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ABSTRACT 
 
Pesticides are an important tool in modern crop management to ensure high quality and high 

yield food production. However, pesticide Volatilisation from agricultural fields can have a 

significant impact on non-target, sensitive ecosystems, and can result in a loss of revenue for 

farmers. I further developed and validated the Pesticide Loss via Volatilisation (PLOVO) 

model. The model is based on multiphase partitioning, that describes pesticide Volatilisation 

loss from a planted agricultural field and predicts 24-hour cumulative percentage 

Volatilisation (CPV24h) losses. The model allows the user to adjust the chemical-physical 

properties of the pesticide, species-specific plant surface chemistry, plant size, soil type, and 

climatic conditions. An average equation for the plant-air partition coefficient (Kplant-air) was 

found and implemented in the model to describe the plant-surface chemistry interactions with 

pesticides. The model was used to address questions about how the volatilisation of 

pesticides from plants and soil contribute to the total volatilisation from a field, and how 

plant species and growth stage affect the amount of pesticide lost to the atmosphere. Results 

are displayed on chemical space diagrams for sets of hypothetical Kplant-air, soil-air (Ksoil-air) 

and water-air (Kwater-air) partition coefficient combinations under different environmental 

conditions and plant species and growth stage. We found that the CPV24h increased with 

increasing temperature, foliar intercept fraction and wind speed, and with decreasing plant 

size. Pesticides tended to volatilise more from plants than soil. CPV24h was highly varied 

between plant growth stage but was less varied between plant species. Our model is therefore 

a promising new screening assessment tool for pesticide Volatilisation from a planted 

agricultural field.  

 

Chlorpyrifos is a chlorinated organophosphorus pesticide that has caused concern over recent 

years due to its widespread global use and its non-specific toxicity. Chlorpyrifos is used as an 

insecticide to protect a wide variety of crops. Its mode of action targets the nervous system of 

an organism by inhibiting the enzyme acetylcholinesterase (AChE). Studies have shown that 

low environmental doses of chlorpyrifos can cause detrimental effects on non-target 

organisms such as honey bees. In order to understand the risk of chlorpyrifos exposure posed 

to non-target organisms, we first must understand the fate of the insecticide in the 

environment. Thus, I conducted a field study where chlorpyrifos was applied to an 

agricultural field planted with Phacelia tanacetifolia. The concentration of chlorpyrifos was 

then monitored in soil and Phacelia leaves over the course of three weeks. The concentration 
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of chlorpyrifos was greater in leaves than soil, and chlorpyrifos was lost (whether through 

volatilisation, degradation or another loss pathway) more rapidly from leaves than soil.  

The chlorpyrifos field study was also used to further test and validate the PLOVO model. I 

compared the predicted chlorpyrifos concentrations generated by the model to the measured 

chlorpyrifos concentrations from the field. I found that the model-generated concentrations 

did not agree with the measured concentrations in either soil or leaves. This is not to say that 

the model does not accurately predict the volatilisation of pesticides from a planted field in 

the first 24 hours, rather more information would be needed to extend the model to predict 

the total loss of a pesticide from leaves and soil over a longer time period.  

In order to extract chlorpyrifos from leaves and soils, I developed and optimised two 

selective pressurised liquid extraction (SPLE) methods. I utilised the fat absorbing properties 

of Florisil and the pigment absorbing properties of graphitised carbon black (GCB) to 

produce clean extracts for GC/MS analysis. The recovery of chlorpyrifos from soil and leaves 

was  92% and 79%, respectively. While these methods were optimised for the extraction of 

chlorpyrifos from soil and leaf matrices, it has the potential to be extended as a multi-residue 

method.   
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1. INTRODUCTION 
 

Risk of Pesticide Use to the Environment 
 
General Concerns of Pesticide Use 
 
Global demand for food and materials has led to an increase in the amount of pesticides 

(including insecticides, herbicides, and fungicides) that are used per hectare of arable land 

globally. For example, in New Zealand pesticide use has increased from 3490 tonnes of 

active ingredients used in 1990 to 5086 tonnes of active ingredients used in 20091 (the most 

recent data available). Over 1000 pesticides were in use from 1994-1997 globally2 and 

approximately 5.6 billion pounds of pesticides are currently used each year.3  

 

Pesticide usage has been an area of concern for decades now and several pesticides have been 

banned in the past due. The Stockholm Convention was established in 2001 to identify and 

manage pesticides that were persistent, bio-accumulative and toxic and had the potential to be 

transported to remote regions (persistent organic pollutants, POPs).4 Chemicals were classed 

as POPs if they remained intact for long periods of time (years), , accumulate in the fatty 

tissue of living humans, are toxic to both humans and wildlife, and became widely distributed 

throughout the environment as a result of natural processes. Initially, twelve POPs were 

identified, known as the dirty dozen, nine of which were pesticides.  

 

Since the Stockholm convention, several initiatives have been introduced to monitor the use 

of chemicals in the environment. Of note is the European commission (EC) regulation No. 

1107/2009 , which regulates pesticide usage in Europe countries.5 EC regulation No. 

1107/2009 is essentially a hazard assessment which uses similar but more conservative 

criteria for classifying pesticides than for POPs (i.e. persistence, bioaccumulation and 

toxicity), though it does not consider long range transport potential. If a pesticide exceeds the 

trigger values for persistence, bioaccumulation and toxicity, this will result in a ban. If a 

pesticide only exceeds two out of the three criteria (e.g. persistence and toxicity), this will 

result in a substitution for a pesticide that does not exceed the trigger values for these criteria.  
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Modelled pesticide emissions in Europe ranged from 84 tonnes yr-1 (chlorpyrifos) to 3393 

tonnes yr-1 (glyphosate).6 There is a lack of real pesticide usage data and emissions globally 

and locally. As stated above, the latest data I could find for pesticide usage in New Zealand 

was for 2009, and I could not find any comprehensive data on pesticide emissions. This 

makes risk assessment logistically difficult for New Zealand as this data is key for assessing 

the link between pesticide exposure and adverse health effects.6 

 

This is not to say that there are no guidelines and regulations in place to help to reduce 

emissions through pesticide use. There is legislation in place in New Zealand to reassess 

agricultural products (including pesticides) if significant new information on a matter related 

to the use of the product has become available. This suggests that pesticide regulations are 

updated regularly as new studies are published. The New Zealand Environmental Protection 

Authority (NZEPA) also conducts environmental risk assessments on various agricultural 

chemicals to assess potential exposure to humans.7 Depending on the information available to 

the NZEPA, certain high-risk hazardous substances may be added to a list of substances for 

reassessment under the Chief Executive-initiated reassessment (CEIR) programme. 

Currently, all hazardous substances listed by this programme are pesticides.  

 

NZEPA risk assessments, and reassessments of previously approved substances, focus on a 

risk/benefits analysis scheme. They consider the risks that may occur due to the use of a 

particular substance such as exposure to communities, the environment and adverse 

economic effects at a local and regional scale. The benefits of this substance are also 

considered, such as health benefits to individuals and the environment, and beneficial 

economic effects at a local and regional scale. If the risks of this substance outweigh the 

benefits, or the benefits are not significant, the substance will not be approved for use in New 

Zealand.  

 

Increased pesticide use has also been linked to a decline in bee populations. Bees are the 

main group of pollinators globally; 35% of the world food crop production depends on 

pollinators8,9, with a total economic value amounting to 153 billion euros.10 Honey bees are 

particularly prone to pesticide exposure because of their extensive use as pollinators in 

agriculture. For example, when forager bees collect water, nectar and pollen that is 

contaminated by pesticide residues, the whole colony can be exposed. These chemicals can 

induce motor or even cognitive impairments in the insects. Cognitive deficits can reduce a 



 
 

3 

bee’s ability to learn and remember characteristics of rewarding flowers and to communicate 

the whereabouts of food sources to nest-mates.11  

 

Although not the focus of my student, it is important to mention the neonicotinoid 

insecticides since they have received much research and media attention recently. When the 

neonicotinoid class of pesticides became popular, in the early-mid 2000s, initial 

environmental fate studies showed that they were a safe class of pesticide in terms of non-

target exposure. In a study by Tomizawa and Casida,12 neonicotinoids had low toxicity to 

mammals, birds and fish. Due to their systemic action (travelling through plant tissues, 

protecting all plants of the crop) their popularity has increased as they pose little threat to the 

environment and are extremely effective against their target species.13 However, many recent 

studies have shown that neonicotinoids are having a major adverse effect on bee colonies.14–

22 

 

Environmental Fate of Pesticides 

 
Determining the environmental fate of pesticides is essential to assess the risks associated 

with their use. The fate of a pesticide in the environment depends on its physical and 

chemical properties, as well as the environmental conditions. The physical and chemical 

properties of the pesticides will determine its persistence and mobility in soil, its water 

solubility and whether it is likely to volatilise.  

 

The immediate fate of pesticides after they are released in the environment can depend on 

how the pesticide has been released. For example, if a pesticide is applied using aerial 

spraying it can undergo spray drift, potentially contaminating non-target environments. 

Pesticides that are applied directly to the soil, such as in a granular formulation, may leach 

into deeper soil layers and could contaminate nearby water sources through leaching and 

runoff.  

 

Once present in the environment, the fate and behaviour of pesticides can be very complex 

with movement and translocation occurring between environmental compartments. One 

example of this is long-range transport (LRT). Some pesticides that are present in the 

atmosphere can be transported to and undergo deposition into, areas that are far away from 

the initial source of contamination.  
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After a pesticide has been released in the environment, it can be broken down by a variety of 

process such as photolysis (in the air and on surfaces), microbial degradation (in soil), 

hydrolysis (in water and soil), and by uptake through plant roots. The rate at which a 

pesticide degrades in the environment depends on both the physical and chemical properties 

of the pesticide and the environmental conditions. The rate of degradation of a pesticide in 

soil, for example, will depend on the tendency of the pesticide to sorb to an organic matrix 

and the type of soil that it resides in. The acidity, the moisture, the organic content and the 

microbial activity of the soil can all affect the rate at which a pesticide degrades. Flores-

Céspedes et al.23 found that dissolved organic carbon reduced imidacloprid sorption to soil 

surfaces, which enhanced leaching and groundwater contamination. Conversely, Spark and 

Swift24  found that dissolved organic carbon had little to no effect on the sorption behaviour 

of atrazine, isoproturon and paraquat.  

 

Other factors such as temperature, humidity and precipitation events can also affect chemical 

degradation. For example, increased humidity may increase the tendency of a water-soluble 

pesticide to reside in an aqueous compartment such as soil moisture and this can increase the 

rate of hydrolysis. In general, chemical degradation is advantageous, however, some 

chemicals may degrade into more toxic compounds resulting in higher risks to beneficial 

organisms.  

 

Due to the complexity of the environment, it is not feasible to know the exact behaviour of a 

pesticide once it has been applied. Therefore, many researchers and regulators adopt a set of 

general categories in which to place pesticides of interest in order to assess which areas are of 

high risk and which are of negligible risk. For instance, if a pesticide exhibits properties such 

as low volatility and high water solubility, this could indicate that groundwater contamination 

may occur which presents a risk to aquatic organisms, yet the risk of exposure to the 

atmosphere may be negligible.  

 

Due to the importance of environmental fate of pesticides and the complexities presented by 

chemical interactions within the environment, numerous environmental fate studies are 

required to provide information on the behaviour of pesticides in the environments where 

they are used.    

 



 
 

5 

Pesticide Volatilisation 

 
After application to a crop or field, one of the main routes of dissipation into the environment 

(except for water-soluble pesticides) is through volatilisation. Pesticide losses via 

volatilisation can exceed 80% of the applied active ingredient and can exceed losses from 

run-off, even for pesticides with low vapour pressure.25,26  

 

The presence of pesticides in the gas phase is not only of concern for inhalation toxicity, but 

these contaminants can also undergo deposition and/or absorption to non-target organisms, 

such as plants, and to bodies of water where toxicity could be heightened or accumulative.27  

 

A study by Siebers et al.28 found that lindane underwent wet deposition in water containers 

that were placed 10 m from the target site, with concentrations ranging from 35 to 153 µg m-3 

after one day. They determined that under specific climatic conditions, deposition caused by 

volatilisation can exceed deposition due to direct spray drift in the close vicinity of treated 

fields. This suggests that even if farmers apply pesticides correctly and according to set 

regulations to reduce spray drift, the deposition due to volatilisation is an equal, if not a 

greater exposure pathway in the environment.   

 

A study by Ramaprasad et al.29 showed that post-application pesticide emissions from leaf 

and soil-surface is a major pathway of exposure to humans in near-by residential 

communities. High-volume air sampling was performed to measure the aerial concentration 

of the pesticide methamidiphos in a residential community that was close to the target site. 

Samples were collected for the first 24 hr post-application. Their results showed that post-

spray volatilisation was a high percentage of inhalation exposure at times where exposure is 

not anticipated to be a risk (i.e. post-application). 

 

A study by Garron et al.30 also demonstrated the importance of understanding the risk 

associated with post-spray volatilisation. They found down-wind concentrations of 

methamidiphos continued to increase for three hours after application. They also found that 

maximum concentrations were above published air quality guidelines.  
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Pesticide Volatilisation from Plants 

 
The volatilisation of pesticides from plant surfaces can be particularly high for some 

pesticides. Many studies have reported higher rates of volatilisation from plants than from 

soil.31–35 Currently, most of the environmental fate models available in the literature for 

pesticides are focused on soil36 or plants37 and there are not many that combine the two to 

give a comprehensive view of the behaviour of chemicals in a realistic planted, agricultural 

field.  

 

The majority of pesticides are designed to be applied when necessary, i.e. when pests put 

crops at risk, which can occur at any growth stage of the target plant. For example, the 

insecticide diazinon is recommended to be used on apple and pear trees at the green tip stage, 

the tight cluster stage and the petal fall stage, depending on when a pest is likely to emerge.38 

The growth stage of the plant can be extremely important for volatilisation rates as both leaf 

size and leaf surface chemistry can change significantly during the course of a plant’s 

development.39 It may be that the pesticide will volatilise more from the target crop during its 

development stage, and so it may be more beneficial to apply the pesticide at a later growth 

stage to reduce adverse exposure post-application. However, this is not feasible for farmers as 

many pests will emerge during the early stages of plant growth, and not applying pesticides at 

this stage could lead to a loss in productivity causing economic losses.40 

 

As with growth stages, leaf size and leaf surface chemistry vary between plant species. So, 

while a pesticide might be designed for a wide range of crop types, volatilisation rates may 

vary significantly between the target species. For example, Boehncke et al.35 found that 95% 

of lindane volatilised from lettuce after 24 hrs, while 77% volatilised from wheat after the 

same time period.   

 

Pesticide Fate Studies 

 
Pesticide fate studies are conducted to understand and monitor the behaviour of pesticides 

after they are released into the environment. These studies can provide important information 

on the persistence of pesticides in the environment. By monitoring the concentration of a 

pesticide after application in various matrices such as soil, groundwater and plants, we can 

determine the half-life of that pesticide. The half-life of a chemical, if the loss rate is first 
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order, is simply the time it takes for the concentration of that chemical to decrease by 50%. 

Half-lives are often used to determine the risk a pesticide may pose to an environmental 

compartment. For example, if a pesticide has a very small half-life in water (i.e. <48 hrs), 

then the risk posed to aquatic organisms may be low. But, if that pesticide has a very large 

half-life in soil (i.e. >6 months), then this pesticide may have long-term detrimental effects on 

the organisms in the soil, while also acting as a continued source of contamination.  

 

Pesticide fate studies can also tell us where a chemical may end up after application. By 

measuring the concentration of a pesticide in a variety of environmental compartments, we 

can tell if a pesticide will end up in groundwater at significant levels, or if it will sorb 

strongly to soils such that concentration in groundwater is low or negligible. This can provide 

important information in determining which precautions may need to be implemented when 

using a pesticide, or if that pesticide is even of a low enough risk to be used.  

 

Data obtained from fate studies, such as the persistence of organic contaminants and their 

metabolites in soil, sediments and crops are a crucial part of the regulatory process. European 

Union (EU) regulation states that “No authorization shall be granted if the active substance 

and, where they are of significance from the toxicological, ecotoxicological or environmental 

point of view, metabolites and breakdown or reaction products ... unless it is scientifically 

demonstrated that under field conditions there is no accumulation in soil at such levels that 

unacceptable residues in succeeding crops occur… and/or that there is an unacceptable 

impact on the environment…” (Point 2.5.1.1 of Part C of Annex VI to Dir. 91/414/EEC).41 In 

New Zealand, the information provided by these environmental fate studies are required 

when assessing or reassessing the use of pesticide active ingredients and/or formulations.42,43  

 

One disadvantage of pesticide fate studies is they can be extremely time consuming and 

costly. Due to environmental complexities and the number of pesticides currently on the 

market for use, it is impossible to conduct thorough fate studies that can cover every scenario 

(e.g. soil types, crop types and weather events) for every chemical. It can also be difficult to 

understand all the mechanisms behind pesticide behaviour in the environment purely using 

fate studies. For example, if a fate study was conducted on a crop that had just been treated 

with a pesticide, and only the residue and persistence of that pesticide was measured in 

foliage, this would only provide us with half the story. Yes, we would know how long that 

pesticide resides on foliage in those conditions, but what if there was a precipitation event? 
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Or what if the average temperature had been 10 °C higher? How would these conditions 

affect the pesticide’s behaviour? For these types of questions, pesticide fate modelling can be 

useful. 

 

Modelling Pesticide Fate in the Environment  

 
Due to the complexity of the environment, and the variety of pesticides currently used in the 

agricultural industry, modelling pesticide fate in the environment can be extremely useful. 

Modelling allows users to input their own relevant data (e.g. temperature, soil type, pesticide 

being applied) to give information of interest (e.g. potential exposure to air or water systems).  

Models can give users lots of information quickly about lots of pesticides under any 

conditions – which is particularly useful for comparing behaviour of different pesticides and 

understanding mechanisms that affect behaviour. For example, if you wanted to explore the 

sensitivity of a pesticide to temperature, you can easily and quickly alter the temperature 

input in a model, which can in turn give information on whether temperature will affect its 

behaviour and what this effect is (perhaps there is a greater exposure risk if a pesticide is 

applied at a temperature of 25°C compared to 20°C). This kind of information provided by 

models can be very useful for regulators and farmers who may be concerned with a particular 

pesticide they may be applying to crops.  

 

One of the application of environmental modelling is to support risk assessments.44 Impact 

categories (the model outputs) are used to assess the eco-toxicity impacts or human toxicity 

impact as well as fate, exposure and effect. The chemicals considered can be any number of 

organic pollutants, including pesticides, and the media considered can be air, water, soil, 

vegetation etc. 

 

The NZEPA uses various models to assess the risk of organisms and the environment from 

hazardous substances such as pesticides. One such model is the European Food Safety 

Authority (EFSA) bird model, to assess the risk of pesticide exposure to terrestrial 

vertebrates, which in this case is birds.45 The EFSA model provides different spreadsheets to 

calculate exposure following seed treatment, spray application and granular application. The 

model calculates exposure as the dose a bird will receive when feeding on a treated crop. 

However, this model does have some limitations, namely that it does not use real bird species 

instead it uses ‘indicator species’ which represent a number of bird species. It also assumes 
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that the indicator species feeds only on the contaminated crop and that the concentration of 

the pesticide is not affected by the growth stage of the crop. 

 

Models are based on many assumptions and require field studies to validate them and identify 

their limitations. Field studies are accurate for real conditions but require a lot of time to 

conduct even one study with one set of conditions. We can be more confident in results from 

field studies because they are real-world, but we may not understand all mechanisms behind 

what we observe, and we only can observe what happens under one set of conditions per 

experiment. Thus, both modelling and field studies are important in order to understand and 

predict the behaviour of pesticides in the environment. 

 

Objectives of this Thesis Project: 

 
(i) Improve and validate an existing model for predicting pesticide volatilisation from 

planted fields; use the model to better understand mechanisms that affect pesticide 

volatilisation 

 
One objective of my MSc project has been to improve and validate a pesticide volatilisation 

model, which is now called the Pesticide Loss via Volatilisaton (PLOVO) model, developed 

by previous members of my research group. The first version of the model was designed to 

predict volatilisation of pesticides from soil only.36 The ideas behind the next version of the 

model, which included volatilisation from soil and plants, were initially outlined in Dr. 

Geoghegan’s PhD thesis.46 In my work, I improved and validated the PLOVO model by (a) 

reviewing, correcting and updating inputs and calculations, (b) re-running the model to 

investigate the behaviour of pesticide volatilisation from plants, (c) presented these results 

using chemical space diagrams, and (d) assisted in transferring the model code from Excel to 

R. 

(ii) Develop and validate a method for extracting pesticides from leaves and 

agricultural soil 

 
The second objective of my MSc project was to develop and validate a selective pressurised 

liquid extraction (S-PLE) method for extracting pesticides, namely chlorpyrifos, from 

Phacelia tanacetifolia leaves and agricultural soil. This involved (a) literature reviews of 

relative extraction methods, (b) residue analysis, and (c) spike and recovery experiments. 
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These methods were developed so that they could be used to extract chlorpyrifos from the 

samples collected in my environmental fate study of chlorpyrifos. 

 

(iii) Determine the lifetime of the insecticide, chlorpyrifos, and its oxon in an 

agricultural field after spraying  

 
Another objective of my MSc project was to carry out an environmental fate study of 

chlorpyrifos, and its degradation product chlorpyrifos oxon, in an agricultural field after 

spraying. The aim of this study was to determine the environmental fate (i.e. lifetime and 

concentration profile) of chlorpyrifos and chlorpyrifos oxon in agricultural soil and plants. I 

collected soil and leaf samples for three weeks after a spraying event before extracting and 

analysing these samples. I then determined the lifetime of chlorpyrifos and its oxon in 

agricultural soil and leaves.  

 

 

Extraction Methods for Pesticides from Leaves and Soil 
  
Pesticide residue analysis of environmental samples can be tricky. Many environmental 

samples, including soil and pollen, are quite dirty and sticky, full of organic matter and 

waxes. When developing a method for pesticide residue analysis the main criteria for 

optimisation includes: 

§ High recoveries of target analytes (> 70 %) 

§ Low amounts of co-extracted lipids and/or waxes (< 10 mg per 300 uL of extract) 

§ Quick and easy to replicate  

§ Minimal solvent usage 
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Soxhlet 

Solvent extraction of solid samples (including many environmental samples) is known as 

‘solid-liquid extraction’ and is a technique that has been used since the 19th century. The 

classic technique for solid-liquid extraction (SLE) is Soxhlet. It is used as a benchmark to 

which all new extraction methods are compared to.47 The Soxhlet procedure is simple to 

conduct, the sample is placed in a thimble-holder and filled with extractant (solvent) from the 

distillation flask (see Figure 1.1). Once the solvent reaches the over-flow mark, it is aspirated 

through a siphon, carrying the extracted analyte with it, back into the bulk solvent. The 

procedure is repeated until extraction is complete.  

This classical technique has many advantages; the sample is repeatedly in contact with fresh 

solvent to facilitate the displacement of the transfer equilibrium, the system remains at high 

temperatures (boiling point of the solvent) which can assist the extraction efficacy, no 

filtration is required post-extraction as it is integrated into the extraction procedure, and it is 

simple enough to use that little training is required and the equipment cheap and easy to set 

up.48  

 

However, this technique also has many limitations. First, the extraction procedure takes a 

very long time, sometimes even days, and even though it is possible to set up many 

extractions at the same time, sample throughput is not ideal.49,50 Perhaps the most important 

Condenser

Extractor

Sample
Siphon

Distillation flask

Heat source

Figure 1.1 Soxhlet extraction apparatus. 
Adapted from Azmir et al.61 



 
 

12 

disadvantage of this technique, though, is that it requires high volumes of solvent, which is 

not only expensive but can also have negative effects on the environment.48 

 

Due to these limitations of Soxhlet, new extraction methods have been developed. These so 

called “non-conventional” techniques use auxiliary forms of energy and/or agitation to 

increase extraction efficacy while trying to make the extractions safer and to use less solvent. 

These non-conventional techniques are known as “green techniques” as they adhere to the 

principles of green chemistry set out by the United States Environmental Protection Agency 

(USEPA).51 

 

Ultrasound-Assisted Extraction 

 
Ultrasound-assisted extraction (UAE) is one example of a green technique. It has been shown 

to be a favourable extraction technique, especially for the extraction of biological compounds 

from herbal plants.52–54  

 

Ultrasound waves are sound waves so when they pass through a medium, they cause 

compression and expansion. The extraction by ultrasound involves two main types of 

physical phenomena which assists extraction in plants; the diffusion across the cell wall and 

rinsing the contents of the cell wall after they are broken.55  

 

UAE has many advantages including a reduction in extraction time and energy. Additionally, 

less solvent is used. Ultrasound waves lead to more effective mixing, lower extraction 

temperatures which allows for the extraction of thermolabile compounds, greater selectivity, 

reduced equipment size, increased sample throughput and it eliminates some process 

steps.56,57 However, the extraction process can be time consuming and requires a large 

amount of solvents, compared to other green techniques.58 

 

QuEChERS 

 
The most popular current extraction method for environmental samples is QuEChERS. This 

method was first proposed by Anastassiades et al.59 for the pesticide analysis of high moisture 

fruits and vegetables, but has since been developed for a wide variety of sample types and 

analytes. QuEChERS stands for quick, easy, cheap, effective, rugged and safe and has 
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revolutionised sample preparation and clean-up.60 Due to its simplicity, the QuEChERS 

method can extract a large amount of samples quickly. It uses a low volume of solvent and 

can target a wide range of compounds from food samples.60  

 

While the QuEChERS method is certainly favourable in terms of cost, environmental impact, 

simplicity and time, it does have its limitations. The d-SPE sorbents can decrease the 

recovery of some pesticides, and the clean-up it provides may not be sufficient for some 

samples such that analytical instruments may be contaminated.61 

 

Selective Pressurised Liquid Extraction 

 
The extraction method our lab prefers is selective pressurised liquid extraction (S-PLE). It is 

a method developed for selectively extracting contaminants from solid matrices. The 

principles of pressurised liquid extraction (PLE) are based on conventional liquid extraction 

theory and has become widely used to replace techniques such as Soxhlet and sonication.62  

 

Pressurised liquid extraction utilises high-pressures and temperatures to aid in the extraction 

process. Samples are ground/homogenised before being added to a stainless-steel cell and are 

then loaded into an accelerated solvent extraction instrument (ASE) (Figure 1.2), extraction 

solvent is then pumped through the cell and then heated, creating high temperature and high-

pressure solvent. Due to the high-pressure environment in the cell, the solvent can be heated 

Figure 1.2 ASE350 Accelerated Solvent Extractor.62 
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above its boiling point to improve the extraction efficacy. The high pressures also allow the 

cell to be filled quickly and it helps to force the solvent into the solid matrix. The higher 

temperatures help diffusivity of the solvent, increasing extraction kinetics.57  

 

The PLE technique is simple, and time efficient as up to 24 samples can be extracted 

unattended.62 It has similar extraction efficacy to Soxhlet but uses significantly less solvent 

and is significantly faster.47 However, with this simple PLE approach, external clean-up is 

required, complicating the process. To overcome this limitation, a method known as selective 

pressurised liquid extraction (S-PLE) was developed in which sorbents are added directly 

into the cell, streamlining the process significantly. Due to the variable size of extraction cells 

that can be used, a large amount of sorbents can be used for in-cell clean-up, thus S-PLE is an 

ideal method for samples that contain a lot of waxes and/or other constituents that can be co-

eluted with analytes. S-PLE has proven to be an effective method for many biological and 

environmental samples, including fish, pine needles and many food matrices.77–85  

 

The matrices that required extraction methods to be developed for my environmental fate 

study were Phacelia tanacetifolia leaves and pollen. The pollen extraction method was not 

fully developed due to time constraints. For my purposes, I selected S-PLE for pesticide 

analysis as quite a lot of clean-up of these matrices was required.  

 

 

Chlorpyrifos Persistence and Fate Post-Spraying in Agricultural Fields  
 

Chlorpyrifos (Figure 1.3) is a chlorinated organophosphate insecticide and is one of the most 

widely used insecticides in the world due to its use on a wide variety of agricultural crops.71 

Tsaboula et al.71 found that chlorpyrifos had maximum measured environmental 

concentration (MECmax) values in the Pinios River Basin in Central Greece that exceeded the 

Figure 1.3 Chemical structure of chlorpyrifos 
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respective lowest predicted non-effect concentration (PNEC) values by more than 1000 

times. This insecticide works by inhibiting the enzyme acetylcholinesterase (AChE) causing 

an over stimulation of the nervous system. It can also cause oxidative stress and endocrine 

disruption.72  

 

Chlorpyrifos has moderate persistence in the environment and its various dissipation 

pathways, including volatilisation, can result in regional and long range atmospheric 

transport.73 In New Zealand, chlorpyrifos has been detected in air samples and pine needles 

in areas where no use occurs.74 There is also a high potential for chlorpyrifos to volatilise and 

disperse by air.36 The detection of this insecticide in a wide range of environments is of 

particular concern as there are a growing number of reports which indicate that pesticides 

may be contributing to a world-wide decline in honey bee populations.16 Chlorpyrifos has 

recently been in the news in the U.S. after a federal court ordered the USEPA to bar the use 

of the insecticide within 60 days due to health concerns associated with its use.75 

 

It is also important to investigate the fate of the bioactive degradation product of 

chlorpyrifos: chlorpyrifos oxon (Figure 1.4). This can be formed either by reaction with 

hydroxyl radicals in the atmosphere and on surfaces73 or by hepatic metabolisation by 

organisms.76 Chlorpyrifos oxon is about three times as potent as chlorpyrifos and has the 

same mode of action in that it inhibits AChE.76  

 

Urlacher et al.77 examined chlorpyrifos levels in bees collected from various locations in 

Otago, NZ and compared these with doses of pesticides that cause sub-lethal effects on the 

learning performance of honey bees under laboratory conditions.77 The amounts detected in 

the field ranged from 35 to 286 pg bee-1, far below the LD50 of approximately 100 ng bee-1. 

Even at these levels they found that the formation and retrieval of appetitive olfactory 

memories was severely affected. Learning and memory play a central role in behavioural 
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Figure 1.4 Chemical structure of chlorpyrifos oxon 
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ecology and communication of foraging bees, thus chlorpyrifos even in sub-lethal doses may 

threaten the success and survival of important insect pollinators.77   

 

Environmental Fate Models 
 

Environmental fate models can improve the understanding of the behaviour of a chemical in 

a particular system and it can be used to predict long-term impacts of planned actions.78 Once 

developed, these models can be used to aid in risk assessment for various organic 

contaminants. They can estimate the behaviour of a wide variety of organic contaminants 

efficiently and with enough accuracy to determine which contaminant is of environmental 

concern. They also allow the environment itself to be simplified such that anyone can input 

their relevant environmental data to determine the general fate of their contaminant of 

interest.  

 

The environment is extremely complex, consisting of many phases such as air, water, soil and 

vegetation. Each one of these phases is complicated enough in itself and each varies in 

properties and composition. Due to this complexity, modelling requires simplifying 

assumptions about the environmental conditions, such as assuming each phase is completely 

homogenous, or that one phase is in equilibrium with another.79  

 

The key to a successful model is to select the best assumptions to use in the model so it is 

simple to understand but is still detailed enough that it is realistic and realiable.79 The aim is 

to distinguish between the least necessary and the most important processes to model. One 

example of making a model easier to understand is to use SI units where possible, thereby 

simplifying equations and inputs.79 Another way to simplify an environmental fate model is 

to view the environment as comprising of a number of connected phases or compartments. 

Some compartments may be in contact such that a chemical can migrate between them (e.g. 

plant-air), and these may be assumed to be in equilibrium to simplify the processes between 

them.  

 

It is also necessary to determine which environmental phases to include in a model, this will 

depend on the question the model developer wishes to address. Single-media models can be 

used to address media-specific problems such as groundwater pollution. However, these 

models are not ideal for characterizing the total environmental impact of a pollutant release.78 
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Hence, multimedia models have been developed to predict the presence and persistence of a 

chemical in multiple environmental media to get a scope of its overall impact. Multimedia 

models can also address chemical transportation and transformation within and between the 

media.80 Indeed, one of the most useful types of models is multimedia compartmental models 

(MCMs).  

 

MCMs assume homogeneous properties within each media and that all compartments are 

well mixed.78,81,82 Due to their modest data requirements and simple yet comprehensive 

structure, MCMs are a practical choice when evaluating long-term environmental impacts. 

Ergo, many MCMs are widely used for comparative risk assessment of new and existing 

chemicals.83,84  

 

MCMs are based on the fugacity principle. The term ‘fugacity’ was first coined by Gilbert 

Lewis in 1901, and is defined as “a measure of the tendency of a component of a liquid 

mixture to escape, or vaporize, from the mixture”.85 Fugacity has units of pressure and 

environmental compartments that are in contact with each other have equal fugacity values if 

the chemical is equilibrium in the two phases (i.e. the tendency for a chemical to leave one 

compartment is equal to the tendency to enter another).  

 

Most existing models consider surface water, soil and sediment and the lower atmosphere as 

the main compartments, with some sub-compartments (e.g. vegetation).86–88 A few existing 

models do include a separate vegetation compartment37,89, but they do not address all 

important compartments at one time, thus ignoring some important interactions between them 

that can affect the concentration in the media of interest. Sarigiannas et al.6 developed a 

pesticide emission model that did combine a soil and vegetation phase; however, this model 

generated emission outputs for large scale areas to garner a survey of emissions over a 

region. It is necessary to develop a model for a standard agricultural field, at a smaller scale, 

that includes both a soil and a vegetation component to determine immediate and local 

emissions. 
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Thesis Outline 
 

This thesis is organized into five chapters: 

 

• Chapter one provided background information on the two main projects I worked on 

as well as a literature review of the various extraction methods that are used in labs 

today, the use of chlorpyrifos, and environmental fate models.  

• Chapter two describes the methods that were developed to analyse the environmental 

samples that were collected from the fate study described in chapter three.  

• Chapter three focuses on the environmental field study conducted in January 2017, 

this chapter will be in the style of a journal article. The results from this study are one 

part of a larger project involving Supta Das and Sue Michaelson-Heath. The results 

from each part of this study will be combined in a paper that will be published. 

• Chapter four describes the pesticide volatilisation model that was first developed by 

Trudy Geoghegan, and updated by myself and Cleo Davie-Martin. This chapter has 

been published in…. I was the primary author on this paper as I wrote the 

introduction, the results and the conclusions 

• Chapter five is a short summary of my findings for the summation of my project. 
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2. UNDERSTANDING TRENDS IN PESTICIDE 
VOLATILISATION FROM AGRICULTURAL FIELDS 
USING THE PESTICIDE LOSS VIA VOLATILISATION 
(PLOVO) MODEL 

 

Introduction 
 
Pesticides are an important tool in modern crop management. However, many common 

pesticides (including certain insecticides, herbicides, and fungicides) are prone to transport 

away from target sites via Volatilisation, spray drift, and/or surface runoff.90 These transport 

processes can result in decreased efficacy towards target organisms, as well as burdens on the 

environment and human health. Unintended pesticide exposure and impacts have been 

documented for an array of pollinators and other beneficial insects, sensitive crops in 

downwind areas, natural ecosystems, and people that live and/or work in high-intensity 

agricultural areas.29,39,74,91–94 

 

The rate at which a pesticide volatilises from an agricultural field depends on the strength of 

the intermolecular attractive forces it encounters, which in turn are controlled by the chemical 

structure of the pesticide, properties of the soil and plants in the field, and climatic 

conditions. Other chemicals in the spray mixture (e.g., adjuvants) may also enhance or 

decrease pesticide Volatilisation rates.95 Valuable data about pesticide Volatilisation rates and 

the variables that affect them have been obtained from field,28,29,35,96–99 wind tunnel,100,101 and 

lab experiments.35,66 While more measured data are needed to enhance understanding, our 

objective was to combine the data and knowledge that currently exists regarding pesticide 

Volatilisation from agricultural fields into a chemical fate model, which we have called the 

Pesticide Loss via Volatilisation (PLOVO) Model. In a previous publication102 we described 

a simpler version of the PLOVO Model, which was designed to predict pesticide 

Volatilisation from agricultural soils in the absence of plants.  

 

The key steps of the PLOVO model are shown in Figure 2.1.In addition to adding a plant 

compartment, we developed and incorporated an improved equation for predicting 

equilibrium soil-air partition coefficients for pesticides.66 While other useful pesticide fate 

models exist,36,103–111 most were developed to predict pesticide leaching, do not use partition 
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coefficients to describe intermolecular attractive forces, do not incorporate a plant 

component, and/or do not consider pesticide-plant surface interactions.  

 

In this manuscript we describe the PLOVO model, which we validate by comparing modelled 

and measured pesticide Volatilisation rates, and use sensitivity analysis to explain how 

various plant-related input parameters effect pesticide Volatilisation rates. PLOVO was then 

used to address several interesting questions that have arisen in the literature, specifically (a) 

do pesticides volatilise more readily from planted or bare fields? (b) does plant growth stage 

affect pesticide Volatilisation? and (c) to what degree does plant species affect pesticide 

Volatilisation? Since the answers to such questions are pesticide-dependent, our results are 

presented in chemical space diagrams that depict a wide range of chemical property 

combinations. 
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Figure 2.1 Flow chart illustrating the general important steps for the PLOVO model 
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Methods 
 

Modelling Approach Overview 

 
The PLOVO model was designed to predict the percent mass of pesticide active ingredient 

that volatilises during the 24-hour period after it has been sprayed on a planted field, i.e. the 

24-hour cumulative percent Volatilisation (CPV24h), as defined previously for Volatilisation 

of pesticides from agricultural soils.102 A key advantage of using CPV24h is that as a 

percentage, it is independent of application mass, application rate, field size, and 

meteorological conditions that affect the dilution of pesticide in air. Thus, CPV24h is an 

especially useful tool for comparing the relative volatility of different pesticides under 

different scenarios. Moreover, several studies have reported pesticide Volatilisation losses in 

terms of percentages,34,35,112 enabling easy comparison of measured versus modelled values.  

 

A conceptual depiction of the model is shown in Figure 2.2, which shows the main 

parameters involved in the calculation steps used to obtain CPV24h. PLOVO uses equilibrium 

mass balance and flux equations to calculate pesticide losses from soil and plants via an air-

boundary layer. Volatilisation rates from soil are calculated as described for our earlier 

model,102 with the exception that the equation for predicting soil-air partition coefficient 

(Ksoil-air) values has been updated.66 In an analogous manner, this model uses plant-air 

partition coefficients (Kplant-air) to describe pesticide-plant interactions. An important input 

parameter in PLOVO is the foliar intercept fraction (%I), which defines what percentage of 

pesticide mass initially lands on plants versus soil in the field. PLOVO cannot be used on its 

own to determine the post-Volatilisation fate of pesticides or downwind concentrations; 

however, it could be combined with an atmospheric transport model for that purpose.  
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Standard Agricultural Field 

 
The standard agricultural field contained soil, plant, and turbulent air compartments.  The soil 

compartment was further divided into surface soil, soil water (moisture), and a soil-air 

boundary layer. The plant compartment was composed of plant matter and a plant-air 

boundary layer. All standard input parameters (and references) are listed in the List of 

Abbreviations.  

 

The area of the standard agricultural field (Afield) was 10,000 m2. Both the surface soil depth 

(hsoil, m) and soil-air boundary layer depth (dsoil boundary) were set to 0.001 m; these values 

were selected to replicate those used in the Pesticide Leaching Model (PELMO).113  The 

relatively shallow soil depth is appropriate here because the model concerns the 

Volatilisation of recently sprayed  pesticides and significant transport into deeper soil layers 

is unlikely to occur within 24 h after spraying.  The total volumes of the surface soil (Vsoil) 

and of the soil-air boundary layer (Vsoil boundary) were 10,000 L each. 

 

The volume of plant phase (Vplant) in the standard agricultural field was calculated using eq 

2.1: 

 

Figure 2.2 Conceptual diagram of important processes and parameters 
involved in the model. 
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!plant = LAI ∙ #field	 ∙ ℎleaf                 (2.1) 

 

where hleaf is the leaf thickness (0.00018 m) and LAI (4, dimensionless) is the single-sided 

leaf area index, which is a measure of the single-sided surface area of leaves per area of land 

occupied by the crop.114 Leaf length (lleaf, 0.05 m) is not included in eq 2.1 because it is not a 

good indicator of leaf area (i.e., a longer leaf does not necessarily correspond to a larger leaf 

because of leaf shape variability).  

 

The volume of the plant-air boundary layer (Vair-boundary (plant)) was calculated using eq 2.2:  

 

!air-boundary	(plant) = 2 ∙ LAI ∙ #field ∙ 'air-boundary	(plant)             (2.2) 

 

where the constant 2 accounts for the boundary layer surrounding both sides of the leaf and 

dair-boundary (plant) (m) is the depth of the plant-air boundary layer adjacent to the leaf.   

dair boundary (plant) varies with wind speed (WS, m s-1) and lleaf and was calculated using eq 2.3, 

which was reported by Nobel115 and derived from hydrodynamic theory and observations 

under field conditions.  

 

dair-boundary	(plant)	=4*
lleaf
WS

                (2.3) 

        

The plant parameters in PLOVO can be easily modified by users and can change in time 

and/or in space; however, in the calculations presented herein, we assumed that LAI, hleaf, 

and lleaf were uniform across the agricultural field, within individual plants, and over time, 

even though they vary naturally in the real world.116  We obtained LAI, hleaf, and lleaf  values 

from the literature for specific plant species.  We used the mean LAI when more than one 

value was available for a single plant species in the literature. We used median values when 

only graphed (not numerical) data was available. We measured lleaf values from digitalized 

botanical samples117 that were photographed to scale, with the largest leaf on the sample 

being used to represent mature crops.   
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Distribution of Applied Pesticide between Plant and Soil Compartments 
 
The total mass of pesticide applied to the field (mi,total) was split between the plant (mi,plant) 

and soil (mi,soil) compartments according to %I, which is the percent of spray droplets that 

land on plant surfaces.  %I varies with plant species, growth stage and spray application 

technique.118  We used standardized %I values from the International Union of Pure and 

Applied Chemistry (IUPAC) technical report dedicated to this topic.118 These calculations 

assume that all of the spray droplets land on either the soil or plants. In reality, some spray 

droplets may leave the field as droplet drift, or land on trunks, branches, posts or other 

infrastructure. These factors could be accounted for by subtracting the amount of pesticide 

that does not land on plants or soils from mi,total; however, we did not include this complexity 

in the calculations presented herein.  

 

Volatilisation of Pesticides from the Soil Compartment 

 
The mass of pesticide volatilised from the soil compartment in 24 h was calculated according 

to the multiphase partitioning approach described in Davie-Martin et al.36  The fraction of 

pesticide, i , in the soil-air boundary layer (Fi, air-boundary (soil)) at equilibrium was calculated 

using eq 2.4:  

Fi,	air-boundary	(soil)=
1

1+Ksoil-air:
Vsoil

Vair-boundary	(soil)
<+Kwater-air:

Vwater
Vair-boundary	(soil)

<
             (2.4) 

 

where Vwater is the volume of soil water, Kwater-air is the (dimensionless) water-air partition 

coefficient, and Ksoil-air is the (dimensionless) soil-air partition coefficient. Kwater-air values 

were obtained from the United States Environmental Protection Agency (U.S. EPA) EPISuite 

database119 and adjusted for temperature according to the approach described previously.36  

Ksoil-air values were calculated using the predictive equation (eq 2.5, whose derivation is 

described elsewhere).66  

  

log/	soil-air = −26.2 + 0.714 ∙ log /octanol-air + 8291 ∙
>
?
− 0.0128 ∙ 9: + 0.121 ∙ log ;OC			

           (2.5) 
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where Koctanol-water is the octanol-water partition coefficient at 298.15 K, T is the air 

temperature (in Kelvin), RH is the relative humidity (%), and foc is the fraction of organic 

carbon in the soil. Ki,octanol-water values were obtained from the U.S. EPA EPISuite database.119   

 

Volatilisation of Pesticides from the Plant Compartment 

 
The first step in calculating the mass of pesticide volatilised from the plant compartment in 

24 h was to calculate the fraction of mi, plant that partitioned into the plant-air boundary layer 

at equilibrium. This fraction was calculated using an analogous approach to the multiphase 

partitioning approach described by Davie-Martin et al. for the Volatilisation of pesticides 

from soils.36  The fraction of pesticide i in the plant air-boundary layer (Fi, air-boundary (plant)) at 

equilibrium was calculated using eq 2.6:  

 

=@, air-boundary	(plant)A B

BCDplant-air:
Eplant

Eair-boundary	(plant)
<CK	water-air:

Vwater	(plant)
Vair-boundary	(plant)

<

                        (2.6) 

 

Where Vwater(plant) is the volume of water present on the surface of the leaves at the time of 

application, to account for the aqueous solution in which the pesticide would be mixed for 

spray application. Vwater (plant) was calculated using eq 2.7: 

 

Vwater	(plant)=PWP	∙Vplant                   (2.7) 

 

Where PWP is the plant water percentage (25%). The default PWP value was determined by 

generating CPV24h values with various PWP values to see which would best fit the values 

from the literature (see Model Validation).  

 

The selection of literature values for Ki, plant-air and the derivation of an estimation equation for 

a generalized plant phase are described in a later section.  The concentration of pesticide in 

the air-plant boundary layer at equilibrium (ci, plant boundary) was then calculated with eq 2.8:  

 

A@,	air-boundary	(plant) =
FG,	air-boundary	(plant)

Hair-boundary (plant)
=

IG,air-boundary	(plant)	∙KG,plant

Hair-boundary (plant)
              (2.8) 

 

where mi, air-boundary (plant) is the mass of pesticide in the plant-air boundary layer at equilibrium.  
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The mass of pesticide lost per hour to the turbulent air layer from the plant-air boundary layer 

was calculated from the flux (Ji, plants) (g m-2 h-1) using Fick’s Law of Diffusion120 (eq 2.9):    

 

B@,plants = −Cair ∙
LG,	air, turbulent MLG,	air-boundary	(plant)

Nair-boundary	(plant)	
                                                                          (2.9) 

 

where ci,air,turbulent is the pesticide concentration in the turbulent air  (g m-3), which was 

assumed to be zero due to constant removal of pesticides by the wind.  Dair is the air diffusion 

constant (m2 h-1) and was calculated using eq 2.10, reported by Leistra et al.,121  

 

Dair	(T)=Dair	(Tref) E
T
Tref
F
1.75

                 (2.10) 

              

where Dair(T) and Dair(Tref) are the air diffusion constants at the air temperature of interest (T, in 

Kelvin) and at the reference temperature (Tref) (0.0179 m2 h-1 at 293 K), respectively.   

 

Selection of Ki, plant-air Values and Derivation of Estimation Equation 

  

Our Kplant-air estimation equation for a representative plant species was derived by combining 

the results from sixteen linear predictive equations122–125 (Table A-1) reported in the 

literature.  

 

We selected plotted the values of  Kplant-air  against Koctanol-air for each equation from the 

literature and selected the ‘average’ Kplant-air estimation equation to act as a representative 

equation. The equation was reported by Kömp and MacLachlan,123 and was used to validate 

the model, compare Volatilisation from soil and plants, and to investigate the effect of plant 

growth stage (eq 2.12). Where possible, species-specific Kplant-air equations were used. The 

selection and temperature dependence of eq 2.12 is discussed in more detail in Appendix A. 

 

log	Kplant-air=0.7∙log	Koctanol-air+0.15                                 [R2 = 0.86, n = 16]              (2.12) 
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Twenty-Four Hour Cumulative Percentage Volatilisation (CPV24h) 

 
The mass of pesticide lost in 24 h to the turbulent air layer from the plant-air boundary, and 

the soil-air boundary layers was calculated from flux values calculated with 1-h time steps 

and summed over the period of 24 h to attain a CPV24h. For the first 1-h time step, the 

Volatilisation flux was based on mi, plant, but in subsequent time steps, mi, plant was adjusted to 

account for losses from the previous time steps. The use of 1-h time steps and the validity of 

assuming ci, turbulent was negligible were discussed in Davie-Martin et al.36   

 

Model Validation: Comparison of Modelled and Measured CPV24h Values 

 
CPV24h values generated by the model were compared to 22 measured values for pesticide 

Volatilisation from planted fields that were obtained from the literature. The measured values 

were obtained from seven different literature sources describing a variety of field, wind 

tunnel, and laboratory studies (Table A-2).31,34,96,97,101,104,112 Combined, these studies 

measured Volatilisation losses of 17 pesticides from six arable crop species, under a variety 

of different environmental conditions, resulting in 22 data points for comparison. All input 

values used in the validation and references are listed in Table A-3 - 6. Where possible, 

parameters reported in the literature were used as input values in the PLOVO model, 

otherwise, the best estimation was used. Leaf input parameters were missing in all cases and 

as such, values were obtained from other literature sources for the specific plant species 

(Table A-6).  

 

Sensitivity Analysis 

 
Quantitative sensitivity analysis was carried out to determine which input values had the 

largest effects on CPV24h. The analysis was conducted with a set of over 3000 hypothetical 

compounds using the method described by Meyer et al.126 The sensitivity (S(xi)) was defined 

as the relative deviation of the output value resulting from the variation in an input parameter 

(Xi).126 In our case, the equation was; 

 

IT@ =	
∆VWHXYZ
VWHXYZ

∙ [G
∆[G

                  (2.13) 
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Each default input value shown in Table A-7 was tested individually by increasing it by 10%. 

When an input parameter was affected by a change in another input parameter (e.g. Vplant 

increased when LAI and hleaf increased), those changes were included in the analysis. We did 

not conduct sensitivity analysis on soil-related input parameters (Table A-5) because this 

analysis was conducted previously.36  

 

Chemical space diagrams were used to depict the results for a wide variety of chemical 

property combinations, specifically by displaying CPV24h as contoured background shading 

plots of log Kplant-air versus log Kwater-air. Because Kplant-air and Ksoil-air are correlated (Figure A-

2), and both are calculated from Koctanol-air (eqs. 2.5 and 2.12), log Ksoil-air is shown on the 

second y-axis. Figure 2.3 shows a chemical space diagram displaying the CPV24h for our 

range of hypothetical pesticides under default conditions. Several common, current-use 

pesticides are displayed to show the range of pesticides that can be investigated quickly and 

easily using this visualization technique.  

  

Using PLOVO to Probe Questions about Pesticide Volatilisation  

 
Finally, we used the PLOVO model to investigate a number of pertinent questions about 

pesticide Volatilisation from planted fields that have been raised in the literature. First, to 

investigate whether pesticides tend to volatilise more readily from soil or plants, chemical 

Figure 2.3 Chemical space diagram displaying CPV24h for a hypothetical set of 
pesticides under standard conditions (T 293.15 K, RH 100%, foc 0.02, %I 90, PWP 
25%). The positions of several example CUPs are displayed: : (a) trifluralin, (b) 
chlorpyrifos, (c) dichlorprop, (d) fenpropidin, (e) pymetrozine. 
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space diagrams showing modelled results when %I was set to 0% (i.e. no plants in the 

system) versus 100% (i.e. no pesticides contact with soil) were compared. The input 

parameters concerning soil and the general environment were the default parameters shown 

in the List of Abbreviations. Equation 2.12 was used to generate the generic log Kplant-air 

values for this analysis. 

 

Second, we investigated the effect of growth stage on pesticide Volatilisation by using the 

%I, LAI, lleaf and hleaf values provided by the literature for cabbage plants at four standard 

growth stages (Table 2.1). The growth stages were as follows: leaf development, leaf 

elongation, maturity and senescence. To the best of our knowledge, there is no data in the 

literature describing how Kplant-air is affected by changes in the growth stage of plants. 

Therefore, we used our generic equation for Kplant-air (eq 2.12) for all growth stages.  

 

Table 2.1 Input parameters for different growth stages of a cabbage plant 

Parameter 

Growth Stage118 

Leaf 

Development 

Leaf 

Elongation 
Maturity Senescence 

%I (%)118 25 40 70 90 

LAI (m2m-

2)127 
0.33 0.64 1.74 1.43 

lleaf (cm)117 5 15 26 26 

hleaf (mm)128 0.4 0.7 1.45 1.25 

 

Third, we used the PLOVO model to generate CPV24h values for our hypothetical set of 

pesticides for five different grass and herb species for which log Kplant-air estimation equations 

were reported by Kömp and McLachlan123 (Table A-1). Where possible, values for %I, LAI, 

lleaf, and hleaf were obtained from the literature for these plant species otherwise, we provided 

estimates (Table 2.2).  
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Table 2.2 Input values for five different grass and herb species. 

Parameter 
Ryegrass Clover Yarrow 

Hawk’s 

Beard 

Ribwort 

plantain 

Value Ref Value Ref Value Ref Value Ref Value Ref 

%I (%) 90 118 90 118 90 118 90 118 90 118 

LAI (m2m-2) 5 129(a) 3.4 130 3 (b) 0.93 130 1.6 130 

hleaf (mm) 0.18 129 0.12 131 0.18 (b) 0.18 (b) 0.18 (b) 

lleaf (m) 0.05 (b) 0.01 117 0.1 117 0.15 117 0.16 117 

(a) Median value from graphed data 

(b) No literature value available, default parameters used 

 

Results and Discussion 
 
Model Validation:  Comparison of Modelled and Measured CPV24h Values  

 
A correlation plot showing modelled CPV24h values versus measured values obtained from 

various literature sources is shown in Figure 2.4. The overall fit was good as indicated by a 

root mean square error (RMSE) of 19 and an equal number of points falling above versus 
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below the 1:1 line (R2 = 0.77). Although more measured CPV24h data are needed to further 

test and validate the model, the good fit indicates robust model design. We note that 

Boehncke et al.35 also reported pesticide Volatilisation rates from plants and soil, but we have 

not included their data in Figure 2.4. We found that the pesticide Volatilisation rates in 

Boehncke et al. were calculated differently from those in other literature sources (i.e. from 

measured residue concentrations on surfaces, rather than from concentrations in air) and that 

much of their data did not fit well with our modelled data. Müller et al. argued that pesticide 

Volatilisation rates should be calculated from concentrations in air rather than from residues 

on surfaces since pesticide loss from surfaces can also occur from photodegradation or 

microbial transformation.101 Also, although species-specific Kplant-air values were reported by 

Kömp and MacLachlan,123 they did not measure Volatilisation rates so their data could not be 

used in our model validation.  

 

 

 

 

Figure 2.4 Correlation plot for modelled versus measured CPV24h values (n = 22, root 
mean square error (RMSE) = 19). Colour coding indicates literature sources for 
measured data: (a) Haith et al.104 (b) Ruedel and Waymann31 (c) Wittich and Siebers96 
(d) Müller et al.101 (e) Rüdel34 (f) Wolters et al.112 (g) Klöppel and Kördel.97 The solid 
line shows the fitted linear regression for the data and the dotted line shows a 1:1 
relationship. 
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Sensitivity Analysis 

 
The sensitivity of the model to changes in leaf-related parameters varied among the regions 

of the chemical space diagrams (Figure 2.5). The highly volatile pesticides (i.e. those in the 

lower left corners of chemical space diagrams) were not sensitive to any input parameters 

because they completely volatilised after 24 h.  

 

Figure 2.5(a) shows that an increase in %I led to an increase in CPV24h for all pesticides 

except the highly volatile. In other words, for the majority of pesticides, there was more 

Volatilisation as the percent that landed on plants increased. This is to be expected as Kplant-air 

is always higher than Ksoil-air when using the representative plant partition equation (eq. 12, 

Figure A-1).  Water-soluble pesticides were less sensitive to changes in %I as both the soil 

and plant compartments contain a water component.  

 

Figure 2.5(b) shows that for plant- and soil-sorbed pesticides (but not for volatile pesticides), 

an increase in LAI led to a decrease in CPV24h. This occurred because an increase in LAI is 

associated with an increase in Vplant in the system (Figure 2.2), which decreases Fi,air-boundary 

(plant) (eq 2.6) and thus decreases CPV24h. In addition, more plant material leads to an increase 

Figure 2.5 Chemical space diagrams displaying the sensitivity of the model when several leaf-
relate parameters were increased by 10%. Red to yellow shading indicates that CPV24h 
increased when the input parameter increased, blue to green shading indicates that CPV24h 
decreased when the input parameter increased, and green indicates that the model was not 
sensitive to changes in the input parameter.  
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in the volume of air in the boundary layer above the plant material (Vair-boundary (plant), Figure 

2.2), which likewise decreases CPV24h for plant-sorbed chemicals. Water-soluble pesticides 

were also sensitive to changes in LAI and as the volume of water present on plant surfaces is 

determined by the volume of plant material present in the system. That is to say, an increase 

in Vplant increases Vwater(plant), which in turn decreases CPV24h for water-soluble pesticides. The 

sensitivity of the model to changes in hleaf was identical to that for LAI (Figure 2.5(b)) since 

an increase in hleaf also increases Vplant and Vair-boundary (plant). 

 

An increase in lleaf also led to a decrease in CPV24h for the majority of pesticides (Figure 

2.5(c)). In our model, dair-boundary(plant) is calculated from lleaf and wind speed (eq 2.3). Thus, an 

increase in lleaf resulted in an increase in dair-boundary(plant) and therefore, a decrease in the 

Volatilisation rate. The sensitivity to lleaf was lower than that to LAI and hleaf because unlike 

these variables, lleaf does not affect Vplant. As with LAI and hleaf, the most strongly plant-

sorbed pesticides were not sensitive to changes in lleaf. As expected, wind speed (U) had an 

analogous but inverse effect relative to leaf length (lleaf) (Figure 2.5(d)). In contrast, U did not 

affect the boundary layer above soil in our model because we used a set value of 0.001 m for 

dair-boundary(soil), in accordance with PELMO (reference) rather than a calculated one. This may 

be realistic for planted fields, where the soil boundary layer is protected from wind.  

 

Figure 2.5(e) shows that an increase in PWP causes a decrease in CPV24h for water-soluble 

pesticides, while highly volatile and plant- and soil-sorbed pesticide were not affected. This is 

to be expected as PWP increases, the volume of water present on plant surfaces increases 

(Vwater(plant)) thus these water-soluble pesticides will sorb more strongly to plant surfaces 

causing Volatilisation to decrease.  

 

Question 1: Do Pesticides Volatilise More Readily from Soil or Plants? 
 
 
Several experimental studies have previously compared the Volatilisation of selected 

pesticides from bare versus planted fields. Ruedel and Waymann31 reported that simazine and 

deltamethrin volatilised more readily from plant than soil surfaces. These findings were later 

supported by the data from studies by Guth et al. (35 herbicides, 17 insecticides, 23 

fungicides and 1 nematicide)32, Bedos et al. (fenpropidin and chlorothalonil)33 and Rüdel et 

al. (parathion-methyl, endosulfan, fenpropimorph, lindane, trifluralin)34. However, each study 
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cautioned that little data on this trend is available and that this may not be true for all 

pesticides and all conditions. Thus, we used the PLOVO model to explore this question in a 

broader sense.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First, it is important to realize that this question is simply a more extreme version of the 

sensitivity analysis conducted with %I (Figure 2.5(a)). Thus, pesticides with positive 

sensitivity to %I (Figure 2.5(a)) volatilise more readily from plant surfaces than soil surfaces 

and of course, those that are highly volatile (bottom left corner) volatilise completely from 

both plant and soil surfaces.  

 

Another way to investigate this question is to compare the chemical space diagrams for 

scenarios in which pesticides interact only with soil (CPV24h, soil) (Figure 2.6(a)) and in which 

they interact only with plants (CPV24h, plants) (Figure 2.6(b)). These plots readily show that 

only the pesticides in the lower left corner volatilised readily from soil, whereas water-

Figure 2.6 (a) Chemical space diagram displaying the percent (%) difference in 
CPV24h when a pesticide interacts with only plants and when a pesticide interacts 
with only soil. Red to yellow shading indicates CPV24h values increased when 
pesticides interact with plants, blue to green shading indicates CPV24h decreased. (b) 
Chemical space diagram displaying modelled CPV24h values generated with default 
parameters (see Table 1) for a set of hypothetical pesticides when pesticides 
interacted only with soil (i.e. %I = 0) and (c) when pesticides interacted only with 
plant matter (i.e. %I = 100%). The positions of several example CUPs are 
displayed: (a) trifluralin, (b) chlorpyrifos, (c) dichlorprop, (d) fenpropidin, (e) 
pymetrozine. 
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soluble ones also volatilised readily from plant surfaces (since there is no water phase in 

plants). Two of the pesticides mentioned above as ones that have been shown experimentally 

to volatilise more readily from plants than soil are plotted on Figure 2.6(a) and (b) 

(fenpropidin and trifluralin). For example, in the study conducted by Rüdel et al.34, 65% of 

applied trifluralin volatilized from soil, while 99% volatilised from plants. The PLOVO 

model also predicted that trifluralin would volatilise more readily from plant surfaces than 

from soil (99% from plants, 29% from soil, under our default conditions). As for fenpropidin, 

it too volatilised more readily from plants than from soil, though in both cases volatilisation 

was below zero (0.1% from plants and 0.02% soil), so the difference in volatilisation may not 

be important for these low volatile pesticides in a realistic field scenario.  

 

Question 2: How Does Plant Growth Stage Effect Pesticide Volatilisation? 

 

A study by Marple et al.39 found that the foliar uptake of seven different herbicides via leaves 

was greater for developing cotton plants than older cotton plants. Although a number of 

factors were likely at play, this prompts one to question if pesticide Volatilisation also 

Figure 2.7 Chemical space diagrams displaying the CPV24h values for each growth stage of a 
cabbage plant, modelled using the input parameters shown in Table 1. The positions of several 
example CUPs are displayed: (a) trifluralin, (b) chlorpyrifos, (c) dichlorprop, (d) fenpropidin, 
(e) pymetrozine. 
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changes as plants mature. If so, significant real-world implications are not difficult to image 

and generalizations about pesticide Volatilisation from certain crops may not apply. Figure 

2.7 shows how CPV24h varied for the four growth stages of cabbage. It is likely that Kplant-air 

also changes as cabbage leaves age; however, no such data exists for cabbage or any other 

plants and therefore our results indicate only how the combination of leaf parameter changes 

shown in Table 3 affect pesticide Volatilisation.  

 

For plant- and soil-sorbed pesticides (e.g. chlorpyrifos and fenpropidin), the highest CPV24h 

values occurred at the leaf development stage, followed by the leaf elongation, senescence 

and maturity stages. Volatilisation was greatest from the early growth stages as the smaller, 

shorter leaves (Table 2.1) result in an increase in Volatilisation flux (i.e. smaller Vplant, Vair-

boundary(plant) and dair-boundary (plant), see Sensitivity for further discussion).  

 

Water-soluble pesticides (e.g. dichloroprop and pymetrozine), the highest CPV24h values 

were also observed at the leaf development stage, however the lowest values occurred at the 

senescence stage. At the maturity and senescence stage, the volume of water present on leaf 

surfaces exceeds the volume of water present in soil, due to the increase in Vplant. Thus, as %I 

increases, Volatilisation for water-sorbed pesticides will decrease. Hence, water-soluble 

pesticides will sorb more strongly to leaves than soil at these growth stages.    

For more volatile pesticides (e.g. trifluralin) the highest CPV24h values were observed for the 

leaf elongation stage, followed by the leaf development stage, senescence and maturity. As 

with the plant- and soil-sorbed pesticides, the lowest CPV24h values were observed for the 

later plant growth stages due to the large leaf size (Table 2.1), which leads to a decrease in 

Volatilisation flux. In this case, however, Volatilisation was greater from the leaf elongation 

stage than the leaf development stage, despite the decrease in Volatilisation flux due to leaf 

size. This suggests that for more volatile pesticides, %I is increasingly important when 

predicting pesticide Volatilisation from crops.  

 
Question 3:  How does Plant Species affect Pesticide Volatilisation? 

 
A number of previous studies have found that pesticide Volatilisation and uptake varies with 

plant species.35,92,97,100,123,132–134 For example, Boehncke et al.35 found that 60% of 

deltamethrin volatilised from kohlrabi leaves after 24 hours but 92% volatilised from lettuce 

leaves. Nonetheless, a systematic investigation of this effect for a large number of pesticides 
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would be difficult to conduct experimentally due to time and cost. Thus, we used PLOVO to 

investigate this question for five plant species for which Kplant-air estimation equations are 

available (Figure 2.8).  

 

 

The strongly plant-sorbed pesticides, such as pymetrozine, had relatively low CPV24h values 

and minimal variation between plant species. However, interesting and large variations were 

observed for the rest of the pesticides. The variations in background shading were due to the 

changes in leaf parameters shown in Table 2.2. The plots show that for most pesticides, 

Volatilisation was highest from clover, followed by hawk’s beard, ribwort plantain, ryegrass 

and yarrow. For a specific pesticide, the trends in Volatilisation were influenced largely by its 

Kplant-air value, but leaf parameters also had an effect. For example, the log Kplant-air values for 

chlorpyrifos (at 25 °C) were 7.19 for yarrow, 7.98 for ryegrass, 6.83 for hawk’s beard, 6.75 

for plantain, and 6.69 for clover. Based on these values alone, one would expect chlorpyrifos 

to be more volatile from plantain than from Hawk’s Beard; however, the opposite was true 

with CPV24h values being 21% and 29%, respectively. This reversal in expected trend 

occurred because Hawk’s Beard had a significantly lower LAI than plantain (Table 2.2) and 

LAI and CPV24h are inversely related for most plant-sorbed pesticides, as demonstrated in the 

sensitivity analysis (Figure 2.5(b)). Figure 2.8 shows that generalizations about pesticide 

Volatilisation from planted fields should be made with caution since for example, the CPV24h 

Figure 2.8 Chemical space diagrams displaying the modelled CPV24h values for five different 
plant species, modelled using species-specific values and the input parameters shown in Table 4. 
The positions of pymetrozine and chlorpyrifos are also displayed. 
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values for chlorpyrifos varied from 5.9% to 52% among these five common plant species. 

Does chlorpyrifos readily volatilise from planted fields? It depends on the crop, as well as a 

myriad of other factors! 

 

Pesticide Formulations 
 
This model, while more complete than many models currently available to account for 

pesticide Volatilisation from plants, only predicts the Volatilisation of pesticides as their pure 

active ingredients (a.i.’s). However, in reality, many typical applications of pesticides are 

formulations, or mixtures of various compounds, some of which are known as adjuvants, or 

surfactants. Some studies have shown that the presence of these compounds can have a 

significant effect on the Volatilisation rate of a.i.’s.95,135,136 For example, a study by 

Houbraken et al. found the presence of adjuvants reduced the initial Volatilisation rate of 

fenpropimorph, pyrimethanil, chlorpyrifos and lindane from glass surfaces.95 A study by 

Lichiheb et al. found that pesticide formulations had a significant effect on the foliar 

penetration; the penetration rate of formulated epoxiconazole was three times that of pure 

epoxiconazole.135 This suggests that the presence of adjuvants could affect pesticide plant-air 

and soil-air partition coefficients. Further studies need to be conducted to measure the effect 

adjuvants may have on these partition coefficients, which can then be used in the model to 

predict CPV24h values in the presence of adjuvants.  

 

 

 

Conclusions and Recommendations 
 
In summary, the PLOVO model could be used to predict the Volatilisation potential of a wide 

variety of organic contaminants from crop and soil surfaces. By using partition coefficients to 

predict the potential of a chemical to volatilise, we can therefore account for the 

intermolecular attractive forces between a chemical and the matrix (matrices) of interest to 

garner a more realistic output. We found that the growth stage of a plant and indeed the 

species of plant can be critical when considering the Volatilisation potential of chemicals for 

moderately and highly volatile chemicals but may not be as significant for very low volatile 

chemicals. Further work is required to evaluate and improve equations for predicting Kplant-air 

values for current-use pesticides. More measurements are needed for pesticide Kplant-air values 
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under controlled conditions to evaluate the effect of leaf size, plant species, and differing 

climatic conditions. In order to obtain results applicable to real-world scenarios, 

measurements are also required to determine the effect of pesticide formulations, including 

surfactants and adjuvants. Additional field studies are required to further validate the PLOVO 

model and the predictive Kplant-air equations that are used.  
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3. METHOD DEVELOPMENT 
 
Introduction 
 
In this chapter, I describe the development and validation of methods for extracting 

chlorpyrifos from the soil and leaf samples collected for the chlorpyrifos environmental fate 

study (Chapter 4). Chlorpyrifos is one of the most commonly used agricultural pesticides 

globally. Its presence in the environment, particularly in remote regions, has caused growing 

concern in the recent decades.75 In order to monitor its presence and fate in the environment, 

quick and efficient extraction methods from environmental matrices are required. 

 

Soil and foliage are considered to be the most important matrices for environmental 

monitoring. The fate of pesticides in agricultural soil and foliage are the primary 

determinants of the entry of chlorpyrifos into the environment.  

 

Soils have been shown to be a significant reservoir and sink for semi-volatile organic 

contaminants (SOCs)137 and can therefore act as a continuous source of pesticides to the 

atmosphere.138 Many publications have described the development of methods for extracting 

a wide-range of pesticides from soil.  

 

Foliage can act as an intermediary compartment between the air and soil,139 and various 

plants such as pine needles and moss, can act as passive air-samplers of SOCs.74,140,141 The 

uptake of SOCs by vegetation is also important when considering the risk of exposure to 

beneficial organisms such as pollinators.39,77,93 Phacelia tanacetifolia (common name: purple 

tansy, Figure 3.1), is part of the borage family and is a very pollinator-friendly plant.142 

Hence, it can also be used as an indicator of non-target pesticide exposure to bees. 
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I determined that selective pressurised liquid extraction (S-PLE) was the optimal technique to 

extract chlorpyrifos from soil and leaf samples. S-PLE was developed as a method for 

selectively extracting organic contaminants from solid matrices and eliminating further steps 

in sample extractions, streamlining and reducing the total time of analysis. Matrix-interfering 

compounds are not co-eluted and instead are retained by adsorbents that are incorporated into 

the extraction vessel. The most common adsorbents used for S-PLE are Florisil (activated 

magnesium silicate), impregnated silica and alumina.143 The aim of S-PLE method 

development is to maximise the recovery of target analytes, while minimising the mass of co-

eluted matrix-interfering compounds. This can be complex as many parameters such as the 

extraction solvent, temperature and extraction time all increase the recovery of target analytes 

but can also increase the mass of co-eluted lipids.  

 

Pesticides and other environmental contaminants have previously been extracted from plant 

materials with liquid-liquid extraction,144 Soxhlet,145–147 supercritical fluid extraction,148,149 

and microwave assisted extraction.150,151 While S-PLE methods for the extraction of 

environmental contaminants from herbs,152 pine-needles,67 seaweed153 and common weeds154 

have been reported, no S-PLE methods have been reported for the extraction of chlorpyrifos 

from Phacelia leaves.  

 

The objectives of this chapter were to optimise an S-PLE method that was developed for 

extracting multiple pesticides from agricultural soil for extracting chlorpyrifos from 

Figure 3.1 Phacelia tanacetifolia (purple tansy)142 
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agricultural soil, and to develop an S-PLE method for extracting chlorpyrifos from Phacelia 

leaves. The S-PLE method for soil was based on the method reported by Davie-Martin et al.66 

Two methods were used to develop the S-PLE method for leaves. Initial attempts were based 

on the method reported by Lavin and Hageman67 for the extraction of SOCs from pine-

needles. Further attempts were based on the method reported by Pérez et al.154 for the 

extraction of polyhalogenated pollutants from common weeds.  

 

 

Experimental 
 
Chemicals 

 
High-purity dichloromethane (DCM, >99.98%), n-hexane (>98%) and ethyl acetate (EA, 

99.9%) were used as the extraction solvents. High-purity DCM and EA were obtained from 

Burdick & Jackson (Honeywell Burdick & Jackson, Morristown, NJ, USA) and high-purity 

n-hexane was obtained from Merck (Darmstadt, Germany). The fat-retainer, Florisil 

(activated magnesium silicate (100-200 mesh)) and the pigment-adsorber, Graphetized 

Carbon Black (GCB) (120-400 mesh) were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Diatomaceous earth, which was used to adsorb moisture, was obtained from World 

Minerals (Santa Barbara, CA, USA). Acid-washed sand was obtained from Thermo Fisher 

Scientific (Waltham, MA, USA) and used to fill the dead-volume in the extraction vessel. 

Florisil, diatomaceous earth and sand were all pre-cleaned by baking at 400 °C for 3 hours.  

The chlorpyrifos standard was purchased from AccuStandard (New Haven, CT, USA) and 

d10-chlorpyrifos was obtained from Cambridge Isotope Laboratories (Andover, MA, USA). 

 

Samples and Sample Preparation 

 
All method development was carried out on soil and Phacelia tanacetifolia leaf samples 

collected from the field study of the environmental fate study (Chapter 3). The soil and leaf 

samples were stored at -20 °C until analysis. Soil samples were sieved to 1.4 mm to 

homogenise. Leaves were freeze-dried for 18 hours before being homogenised using a 

stainless-steel blender (Waring Commercial, Torrington, CT, USA).  
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Extraction Methods 

 
S-PLE extractions for both soil and leaf samples were performed using an automated 

Accelerated Solvent Extraction System (ASE 300; Dionex, Sunnyvale, CA, USA). The ASE 

system calculates solvent flush volumes as a percentage of the extraction vessel volume. For 

example, a 75% flush volume for a 100 mL cell indicates the extraction cell will be filled 

with 75 mL of solvent.  

 

Soil Samples 
 
The S-PLE method developed for the soil samples was based on the methods developed by 

Davie-Martin et al.155 and Shahpoury et al.115 In brief, 3 g of homogenised soil was mixed 

with 1 g of diatomaceous earth to absorb any moisture present, and 10 g of Florisil was used 

for clean-up. Extractions were performed using 100% EA. The heat time, static time, purge 

time, temperature, pressure, static cycles and flush volume were set as 5 min, 6 min, 60 s, 80 

°C, 1500 psi, 3 cycles and 50%.  

 

Leaf Samples 
 

i) Lipid Content of Leaves 
 
The lipid content of leaves was determined for the following extraction methods. The total 

mass of extractable lipids in Phacelia leaves was determined by performing an extraction of 

the leaves with no sorbents present, and thus with no clean-up. The lipid content was then 

determined by transferring the extract onto an aluminium boat and allowing the solvent to 

evaporate. The lipid content could then be determined gravimetrically. The moisture content 

of the boat was controlled by baking it overnight at 110 °C, removing from the oven and 

leaving it to stand for 65 min before being weighed on an analytical balance (Denver 

Instrument, Bohemia, NY, USA). The % lipid in Phacelia leaves was then used to determine 

the mass of Florisil required for sufficient in-cell clean-up. 

 

ii) Leaf Method A 
 
The first S-PLE method I tested for the extraction of chlorpyrifos from Phacelia leaves was 

based on the multi-residue S-PLE method developed by Lavin et al. for pine needles,67 

although several parameters were altered, as described below. Cells were packed as follows, 
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from bottom to top: 30-mm glass fibre filter paper, Florisil, leaf homogenate (3 g), sand (to 

fill residual space in cell), 30 mm glass fibre filter paper. The heat time, static time, purge 

time, temperature and pressure were set at 5 min, 5 min, 240 s, 100° C and 1500 psi, 

respectively. The heat time refers to how long the cell is heated to the set temperature (i.e. 

100 °C) for the sample to reach thermal equilibrium. The static time refers to the length of the 

static extraction cycle whereas the purge time is the time taken to expel all extraction solvent 

from the cell to the extraction vessel. The flush volume (75%, 100% and 150%), number of 

extractions (1, 2 and 3), static cycles (1, 2 and 3) varied between tests. Two solvent 

combinations were tested for extraction; these were 25:75 DCM:n-hexane and 100% ethyl 

acetate. I used the fat to fat retainer (FFR) ratio 0.0057, which corresponds to 21 g of Florisil 

per 3 g of leaf homogenate.  

 

iii) Leaf Method B 
 
The second method I tested for the extraction of chlorpyrifos from Phacelia leaves was based 

on a PLE method by Pérez et al.154 In brief, 1 g of leaves were extracted per cell. The heat 

time, static time, purge time, temperature, pressure, static cycles and flush volume were set at 

1 min, 10 min, 120 s, 80 °C, 1500 psi, 3 cycles and 50%, respectively. Four extraction 

solvent combinations were tested; these were 80:20, 70:30, 60:40 and 50:50 n-hexane:EA. 

The mass of sorbents was also tested; Florisil was varied by 7, 10 and 15 g, and the mass of 

GCB tested was 0.3 and 0.5 g.  

 

Spike and Recovery Analyses 

 
In spike and recovery (S+R) experiments, extraction vessels containing soil and leaf samples 

were spiked prior to extraction with a known mass of the target analyte, chlorpyrifos 

(unlabelled). Extracts were then concentrated to ~300 µL and spiked with an internal 

standard (d10-chlorpyrifos), which was used to monitor instrument performance. In these 

experiments, an additional extraction cell was prepared and extracted using the same sample 

and condition, except that it was not spiked with the target analyte. This background sample 

was used to determine and correct for the concentration of any chlorpyrifos contamination 

present in the instrument or the sample. A full recovery standard was prepared by spiking 

~300 µL of EA with the internal standard and the target analyte.  The ratio of the peak areas 
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of the labelled analyte to the target analyte was used to determine the % recovery of the target 

analyte.  

 

All extracts were analysed for chlorpyrifos on an Agilent 6890N gas chromatograph coupled 

to an Agilent 5957 mass selective detector (GC-MS, Santa Clara CA). Leaf samples were 

analysed using chemical ionization (CI) mode and soil samples were analysed with electron 

impact ionization (EI) mode. Chlorpyrifos is readily detected in both EI and CI modes. In my 

case, the leaf extracts were analysed with CI and the soil extracts were analysed with EI due 

to other instrument user’s needs. Further information on analytical procedures can be found 

in the methods section of Chapter 4, and in Appendix B. 

 

 

Results and Discussion 
 
Extraction of Chlorpyrifos from Soil 

 
The method development for the soil collected from the field site was straightforward. There 

are plenty of methods that have already been developed for the extraction of pesticides from 

soil. It is also not a particularly difficult matrix to extract, as lipids make up 1 – 10% of the 

total organic matter of soils.157 Our agricultural soil samples contained ~5% total organic 

matter, thus would likely contain ~0.01% lipids, therefore a lipid determination experiment 

was not required.  

 

The method developed herein was based on Davie-Martin et al.’s S-PLE method for 

extracting multiple pesticides from soil155 and Shahpoury et al.’s  S-PLE method for 

extracting chlorinated pesticides from river sediments.156 The recovery of chlorpyrifos with 

the tested extraction method when chlorpyrifos was spiked into sand and sorbents (i.e. no 

soil) was 97% (n = 3, %RSD = 2).  

 

The next step for this method was to determine that in-cell clean-up was sufficient (mass of 

residues in extract < 10 mg). A residue analysis was performed using the method described for 

the lipid determination of leaves. The mass of residues present in the extracts were found to be 

far less than 10 mg (0.36 – 1.2 mg, n = 3). The final recovery of chlorpyrifos from soil using 

this method was 92% (n = 3, %RSD = 4).
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Extraction of Chlorpyrifos from Leaves 

 
Method A 
 

Table 3.1 Method attempts based on Method A 

 

Method Cell Size 

(mL) 

Temperature Flush Volume 

(%) 

No. of 

Static 

Cycles 

No. of 

Extractions 

Mass of 

Florisil (g) 

Solvent Recovery 

(%) 

A-1 100 100 75 3 1 21 25:75 DCM:n-hexane 10 

A-2 100 100 75 1 2 21 25:75 DCM:n-hexane 16 

A-3 100 100 75 1 3 21 25:75 DCM:n-hexane 19 

A-4 100 100 100 3 1 21 25:75 DCM:n-hexane 16 

A-5 100 100 100 3 2 21 25:75 DCM:n-hexane 23 

A-6 100 100 100 3 3 21 25:75 DCM:n-hexane 22 

A-7 100 100 150 1 2 21 25:75 DCM:n-hexane 16 

A-8 100 100 75 3 1 0 25:75 DCM:n-hexane 46 

A-9 100 100 75 3 1 0 EA 50 

A-10 34 80 50 3 1 0 EA 70 
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Lipid Analysis and Selection of FFR Ratio 
 
The amount of lipids present in Phacelia leaves was 4%. Using the FFR ratio of Lavin and 

Hageman (0.0057),74 the corresponding mass of Florisil required for sufficient in-cell clean-

up was 70 g per 10 g of Phacelia leaves. I initially planned to use 3 g of leaves per extraction 

cell, thus 21 g of Florisil was used. Various spike and recovery (S+R) experiments were then 

performed to determine the recovery of chlorpyrifos using this method. Unless specified, 

tests were not performed in triplicate. 

 

Tests with Flush Volume, Extraction Cycles and Static Cycles 
 
In the original method reported by Lavin and Hageman67, only ~50% chlorpyrifos was 

recovered from pine needles, which is insufficient for our purposes. In Method A-1 – A-7 

(Table 3.1), I investigated the effect of flush volume, extraction cycles and static cycles on 

the recovery of chlorpyrifos, in all cases cells were packed as described in the methods 

section but did not include the leaf homogenate.  

 

Recovery of chlorpyrifos was poor (10%) using Method A-1. In Method A-1 I reduced the 

flush volume to 75% to reduce solvent consumption, with three static cycles (instead of one) 

and one extraction (again, to reduce solvent consumption). The reduction in solvent volume 

could improve recovery as Lavin and Hageman reported the recovery of chlorpyrifos was 

greater using 100% than 150% flush volume. The general school of thought is that increasing 

the flush volume can improve recovery.158 Increasing the number of static cycles can also 

improve recovery. Extending the static time can improve the diffusion of target analytes into 

the extraction solvent.158 By running multiple static cycles, fresh solvent is introduced into 

the extraction cell which can enhance solvent/sample equilibrium.158  

 

Recovery for Method A-2 improved from Method A-1 (6% increase) but was still 

insufficient. In Method A-2, I reduced the number of static cycles to one (as in the original 

method) and increased the number of extractions to two. Increasing the number of extractions 

can sometimes improve recovery as the extraction procedure is repeated, thus any analyte 

still sorbed to the matrix (whether this is the sample matrix or the sorbent matrix) can be 

flushed out. 
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In Method A-3 the recovery of chlorpyrifos increased by 3% from Method A-2.  

I increased the number of extractions to three, as Method A-2 showed improvement from 

Method A-1.  

 

For Method A-4, recovery improved (17%).  I kept all parameters the same as Method A-1, 

except I increased the flush volume to 100%, which suggests increasing the flush volume 

does increase analyte recovery.  

 

Recovery of chlorpyrifos using Method A-5 improved from previous methods (to 23%). 

As I determined that increasing the number of extractions and flush volume improved 

chlorpyrifos recovery in Method A-2 – A-3 and Method A-4, respectively, I then performed 

Method A-5, where the flush volume was set at 100% with two extractions.  

 

For Method A-6 recovery decreased from Method A-5 to 22%. As the recovery from Method 

A-5 improved, but was still too low, I then attempted Method A-6 where I increased the 

number of extractions to three. The decrease in recovery was insignificant it does suggest that 

simply increasing the number of extractions will not necessarily improve the method. 

 

Finally, for Method A-7 recovery of chlorpyrifos was the same as Method A-2. I increased 

the flush volume to 150% (the maximum flush volume) with one static cycle and two 

extractions to compare recoveries to Method A-2 to confirm that increasing the flush volume 

would increase recoveries.  

 

I concluded that while recoveries did improve when I initially increased flush volume, static 

cycles and the number of extractions, further experiments indicated that these improvements 

were not consistent enough to determine that altering these parameters could significantly 

improve chlorpyrifos recovery. 

 

Tests with and without Sorbents 
 
For Method A-8, I investigated the effect of sorbents (i.e. Florisil) on the recovery of 

chlorpyrifos. Florisil is magnesium silicate and is designed to adsorb interfering compounds 

from the extract, that is to clean-up the extract prior to analysis. Florisil tends to adsorb polar 
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compounds, and due to chlorpyrifos’ slight polarity, some chlorpyrifos may adsorb to Florisil 

present in the extraction cell. Therefore, to improve recoveries, the mass of Florisil present in 

the cells is kept to a minimum. For Methods A-1 – A-7, extractions were performed with 

Florisil present in the cell, which then suggests that this mass of Florisil used (21 g) is too 

high for the extraction of chlorpyrifos.  

 

In Method A-8, recovery significantly improved (by 36%). I extracted a blank sand cell (i.e. 

no Florisil present) using the same parameters as in Method A-1.  This confirms Florisil was 

adsorbing some chlorpyrifos during the previous extractions. However, 46% recovery of 

chlorpyrifos is low when compared to the recovery of chlorpyrifos from blank cells using the 

soil method. Therefore, while Florisil may hinder chlorpyrifos recovery during extractions, 

another aspect of the method was leading to insufficient recoveries.  

 

Tests with Different Solvent Combinations 
 
The next possibility could be that the solvent mixture I have been using was not sufficient to 

recover chlorpyrifos from the extraction cells. Thus, in Method A-9, I changed the extraction 

solvent to 100% EA, as in the soil extraction method. However, the recovery from this 

method was also poor (50%) and showed no significant improvement from Method A-8. 

Thus, the solvent mixture for this method was not significantly affecting the recovery. 

 

Method A Conclusions 
 
I concluded that some other parameter, such as temperature or static time, must be causing 

chlorpyrifos recoveries to be so low. Therefore, I attempted a different method that was 

developed by Pérez et al. for the extraction of polyhalogenated pollutants from plants 

(Method B).154 

 

 
 
 
 
 
 



 
 

51 

Leaf Method B 
 
The extraction parameters used in Method B were quite different to Method A (Table 1.2 and 

Table 3.2). The heat time was shorter (one minute), the temperature was set lower (80 °C), 

the static time was longer (10 min), the flush volume was smaller (50%), I used 34-mL 

extraction cells as smaller amounts of Florisil were required (7 – 15 g) due to the presence of 

GCB, and a smaller leaf sample size (1 g). The extraction solvent was also different, in this 

case I used a solvent combination of 80:20 n-hexane:EA.  

 
For Method B-1, I performed an extraction on a method cell (i.e. cells contained sorbents but 

no leaves) using the original method published by Pérez et al., to evaluate the recovery of 

chlorpyrifos. Recovery was poor (50%) using this method, due to the slight polarity exhibited 

by chlorpyrifos compared to the non-polar compounds this method had been developed for. 

As chlorpyrifos is slightly polar, it is extracted well by slightly polar solvents, such as EA. 

Thus, increasing the volume of EA in the extraction solvent would increase the recovery of 

chlorpyrifos. However, increasing the polarity of the extraction solvents also increases the 

mass of lipids that are co-eluted into the extract.  

 

Therefore, for Methods B-2 – B-4, I performed residue analyses to determine to what extent I 

could increase the volume of EA, while keeping residues below 10 mg. Residue analyses 

were carried out using the same method as the lipid analysis, except cells contain sorbents, 

this helps to evaluate the efficacy of the sorbents we use. For these method attempts I 

performed extractions on sample cells (i.e. cells were packed with sorbents and leaves).  
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Table 3.2 Method attempts based on Method B 

Method Cell 

Size 

(mL) 

Temperature Flush 

Volume 

(%) 

No. of 

Static 

Cycles 

No. of 

Extractions 

Mass of 

Florisil 

(g) 

Mass 

of 

GCB 

(g) 

Solvent Recovery 

(%) 

Mass of 

Residues 

(mg) 

B-1 34 80 50 3 1 7 0.5 80:20 n-

hexane:EA 

50 - 

B-2 34 80 50 3 1 7 0.5 50:50 n-

hexane:EA 

- 19 

B-3 34 80 50 3 1 7 0.5 60:40 n-

hexane:EA 

- 12 

B-4 34 80 50 3 1 7 0.5 70:30 n-

hexane:EA 

74 4.6 

B-5 34 80 50 3 1 7 0.3 70:30 n-

hexane:EA 

- 9..4 

B-6 34 80 50 3 1 10 0.3 70:30 n-

hexane:EA 

84 5.2 

B-7 34 80 50 3 1 15 0.3 70:30 n-

hexane:EA 

79 3.5 
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Tests with Different Solvents 
 
For Method B-2 I decreased the ratio of n-hexane:EA to 50:50, but, the mass of residues 

exceeded the 10 mg threshold (Figure 2.1). In Method B-3 the ratio was set to 60:40 n-

hexane:EA, again, residues exceed 10 mg (Figure 3.2). Finally, in Method B-4, the ratio was 

set to 70:30 n-hexane:EA, which resulted in residues below the threshold (Figure 3.2). Thus, 

I then performed a S+R experiment using the 70:30 solvent combination. Recoveries were 

sufficient (74%, n = 3, %RSD = 4) but could be improved.  

 

Tests with Different Sorbents 
 
GCB is typically used for highly pigmented matrices, such as vegetation as it absorbs 

chlorophyll. However, GCB can also adsorb the analyte of interest if it is polar. As 

chlorpyrifos is slightly polar, reducing the mass of GCB used in the extraction cells could 

further improve chlorpyrifos recovery. 

 

Thus, in Method B-5, the mass of GCB was reduced to 0.3 g, resulting in 9.4 mg of residues.  

Figure 3.2 The mass of co-eluted residues produced at different n-hexane:ethyl 
acetate solvent combinations. The error bar indicates the standard deviation (n = 
3). Replicate analyses were not performed for 50:50 and 60:40 solvent ratios 
because the mass of residues was too high to warrant further investigation. The 
horizontal black line shows the threshold for the mass of residue allowed in the final 
extract (10 mg). 
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While this is under the 10 mg threshold for residues, it is still not ideal. So, in order to use 

less GCB, the amount of Florisil used in the cell was increased.  

 

In Method B-6, the mass of Florisil was increased to 10 g, resulting in 5.2 mg of residues and 

an 84% recovery of chlorpyrifos (n = 2, %RSD = 3). In Method B-7 I increased the mass of 

Florisil further to 15 g, resulting in 3.5 mg of residues and a 79% recovery of chlorpyrifos (n 

= 3, %RSD = 2). The mass of residues and the colour of the extract was significantly 

improved in Method B-7 compared to Method B-6, and recoveries were considered to be 

sufficient.  

 

Final Method for Extraction of Chlorpyrifos from Leaves 
 
In the original method developed by Lavin and Hageman, a S-PLE method was developed for 

the extraction of multiple polychlorinated biphenyls (PCBs), current-use and historical-use 

pesticides from pine-needles. However, it was not sufficient for the extraction of chlorpyrifos 

from Phacelia leaves. The method was never ‘ideal’ for the extraction of chlorpyrifos, which 

could be due to the higher extraction temperature and shorter static time contributed to poor 

recoveries of chlorpyrifos. 

 

The original method developed by Pérez et al. for the extraction of polyhalogenated 

pollutants from plants was also not sufficient for the extraction of chlorpyrifos from Phacelia 

leaves. However, in this case it was due to the polarity of the extraction solvents and mass of 

GCB used in extraction cells. By altering these parameters in this method, I was able to 

develop a method that was satisfactory for the extraction of chlorpyrifos from Phacelia 

leaves.  

 

The final method for the extraction of chlorpyrifos from Phacelia leaves was as follows:  

0.5 g of freeze-dried leaves was homogenized with 1 g of DE in a mortar and pestle.  34-mL 

cells were packed as follows (bottom to top): 2x glass fibre filters (30 mm), Florisil (10 g), 

graphitized carbon black (GCB) (0.3 g), glass fibre filter (30 mm), leaf and DE homogenate, 

sand, glass fibre filter (30 mm). Extracts were performed with n-hexane:EA 70:30 under the 

following conditions: 1 min heat time, 10 min static time, 3 static cycles, 50% flush, 120 s 

purge time, 1500 psi and 80 °C. 
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Conclusions 
 
An S-PLE method was optimised for the extraction of chlorpyrifos from agricultural soil. The 

final recovery of chlorpyrifos using this method was 92% (n = 3, %RSD = 4).  

 

An S-PLE method was developed for the extraction of chlorpyrifos from Phacelia leaves. I 

found that the S-PLE method previously published by Lavin and Hageman et al.67 for the 

extraction of multiple PCBs, historic and current use pesticides, was not sufficient for the 

extraction of chlorpyrifos from Phacelia leaves. The method was, instead, based on the S-

PLE method published by Pérez et al.154. I altered this method for the extraction of 

chlorpyrifos by increasing the polarity of the solvent combination, decreasing the mass of 

GCB and increasing the mass of Florisil used for in-cell clean-up. The final recovery of 

chlorpyrifos from Phacelia leaves was 79% (n = 3, %RSD = 2).  

 

These S-PLE methods could then be used to extract chlorpyrifos from the soil and leaf 

samples collected from the field in Chapter 4.   
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4. ENVIRONMENTAL FATE STUDY OF CHLORPYRIFOS  
 

 

Introduction 

 

Chlorpyrifos is a widely used organophosphate, chlorinated insecticide (Figure 4.1, Table B-

1,2). In New Zealand, chlorpyrifos is used to control pests on a wide variety of crops 

including avocados, stone fruit and kiwi fruit as well as field pasture.159 Chlorpyrifos is 

primarily a contact insecticide; it works by inhibiting the enzyme acetylcholinesterase 

(AChE) in synaptic junctions of the nervous system. As a result, acetylcholine accumulated 

in the synapse causes repeated and uncontrolled stimulation of neuronal cells,160 which can 

lead to neurotoxicity, eventually causing the death of the animal.161 The amino acid sequence 

of AChE is highly conserved in animals, which makes chlorpyrifos toxic to most species. 

Due to its toxicity to a wide range of organisms, chlorpyrifos use has caused concern over 

recent years.75  
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Figure 4.1 Degradation pathways of chlorpyrifos in the environment161 
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The main oxidation product of chlorpyrifos in the environment is chlorpyrifos-oxon (Table 

B-3).162 In soil, chlorpyrifos-oxon can then degrade to trichloropyridinol (TCP), which is 

formed via hydrolysis. TCP can further degrade to trichloromethoxypyridine (TMP), or in 

aerobic soils, to CO2 (Figure 4.1).163 Chlorpyrifos is converted, in vivo, to chlorpyrifos-oxon 

which is more reactive with AChE.164 It is formed primarily in the atmosphere in the 

environment, by reaction with OH radicals, or by hepatic metabolization within the organism 

itself.164 Photolysis can also occur on the surface of plants and soil to form oxon, which can 

also volatilise.165 Chlorpyrifos-oxon degrades rapidly to TCP via hydrolysis in the 

environment, so it can be difficult to measure.166 Indeed, in a study conducted by 

Papadopoulou et al. on the dissipation and adsorption of chlorpyrifos in soils,167 TCP was the 

only by-product that was detected post-application.  

 

Chlorpyrifos has been detected frequently in non-target environmental matrices and 

organisms in New Zealand such as stream sediments,6 air samples,168 pine needles,74 and 

honey bees77. Chlorpyrifos has also been detected in remote alpine94,169,170 and polar 

regions,171,172 which suggests it can undergo long-range transport (LRT). To understand the 

risk of exposure to sensitive organisms and non-target regions, we must first understand the 

fate of chlorpyrifos in agricultural soil and foliage.  

 

Agricultural soils can act as a sink for many persistent semi-volatile pesticides in the 

terrestrial environment. Once these pesticides are deposited on soil they can reside there for 

many years, acting as a continuous source of these contaminants into the atmosphere;138 after 

volatilising from soil, they can undergo LRT to sensitive, remote areas.74,94,173–176 

Agricultural soils can also act as a source of contamination to nearby streams and rivers 

through surface water run-off and leaching into groundwater (Figure 4.2), which then poses a 

risk to aquatic organisms.156,177–179  



 

 

58 

 

 

The fate of pesticides in foliage (leaves) is linked to contamination of non-target areas. Many 

studies have shown that pesticides volatilise more readily from foliage than from soils; this 

indicates that while pesticides may not reside and persist in foliage as they do in soils, 

exposure to insects immediately following a spraying event could be significant.32–35,104 

Pesticide residues on foliage can be a significant route of pesticide exposure for beneficial 

pollinators. Since chlorpyrifos is a contact insecticide, if a significant amount of pesticide is 

present on the leaves of a plant, pollinators that crawl over these leaves could be exposed to 

sub-lethal amounts. Flowers and pollen are of course a more important source of exposure for 

pollinators, but as there are regulations against chlorpyrifos being applied when crops are in 

bloom, these were not collected in this chlorpyrifos fate study. 

 

In order to understand the risks posed by chlorpyrifos in the environment, especially in New 

Zealand, field studies that monitor the concentration of chlorpyrifos in soil and plants must be 

conducted. Not much is known about the behaviour of chlorpyrifos in a real field scenario in 

New Zealand (i.e. spraying chlorpyrifos on planted agricultural fields). To be able to 

understand the risks posed to non-target crops, organisms and humans we need to know how 

persistent the pesticide is in the target field. It is also beneficial for farmers to know how long 

this pesticide will reside in the target crop and soil for it to be effective against pests. 
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Figure 4.2 Loss and transfer pathways for a pesticide applied to a crop176 
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Therefore, this study was designed to to determine the fate of chlorpyrifos following 

application to a crop. To achieve this, we designed a field experiment that would simulate a 

realistic application of chlorpyrifos on a target crop and measured the concentration of 

chlorpyrifos and chlorpyrifos oxon in the target soil and Phacelia leaves over a three-week 

period following application.  

 

This study was undertaken as part of a larger fate and exposure study conducted in 

collaboration with Supta Das (PhD student in the Department of Chemistry) and Sue 

Michaelson-Heath (PhD student in the Department of Zoology). We designed a 

comprehensive chlorpyrifos fate study that also considered exposure to honey bees. Supta 

focussed on the concentration of chlorpyrifos in the air directly next to, and down-wind from, 

the field. Sue focussed on honey bee exposure, measuring the concentration of chlorpyrifos in 

the bees and any effects this might have had on their behaviour. The work presented in this 

report focusses on the fate of the pesticide within the field. 

 

 

Experimental 

 

Chemicals 

 

High purity n-hexane (>98%) and ethyl acetate (EA) (>99.9%) were used as the extraction 

solvents. High-purity ethyl acetate was obtained from Burdick & Jackson (Honeywell 

Burdick & Jackson, Morristown, NJ, USA) and n-hexane was obtained from Merck 

(Darmstadt, Germany). The fat-retainer, Florisil (activated magnesium silicate, 100-200 

mesh) and the pigment-adsorber Graphetized Carbon Black (GCB, 120-400 mesh) were 

obtained from Sigma-Aldrich (St. Louis, MO, USA). Diatomaceous earth (DE), which was 

used as a moisture adsorbent, was obtained from World Minerals (Santa Barbara, CA, USA). 

Sand was obtained from Thermo Fisher Scientific (Waltham, MA, USA) and used to fill the 

dead volume in the extraction vessels. Florisil, diatomaceous earth and sand were all pre-

cleaned by baking at 400 °C for 3 hours.  

 

Chlorpyrifos standard was purchased from AccuStandard (New Haven, CT, USA) and d10  - 

chlorpyrifos was obtained from Cambridge Isotope Laboratories (Andover, MA, USA). 
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Experimental Design and Sample Collection 

 

The field experiment took place during mid-summer of 2017 (8 – 29 January 2017) at a 

remote farmland site in the Ida Valley, Central Otago, New Zealand (45° 2’ 17” S, 169° 49’ 

19” E) (Figure 4.3). 

 

A Phacelia tanacetifolia (purple tansy) crop was used in the experimental plot, the size of 

which was 1.26 ha. At the time of the experiment, the Phacelia was at the end of the 

blooming stage and was ~0.8 – 1 m high. Lorsban 50 EC (DOW AgroSciences, 0.016 kg ha-1 

chlorpyrifos) was applied by a certified contractor using a 24-m boom-spray mounted on a 

truck. Spraying occurred at 8:45 a.m. NZ summer time (wind speed: 0 m s1, temperature: 10 

°C).  

 

Meteorological data during the experiment was obtained from the nearest NIWA station 

(Lauder Atmospheric Research Station, 45° 2’ 24” S, 169° 40’ 53” E).  

 

Soil and leaf samples were collected on 11 sampling events spanning three weeks, with the 

first sample being taken <1 hour after application was complete. Three background samples 

of soil and two background samples of leaves were also collected. A timeline of sampling 

events is shown in Table 4.1. During each event, four samples of each matrix were collected 

from random points, along with a field blank. 
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Table 4.1 Sampling timeline for soil and leaves 

 

 

 

 

 

 

 

 

 

Sampling 
Date 

Sampling 
Event 

 

8/01/2017 Day 0  

Collecting everyday 9/01/2017 Day 1 

10/01/2017 Day 2 

11/01/2017 Day 3 

13/01/2017 Day 5  

    Collecting every two days 15/01/2017 Day 7 

17/01/2017 Day 9 

19/01/2017 Day 12      

    Collecting every three days 22/01/2017 Day 15 

25/01/2017 Day 18 

28/01/2017 Day 21 

Field 
Location 

Figure 4.3 Location of the experimental field in the Ida Valley, Central Otago (45° 2’ S, 
169° 40’ E).  
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Surface soil samples (top ~10 cm, ~10 g) were collected using a sediment corer. Samples 

were stored in amber glass jars. Leaves were collected by hand (with gloves) and stored in 

aluminium foil envelopes placed in zip-lock bags. Glass jars and aluminium envelopes were 

baked prior to use at 400 °C for 3 hours. After collection, the samples were transported on ice 

to the laboratory and stored at -20 °C until extraction and analysis.  

The four soil samples from each sampling event were allowed to dry overnight in a fume-

hood before being homogenised, sieved to 1.41 mm and stored at -20 °C until extraction. 

Each homogenized sample was then split into three representative sub-samples, which were 

analysed separately to measure variability in the analytical method.  

 

The chemical and physical properties of two representative soil samples from this study are 

shown in Table 3.1. The sample from Day 2 was a dry soil sample and the sample from Day 

4 was a wet soil sample collected after a major precipitation event. pH was measured using 

the method described by Rayment and Lyons,180 while soil moisture and total organic carbon 

content were determined by the Campbell Microanalytical Laboratory (Dunedin, NZ). The 

total organic matter was estimated from the total organic carbon content using equation 

4.1.181 

 

total organic matter (%)=total organic carbon (%)	∙	1.72              (4.1) 

 

 

 

 

 

 

 

Leaf samples were freeze-dried for ~1 day. The four samples from each sampling event were 

homogenised using a stainless-steel blender (Waring Commercial, Torrington, CT, USA) and 

stored at -20 °C until extraction. Each homogenized sample was then split into three 

representative sub-samples, which were analysed separately to measure variability in the 

analytical method. 

 

 pH Soil Moisture 
(%) 

Total Organic 
Carbon (%) 

Total Organic 
Matter (%)a 

Day 2 (Dry) 6.48 0.54 3.04 5.23 

Day 8 (Wet) 6.93 12.7 2.20 3.78 
aCalculated from total organic carbon181 

Table 4.2 Soil physicochemical properties 
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Extraction Methods 

 

Chlorpyrifos and its oxon were extracted from soil and leaf samples using selective 

pressurised liquid extraction (S-PLE) methods (see Chapter 3) performed using an automated 

Accelerated Solvent Extraction System (ASE 300; Dionex, Sunnyvale, CA, USA). 

 

i) Soil Samples 

 

3 g of soil and 2 g of DE were homogenised in a 20 mL beaker. 34-mL extraction cells were 

then packed as follows (bottom to top): 2x glass fibre filter paper (30- mm diameter), Florisil 

(10 g), DE (1.5 g), soil and DE homogenate, sand (to fill remaining pore space), 2x glass 

fibre filter paper (30 mm) (Figure 4.4). A laboratory blank sample (packed with sand) was 

extracted before each set of soil samples to measure any contamination from the instruments 

or materials used in the extraction and sample preparation. 

 

Each cell was spiked with 15 µL of the internal standard solution (d10-chlorpyrifos, 12 ng/µL) 

prior to extraction.  

 

Extractions were performed with ethyl acetate using the following conditions: 5-min heat 

time, 6-min static time, 3 static cycles, 50% flush volume, 60-s purge time, 1500 psi and 80 

°C. Extracts were then concentrated to 300 µL under a constant stream of nitrogen using a 

Zymark Turbovap II. Concentrated extracts were transferred to microvials for analysis. 

 

Figure 4.4 Soil extraction cell 
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ii) Leaf Samples 

 

0.5 g of freeze-dried leaves were homogenized with 1 g of DE in a mortar and pestle. 34-mL 

extraction cells were packed as follows (bottom to top): 2x glass fibre filters (30-mm 

diameter), Florisil (10 g), graphitized carbon black (GCB, 0.3 g), glass fibre filter leaf (30 

mm) and DE homogenate, sand (to fill remaining pore space), glass fibre filter (30 mm) 

(Figure 4.5). A laboratory blank sample (packed with sand) was extracted before each set of 

leaf samples to measure any contamination from the instruments or materials used in the 

extraction and sample preparation.  

 

Each cell was spiked with 15 µL of the internal standard (d10-chlorpyrifos, 12 ng/µL) prior to 

extraction. Extractions were performed with n-hexane:ethyl acetate (70:30) using the 

following conditions: 1 min heat time, 10 min static time, 3 static cycles, 50% flush, 120 s 

purge time, 1500 psi and 80 °C. Extracts were then concentrated to 300 mL under a constant 

stream of nitrogen using a Zymark Turbovap II. Concentrated extracts were transferred to 

microvials for analysis.  

 

Analysis with Gas Chromatography and Mass Selective Detection 

 

i) Chlorpyrifos 

 

Gas Chromatography: Chlorpyrifos was quantified in extracts using an Agilent 6890N gas 

chromatograph coupled to an Agilent 5957 mass selective detector (GC-MS, Santa Clara CA, 

Figure 4.5 Leaf extraction cell 



 

 

65 

USA). An Agilent 7683B autosampler was used to inject 1 µL of sample extract into the 

pulsed splitless inlet at 300 °C. The pulse was held at 25 psi for 1 min. A 60-m TG-5MS (25-

mm i.d. x 0.25 µm film thickness, Phenomenex, Torrance, CA, USA) fused silica capillary 

column equipped with a 5-m deactivated silica guard column (Grace, Deerfield, IL, USA) 

was used to achieve separation. Helium was used as the carrier gas and was set at a constant 

flow of 1.0 mL min-1. Chlorpyrifos was quantified in chemical ionization mode (CI) and 

samples were quantified with a 10-point low concentration and a 6-point high concentration 

internal calibration curve using the ratios of target to surrogate peak areas, with target analyte 

concentrations ranging from 1 to 750 pgµL-1 and 1250 to 7500 pgµL-1, respectively. The low 

concentration calibration curve was used to quantify the samples with low concentrations of 

chlorpyrifos i.e. the field blanks, lab blanks and soil samples; the high concentration 

calibration curve was employed to quantify the leaf samples that had high concentrations of 

chlorpyrifos. The target and isotopically labelled surrogate chlorpyrifos and their mass 

spectrometer (MS) parameters, including chromatographic retention times, quantification 

ions, and qualifier ions are listed in Table B-4. 

 

ii) Chlorpyrifos-Oxon 

 

Liquid Chromatography: Chlorpyrifos-oxon was analysed using Environmental Protection 

Agency (EPA) method 540182 with TSQ Quantum Access MAX Triple Quadruple Mass 

spectrometer with PAL auto sampler from ThermoFisher Inc (Waltham, MA, USA). An 

InfinityLab poroshell 120 Phenyl-Hexyl, 3.0 x 100 mm, 2.7 µm analytical column was used 

for the high-performance liquid chromatography (HPLC) separations. The injection volume 

was 20 µL. Two separate mobile phases consisting of 0.1% formic acid with 5 nM 

ammonium formate in water (solvent A) and 0.1% formic acid with 5 nM ammonium 

formate in methanol (solvent B) were used. The flow rate was 0.4 mL/min with a total 

acquisition time of 16 minutes. The solvent profile was 5% Solvent B for 180 s, ramp to 50% 

B over 540 s, ramp to 80% B over 6 s, ramp to 98% B over 114 s, hold at 95% B for 240 s, 

ramp to 5% over 120 s. Electrospray ionisation (ESI) with positive ionization and selected 

reaction monitoring (SRM) was used as MS acquisition parameter. The SRM transitions used 

for chlorpyrifos-oxon and d-10 chlorpyrifos are shown in Table B-5. Chlorpyrifos-oxon was 

quantified with a 6-point concentration internal calibration curve using the ratios of target to 

surrogate peak areas, with target analyte concentrations ranging 0 ng mL-1 to 200 ng mL-1. 
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Unfortunately, we could not determine the concentration of chlorpyrifos oxon in our soil and 

leaf samples from the field. The concentration of oxon present in our lab blanks (3.1 – 13.9 

pg m-3) were too high to be able to discern the concentration that may be present in our real 

samples. This is due to a combination of low concentrations in soil and leaf samples and 

minor contamination during the extraction process.  

 

Quality Control 

 

i) Monitoring the Chromatographic Analysis 

 

A 50 ng mL-1 check standard for low concentration samples, and a 250 ng mL-1 check 

standard for high concentration samples, containing the target and surrogate chlorpyrifos 

analytes was run after each set of three samples to monitor instrument performance and to 

test the stability of the calibration curve for GC/MS analyses. A 100 ng mL-1 check standard 

containing target and surrogate chlorpyrifos-oxon analytes was run after each set of three 

samples for LC/MS analyses. The deviation between the known concentrations in the check 

standard and the concentrations measured using the calibration curve were calculated and if 

deviation exceeded 30%, maintenance was performed on the instrument and/or the 

calibration standards were run again to establish a new calibration curve. 

 

ii) Extraction Method Recoveries 

 

A detailed description of the method validation is described in Chapter 2. We assumed that 

the chlorpyrifos-oxon extraction efficiencies were similar to those of chlorpyrifos and 

therefore separate percentage recovery experiments for chlorpyrifos-oxon were not 

conducted. All field samples were spiked with the isotopically labelled d-10 chlorpyrifos 

prior to extraction to account for any loss that may occur during the extraction process.  
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iii) Laboratory Blanks 

 

A laboratory blank (34-mL stainless steel extraction cell filled with pre-baked, acid-washed 

sand) was extracted with each set of 6 – 10 samples (i.e. a laboratory blank was run for each 

day when extractions occurred). These blanks were run to determine if the analytical 

equipment or procedures contributed chlorpyrifos or oxon to samples. Chlorpyrifos was 

detected in the majority of the laboratory blanks extracted alongside the soil samples, with 

average concentrations ranging from 7.7 – 26.5 pg µL-1, which was less than 10% of the 

average chlorpyrifos concentration measured in the soil samples. Chlorpyrifos was not 

detected in any of the laboratory blanks extracted alongside the leaf samples. Chlorpyrifos-

oxon was detected in all laboratory blanks with concentrations ranging from 3.1 – 13.9 pgm-3. 

 

iv) Field Blanks 

 

Field blanks were collected for each of the sampling events by leaving an open amber glass 

jar at the sample site for the duration of each sample collection event. Field blanks were 

stored according to the procedures outlined above for the actual samples. They were then 

rinsed with EA, which was concentrated to ~300 µL under a constant stream of nitrogen 

using the Zymark Turbovap II before being transferred to microvials for analysis.  

 
pH Method for Soil 
 
A 1:5 soil/0.01 M CaCl2 /suspension (total volume = 36 mL) was prepared. The suspension 

was shaken for 60 seconds. It was then poured into a 50 mL beaker where a glass-calomel 

electrode and millivolt meter were used to complete pH reading. The electrode was left in the 

suspension for 30 seconds to equilibrate and measurements were repeated twice with the 

same result plus or minus pH 0.01. 

 

Comparison to PLOVO Model 

 

The chlorpyrifos concentration profiles were compared to those generated by the Pesticide 

Loss via Volatilisation (PLOVO) model (Chapter 2) to validate the model. The PLOVO 

model allows us to predict the concentration that remains in soil and leaves after a pesticide is 

applied to a field. The model was developed for the initial 24 h post-application, where 
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volatilisation was considered to be the only significant loss pathway. Therefore, we compared 

the model-generated concentrations of chlorpyrifos remaining in soil and leaves, with the 

concentration of chlorpyrifos we measured in soil and leaves in the field during the first 24 h 

post-application (i.e. day 0 to day 1).   

 

Where possible, specific input values measured from the field experiment were used (Table 

4.3). The climatic parameters were the average values measured in the field over the course 

of the experiment. Where values were not measured, default parameters were used (see Table 

of Abbreviations).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameter Value 
intercept fraction %I 90 

 Field Area 
(m2) 

12600 

Mass of chemical (i) 
applied  

mi, applied (g) 125 

Temperature T (K) 285 

Relative humidity RH (%) 66 

Wind speed WS (m s-1) 5.29 

Fraction of organic 
carbon 

foc (%) 3 

Leaf area index LAIa 4 

Leaf length lleaf (m)b 0.2 

Leaf thickness hleaf (m)a 0.00018 

Plant water 
percentage 

PWP (%)a 25 

aDefault parameter 
bAverage leaf length obtained from Ates et. al131 

Table 4.3 Input parameters for the PLOVO model 
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Results and Discussion 

 

Meteorological Data Summary 

 
Meteorological data for the 21-day sampling period are summarized in Figure 4.6. Average 

daily wind speeds ranged from 2.0 – 10.1 m s-1 (mean = 4.9 m s-1), with the highest wind 

speed measured on Day 17. Gusts reached speeds of 16.7 m s-1 on Day 18. A distinct period 

of low wind speed was observed on days 12 – 13  

 

The hourly air temperature ranged from 3.1 – 29.2° C (mean 15.3° C, Table B-8), and the 

average temperature ranged from 19.5 – 9.8° C for the 21-day period (Figure 4.6). The 

temperature dropped significantly from day 11 – 14. There were three major rainfall events: 

the first on days 3 – 4, the second on day 10 and the third and largest rainfall event on day 14. 

The rainfall events on days 10 and 14 coincided with the drops in temperature that were also 

observed on these days.  

 

Hourly relative humidity ranged from 14 - 100% (Table B-8), with an average of 58%. 

Average relative humidity ranged from 35 – 88% (Figure 4.6). Relative humidity had two 

distinct spikes, one at day 10 and one at day 14, which coincides with the drop in temperature 

and the major rainfall events that were also observed on these days.  
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Figure 4.6 Average daily climatic conditions for the days following chlorpyrifos application. 
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Chlorpyrifos Concentrations in Soil Over Time 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chlorpyrifos was not detected in any of the field blanks. Background concentrations in soil 

ranged from 0.1 – 0.5 ng g-1 (n = 3), which was attributed to historic use of the insecticide in 

the Ida Valley. The average chlorpyrifos concentration in soil in the first sample collected 

after spraying (Day 0) was 35 ng g-1 (n = 3) (Figure 4.7, Table B-6). On Day 2, the 

concentration was 12% of that on Day 0, and then decreased significantly until Day 5. 

Following this sharp decrease of chlorpyrifos concentration, i.e. Day 5 onwards, the 

concentration was relatively constant until the final sampling event (Day 21). The final 

concentration of chlorpyrifos in soil was 7 ng g-1, which was more than 10 times higher than 

it was before spraying.  

 

The concentration profile does not indicate first-order decay, therefore the half-life of 

chlorpyrifos in soil under these conditions was not determined. The concentration was half of 

the initial concentration by Day 4.  

 

Figure 4.7 Concentration profile of chlorpyrifos in soil and leaves after 
spraying event (Day 0). Error bars indicate standard deviation of triplicate 
sub-samples (n = 3); in some cases error bars are too small to be seen. 
Background samples are indicated by B; the background soil concentrations 
were near zero and are hidden under the leaf background markers in this 
figure. 
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In a review article about the fate of chlorpyrifos in the environment, Mackay et al.73 reported 

that previous studies have reported the half-life of chlorpyrifos in soil to be in the range of 7-

30 days. However, they also noted that dissipation rates can be highly variable depending on 

the properties of the soil (e.g. organic carbon content and soil moisture), and climatic 

conditions. Interestingly, this means that the chlorpyrifos concentration in our study 

decreased to half of the initial concentration at a faster rate than the range reported by 

Mackay et al.   

  

We hypothesize that the rate of loss we observed was faster than that reported by Mackay et 

al. because the organic carbon content of the soil in our study was relatively low (<4%).183 

Chlorpyrifos is slightly hydrophobic which means it tends to sorb strongly to organic matter 

in soils.184 Previous work has shown that Volatilisation decreases as organic carbon content 

increases, which increases the sorptive capacity for soil.66,185 Due to the low organic carbon 

content exhibited by the soil in this study, the rate of loss may be greater than equivalent high 

organic carbon soils. 

 

Alkaline soils (pH ≥ 8) are also known to degrade chlorpyrifos at a greater rate due to 

chemical hydrolysis. However, our soils were slightly acidic (table 3.1). Thus, pH was 

unlikely to influence the rate of loss of chlorpyrifos we observed in soil.  

 

We plotted concentrations of chlorpyrifos measured in soil against the climatic conditions 

that were measured near the site (temperature (°C), relative humidity (%RH), and 

precipitation (mm) (data not shown) to investigate whether they had any effect on the 

behaviour of chlorpyrifos in soil. No correlation was found between the fluctuations in 

chlorpyrifos concentration and any climatic condition, which suggests these conditions had 

little to no effect on the fate of chlorpyrifos in soil. This would make sense if the loss of 

chlorpyrifos from soil in our study was driven by Volatilisation of high concentrations after 

spraying, not by minor changes in climatic conditions. 
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Comparison to PLOVO model results 

  

We compared the concentration of chlorpyrifos in soil that was measured in the field with the 

modelled concentration of chlorpyrifos in soil for the duration of the sampling period. We 

also normalised the concentration data using equation 4.4:  

 

%!"#$. = &'()*&	
&'()

                          (4.4) 

 

where xmax is the maximum value in the data set, x is the data point and xnorm is the 

normalised value. We normalised the data so that the concentration profiles of chlorpyrifos in 

soil generated by the model and measured in the field could be compared. The results are 

shown in Figure 4.8.  

 

Figure 4.8a shows that the model significantly overestimated the initial concentration of 

chlorpyrifos deposited on the soil. This may indicate that the %I value we used in the model 

(90%) was too low. However, the model also overestimated the initial concentration of 

chlorpyrifos deposited on leaves, which will be discussed later (Figure 4.9), so altering the 

%I value is not likely to be to blame. Figure 4.8b shows that the concentration profiles do not 

appear to be similar. The model predicted that less than 1% of chlorpyrifos would volatilise 

from soil in the first 24 hours, whereas we found that 12% of chlorpyrifos was lost from soil 

in the same time frame. The model does not predict the concentration of chlorpyrifos quickly 

Figure 4.8 (a) Comparison of measured chlorpyrifos concentrations in soil to the concentrations 
predicted if Volatilisation was the only loss mechanism.  (b) Comparison of normalised 
measured and modelled concentrations of chlorpyrifos in soil. 
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decreasing after day 2, which was observed in the field samples. The PLOVO model was 

originally designed for predicting volatilisation loss during the first 24 hours post-application. 

The model, therefore, may not accurately predict losses after this initial 24-hour period, nor 

does it predict the loss of a chemical via other pathways such as degradation, runoff, or 

leaching that occurs due a rain-fall event. However, rain-fall did not appear to have a 

significant effect on chlorpyrifos concentrations in soil for the later sampling events.  

 

These results may indicate that the decrease in chlorpyrifos concentration in soil after day 2 

was from one of these other loss pathways, and not from volatilisation (although some 

fraction of chlorpyrifos may still be lost via volatilisation). This also indicates that the model 

is limited when it comes to predicting how a chemical behaves in the environment and that if 

the model were to be used for other purposes than what it was designed to do, modifications 

would need to be made so that these alternative loss pathways are taken into account, and that 

soil-chemical interactions over a longer time period and rain-fall events were considered. 

 

Risk to non-target soil organisms 

 

Risk depends on the magnitude of concentrations present in environmental matrices where 

organisms may be exposed. Beneficial organisms such as earth worms in soil have a median 

lethal dose (LD50) for chlorpyrifos of 210 ng g-1 of soil.  

 

Even on the first day post-application the concentration of chlorpyrifos in soil was far below 

the LD50 for earthworms (35 ng g-1), which suggests that chlorpyrifos would have no 

immediate lethal effect on the organism. However, it cannot be ruled out that long-term sub-

lethal effects of chlorpyrifos exposure on earthworms may yet occur, although information on 

these effects could not be found in the literature.  

 

Chloroyrifos concentrations in Phacelia tanacetifolia leaves 

 

Chlorpyrifos was not detected in the background leaf samples or the field blanks. The foliar 

concentration of chlorpyrifos in the first sample after application was 1.5 x 103 ng g-1, over 

40 times the initial concentration measured in soil (Figure 4.7, Table B-7). The concentration 

of chlorpyrifos on Phacelia leaves decreased by 50% after ~12 hours, and 80% by day 1. The 
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concentration remained relatively constant after the initial loss, though some fluctuations 

were observed. The final concentration of chlorpyrifos in Phacelia leaves was 76 ng g-1, 

significantly higher than the final concentration measured in soil (11 ng g-1). 

 

The rapid loss of chlorpyrifos from leaves in the first day after application suggests that the 

major loss pathway may be Volatilisation, though we cannot know this for sure. The 

remaining chlorpyrifos may have translocated to the inner layers of the leaves, making it less 

available for volatilisation and/or degradation. 

  

We plotted the concentration of chlorpyrifos in leaves against the climatic conditions (data 

not shown), as with soil, to investigate if these conditions correlated with the fluctuations in 

concentration observed in the later sampling events. However, we found there was no 

correlation between chlorpyrifos concentration in leaves with any of the climatic conditions. 

Therefore, climatic conditions have no significant effect on the plant-air equilibrium of 

chlorpyrifos, after application. 

 

Comparison with PLOVO model results 

 
We compared the concentration of chlorpyrifos in leaves which were measured in the field 

with the concentration of chlorpyrifos in leaves predicted by the PLOVO model for the 

duration of the sampling period (Figure 4.9).  

Figure 4.9 Comparison of measured chlorpyrifos in leaves to the predicted concentrations if 
volatilisation is the only loss process. Error bars represent the standard error in sub-
samples (n = 3), (b) Comparison of normalised measured and modelled concentrations of 
chlorpyrifos in leaves. 
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As with soil measurements, the PLOVO model overestimated the initial deposit of 

chlorpyrifos on leaves. As the model overestimated the initial deposit of chlorpyrifos on both 

soil and leaves, it is unlikely that the %I value is too low or too high. It could be that the 

model assumes an even distribution of the pesticide over the whole field system, which may 

not be the case in a real field situation. Concentrations in soil and leaves may be lower, for 

example, in the field due to spray drift during application and/or run-off that may occur prior 

to the first sampling event.  

 

As with the concentrations of chlorpyrifos in soil, the concentrations of chlorpyrifos in leaves 

generated by the model and measured in the field were normalised, using equation 4.3, so 

that we could compare the modelled and measured concentration profiles. Again, the 

modelled concentration profile and the measured concentration profile do not agree. The 

PLOVO model predicted that only ~6% of chlorpyrifos would volatilise after 24 hours, 

whereas we found that 79% chlorpyrifos was lost from leaves in the same time frame. The 

model predicts a first-order loss of chlorpyrifos from leaves over the 21-day period, with a 

half-life of 7 days, which is not what we observed in the field.  

 

This disparity could be due to the fact the model used a representative Kplant-air equation that 

was not specific to Phacelia leaves and thus could not accurately assess the interaction with 

chlorpyrifos and the surface of Phacelia leaves. As we illustrated in Chapter 2, plant species 

can affect the interaction of a chemical with the plant surface, which can then affect the 

behaviour of the chemical. Moreover, a study by Lu et al.186 found that the half-lives of 

chlorpyrifos varied between six vegetable species. Lu et al. concluded that different plant 

species metabolized chlorpyrifos at different rates. To optimise the Kplant-air equation we 

would require more experiments and measurements to investigate the effect different plant 

species have on chemical behaviour. Since the PLOVO model only accounts for the loss of a 

chemical through volatilisation, chlorpyrifos may have been lost in the field through another 

route such as photodegradation. In the study by Lu et al., photodegradation was also cited as 

a factor in the variation of chlorpyrifos half-lives.186,187 Some plant species had greater 

effective foliar areas, leading to a higher pesticide position and exposure to ultraviolet light. 

These results indicate that while the model (in its present state) is sufficient to investigate 

general trends in post-application pesticide volatilisation, species-specific Kplant-air equations 



 

 

77 

are required to accurately predict the fate of chemicals in a field post-application and, 

perhaps, other routes of loss may need to be explored in the model.   

   

Risk to non-target organisms in contact with leaves 

 

For the risk to non-target organisms in contact with leaves we will be considering the risk 

posed to beneficial pollinators, specifically honey bees. When considering the risk of 

chlorpyrifos exposure to honey bees, we must first consider the potential primary routes of 

exposure. Chlorpyrifos labels contain warnings to users to refrain from applying the pesticide 

to any crops that are in bloom or where spray drift could contaminate nearby flowering weeds 

where bees may be actively foraging. Exposure may occur through chlorpyrifos that has 

volatilised from sprayed crops and is air-borne; however, we would need the data from Supta 

Das’ air sampler concentration study to be able to assess the risk posed by this exposure 

route. 

 

Thus, we can only consider the risk posed to honey bees that may be exposed to chlorpyrifos 

through contact with plant surfaces, which is considered one of the main routes of exposure 

for bees.188 Bees tend to only come into contact with the flowers of a plant, it is unlikely that 

they will land on leaf surfaces.189 As we only collected the leaves of the Phacelia plant, it 

may be difficult to infer the risk of contact exposure for foraging bees. Although, 

concentrations of pesticides in leaves are thought to be a reasonable indicator of the 

concentrations present in leaves. In this way we may be able to use the concentrations we 

measured in leaves as a “worst-case” scenario for exposure to honey bees from flowers.  

 

If chlorpyrifos was applied on a crop that was in flower, such as Phacelia tanacetifolia, the 

highest concentration of chlorpyrifos in flowers they may be exposed to would be 1500 ng g-1 

(leaf concentration, Day 1). This may cause significant stress for any bees exposed to these 

levels as the contact median lethal dose (LD50) value for honey bees is 0.07 µg bee-1. Now, it 

is difficult to compare these concentrations as we do not know how many flowers (i.e. mass 

of flowers) bees may come into contact with that would contain these high concentrations. It 

is also difficult to say whether these concentrations present in flowers would be available for 

uptake by bees i.e. would they be residues that are present on the flower surfaces or would 

they have migrated into the inner layer of the flower and not be in contact with the bees?  
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Concentrations of chlorpyrifos in leaves was 76 ng g-1 at the end of the three-week sampling 

period (Day 21). If we assume that this is the maximum concentration that may be present in 

flowers after 3-weeks, this concentration may also be significant when compared to the LD50 

for honey bees. However, this risk assessment is limited as we are missing key measurements 

and data (such as the actual concentrations of chlorpyrifos present on the surface of flowers 

and how many contaminated flowers the bees may come in to contact with) that we need to 

properly assess the actual concentrations bees may be exposed to.  

 

We will be able to gain more of an understanding of the risk of chlorpyrifos exposure to bees 

foraging on a chlorpyrifos sprayed field once this data is collated with Sue Michaelson-

Heath’s measurements of chlorpyrifos in bees.  

 

Due to the risk posed by chlorpyrifos residues to such beneficial pollinators as bees, 

alternatives to the pesticide use must be considered. One such alternative is ecological pest 

management (EPM). With EPM a holistic approach is taken where landscapes are managed 

in a way where soil health is prioritised to support plant growth with the greatest resistance to 

pests. Best EPM practices include crop rotation, intercropping and the implementation of 

habitats for natural enemies and pollinators.   

 

 

Conclusions 

 

The initial concentration of chlorpyrifos in soil was 41 ng g-1, which decreased by 50% after 

4 days. The final concentration in soil after three weeks was 11 ng g-1. This concentration is 

unlikely to pose a lethal risk to earthworms. 

 

The initial concentration of chlorpyrifos in leaves was far greater than in soil (1.5 x 103 ng g-

1), which decreased by 50% after ~12 hours. The final concentration measured in leaves after 

three weeks was 76 ng g-1. This concentration may pose a significant risk to non-target 

organisms such as honey bees, although our risk assessment is limited as we only measured 

concentrations in leaves and not flowers that bees would come into contact with. On the 

chlorpyrifos label, users are advised to avoid applying the pesticide on crops while they are in 

flower to mitigate the risk of exposure of bees. To further reduce these risks alternative pest 

management schemes may be implemented, such as EPM.  
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The PLOVO model overestimated the initial concentration of chlorpyrifos in both soil and 

leaves and did not accurately predict the concentration profiles of chlorpyrifos in either 

matrix. For leaves, the discrepancies could be due to the Kplant-air equation that was not 

optimised for Phacelia leaves, and/or chlorpyrifos may be lost from leaves through a 

different loss pathway, other than volatilisation, such as photodegradation.186,187 The 

discrepancies also indicated that other loss pathways (e.g. degradation) need to be considered 

in order to accurately predict the behaviour of a chemical post-application in the field. 

Chlorpyrifos oxon was not detected in any field samples. 

 

This field study allowed us to investigate a realistic scenario of the in-field fate of 

chlorpyrifos in the New Zealand environment. It will provide a comprehensive assay into the 

risk posed to honey bees once the data from Sue Michaelson-Heath and Supta Das has been 

collated. This study also sheds light upon the limitations and further work needed to optimise 

the PLOVO model. However, this study did have some limitations, namely it is difficult to 

understand the underlying mechanics behind chlorpyrifos’ behaviour in the field, for instance 

we do not know through which pathways, and to what degree, loss occurred. Also, flowers 

and pollen would need to be sampled and analysed to understand the fate of chlorpyrifos in 

these matrices to complete the chain of exposure to bees. 

 

More measurements and more data are required to optimise the Kplant-air equation in the 

PLOVO model to incorporate the mechanisms behind the interactions of chemicals with leaf 

surfaces. If the model were to be used to predict the post-application fate of pesticides, not 

just the degree to which they volatilise, other loss pathways such as degradation and 

photodegradation must be investigated. It may be interesting, as well, to compare the loss via 

volatilisation data which the model predicted for this field study with the concentrations that 

were measured in near-field air samples collected by Supta Das. This may allow a more 

direct evaluation of the model’s performance in predicting post-application volatilisation.  

 

Once this data has been collated with the concentrations of chlorpyrifos measured in bees and 

air we can then provide a more complete picture of the post-application environmental fate of 

chlorpyrifos in NZ. It will also provide an indication of what portion of chlorpyrifos which 

we measured in the Phacelia the bees were exposed to. This will allow us to perhaps modify 

or re-evaluate the risk of exposure for bees foraging on a chlorpyrifos contaminated field.  
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5. CONCLUSIONS 
 

I improved and validated a model designed to predict pesticide volatilisation from a planted 

agricultural field. The model was dubbed the Pesticide Loss via Volatilisation model 

(PLOVO model). I updated the plant-air partition coefficient (Kplant-air) that was originally 

introduced by Geoghegan to account for the interactions between chemicals and plant 

surfaces. I also reviewed and corrected many other equations involved in the model, 

including adding a plant-water component to the leaves to account for the aqueous solution 

the chemical is dissolved in upon spray application.  

 

The model calculates the cumulative percent volatilisation of a chemical over a 24-hour 

period post application (CPV24h). I validated the model by comparing this output to measured 

volatilisation values of various chemicals found in the literature (both from laboratory and 

field studies). The CPV24h values generated by the PLOVO model showed good agreement 

with the values found in the literature (R2 = 0.77, p < 0.001, RMSE = 19). Thus, the PLOVO 

model was then used to investigate the mechanisms involved in determining pesticide 

volatilisation.  

 

Firstly, I investigated whether pesticides would have greater CPV24h values from soil or 

plants. I found that the majority of pesticides (except for highly volatile pesticides, where 

CPV24h = 100% in both cases) had higher CPV24h values from plant surfaces than from soil. I 

found that plant/soil-sorbed pesticides (i.e. Kplant-air > 6, Ksoil-air > 7), were the most sensitive to 

this.  

 

I then investigated the effect different plant growth stages had on pesticide volatilisation. I 

used the growth stages of cabbage plants and altered the leaf parameters in the model to 

simulate each stage. Growth stage had the greatest effect on the CPV24h values for the 

moderately volatile pesticides (4 < Koctanol-air < 9). For example, CPV24h values for 

chlorpyrifos (Koctanol-air = 8.9) ranged from 4.5% to 25%. This illustrated that the length, size 

and thickness of leaves could have a significant effect on pesticide volatilisation. 

 

The effect of differing plant species on pesticide volatilisation was then explored. Using 

species specific Kplant-air equations obtained from Kömp and McLachlan for four common 

plant species,190 and altering the leaf parameters for each species, the effect of differing plant 
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species on pesticide volatilisation was then explored. I found that moderately volatile 

pesticides were once more the most affected by changes in plant species. The variations in 

CPV24h values were due, in this case, to changes in the Kplant-air equations and leaf parameters. 

Thus, my investigations showed that the degree to which a pesticide volatilises may depend 

on the growth stage of a plant species, and indeed the type of plant to which it is applied. 

 

I developed and optimised S-PLE methods for the extraction of chlorpyrifos from soil and 

leaves. I optimised a method for extracting chlorpyrifos from soil, originally developed by 

Davie-Martin et al. The final recovery of chlorpyrifos using this method was 92% (n = 3, 

%RSD = 4).  

 

I then developed a method for extracting chlorpyrifos from Phacelia tanacetifolia leaves. 

This method was based on the PLE method developed by Perez et al. for the extraction of 

polychlorinated biphenyls and polybrominated diphenyl ethers from common weeds.154 The 

final recovery of chlorpyrifos using this method was 79% (n = 3, %RSD = 2).   

 

I carried out a field experiment to determine the lifetime of chlorpyrifos and its oxon in an 

agricultural field post application. The results were then compared to the lifetime predicted 

by the PLOVO model to further validate the model. I found that the initial concentration of 

chlorpyrifos in soil was 35 ng g-1, this decreased by 50% after day 4, and the final 

concentration (after 21 days) was 7 ng g-1. The final concentration I measured was not 

considered to pose a significant lethal risk to soil dwelling organisms (i.e. earthworms).  

 

The initial concentration of chlorpyrifos in Phacelia tanacetifolia leaves was 1.5 x 103 ng g-1, 

this decreased by 50% after ~12 hours, and the final concentration was 76 ng g-1. This final 

concentration was thought to pose a moderate risk on non-target organisms (i.e. honey bees 

and bumble bees). Climatic conditions did not seem to affect chlorpyrifos concentrations in 

either soil or leaves. 

 

The concentration of chlorpyrifos was much higher in leaves than in soil, which is what the 

model also predicted. However, the model did not accurately predict the initial concentrations 

of chlorpyrifos in soil and leaves that I observed in the field; indeed, it greatly overestimated 

these concentrations. The concentration profiles that were predicted by the model also did not 

agree with the concentration profiles that I measured in the field.  
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The discrepancies between the modelled data and the measured data illustrated a few issues 

that still need to be addressed with the model. The model is currently optimised for the first 

24 hours post-application, where volatilisation is the only loss pathway. However, in order to 

accurately predict the behaviour of pesticide beyond this 24-hour period, other degradation 

and loss pathways (e.g. runoff, photodegradation) must be considered and incorporated.  

 

More data and measurements of pesticide volatilisation from leaf surfaces are required to 

produce more accurate predictive Kplant-air equations. As it is, the model shows that different 

leaf size (due to growth stage and plant species) can have a significant effect on CPV24h 

values. But to what degree leaf size; and more specifically leaf thickness, length and surface 

area affects CPV24h must be understood for the model to be validated and improved to 

accurately predict pesticide volatilisation from a planted agricultural field. 

 

Pesticide formulations and additives (i.e. adjuvants and surfactants) also need to be 

considered when predicting pesticide volatilisation and behaviour in agricultural fields. 

Studies have shown that these additives can affect the interaction of pesticides with various 

matrices including soil and glass surfaces. For a realistic predictive model, these effects must 

be understood in order to be included. 

 

In terms of the behaviour of chlorpyrifos in the environment specifically, the effect of organic 

carbon, moisture and microbial activity in soil must be investigated. More studies are 

required to determine how each property of soil may affect the loss and/or degradation of 

chlorpyrifos to then determine any risk that may be posed to non-target soil dwelling 

organisms. Moreover, when the effect these soil properties may have on the lifetime of 

chlorpyrifos are understood, we can then inform farmers and agricultural workers when the 

best time for them to apply chlorpyrifos and how often they may need to reapply. 

 

Likewise, more studies are required of the behaviour and lifetime of chlorpyrifos on various 

crops. The study I conducted monitored the lifetime of chlorpyrifos on one specific plant 

species. But as the model showed, leaf size and chemistry, which is different for each plant 

species, can significantly affect the behaviour of pesticides. Therefore, the moderate risk 

posed to non-target organisms for chlorpyrifos residue may only apply to Phacelia plants and 

may not be the risk posed by all plant species.  
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For the SPLE methods I developed, while these were sufficient for the extraction of 

chlorpyrifos for leaves and soil, they may be extended to be used for the extraction of 

multiple residues. Environmental extraction methods for multiple residues (including, but not 

limited to, pesticides) are extremely useful for conducting chemical residence and persistence 

studies.  
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APPENDIX A. Supplemental PLOVO Model Information 
 

Selection of Ki, plant-air Values and Derivation of Estimation Equation  
 
Ki, plant-air values have been reported for several specific plant-chemical combinations and a 

number of Ki, plant-air predictive equations have been derived from these values.124,125,190,191 

However, pesticide volatilisation and uptake of the same chemical varies significantly between 

plant species.35,97,100,105,107,132,190,192 Therefore, predictive equations can only confidently be 

used for the specific plant for which the estimation equation was derived.   

 

In our analysis presented herein, we used sixteen previously reported predictive Kplant-air 

equations for specific plant species (Table A-1) to select an ‘average’ Kplant-air estimation 

equation which was used to validate the model, compare volatilisation from soil and plants, 

and to investigate the effect of plant growth stage. Where possible, species specific Kplant-air 

equations were used.  

 

The first step was to calculate Ki, plant-air (298 K) values for 20 representative pesticides using each 

of the sixteen predictive equations. For predictive equations designed to produce Ki, plant-air 

values at temperatures (T) other than 298 K, we adjusted them using eq A1.122 

 

 Kplant-air (298 K)=Kplant-air (T)∙e
./ΔHi, plant-air

R 011
T-

1
298 K23               (A1) 

                 

where ∆Hi, plant-air is the enthalpy associated with the transfer of chemical, i, from the plant phase 

to air.  ∆Hi, plant-air was assumed to be constant over the environmental temperature range 

investigated and was calculated from eq A2.191  

 

∆Hi, plant-air='23.7- log Koctanol-air (298 K)-99.49(-R∙T	               (A2) 
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Table A-1 Kplant-air estimation equations 

Reference Legend 
Plant 

Species 
Predictive Equation R2 

Ta 

(⁰C) 
RHa 
(%) 

Compound
s (#) 

Nizzetto et 

al.125 

 

A Chestnut "!"#$%&#'( =	10(*.,-∙"/012345627859:&;.<=) 0.87 25 100 PCBs (6) 

B White ash "!"#$%&#'( =	10(*.*?∙"/012345627859:&=.@*) 0.94 25 100 PCBs (6) 

C Hazelnut "!"#$%&#'( =	10(*.=<∙"/012345627859:&;.@;) 0.93 25 100 PCBs (6) 

D 
Mountain 

ash 
"!"#$%&#'( =	10(*.=A∙"/012345627859:&@.?,) 0.93 25 100 PCBs (6) 

E Maple "!"#$%&#'( =	10(*.,?∙"/012345627859:&=.*<) 0.90 25 100 PCBs (6) 

F Beech "!"#$%&#'( =	10(*.,B∙"/012345627859:&;.-*) 0.95 25 100 PCBs (6) 

G Larch "!"#$%&#'( =	10(*.,<∙"/012345627859:&;.??) 0.98 25 100 PCBs (6) 

H Spruce "!"#$%&#'( =	10(*.==∙"/012345627859:&@.AB) 0.86 25 100 PCBs (6) 

Kömp and 

McLachlan 

(a)191 

I Ryegrass "!"#$%&#'( = 10(@.*?;<∙"/012345627859:&;.B;B<) 0.99 25 100 PCBs (16) 

J Ryegrass "!"#$%&#'( = 10(*.*@∙"/012345627859:) 0.89 25 100 PCBs (16) 

Kömp and 

McLachlan 

(b)123 

K Ryegrass "!"#$%&#'( =	10(@.@B∙"/012345627859:&=.B-) 0.98 25 100 PCBs (16) 

L Clover "!"#$%&#'( =	10(*.A∙"/012345627859:C*.@B) 0.86 25 100 PCBs (16) 

M Plantain "!"#$%&#'( =	10(*.<A∙"/012345627859:&@.=) 0.98 25 100 PCBs (16) 

N 
Hawks 

beard 
"!"#$%&#'( =	10(*.A,∙"/012345627859:&*.*A) 0.97 25 100 PCBs (16) 

O Yarrow "!"#$%&#'( =	10(*.BA∙"/012345627859:C@.<) 0.93 25 100 PCBs (16) 

Tolls and 

McLachlan1

24 

P 
Welsh ray 

grass 
"!"#$%&#'( =	10(*.?@∙"/012345627859:C*.-<) 0.90 18 100 

PCBs, 

HCHs, 

PAHs (11) 
aClimatic conditions at which Kplant-air was measured 
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From Figure A-1, the Kplant-air equation for clover123 (equation L), was determined to be the average 

predictive Kplant-air equation and thus best represented the 16 predictive equations from the literature. 

Hence, this Kplant-air equation was used to validate the model, compare volatilisation from soil and plants, 

and to investigate the effect of plant growth stage. It is also important to note that none of these 

predictive approaches were measured for pesticides, we may expect that the behaviour of current use 

pesticides are more variable.   

 

 
 
 
 
 
 
 
 
 

 
 

Figure A-1 log Kplant-air vs. log Koctonal-air for a range of hypothetical pesticides for each of the 
sixteen predictive Kplant-air equations under the following climatic conditions: T 298.15K, RH 
100%. 
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Relationship between log Ksoil-air and log Kplant-air 
 

Figure A-2 shows how climatic conditions and soil conditions affect the relationship between 

Ksoil-air and Kplant-air. Changing the temperature changed the slope and the intercept of the 

relationship between Ksoil-air and Kplant-air, as temperature affects both partition coefficient 

equations. RH and foc changed the intercept, but not the slope of the relationship as these 

parameters only affected the Ksoil-air equation. Figure A-2 illustrates the importance of defining 

the environmental conditions in the model when predicting the volatilisation potential of 

chemicals from soil and plants.  

 

 

 

 

 

 

 

 

 

 

 

Figure A-2 Relationship between log Ksoil-air and log Kplant-air under various climatic and soil 
conditions (standard parameters: T 293.15 K, RH 100%, foc 0.02). 
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Table A-2 Volatilisation measurement approach studies used for validation analysis 

Reference 
Type of 

study 
Pesticides Plants Sampling approach 

Volatilisation 

Measurement 

Approach 

Haith et 

al.104 
Field 

bendiocarb, 

carbaryl, 

chlorpyrifos, 

diazinon, 

ethoprop, 

isazophos, 

isofenphos, 

trichlorfon 

Grass 

Volatile pesticide 

residues were collected 

onto XAD-2 resin 

during high- volume air 

sampling. 

Volatilisation losses 

were reported as a 

percent loss of the 

applied pesticide, 

although the time 

period was not 

reported. 

Ruedel and 

Waymann31 
Laboratory lindane Bean 

Volatilisation was 

determined from the 

amount of organic 

compounds present in 

the exhaust air from a 

wind tunnel, which was 

collected with an air 

sampler consisting of 

glass-fiber filter and 

three polyurethane 

foam (PUF) plugs. 

Volatilisation was 

reported as a 

percentage loss of the 

applied pesticide for 

five time steps over 

29 hours. CPV24h 

could be determined 

directly from this (i.e. 

sum of volatilisation 

loss (%) for the first 

four time steps). 

Wittich and 

Siebers96 
Field lindane, parathion Wheat 

Volatilisation of the 

applied pesticide was 

measured in the air at 

two mast heights. Air 

samples were collected 

in Tenax sorbent 

sample tubes. 

Volatilisation was 

reported as the 

relative cumulative 

volatilisation: !"# =
	 4
5/7∫ "8'(9

9) , where 

M is the mass of the 

applied pesticide, A is 

the field area, t is the 

time after the 

pesticide was applied 

at t0, over 

approximately 18 h. 

RCV was considered 

to be equivalent to 

CPV24h. 
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Reference 
Type of 

study 
Pesticides Plants Sampling approach 

Volatilisation 

Measurement 

Approach 

Rüdel34 

Laboratory 

(wind 

tunnel) 

endosulfan, 

lindane, 

parathion-methyl, 

trifluralin 

Bean 

Volatilisation of the 

applied pesticide was 

determined directly by 

analyzing the pesticide 

concentration in an air 

stream. A portion of 

the air stream was 

drawn through two 

PUF plugs. 

Volatilisation was 

reported as a 

percentage loss of the 

applied pesticide over 

24 h. 

Wolters et 

al.112 

Laboratory 

(wind 

tunnel) 

fenpropimorph, 

parathion-methyl, 

quinoxyfen 

Wheat 

Volatilisation was 

determined from the 

amount of organic 

compounds present in 

the exhaust air from a 

wind tunnel. This air 

was sampled with a 

high-volume air 

sampler consisting of a 

glass-fiber filter and 

three PUF plugs. 

Volatilisation was 

reported as a 

percentage loss of the 

applied pesticide after 

10 days. We 

calculated % 

volatilisation in 24 h 

from a graph of 

cumulative 

Volatilisation over 

time. 

Klöppel and 

Kördel97 
Field parathion Barley 

Vaporized pesticides in 

the air were collected at 

1 m and 3 m by high 

volume samplers with 

PUF plugs at the field 

margin, as well as in 

front and behind a 

hedge downwind from 

the field. 

Volatilisation loss of 

the applied pesticide 

was reported as 

pesticide discharge 

(g) in bar graphs at 

various time steps; 

we estimated the % 

volatilisation in 24h 

for each pesticide 

from these graphs. 

Müller et 

al.101 

Laboratory 

(experimen

tal 

chamber) 

parathion-methyl Bean 

High-volume air 

sampling with PUF 

plugs was used to 

measure concentrations 

of parathion-methyl in 

air. 

Volatilisation losses 

were reported as % of 

applied 14C 

(parathion-methyl) 

after 24 h. 
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Table A-3 Input data for PLOVO model validation – pesticide chemical-physical properties 

N Pesticide log KOW (1) log KWA (1) log KAW (2) log KOA (2) VP (1) 

  298.15 K 298.15 K 298.15 K 298.15 K Pa 

1104 

Bendiocarb 41.70 5.80 -5.80 7.50 5.03 x10-2 

Carbaryl 2.36 6.87 -6.87 9.23 2.79 x10-3 

Chlorpyrifos 4.96 3.92 -3.92 8.88 3.99 x10-3 

Diazinon 3.81 5.34 -5.34 9.15 1.20 x10-2 

Ethoprop 3.59 5.18 -5.18 8.77 5.07E-02 

Isazophos 3.82 4.67 -4.67 8.49 1.15 x10-2 

Isofenphos 4.12 5.60 -5.60 9.72 4.00 x10-4 

Trichlorfon 0.51 9.16 -9.16 9.67 3.40 x10-3 

297 Parathion 3.83 4.91 -4.91 8.74 8.91 x10-4 

3101 Parathion-methyl 2.86 5.39 -5.39 8.25 5.93 x10-4 

434 

Endosulfan 3.83 2.58 -2.58 6.41 5.07 x10-4 

Lindane 4.14 3.68 -3.68 7.82 3.44 x10-2 

Parathion-methyl 2.86 5.39 -5.39 8.25 5.93 x10-4 

Trifluralin 5.34 2.38 -2.38 7.72 1.05 x10-2 

531 

Lindane 4.14 3.68 -3.68 7.82 3.44 x10-2 

Lindane 4.14 3.68 -3.68 7.82 3.44 x10-2 

Lindane 4.14 3.68 -3.68 7.82 3.44 x10-2 

696 
Lindane 4.14 3.68 -3.68 7.82 3.44 x10-2 

Parathion 3.83 4.91 -4.91 8.74 8.91 x10-4 

7112 

Fenpropimorph 4.93 4.00 -4.00 8.93 3.51 x10-3 

Parathion-methyl 2.86 5.39 -5.39 8.25 5.93 x10-4 

Quinoxyfen 4.66 6.40 -6.40 11.06 1.29 10-4 

(1) Obtained from EPISUITE data119 

(2) Calculated from log KOW and log KAW 
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Table A-4 Field site input parameters for validation analysis 

N Pesticide Field Area 
Mass 

Applied 

Intercept 

%118 
Wind speed Temperature 

  m2 g % m s-1 K 

1104 

Bendiocarb 200 2583 90 0.05 (1) 294.65 (3) 

Carbaryl 200 2583 90 0.05 (1) 294.65 (3) 

Chlorpyrifos 200 2583 90 0.05 (1) 294.65 (3) 

Diazinon 200 2583 90 0.05 (1) 294.65 (3) 

Ethoprop 200 2583 90 0.05 (1) 294.65 (3) 

Isazophos 200 2583 90 0.05 (1) 294.65 (3) 

Isofenphos 200 2583 90 0.05 (1) 294.65 (3) 

Trichlorfon 200 2583 90 0.05 (1) 294.65 (3) 

297 Parathion 2000 200 90 3.2 (2) 293.15 (3) 

3101 Parathion-methyl 0.5 150 80 0.5 293.15 (3) 

434 

Endosulfan 0.09 0.444 75 1.1 293.15 

Lindane 0.09 0.444 75 1.1 293.15 

Parathion-methyl 0.09 0.444 75 1.1 293.15 

Trifluralin 0.09 0.444 75 1.1 293.15 

531 

Lindane 0.09 0.444 75 1.1 297.75 

Lindane 0.09 0.444 75 1.1 297.85 

Lindane 0.09 0.444 75 1.1 293.15 

696 
Lindane 44000 480 38 4.0 296.15 (4) 

Parathion 44000 480 38 4.0 296.15 (4) 

7112 

Fenpropimorph 0.5 480 80 3.5 283.15 (4) 

Parathion-methyl 0.5 480 38 3.5 283.15 (4) 

Quinoxyfen 0.5 480 80 3.5 283.15 (4) 

(1) No wind speed was given in the paper, therefore a standard value of 0.05 was selected 

because this is the limit of detection for a typical hot wire anemometer. 

(2) Mean value 

(3) Mean summer value for reported field site from 

http://www.theweathernetwork.com/statistics/C02827/usma0565 accessed 10/08/2017 

(4) Approximated mean value taken from a graph 
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Table A-5 Soil input parameters for validation analysis 

N Pesticide foc Soil density RH Soil Moisture 

  g g-1 kg L-1 % % by mass 

1104 

Bendiocarb 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

Carbaryl 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

Chlorpyrifos 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

Diazinon 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

Ethoprop 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

Isazophos 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

Isofenphos 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

Trichlorfon 0.02 (1) 2.4 (1) 100 (1) 5.8 (1) 

297 Parathion 0.02 (1) 2.4 (1) 50.2 (2) 5.8 (1) 

3101 Parathion-methyl 0.02 (1) 2.4 (1) 65 (3) 5.0 

434 

Endosulfan 0.0125 2.4 (1) 50 (2) 24.0 

Lindane 0.0125 2.4 (1) 50 (2) 24.0 

Parathion-methyl 0.0125 2.4 (1) 50 (2) 5.0 

Trifluralin 0.0125 2.4 (1) 50 (2) 5.0 

531 

Lindane 0.015 2.4 (1) 49.7 15.6 (2) 

Lindane 0.015 2.4 (1) 41.6 15.6 (2) 

Lindane 0.015 2.4 (1) 35 15.6 (2) 

696 
Lindane 0.02 (1) 2.4 (1) 100 (1) 17.0 

Parathion 0.02 (1) 2.4 (1) 100 (1) 5.0 

7112 

Fenpropimorph 0.011 2.4 (1) 100 (1) 60.0 

Parathion-methyl 0.011 2.4 (1) 100 (1) 5.0 

Quinoxyfen 0.011 2.4 (1) 100 (1) 5.0 

(1) No value was given, default parameters were used 

(2) Mean value 

(3) Approximated mean value taken from a graph 
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Table A-6 Plant input parameters for validation analysis 

N Pesticide 
Plant 

Species 
LAI Ref hleaf Ref lleaf Ref 

   m2 m-2  mm  m  

1104 

Bendiocarb Grass 5.0 193 0.18 194 0.01 193 

Carbaryl Grass 5.0 193 0.18 194 0.01 193 

Chlorpyrifos Grass 5.0 193 0.18 194 0.01 193 

Diazinon Grass 5.0 193 0.18 194 0.01 193 

Ethoprop Grass 5.0 193 0.18 194 0.01 193 

Isazophos Grass 5.0 193 0.18 194 0.01 193 

Isofenphos Grass 5.0 193 0.18 194 0.01 193 

Trichlorfon Grass 5.0 193 0.18 194 0.01 193 

297 Parathion Barley 4.5 193 0.14 195 0.23 117 

3101 Parathion-methyl Bean 3.0 196 0.15 197 (1) 0.06 117 

434 

Endosulfan Bean 3.0 196 0.15 197 (1) 0.06 117 

Lindane Bean 3.0 196 0.15 197 (1) 0.06 117 

Parathion-methyl Bean 3.0 196 0.15 197 (1) 0.06 117 

Trifluralin Bean 3.0 196 0.15 197 (1) 0.06 117 

531 

Lindane Bean 3.0 196 0.15 197 (1) 0.06 117 

Lindane Bean 3.0 196 0.15 197 (1) 0.06 117 

Lindane Bean 3.0 196 0.15 197 (1) 0.06 117 

696 
Lindane Wheat 5.4 116 (3) 0.14 195 (2) 0.08 117 

Parathion Wheat 5.4 116 (3) 0.14 195 (2) 0.08 117 

7112 

Fenpropimorph Wheat 5.4 116 (3) 0.14 195 (2) 0.08 117 

Parathion-methyl Wheat 5.4 116 (3) 0.14 195 (2) 0.08 117 

Quinoxyfen Wheat 5.4 116 (3) 0.14 195 (2) 0.08 117 

(1) Mean values for plants at 20 days old 

(2) Approximate median value for cereal plants 

(3) Mean value 
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Table A-7 Input Parameters Used in Sensitivity Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 

 Input parameter 
Default 

value 

Parameters affected by changes to 

the input parameter 

hleaf leaf thickness 0.18 mm Vplant, Vair-boundary(plant), Vwater(plant) 

lleaf leaf length 0.05 m dair-boundary(plant) 

LAI leaf area index 4 m2 m-2 Vplant, Vair-boundary(plant), Vwater(plant) 

U wind speed 2.48 m s-1 dair-boundary(plant) 

T atmospheric temperature 298 K 
Ki,octanol-water, Ki.water-air, Ki,octanol-air, 

Ki,plant-air, Ki,soil-air, Dair 

%I foliar intercept fraction 90% mi,soil, mi,plant 

Afield field area 10,000 m2 
Vair-soil, Vsoil, Vplant, Vair-plant, Vwater(soil), 

Vwater(plant) 
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APPENDIX B. Supplementary Information for Environmental 
Fate Study of Chlorpyrifos and Extraction Methods 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chemical Name [0,0-diethyl 0-(3,5,6-trichloro-2-pyridinyl-

phosphorothioate] 

Chemical Family Organophosphate 

Chemical Abstracts Service 
(CAS) registry number 

2921-88-2 

Empirical formula C9H11Cl3NO3PS 

Smiles notation S=P(OCl=NC(=C(C=ClCl)Cl)Cl)(OCC)OCC 

Trade and other names 
Dursban®, Lorsban®, Empire 20®, Equity®, Whitmire 

PT270® 

 

Table B-1 Chemical identification of chlorpyrifos 

Property Units Value Ref 
Melting point (mp) °C 41.5 – 42.5 USEPA 

Molar mass g mol-1 350.6 USEPA 

Vapor pressure of sub-cooled 

liquid 
Pa 0.0039 EPI Suite 

Solubility in water mg L-1 1.4  

log Koctanol-water  4.96 EPISuite 

log Kair-water  -3.92 EPISuite 

log Kwater-air  3.92 calculated 

log Koctanol-air  8.88 calculated 

 

Table B-2 Physicochemical properties of chlorpyrifos 
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Property Units Value Ref 
Molar mass g mol-1 334.5 USEPA 

Vapor pressure (25 °C) Pa 0.00088 USEPA 

Solubility in water mg L-1 26 USEPA 

log Koctanol-water  2.89 USEPA 

 

Table B-3 Physicochemical properties of chlorpyrifos-oxon 

Compounds 
Retention 

Time 
(min) 

Quantitation 
Ion (Q1) 

(m/z) 

Confirmation Ions 
Quantitation 
Compound Q2 (m/z) 

Q3 
(m/z) 

d-10 

chlorpyrifos 
33.478 322.0 323.9 213.9  

chlorpyrifos 33.986 312.8 314.8 213.8 d-10 chlorpyrifos 

 

Table B-4 Chlorpyrifos retention times, quantification and confirmation ions in NCI SIM mode in GC-
MS 

Compound 
Retention 

Time Precursor Ion Product Ion 
Collision 

energy (V) 
chlorpyrifos-

oxon 
14.64 334 

277.9, 197.9, 

134,1 
18, 13 and 45 

d-10 

chlorpyrifos 
15.06 360 198.9, 99.1, 295 23, 31 and 18 

 

Table B-5 Chlorpyrifos oxon and d-10 chlorpyrifos analysis parameters in LC-MS/MS. 
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Table B-6 Concentrations of Chlorpyrifos Measured in Soil Samples 

Date Sampling 
Day 

Average Concentration 
of Chlorpyrifos in Soil 

(n = 3) (ng g-1) 

Standard 
Deviation 

01/12/16 B1 2.45 0.699 
30/12/16 B2 0.07 0.054 
07/01/17 B3 0.51 0.224 
08/01/17 Day 0 40.8 4.86 
09/01/17 Day 1 41.7 2.25 
10/01/17 Day 2 34.2 1.64 
11/01/17 Day 3 31.2 0.988 
12/01/17 Day 4 (1) - - 
13/01/17 Day 5 7.71 1.10 
14/01/17 Day 6 (1) - - 
15/01/17 Day 7 6.02 0.487 
16/01/17 Day 8 (1) - - 
17/01/17 Day 9 6.85 0.729 
18/01/17 Day 10 (1) - - 
19/01/17 Day 11 (1) - - 
20/01/17 Day 12 6.21 0.485 
21/01/17 Day 13 (1) - - 
22/01/17 Day 14 (1) - - 
23/01/17 Day 15 6.25 0.318 
24/01/17 Day 16 (1) - - 
25/01/17 Day 17 (1) - - 
26/01/17 Day 18 7.83 1.18 
27/01/17 Day 19 (1) - - 
28/01/17 Day 20 (1) - - 
29/01/17 Day 21 11.3 1.32 

(1) No samples collected 
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Table B-7 Concentration of chlorpyrifos in Phacelia tanacetifolia 

Date Sampling 
Day 

Average Concentration of 
Chlorpyrifos in Phacelia 

tanacetifolia Leaves (n = 3) 
(ng g-1) 

Standard 
Deviation  

30/12/16 B1 0.0 0.00 
7/01/17 B2 0.0 0.00 
8/01/17 Day 0 1510 128 
9/01/17 Day 1 314 29.6 
10/01/17 Day 2 165 6.19 
11/01/17 Day 3 230 22.8 
12/01/17 Day 4 (1) - - 
13/01/17 Day 5 143 12.1 
14/01/17 Day 6 (1) - - 
15/01/17 Day 7 116 6.32 
16/01/17 Day 8 (1) - - 
17/01/17 Day 9 136 19.1 
18/01/17 Day 10 (1) - - 
19/01/17 Day 11 (1) - - 
20/01/17 Day 12 59.4 2.83 
21/01/17 Day 13 (1) - - 
22/01/17 Day 14 (1) - - 
23/01/17 Day 15 49.1 6.42 
24/01/17 Day 16 (1) - - 
25/01/17 Day 17 (1) - - 
26/01/17 Day 18 46.0 5.90 
27/01/17 Day 19 (1) - - 
28/01/17 Day 20 (1) - - 
29/01/17 Day 21 75.7 0.345 

(1) No samples collected 
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Table B-8 Weather data for Ida Valley Field Study 

Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

30/12/16 0:00 0 1.2 8.5 84 
30/12/16 1:00 0 1.1 7 88 
30/12/16 2:00 0 1.4 6 92 
30/12/16 3:00 0 1.1 5.4 93 
30/12/16 4:00 0 1.3 4.3 95 
30/12/16 5:00 0 1.6 3.8 95 
30/12/16 6:00 0 1.4 5 93 
30/12/16 7:00 0 1.1 8.2 86 
30/12/16 8:00 0 0.9 11.8 70 
30/12/16 9:00 0 1.4 13.3 62 
30/12/16 10:00 0 1.7 16.3 56 
30/12/16 11:00 0 1.8 19 48 
30/12/16 12:00 0 2 21.6 37 
30/12/16 13:00 0 2.6 23.1 34 
30/12/16 14:00 0 3 24.5 25 
30/12/16 15:00 0 2.6 25.7 24 
30/12/16 16:00 0 2.5 26.3 25 
30/12/16 17:00 0 4.4 24.2 38 
30/12/16 18:00 0 7.4 21.8 41 
30/12/16 19:00 0 5.8 18.5 54 
30/12/16 20:00 0 5.6 15.9 63 
30/12/16 21:00 0 4.6 14.8 67 
30/12/16 22:00 0 3.5 13.3 77 
30/12/16 23:00 0 3.9 11.8 83 
7/01/17 0:00 0 1.4 6.8 85 
7/01/17 1:00 0 1.3 5.2 92 
7/01/17 2:00 0 1.3 5.6 92 
7/01/17 3:00 0 1.2 4.6 94 
7/01/17 4:00 0 1.2 3.1 97 
7/01/17 5:00 0 1 3.2 97 
7/01/17 6:00 0 1.4 3.9 96 
7/01/17 7:00 0 1.3 5.8 94 
7/01/17 8:00 0 1.1 8.7 82 
7/01/17 9:00 0 0.9 10.6 71 
7/01/17 10:00 0 1.3 11.8 63 
7/01/17 11:00 0 1.6 13.7 55 
7/01/17 12:00 0 1.5 15.1 46 
7/01/17 13:00 0 2.3 16.7 40 
7/01/17 14:00 0 3.2 16.1 43 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

7/01/17 15:00 0 6.4 13.8 60 
7/01/17 16:00 0 6.5 12.1 70 
7/01/17 17:00 0 4 11.3 84 
7/01/17 18:00 0 1.4 12.5 72 
7/01/17 19:00 0 2.6 12 68 
7/01/17 20:00 0 3 11.1 76 
7/01/17 21:00 0 2.6 10.7 78 
7/01/17 22:00 0 0.9 10.8 79 
7/01/17 23:00 0 1.7 9.6 88 
8/01/17 0:00 0 2.4 8.3 92 
8/01/17 1:00 0 1.6 7.4 91 
8/01/17 2:00 0 0.9 7.5 94 
8/01/17 3:00 0 1.2 5.9 95 
8/01/17 4:00 0 1.7 6.4 95 
8/01/17 5:00 0 2.2 9.4 76 
8/01/17 6:00 0 1.5 7.9 87 
8/01/17 7:00 0 0.9 10.4 79 
8/01/17 8:00 0 4.6 14.2 52 
8/01/17 9:00 0 5.5 15.1 47 
8/01/17 10:00 0 3.6 17.2 39 
8/01/17 11:00 0 6.4 17.9 38 
8/01/17 12:00 0 8.2 21.8 30 
8/01/17 13:00 0 7.2 18.7 38 
8/01/17 14:00 0 5.8 19.5 33 
8/01/17 15:00 0 6.7 23 24 
8/01/17 16:00 0 10.5 20.8 28 
8/01/17 17:00 0 10 19.7 30 
8/01/17 18:00 0 12.1 19.5 30 
8/01/17 19:00 0 11.1 19.2 33 
8/01/17 20:00 0 10.3 14.3 63 
8/01/17 21:00 0 7.7 12.5 75 
8/01/17 22:00 0 3 12.3 75 
8/01/17 23:00 0 1.9 11.7 78 
9/01/17 0:00 0 1.6 11.6 78 
9/01/17 1:00 0 3.1 11.2 80 
9/01/17 2:00 0 3.4 10.8 80 
9/01/17 3:00 0 2.3 10.5 80 
9/01/17 4:00 0 1 9.5 84 
9/01/17 5:00 0 1.3 8.1 86 
9/01/17 6:00 0 1.5 7.6 90 
9/01/17 7:00 0 1.3 10.4 80 
9/01/17 8:00 0 1.2 13 68 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

9/01/17 9:00 0 1.4 14.8 63 
9/01/17 10:00 0 1.5 18.1 51 
9/01/17 11:00 0 1.8 21.2 43 
9/01/17 12:00 0 1.8 21.7 42 
9/01/17 13:00 0 3.4 21.6 43 
9/01/17 14:00 0 3.8 22.5 42 
9/01/17 15:00 0 3 23.6 38 
9/01/17 16:00 0 4 26.6 35 
9/01/17 17:00 0 6.9 24.7 38 
9/01/17 18:00 0 7.6 24.2 42 
9/01/17 19:00 0 6.7 24 41 
9/01/17 20:00 0 5.3 22.8 44 
9/01/17 21:00 0 5.3 19.7 59 
9/01/17 22:00 0 5.5 16.4 78 
9/01/17 23:00 0 4.2 14.7 84 
10/01/17 0:00 0 2.6 13.2 94 
10/01/17 1:00 0 1.6 12.8 92 
10/01/17 2:00 0 0.7 11.9 95 
10/01/17 3:00 0 0.8 10.2 95 
10/01/17 4:00 0 1.5 9.1 98 
10/01/17 5:00 0 1.4 8.9 99 
10/01/17 6:00 0 1.4 10.5 100 
10/01/17 7:00 0 1.2 11.9 100 
10/01/17 8:00 0 1 13.6 96 
10/01/17 9:00 0 1.9 17.2 76 
10/01/17 10:00 0 2.2 17.8 70 
10/01/17 11:00 0 1.8 20.1 57 
10/01/17 12:00 0 1.5 22.5 50 
10/01/17 13:00 0 1.9 24.7 37 
10/01/17 14:00 0 2.6 26.9 29 
10/01/17 15:00 0 2.5 29.2 15 
10/01/17 16:00 0 6 28.6 15 
10/01/17 17:00 0 6.6 28.3 18 
10/01/17 18:00 0 7.5 26.2 17 
10/01/17 19:00 0 8.6 23.6 29 
10/01/17 20:00 0 8.5 20.9 33 
10/01/17 21:00 0 5.7 18.8 34 
10/01/17 22:00 0 6.5 17.5 38 
10/01/17 23:00 0 2.8 14.2 68 
11/01/17 0:00 0 3 11.4 82 
11/01/17 1:00 0 1.5 11.6 81 
11/01/17 2:00 0 2.9 12.4 73 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

11/01/17 3:00 0 1.8 12 76 
11/01/17 4:00 0 1.5 12 77 
11/01/17 5:00 0 1.5 12.8 73 
11/01/17 6:00 0 1.4 12.5 78 
11/01/17 7:00 0 1.9 14.1 73 
11/01/17 8:00 0 2.8 18.9 53 
11/01/17 9:00 0 2.5 21.4 38 
11/01/17 10:00 0 4.3 22.4 34 
11/01/17 11:00 0 6.4 22.9 30 
11/01/17 12:00 0 7.7 25.8 24 
11/01/17 13:00 0 10.3 25 26 
11/01/17 14:00 0 8.5 25.1 25 
11/01/17 15:00 0 9.5 26.8 23 
11/01/17 16:00 0 9.8 26.8 23 
11/01/17 17:00 0 10.3 26.4 22 
11/01/17 18:00 0 10.2 25.4 22 
11/01/17 19:00 0 8 23.7 26 
11/01/17 20:00 0 3.9 22.3 27 
11/01/17 21:00 0 3.3 21.1 32 
11/01/17 22:00 1.8 4.2 15.4 80 
11/01/17 23:00 2.1 5.4 16.7 77 
12/01/17 0:00 1.7 4.4 17.4 77 
12/01/17 1:00 1 6.2 17.2 80 
12/01/17 2:00 0.1 3.2 16.6 80 
12/01/17 3:00 0 3 18 72 
12/01/17 4:00 0 4.3 15.8 83 
12/01/17 5:00 0 3.3 15.4 82 
12/01/17 6:00 0 3.3 15.9 71 
12/01/17 7:00 0 3.4 19.4 39 
12/01/17 8:00 0 6.9 18.4 36 
12/01/17 9:00 0 9 19.6 27 
12/01/17 10:00 0 10.7 19.6 24 
12/01/17 11:00 0 9.7 20.3 24 
12/01/17 12:00 0 9 20.2 28 
12/01/17 13:00 0 10 19.2 36 
12/01/17 14:00 0.1 9.6 16 48 
12/01/17 15:00 1.5 9 17.8 50 
12/01/17 16:00 0 9.5 18.1 39 
12/01/17 17:00 0 8.3 17 33 
12/01/17 18:00 0 7 16.1 35 
12/01/17 19:00 0 8 15 36 
12/01/17 20:00 0 8.3 14.2 37 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

12/01/17 21:00 0 8 13.6 39 
12/01/17 22:00 0 4.3 12.8 43 
12/01/17 23:00 0 6.1 11.7 50 
13/01/17 0:00 0 3.9 10.9 56 
13/01/17 1:00 0 4.3 10.8 58 
13/01/17 2:00 0 2.6 8.6 71 
13/01/17 3:00 0 6.1 10.2 65 
13/01/17 4:00 0 6.8 10.1 63 
13/01/17 5:00 0 6 10.7 57 
13/01/17 6:00 0 5.4 11.7 52 
13/01/17 7:00 0 4.9 13.2 43 
13/01/17 8:00 0 5.6 14.7 39 
13/01/17 9:00 0 6.7 15.8 34 
13/01/17 10:00 0 4.5 16.3 35 
13/01/17 11:00 0 5.2 18.6 32 
13/01/17 12:00 0 5.9 19.3 29 
13/01/17 13:00 0 5.9 19.2 30 
13/01/17 14:00 0 6.7 19.5 27 
13/01/17 15:00 0 7.1 20 27 
13/01/17 16:00 0 6.1 19.8 29 
13/01/17 17:00 0 5.2 19.1 33 
13/01/17 18:00 0 5.8 20.6 27 
13/01/17 19:00 0 5.7 17.9 42 
13/01/17 20:00 0 5.1 15.2 57 
13/01/17 21:00 0 3.7 12.9 66 
13/01/17 22:00 0 1.8 12.1 70 
13/01/17 23:00 0 1.7 10.9 81 
14/01/17 0:00 0 1.4 10.4 82 
14/01/17 1:00 0 1.4 9.8 86 
14/01/17 2:00 0 1.4 10.6 82 
14/01/17 3:00 0 2 9.8 90 
14/01/17 4:00 0 1.6 9.9 85 
14/01/17 5:00 0 1.6 9.9 86 
14/01/17 6:00 0 2 10.9 80 
14/01/17 7:00 0 4 14.1 58 
14/01/17 8:00 0.1 1.9 12 83 
14/01/17 9:00 0.2 4 13 75 
14/01/17 10:00 0.2 3.4 14.7 67 
14/01/17 11:00 0 5.9 18 47 
14/01/17 12:00 0 6.6 19.2 43 
14/01/17 13:00 0 8.2 18.2 49 
14/01/17 14:00 0 6.2 19.6 42 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

14/01/17 15:00 0 7.6 21.3 38 
14/01/17 16:00 0 7.7 21.4 40 
14/01/17 17:00 0 8.9 21.1 39 
14/01/17 18:00 0 5 20.5 44 
14/01/17 19:00 0 3.5 21.8 38 
14/01/17 20:00 0 4.3 20.3 41 
14/01/17 21:00 0 5.4 19.2 46 
14/01/17 22:00 0 4.3 18.6 49 
14/01/17 23:00 0 2.8 20.5 44 
15/01/17 0:00 0 2.3 18.3 51 
15/01/17 1:00 0 3.4 20 46 
15/01/17 2:00 0 9.4 20.3 43 
15/01/17 3:00 0 6 18.7 44 
15/01/17 4:00 0 2.5 17.6 44 
15/01/17 5:00 0 3.6 17.1 45 
15/01/17 6:00 0 2.2 16.6 50 
15/01/17 7:00 0 3.4 19.5 39 
15/01/17 8:00 0 3.4 19.2 42 
15/01/17 9:00 0 9.6 21.8 27 
15/01/17 10:00 0 10.1 22.6 25 
15/01/17 11:00 0 9.5 23 26 
15/01/17 12:00 0 9 23.8 26 
15/01/17 13:00 0 9.3 21.1 32 
15/01/17 14:00 0 7.3 22.6 29 
15/01/17 15:00 0 10 24 24 
15/01/17 16:00 0 12 22.8 24 
15/01/17 17:00 0 12.4 22 23 
15/01/17 18:00 0 12.1 20 28 
15/01/17 19:00 0 11.3 17.9 31 
15/01/17 20:00 0 11 16.4 32 
15/01/17 21:00 0 5.4 14.7 35 
15/01/17 22:00 0 3.7 14.2 38 
15/01/17 23:00 0 6.4 14.4 37 
16/01/17 0:00 0 8.4 14 30 
16/01/17 1:00 0 10.3 13.6 33 
16/01/17 2:00 0 8.4 13.1 35 
16/01/17 3:00 0 7.8 12.9 36 
16/01/17 4:00 0 6.6 12.9 40 
16/01/17 5:00 0 8.5 11.9 45 
16/01/17 6:00 0 3.9 12.7 40 
16/01/17 7:00 0 3.5 14.6 35 
16/01/17 8:00 0 3.3 16.7 35 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

16/01/17 9:00 0 6.9 17.2 34 
16/01/17 10:00 0 6 18.8 30 
16/01/17 11:00 0 5.9 17.3 36 
16/01/17 12:00 0 6.7 17.8 34 
16/01/17 13:00 0 9.6 18 36 
16/01/17 14:00 0 8.7 18.8 31 
16/01/17 15:00 0 6.8 19.2 30 
16/01/17 16:00 0 6.6 19.5 31 
16/01/17 17:00 0 9.7 19.4 32 
16/01/17 18:00 0 8.6 17.8 37 
16/01/17 19:00 0 5.2 18.4 36 
16/01/17 20:00 0 4.9 17.2 40 
16/01/17 21:00 0 3.8 16.1 44 
16/01/17 22:00 0 3.2 16.4 44 
16/01/17 23:00 0 4.8 16.3 45 
17/01/17 0:00 0 5.3 16.4 45 
17/01/17 1:00 0 5 16.2 47 
17/01/17 2:00 0 5.4 15.7 49 
17/01/17 3:00 0 6.6 15.7 49 
17/01/17 4:00 0 5.6 15.9 49 
17/01/17 5:00 0 5 15.3 52 
17/01/17 6:00 0 4.9 16 48 
17/01/17 7:00 0 4.2 16.8 52 
17/01/17 8:00 0 3.2 17.6 46 
17/01/17 9:00 0 6.2 17.8 47 
17/01/17 10:00 0 4.3 18.6 43 
17/01/17 11:00 0 5.9 22.4 30 
17/01/17 12:00 0 6.5 24.5 30 
17/01/17 13:00 0 9.1 24.1 27 
17/01/17 14:00 0 9.7 24.5 26 
17/01/17 15:00 0 12.1 23.4 25 
17/01/17 16:00 0 9 21.3 30 
17/01/17 17:00 0 7.5 20.7 30 
17/01/17 18:00 0 6.9 20.6 32 
17/01/17 19:00 0 6.4 20 38 
17/01/17 20:00 0 7.8 16.9 51 
17/01/17 21:00 0 6.5 17 53 
17/01/17 22:00 0 4 16.4 55 
17/01/17 23:00 0.1 5.8 14.8 71 
18/01/17 0:00 0 3.7 14.7 79 
18/01/17 1:00 0.4 5.3 14.1 84 
18/01/17 2:00 0 6.7 15.5 69 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

18/01/17 3:00 0 5.7 14.8 68 
18/01/17 4:00 0 3.3 11.6 84 
18/01/17 5:00 0 1.9 10.6 90 
18/01/17 6:00 0 2.4 10.7 93 
18/01/17 7:00 0 1.1 12.2 90 
18/01/17 8:00 0 1.7 12.2 91 
18/01/17 9:00 0 1.6 12.6 91 
18/01/17 10:00 0 2.2 13.3 87 
18/01/17 11:00 0 2.2 13.2 86 
18/01/17 12:00 0 2.3 13 88 
18/01/17 13:00 1 1.5 12.8 90 
18/01/17 14:00 2.7 1.1 13.1 95 
18/01/17 15:00 0.2 2.3 14.1 94 
18/01/17 16:00 0.6 2.8 15.7 90 
18/01/17 17:00 0 2.6 16.1 75 
18/01/17 18:00 0 3.6 17.2 73 
18/01/17 19:00 0 1.5 17.5 77 
18/01/17 20:00 0.1 4.4 15.6 75 
18/01/17 21:00 0 4.4 13.8 83 
18/01/17 22:00 0.4 4.1 13.4 88 
18/01/17 23:00 0.3 4.3 12.4 92 
19/01/17 0:00 0.1 5.3 12.4 93 
19/01/17 1:00 0 4.8 11.9 79 
19/01/17 2:00 0 4 12.4 67 
19/01/17 3:00 0 4.4 10.8 66 
19/01/17 4:00 0 4.3 11.3 59 
19/01/17 5:00 0 6 11.7 53 
19/01/17 6:00 0 8.1 11.6 61 
19/01/17 7:00 0 9.8 11.5 61 
19/01/17 8:00 0 11.8 10.5 65 
19/01/17 9:00 0 12.5 11.8 49 
19/01/17 10:00 0 14.8 11.4 53 
19/01/17 11:00 0 13.3 12.8 48 
19/01/17 12:00 0 6.9 11 59 
19/01/17 13:00 0 7.5 11.4 56 
19/01/17 14:00 0 7.3 11.3 61 
19/01/17 15:00 0 8.6 10 64 
19/01/17 16:00 0 7.9 10.9 60 
19/01/17 17:00 0.1 7.6 8.6 85 
19/01/17 18:00 0 5.5 9 76 
19/01/17 19:00 0 5.6 9.6 70 
19/01/17 20:00 0 4.4 8.6 72 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

19/01/17 21:00 0 5.1 7.2 82 
19/01/17 22:00 0 3.9 6.1 84 
19/01/17 23:00 0 2 4.9 86 
20/01/17 0:00 0 1.1 4.6 91 
20/01/17 1:00 0 1.2 4.6 92 
20/01/17 2:00 0 1.3 3.9 93 
20/01/17 3:00 0 1.8 3.1 96 
20/01/17 4:00 0 1.4 4.2 92 
20/01/17 5:00 0 1.5 3.9 92 
20/01/17 6:00 0 0.7 4.3 93 
20/01/17 7:00 0 0.8 6.4 92 
20/01/17 8:00 0 0.8 7.8 78 
20/01/17 9:00 0 1.8 10 65 
20/01/17 10:00 0 2.2 11.6 53 
20/01/17 11:00 0 2 13.3 46 
20/01/17 12:00 0 3 14.5 34 
20/01/17 13:00 0 2.2 15.7 31 
20/01/17 14:00 0 2.2 17.2 26 
20/01/17 15:00 0 2.9 18.3 25 
20/01/17 16:00 0 2.2 18.7 23 
20/01/17 17:00 0 3 17.3 24 
20/01/17 18:00 0 2.3 16.6 32 
20/01/17 19:00 0 2.5 15.7 39 
20/01/17 20:00 0 3.9 13.3 56 
20/01/17 21:00 0 2.4 12.3 63 
20/01/17 22:00 0 2.7 11.3 71 
20/01/17 23:00 0 3.1 10.6 78 
21/01/17 0:00 0 3.2 9.6 84 
21/01/17 1:00 0 2.7 8.2 87 
21/01/17 2:00 0 1.8 7.3 90 
21/01/17 3:00 0 1.1 7.2 92 
21/01/17 4:00 0 1.4 6.9 92 
21/01/17 5:00 0 1.4 6.7 94 
21/01/17 6:00 0 1.1 6.3 95 
21/01/17 7:00 0 1.4 7.9 92 
21/01/17 8:00 0 1.4 10 80 
21/01/17 9:00 0 1.7 12.7 66 
21/01/17 10:00 0 1.6 13.9 60 
21/01/17 11:00 0 1.7 15.2 49 
21/01/17 12:00 0 1.7 17 37 
21/01/17 13:00 0 3 16.5 40 
21/01/17 14:00 0 4 16 41 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

21/01/17 15:00 0 3.6 14.1 54 
21/01/17 16:00 0 1.8 13.4 65 
21/01/17 17:00 0 1.4 12.9 67 
21/01/17 18:00 0.7 1.3 11.7 81 
21/01/17 19:00 1 1 10.7 86 
21/01/17 20:00 0.3 2.2 10.2 92 
21/01/17 21:00 0.1 2.5 9.9 94 
21/01/17 22:00 1 2.5 9.8 88 
21/01/17 23:00 1.9 2.1 9.2 91 
22/01/17 0:00 3.8 1.4 8.9 92 
22/01/17 1:00 4 1.9 8.6 90 
22/01/17 2:00 1.7 1.5 8.6 91 
22/01/17 3:00 1.6 3 8.2 97 
22/01/17 4:00 0 3.9 8.3 97 
22/01/17 5:00 1.6 5.1 8.1 97 
22/01/17 6:00 1.2 5.8 7.7 97 
22/01/17 7:00 0.5 5.3 8.4 98 
22/01/17 8:00 1.7 5.4 9 97 
22/01/17 9:00 1.2 5.4 9.2 96 
22/01/17 10:00 0.9 6 9.8 94 
22/01/17 11:00 1.5 6.3 10.8 93 
22/01/17 12:00 0.8 6.3 11.4 92 
22/01/17 13:00 1 6.2 11.4 94 
22/01/17 14:00 2.4 6.2 11.5 94 
22/01/17 15:00 1.4 5.9 12.4 89 
22/01/17 16:00 0.1 6.2 12.8 84 
22/01/17 17:00 0 7.5 12.7 79 
22/01/17 18:00 0 9.2 12.1 79 
22/01/17 19:00 0 10.1 11.8 76 
22/01/17 20:00 0 9.3 11.9 75 
22/01/17 21:00 0 8.8 11.6 76 
22/01/17 22:00 0 7.9 11.5 75 
22/01/17 23:00 0 5.6 11.5 75 
23/01/17 0:00 0 6.4 11 77 
23/01/17 1:00 0 5.2 11.4 72 
23/01/17 2:00 0 7.5 11.6 68 
23/01/17 3:00 0 9.1 11.3 69 
23/01/17 4:00 0 8.4 11 72 
23/01/17 5:00 0 6 11 68 
23/01/17 6:00 0 6.4 10.4 69 
23/01/17 7:00 0 5.4 12.3 61 
23/01/17 8:00 0 7.1 13.2 57 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

23/01/17 9:00 0 6.3 14 51 
23/01/17 10:00 0 7.1 15.7 44 
23/01/17 11:00 0 7.8 17.1 39 
23/01/17 12:00 0 6.9 15.9 46 
23/01/17 13:00 0 8.3 18.7 43 
23/01/17 14:00 0 8.3 20.1 41 
23/01/17 15:00 0 6.8 20.5 38 
23/01/17 16:00 0 5.3 21.5 37 
23/01/17 17:00 0 4.6 20.3 34 
23/01/17 18:00 0 3.4 21.7 30 
23/01/17 19:00 0 2.2 21.8 29 
23/01/17 20:00 0 6.2 16 66 
23/01/17 21:00 0 3.6 13.5 75 
23/01/17 22:00 0 3.9 12.2 77 
23/01/17 23:00 0 2.7 10.8 80 
24/01/17 0:00 0 1.8 9.1 91 
24/01/17 1:00 0 2.3 8 93 
24/01/17 2:00 0 2.7 8.6 94 
24/01/17 3:00 0 1.3 8 95 
24/01/17 4:00 0 1.5 7.2 94 
24/01/17 5:00 0 1.5 7.6 96 
24/01/17 6:00 0 2.1 7.3 94 
24/01/17 7:00 0 1.8 9.8 90 
24/01/17 8:00 0 1.8 14.8 69 
24/01/17 9:00 0 1.9 16.6 56 
24/01/17 10:00 0 1.4 19.7 44 
24/01/17 11:00 0 1.8 22.7 41 
24/01/17 12:00 0 5.6 22.9 37 
24/01/17 13:00 0 6.5 21.9 38 
24/01/17 14:00 0 5 20.9 42 
24/01/17 15:00 0 6.4 20.3 44 
24/01/17 16:00 0 4.9 20 46 
24/01/17 17:00 0 7.2 20.2 43 
24/01/17 18:00 0 7.5 21.2 39 
24/01/17 19:00 0 8.9 21 37 
24/01/17 20:00 0 9.3 20.4 37 
24/01/17 21:00 0 10 19.7 41 
24/01/17 22:00 0 9.9 19.8 38 
24/01/17 23:00 0 10.2 19.8 39 
25/01/17 0:00 0 8.5 20.3 38 
25/01/17 1:00 0 10.8 19.9 42 
25/01/17 2:00 0 16.7 19 47 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

25/01/17 3:00 0 13.1 17.7 56 
25/01/17 4:00 0.1 10.8 14 85 
25/01/17 5:00 0 6.9 14.8 77 
25/01/17 6:00 0 5.8 15 71 
25/01/17 7:00 0 6.4 15 61 
25/01/17 8:00 0 8.7 14.7 56 
25/01/17 9:00 0 12.6 16.1 34 
25/01/17 10:00 0 11.4 17.1 28 
25/01/17 11:00 0 11.5 17.4 27 
25/01/17 12:00 0 11.1 18.6 26 
25/01/17 13:00 0 10.1 19.1 28 
25/01/17 14:00 0 8.8 17.1 33 
25/01/17 15:00 0 9.3 17.4 31 
25/01/17 16:00 0 10.4 17.7 32 
25/01/17 17:00 0 12.4 17.7 29 
25/01/17 18:00 0 13.4 17 29 
25/01/17 19:00 0 13 16.3 31 
25/01/17 20:00 0 11.6 14.9 34 
25/01/17 21:00 0 9.8 15.4 34 
25/01/17 22:00 0 6.3 14.2 39 
25/01/17 23:00 0 3.9 14.4 38 
26/01/17 0:00 0 4.7 13.4 46 
26/01/17 1:00 0 2.3 13.9 47 
26/01/17 2:00 0 4.3 13.8 50 
26/01/17 3:00 0 4.9 14.3 51 
26/01/17 4:00 0 4.3 15.4 47 
26/01/17 5:00 0 5.4 15.9 47 
26/01/17 6:00 0 4.1 15.3 51 
26/01/17 7:00 0 3.3 17.4 46 
26/01/17 8:00 0 2.4 18.5 48 
26/01/17 9:00 0 5.5 18.8 46 
26/01/17 10:00 0 6.9 20.3 40 
26/01/17 11:00 0 6.7 20 42 
26/01/17 12:00 0 6.6 21.1 39 
26/01/17 13:00 0 7.1 19.7 51 
26/01/17 14:00 0 5.8 21.2 38 
26/01/17 15:00 0 5.9 22.4 35 
26/01/17 16:00 0 9.2 23.8 32 
26/01/17 17:00 0 8.8 23.2 33 
26/01/17 18:00 0 9.9 21.6 36 
26/01/17 19:00 0 7.9 19.2 44 
26/01/17 20:00 0.2 5.8 12.8 84 



 

 

111 

Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

26/01/17 21:00 0 1.7 13 86 
26/01/17 22:00 0 1.7 12 91 
26/01/17 23:00 0 2.7 10.6 92 
27/01/17 0:00 0 1.8 11.6 83 
27/01/17 1:00 0 1.7 12.4 73 
27/01/17 2:00 0 1.6 14.3 61 
27/01/17 3:00 0 5.2 11.6 87 
27/01/17 4:00 0 2.5 11 90 
27/01/17 5:00 0 2.2 11.5 83 
27/01/17 6:00 0 3.3 12.3 81 
27/01/17 7:00 0 4 13.6 75 
27/01/17 8:00 0 3.8 13.3 75 
27/01/17 9:00 0 4.7 17.4 53 
27/01/17 10:00 0 6.7 19.1 43 
27/01/17 11:00 0 8 20.2 46 
27/01/17 12:00 0 6.9 19.1 44 
27/01/17 13:00 0 8.4 21.3 32 
27/01/17 14:00 0 8.8 21.6 32 
27/01/17 15:00 0 8 21.1 40 
27/01/17 16:00 0 8.7 19.8 35 
27/01/17 17:00 0 12 20.9 29 
27/01/17 18:00 0 9.8 19.5 31 
27/01/17 19:00 0 6.8 16.1 60 
27/01/17 20:00 0 5.6 14.5 59 
27/01/17 21:00 0 3.2 12.9 68 
27/01/17 22:00 0 2.8 11.2 74 
27/01/17 23:00 0 1.7 10.1 77 
28/01/17 0:00 0 1.4 7.8 88 
28/01/17 1:00 0 1.6 7.2 94 
28/01/17 2:00 0 0.9 6.8 91 
28/01/17 3:00 0 1.6 6.1 94 
28/01/17 4:00 0 1.4 5.2 94 
28/01/17 5:00 0 1.3 4.7 94 
28/01/17 6:00 0 1.2 4.8 97 
28/01/17 7:00 0 1.8 7.2 95 
28/01/17 8:00 0 2.2 10.6 87 
28/01/17 9:00 0 1.2 13.3 73 
28/01/17 10:00 0 1.8 14.9 66 
28/01/17 11:00 0 1.2 18.1 49 
28/01/17 12:00 0 1.6 19.7 43 
28/01/17 13:00 0 2.7 20.9 45 
28/01/17 14:00 0 2.5 23 37 
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Date Time (24 
hour) 

Precipitation 
(mm) 

Wind 
Speed 
(m/s) 

Temperature 
(°C) 

Relative 
Humidity (%) 

28/01/17 15:00 0 2.4 24.5 32 
28/01/17 16:00 0 2.1 25.7 25 
28/01/17 17:00 0 2.8 25.7 23 
28/01/17 18:00 0 4.6 25 30 
28/01/17 19:00 0 4 23.3 33 
28/01/17 20:00 0 3.2 19.8 30 
28/01/17 21:00 0 8 20.1 20 
28/01/17 22:00 0 6.8 19.4 21 
28/01/17 23:00 0 3.4 17.8 23 
29/01/17 0:00 0 7.3 20.3 14 
29/01/17 1:00 0 10.6 17.5 25 
29/01/17 2:00 0 10.7 17.8 25 
29/01/17 3:00 0 10.6 16.6 30 
29/01/17 4:00 0 11.2 17.3 28 
29/01/17 5:00 0 6.4 16 33 
29/01/17 6:00 0 9.2 16.6 36 
29/01/17 7:00 0 9.5 17.4 39 
29/01/17 8:00 0 6.4 19.2 45 
29/01/17 9:00 0 4.2 20.1 45 
29/01/17 10:00 0 3.2 19.2 50 
29/01/17 11:00 0 4.1 19.8 51 
29/01/17 12:00 0 3.6 20.8 48 
29/01/17 13:00 0 2.6 20.8 52 
29/01/17 14:00 0 3.5 23.8 40 
29/01/17 15:00 0 6.7 24 34 
29/01/17 16:00 0 9 20.6 52 
29/01/17 17:00 0 6.5 19.7 52 
29/01/17 18:00 0 6.7 17.7 51 
29/01/17 19:00 0 3.7 17.2 52 
29/01/17 20:00 0 5.2 14 64 
29/01/17 21:00 0 3.3 12.6 69 
29/01/17 22:00 0 2.2 11.2 72 
29/01/17 23:00 0 1.7 11.1 72 
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