers typically operated at < 50 

m3/day [38, 110].  Passive air samplers do not need active air movement from a pump 

[38, 110, 111].  With passive sampling airborne gases are collected by a physical process 

such as diffusion with the collection media such as a polyurethane foam (PUF) disk 

exposed to the air for a relatively long period (3-12 months) [37, 38, 103, 110, 111].  

Electricity is not required for passive samplers and the sample duration is much longer 

such that personnel for frequent sample changes at the sampling site are not required 
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which greatly reduces costs [37, 38, 64, 110, 111].  Due to the high cost of high-volume 

air sampling, passive samplers are often used for spatial resolution data of POPs that are 

predominately in the gas phase, but this sampling approach is limited by ability to 

provide temporal resolution [33, 37, 38, 64, 110, 111].  High-volume air samplers are 

the preferred sampling approach in atmospheric studies particularly in areas with lower 

concentrations of pesticide in the atmosphere or when more frequent sampling is required 

for temporal studies including seasonal trends, episodic event capture, or source 

identification, and is required for studies on pesticides that partition between the gas and 

particle phase [1, 4, 6, 17, 19, 24, 28, 29, 34-38, 41, 60, 66, 71, 74, 90, 95, 103].  

Low-volume air samplers can also be used if sufficient atmospheric concentrations of 

pesticides are present, but are not as frequently used as detection of pesticides on 

collection materials during shorter sampling events is often not feasible [80, 110]. 

 

2.2 Sample preparation methods of pesticides 

Semi-volatile organics including pesticides that are collected using solid materials 

such as sorbents or filters are mainly extracted by techniques such as pressurized liquid 

extraction (PLE) [18, 74, 75, 90, 104, 105] and Soxhlet extraction [1, 4, 6, 17, 19, 24-26, 

31, 32, 34, 37-40, 57, 58, 60, 61, 63, 65-68,71, 73, 80, 81, 92, 93, 95].  Soxhlet 

extraction was more common in the past for extraction of semi-volatiles from 

atmospheric sampling materials since it is a simple and low-cost method [104, 110].  

The main drawbacks of Soxhlet extraction was the long extraction time (8~48 h) [1, 4, 17, 
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19, 24-27, 31, 32, 34, 39, 58, 60, 63, 67, 81, 92, 110], relatively large solvent 

consumption (250~700 mL) [1, 19, 37, 40, 67, 71, 92, 110] and with the long extraction 

times with higher temperatures there was potential to thermally degrade some pesticide 

[110].  Common solvents for Soxhlet extraction are acetone [6, 32, 39, 71, 81], ethyl 

acetate [24], dichloromethane (DCM) [4, 24-27, 31, 34, 40, 60, 63, 67, 68, 80, 93], or 

solvent mixtures such as acetone/DCM/methanol [58], hexane/acetone [1, 19, 61] and 

petroleum ether [32, 37, 66, 92].  The drawbacks of Soxhlet extraction lead to the use of 

alternative extraction methods such as PLE which is a fully automated extraction method 

that uses both elevated temperature and pressure [104, 110].  PLE uses minimal amount 

of solvent and largely reduces the extraction time [104, 110].  Under the elevated 

pressure along with a moderate temperature, PLE provides the flexibility of extending 

solvent choice to include solvents that are poor choices in Soxhlet extraction due to the 

boiling point of solvent [104, 110,112].  Typical chemical classes of semi-volatile 

organics that have been extracted with PLE are OCs, OPs and polycyclic aromatic 

hydrocarbons [112]. 

Microwave assisted extraction (MAE) has higher efficiency than Soxhlet extraction 

with shorter extraction time and lower solvent volumes and the throughput of MAE is 

high as well [104, 110, 112, 113].  MAE have been used for extracting pesticides from 

particulate matter [29], fruits [106], grass [114], and soil [105, 112].  However, MAE 

has not been frequently used for extraction of air samples because the solid must be 

removed after extraction thus requiring a filtration step [113].  A comparison of MAE, 
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PLE and Soxhlet extraction for HCHs in soil samples was conducted under different 

parameters (see Table 2.1) [112].  It was found that the Soxhlet extraction technique had 

slightly lower limits of quantification (LOQs) for selected pesticides than MAE or PLE; 

and in this case the higher LOQs observed for MAE and PLE may be partially due to 

increased co-extraction of the matrix due to higher temperatures for the extraction with 

MAE and PLE than selected for the Soxhlet extraction [112].  Recoveries for a spiked 

soil sample at 20 ng/g of each HCH for Soxhlet extraction, MAE and PLE were similar at 

90.42-114.28%, 87.67-98.21% and 80.74-104.90%, respectively [112].  Other studies 

also found that the recoveries for β-endosulfan and γ-HCH using MAE (β-endosulfan: 96 

± 6.8%; γ-HCH: 98 ± 1.3%) and Soxhlet extraction (β-endosulfan: 98 ± 5.7%; γ-HCH: 99 

± 4.1%) had no significant difference in plants samples [114].  Recoveries for γ-HCH in 

sediments samples using Soxhlet extraction (81.3 ± 6.1 %) and PLE (87.9 ± 3.6 %) were 

also similar [115].  Overall, in real sample analysis, PLE is the preferable methods as it 

has good extraction efficiency with low solvent consumption and PLE is able to provide 

adequate detection limits for analysis of pesticides in different matrix types (soil, plants, 

air) while not requiring temperature of extraction to be above boiling point of thermally 

labile pesticides [75, 90, 112, 114, 115]. 

Although extraction methods such as PLE are powerful methods for removing target 

analytes from solid sorbents they are not selective and consequently a proper clean-up 

method is still necessary before instrumental analysis to remove undesirable matrix 

components in the extract that interfere.  There are methods for clean-up or additional 
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Table 2.1. Limits of quantification and recoveries of HCHs (α, β and γ) in soil by Soxhlet 

extraction, MAE and PLE (sample mass: 5 g). Adapted from [112]. 

 α-HCH β-HCH γ-HCH 

Soxhlet (100 mL hexane/acetone, extraction temperature and time: 75 ºC, 15h) 

LOQ (ng/g) 0.55 0.73 1.03 

Recovery (%) 96.63 ± 6.21 105.12 ± 9.16 103.80 ± 7.73 

MAE (25 mL hexane/acetone, extraction temperature and time: 110 ºC, 50 min) 

LOQ (ng/g) 0.70 0.80 0.97 

Recovery (%) 92.94 ± 5.27 94.24 ± 1.21 95.39 ± 2.49 

PLE (34 mL DCM/acetone, extraction temperature and time: 140 ºC, 15 min ) 

LOQ (ng/g) 0.73 1.00 1.07 

Recovery (%) 91.15 ± 9.75 92.82 ± 12.08 98.16 ± 4.73 
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extraction of semi-volatile organics (such as the selected pesticides in this study) from 

liquids or extracts such as those obtained from PLE which include liquid-liquid extraction 

(LLE) [99], solid phase extraction (SPE) [100, 105] and solid phase microextraction 

(SPME) [77, 100].  LLE has some drawbacks such as it is time-consuming, labor 

intensity and requires use of large amount of solvents [99].  With SPME samples are 

analyzed after equilibrium is reached or at a specified time before achieving equilibrium 

such that the method is not an exhaustive extraction procedure which is distinctly 

different from SPE [100].  Matrix effects can remain after SPME and some SPME 

methods utilize elevated temperatures (250ºC) which may lead to issues when studying 

degradation product or thermally labile pesticides [100].  SPE is the most commonly 

used clean-up method in pesticides analysis [110, 114, 115].  The sorbents used for SPE 

can be categorized by the interaction mechanisms between sorbents and analytes.  For 

example, sorbents with functional groups that include octadecyl, octyl, ethyl, phenyl 

interact through Van der Waals forces, while cyano, silica, alumina, and Florisil sorbents 

interact through polar/dipole-dipole forces [17, 60, 110]  

 

2.3 Analysis methods of pesticides 

Different mass spectrometric detection methods had been used for GC amenable 

pesticide analyses including GC coupled with MS or MS/MS [4, 6, 18, 19, 24, 25, 29, 32, 

34, 39, 40, 44, 53, 57, 58, 60, 61, 64-67, 69, 70, 73, 91-93, 97, 98].  As sample matrices 

in pesticide analyses often contain hydrocarbons, the background MS signal is reduced 
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under NCI as compared to EI or PCI and this results in chromatograms with reduced 

co-elution problems from matrix interferences [97, 109].  Anagnostopoulos et al. 

compared EI and NCI with GC-MS and GC-MS/MS for 27 pesticides in tomatoes and in 

standard solutions (dissolved in acetonitrile) and found that sensitivity was higher in 

GC-NCI-MS than GC-EI-MS, but when MS/MS was applied, a higher sensitivity was 

observed in EI mode in both solvent and samples containing matrix from tomatoes [97].  

Organochlorine pesticides were more sensitive to SIM mode with enhanced sensitivity in 

NCI and this was attributed to more abundant high mass ions and lower background 

signal in NCI [97].  MS/MS in selected reaction monitoring (SRM) mode can provide 

higher sensitivity than SIM in matrix and solvent under both NCI and EI mode for food 

matrix samples [97].  For linearity, in matrix, good performance was observed under 

GC-NCI-SRM and GC-EI-SRM; whereas in solvent, better performance was observed 

under GC-NCI-SIM and GC-EI-SRM [97].  E. Matisová et al. compared NCI and EI in 

GC-MS of endocrine disrupting pesticides in the apple matrix [98].  Calibrations under 

both modes were performed and the linearity obtained for GC-NCI-SIM (r2>0.999) was 

higher than that obtained for GC-EI-SIM (r2>0.99) [98].  Moreover, limits of detection 

(LODs) and LOQs were up to two orders of magnitude lower for NCI as compared to EI 

[98].  When EI was used, the apple matrix also resulted in peak shapes of analytes that 

were distorted as a result of interferences [98].  Another food sample type that is 

considered a difficult matrix, ginseng powder, showed that the best LOQ values were 

obtained with GC-MS/MS (1-20 µg/kg) as compared to GC-MS/SIM (83-167 µg/kg) [70].  
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This indicates that GC-MS/MS may be more sensitive than GC-MS/SIM when analyzing 

samples that are complex and have many co-extracts and interfering components from the 

matrix [70].  On the other hand, when analyzing samples that do not have as 

complicated matrix as food or tissue samples do, like extracts from air samples, our 

research group found that GC-NCI/SIM could give better sensitivity than GC-NCI (or 

EI)/SRM for analysis of OCs and OPs [74].  Raina and Hall compared GC-MS and 

GC-MS/MS with EI and NCI for analysis of pesticides at trace level in atmospheric 

samples and found that GC-NCI-SIM provided the best overall LODs for over 60% of 

selected pesticides (see selection of these pesticides in Table 2.2) and best confirmation 

[74].  When added selectivity or additional confirmation is required, GC-NCI-SRM is 

recommended for use [74].  GC-EI-SIM had more interference problems than 

GC-NCI-SIM [74].  GC-EI-SRM was not suitable for most pesticides when the 

pesticide concentrations were less than 100 pg/µL [74].  EI remains the more universal 

technique and does not require as costly of a GC/MS system, but GC-NCI-SIM is the best 

choice when matrix issues are not severe and lower detection limits are required, whereas 

for more complicated matrix and higher pesticide concentrations such as in food, fish, or 

tissue samples, EI-MS/MS would be a better choice [53, 74, 97, 98]. 

Some GC-amenable pesticides can also be analyzing by LC-MS/MS [90].  For 

instance, the previously developed LC-MS/MS methods for OPs in our group showed 

detection limits were 0.08 pg/µL and 0.23 pg/µL for diazinon and malathion, respectively 

which were much lower than those reported by GC-NCI-SIM (diazinon: 5.0 µg/L; 
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malathion: 15.0 µg/L) [74, 90].  OCs typically have poor ionization with LC-MS/MS 

ion sources so are predominately analyzed by GC-MS methods [90, 102]. 

 



 27 

Table 2.2. Limits of detection (pg/µL) of selected pesticides under NCI-SIM, NCI-SRM 

and EI-SIM mode (atmospheric samples from Bratt’s Lake, Saskatchewan).  Adapted 

from [74]. 

Analyte NCI-SIM NCI-SRM EI-SIM* 

α-endosulfan 3.6 12.6 9.7 

β-endosulfan 4.5 32.0 35.3 

PCNB 4.6 5.4  

γ-HCH 1.2 3.4 3.5 

Diazinon 3.9 8.4  

Malathion 9.5 27.6  

*no reported value signifies MDL > 100 pg/ µL 
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2.4 Target pesticides in the atmosphere  

Among the selected pesticides, the most commonly studied pesticides in the air were 

endosulfan and γ-HCH [4, 6, 17, 19, 22, 24-28, 30-36, 39, 40, 53, 56-62, 64-68, 71-73, 

79-81, 90, 92, 93].  Compared to OCs, fewer atmospheric studies have been conducted 

on the selected OPs in this study [4, 6, 18, 19, 37, 40, 67-69, 74, 75, 90, 94, 116-121].  

International studies on target pesticides will be presented in section 2.4.1 and those 

within Canada and more specifically closer to the study region of the southern Okanagan 

Valley in British Columbia will be presented in section 2.4.2.  Table I, II and III of 

Appendix I includes a summary of atmospheric measurements for OCs and OPs. 

 

2.4.1 International spatial and temporal distributions of target pesticides  

Lindane (>95% γ-HCH) and more recently endosulfan were listed in the Stockholm 

Convention on POPs in 2009 and 2011, respectively and as such were banned, restricted, 

or in process of phase-out in many countries for their persistence, bioaccumulation, and 

potential for long-range transport [1, 3, 4, 6, 18, 19, 22, 26-28, 30-36, 40, 56-60, 63-74, 

80, 93, 95].  Even though POPs have been restricted around the world for many years, 

they are still found in water, air and even some aquatic organisms and in remote regions 

such as the Arctic [1, 4, 6, 18, 19, 22, 25-28, 30-36, 40, 46, 53, 60, 64, 71-74, 80, 93, 95].  

Endosulfan has been used worldwide for decades to control a range of insect pests on a 

variety of crops ranging from vegetables, cereals and tobacco to fruits such as cherries, 

apricots, peaches, prunes and plums [6, 24, 122, 123].  Endosulfan is sold as an isomeric 
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mixture containing α-endosulfan and β-endosulfan at a 7/3 ratio [4, 22, 24].  The last 

date of the registered sale of endosulfan in Canada was December 31, 2015 and its use in 

Canada is permitted until December 31, 2016 [124]. 

Monitoring programs for POPs in water and/or air have been developed to facilitate 

the evaluation of the effectiveness of the Stockholm Convention [32, 73].  The global 

atmospheric passive sampling (GAPS) network was initiated in 2004 and 2005 with 40 

air sampling sites on 7 continents and utilizes a passive sampling approach for gas phase 

concentrations of pesticides [32, 73].  At that time, lindane was banned in 18 countries 

and was restricted in 10 other countries, but as shown in Figure 2.1, γ-HCH was still 

detectable in many sites during December 2004 to March 2005 at concentrations in the 

range of 1-50 pg/m3 [32].  The highest concentrations of γ-HCH were observed in 

Chengdu, China (68 pg/m3) and De Aar, South Africa (67 pg/m3) [32].  Other studies 

found high atmospheric concentrations of γ-HCH at Goa, India (9710-13700 pg/m3, 

2007), Chennai, India (1690-12000 pg/m3, 2006) and South China Sea (343-1950 pg/m3, 

2005) using passive air samplers [25, 27].  Technical HCH (55-80% α-HCH, 5-14% 

β-HCH, 8-15% γ-HCH, 2-16% δ-HCH) was used in China from 1952-1984 and lindane 

production stopped in China in 2003 [4].  In Jianghan Plain (Hubei province, China) 

during April 2012 to March 2013 the average concentration of γ-HCH was 16 pg/m3 

which was much lower than that detected in Wuhan (Jianghan Plain, Hubei province, 

China, 445 pg/m3) in 2005 [26, 93]. 

The GAPS study found that the concentrations of endosulfan between December 
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2004 and March 2005 were much higher than γ-HCH (see Figure 2.1) with the highest 

concentrations of endosulfan observed at Las Palmas (Canary Island, Spain) and Bahia 

Blanca (Argentina) [32].  During four sampling periods from January 2005 to December 

2005 the highest concentrations of α-endosulfan in this GAPS study were observed in 

Delhi, India (10834 pg/m3) during June-September 2005; Bahia Blanca, Argentina 

(14635 pg/m3) during January-March 2005; Paris, France (4421 pg/m3) during 

March-June 2005; and Seoul, Republic of Korea (4411 pg/m3) during June-September 

2005 [73].  Most sampling sites in the northern hemisphere during the January-March 

period observed lower concentrations of endosulfan as there is reduced agricultural usage 

of endosulfan during the winter [22, 73].  Moreover, under the cold temperature 

conditions and snow cover the volatilization of pesticides is reduced and atmospheric 

concentrations of pesticides are generally lower [22, 30, 40].  Studies on diurnal 

variations of gaseous endosulfan in Dalian (a coastal city in China) during 2008 observed 

that the average concentrations of α-endosulfan, β-endosulfan, and endsoulfan sulfate 

during the day were higher than at night (see Appendix I, Table I) [17].  In addition to 

the influence of the circulation of sea/land breezes, the elevated daytime temperatures 

contributed to increased volatilization and as α-endosulfan is more volatile than 

β-endosulfan the higher temperatures during daytime are expected to influence 

atmospheric concentrations of α-endosulfan more than β-endosulfan [17]. 
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Figure 2.1. Gas phase air concentrations (pg/m3) of γ-HCH and endosulfan (sum of α and 

β endosulfan and endosulfan sulfate) between December 2004-March 2005 at GAPS sites 

around the world.  Adapted from [32]. 
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Technical HCH and lindane formulations used in agriculture are the main sources of 

HCHs in the environment [4, 6, 25, 27, 28, 31, 34, 40, 66, 73].  The α/γ-HCH ratio is 

used to identify HCH sources and it is an indicator of long-range atmospheric transport [4, 

6, 22, 25-27, 34, 39, 60, 64, 66, 71, 72, 95].  The ratio in technical HCH products is ~ 

3-7 [4, 25, 26, 33,34, 40, 71, 92].  A longer atmospheric lifetime is observed for α-HCH 

compared to γ-HCH because of the lower Henry’s Law constant and lower degradation 

rate of α-HCH compared to γ-HCH [34].  The γ-isomer can undergo 

photo-transformation to α-HCH [34].  A high ratio of α/γ-HCH (>4) is attributed to 

recent use of technical HCH or aged HCHs which has been exposed to the environment 

for a long time [26, 34, 71].  A low ratio of α/γ-HCH indicates ongoing lindane usage or 

re-emission of previously deposited lindane [6, 26, 34, 71].  The α/γ-HCH ratio was 

0.69 ± 0.91 in the gas phase from samples collected on an island located within the East 

China Sea about 66 km from mainland China [34].  The local emissions of HCHs were 

almost zero on the island which indicated existing lindane usage in adjacent mainland 

regions [34].  In the Canadian Arctic at Little Fox Lake (Yukon Territory) air monitoring 

site the α/γ-HCH ratio ranged from 1.7 to 28 between 2011 to 2014 which indicated that 

atmospheric concentrations of HCHs were influenced by multiple long-range 

atmospheric source regions including historical use of technical HCHs (e.g. from Asia) or 

lindane (e.g. from North America) [71]. 

One of the high usage regions of endosulfan in North America was Florida with over 

8000 kg/year (around 2011) of endosulfan active ingredient applied on vegetables crops 
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[24].  The time periods of high and low agricultural activity in Florida are typically from 

October to May and from June to September, respectively [24].  Higher concentrations 

of α-endosulfan were observed during high agricultural activity (500-96000 pg/m3, 

October-May, 2001-2006) as compared to low agricultural activity (100-22000 pg/m3, 

June-September, 2001-2006) [24].  This is consistent with higher atmospheric 

concentrations of endosulfan expected with greater amounts of endosulfan applied during 

the higher activity crops growing season.  Endosulfan usage on many of the crops 

(apples, blueberry, peppers, potatoes, pumpkins, sweet corn, tomato, and winter squash) 

in Florida were specifically targeted for phase-out by December 31, 2014 [24, 125]. 

In the southern hemisphere such as at National Park of São Joaquim (Brazil) which 

is impacted by agricultural sources, the concentrations of endosulfan and endosulfan 

sulfate during January to March (summer) were much higher than that observed during 

May-August (winter) due to differences in agricultural seasons (see Appendix I, Table I) 

[30, 40].  Agricultural regions with more frequent applications of endosulfan on crops 

have higher atmospheric concentrations of endosulfan.  During May 2005 to May 2006 

the highest atmospheric concentrations of α-endosulfan (19000 pg/m3), β-endosulfan 

(7400 pg/m3) and endosulfan sulfate (400 pg/m3) were observed in Mazatlan, Mexico 

which is located in the agricultural zone of Sinaloa [39].  Pakistan is a subtropical 

country and agriculture accounts for 21% of Pakistan’s gross domestic product with 

around 83% of pesticides applied to cotton, rice, and sugar cane [31].  The atmospheric 

concentrations of α-endosulfan, β-endosulfan, and γ-HCH at Lahore (an agricultural city 
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in Pakistan) during January to October in 2011 were 188-228 pg/m3, 51-112 pg/m3, and 

75-108 pg/m3, respectively as compared to 24-147 pg/m3, 4-58 pg/m3, and 27-66 pg/m3, 

respectively at Karachi (a sea port city) (see Appendix I, Table I) [31].  The higher 

atmospheric concentrations of endosulfan at the agricultural impacted city can be 

attributed to the higher density of agricultural activity.  Pakistan is one of the biggest 

importers of endosulfan around the world [31].  The sampling periods were during the 

growing season of cotton which requires more extensive application of pesticides 

(including endosulfan) than other crops [31].   

In addition to agriculture regions, pesticides such as γ-HCH and endosulfan were 

found in the remote areas such as the Arctic, the Antarctic, and Tibetan Plateau due to the 

potential for long-range atmospheric transport [4, 28, 80, 95].  Montone et al. used 

high-volume air samplers to collect air samples during November 1995 in Southwest 

Atlantic and Antarctic Oceans and found that concentration of γ-HCH ranged from 

2.7-18.4 pg/m3 [95].  J. Sheng et al. used low-volume air samplers to collect air samples 

every two weeks during November 2008 to September 2011 in Lulang (southeastern 

Tibetan Plateau) and found that the highest concentration of γ-HCH reached 7.07 pg/m3 

(April 25-May 9, 2011), which was associated with monsoon-driven atmospheric 

transport of pesticides from India [80].  At Little Fox Lake (sub-Arctic environment), 

where there was no local usage of HCHs, during August 2011 to December 2014 the 

concentration of γ-HCH ranged from 0.169-6.36 pg/m3 (average 1.56 pg/m3) [71].  

These concentrations of γ-HCH in 2013 at Little Fox Lake were lower than the 
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concentrations detected in 2003, but higher than that of in 2008 which indicated the 

concentrations in the atmosphere were still influenced by volatilization from historical 

usage [35, 36, 71].  

One of the major usage regions of lindane in Canada was the prairie agricultural 

region where high atmospheric concentrations of γ-HCH were observed (>2000 pg/m3) 

[126].  In 2001, a ban of lindane usage on canola seeds was introduced in Canada which 

resulted in a decline in usage of lindane from 1980s as well as drop in atmospheric 

concentrations of γ-HCH in the prairies to near limits of detection (LOD-22.3 pg/m3, 

2010) [126].  Due to measures of phase-out for HCHs worldwide including those in 

Canada it can be seen from Table 2.3 that the air concentration of γ-HCH at Alert and 

Zeppelin in the Arctic were lower after about 2003 [28].  Atmospheric concentrations of 

endosulfan at the Alert and Zeppelin in the Arctic did not change much between 1993 to 

2005 (Table 2.3) [22, 28].  Atmospheric concentrations of endosulfan in the Arctic 

remain at higher concentrations than γ-HCH as endosulfan was still used in many 

countries and atmospheric concentrations of endosulfan at Alert are influenced by 

European and to less extent North American distribution patterns [22, 28].  

PCNB, more commonly known as quintozene, is an important OC soil fungicide 

used for disease control on variety of crops and ornamental plants and was registered for 

use in Canada in 1951 [85-87].  In Canada there are two technical grade active 

ingredient products currently registered and they can be only used for end-use products 

[85].  Quintozene underwent phase-out in Canada in 2009, and most uses of quintozene 
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Table 2.3. Arithmetic mean (range) of air concentrations from 1993 to 2005 in Alert and 

Zeppelin.  Adpated from [28]. 

Year Alert, Canada  

γ-HCH  

mean (range) pg/m3 

Alert, Canada  

α-endosulfan 

mean (range) pg/m3 

Zeppelin, Norway  

γ-HCH 

mean (range) pg/m3 

1993 13 (2.0-170) 3.3 (0.047-9.3) 14 (3.3-38) 

1994 10 (1.4-41) 4.6 (0.076-12) 16 (5.3-62) 

1995 8.4 (0.89-25) 4.8 (0.10-12) 13 (6.0-41) 

1996 7.6 (0.073-59) 4.0 (0.044-15) 13 (4.9-39) 

1997 6.5 (0.99-17) 4.2 (0.10-17) 15 (2.1-100) 

1998 7.0 (2.0-27) 5.7 (0.21-14) 9.9 (2.2-23) 

1999 5.9 (1.0-30) 4.0 (0.17-16) 11 (2.2-27) 

2000 4.4 (0.92-10) 3.5 (0.12-12) 5.8 (0.43-11) 

2001 6.8 (0.43-19) 5.1 (0.31-25) 5.7 (2.3-17) 

2002 2.5 (0.11-5.5) 3.9 (0.017-12) 7.9 (3.4-23) 

2003 2.8 (0.015-8.1) 6.5 (0.021-18) 4.2 (2.0-7.7) 

2004 2.4 (0.014-4.9) 3.2 (0.065-10) 2.8 (1.3-6.4) 

2005 1.7 (0.67-3.7) 5.6 (1.4-15) 2.4 (1.1-4.3) 
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were cancelled with the exception of use on ornamentals (bulb dip) and cole crops 

[85-87].  Turf uses of quintozene including residential and commercial lawns, turf farms 

and golf courses were no longer eligible in Canada [85-87].  Quintozene was also still 

used in agriculture in 2011 and 2012 in the United States primary on vegetables and fruits 

[127].  There are limited data of atmospheric concentration of PCNB in Canada and 

worldwide.  Air samples collected using a high volume air sampler in an urban area in 

Kitakyushu City (about 10 kilometers away from the agricultural area, Japan) found the 

concentrations of PCNB were 880 pg/m3 during July 21-22, 1991 and was 260 pg/m3 

during April 23-24, 1992 [116].  Air samples were collected in Regina (Canada) using a 

high volume sampler (7-day sample duration) during May 4 to July 20, 1994 with the 

highest concentration of PCNB detected at 1600 pg/m3 during the May 4-11 sampling 

period [128].  The detected atmospheric concentration of PCNB was 150-533 pg/m3 at 

Bratt’s Lake in July 2003 which was lower compared to that in Regina in 1994 [74].  

PCNB was also detected in Arctic and Subarctic (Canadian Archipelago) from 1993-2013 

at an averaged concentration of 0.41± 0.37 pg/m3 [79].  In 2010, air samples were 

collected on the German research vessel in the German Bight (24-hour duration) using 

the high volume air sampler in March (6 sampling periods), May (7 sampling periods) 

and July (6 sampling periods); the mean atmospheric concentrations of PCNB in March, 

May and July were 0.031 pg/m3, 0.29 pg/m3 and 0.46 pg/m3, respectively, while the mean 

atmospheric concentrations of pentachloroanisole (metabolite of quintozene) in March, 

May and July were 1.6 pg/m3, 5.5 pg/m3 and 0.46 pg/m3, respectively [129].  In May 
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2012 selected air samples (24-hour duration) were collected during an air sampling 

campaign on a Chinese research vessel in the Bohai and Yellow Seas with atmospheric 

concentrations of PCNB and pentachloroanisole ranging from 0.059-4.9 pg/m3 (average: 

1.0 pg/m3) and 0.41-6.3 pg/m3 (average: 2.2 pg/m3), respectively [4].  These reported 

higher atmospheric concentrations of pentachloroanisole compared to its parent 

compound (PCNB) indicated a more aged source of PCNB (emissions from past usage of 

PCNB) [4, 129].  The atmospheric concentrations of PCNB detected over the sea and in 

the Canadian Arctic were all relatively low compared to the concentrations detected at 

sites impacted from agricultural regions or nearby to golf courses such as Kitakyushu 

City, Regina and Bratt’s Lake. 

Chlorpyrifos in one of the most sold and used OPs around the world [91, 130].  It is 

used for pest control on a number of crops such as alfalfa, citrus, peanuts, soybeans, tree 

nuts, vegetables, wheat and other fruits in the United States [130].  The Central Valley 

of California is an intensive agricultural area in the United States and the most commonly 

used OPs there include chlorpyrifos, diazinon and malathion [52].  Recent 24-hour 

atmospheric samples collected in 2014 in the Central Valley of California where 

chlorpyrifos was used on almond orchards, grapes, strawberries, lettuce and other field 

crops reported maximum atmospheric concentration of chlorpyrifos of 337900 pg/m3 [94].  

Early studies in the Mississippi River Valley region during early April-mid September 

1995 (weekly sample) found the highest atmospheric concentration of chlorpyrifos 

reached ~1000-3100 pg/m3 through July-mid September because of the high density of 
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agricultural activity and harvested land along the lower Mississippi River [117, 131].  

Another study compared the gas phase atmospheric concentration of OPs between 1995 

and 2007 in the northwestern Mississippi within the alluvial plain area of the Mississippi 

River which includes over 80% of the harvested acreage in Mississippi [121].  The 

amount of agricultural land use in this area did not change in these two years but the 

proportions of some crops changed [121].  Based on weekly samples taken during the 

growing season (March to September) the mean atmospheric concentration of 

chlorpyrifos was much lower in 2007 (69.0 pg/m3) than in 1995 (1380 pg/m3) [121].  

The difference in air concentrations was attributed to the changes in amount of 

chlorpyrifos used as the estimated statewide usage of chlorpyrifos in 1995 was >19000 

kg compared to 2 kg in 2007 [121].  In comparison the highest reported concentrations 

of chlorpyrifos in Europe occurred in Centre Region of France during 2006-2008 with 

concentration of chlorpyrifos ranging from 110-97770 pg/m3 [18].  This region has 

known agricultural usage on an estimated 58% of agricultural land [18].  In the National 

Park of São Joaquim (Brazil) during December 2007 to March 2008 chlorpyrifos was 

detected at concentrations ranging from 16-120 pg/m3 which were much lower than the 

concentration of 14600 pg/m3 (passive sampler, during August-December, 2008) reported 

in Araucania Region (central southern region of Chile) where chlorpyrifos is used on 

barley, wheat, and oats [40, 91].  The atmospheric samples taken in Eastern China Sea 

to High Arctic Ocean onboard the Arctic expedition “Snow Dragon” during 

June-September 2010 found the concentrations of chlorpyrifos were 0.5-146 pg/m3 [63].  
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In May 2012, chlorpyrifos was detected in Bohai and Yellow Seas (China) and ranged 

from 0.96-450 pg/m3 which was higher than the concentrations detected in the Eastern 

China Sea to the High Arctic Ocean in 2010 [4].  Air samples collected in the central 

and eastern Archipelago (Canadian Arctic) by cruises in 2013 found that the mean 

atmospheric concentrations of chlorpyrifos was 0.94 ± 0.74 pg/m3 [79].  These 

atmospheric concentrations of chlorpyrifos were lower than that detected in Bohai and 

Yellow Seas in 2012 and also lower than that detected in the Eastern China Sea to the 

High Arctic Ocean in 2010 [4, 63, 79]. 

Diazinon is only used in the agricultural sector in the United States [132].  In the 

United States phase out plans of diazinon for indoor uses occurred in March 2001 and 

lawn, garden and turf applications were terminated by December 2003 [132].  

Atmospheric concentrations of diazinon are considered a significant potential source of 

human exposure in both agricultural and surrounding communities for both farm workers 

and their families [118, 119, 133, 134].  During late June to early August in 1998, the 

highest atmospheric concentration of diazinon at an agricultural site in central 

Washington was 23000 pg/m3 which was 2.5 times higher than at an urban sampling site 

located in Seattle (9000 pg/m3) [133].  High concentrations of diazinon (median 17000 

pg/m3 during January 12-Feburary 2 1998) were also observed at an agricultural site in 

southeastern portion of California’s Central Valley [119].  Another study that took place 

in the suburbs of Tokyo (Japan) where OPs were applied to paddy fields found that the 

highest air concentration of diazinon was 9000 pg/m3 during August 19-21, 2003 [118].  
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Air samples were collected at the Minnesota Landscape Arboretum after outdoor 

spraying to the beds of azalea bushes in 2007 with the highest air concentration of 

diazinon observed within 0 ~ 8 h after spraying (1.27 × 107 pg/m3 on June 20; 1.00× 107 

pg/m3 on July 17) [134].  These air concentrations of diazinon were at or above the 

minimal risk level (10 µg/m3) adopted by the Agency for Toxic Substances and Disease 

Registry and it suggested the need for applicators to wear protective equipment to reduce 

respiratory exposure [134].  The prior study that compared the gas phase concentration 

of OPs between 1995 and 2007 in the northwestern Mississippi also include the analysis 

of diazinon and showed that concentrations of diazinon had declined from 1995 to 2007  

(mean concentration of diazinon was 824 pg/m3 in 1995, and below method detection 

limit (MDL) in 2007) as a result of regulatory restrictions on residential and indoor use of 

diazinon in the United States and the decline in agricultural usage of diazinon 

(Mississippi 1995: 16817 kg; 2007: 134 kg) [121, 127, 132].  In Europe the highest 

reported concentrations of diazinon occurred in the Centre Region of France during 

2006-2008 with the concentration of diazinon ranging from 280-1490 pg/m3 and the 

agricultural activities in this region were focused on barley, wheat, maize, vineyards and 

tree fruits [18].  The maximum concentration of diazinon observed during April 

2008-June 2009 in Tuscany (central Italy where land use is predominately agriculture) 

was 230 pg/m3 which was lower than that detected in the Centre Region of France [69]. 

Malathion was introduced as a wide-spectrum OP insecticide in United States in 

1950 [135].  It is used in the United States and worldwide for pest control particularly 
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for sucking and chewing insects on fruits, grains and vegetables, but is also used for 

control of mosquitoes and household insects [135].  Air samples (24 h) collected in 

Imperial County (southeastern portion of California’s Central Valley) where the major 

crop was alfalfa found the median air concentration of malathion was 9900 pg/m3 during 

February 23-March 12 1998 [119].  Studies at Salinas (Monterey County, northwestern 

portion of California’s Central Valley where major crops are strawberries, lettuce and 

other field crops) in 2014 found the highest atmospheric concentration for malathion was 

12600 pg/m3 (24-hour duration) [94].  The study that compared the gas phase 

atmospheric concentration of OPs between 1995 and 2007 in the northwestern 

Mississippi observed the concentration in 2007 growing season (mean 4620 pg/m3) was 

higher than that in 1995 (mean 2790 pg/m3) [121].  Since the usage of malathion in that 

area dropped in 2007 compared to 1995, the difference in air concentrations could be 

attributed to regional atmospheric transport sources [121].  Other studies outside North 

America were more limited and generally in Europe.  The highest concentrations were 

reported at a rural site near Paris during May-June 2001 (gas + particle: 4450000 pg/m3) 

[120].   Other measurements in Europe generally showed much lower concentrations of 

malathion such as in Tuscany (maximum 280 pg/m3 through 2008-2009) and the Centre 

Region of France (detection frequency of 0.38% during 2006-2008) [18, 69].  In 

European Union countries pesticide usage is more heavily regulated through water 

quality and crop residue levels.  In the suburbs of Tokyo (Japan) where OPs were 

applied to paddy fields the highest air concentration of malathion was 12000 pg/m3 in 
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July 23-26 2003 [118].  Air samples (24 h) were also collected in a tropical environment 

located in a suburban area near the largest city of Costa Rica, San José during October 10 

2005 to October 24 2006 [37].  Most of the air concentrations of malathion in collected 

samples were below the detection limits and the highest air concentration was observed 

on July 28 2006 at 16 pg/m3 which was much lower than other agricultural areas such as 

in the suburbs of Tokyo in 2003 [37]. 

  

2.4.2 Atmospheric concentrations of selected pesticides in Canada 

Table I in Appendix I shows that higher concentrations for endosulfan in Canada 

were observed at agricultural sites in central provinces of Quebec and Ontario and the 

western province of British Columbia, which reflected the highest agricultural usage 

regions of endosulfan in Canada [19, 22, 61, 62, 67, 68, 72, 75].  The two main 

agricultural regions in British Columbia are the Lower Fraser Valley and the Okanagan 

Valley [72].  The concentration for endosulfan at Abbotsford in the Lower Fraser Valley 

agricultural region was among the highest concentrations observed across Canada in 

2004 and 2005 [19, 22].  Okanagan Valley is also an intensive agricultural region with 

vineyards and orchards for tree fruits crops and has known usage of endosulfan [136, 

137].  For chlorpyrifos, diazinon, endosulfan, endosulfan sulfate, γ-HCH, malathion and 

PCNB, there are limited data in western Canada and there is no available data for these 

compounds in Okanagan Valley prior to my research studies.  

Based on atmospheric sampling using high volume air samplers (weekly sample 
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duration) for studies at selected agricultural sites across Canada in 2003, 2004 and 2005 

[6, 19], the maximum atmospheric concentrations of the two isomers of endosulfan (α 

and β) in 2005 were detected at Vineland (Ontario, α: 63400 pg/m3, β: 7140 pg/m3), 

Downsview (Ontario, α: 2320 pg/m3, β: 291 pg/m3), Baie St. Francois (Québec, 1880 

pg/m3, β: 264 pg/m3) and Abbotsford (British Columbia, α: 1680 pg/m3, β: 290 pg/m3) 

[19].  Maximum atmospheric concentrations of endosulfan were higher in 2005 than in 

2004 at Vineland (2004: α: 3100 pg/m3, β: 513 pg/m3), Baie St. Francois (2004: 253 

pg/m3, β: 61.5 pg/m3) and Abbotsford (2004: α: 288 pg/m3, β: 38.0 pg/m3) [19].  In 

addition, weekly samples taken in 2003 in agricultural regions across Canada found the 

location with maximum monthly average (July 22-August 26) for endosulfan was at 

Kensington (Prince Edward Island, α: 5710 pg/m3, β: 1960 pg/m3) [6]. 

Annual average atmospheric concentrations of α-endosulfan in the Great Lakes 

Basin were detected at urban sites at Toronto (430 pg/m3), Burlington (410 pg/m3) and St. 

Clair (380 pg/m3) in July 2002-June 2003 with passive air samplers [92].  With the 

passive sampling approach the atmospheric concentration of α-endosulfan during 

2004-2005 (April-September) in Ontario (5 sampling sites: Turkey Lakes, St. Clair, 

Grand Bend, Rock Point and Dorset) was 51-11000 pg/m3 [68].  Another study reported 

a decline in atmospheric concentrations of α-endosulfan within the Great Lake Basin in 

2011 (4.98-30.58 pg/m3 at Fairport Harbour, Lake Erie and 2.23-21.73 pg/m3 in Fort 

Niagara, Lake Ontario) as compared to during 2003-2005 [6, 33, 68, 92].  Another site 

at Toledo (adjacent to Lake Erie) reported the concentration of α-endosulfan was 27.52 
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pg/m3 (May 22-June 13, 2011), while the concentration of β-endosulfan and endosulfan 

sulfate were lower than the detection limit [33].  The atmospheric concentration of 

α-endosulfan was always higher β-endosulfan and endosulfan sulfate [4, 17, 22, 24].  

This was reasonable since α-endosulfan is enriched in the technical mixture and also 

generally present at higher concentrations than β-endosulfan in atmospheric samples as 

α-endosulfan is more volatile (β-endosulfan: vapour pressure 1.38×10-4 (25 ºC); 

α-endosulfan: vapour pressure 1.05×10-3 (25 ºC)) in the gas phase; and β-endosulfan is 

less stable in the environment and could convert to α-endosulfan [1, 4, 6, 7, 17, 20, 22, 24, 

26, 27, 30, 31, 39, 40]. 

In Canada, the main use of lindane in agriculture was as a seed treatment on canola 

and corn seeds in the Canadian Prairie provinces (Alberta, Saskatchewan, Manitoba) [57, 

62, 126].  The Canadian Prairies also had been identified as a major long-range 

atmospheric transport source to the presence of γ-HCH in the Arctic, Rocky Mountains 

and the Great Lakes [62, 126].  The highest atmospheric concentrations of γ-HCH in the 

early 2000s were observed in Saskatchewan at Hafford (900-2400 pg/m3, 2000) and 

Regina (600-940 pg/m3, 2001) [81].  These sites were within the heavy usage region of 

γ-HCH on canola [126].  In 2001, a ban of lindane usage on canola seeds was 

introduced in Canada and the usage of lindane declined from 1980s as well as 

atmospheric concentrations [126].  The final date for cancellation of all remaining 

lindane uses was on December 31 2004 [78].  The atmospheric concentration of γ-HCH 

observed at the middle of the Yamaska Basin (a rural area surrounded by farms and 
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located within the Quebec corn belt) was <MDL-2623 pg/m3 (average 2592 pg/m3) 

through May to September 2004; at Baie St. Francois (Quebec) ranged from 13.4-878 

pg/m3 during May-June 2004; at Bratt’s Lake (Saskatchewan) ranged from 22.6-143 

pg/m3 through May-August 2004; at Vineland (Ontario) ranged from 0.9-118 pg/m3 in 

May-July 2004; and at Abbotsford (British Columbia) ranged from 9.1-80.1 pg/m3 during 

April-June 2004 [19, 67].  After the ban of lindane usage in Canada in 2004, the 

atmospheric concentrations of γ-HCH were still high at some sites in Canada.  For 

example, 24-hour samples using high volume samplers collected in Gage (an urban site at 

Ontario) were detected at the range of 15-3070 pg/m3 from June-October 2005 and at 

Downsview (an urban site at Ontario) were 10-586 pg/m3 in June 2005 [57].  Detection 

of γ-HCH was also observed at Bratt’s Lake (58.1-120 pg/m3, 2005) and Abbotsford 

(26.2-62.2 pg/m3, 2005) [19].  More recent measurements in the prairies indicate γ-HCH 

had dropped near limits of detection (<MDL-22.3 pg/m3, Bratt’s Lake, 2010) [126]. 

Samples collected in mountainous regions of Western Canada such as Revelstoke 

and Yoho (British Columbia) during August 2003 to August 2004 showed concentrations 

of γ-HCH and endosulfan were much lower than samples collected in other agricultural 

zones such as Abbotsford in the Lower Fraser Valley in 2003-2005 (see Table 2.4) [6, 19, 

72].  Comparison of data from August 2001 at an urban site, Slocan Park (Vancouver), 

and a rural (agricultural) site, Langley, in the Lower Fraser Valley showed much higher 

concentrations of both α and β-endosulfan at Langley (maximum > 100 pg/m3) as 

expected from agricultural application of endosulfan on berry crops [66].  However,  
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Table 2.4. Range in air concentrations (pg/m3) of γ-HCH, α-endosulfan, β-endosulfan, 

chlorpyrifos, diazinon and malathion in Western Canada. Adapted from [6, 19, 66, 72, 

75].  

Site γ-HCH  α-endosulfan β-endosulfan Ref. 

Langley, 2001 1.6-16.6 3.5-153.8 12.1-107.3 [66] 

Slocan, 2001 3.0-18.0 3.0-39.4 2.3-51.5 [66] 

Abbotsford, Jul-Aug 2003* 23.0 488 159 [6] 

Revelstoke, 2003/2004 3-8 17-51 2-5 [72] 

Yoho, 2003/2004  2-6 11-45 1-4 [72] 

Abbotsford, May 2004 22.6-143 12.4-288 n.d.-38.0 [19] 

Abbotsford, May 2005 26.2-62.2 268-1680 102-290 [19] 

Site  Diazinon Malathion Chlorpyrifos Ref. 

Abbotsford, Jul-Aug 2003*  2510 281 [6] 

Abbotsford, May 2004 1070-78200 n.d.-363 119-348 [19] 

Abbotsford, May 2005 22900-989000 n.d.-3150 359-1100 [19] 

Abbotsford, 2005  4.0-25009.2 0.6-12939.8 3.9-86.7 [75] 

* Monthly mean, sampling period from July 22- August 19 2003. 
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there was little difference between the γ-HCH concentrations observed in Langley and 

Slocan since Canada started to terminate lindane uses on seed treatment such as 

canola/rapeseed in 1999 and all other agricultural uses ceased on July 1 2001 [66, 78].  

Concentrations for endosulfan were higher at Abbotsford in 2003, 2004 and 2005 than 

observed at Langley and Slocan in 2001 and this may be due to the fact that Abbotsford 

has higher agricultural activity particularly for berry crops [19, 66].  Saskatchewan is 

not a major usage region of endosulfan in Canada and at the prairie agricultural site, 

Bratt’s Lake (Saskatchewan), the atmospheric concentrations of endosulfan were low.  

At Bratt’s Lake atmospheric concentrations of endosulfan in 2005 (α: 24.7-341 pg/m3, β: 

n.d.-23.1 pg/m3) were slightly higher than in 2004 (α: 4.4-124 pg/m3, β: 5.9 pg/m3) 

[19].The highest reported atmospheric concentration of chlorpyrifos in Canada was 

250000 pg/m3 at Bratt’s Lake in August 2003 [75].  Chlorpyrifos was mainly used in the 

prairies in Canada for grasshopper eradication.  In 2003 there was a high density of 

grasshopper infestations in Saskatchewan and the usage of chlorpyrifos was also higher 

(2003: 205562 kg) [75, 138].  Atmospheric concentrations of chlorpyrifos at Bratt’s 

Lake can vary from year to year although the seasonal variation is similar.  Our previous 

studies found the highest atmospheric concentrations of chlorpyrifos in 2003 were 

250000 pg/m3 on August 8-12 and 233000 pg/m3 on July 1 and dropped in 2005 to a 

maximum concentration of 1380 pg/m3 on July 29 [75].  Another study using high 

volume air samplers (weekly sample) found similar yearly variations with atmospheric 

concentration of chlorpyrifos at Bratt’s Lake ranging from <MDL-170000 pg/m3 during 
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May-August 2004 and dropping to 235-4910 pg/m3 during May-July 2005 [19].  Higher 

atmospheric concentrations of chlorpyrifos in Canada were also observed at Vineland 

(Ontario, 791-167000 pg/m3 in May-July 2004 and 129-107000 pg/m3 in June-August 

2005), Baie St. Francois (Quebec, 79.5-2050 pg/m3 in May-June 2004 and 837-6740 

pg/m3 in June 2005), St. Anicet (Québec, 768 pg/m3 (average) in July-August 2003; 

109-478 pg/m3 in May-June 2004; 744-1260 pg/m3 in June 2005) (see Table III of 

Appendix I) [6, 19, 67].  All of these sites were agricultural or agricultural impacted 

sites in Canada [6, 19].  The mean atmospheric concentration of chlorpyrifos at 

Abbotsford (Fraser Valley, weekly sample) was 281 pg/m3 in July 22-August 19 2003 [6].  

Prior work in our research group found the atmospheric concentrations of chlorpyrifos 

were 3.9-86.7 pg/m3 at Abbotsford in 2005 [75].  Another study reported the 

atmospheric concentrations of chlorpyrifos at Abbotsford were 119-348 pg/m3 in 

April-June 2004 and 359-1100 pg/m3 in May 2005 [19].  At remote sites in the 

Canadian Rockies, the atmospheric concentrations of chlorpyrifos ranged from 0.8-1.7 

pg/m3 in Revelstoke (British Columbia) and 0.6-4.6 pg/m3 in Yoho (British Columbia) 

during 2003 to 2004 which were much lower than other agricultural regions in Canada 

[72]. 

Diazinon and malathion are the two primary OPs used in British Columbia on 

berries and fruit crops [75, 136, 137].  Our previous study showed that the atmospheric 

concentrations of diazinon were high at Abbotsford in 2005 ranging from 4.0 to 25000 

pg/m3 with 100% detection frequency, while at Bratt’s Lake concentrations of diazinon 
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were much lower (0.3-6.6 pg/m3) [75].  This may relate to the different crop patterns in 

these two regions with diazinon and malathion favored for usage in British Columbia, 

while in Saskatchewan chlorpyrifos is favored for use on canola, wheat, barley and oats 

[75, 138].  The detection of diazinon in the atmosphere at Bratt’s Lake in 2005 was just 

above the detection limit which could be attributed to residential garden usage in Regina 

(~ 30 km north of Bratt’s Lake) [75].  Diazinon was not detected at Bratt’s Lake in 2004 

and 2005 in the Environment Canada studies [19].  Air concentrations of diazinon were 

far higher in the sampling period May 1-30 2005 (22900-437000 pg/m3) than that 

detected in April 28-June 1 2004 (1070-78200 pg/m3) at Abbotsford [19].  Vineland is 

another site for high gas phase concentration of malathion and diazinon in Canada [19].  

Through June 2-August 5 2005, the atmospheric concentration for diazinon was 

1560-6830 pg/m3 in Vineland [19].  Samples collected at St. Damase (located in the 

middle of the Yamaska basin, Quebec) through May to June in 2004 found the maximum 

air concentration of diazinon was 1171 pg/m3 (mean: 1128 pg/m3) [67].  With the 

passive sampling approach, the concentrations of diazinon during 2004-2005 

(April-September) in Ontario (5 sampling sites: Turkey Lakes, St. Clair, Grand Bend, 

Rock Point and Dorset) were 5.7-260 pg/m3 (mean: 6.0 pg/m3) which were lower than at 

St. Damase in 2004 [67, 68]. 

Similarly, for malathion, our previous study showed the atmospheric concentration 

of malathion ranged from 0.6 to 12900 pg/m3 at Abbotsford and ranged from 0.7 to 69.9 

pg/m3 at Bratt’s Lake in 2005 [75].  As explained before, this is related to the different 
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crop patterns in these two regions [75, 138].  A study reported the mean atmospheric 

concentration of malathion at Abbotsford (weekly sample) was 2510 pg/m3 in July 

22-August 19 2003 and during April 28-June 1 2004 was 103 pg/m3 (ranged from 

<MDL-362 pg/m3) [6, 19].  This study also found the atmospheric concentration of 

malathion increased to n.d.-3150 pg/m3 during May 4-30 2005 with a mean of 950 pg/m3 

[19].  Malathion was not detected at Bratt’s Lake in 2004 and 2005 in this study [19].  

Vineland is another site for high gas phase concentration of malathion in Canada [19].  

Through June 2-August 5 2005, the highest atmospheric concentration for malathion was 

6840 pg/m3 in Vineland [19].  Samples collected at St. Damase through May to 

September 2004 found that malathion was below the detection limit, but maximum 

concentrations of diazinon reached 1171 pg/m3 [67]. 

 

2.5 Pesticide sales of selected pesticides in Canada, British Columbia and 

Washington State 

Total pesticide sales in Canada in 2012 was 92,917,691 kg a.i. (active ingredient) 

and there was a steady increase in overall pesticides sales since 2009 (see Figure 2.2) 

[9-13].  It can be seen from Figure 2.2 that the agricultural sector contributed the largest 

portion of pesticide sales (78.1% of the overall pesticides sales in 2012) and this sector is 

the major contributor to the increase in annual pesticide sales from 2009 to 2013 [9-13].  

Insecticide sales have remained relatively low compared to sales of herbicides since 2009 

[9-13].  During 2012, insecticides accounted for 5.1% of all pesticides sold in Canada 
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Figure 2.2. Quantity of pesticides sold in Canada by sector between 2009-2013. Adapted 

from [9-13]. 
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[9].  Chlorpyrifos was the only targeted pesticide selected for my studies in the top 10 

insecticides sold in Canada (>100,000 kg a.i.) in both 2011 and 2012 (see Table 2.5) [9, 

10].  Over 50000 kg a.i. of malathion and diazinon were sold in Canada in 2012, while < 

50000 kg a.i. of PCNB and endosulfan were sold in Canada in 2012 (see Table 2.5) [9].   

Table 2.6 shows the phase out plans or bans of endosulfan, diazinon, quintozene and 

γ-HCH in Canada.  Quintozene and γ-HCH were already banned in Canada years ago.  

Most uses of quintozene were cancelled in 2009 except uses on ornamentals (bulb dip) 

and cole crops [85-87].  All remaining lindane uses were terminated as of December 31 

2004 in Canada [78].  Endosulfan and diazinon are being phased out in Canada. 

Endosulfan is primarily used in the agricultural sector, while diazinon is used for both 

insect control in domestic and agricultural applications [124, 139].  In Canada, the first 

phase out measures for endosulfan were introduced in December 31, 2010, however use 

of endosulfan on apples, grapes, and pears was not phased out until December 31, 2012, 

while phase-out on stone fruits does not take place until December 31 2016 [124].  

Similar measures for phase-out of endosulfan were introduced in the United States 

starting in July 2010 with phase out by July 31, 2012 on stone fruits; by July 31, 2013 for 

pears; by July 31, 2015 on apples; and last phase-out measures by July 31, 2016 [125].  

Phase-out measures for agricultural uses of diazinon did not start until December 31, 

2013 in Canada and will be completed by December 31, 2016 [139].  In the United 

States phase out of diazinon for indoor uses occurred in March 2001 and lawn, garden, 

and turf uses were terminated by December 2003, but diazinon and other OPs are still  
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Table 2.5. Ranking of selected pesticides (active ingredients) sold in Canada in 

2009-2013.  Target pesticides listed within category by decreasing usage.  Adapted 

from [9-13]. 

Category (kg) 2009 2010 2011 2012 2013 

>1000000      

>500000     Chlorpyrifos 

>100000 Chlorpyrifos 

Quintozene 

Chlorpyrifos Chlorpyrifos Chlorpyrifos  

>50000 Endosulfan Malathion 

Diazinon 

Quintozene 

Malathion 

Diazinon 

Malathion 

Diazinon 

Malathion 

Diazinon 

<50000 Diazinon 

Malthion 

Endosulfan Endosulfan 

Quintozene 

Quintozene 

Endosulfan 

Endosulfan 

Quintozene 
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Table 2.6. Phase out/banned dates for selected pesticides in Canada.  Adapted from [78, 

85-87, 124, 139] 

Last date of use Measures 
Endosulfan 
December 31, 2016 Use of endosulfan products is not permitted after this date. 
December 31, 2016 Last date of application on: apricot, celery, cherry, cucumber, 

eggplant, lettuce, melon, ornamentals (outdoors and greenhouse), 
peach, pepper, plum, potato, pumpkin, squash, strawberry, sugar beet, 
and tomato. 

December 31, 2015 Sales of products by others was not permitted.  
December 31, 2014 Production and sale ceased by registrants. 
December 31, 2012 Last date of use on: apple, bean (dry), broccoli, brussel sprouts, 

cabbage, cauliflower, corn (sweet), grape, pea (dry), pear, rutabaga, 
tomato (greenhouse), turnip, bait station outside food processing 
plants. 

Mid 2012 Thionex 50WP had been exhausted through sale and use and been 
replaced by Thionex 50WP-WSP on the market. 

December 31, 2010 All product formulations: alfalfa, clover, field corn, spinach, succulent 
peas, succulent beans, and sunflower. 
WP product formulation: above crops and field tomatoes, dry beans, 
dry peas, sweet corn. 

Diazinon 
December 31, 2016 Last date of application on: apple, blackberry, cherry, carrot, 

cranberry, Christmas tree, currant, gooseberry, loganberry, onion, 
parsnip, pear, radish, raspberry, rutabaga, strawberry, tobacco, turnip. 

December 31, 2013 Last date of application on: apricot, peach, plum and prune. 
Quintozene (PCNB) 
April 26, 2015 All end use products containing quintozene can not be used after this 

date. 
2009 Most uses of quintozene were cancelled exception on ornamentals 

(bulb dip) and cole crops. 
γ-HCH 
December 31, 2004 Final date for cancellation of all remaining lindane uses. 
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permitted for agricultural uses [132].  Chlorpyrifos and malathion remain current-use 

OPs insecticides in Canada. 

Provincial pesticide sales in 2003 and 2010 for some targeted pesticides are shown 

in Table 2.7.  Phase out plans of endosulfan in Canada were started from the end of 2010 

[124].  Sales of endosulfan in British Columbia in 2010 were less than half of the sales 

in 2003 [136, 137].  Quantities of active ingredient (kg) sold by region of British 

Columbia in 2003, 2010, 2011 for some targeted pesticides are shown in Table 2.8.  The 

southern interior includes the Okanagan Valley and the lower mainland region includes 

the Lower Fraser Valley.  For pesticides in my study that are not listed in these tables 

there were no available data.  In 2011, sales of chlorpyrifos in Okanagan Valley were 

only 125 kg a.i. [140].  Table 2.9 shows the sales of pesticides in selected counties in 

Washington State.  It can be seen from this table that the amounts of chlorpyrifos sold in 

Okanogan county (Washington) in 2010 and 2011 were above 16000 kg which were 

much higher than that sold in the Southern Interior in 2010 (294.1 kg) [127, 136].  On 

the other hand, the amounts of diazinon sold in the Southern Interior in 2010 were nearly 

seven times that of those in Okanogan county in 2010 [127, 136].  Sales of quintozene 

in British Columbia were mainly in Lower Mainland and Vancouver Island at 9869.6 kg 

in 2010 while sales of quintozene in the Southern Interior were just 3.0 kg in 2010 (see 

Table 2.8) [136].  Agricultural sales of quintozene in Okanogan County and two 

adjacent counties were also low (< 4.0 kg) in 2011 and 2012 with sales of quintozene in 

Okanogan County was 0.5 kg in 2011 and 1.6 kg in 2012 [127]. 
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Table 2.7. Quantity of active ingredients (kg) of interest sold in British Columbia in 2003 

and 2010. Adapted from [136, 137]. 

Active ingredient Quantity sold in 

2010 

Quantity sold in 2003 % Of change since 

2003 

Chlorpyrifos 4325 4561 -7 

Diazinon 28518 27074 +5 

Endosulfan 2101 4729 -56 

Malathion 5311 4658 +14 

PCNB 9873 8848 +12 

 

Table 2.8. Quantity of active ingredient (kg) sold by region of British Columbia in 2003, 

2010, 2011. Adapted from [136, 137, 140]. 

Region Year Chlorpyrifos Diazinon Endosulfan Malathion PCNB 

Lower Mainland and 

Vancouver Island* 

2003 3928.8 16831.2 1504.0 3412.1 5426.5 

2010 3941.3 21578.1 710.5 4443.3 9869.5 

Southern Interior** 2003 280.4 9973.3 3195.1 965.2 3422 

2010 294.1 6937.2 1390.5 776.0 3.0 

Southern Okanagan 

Valley*** 
2011 125 7976 1366 3628 - 

*Lower Mainland and Vancouver Island Region includes Lower Fraser Valley Agricultural Region 

** Southern Interior includes Okanagan Valley 

*** Southern Okanagan Valley includes sales in Vernon, Winfield, Kelowna, Penticton, Oliver and Keremeos. 
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Table 2.9. Sales of pesticides (kg) in selected counties in Washington State.  Adapted 

from [127]. 

County Year Endosulfan PCNB Chlorpyrifos Diazinon Malathion  

Okanogan 2008 

2009 

2010 

2011 

2012 

3782.1 

2664.6 

1912.4 

1509.3 

1704.3 

1.4 

3.2 

1.9 

0.5 

1.6 

16983.1 

16318.2 

17637.9 

16018.9 

12735.3 

1706.3 

1189.0 

1109.1 

846.9 

170.1 

892.6 

543.6 

489.0 

670.4 

1492.2 

Chelan 2008 

2009 

2010 

2011 

2012 

5759.8 

3696.1 

3372.6 

2251.9 

3014.3 

0.4 

0.6 

0.3 

- 

0.7 

11783.1 

9497.1 

10234.5 

10054.8 

7361.4 

927.0 

648.5 

475.7 

410.6 

202.5 

1249.7 

714.3 

460.0 

611.3 

1811.0 

Douglas 2008 

2009 

2010 

2011 

2012 

1500.7 

869.1 

2741.4 

2037.7 

750.9 

245.5 

201.9 

29.3 

3.7 

1.8 

6985.3 

3950.1 

6265.3 

5031.4 

2975.1 

608.3 

594.1 

245.8 

111.8 

276.6 

683.6 

359.8 

510.2 

52.0 

582.2 
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3. Experimental 

This chapter describes the materials and instrumentation used in this study. It also 

includes the experimental procedures for sample collection and analysis. 

 

3.1 Materials 

Hexane, acetone, ethyl acetate, 2-propanol and methanol were pesticide-grade and 

were obtained from Fisher Scientific (Fair Lawn, New Jersey).  Pesticide standards were 

purchased from Chem Service Inc. (West Chester, Pennsylvania) as solids, liquids, or 

solutions including chlorpyrifos (>98%), diazinon (>98%), α-endosulfan (100 ug/mL in 

hexane), β-endosulfan (>98%), endosulfan sulfate (100 µg/mL in acetonitrile), γ-HCH 

(>98%), malathion (>98%), and PCNB (1000 µg/mL in isooctane).  The deuterated 

internal standard was α-endosulfan-d4 (97%), and the surrogate standard was 

β-endosulfan-d4 (97%) or diazinon-d10 (98%) were purchased as solids from Cambridge 

Isotope Laboratories, Inc.  Additional deuterated standard 13C6-hexachlorobenzene 

(13C6-HCB, 100 µg/mL in nonane) supplied by Cambridge Isotope Laboratories Inc. was 

used as a dilution standard as required.  Stock solutions were prepared by weighing ∼1-3 

mg of solid or liquid to the nearest µg and then dissolving in 1 mL hexane such that 

standard stock solutions were of concentration between ∼1-3 mg/mL.  Subsequent stock 

solutions were then prepared at 100 µg/mL in hexane.  For calibration curves diluted 

stock solutions in hexane of pesticides, the degradation product, or isotopically labeled 

pesticides were then prepared at 1.0 µg/mL except for 13C6-HCB and β-endosulfan-d4 
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which were at 10 µg/mL.  All stock solutions were stored at -4 ºC.  The standards for 

GC-MS analysis were prepared from 1 to 80 pg/µL for each compound in 80/20 v/v% 

hexane/2-proponaol.  The GC standards also contained β-endosulfan-d4 (for sample 

collected in 2012) from 10 to 300 pg/µL and diazinon-d10 (for sample collected in 2011) 

from 1 to 80 pg/µL for determination of recoveries and 13C6-HCB from 10 to 200 pg/µL 

were prepared for determining volumes of diluted samples for all samples.  Mass of the 

dried extract after the SPE step (∼1 mL) was determined by gravimetric analysis and used 

to check volumes as compared to the dilution standard.  The internal standard (IS) for 

GC-NCI-SIM analysis was α-endosulfan-d4 (200 pg/µL). 

Glass fibre filters (10.16 cm) and PUF plugs (2.54 and 5.08 lengths) were obtained 

from Tisch Environmental Inc. (Village of Cleves, Ohio, United States).  Sorbents were 

Amberlite XAD-2 and XAD-4 purchased from Supelco (Oakville, Ontario, Canada) and 

Tenax○R  TA was purchased from Mandel Scientific Co. Inc. (Guelph, Ontario, Canada).  

The filters used to load the sorbents were Whatman glass microfiber filters (diam.3.0 cm, 

thickness 435 µm, Grade 934-AH, CAT No. 1827-030, GE Healthcare UK Limited). 

 

3.2 Sampling site description and collection of atmospheric samples 

The sampling site is located in the southern Okanagan valley in Osoyoos, British 

Columbia (49º 0' 0.86'' N, 119º 27' 44.099'' W) at the Osoyoos Canada border security 

services station (see Figure 3.1).  The Okanagan valley is in an intensive agricultural 

area with vineyards and orchards for tree fruit crops including apples, apricots, cherries,  
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Figure 3.1 Agriculture zones in British Columbia and location of the Osoyoos sampling 

site. Adapted from [137]. 
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peaches, pears, plums, and prunes [122, 137].  At the start of this study this site was 

located adjacent to the British Columbia Ministry of Environment Air Monitoring Station 

at the Osoyoos Customs station.  This British Columbia Ministry of Environment station 

was closed in 2013.  However, the sampler remains at the same location (moved < 5 feet) 

adjacent to the customs grounds offices portable buildings allowing for continued site 

access and power in collaboration with Canada Border Services Agency of the 

Government of Canada. 

High-volume particle/vapour air samplers (see Figure 3.2) purchased from Tisch 

Environment were used for continuous sampling of air at the Osoyoos, British Columbia 

sampling site with a typical air volume of ~350-370 m3 per day.  The magnehelic gauge 

reading is calibrated monthly are converted to an air flow rate.  The sample duration was 

determined from the difference of the start and the end counter times.  The air volume 

for each sampling period can be determined by multiplying the sampling time in hours by 

the calibrated air flow rate (m3/h).  In 2011 the sample duration ranged from 0.4 days to 

9.9 days; in 2012 the sample duration ranged from 0.84 days to 21.81 days.  The 

majority of sampling events have a duration of 7 days.  The data presented in this thesis 

includes both the 2011 and 2012 sampling periods that were for 2011 from April 29 to 

November 2 and for 2012 from February 21 to September 7.  The sampling module was 

equipped with a PM2.5 (particulate matter ≤ 2.5 microns) cyclone (see Figure 3.3). 

The sampling module contained a glass fibre filter (for particle phase fraction) and a 

glass cartridge with a PUF/sorbent combination (for gas phase fraction).  Through 2011  
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Figure 3.2. Outside view of a high-volume particle/vapour air sampler with standard 

sampling module. Taken from [141]. 

 

Figure 3.3. The sampling module with PM2.5 cyclone attachment. Taken from [141]. 
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to 2012, the sorbent used was a mixture of 10 g of XAD-2/XAD-4/Tenax®-TA (∼ 

40%/40%/20%).  The sorbent and PUF were held in a glass cartridge with a metal 

screen at the bottom.  The sorbent was sandwiched between a 5.08 cm length PUF on 

the bottom and a 2.54 cm length PUF on the top as shown in Figure 3.4.  In order to 

make assembling and disassembling of the PUF/sorbent combination from the glass 

cartridge easier, a Labx cleanroom filter (10 cm, Berkshire, Great Barrington, 

Massachusetts) was used to hold the sorbent and to separate the sorbent from the PUF 

(Labx filter reshaped into a paper cup of dimensions of glass holder to hold sorbent).  A 

PM2.5 Cyclone (see Figure 3.3) was attached to the sampling module such that particles 

collected on the glass fiber filter are <2.5 microns in diameter. 
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Figure 3.4. Schematic diagram of the inside of the high volume PUF air sampler 

sampling module (A: glass fibre filter; (glass cartridge containing: B: PUF; C: sorbent; D: 

10 cm Labx filter reshaped into a paper cup of dimensions of glass holder to hold 

sorbent)). 
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3.3 Sample extraction and cleanup 

The target pesticides were analyzed for the gas phase.  In addition, six 

particle-phase samples collected during 2012 with high gas atmospheric concentrations of 

α-endosulfan (> 795 pg/m3) were also chosen to be extracted.  For gas phase extraction, 

the PUF/sorbents were removed from the glass cartridge and transferred into a 100 mL 

extraction cell after sampling.  The extraction cell was put into a PLE system (Dionex 

ASE 300 (accelerated solvent extraction)) for extraction and ethyl acetate was used as the 

extraction solvent.  The extraction pressure was 1600 psi and temperature was 100 ºC.  

The extraction cell was filled with ethyl acetate and held at this constant temperature and 

pressure for 30 min (static time) followed by a 60% flush volume and then this was 

repeated with a second static cycle.  The solvent at the end of the 2nd static cycle was 

removed from the cell into a collection bottle by purging the cell with nitrogen for 5 

minutes (purge time).  The volume of extract in the collection bottles was ~1.5 times the 

extraction cell volume of 100 mL.  For particle phase extraction, after gravimetric 

analysis of the filters (for determination of particulate atmospheric concentrations), the 

glass fibre filters were removed from petri dishes and transferred into a 34 mL extraction 

cell.  The extraction cell was put into the PLE system (Dionex ASE 300) for extraction 

and ethyl acetate was used as the extraction solvent.  The extraction pressure was 1600 

psi and temperature was 100 ºC.  The extraction cell was filled with ethyl acetate and 

held at this constant temperature and pressure for 30 min (static time) followed by a 60% 

flush volume and then this was repeated with another three static cycles.  The solvent at 
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the end of the fourth static cycle was removed from the cell into a collection bottle by 

purging the cell with nitrogen for 100 s (purge time).  The total volume of extract in the 

collection bottles was ~95 mL.  The number of extraction steps was increased to 4 

cycles for particle phase samples from 2 for sorbents used for gas phase analysis to 

ensure adequate contact time of solvent with particles on filters based on a new method 

for neonicotinoid insecticides in our research group [142].  All collection bottles 

containing the extracted pesticides in ethyl acetate were stored in a fridge prior to drying.  

To concentrate the pesticides in the extraction solvent (ethyl acetate) the solvent volume 

was reduced to 3-5 mL using a slight vacuum of ~1.5 inches Hg in the Supelco Visiprep 

solid phase extraction apparatus.  The solvent from the collection bottles was then 

transferred to a 15 mL amber vial and dried to near dryness using the Supelco Visiprep 

SPE apparatus at a rate of 0.5 mL/h.  For gas phase samples, the dried extract was 

re-dissolved in 1 mL of 2-propanol: acetone: acetonitrile (v:v:v% = 8:60:32); for particle 

phase samples, the dried extract was re-dissolved in 1 mL of methanol.  Samples were 

stored at -4 °C prior to SPE clean-up. 

C18 (1000 mg/6 mL Canadian Life Science) SPE tube was used to clean the extract 

prior to GC-MS analysis.  Figure 3.5 shows the steps for the SPE.  The C18 SPE tubes 

were conditioned with 5 mL of ethyl acetate followed by 5 mL of methanol.  A 50 µL 

gas phase extract sample or 250 µL particle phase extract sample was loaded onto the 

pre-conditioned SPE tubes (C18) followed by 80 µL diazinon-d10 at 1.0 µg/mL (for 

samples collected during 2011) or 50 µL β-endosulfan-d4 at 10 µg/mL (for samples  
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Figure 3.5 The steps for the solid phase extraction. 
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collected during 2012) for determination of recovery and methanol such that the total 

volume was 900 mL.  The eluted solvent was collected into fraction F0 and no 

pesticides of interest were detected.  The target pesticides were eluted into a F1 fraction 

with 5 mL of ethyl acetate.  The F1 fraction was dried to ~ 0.25 mL using the Supelco 

Visiprep SPE apparatus at the rate of 0.5 mL/h.  A volume of 50 µL of 2-propanol was 

added as a keeper into the F1 fraction when the volume of the dried extract reached ~ 

0.25 mL and this fraction was further dried to ~50 µL.  After these steps, 10 µL of 10.0 

µg/mL of volume check standard (13C6-HCB) and 940 µL hexane were added.  Sample 

vials were also weighed such that the volume of extract could be determined and this was 

used as verification of volume of the extract as determined with 13C6-HCB.  All sample 

extracts were stored at 4 ºC prior to analysis.  Typically, a sample was prepared for the 

GC-MS analysis by diluting 30 or 60 µL of sample extract with 20 µL of IS 

(α-endosulfan-d4 (1.0 µg/mL)), 20 µL of 2-propanol, and hexane such that total volume 

was 1.0 mL. 

The recoveries as determined from diazinon-d10 for samples collected at Osoyoos 

during 2011 ranged from 77.9% to 121.0%.  The average recovery was 99.7% ± 11.2%.  

The recoveries as determined from β-endosulfan-d4 for gas phase extract samples 

collected at Osoyoos during 2012 ranged 87.1% from to 118.6%.  The average recovery 

was 100.0 ± 7.8%.  The recoveries of six selected particle phase extract samples ranged 

from 96.8% to 115.8%; the average recovery was 106.2 ± 7.7%. 

  



 70 

3.4 Instrumental analysis 

3.4.1 Description of instrument 

The instrument was a GC-tandem MS with an Agilent HP6890GC coupled to a 

tandem quadrupole mass spectrometer (GC Quattro micro) from Waters-Micromass 

(Milford, Massachusetts, United States).  The mass spectrometer had both NCI and EI 

capability and was used in NCI-SIM mode for analysis of target pesticides.  For NCI, 

the ion source temperature was 120 ºC and the GC interface temperature was 260 ºC.  

Methane was used as reagent gas (60% total flow at 3.51×10-5 torr for source penning).  

The electron energy was 70 eV and emission current was 500 µA.  The electron 

multiplier voltage was set to 650 V.  A GC split/splitless inlet in splitless mode was used 

with a GC liner with a carbofrit insert (4 mm id. 6.5×78.5 mm Restek. Chromatographic, 

Specialties Inc. Brockville. Ontario Canada).  The injector temperature was 225 ºC.  

An auto-sampler (Combi PAL, Analytics Leap Technologies, Carrboro, North Carolina) 

with a 10 µL syringe was used for injections of 1 µL.  The analytical column was DB-5 

MS + DG, 30 m × 0.25 mm, and 0.25 µm stationary phase thickness (J&W Scientific, 

Folsom, California).  The maximum temperature for the column was 325 ºC and the 

carrier gas was helium at a flow rate of 1.00 mL/min.  The initial oven temperature was 

hold at 50 ºC for 1 min and raised subsequently to 175 ºC at 15 ºC/min with hold time at 

175 ºC for 3 min, 175-207 ºC at 10.00 ºC/min with hold time at 3.50 min, 207-300 ºC at 

40 ºC/min with hold time at 1.14 min.  The total run time was 22.5 min.  This 

temperature program was used for all samples collected in 2011 and most of the samples 
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collected in 2012.  The separation method was based on a prior method for the 

separation of a larger range of OCs and OPs pesticides [74].  This GC-MS method was 

further optimized for target pesticides and deuterated standards selected for this study that 

were not commercially available for prior studies. 

 

3.4.2 Mass spectrometry 

Individual standards were injected into the GC-MS with NCI scan mode in order to 

confirm the retention times of the compounds of interest.  The most abundant ion was 

chosen for quantitative analysis, while the second most abundant ion was selected for 

confirmation.  Two ions for each compound were selected for SIM analysis in NCI 

mode.  Table 3.1 shows that there is no co-elution of ions with the same m/z (mass to 

charge) ratio. 
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Table 3.1. The GC-MS retention time (RT) and selected ions for MS detection in SIM 

mode. 

Pesticides RT (min) MW NCI-SIM (m/z) 

(Quantitative Ion, Confirmation Ion) 

PCNB  13.20 295 265, 249 

γ-HCH 13.35 288 71, 73 

Diazinon 13.70 304 169, 171 

Malathion 16.13 330 157, 172 

Chlorpyrifos 16.23 350 313, 315 

α-Endosulfan-d4 (IS) 18.78 408 416 

α-Endosulfan  18.87 404 406, 404 

β-Endosulfan-d4 20.37 408 418 

β-Endosulfan 20.42 404 406, 404 

Endosulfan sulfate 21.01 420 386, 352 
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4. Results and discussion 

This chapter presents the optimized GC-MS method and the detection limits for 

selected pesticides.  The occurrence of pesticides in the gas phase, seasonal trends of 

atmospheric gas phase concentrations of target pesticides, and temperature dependence of 

atmospheric concentrations of selected pesticides are discussed.  Also included is a 

discussion of the potential for regional and long-range atmospheric transport of target 

pesticides in the Okanagan Valley. 

 

4.1 Optimization of GC-MS method 

The GC temperature program was selected to provide adequate separation of all 

pesticides and one degradation product with similar m/z as shown in Table 3.1.  The 

prior GC-NCI-SIM method developed in our group by Patricia Hall for OCs and OPs 

used a temperature program that started at 100 ºC and ended at 280 ºC with a longer total 

analysis time of 28 minutes [74].  Her method had a longer pesticide target list and did 

not contain α or β-endosulfan-d4 which were not commercially available at that time.  

My optimized temperature program gave good chromatographic resolution of targeted 

pesticides with total analysis time of 22.5 minutes.  Both methods used a non-polar 

stationary phase of similar dimensions.  My method utilized a DB-5 MS + DG, 30 m × 

0.25 mm, and 0.25 µm stationary phase thickness (J&W Scientific, Folsom, California), 

which provided additional protection with a 10 m DuraGuard (DG) built-in guard column 

to the inert low-bleed DB-5MS stationary phase.  Our prior methods typical used a 5-10 
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m guard column that was manually connected to a DB-5MS column with a union.  The 

new columns allow for a continuous piece of fused silica thus not requiring a union piece 

between the guard and analytical column, which can be a source of leaks or potential 

location of higher reactivity that can lead to peak distortions over time.  For the last few 

analyses of the samples collected in 2012, we changed the aging column to the same type 

of column (DB-5 MS) but without a built-in guard column.  The temperature ramps had 

to be adjusted to provide adequate resolution of the deuterated endosulfan from non 

deuterated endosulfan and required a total analysis time of 30.0 min. 

NCI instrument conditions were optimized for signal intensity of both the target OPs 

and OCs with special attention to obtaining the best sensitivity for endosulfan sulfate 

(MDL ≤ 2.0 pg/µL) while still maintaining adequate chromatographic resolution of 

α-endosulfan and β-endosulfan and when possible the deuterated isomers of endosulfan 

(see Figure 4.1 and Figure 4.2).  For example, the retention times of α-endosulfan (m/z 

selected were 404, 406) and α-endosulfan-d4 (m/z selected was 416) were 18.87 min and 

18.78 min, respectively.  The separation of these two compounds was just acceptable 

and over time typically diminishes.  Testing of shallower temperature ramp steps did not 

result in improvement of resolution between deuterated and non-deuterated forms of 

endosulfan and typically resulted in reduction in sensitivity as retention times increased.  

It was desired to have a low detection limit for endosulfan sulfate as most atmospheric 

samples have lower concentrations of endosulfan sulfate as compared to endosulfan.  

For this reason, the time gap between the separation of α-endosulfan and α-endosulfan-d4 
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was not extended.  Complete chromatographic resolution was not required since the 

mass spectrometer could distinguish between α-endosulfan and α-endosulfan-d4
 when the 

m/z of 416 was used for α-endosulfan-d4.  This was further tested by individual 

injections of each standard that showed that α-endosulfan could not produce a signal at 

m/z=416 at concentrations < 100 µg/mL. 
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Figure 4.1. NCI-SIM chromatograms of quantitative ions for target pesticides and 

internal standard. Column: DB-5 MS + DG, 30 m × 0.25 mm, and 0.25 µm stationary 

phase thickness, (J&W Scientific, Folsom, California); carrier gas: helium 1.0 mL/min; 

injection volume 1.0 µL; standard at 50 pg/µL and IS (α-endosulfan-d4) at 200 pg/µL; 

target pesticides include (PCNB, m/z= 265; γ-HCH, m/z= 71; diazinon, m/z= 169; 

malathion, m/z= 157; chlorpyrifos, m/z= 313; α-endosulfan-d4, m/z= 416; α-endosulfan 

and β-endosulfan, m/z= 406; β-endosulfan-d4, m/z= 418; endosulfan sulfate, m/z= 386). 
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Figure 4.2. NCI-SIM chromatograms of confirmation ions for target pesticides and 

internal standard. Column: DB-5 MS + DG, 30 m × 0.25 mm, and 0.25 µm stationary 

phase thickness, (J&W Scientific, Folsom, CA); carrier gas: helium 1.0 mL/min; 

injection volume 1.0 µL; standard at 50 pg/µL and IS (α-endosulfan-d4) at 200 pg/µL; 

target pesticides include (PCNB, m/z= 249; γ-HCH, m/z= 73; diazinon, m/z= 171; 

malathion, m/z= 172; chlorpyrifos, m/z= 315; α-endosulfan-d4, m/z= 416; α-endosulfan 

and β-endosulfan, m/z= 404; β-endosulfan-d4, m/z= 418; endosulfan sulfate, m/z= 352). 
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4.2 Method detection limit 

MDLs were determined from the calibration curve based on the minimum 

concentration for both the quantitative and confirmation ion that showed a relative 

standard deviation (RSD)＜25% from the best fit line.  Table 4.1 shows that the MDLs 

were 1.00 pg/µL for the quantitative ion and 1.00-2.00 pg/µL for confirmation ion for 

α-endosulfan and β-endosulfan.  For endosulfan sulfate the detection limit was 2.00 

pg/µL.  The prior GC-MS method developed in our group by Patricia Hall had MDLs of 

5.0 pg/µL, 7.5 pg/µL, and 7.5 pg/µL for α-endosulfan, β-endosulfan, and endosulfan 

sulfate, respectively [74].  The MDLs of other pesticides selected in this study were 

lower or comparable to the prior method.  The lower detection limits particularly for 

endosulfan and endosulfan sulfate were attributed to the shorter retention times.  

Previous work showed that detection limits for malathion and diazinon when LC-ESI+ 

(positive electrospray ionization)-MS/MS was used were significantly better than when 

GC-NCI-SIM was used (diazinon: 0.10 pg/µg; malathion: 0.25 pg/µL) [90].  However, 

my study involves only GC-MS analysis and diazinon and malathion were included 

although additional confirmation may be needed by other techniques.  GC-MS can 

provide a quicker evaluation as to whether atmospheric concentrations of malathion and 

diazinon are significant enough in the Okanagan Valley to warrant future analysis by 

LC-MS/MS by others in the group.  Appendix II provides the regression lines for all 

compounds.  Good linearity was obtained over the desired calibration range of MDL to 

80 pg/µL. 



 79 

Table 4.1. Method detection limits for selected pesticides. 
 

Analytes  

(quantitative ion m/z) 

MDLs  

(pg/µL) 

Analytes  

(confirmation ion m/z) 

MDLs  

(pg/µL) 

α-endosulfan (406) 1.00 α-endosulfan (404) 1.00 

β-endosulfan (406) 1.00 β-endosulfan (404) 2.00 

Endosulfan sulfate (386) 2.00 Endosulfan sulfate (352) 2.00 

γ-HCH (71) 1.00 γ-HCH (73) 1.00 

PCNB (265) 2.00 PCNB (249) 2.00 

Chlorpyrifos (313) 1.00 Chlorpyrifos (315) 2.00 

Diazinon (169) 2.00 Diazinon (171) 4.00 

Malathion (157) 2.00 Malathion (172) 2.50 
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4.3 Gas phase atmospheric concentrations of target pesticides 

Air samples were collected at Osoyoos in the Okanagan Valley (British Columbia) 

from February 21-September 7 in 2012 and from April 29-November 02 in 2011.  All 7 

active substances and one degradation product were detected in the gas phase during this 

two-year study.  To our knowledge, this is the first time these pesticides have been 

reported in the Okanagan Valley.  For purposes of comparison of gas phase 

concentrations of pesticides in 2011 and 2012 a similar time range was compared (April 

29-September 7, 2011 and April 25-September 7, 2012).  Table 4.2 shows that the mean 

concentrations of each of the pesticides were not statistically different between the two 

years with the exception of β-endosulfan.  A one-tailed t-test showed that the mean 

concentrations of β-endosulfan were greater in 2012 than 2011 (t-value of 2.36, p-value 

0.011, significant at p<0.05).  As shown in Table 4.2 there is a larger variation in 

concentrations of β-endosulfan in 2012 compared to 2011 which can be partially 

attributed to three sampling periods in 2012 during May 23-31 (1.29 × 103 pg/m3), May 

31-June 1 (1.87 × 10 pg/m3) and July 5-18 (2.35 × 103 pg/m3). 

Only α and β-endosulfan were detected in all samples in 2011 and 2012 at Osoyoos 

and atmospheric gas phase concentrations of α-endosulfan > β-endosulfan > endosulfan 

sulfate.  Endosulfan sulfate was detected less frequently than endosulfan with a lower 

detection frequency over the same time period (April 29-Sep 7) in 2012 (77.8 %) than in 

2011 (88.0%).  However, the highest concentration of endosulfan sulfate was detected in 

2012 (6.55 × 102 pg/m3, May 31-June 1) which was almost double the highest  
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concentration detected in 2011 (3.34× 102 pg/m3, August 22-31) at Osoyoos.  For the 

late winter-early spring sampling periods (February 21-April 25, 2012) there were more 

sampling periods in 2012 with concentrations of endosulfan sulfate <MDL (see Table 4.3, 

detection frequency for endosulfan sulfate 63.6 % for all sampling periods over the full 

period of sample collection).  Additional sampling periods in fall 2011 (September 

7-November 2) still showed that endosulfan and endosulfan sulfate could be detected in 

gas phase atmospheric samples.  Comparing the data from August 2001 at an urban site, 

Slocan Park (α-endosulfan: 3.0-39.4 pg/m3; β-endosulfan: 2.3-51.5 pg/m3), and a rural 

(agricultural) site, Langley (α-endosulfan: 3.5-153.8 pg/m3; β-endosulfan: 12.1-107.3 

pg/m3), in the Lower Fraser Valley in British Columbia (see Table 2.4) to the highest 

atmospheric concentrations of α and β-endosulfan observed in Osoyoos in 2011 and 2012, 

the gas phase concentrations of endosulfan were much higher at Osoyoos sampling site 

than in Slocan Park and Langley [66].  The measured atmospheric concentration of 

endosulfan in Abbotsford was 12.4-288 pg/m3 for α-endosulfan and n.d. (not 

detected)-38.0 pg/m3 for β-endosulfan in May 2004; and 268-1680 pg/m3 for 

α-endosulfan and 102-290 pg/m3 for β-endosulfan in May 2005, were also much lower 

than the observed atmospheric concentrations for endosulfan in Osoyoos in 2011 and 

2012 [19]. 

The highest gas phase concentration of γ-HCH detected at Osoyoos in 2011 was 

84.1 pg/m3.  The detection frequency of γ-HCH at Osoyoos in 2011 was 9.68% (full 

sample collection period, Table 4.3) and dropped to 0% in 2012.  December 31, 2004 
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was the final date for cancellation of all remaining lindane uses in Canada [78].  In both 

these years only 50 µL of extract was used for clean-up by SPE, and higher detection 

frequency might have been obtained if larger amounts of extracts were used.  However, 

these extracts are also used for other analysis (outside the scope of this project) and thus 

it was decided that further analysis requiring a larger extract volume was not warranted as 

samples did not show any traces of γ-HCH.  The low detection frequency indicates that 

concentrations of γ-HCH had dropped to below MDL (14.4 pg/m3) in 2012, and its 

presence can be largely attributed to global re-volatilization of old usage of γ-HCH or 

technical HCH.  Concentrations of γ-HCH at Langley and Slocan in British Columbia 

(Lower Fraser Valley agricultural region) were reported between 1.3-16.6 and 3.0-18.0 

pg/m3, respectively in 2001 [66].  Our study has a MDL below maximum concentrations 

reported in these studies suggesting concentrations of γ-HCH have continued to decline at 

sites within British Columbia.  Concentrations of γ-HCH at Osoyoos were also lower 

than reported in Abbotsford in 2003 (23.0 pg/m3), 2004 (22.6-143 pg/m3) and 2005 

(26.2-62.2 pg/m3) (see Table 2.4) [6, 19]. 

Most uses of quintozene in Canada were cancelled in 2009, with the exception of 

usage on ornamentals (bulb dip) and cole crops [85-87].  Prior to 2009 quintozene was 

the most-used golf course pesticide in British Columbia, with high usage expected in the 

Okanagan Valley [85-87].  The total quantity of quintozene active ingredient sold in 

British Columbia in 2003 was 8848 kg [137].  The sales of quintozene in Washington 

State between 2011 and 2012 were quite different and most of the sales of quintozene 
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were sold in the southeast and the middle Washington State [127].  In 2011, the top three 

counties of quintozene sales in Washington State included Whitman County (423.8 kg), 

Adams County (157.8 kg) and Spokane County (96.6 kg) [127].  Sales of quintozene in 

Washington State in 2012 were much higher than those in 2011 and higher usage counties 

included Grant County (3350.6 kg), Franklin County (2233.4 kg), Benton County (2049.9 

kg) and Adams County (1946.3 kg) [127].  Table 4.2 shows that over a similar sampling 

period the detection frequency of PCNB at Osoyoos in 2011 was still 76.0 %, but 

declined to 22.2 % in 2012.  The late winter-early spring period of 2012 had more 

sampling periods less than the MDL, while the fall period of 2011 showed more sampling 

periods greater than the MDL (see Table 4.2 and Table 4.3).  The highest gas phase 

concentrations of PCNB detected in 2011 and 2012 were 357 pg/m3 and 112 pg/m3, 

respectively.  The low detection frequency and drop in maximum concentration of 

PCNB indicates that re-emission of old usage from the primary regional source which 

were golf courses in British Columbia is declining.  Agricultural sales of quintozene in 

the Southern Interior (including Okanagan Valley) in 2010 were just 3.0 kg and sales in 

Okanogan County and two adjacent counties were also low from 2010 to 2012 (see Table 

2.8 and Table 2.9) [127, 136].  The detected atmospheric concentration of PCNB at the 

Osoyoos site could also be influenced by long-range atmospheric transport from the 

southeast and the middle of Washington State as the usage of quintozene there was much 

higher than the Okanagan region.  The half-life for PCNB is generally less than 3 weeks 

but can be longer depends on the soil type [8].  With this time frame it would be 
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expected that atmospheric concentrations of PCNB would be significantly reduced within 

a few years of phase-out measures for PCNB. 

Among the selected OPs, malathion gave the highest average and maximum 

atmospheric concentration compared to chlorpyrifos and diazinon (see Table 4.2 and 4.3).  

The highest detection frequency was observed for chlorpyrifos (two years overall 96.2%), 

followed by malathion (overall 67.9%) and last diazinon (overall 64.2 %).  At 

Abbotsford atmospheric concentrations of OPs generally showed that diazinon > 

malathion > chlorpyrifos (see Table 2.4) [19, 75].  At other sites such as in Vineland and 

Bratt’s Lake (see Appendix I Table III) chlorpyifos has a higher maximum concentration 

and greater detection frequency than other OPs [19]. 

Maximum concentrations of malathion over a similar seasonal period were higher in 

2012 (5.44 × 104 pg/m3, July 5-18 2012) and more than double the highest concentration 

observed in 2011 (2.33 × 104 pg/m3, June 28-July 6, 2011), however detection frequency 

of malathion was lower in 2012 (40.9 %) than in 2011 (87.1%).  This may be attributed 

to late winter-early spring period of 2012 having much lower detection frequency for 

malathion (Table 4.3) than for a similar period from April to September (Table 4.2) as 

malathion is not effective when applied at temperatures below 20 ºC [135].  During the 

fall period (September 7-November 2 2011), the measured atmospheric concentrations of 

malathion were just above the MDL.  The highest atmospheric concentrations of 

malathion at Osoyoos in 2011 and 2012 were much higher than the reported highest 

concentration of malathion in other Canadian sites such as in Vineland (2005: 6.84 × 103 



 87 

pg/m3) and Abbotsford (2005: 1.29 × 104 pg/m3) [19, 75]. 

The overall mean gas phase air concentrations of diazinon in 2011 and 2012 were 

not statistically different and the standard deviation and concentration ranges are similar 

(Table 4.2).  A higher detection frequency for diazinon during April 25-September 7 was 

observed in 2012 than in April 29-September 7, 2011.  The maximum gas phase 

atmospheric concentrations of diazinon were 1.29 × 104 pg/m3 (June 10-11, 2012) and 

1.54 × 104 pg/m3 (May 18-25, 2011).  The highest atmospheric concentrations of 

diazinon at Osoyoos in both 2011 and 2012 were much lower than the highest detected in 

Abbotsford in May 2004 (7.82 × 104 pg/m3) [19]; and 2005 (9.89 × 105 pg/m3 and 2.50 × 

104 pg/m3) [19, 75].  For malathion, the maximum concentration at Osoyoos in 2011 and 

2012 were greater than measured in Abbotsford in 2003 (2.51 × 103 pg/m3) [6]; 2004 

(3.63 × 102 pg/m3) [19] and 2005 (3.15× 103 pg/m3 [19]; 1.29 × 104 pg/m3 [75]).  The 

lower atmospheric concentration of diazinon at Osoyoos in 2011 and 2012 may be 

attributed to the phase out plans as well as different crop types in the Okanagan Valley 

and Lower Fraser Valley and potentially a shift to use of malathion as supported by the 

increase in maximum gas phase concentration of malathion in this study.  Additional 

confirmation by LC-MS/MS or GC-EI-SIM is still needed for diazinon and malathion as 

the confirmation ion has lower sensitivity with GC-NCI-SIM than LC-MS/MS.  

However, concentrations of diazinon and malathion observed at Osoyoos indicate 

atmospheric concentrations are higher than chlorpyrifos in general as expected from 

historical and current usage information for Canada [9-13]. 
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Chlorpyrifos was detected in all samples in 2011; and for a similar time period in 

2012 between April 25-September 7 detection frequency dropped to 94.4%.  Sample 

concentrations below MDL were measured at the beginning (February 21-March 14, 

2012) and the end of the sampling period (September 5-7, 2012).  Comparison of Table 

4.2 and Table 4.3 showed that the highest concentrations of chlorpyrifos were observed 

outside of the similar time periods from April 29-September 7 of both years which will be 

further explained in seasonal trends of pesticides in section 4.4 of this thesis.  Although 

detection frequency was lower in 2012, higher concentrations of chlorpyrifos were 

observed in 2012 than 2011 particularly in the winter-early spring period where the 

concentration of chlorpyrfios reached a maximum (2.88 × 103 pg/m3 and 3.84 × 103 

pg/m3 on April 29-May 6 2011, and March 28-April 11 2012, respectively).  Of the 

sampling periods in 2012 between February 21 and April 25 there was one sampling 

period out of four below MDL and one sampling period higher than the maximum 

reported in 2011.  It is likely that the maximum in concentrations of chlorpyrifos prior to 

the end of April was missed in 2011 as sampling in 2011 did not start until April 29.  It 

is proposed that concentrations of chlorpyrifos at Osoyoos are influenced in late 

winter-early spring by dormant or delayed-dormant spraying in Washington State [123].  

Studies found the atmospheric concentration in Abbotsford of chlorpyrifos varies [6, 19, 

90].  For example, during July 22-August 19 2003 (weekly sample) the mean gas phase 

atmospheric concentration of chlorpyrifos was 281 pg/m3 in Abbotsford [6].  Another 

study reported the range of atmospheric concentration in April 28-June 1 2004 and May 
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4-30 2005 was from 119-348 pg/m3 and 359-110 pg/m3
, respectively [19].  Our previous 

study found the atmospheric concentration of chlorpyrifos in 2005 at Abbotsford ranged 

from 3.9-86.7 pg/m3 [90].  All of these prior measurements in British Columbia were 

much lower than concentrations of chlorpyrifos than observed at Osoyoos in 2011 and 

2012.  

Based on historical information on usage of chlorpyrifos in British Columbia, the 

Lower Fraser Valley is expected to have higher usage of chlorpyrifos than the Okanagan 

Valley (Southern Interior) [137] and usage of chlorpyrifos was low in 2011 in the 

southern Okanagan Valley (125 kg a.i.) [140].  It is also expected based on usage (and 

reported atmospheric concentrations) of OPs in British Columbia that diazinon and 

malathion are the preferred OPs used and detected in the atmosphere in this province 

[136, 137, 140].  It can be seen from Table 2.4 that the atmospheric concentrations of 

diazinon and malathion were generally much higher than chlorpyrifos [19, 66, 90].  

Canadian usage of chlorpyrifos remained over 100,000 kg a.i. from 2009-2012 [9-12] but 

usage in the southern Okanagan is expected to be low [138]. 

 
4.4 Seasonal trends of atmospheric gas phase concentrations of target pesticides 

Figures 4.3- 4.5 show the gas phase atmospheric concentrations of α-endosulfan, 

β-endosulfan, and endosulfan sulfate for sampling periods with concentrations > MDL.  

The maximum concentration of α-endosulfan, β-endosulfan, and endosulfan sulfate in 

2012 were 6.22 × 103 pg/m3 (May 31-June 1), 2.53 × 103 pg/m3 (July 5-18), and 6.55 × 

102 pg/m3 (May 31-June 1), respectively with more variable atmospheric concentrations 
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between May 31, 2012 and July 5, 2012.  Higher concentrations of α and β-endosulfan 

were also observed on May 23-31 and June 15-19, 2012.  A small increase in the 

concentration of endosulfan sulfate was also observed for the September 5-7, 2012 

sampling period (2.47 × 102 pg/m3).  In 2011, concentrations of endosulfan and 

endosulfan sulfate were less variable during late May to early July with maximum 

concentrations of α-endosulfan, β-endosulfan, and endosulfan sulfate only reaching 1.96 

× 103 pg/m3 (June 28-July 6), 5.69 × 102 pg/m3 (June 2-7), 9.47 × 10 pg/m3 (June 28-July 

6) respectively.  However, the maximum gas phase atmospheric concentration of α and 

β-endosulfan and endosulfan sulfate in 2011 were all observed on August 22-31 (7.94 × 

103 pg/m3, 1.94 × 103 pg/m3, 3.34 × 102 pg/m3, respectively) which was much later in the 

agricultural season than observed in 2012. 

These sampling periods of high concentrations of endosulfan and endosulfan sulfate 

in 2011 and 2012 are proposed to be episodic events of atmospheric transport with 

concentrations above that expected from re-volatilization of pesticides from surfaces (soil 

or vegetation).  These episodic events were identified by sampling periods with 

concentrations of pesticides above that predicted from re-volatilization from surfaces 

based on the Clausius-Clapeyron equation: 

ln P = -(∆Hv/R)/T+C            (4.4-1) 

where P is partial pressure (Pa), R is the gas constant (R=8.314 J K-1mol-1), T is the 

absolute temperature (K), C is a constant, and ∆Hv is the enthalpy of vaporization 

(kJ/mol).  These Clausius-Clapeyron plots are obtained by plotting lnP (natural 
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Figure 4.3. Detected and predicted gas phase atmospheric concentrations for 

α-endosulfan. Sampling period: April 29-November 2 2011; and February 21-September 

7 2012. Predicted concentrations of α-endosulfan are based on Clausius-Clapeyron 

equation: Ln P=-10371(1/T) + 16.323 where P is the partial pressure of α-endosulfan, T is 

the average temperature (K) for sample duration (Data source: Government of Canada, 

Environment Canada, Climate Services, available at www.climate.weatheroffice.gc.ca; 

hourly temperatures at Osoyoos station).  
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Figure 4.4. Detected and predicted gas phase atmospheric concentrations for 

β-endosulfan. Sampling period: April 29-November 2 2011; and February 21-September 

7 2012. Predicted concentrations of β-endosulfan are based on Clausius-Clapeyron 

equation: Ln P=-9625.5(1/T) + 12.978 where P is the partial pressure of β-endosulfan, T 

is the average temperature (K) for sample duration (Data source: Government of Canada, 

Environment Canada, Climate Services, available at www.climate.weatheroffice.gc.ca; 

hourly temperatures at Osoyoos station).  
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Figure 4.5. Detected and predicted gas phase atmospheric concentrations for endosulfan 

sulfate. Sampling period: April 29-November 2 2011; and February 21-September 7 2012. 

Predicted concentrations of endosulfan sulfate are based on Clausius-Clapeyron equation: 

Ln P=-9013.5(1/T) + 9.249 where P is the partial pressure of endosulfan sulfate, T is the 

average temperature (K) for sample duration (Data source: Government of Canada, 

Environment Canada, Climate Services, available at www.climate.weatheroffice.gc.ca; 

hourly temperatures at Osoyoos station). 

0

50

100

150

200

250

300

350

400

450

500

550

600

650

700

2/21 3/12 4/1 4/21 5/11 5/31 6/20 7/10 7/30 8/19 9/8 9/28 10/18

2011

2012

2011 predicted

2012 predicted

Start date (month/day)

E
nd

os
ul

fa
n 

su
lfa

te
 c

on
ce

nt
ra

tio
n 

(p
g/

m
3 )



 94 

logarithm of partial pressure for each compound) versus 1/T.  The partial pressure of 

each compound during the sampling period is calculated using Ideal Gas Law to convert 

the atmospheric concentrations into partial pressure.  Since the atmospheric 

concentrations of pesticides are expected to increase with a higher temperature, a 

negative slope would be expected for a more volatile pesticide [34].  Linear regression 

data for the six most frequently detected compounds are shown in Table 4.4 (see 

Appendix III for plots of LnP versus 1/T).  Endosulfan and endosulfan sulfate were the 

only compounds that showed a weak linear relationship of lnP with inverse temperature 

(r2=0.27-0.40).  The calculated ∆Hv was calculated by using the equation: 

∆𝐻0 = −𝑠𝑙𝑜𝑝𝑒×𝑅 

where the slope as determined from the ln P versus 1/T plot is equivalent to -(∆Hv/R).  

The calculated ∆Hv values were determined to be 86.2 kJ/mol (r2=0.31), 80.0 kJ/mol 

(r2=0.40) and 74.9 kJ/mol (r2=0.27) for α-endosulfan, β-endosulfan and endosulfan 

sulfate, respectively (Table 4.4).  The literature value of ∆Hv for endosulfan is 80.48 

kJ/mol and for endosulfan sulfate is 86.39 kJ/mol [143, 144].  These literature values are 

comparable to the values shown in Table 4.4 for endosulfans and endosulfan sulfate. 

The obtained regression equation could be used to calculate the predicted 

atmospheric concentrations due to the volatilization during sampling period for each of 

the selected compounds.  The Clausius-Clapeyron equation could be re-arranged into: 

𝑃 = 𝑒[ ;<=>?×
@
A *B] 
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Table 4.4. Linear regression analysis results for Clausius-Claperon plots and enthalpy of 

vaporization for most detected pesticides in the gas phase.	

 Slope  Intercept R2 ∆Hv (kJ/mol) 

α-endosulfan -1.04Ε+04 1.63Ε+01 0.31 8.62Ε+01 

β-endosulfan -9.63Ε+03 1.30Ε+01 0.40 8.00Ε+01 

Endosulfan sulfate -9.01E+03 9.25E+00 0.27 7.49E+01 

Chlorpyrifos 5.00E+03 -3.78E+01 0.05 -4.16E+01 

Diazinon -1.03E+04 1.63E+01 0.12 8.53E+01 

Malathion -1.79E+04 4.19E+01 0.18 1.49E+02 
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where slope and b (intercept) can be taken from Table 4.4.  The predicted atmospheric 

concentration for a specific sampling period can be obtained through the calculated 

partial pressure (P) by using the Ideal Gas Law.  Differences between the predicted 

atmospheric concentrations and the detected atmospheric concentrations of pesticides can 

be attributed to the local application, regional application or long-range atmospheric 

transport.  Excluding these episodic events Figures 4.3- 4.5 show that atmospheric 

concentrations of endosulfan are generally higher during the warmer months. 

The atmospheric concentrations of endosulfan and endosulfan sulfate were much 

higher than the predicted concentrations during late July through August in 2011 and 

through late May to early July in 2012 (see Figures 4.3- 4.5).  These higher 

concentrations can be partially attributed to reported usage of endosulfan in the Okaganan 

Valley.  In British Columbia endosulfan was still recommended for use on tree fruit 

crops including apricots, cherries, peaches, plums, prunes, apples and pears in 2011 [122].  

The last date of usage of endosulfan on some crops such as sweet corn, dry peas, 

sunflower was December 2010, however these phase-out measures did not impact usage 

on fruit trees [122, 124].  In the regional vicinity of the Osoyoos sampling site, 

endosulfan was still permitted for use during 2011 and 2012 in Canada on stone fruits 

including apricots, cherries, peaches, plums, and prunes [122].  The last date of 

permitted usage of endosulfan supplies on these fruits is December 31 2016; and 

endosulfan production and sales ceased by registrants was on December 31 2014 [122, 

124].  Endosulfan is not expected to be used in vineyards in British Columbia, however 
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it was permitted for use on apples, grapes and pears in Canada to December 31 2012 [122, 

124].  Based on the measured atmospheric concentrations of endosulfan remaining high 

in 2011 and 2012 there did not appear to be an impact of phase-out measured during this 

period in the southern Okanagan Valley. 

Table 4.5 provides the blossom and harvest time for the major orchard crops grown in 

the Okanagan Valley which include apples, apricots, cherries, pears, peaches, prunes and 

plums [143].  The harvest times for tree fruits varies from June to October with Osoyoos 

the most southern location in the Canadian Okanagan having the earliest blossom and 

harvest times.  The growing season is from May-August in Osoyoos and coincides with 

periods of higher concentrations of endosulfan in the atmosphere.  Endosulfan is not 

recommended to be used during blossom time or 20 days prior to harvest, however with 

the range of orchard crops usage can be expected throughout April-October [122].  

Atmospheric concentrations did not decline until September (Figures 4.3-4.5).  Typically, 

cherries are harvested prior to peaches and apricots, and apples are harvested last. Given 

that usage of endosulfan typically stops a minimum of 20 days prior to harvest [122] and 

that the maximum concentration of endosulfan occurred during late July and August in 

2011 and late May to early July in 2012 it is expected that endosulfan applications on 

prunes, plums, pears, and apples to be the greatest potential regional sources within the 

Canadian Okanagan.  From the harvest time of apples and pears (August-October), the 

maximum concentration of endosulfan observed during July and August in 2011 was 

influenced mainly by potential contributions from applications on apples and pears.   
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Table 4.5. Blossom and harvest time of some fruits in the southern Okanagan Valley.  

Adapted from [145]. 

Fruits  Blossom time (average) Harvest time (average) 

Apples Late April August-Late October 

Pears Mid April August-September 

Peaches Mid April Mid July-Early August 

Apricots Early April Mid July-Early August 

Cherries Mid April Late June-Late July 

Prunes/Plums Mid April Mid August-Mid September  
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Atmospheric concentrations of endosulfan are also potentially influenced by endosulfan 

usage on apples in Okanogan and surrounding counties in Washington State.  The high 

concentrations through late May to early July in 2012 could also be attributed to usage 

for control of infestation at that time from twig borer, aphids, mites, lygus bugs, stink 

bugs and leafhopper in Osoyoos and surrounding areas [122]. 

The ratio of α-endosulfan/β-endosulfan in technical formulation ranges from ∼2.0 to 

2.3 [1, 4, 6,7, 20 17, 22, 24, 26, 27, 30, 31, 39, 40].  Figure 4.6 shows that during 2011 

and 2012 the ratio of α-endosulfan/β-endosulfan ranged from 0.8 to 7.6 and 0.8 to 4.6, 

respectively.  In general the ratio of α-endosulfan/ β-endosulfan during June to August 

2011 or 2012 was ∼2 to 4.  The episodic events that were identified in Figures 4.3-4.5 

had ratios of α-endosulfan/β-endosulfan ranging from 3 to 4.  A higher ratio is expected 

from greater volatilization of α-endosulfan than β-endosulfan with warmer temperatures 

as β-endosulfan is less volatile than the α-isomer and thus may indicate a more aged 

source of endosulfan into the atmosphere such as that expected from a regional to 

long-range transport event [22, 24].  However high ratios of endosulfan α/β have been 

observed at other high endosulfan usage regions such as at Dalian (China) where in 2008 

the ratio varied from 1.54-18.61 (average: 13.16) [17].  β-endosulfan is also less stable 

in the atmosphere than α-endosulfan and isomerization of β to α-endosulfan is favoured 

by a factor of three compared to the reverse process [7, 22, 24].  Lower ratios of 

α-endosulfan/β-endosulfan in the range 2-2.3 indicate fresh applications and higher ratios 

tend to indicated a weathered signature but can also be influenced by temperature [30,  
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Figure 4.6. Concentration ratio of α/β-endosulfan in April 29-November 2 2011 and 

February 21-September 7 2012.  
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40].  There is also indication that some of the endosulfan is degrading to endosulfan 

sulfate.  Percentages of endosulfan sulfate/α-endosulfan were from 1.9% to 70.1% in 

these two years with an average ratio of 13.8%.  Higher percentages (> 15%) were 

observed from July to September in both years.  For example, the atmospheric 

concentration percentage of endosulfan sulfate/α-endosulfan was 36.8% on July 23, 2011 

(identified as an episodic event) which may be attributed to the high temperature during 

this sampling period (average: 25.6 ºC) that increased the atmospheric concentration of 

endosulfan sulfate by re-volatilization from surfaces (soil or vegetation).  The presence 

of endosulfan sulfate may also indicate a more aged source of endosulfan such as from 

regional atmospheric transport.  For the sampling period with higher concentration of 

endosulfan sulfate during the fall (September 5-7, 2012) the percentage of endosulfan 

sulfate/α-endosulfan was 70.1%. 

Historically British Columbia has been one of the primary usage regions of 

endosulfan in Canada with sales of endosulfan in the Southern Interior region wherethe 

Okanagan Valley is located greater than the Lower Mainland and Vancouver Island 

region where the Lower Fraser Valley is the main agricultural region (see Table 2.8).  

Table 2.8 shows that sales of endosulfan in the southern Okanagan Valley in 2011 were of 

similar magnitude to sales in the entire Southern Interior of British Columbia in 2010, 

which would also include more northerly regions of the Okanagan Valley where 

endosulfan is also expected to be used [136, 140].  In the Okanagan Valley during 2011 

to 2012 endosulfan was recommended for use on apricots, cherries, peaches, prunes and 
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plums and could also be used on apples, pears, and grapes in Canada, although it was not 

recommended for grapes in the Okanagan Valley [122, 124, 146].  Sales information for 

2012 specific to the Okanagan Valley are not available and the first phase out plans for 

endosulfan that were expected to impact endosulfan usage in the Okanagan in orchards 

did not start until December 31, 2012 when usage of endosulfan on apples, pears and 

grapes in Canada were terminated [122, 124, 146].  The category ranking for Canadian 

usage of endosulfan from 2011 to 2013 did not change in these three years (< 50,000 kg 

a.i.) but it moved down in terms of ranking among all the active ingredient (2010-2013: 

ranking 208, 227, 542, 341 respectively) [9-12]. 

Endosulfan is also used in the United States and used on apples the main orchard 

crop in Washington State, but can also be used on apricots, cherries, peaches, prunes and 

plums [123].  Active ingredient sales of endosulfan in the Okanogan county in 

Washington State between 2011 and 2012 were in a similar range to sales in the southern 

Okanagan Valley in 2011 (see Table 2.8 and Table 2.9).  Chelan county has higher usage 

of endosulfan than the Okanogan or Douglas counties, and these counties could also be 

significantly contributing to agricultural inputs into the atmosphere both in Washington 

State and British Columbia.  Endosulfan phase-out plans in the United States began in 

July 2010, but phase-out on stone fruits was not until July 31, 2012, and on the largest 

orchard crop in Washington (apples) was not until July 31, 2015 [125].  In 2012 usage 

of endosulfan in both the Okanogan and Chelan counties increased, suggesting little 

impact of phase-out measures that began July 31, 2012 and may be expected as the major 
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crop is apple in Washington State [123]. 

Figure 4.7 shows that in 2012 there were two time periods of higher concentrations 

of chlorpyrifos with a maximum during March 28-April 11 (3.84 × 103 pg/m3) and May 

31-June 1 (1.74 × 103 pg/m3).  In 2011, higher concentrations were also observed in 

spring (April 29-May 6, 2.88 × 103 pg/m3) with a smaller increase in atmospheric 

concentrations of chlorpyrifos observed in late July.  Chlorpyrifos is used to control 

insects on apples, pears, grapes, cherries, peaches, prunes and plums in Washington [130].  

Washington is among the top six apple-producing states in the United States and apples 

are the leading cash crop in Washington State [130].  Chlorpyrifos is among the leading 

pesticides used to control scale in apples, leaf rollers, and the lygus bug in Washington 

State [130, 147].  Studies have found children of agricultural families in central 

Washington State had higher potential exposures to OPs such as chlorpyrifos because of 

the large spring use of chlorpyrifos in this region [49, 50].  Chlorpyrifos is used in 

United States (particularly Washington State) on tree fruits during dormant or delayed 

dormant application and not recommend for use 14 days before harvest [130, 147].  It is 

proposed that the high concentrations of chlorpyrifos in late March-April period at 

Osoyoos are influenced by dormant or delayed dormant spraying within Washington 

State.  The second peak observed in 2012 may come from the application of 

chlorpyrifos during the late pink (balloon stage) to treat apple dimpling bug in 

Washington State [147].  Table 2.9 shows that sales of chlorpyrifos in Okanogan County 

in 2011 and 2012 were 16018.9 kg a.i. and 12735.3 kg a.i., respectively [127].  The 
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Figure 4.7. Atmospheric concentrations of chlorpyrifos in April 29-November 2 2011 and 

February 21-September 7 2012 at Osoyoos sampling site.  
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adjacent counties, Chelan and Douglas, also had significant usages.  The southern 

Okanagan Valley is a minor usage region with only 125 kg a.i. of chlorpyrifos used in 

2011 [140].  Further sampling outside the scope of this project at Omak, Washington 

state will aid in confirming atmospheric concentrations of chlorpyrifos in the Okanogan 

County as well there is addition sampling sites further north than Osoyoos (Oliver and 

Summerland, British Columbia) to assess potential atmospheric transport of pesticides.  

Unfortunately, no samples in late March-April period were collected at Omak during 

2011-2012, however it is expected that samples collected during late winter 2015-early 

spring 2016 may help to confirm whether dormant or delayed-dormant spraying in 

orchards in the Okanogan County are impacting atmospheric concentrations and the 

extent of atmospheric transport into the Canadian Okanagan Valley.   

Malathion is recommended for use mainly on apples, apricots, cherries and peaches 

and diazinon is mainly used on apples, cherries, and pears in the Okanagan Valley [122, 

123].  The southern Okanagan Valley is one of the most productive places of cherries in 

Canada and there was 5311 kg a.i. of malathion sold in British Columbia in 2010 and 

there was 776 kg a.i. of malathion was sold in the Southern Interior in 2010 [136, 140].  

Malathion is not as heavily used as chlorpyrifos in Washington (see Table 2.9), however 

it is used on a wide variety of crops with its applications on cherries as the main fruit tree 

[122, 123].  The highest atmospheric concentrations of malathion in 2011 and 2012 at 

Osoyoos were observed during June 28-July 6 (2.33 × 104 pg/m3) and July 5-18 (5.44 × 

104 pg/m3) respectively (see Figure 4.8) and within the period of harvest of cherries. 
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Figure 4.8. Atmospheric concentrations of malathion in April 29-November 2 2011 and 

February 21-September 7 2012 at Osoyoos sampling site. 
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The highest peaks in both years for malathion started and ended almost at the same time.  

The main application season of malathion was from late June and early July.  As 

previously reported by our group in the Lower Fraser Valley atmospheric concentrations 

of malathion usually occur later in the season than diazinon as higher ambient 

temperature (≥20 ºC) is required for efficacy of malathion [135].  Malathion can be 

applied up to 3 days prior to harvest and harvest times can extend over a month with 

earlier harvest times in the southern Okanagan and Washington State as compared to the 

northern Okanagan.  Usage of malathion in the Okanagan Valley is estimated to have 

increased in 2011 with 3628 kg sold in 2011 based on commercial product composition 

of malathion 85E which has 85% active ingredient [140].  Sales in 2011 in the 

Okanagan Valley were significantly more than in Okanogan County (see Table 2.8 and 

Table 2.9).  Sales of malathion increased from 2010 to 2012 in the Okanogan County 

and may be related to a shift of selection of OP used as proposed restrictions on diazinon 

are introduced. 

As discussed previously diazinon showed higher maximum and average than 

chlorpyrifos (see Table 4.2 and Table 4.3).  The highest atmospheric concentrations of 

diazinon in 2011 and 2012 at Osoyoos were detected on May 18-25 (1.54 × 104 pg/m3) 

and June 10-11 (1.29 × 104 pg/m3) as shown in Figure 4.9.  The maximum came earlier 

in 2011 compared to 2012.  The higher concentrations of diazinon were predominantly 

from April to July, and the gas phase concentration of diazinon dropped to lower than or 

near the MDL after July in both years.  As expected the maximum in concentrations of 



 108 

 

 

 

 

 

Figure 4.9. Atmospheric concentrations of diazinon in April 29-November 2 2011 and 

February 21-September 7 2012 at Osoyoos sampling site. 
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diazinon occurred earlier in the season than malathion as it is more effective for insect 

control at temperatures < 20 ºC [135].  LC-MS/MS would provide a more accurate 

determination of these low concentrations in late summer and fall, however 

concentrations of diazinon in spring and earlier in the summer were much higher than our 

MDL for both quantitative and confirmation ion by GC-MS.  It may be that with 

expected restrictions on diazinon to take place by December 31, 2012 that growers were 

shifting to malathion usage rather than diazinon in warmer months.  Diazinon usage 

continued to be one of the most widely sold insecticides in the Okanagan Valley with an 

estimated 7976 kg a.i. sold in 2011 and thus sales did not decline from 2010 (see Table 

2.8) [136, 140].  In addition, diazinon usage in Okanogan county was much lower 

(846.9 kg in 2011 and 170.1 kg in 2012) [127] and low in Chelan and Douglas counties 

as well indicating that regional usage in the Canadian Okanagan played a major role in 

atmospheric concentrations of diazinon. 

 

4.5 Impact of air mass transport 

To evaluate the aerial transport of some selected pesticides from potential source 

regions, wind frequency gradient of the mean horizontal wind speed (hourly or daily) in 

16 sectors for sampling periods with higher concentrations of pesticide than predicted 

were plotted in Appendix IV.  In the early spring of 2011 and 2012 when atmospheric 

gas phase concentrations of chlorpyrifos were high at Osoyoos and local usage of 

chlorpyrifos was low (<125 kg in southern Okanagan Valley) [140], air flow was most 
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frequently from a southerly direction (mainly from the south-south east, the south and the 

west-south west) with a wind speed of 0.5-4 m/s (see Appendix IV, Figure III a, b, c, e, f, 

g) thus further supporting our conclusion that usage of chlorpyrifos during dormant and 

delay dormant period on apples in Washington State influenced atmospheric 

concentrations of chlorpyrifos in the Canadian Okanagan Valley. 

Active ingredient sales of endosulfan in Okanogan county in Washington State 

between 2011 and 2012 were in a similar range to sales in the southern Okanagan Valley 

in 2011 and the terrain in this region supports winds predominantly from the north or 

south [127, 140].  The highest atmospheric concentrations of endosulfan were observed 

in summer at the sampling site and during the episodic events where endosulfan 

concentrations were higher than based on ambient temperature during the sampling 

period the winds were from the south-south east, the south, and the south west (see 

Appendix IV, Figure III d, e, h, i, j, k, l, m, n, o, p).  Thus atmospheric concentrations of 

endosulfan at Osoyoos are proposed to be influenced by both usages in Washington State 

as well as regional usage in the southern Okanagan Valley nearby to the sampling site.  

The observed higher ratios of α/β during summer also supported a more aged source as 

expected from regional to long-range trans-boundary atmospheric transport of 

endosulfan. 

 

4.6 Particle phase concentrations of pesticides 

In this study six particle phase atmospheric samples were selected from 2012 based  
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on the atmospheric concentrations of α-endosulfan over 795 pg/m3 to verify that the 

target pesticides and degradation product, endosulfan sulfate, were predominately in the 

gas phase.  Based on the vapour pressure of these pesticides, endosulfan sulfate (1.33 × 

10-6 Pa, 25ºC [4]) is the most likely target analyte to partition into the particle phase.  

The analysis of these particle phase samples showed that all pesticides were below the 

MDL (2.88 pg/m3).  Other Canadian sites also showed low particle phase concentrations 

of these pesticides.  For example, α-endosulfan was detected in both gas (26-1870 pg/m3) 

and particle phase (4-11 pg/m3) at Bay St. François (Québec) in June 2005. The 

concentrations in particle phase were much lower compared to that in the gas phase [1]. 
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5. Conclusions and future work 

There have been few studies on the occurrence of the selected target pesticides in 

Western Canada.  This research project provided the first detection of these pesticides in 

the atmosphere in the Okanagan Valley.  These pesticides had prior usage or were still 

used during the study period of 2011-2012 and two of the insecticides (endosulfan and 

diazinon) are currently in the process of phase-out measures in Canada.  All 7 active 

ingredients of pesticide formulations (chlorpyrifos, diazinon, α-endosulfan, β-endosulfan, 

γ-HCH, malathion, PCNB) and one degradation product (endosulfan sulfate) were 

detected in the gas phase during this two-year study (February 21-September 7, 2012; 

April 29-November 02, 2011).  These pesticides and endosulfan sulfate were not 

detected in particle phase samples (based on analysis of selected samples in 2012 with 

gas phase concentrations of α-endosulfan >795 pg/m3).  This research also provides 

insight into seasonal trends of atmospheric gas phase concentrations of target pesticides, 

and potential for regional and long-range atmospheric transport. 

 

5.1 Conclusions 

The conclusions of method optimization and analysis of atmospheric samples at 

Osoyoos in Okanagan Valley of British Columbia in 2011 and 2012 are summarized in 

the following sections. 
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5.1.1 Method optimization 

A GC-NCI-SIM method was developed in our group by Patricia Hall for a larger 

range of OCs and OPs [28].  In this research the method was further optimized to 

provide similar or lower method detection limits for target pesticides with special 

attention to obtaining the best sensitivity for endosulfan sulfate (MDL was 2.0 pg/µL).  

In addition a new internal standard (α-endosulfan-d4) and surrogate standard 

(β-endosulfan-d4) were used, which required adequate chromatographic resolution to be 

obtained.  The MDLs for the quantitative ion were between 1.00-2.00 pg/µL for all 

target pesticides.  The MDLs for the confirmation ion were between 1.00-2.00 pg/µL 

except for diazinon (4.00 pg/µL) and malathion (2.50 pg/µL).  A MDL of 1.00 pg/µL 

corresponds to gas phase atmospheric concentration of 14.4 pg/m3 and particle phase 

concentration of 2.88 pg/m3. 

 

5.1.2 Pesticide occurrence in the gas phase of target pesticides at Osoyoos 

This study found that the mean concentrations of each of the pesticides were not 

statistically different between the two years over a similar time range (April 

29-September 7, 2011 and April 25-September 7, 2012) with the exception of 

β-endosulfan.  Only α and β-endosulfan were detected in all samples in 2011 and 2012 

at Osoyoos and the gas phase atmospheric concentrations of α-endosulfan > 

β-endosulfan > endosulfan sulfate.  Endosulfan sulfate was detected less frequently than 

endosulfan (87.1% in 2011 and 63.6% in 2012).  For both of the years, endosulfan and 
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endosulfan sulfate showed higher atmospheric concentration in warmer months through 

July to August as expected from re-volatilization from surfaces of soil or vegetation.  

Based on the harvest time of fruits in the Okanagan Valley, usage of endosulfan during 

summer (after blossom time) would be primarily on apples and pears in July and August.  

Based on the measured atmospheric concentrations of endosulfan remaining high in both 

of the years, it did not appear to be an impact of the phase out measures nor did it appear 

that there was voluntary reduction in endosulfan usage in the southern Okanagan Valley.   

Endosulfan and endosulfan sulfate were the only compounds that showed a weak 

linear relationship of lnP with inverse temperature based upon Clausius-Clapeyron 

equation (r2=0.31, 0.40, 0.27 for α-endosulfan, β-endosulfan and endosulfan sulfate 

respectively).  Several sampling periods were identified as having potential for regional 

to long-range atmospheric transport, and winds were generally from the southeast, south 

and the southwest indicating potential source contributions from Washington State in 

addition to the regional usage of endosulfan in the Okanagan Valley.  In 2011, high gas 

phase atmospheric concentrations of α-endosulfan, β-endosulfan and endosulfan sulfate 

were all observed during sampling period of August 22-31 which was much later in the 

agricultural season than observed in 2012.  The higher concentrations of endosulfan and 

endosulfan sulfate events above predicted from ln P versus 1/T relationship occurred 

from late May to early July in 2012.   

The highest gas phase concentration of γ-HCH detected at Osoyoos in 2011 was 84.1 

pg/m3 and the detection frequency of γ-HCH at Osoyoos in 2011 was 9.68% and dropped 
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to 0% in 2012.  December 31, 2004 was the final date for cancellation of all remaining 

lindane uses in Canada [37].  The highest gas phase concentration of PCNB detected in 

2011 and 2012 were 357 pg/m3 and 112 pg/m3, respectively.  The detection frequency of 

PCNB at Osoyoos in 2011 was still 76.0 %, but declined to 22.2 % in 2012 over similar 

sampling period.  Most uses of quintozene in Canada were cancelled in 2009 with the 

exception of usage on ornamentals (bulb dip) and cole crops [33-35].  Sales of 

quintozene in the Southern Interior (including Okanagan Valley) in 2010 was just 3.0 kg 

and sales in the Okanogan County were also low from 2010 to 2012 [58,65].  

Atmospheric concentrations of PCNB at the Osoyoos site could also be influenced by 

long-range atmospheric transport from the southeast and the middle Washington State 

where current (2011 and 2012) agricultural usage of quintozene in the state is the highest. 

Among the selected OPs, malathion showed the highest average and maximum 

atmospheric concentration compared to chlorpyrifos and diazinon.  Maximum 

concentrations of malathion were detected during July 5-18 in 2012 at 5.44 × 104 pg/m3 

and during June 28-July 6 in 2011 at 2.33 × 104 pg/m3.  As previously reported by our 

group in the Lower Fraser Valley atmospheric concentrations of malathion usually occur 

later in the season than diazinon as higher ambient temperature (≥20 ºC) is required for 

efficacy of malathion [82].  Diazinon was reported higher maximum and average 

concentrations than chlorpyrifos.  The highest atmospheric concentrations of diazinon in 

2011 and 2012 at Osoyoos were detected on May 18 (1.54 × 104 pg/m3) and June 10 

(1.29 × 104 pg/m3) respectively.  The higher concentrations of diazinon were 
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predominantly from April to July, and the gas phase concentration of diazinon dropped to 

lower than or near the MDL after July in both years. 

The detection frequency for chlorpyrifos (2011: 100%, 2012: 90.9%) was higher than 

malathion (2011: 87.1%, 2012: 40.9%) or diazinon (2011: 61.3%; 2012: 68.2%).  The 

high atmospheric concentrations of chlorpyrifos were all observed during early spring in 

2011 and 2012.  In 2012 there were two sampling periods of higher concentrations of 

chlorpyrifos than in 2011 with a maximum in March 28-April 11 (3.84 × 103 pg/m3) and 

May 31-June1 (1.74 × 103 pg/m3).  In 2011, higher concentrations were also observed in 

spring (April 29, 2.88 × 103 pg/m3), however sampling in 2011 did not begin until April 

29.  In 2011 a smaller increase in atmospheric concentrations of chlorpyrifos was also 

observed in late July.  Usage of chlorpyifos is low in the southern Okanagan Valley (125 

kg in 2011) and much higher in Okanogan County and two adjacent counties of 

Washington State (see Table Table 2.8 and Table 20.9).  Analysis of wind roses for the 

sampling periods with high concentration during the early spring also confirmed the 

winds were predominately from the southeast, the south and the southwest supporting 

that there was potential contributions of trans-boundary atmospheric transport of 

chlorpryifos from dormant or delayed-dormant spray of chlorpyrifos in Washington on 

apples. 

 

5.2 Future work 

The GC-NCI/SIM method of this study proved to successfully detect and quantify 
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all the selected OPs and OCs.  Diazinon and malathion have higher MDL for the 

confirmation ion and LC-ESI+-MS/MS can provide lower MDLs (diazinon: 0.10 pg/µg; 

malathion: 0.25 pg/µL) [48].  It is recommended that when concentrations of these OPs 

are low such as in late summer and fall that LC-ESI+-MS/MS be used to provide 

additional confirmation.  My research showed significant atmospheric concentrations of 

the OPs.  LC-ESI+-MS/MS could also be used to analyze OP oxons.  Of particularly 

interest would be chlorpyifos oxon, as it may provide more detail of the age of the air 

mass in early spring period when chlorpyrifos concentrations are higher and the source 

region is not expected to be local usage. 

Diazinon and endosulfan are being phased out in Canada and most uses of PCNB 

were phased out in 2009 [33-36, 38].  The first phase out measures for endosulfan were 

introduced in December 31 2010, however the termination of the use of endosulfan on 

stone fruits does not take place until December 31 2016 [36].  Similarly, the phase out 

measures for endosulfan in United States were introduced in July 2010 and the last phase 

out measures occur by July 31 2016 [60].  Phase out measures for agricultural uses of 

diazinon did not start until December 31 2013 and will be completed by December 31 

2016 in Canada [38].  Based on the available information on sales of endosulfan and 

diazinon in the southern Okanagan Valley 2010 and 2011 and the detected atmospheric 

concentration of endosulfan and diazinon at Osoyoos in 2011 and 2012, there was no 

decrease in the usage or atmospheric concentrations in 2011 and 2012, which indicated 

that the phase out measures had little impact in the Okanagan region in these years.  
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Continued air sampling in this agricultural region is needed until the end of the 

agricultural season of 2017 or 2018 to evaluate the influence of the phase out measures in 

southern Okanagan Valley.  Monitoring after termination of usage of endosulfan and 

diazinon are also important to confirm atmospheric concentrations are declining and that 

seasonal patterns are mainly influenced by re-volatilization from surfaces of soil or 

vegetation (high ratio of endosulfan sulfate/endosulfan would also indicate old usage of 

endosulfan).  In addition since endosulfan and diazinon are important insecticides for 

the control of insects in the Okangan Valley it would be important to monitor for shifts in 

atmospheric concentrations of chlorpyrifos and malathion as well as other insecticide 

chemical classes such as the neonicotinoid insecticides. 

Based on my research atmospheric concentrations of chlorpyrifos during early 

spring at Osoyoos were likely influenced by trans-boundary atmospheric transport of 

chlorpyrifos from Washington State.  The wind direction observations over sampling 

periods with higher concentrations of endosulfan than expected from re-volatilization 

would also support a seasonal agricultural input of endosulfan through the atmospheric 

transport from the Washington State.  Further sampling outside the scope of this project 

at Omak, Washington State will aid in confirming atmospheric concentrations of 

chlorpyrifos and endosulfan in the Okanogan County.  Additional sampling at more 

northerly sites in the Okanagan Valley (Oliver and Summerland, British Columbia) may 

also help to assess potential sources of atmospheric transport of pesticides.  It is 

expected that samples collected during late winter 2015-early spring 2016 may help to 
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confirm whether dormant or delayed-dormant spraying in orchards in the Okanogan 

County are impacting atmospheric concentrations and the extent of atmospheric transport 

into the Canadian Okanagan Valley. 
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Appendix I: Air concentrations of selected organochlorine pesticides and 

organophosphorus pesticides around the world 

Table I. Air concentrations of endosulfan and endosulfan sulfate around the world. 

Location Country Time period α-endosulfan β-endosulfan endosulfan 

sulfate 

Ref. 

Bohai and Yellow Seas China May, 2012 5.9-47 0.98-8.1 0.038-0.64 [4] 

National Park of 

Itatiaia 

Brazil May-Jun, 2012 3.7-19 1.0-7.0 1.1-2.5 [30] 

National Park of São 

Joaquim 

Brazil May-Jun, 2012 1.8-4.0 0.6-4.5 0.5-0.8 [30] 

Cape Vincent Lake 

Ontario 

Apr 17-Nov 2, 2011 n.d.-6.61 n.d.-2.87 n.d.-0.24 [33] 

Oswego Lake 

Ontario 

Apr 18-Oct 3, 2011 n.d.-12.95 3.20-6.11 n.d. [33] 

Rochester Lake 

Ontario 

Apr 18-Cot 5, 2011 n.d.-20.97 n.d.-4.87 n.d.-1.13 [33] 

Fort Niagara Lake 

Ontario 

May 12-Oct 2, 2011 2.23-21.73 n.d.-6.53 n.d.-4.22 [33] 

Grimsby buoy Lake 

Ontario 

Jun 6-Oct 25, 2011 8.01-44.63 n.d.-10.60 n.d.-1.75 [33] 

Buffalo Lake Erie Apr 19-Oct 3, 2011 1.54-19.27 n.d. n.d. [33] 

Dunkirk Lake Erie Apr 20-Oct 3, 2011 n.d.-18.84 n.d. n.d.-1.71 [33] 

Fairport Harbour Lake Erie Jun 2-Sep 23, 2011 4.98-30.58 n.d. n.d.-0.37 [33] 

Cleveland Lake Erie Jun 1-Oct 18, 2011 12.18-21.71 3.30-7.36 n.d.-0.65 [33] 

Sheffield Lake Lake Erie Jun 5-Oct 4, 2011 7.60-26.73 n.d. n.d.-1.95 [33] 

Toledo Lake Erie May 22-Jun 13, 2011 27.52* n.d. n.d. [33] 

Gibraltar Island Lake Erie May 8-Jun 19, 2011 11.98* n.d. n.d. [33] 

Lahore Pakistan Jan-Oct, 2011 188-228 51-112  [31] 

Karachi Pakistan Jan-Oct, 2011 24-147 4-58  [31] 

Dalian China Mar-Dec, 2008 0.1-308.6 n.d.-40.9 n.d.-5.7 [17] 

National Park of São 

Joaquim 

Brazil Dec 2007-Mar 2008 2800-1200 42-140 16-30 [40] 

National Park of São 

Joaquim 

Brazil Jun-Aug 2008 26-130 12-40 7-33 [40] 

Agra India Jan 2-3, 2007 120-520   [27] 

Goa India Jan 5-6, 2007 220-520   [27] 

Mumbai-urban India Jan 18-19, 2007 110-480   [27] 
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Location Country Time period α-endosulfan β-endosulfan endosulfan 

sulfate 

Ref. 

Mumbai-rural India Jan 18-19, 2007 110-210   [27] 

Kolkata India Jan 31-Feb 9, 2007 130-660   [27] 

New Delhi India Dec 21-30, 2006 120-620   [27] 

Bangalore India Dec 4-5, 2006 100-200   [27] 

Chennai India Dec 12-19, 2006 70-300   [27] 

Baroda India Aug 2-Sep 16, 2006 317*   [25] 

Porto Novo India Aug 2-Sep 16, 2006 992*   [25] 

Mumbai India Aug 4-Sep 18, 2006 498*   [25] 

Chennai India Jul 31-Sep 14, 2006 680*   [25] 

Kolkata India Aug 2-Sep 16, 2006 372*   [25] 

Baja California Mexico Sep 3, 2005-Mar 17, 

2006 

1660* 260* 20* [39] 

Celestun Mexico May 6, 2005-May 29, 

2006 

36* 7.2* n.d. [39] 

Chihuahua Mexico May 25, 2005-May 29, 

2006 

351* 95* 6.9* [39] 

Colima Mexico May 17, 2005-Aug 9, 

2006 

2930* 752* 48* [39] 

Cordoba Mexico May 11, 2005-Jul 1, 

2006 

147* 43* 11* [39] 

Cuemavaca Mexico May 10, 2005-May 14, 

2006 

980* 280* 20* [39] 

Mazatlan Mexico May 21, 2005-May 21, 

2006 

19000* 7400* 400* [39] 

Mexico City Mexico Jun 6, 2005-Jun 16, 2006 320* 68* 6.8* [39] 

Monterrey Mexico May 23, 2005-May 20, 

2006 

89* 16* 2.4* [39] 

San Luis Potosi Mexico May 16, 2005-May 22, 

2006 

200* 40* 3.6* [39] 

Tuxpan Mexico May 14, 2005-Aug 15, 

2005 

29* 6.3* n.d. [39] 

South China Sea China Sep 6-22, 2005 9-435   [60] 

Abbotsford, BC Canada May 4-May 30, 2005 268-1680 102-290  [19] 

Bratt’s Lake, SK Canada May 25- Jul 27, 2005 24.7-341 23.1-23.1  [19] 

Egbert, ON Canada May 19-Jul 7, 2005 155-741 21.9-151  [19] 

Vineland, ON Canada Jun 2- Aug 5, 2005 19.2-63400 70.7-7140  [19] 

Downsview, ON Canada Jun 16-Aug 11, 2005 n.d.-2320 n.d.-291  [19] 
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Location Country Time period α-endosulfan β-endosulfan endosulfan 

sulfate 

Ref. 

St. Anicet, QC Canada Jun 1-Jun 29, 2005 43.8-930 4.2-72.6  [19] 

Baie St. Francois, QC Canada Jun 1-Jun 29, 2005 29.8-1880 n.d.-264  [19] 

Kensington,PEI Canada Aug 8-Sep 5, 2005 4.1-1440 2.7-232  [19] 

Abbotsford, BC Canada Apr 28-Jun 1, 2004 12.4-288 n.d.-38.0  [19] 

Bratt’s Lake, SK Canada May 19-Aug 4, 2004 4.4-124 n.d.-5.9  [19] 

Egbert, ON Canada May 18-Jul 13, 2004 31.5-669 3.6-98.7  [19] 

Vineland, ON Canada May 21-Jul 23, 2004 55.4-3100 6.0-513  [19] 

St. Anicet, QC Canada May 4- Jun 29, 2004 10.8-89.7 n.d.-15.0  [19] 

Baie St. Francois, QC Canada May 4- Jun 29, 2004 7.9-253 n.d.-61.5  [19] 

Kensington,PEI Canada Jun 24-Sep 28, 2004 54.7-622 14.9-182  [19] 

Chicago US Jul 2002-Jun 2003 115*   [92] 

Toronto, ON Canada Jul 2002-Jun 2003 430*   [92] 

Downsview, ON Canada Jul 2002-Jun 2003 135*   [92] 

St. Clair, ON Canada Jul 2002-Jun 2003 380*   [92] 

Point Pelee, ON Canada Jul 2002-Jun 2003 110*   [92] 

Sturgeon Point, ON Canada Jul 2002-Jun 2003 170*   [92] 

Point Petre, ON Canada Jul 2002-Jun 2003 50*   [92] 

Trent University, ON Canada Jul 2002-Jun 2003 75*   [92] 

Grand Bend, ON Canada Jul 2002-Jun 2003 320*   [92] 

Sleeping Bear Duns US Jul 2002-Jun 2003 90*   [92] 

Burnt Island, ON Canada Jul 2002-Jun 2003 33*   [92] 

Rock Point US Jul 2002-Jun 2003 130*   [92] 

Burlington, ON Canada Jul 2002-Jun 2003 410*   [92] 

Egbert, ON Canada Jul 2002-Jun 2003 240*   [92] 

Eagle Harbor US Jul 2002-Jun 2003 45*   [92] 

Homestead 

agricultural area, 

Florida 

US Oct, 2001-May, 2006 100-96000 54-27000 11-1800 [24] 

Homestead 

agricultural area, 

Florida 

US Jun, 2001-Sep, 2006 100-22000 100-5100 16-670 [24] 
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Table II.  Air concentrations of γ-HCH and PCNB around the world. 

Location Country Time period γ-HCH PCNB Ref. 

Bohai and Yellow Seas China May, 2012 0.80-3.9 0.059-4.9 [4] 

Lahore Pakistan Jan-Oct, 2011 75-108  [31] 

Karachi Pakistan Jan-Oct, 2011 27-66  [31] 

Cape Vincent Lake 

Ontario 

Apr 17-Nov 2, 2011 n.d.  [33] 

Oswego Lake 

Ontario 

Apr 18-Oct 3, 2011 n.d.  [33] 

Rochester Lake 

Ontario 

Apr 18-Cot 5, 2011 n.d.  [33] 

Fort Niagara Lake 

Ontario 

May 12-Oct 2, 2011 n.d.  [33] 

Buffalo Lake Erie Apr 19-Oct 3, 2011 n.d.-8.98  [33] 

Dunkirk Lake Erie Apr 20-Oct 3, 2011 n.d.-9.83  [33] 

Fairport Harbour Lake Erie Jun 2-Sep 23, 2011 n.d.-18.35  [33] 

Cleveland Lake Erie Jun 1-Oct 18, 2011 n.d.-5.14  [33] 

Sheffield Lake Lake Erie Jun 5-Oct 4, 2011 n.d.-4.14  [33] 

Toledo Lake Erie May 22-Jun 13, 2011 n.d.   [33] 

Gibraltar Island Lake Erie May 8-Jun 19, 2011 0.74*  [33] 

German Bight Germany Mar 2010 0.20-4.4 0.026-0.038 [129] 

German Bight Germany May 2010 2.9-24 0.0076-1.0 [129] 

German Bight Germany Jul 2010 7.6-64 0.32-0.55 [129] 

Agra India Jan 2-3, 2007 3390-6400  [27] 

Goa India Jan 5-6, 2007 9710-13700  [27] 

Mumbai-urban India Jan 18-19, 2007 3380-10800  [27] 

Mumbai-rural India Jan 18-19, 2007 560-1290  [27] 

Kolkata India Jan 31-Feb 9, 2007 450-1870  [27] 

New Delhi India Dec 21-30, 2006 1130-3400  [27] 

Bangalore India Dec 4-5, 2006 1250-3200  [27] 

Chennai India Dec 12-19, 2006 1690-12000  [27] 

Baroda India Aug 2-Sep 16, 2006 1975*  [25] 

Porto Novo India Aug 2-Sep 16, 2006 686*  [25] 

Mumbai India Aug 4-Sep 18, 2006 912*  [25] 

Chennai India Jul 31-Sep 14, 2006 3562*  [25] 

Tuxpan Mexico May 14, 2005-Aug 15, 2005 21*  [39] 

Baja California Mexico Sep 3, 2005-Mar 17, 2006 104*  [39] 

Celestun Mexico May 6, 2005-May 29, 2006 8.2*  [39] 

Chihuahua Mexico May 25, 2005-May 29, 2006 11*  [39] 
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Location Country Time period γ-HCH PCNB Ref. 

Colima Mexico May 17, 2005-Aug 9, 2006 17*  [39] 

Cordoba Mexico May 11, 2005-Jul 1, 2006 18*  [39] 

Cuemavaca Mexico May 10, 2005-May 14, 2006 35*  [39] 

Mazatlan Mexico May 21, 2005-May 21, 2006 16*  [39] 

Mexico City Mexico Jun 6, 2005-Jun 16, 2006 49*  [39] 

Monterrey Mexico May 23, 2005-May 20, 2006 8.8*  [39] 

South China Sea China Sep 6-22, 2005 343-1950  [60] 

Abbotsford, BC Canada May 4-May 30, 2005 26.2-62.2  [19] 

Bratt’s Lake, SK Canada May 25- Jul 27, 2005 58.1-120  [19] 

Egbert, ON Canada May 19-Jul 7, 2005 28.4-126  [19] 

Vineland, ON Canada Jun 2- Aug 5, 2005 7.5-139  [19] 

Downsview, ON Canada Jun 16-Aug 11, 2005 40.2-396  [19] 

St. Anicet, QC Canada Jun 1-Jun 29, 2005 n.d.-285  [19] 

Baie St. Francois, QC Canada Jun 1-Jun 29, 2005 n.d.-180  [19] 

Kensington, PEI Canada Aug 8-Sep 5, 2005 2.7-115  [19] 

Abbotsford, BC Canada Apr 28-Jun 1, 2004 9.1-80.1  [19] 

Bratt’s Lake, SK Canada May 19-Aug 4, 2004 22.6-143  [19] 

Egbert, ON Canada May 18-Jul 13, 2004 10.4-102  [19] 

Vineland, ON Canada May 21-Jul 23, 2004 0.9-118  [19] 

St. Anicet, QC Canada May 4- Jun 29, 2004 11.3-916  [19] 

Baie St. Francois, QC Canada May 4- Jun 29, 2004 13.4-878  [19] 

Kensington, PEI Canada Jun 24-Sep 28, 2004 2.1-88.1  [19] 

Chicago US Jul 2002-Jun 2003 32*  [92] 

Toronto, ON Canada Jul 2002-Jun 2003 57*  [92] 

Downsview, ON Canada Jul 2002-Jun 2003 16*  [92] 

St. Clair, ON Canada Jul 2002-Jun 2003 100*  [92] 

Point Pelee, ON Canada Jul 2002-Jun 2003 20*  [92] 

Sturgeon Point, ON Canada Jul 2002-Jun 2003 26*  [92] 

Point Petre, ON Canada Jul 2002-Jun 2003 13*  [92] 

Trent University, ON Canada Jul 2002-Jun 2003 16*  [92] 

Grand Bend, ON Canada Jul 2002-Jun 2003 60*  [92] 

Sleeping Bear Duns US Jul 2002-Jun 2003 19*  [92] 

Burnt Island, ON Canada Jul 2002-Jun 2003 15*  [92] 

Rock Point US Jul 2002-Jun 2003 20*  [92] 

Burlington, ON Canada Jul 2002-Jun 2003 26*  [92] 

Egbert, ON Canada Jul 2002-Jun 2003 27*  [92] 

Eagle Harbor US Jul 2002-Jun 2003 20*  [92] 

22 European countries Europe Jun 15-July 30, 2002 9-390  [64] 

* Mean atmospheric concentration 
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Table III.  Air concentrations of selected organophosphorus pesticides around the world. 

 
Location Country Time of period Malathion Diazinon Chlorpyrifos Ref. 

Salinas US 2014 1260**   [94] 

Archipelago (Arctic) Canada 2013   0.2-1.68 [79] 

Bohai and Yellow Seas China May, 2012   0.96-450 [4] 

Eastern China Sea to High 

Arctic Ocean 

China Jun-Sept 2010   0.5-146 [63] 

Tuscany Italy Apr 2008-Jun 2009 280** 230**  [69] 

National Park of São Joaquim Brazil Dec 2007-Mar 2008   16-120 [40] 

National Park of São Joaquim Brazil Jun-Aug 2008   19-68 [40] 

Araucania Region Chile Aug- Dec 2008   n.d.-14600 [91] 

Northwestern Mississippi US Mar-Sept 2007 4620* n.d. 69.0* [121] 

Minnesota Landscape 

Arboretum in Chaska 

US Jun 20 2007   12700000 [134] 

Minnesota Landscape 

Arboretum in Chaska 

US Jul 17 2007   10000000 [134] 

Centre Region of France France 2006-2008 210* 280-1490 110-97770 [18] 

Suburban area near San José Costa 

Rica 

Oct 2005-Oct 2006 16**  1266** [37] 

Abbotsford, BC Canada May 4-May 30, 2005 n.d.-3150 22900-989000 359-1100 [19] 

Bratt’s Lake, SK Canada May 25- Jul 27, 2005 n.d. n.d. 235-4910 [19] 

Egbert, ON Canada May 19-Jul 7, 2005 n.d. n.d.-202 19.1-246 [19] 

Vineland, ON Canada Jun 2- Aug 5, 2005 n.d.-6840 n.d.-6830 129-107000 [19] 

Downsview, ON Canada Jun 16-Aug 11, 2005 n.d.-425 n.d. n.d.-371 [19] 

St. Anicet, QC Canada Jun 1-Jun 29, 2005 n.d. n.d. 744-1260 [19] 

Baie St. Francois, QC Canada Jun 1-Jun 29, 2005 n.d. n.d. 837-6740 [19] 

Kensington,PEI Canada Aug 8-Sep 5, 2005 n.d. n.d. 77.8-759 [19] 

Abbotsford, BC Canada Apr 28-Jun 1, 2004 n.d.-363 1070-78200 119-348 [19] 

Bratt’s Lake, SK Canada May 19-Aug 4, 2004 n.d. n.d. n.d.-170000 [19] 

Egbert, ON Canada May 18-Jul 13, 2004 n.d.-132 n.d. n.d.-184 [19] 

Vineland, ON Canada May 21-Jul 23, 2004 n.d. n.d. 791-167000 [19] 

St. Anicet, QC Canada May 4- Jun 29, 2004 n.d. n.d. 109-478 [19] 

Baie St. Francois, QC Canada May 4- Jun 29, 2004 n.d.-50.8 n.d. 79.5-2050 [19] 

Kensington,PEI Canada Jun 24-Sep 28, 2004 n.d.-199 n.d. n.d.-618 [19] 

Abbotsford, BC Canada Aug 2003   250000** [75] 

Baie St. Francois, QC Canada Jul, 2003   742 [6] 

St. Anicet, QC Canada Jul-Aug, 2003   768 [6] 

Suburbs of Tokyo Japan Aug 19-21 2003   9000** [118] 
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Location Country Time of period Malathion Diazinon Chlorpyrifos Ref. 

Suburbs of Tokyo Japan Jul 23-26 2003 12000**   [118] 

Southeastern portion of 

California’s Central Valley 

US Jan 12-Feb 2 1998   17000*** [119] 

Imperial County US Feb 23-Mar 12 1998 9900***   [119] 

Central Washington US Jun-early Aug 1998   23000** [133] 

Urban area in Seattle US Jun-early Aug 1998   9000** [133] 

Mississippi River Valley US Jul-mid Sept 1995   1000-3100 [117] 

Northwestern Mississippi US Mar-Sept 1995 2790* 824* 1380* [121] 

* Mean atmospheric concentration 
** The highest atmospheric concentration 
*** Median atmospheric concentration	
 
  



 141 

Appendix II. Calibration curves 
 
 
 
 
 
 
 

 

Figure I. Calibration curves for quantitive ions for target pesticides. (PCNB (m/z=265); 

α-endosulfan (m/z=406); β-endosulfan (m/z=406); endosulfan sulfate (m/z=386); 

chlorpyrifos (m/z=313); γ-HCH (m/z=71); diazinon (m/z=169); malathion (m/z=157). 
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Table IV: Regression equations and R2 for quantitative ions. 

Compounds Equations R2 

α-endosulfan 406 y=0.0015x+0.0014 0.990 

β-endosulfan 406 y=0.0106x-0.0101 0.999 

Endosulfan sulfate 386 y=0.0082x+0.0016 0.999 

Chlorpyrifos 313  y=0.0067x-0.0106 0.994 

PCNB 265 y=0.0136x-0.0004 0.998 

γ-HCH 71 y=0.0178x+0.0149 0.999 

Diazinon 169 y=0.0054x-0.0126 0.991 

Malathion 157 y=0.0104x-0.0195 0.977 
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Appendix III. Clausius-Clapeyron plot for endosulfan, endosulfan sulfate, 

chlorpyrifos, diazinon and malathion 
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Figure II. Clausius-Clapeyron plot for (a) α-endosulfan, (b) β-endosulfan, (c) endosulfan 

sulfate, (d) chlorpyrifos, (e) diazinon, (f) malathion. Pressure measured in Pa. Includes all 

the samples from April 29 2011 to September 7 2012 of endosulfan and endosulfan 

sulfate atmospheric concentrations that above MDL. 
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Appendix IV. Wind frequency gradient of the mean horizontal wind speed in 16 

sectors for high pesticide concentrations events 
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Figure III. Wind frequency gradient of the mean horizontal wind speed (hourly or daily) 

in 16 sectors for high concentrations events.  Daily wind frequency gradient: (a) April 

29-May 6; (b) March 28-April 11 2012, (c) April 11-25 2012; (e) May 31-June 1 2012; (g) 

June 1-2 2012; (h) August 22-31 2011; (i) May 23-31 2012; (k) June 10-11 2012; (l) June 

11-15 2012; (m) June 15-19 2012; (n) July 5-18 2012; (p) September 5-7 2012.  Hourly 

wind frequency gradient for short term sampling: (d) May 31-June 1 2012; (f) June 1-2 

2012; (j) June 10-11 2012; (o) September 5-7 2012.  Hourly meteorological data in 2011 

and 2012 were obtained from the weather station in Osoyoos (Osoyoos CS, Kinsmen 

Park, 49°01'41.850" N, 119°26'27.570" W) at an elevation of 282.90 m. 	
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