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Abstract 

Forensic laboratories examining Cannabis may be asked to determine if a sample is 

fiom a particular geographical location. They may also be asked to determine if two 

separate seizures of cannabis we? once part of one larger sample. A variety of methods 

have been published for investigating these two related origin determination questions. 

This thesis presents an examination of the elemental profiles of cannabis plant material 

and the soil the plants were grown on, as a method for origin determination. 

Cannabis plants were cultivated on three different soil profiles under controlled 

conditions. Plant samples, harvested at various stages of growth, were subjected to a 

nitric acid digestion procedure developed specifically for this investigation. The soil 

samples were extracted with dilute acetic acid to determine the plant available 

concentration of soil elements. Both the plant and soil samples were analysed on a HP 

4500 Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) operated in the 

semiquant mode. Fifty-eight different elements were quantified in every sample. Plant 

and soil samples were also subjected to total element analysis methods. 

A high level of precision was achieved for both the plant and soil analysis procedures. 

The accuracy of the plant digestion process was determined with the analysis of a 

standard reference material and showed good agreement with certified and 

recommended values. The accuracy of the soil extraction method was not determined, 

as a reference soil extraction sample was not available 

From the comparison of plant results it was possible to conclude that plants grown on 

the same soil display the same element profile. This was true for plants of different sex 

and plants material harvested at different stages of development all fiom the same soil. 

In addition to this, plants fkom different soils had different elemental profiles. Twenty- 

two elements were identified as being significantly different between plants from 

different soils with the ANOVA univariate statistical test. These differences lead to 

clear group separation when samples were analysed with the canonical discriminant 

analysis multivariate statistical test. 



The comparison of plant concentrations and extracted soil elements identified a limited 

number of positive correlations between plants and the soil they were grown on. These 

results indicate that a relationship does exist between Cannabis plants and the soil it was 

grown, however the acetic acid soil extracted process does not precisely represent the 

elements absorbed by Cannabis. 

The elemental method for the origin determination of cannabis presented in this thesis 

answered one of the two questions posed. It was possible to identi@ cannabis plants that 

had been grown on the same soils and to separate plants fiom different soils. However, 

using the correlation between plant elements and extracted soil elements it would not be 

possible to offer strong conclusions about the relationship between a cannabis sample 

and possible soil origin. 
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Glossary of Terms and Abbreviations 

AAS 

Cannabinoid 

CBD 

CBN 

CEC 

Dioecious 

mo3 
ICP-MS 

LA-ICP-MS 

mlz 

Monoecious 

NAA 

P P ~  
REE 

THC 

TLC 

ton 

XRF 

Cr g 

Atomic absorption analysis 

Group of chemical compounds found exclusively in Cannabis 

Cannabidiol. Cannabinoid chemical founf in Cannabis 

Cannabinol. Cannabinoid chemical found in Cannabis 

Cation exchange capacity 

A plant with male and female flowers on separate plants 

Nitric acid 

Inductively Coupled Plasma-Mass Spectrometry 

Laser ablation-inductively coupled plasma-mass spectrometry 

Mass to charge ratio. Used to separate ions for ICP-MS analysis 

A plant with male and female flowers on the same plants 

Neutron activation analysis 

Parts per billion 

Rare earth elements. A group of 16 elements that have similar chemical 

properties. Includes the elements from La to Lu, and Y and Sc. 

Tetrahydrocannabinol. Psychoactive cannabinoid chemical found in 

Cannabis 

Thin layer chromatography 

Preasure measurement. 1 ton = 11760 atmosphere 

X-ray fluorescence analysis 

1 x 10-6 grams (one millionth of a gram) 



Chapter I. Introduction 

1 .I Introduction 

Cannabis is the generic name for several drug preparations of the plant Cannabis sativa L 

[I]. The cultivation and possession of this plant, certainly in bulk amounts, is illegal in 

many countries [2] including New Zealand. This illegal status is an attempt to limit the 

use of cannabis for its intoxicating properties and stems from New Zealand's 

commitment to international treaties concerned with controlling narcotic and 

psychoactive substances [3]. 

Despite the legislative control, cannabis is considered to be the most abused illicit drug in 

the world [4]. In New Zealand cannabis is considered to be the third most popular 

recreational drug after alcohol and tobacco [I]. This level of popularity results in a 

relatively large illicit trade in cannabis. 

To assist in controlling the black market trade in cannabis, forensic laboratories may be 

asked to comment on the geographic origin of a particular sample or to suggest the 

likelihood that two separate samples originated from one source. This information is of 

importance in law enforcement and forensic science applications [4] for several reasons. 

Firstly, many control methods rely heavily on intercepting supplies of cannabis before 

they reach the intended users to reduce the availability of the drug. Knowledge of the 

origin will enable resources to be allocated to where they are most needed [4] ensuring 

more effective interception without increasing the expenditure required. In addition, 

knowledge of a cannabis sample's origin may also support charges of importation [5], 

which enables harsher penalties and greater deterrents for those who traffic the drug. 

Finally, determining if two or more separate seizures originate fiom the same source may 

help to link samples that have been split for sale or distribution. This also provides a 

method to link samples that have been stored separately to make them easier to conceal. 

This question may be particularly important when a large amount of cannabis material is 

uncovered at one location. It is important to know if the material is fkom one source or if 



the 'grower' is a local distribution centre for crops grown elsewhere throughout the area 

or even internationally [2]. 

One way of providing the information to discriminate between cannabis samples from 

different sources or to suggest a possible geographic origin is to examine the trace 

element profile contained within the plant material. As a plant grows it takes elements 

h m  the soil. If two soils have different element profiles, the cannabis grown on them is 

likely to have different element profiles. If the elemental profile is specific to a given 

location, it can be used as an indicator of its origin. 

This thesis describes the use of the elemental analysis of cannabis plant material and the 

soil the plants were grown on as a method for determining the origin of a cannabis plant 

sample. 

1.2 Background 

1.2.1 Terminology 

Most botanists believe there is only one species of Cannabis, know as Cannabis sativa L 

[6]. There is, however, some disagreement as to whether other species, such as Cannabis 

indica or Cannabis ruderalis exist [7]. "If the single species view is accepted, the plant is 

clearly highly variable" [7]. This thesis sides with popular theory and considers cannabis 

to be the singular species Cannabis sativa L. 

Cannabis is a rapidly growing annual plant [7] that is cultivated and grows wild in a 

variety of temperate and tropical climates throughout the world [S]. Cannabis, as a drug 

comes in three main forms. The first form is herbal Cannabis, which is often referred to 

as cannabis or marijuana. This form consists of the dried leaves, flowering tops and small 

stalks of the plant. In New Zealand this is the most common form for illicit use [I]. The 

second form is hashish or hash, a solid pliable preparation of dried resin, compressed 

flowers and other extraneous material extracted fiom the cannabis plant [7]. The third 

drug form of cannabis is the extracts of Cannabis resin or hash oil. This is a viscous or 



gummy substance made fkom extracting and concentrating soluble substances from the 

leaves and flowering tops [I]. There is some suggestions that the use of this third form is 

increasing in New Zealaud [9]. 

This thesis is primarily concerned.with herbal cannabis, as it is the most common form 

found in New Zealand. Where 'cannabis' is mentioned, it is in reference to the herbal 

form of the drug and the tenn Cannabis refers to the plant Cannabis sativa L. 

1.2.2 Physical and Chemical Features of Cannabis 

Cannabis performs best in warm to hot, moist conditions [7]. The plants can geminate, 

mature, produce f i t  and then disperse their seeds in a space of 3-5 months [lo]. Plants 

are usually dioecious, which means that both male and female plants are produced 

separately. It is thought that each plant contains the ability to become either male or 

female, with crowded conditions favouring the formation of male plants, and plenty oi 

space producing more females [lo]. Occasionally both male and female flowers occur on 

one plant, in which case it is referred to as monoecious [l 11. 

Both the male and female plants can be easily recognised by their leaf morphology. Each 

leaf consists of five to eleven leaflets with 7 or 9 being most common [lo]. The dark 

green leaflets have a distinctive narrow elliptical blade with a serrated, or saw tooth edge 

that is pointed toward the leaflet tip. Fine hairs cover most of the plant, particularly the 

leaves. The hairs tend to be longer and more profuse on the lower surface of the leaves. 

Plants as tall as 3-4 metres have been reported [7], however heights of around 1.5 meters 

are more typical [l 11. 

More than 400 different chemical constituents have been isolated fiom cannabis. 

Approximately 60 of these compounds are found exclusively in this plant [7]. These 

unique chemicals are grouped together under the title of 'cannabinoids'. The structure of 

these cannabinoids can be regarded as being based on "monoterpenoids coupled with 

olivetol(5-n pentylresorcinol)" [12]. A-9-tetrahydrocannabinol (Figure 1 .I), cannabinol 

(Figure 1.2) and cannabidiol (Figure 1.3) have been identified as the three main 



cannabinoid constituents of Cannabis [8]. THC is the main component responsible for 

the psychoactive effect that results when a sample is ingested. 

Figure 1.1: A-9-tetrahydrocannabinol 
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Figure 1.3: Cannabidiol (CBD) 

Figure 1.2: Cannabinol (CBN) 

The three different forms of cannabis drug have different concentrations of THC. The 

THC content of the leafy form of cannabis is often between 0.5 and 5%, but can be as 

high as 10% for New Zealand material [I]. Hashish is usually more potent with a THC 

content of between 2 and 8% but sometimes up to 20% [I]. Hash oil is the strongest drug 

preparation with THC content of New Zealand oil generally 10 to 20%, but varying 

between 5 and 50% [I]. 



Different concentrations of these main cannabinoids also allows Cannabis to be classified 

as textile (fibre-type) or resinous (drug-type) [8]. A variety of measures and ratios exist 

for standard classifications. Canada is one country where a distinction is made between 

fibre- and drug-type cannabis. Fibre cannabis, called Industrial Hemp must 'hot contain 

more than 0.3% THC" [13]. Industrial hemp can be legally cultivated under licence 

issued by Health Canada, a government department. In New Zealand the legislation does 

not require the determination of THC content of cannabis samples [7] and therefore there 

is no distinction between 'drug' and 'fibre' forms. 

1.2.3 Forensic Analysis 

The confirmation of suspected cannabis material in New Zealand requires positive results 

fkom two independent analytical techniques. The first is a visual examination for the 

characteristic botanical features. This involves both the macroscopic features, such as the 

colour, serrated edges and the leaflet number, as well as the microscopic features such as 

the three types of fine hairs. Proof of the presence of resin is also required and is usually 

achieved using thin layer chromatography (TLC) [7]. 

1.2.4 Use and Abuse 

The cannabis plant has been cultivated for thousands of years, by many different 

civilisations [7]. It has been used as a source of fibre, for its oil, as a herbal medicine and 

for its psychoactive properties. In western countries cannabis consumption is generally 

for 'recreational' purposes, in which "individual gratification is accepted as the major 

goal" [14]. According to the New Zealand Ministry of Health, the main reason for the 

recreational use of cannabis is that it 

"Produces an altered state of consciousness characterised by mild euphoria, 
relaxation and perceptual alterations, including time distortion and 
intensification of ordinary sensory experiences, such as eating, watchingjZms 
and listening to music" [ I ]  

The level of intoxication is usually mild and short lived, typically two to three hours for a 

low or moderate dose [7]. 



The general pattern of use is that a large number of people try cannabis, but most do not 

appear to be regular users and only a small proportion can be defined as fiequent users 

[I]. A survey in 1990 found that 43% of New Zealander's aged between 15 and 45 years 

had used cannabis at some time in their lives [9]. However, only 12% of this same group 

had used cannabis in the past 12 months [9]. 

I .2.5 New Zealand Legi slation 

Early European settlers probably introduced the cannabis plant to New Zealand. During 

the 1800's and early 1900's there were no restrictions on the sale of cannabis in New 

Zealand [IS] and as a result it was sold over the counter in many chemist shops for a 

wide range of medicinal purposes [14]. The first controls were placed on cannabis in 

1927 with the introduction of the Dangerous Drugs Act. This legislation made it an 

offence to supply 

"[I] the driedflowering orfiiting tops of the pistillate plant known as Cannabis 
sativafiom which the resin has not been extracted, and including resin obtained 
porn Indian hemp; 
[2] preparations of which the resin @om Indian hemp forms the base; 
and [3] extracts and tincture of Indian hemp" [15] 

The Dangerous Drugs Act did not place any restrictions on possession of cannabis or on 

the leaves of the cannabis plant. This was amended during the 1960's when it was 

"discovered that the drug can be obtained fiom the leaves and stems of the plant, as well 

as the dried flowering and fiuiting tops" [IS]. Cultivation of cannabis and cannabis seeds 

were also outlawed at this time. The sixties also saw the first arrests for possession of 

cannabis in New Zealand [16]. 

In 1975 the Misuse of Drugs Act was introduced. This, along with the relevant 

amendments is now the primary legislation controlling cannabis in New Zealand. The 

Misuse of Drugs Act 1975 "prohibits the cultivation, manufacture, distribution, 

possession and use of cannabis" [3] and meets New Zealand's obligation to international 

treaties concerned with controlling narcotic and psychoactive substances. [3]. The 



penalties for breaching these regulations are stiff for large-scale cultivation and supply 

131- 

Current New Zealand legislative control is a combination of three strategies [17]. The 

first is supply reduction. This is achieved through prohibition legislation and the annual 

crop recovery program that attempts to destroy cannabis plantations before they are 

harvested for sale and consumption. The second is demand reduction, "which is primarily 

centred on the symbolic deterrent effect of prohibition" [17]. The final strategy is a ham 

minimisation measure that utilises drug education focused on harm reduction and lenient 

enforcement for minor offences [17]. Some commentators [17] have suggested that for 

more effective control of cannabis the focus should be on this third strategy. Their 

argument is that the threat of prosecution is not an effective deterrent and it would be 

more usefbl to focus on ways of minimising the effects of illicit cannabis use on the 

wider community by legislation directed towards harm reduction. 

1.3 Origin Determin ation 

The determination of a sample's origin or an examination of the links between two 

separate samples is a core concept of forensic analysis. Origin determination for forensic 

science purposes has been performed on a variety of different plant-derived samples. 

Examples include orange juice [18], wine [19], honey [20], macadamia and pistachio nuts 

[18], opium [2 11, potatoes [22] and cannabis. 

A variety of techniques have been employed for determining the origin of cannabis 

samples. These methods can be broadly classified into three sections: organic chemical 

analysis, additional organic analyses, and elemental investigations. Each of these 

techniques is discussed with a critical review of the relevant literature. 

1.3.1 Organic Chemical Analysis 

A large number of papers have detailed the analysis of organic components of cannabis 

as a method for determining the geographic origin. The group of organic chemicals found 



exclusively in cannabis, known as the cannabinoids, has been of particular interest [4,8, 

23-25]. 

An early origin investigation by Davis et a1 [23] examined the cannabinoids CBD, CBN, 

THC, and CBDA fiom cannabis of different origin using gas and paper chromatography. 

The variations observed for plants of different origins were not completely understood. 

They concluded that the climatic factors such as sunshine, temperature and rainfall all 

showed an "apparent rough correlation with the amount of THC" [23]. 

Origin determination experiments conducted by de Faubert Maunder [26] combined thin 

layer chromatography (TLC) of the cannabinoids, with an examination of the physical 

features such as colour, texture and odour to subjectively establish a sample's origin. This 

provided only a crude estimation of the country of origin and is hampered by a lack of 

variety in the appearance of cannabis material. 

Other investigations of the cannabinoid content of cannabis plants fiom different origins 

have also had inconclusive results. Jenkins and Patterson [24] were unable to distinguish 

cannabis fiom South Africa, Nigeria and Jamaica, or Afghanistan, Pakistan and Morocco 

using gas chromatography. In fact, they suggested that it would be better to distinguish 

cannabis fiom Morocco, Pakistan and Afghanistan using the colour of the leaf material. 

Moroccan plants often appeared "predominantly green" and the Afghanistan and Pakistan 

plants were "predominantly brown" [24]. 

In 1988 Brenneisen and ElSohly [4] extended the scope of organic analysis of cannabis to 

include non-cannabinoids such as terpenes, alkanes, spiro-indans and nitrogen containing 

compounds, as well as the cannabinoids. The analysis of over one hundred compounds 

was used to produce a chemical signature for each sample. The results were more 

conclusive than earlier organic analyses and it was found that cannabis from the same 

country of origin produced "similar characteristic peaks" [4]. However, the effect of 

analysing plants of different maturity, and samples that had been stored in different ways 

was not investigated. 



Different climatic conditions between each location were considered the reason for the 

variation observed in the concentrations of the main cannabinoids THC, CBN and CBD. 

The limited success of this method in identifLing an actual country of origin [24] has lead 

to debate as to whether cannabinoid differences are the result of climatic factors or the 

genetic characteristics of the seed stock [25,27]. These organic substances must be 

synthesised by the plant as it grows [18] and therefore, it is reasonable to assume that this 

is under a certain degree of genetic control. Consequently, any differences observed are 

not solely due to the influence of the geographic origin. 

Ohlsson et a1 [28] provided support for the concept that genetic factors influence the 

cannabinoid concentration. This research showed that it was possible to grow THC rich 

cannabis in both a warm climate in Morocco and in a cool climate in Sweden if a THC 

rich strain was used. From this result they concluded that the type of cannabinoid 

produced by a plant depends on inherited properties of the seed rather than the influence 

of the climate. Given that cannabis seeds are illegally transported fiom one country to 

another, there is "no valid basis for attempting to correlate the cannabinoid content with 

the country of origin for a cannabis sample" [28]. This conclusion is also supported by 

the findings of Krejci et a1 [29] who stated that the main factor determining the level of 

cannabinoids was the species or variety of the cannabis grown. 

In addition to the influence of genetic factors, Stefanidou et a1 [8], Baker et a1 [27], Landi 

[30] and Coffman and Gentner [3 11 have reported other factors that influence the organic 

components present in a cannabis sample. Differences have been observed for different 

parts of the same plant, for plants of different sex and for plants of different maturity all 

coming fiom the same location [27,30]. Cannabinoid concentrations can also be affected 

by ageing and storage conditions of the dried plant material [31]. In particular, delta-9- 

THC can be transformed to CBN, as a result of oxidation due to exposure to sunlight and 

air [27]. This change through time makes the storage conditions "the most important 

single factor to consider" [26] when attempting to assess the origin of a cannabis sample. 

The prior conditions of storage of a cannabis sample are generally beyond the control of 



the forensic analyst and therefore create an unknown variable that can alter the results for 

an origin investigation. The changes that occur over time make it difficult to conclude if a 

sample is older cannabis fkom one location, or a fiesher sample &om a different location. 

1.3.2 Additional Organic Analyses 

Although the investigations presented in this section can still be considered as organic 

analysis, they are separated fiom the above examples because the methods for analysis 

are significantly different. This section includes cannabis origin determination utilising 

the analysis of the DNA profile of the plant material, microscopic analysis of pollen 

grains trapped on the surface of the drug material, and the analysis of insects collected 

with the plant material. Examples of these investigations are critically reviewed. 

1 A2. l  DNA Analysis 

A DNA technique known as RAPD (random amplified polymorphic DNA) analysis has 

been performed to determine the origin of cannabis samples [32]. This is a PCR (polymer 

chain reaction) technique that replicates a selection of fragments defined by primer 

molecules. The amplified fragments are separated according to their size with 

electrophoresis in an agrose gel. In this study, cannabis from Papa New Guinea, and 

Australia's capital city, Canberra, could be distinguished, but Australian samples fiom 

New South Wales and Queensland could not [32]. Slight differences in the genetic make 

up of plants fiom different origin permitted the distinction of genetically unrelated plants. 

The similarity of New South Wales and Queensland cannabis suggests that these samples 

have grown fiom closely related seeds [32]. 

Crossman [33] has reported that the application of RAPD analysis to cannabis grown in 

New Zealand was unable to distinguish between cultivations from different areas. This 

may be "due to a lower level of genetic diversity in the New Zealand Cannabis 

population" [33]. This inconclusive result prompted a preliminary study into another 

DNA technique called AFLPTM (amplified fi-agment length polymorphism). The 

advantage of AFLP is that it produces many more potentially polymorphic bands than 



RAPD [33] giving a better probability of finding genetic differences between geographic 

locations. The results indicated that AFLP analysis is capable of detecting differences in 

cannabis grown at different locations within New Zealand [33]. Problems were 

encountered with poor quality or aged samples but significant differentiation was 

observed for &esh samples. 

Despite the positive indications of the AFLP analysis of New Zealand cannabis, DNA 

analysis still suffers fiom one main limitation. This limitation is that the profile observed 

is dependent on the genetic characteristics of the seed stock and not on the environment 

where the plant was produced. The illegal distribution or sale of cannabis seeds can 

rapidly destroy any observed geographic based genetic diversity. This is a particular 

problem for the analysis of origin within a country as there are no border control 

measures to limit or deter the distribution of cannabis seeds. 

I .3.2.2 Pollen Analysis 

Forensic pollen analysis involves an examination of the types and densities of pollen 

associated with a particular area [34]. Particularly usefbl is the analysis of the wind- 

dispersed pollen of a particular area, known as pollen rain that descends onto a surface. 

This analysis can be particularly well suited to cannabis origin determination because the 

cultivation, harvesting and packaging of cannabis usually occurs outdoors, providing 

plenty of opportunities for pollen rain to be incorporated with a sample. The comparison 

of pollen can be used to identify the specific geographic origin of a cannabis sample or to 

determine if two samples have originated fiom the same source. 

This method of analysis does suffer fkom some serious limitations based on the fact that 

pollen rain is an external addition, rather than something contained within the plant. 

Cannabis grown indoors will have few, if any foreign pollen spores fkom pollen rain [34] 

making it difficult to link two samples together or to link a sample with a particular 

location. Pollen degradation can also make this technique less reliable. Pollen spores 

decompose at different rates, the rate being dependent on the conditions and length of 

storage. As explained in section 1.3.1, pre-seizure storage conditions are beyond the 



control of the analyst and therefore can prevent reliable analysis. A third problem, related 

to pollen degradation, is pollen recycling. This is where pollen eroded fiom earlier 

deposits becomes combined with the new deposits. Stable recycled pollen may be 

indistinguishable fiom the current pollen rain and may mask the true identity of the 

sample [34]. 

1.3.2.3 Insect Analysis 

This novel method for origin determination, presented by Crosby [5 ] ,  involved the 

entomological analysis of seized cannabis samples that were indistinguishable by organic 

analysis. Fifty-nine of the sixty insect samples collected h m  the plant material had never 

been found in New Zealand before. Eight of the insect species bbprovided sufficient 

information to indicate very strongly the geographic area and environment where the 

cannabis plant was harvested" [5 ] .  This evidence provided invaluable support for charges 

of importation of cannabis material. However, the procedure of insect collection and 

analysis is "painstakingly slow" [S] and of limited use for determining the origin within a 

country such as New Zealand. 

I .3.3 Elemental Analys i s  

Element profiling is the analysis of the soil components and the way that a particular 

plant takes these elements and accumulates or distributes them within itself. As the plant 

grows it takes the minerals it requires fiom the soil [18]. Only the elements that the plant 

roots can access make the transition into the plant, therefore, if two growth media have 

different element profiles the plants produced will also differ in element concentrations. 

Using this feature it is possible to determine if two plants have originated from the same 

or different soil profiles, and therefore this provides a method for origin determination. 

The spatial scale over which variations in soil profiles can occur is much smaller than the 

distance required for climatic variations to be observed. The main benefit of this feature 

is that elemental studies for origin determination have focused on differences between 



locations within a country, rather than country to country differences. This is particularly 

important for New Zealand origin studies due to the self-sufficiency in cannabis. 

One of the earlier elemental investigations for origin determination of cannabis was 

performed by Coffian and Gentner in 1975 [3 11. Realising that climatic conditions were 

not solely responsible for the observed cannabinoid concentrations, they examined major 

elements in cannabis and these elements in the soil. The connection between these 

elements and the level of cannabinoids in these plants was also examined. Several 

significant correlations between cannabis plants and the soil were found. The relationship 

between the soil elements and the organic components is weakened by the findings 

explained in section 1.3.1 organic chemical analysis. However, positive relationships 

observed between the soil and plant element profiles appear more reliable. 

In 1977 Henke [35] used neutron activation analysis (NAA) to examine the rare earth 

elements (REE's) contained in cannabis of different origin. Small but significant 

differences in the absolute REE concentrations were found for eighteen cannabis 

samples. It was concluded that the differences observed between samples were a result of 

differences between the soil properties of each area. The mean REE concentrations of 

these eighteen samples was found to correspond to the "relative abundance of these 

elements in the upper continental earth's crust" 1351. This appears as a "characteristic 

zigzag pattern due to the larger abundance of even atomic number elements over their 

neighbours of odd atomic number" [35]. This zigzag relationship was first presented by 

Harkins in 19 17 [36]. The variation is considered to be a consequence of the evolution of 

even numbered elements fiom helium (nHel) and odd numbered elements fiom helium 

and hydrogen (nHe1+H3) [36]. 

Shinogi et a1 [37-391 has published three articles investigating the elemental relationships 

between cannabis plants and their growth media using NAA. Thirty-five elements were 
\ 

investigated in cannabis fiom different origins and in different parts of the same cannabis 

sample. This information was used to distinguish between cannabis fiom different 

locations. These findings and other forensic uses of NAA elemental analysis were 



reviewed by Kishi in 1986 [40]. In a similar study, Brandone, in 1984, [41] reported that 

the analysis of Co, Cr, Mn, Zn, Sc and the rare earth elements in cannabis "allowed 

several samples to be differentiated fiom each other" [41]. 

Neutron activation analysis involves a sample being bombarded with neutrons. This 

causes the target nucleus to capture a neutron and become an unstable isotope of the 

original element [42]. The unstable species then spontaneously decomposes by emitting a 

particle, a gamma photon or both. Measurement of the characteristic radioactive 

emissions of the nuclides provides infoxmation on the concentration of the constituents in 

a given sample [43]. The sensitivity of this technique is dependent on the neutron flux 

and therefore, for trace analysis a large nuclear reactor as the neutron source is desirable. 

A large nuclear reactor is not available in New Zealand and therefore this technique is not 

an option for trace element analysis in this country. 

In 1997 Landi [30] used atomic absorption spectrometry (AM) to investigate the element 

profile of four different types of cannabis plants, grown on different soils, in a large field 

experiment. Positive relationships were observed between the elements in the leaves and 

in the soil and also between the flowering tops and the soil but a mixed plant sample did 

not relate to the soil element profile. By definition, cannabis is a combination of the dried 

leaf and flowing plant material [l] and therefore this technique of origin determination is 

of little value for real samples. The use of AAS limited the analysis to only the major 

elements in the plants and soil. These major elements are essential for plant growth and 

therefore are likely to be under strict accumulation and distribution processes to ensure 

the required elements are located in the parts most needed by the plant. The use of AAS 

excludes the analysis of trace elements, which are often below the detection limits of this 

technique. The trace elements are not likely to be subjected to such rigid accumulation 

and distribution requirements and consequently may be more useful in establishing a link 

between the plant and the soil. 

Recently Watling [2] has used laser ablation-inductively couple plasma-mass 

spectrometry (LA-ICP-MS) to examine both major and trace elements in cannabis. The 



elemental 'fingerprint' fiom a sample was used to suggest a possible origin known to 

have a similar soil element profile within Western Australia. The wide range of elements 

investigated provides greater discriminating power and made it possible to be more 

specific about a possible origin. There were however, two set backs to this investigation. 

Firstly no plant and soil relationships were investigated so the suggested origin was not 

backed up by any plant uptake or accumulation study. Secondly, the laser ablation 

technique provides only a qualitative investigation, which limits the comparability of the 

data with a soil profile analysis. 

1.3.4 Elemental Profilin g Technique 

In order to understand the relationship between the soil, and the plant element profiles it 

is necessary to detail the processes involved in the transfer of elements from the soil into 

the plant. This involves a discussion of the soil, its components, the availability of these 

elements and the uptake of elements by the plant. 

1.3.4.1 Soil Components 

Soil is defined as the "upper layer of the Earth's crust, composed of mineral particles, 

organic matter, water, air and organisms" [44]. The formation of soil is the result of two 

processes that have been operating over hundreds of thousands of years [45]. The first is 

the physical, chemical and biological weathering of the parent rock material to produce 

the mineral component of the soil [46]. The second process, which may take place 

simultaneously with the first, is the formation of a soil profile by the addition of organic 

material and the transformation and translocation of the soil elements 1461. The final soil 

profile is a result of climatic conditions, vegetation and other soil biota, the mineral 

composition of the parent material, topography, time, and anthropogenic activity [46]. 

The inorganic portion of the soil is comprised of crystalline components and amorphous 

inorganic material [45]. Most of the soil mineral fiaction is crystalline, of which quartz is 

the major component [46]. The amount of organic matter in a soil can range from 0.1% to 

50% and varies widely in composition. Non humic organic components, such as 
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carbohydrates, proteins, amino acids and fats are readily attacked by microorganisms in 

the soil and disappear rapidly [45]. The majority of soil organic content of soil is humic 

matter, a mix of chemically complex organic compounds with large molecular weights 

[45]. These compounds decompose slowly. 

I .3.4.2 Soil Element Availability 

The total element content of the soil is often poorly correlated with the elements 

contained in the plants [47]. This is because only a fraction of the soil elements are 

available to the plant. These immediately available ions are contained in the soil solution 

or are weakly absorbed onto the solid phase, with similar mobility to the soluble ions 

[48]. The soil solution is the aqueous phase of the soil, containing solutes such as 

dissolved elements and gases, and soluble organic substances [49]. The quantity of 

elements in the soil solution at any one time is much lower than the quantity eventually 

absorbed by the plant and therefore a large portion of the bioavailable fiaction is located 

in the solid phase [48]. These ions are bound to the solid phase of the soil, but can pass 

into solution and become available. The majority of the solid phase elements are 

unavailable, finnly bound to the soil by being integrated into the mineral or organic 

components. 

Soil characteristics such as pH, cation exchange capacity (CEC) [50], organic matter 

content, and soil microorganisms [5 11 are the main factors that influence the distribution 

of metals between the immediately available, available and unavailable fractions. 

Soil pH is one of the most important factors controlling element availability [48]. The 

availability of essential and non-essential elements generally increases as the pH 

decreases [48]. The clay components of soils have a permanent negative charge [45] that 

attracts and holds soil cations. Increasing the number of hydrogen ions in solution (ie 

decreasing the pH) releases more of the bound cations by competing for the negative 

binding sites. This increases the availability of elements in the soil solution as their 

ability to form chelates with the soil decreases, 



The cation exchange capacity is the ability of a particular soil to attract and hold 

positively charged ions at a given pH. It is essentially the measurement of the total 

number of negative charges the soil has available for positive ions adsorption [48]. The 

adsorbed cations are easily exchangeable with other cations in the soil solution or with 

ions at the plant roots and therefore are readily available for plant uptake. This cation 

exchange is a dynamic and a rapid process [52]. The exchangeable cations are held by 

negatively charged sites on both the clay colloids and organic colloids. The clay colloids 

have a permanent net negative charge [45] and are therefore always associated with 

cations. The negative sites on the organic matter are pH dependent and contribute a 

greater CEC at near-neutral pH than under acidic conditions [52]. Colloidal soil particles 

also have a small amount of positive charges through broken crystal edges and pH- 

dependent surface charge. This enables anions to be exchanged in the same way as the 

cations [52]. 

The measurement of the soil's ability to exchange cations is valuable because many 

cations are important nutrients. A high CEC value indicates that the soil is of good 

quality and productivity. Low CEC suggests that the soil is inefficient at holding mineral 

nutrients and the availability of these nutrients to the plant is limited. 

Soil microorganisms are responsible for a variety of interactions that modify the soil 

environment. Bacteria assist in nutrient cycling by degradation of organic matter and also 

help to change the soil structure [51]. Mychorrhizal fungi, which are associated with the 

plant roots, assist the transport of water and elements from the soil to the plant [53]. The 

combination of soil microorganisms influences the rates of solubilization and equilibrium 

concentrations of ions within the soil solution, which has a subsequent effect on plant 

availability [5 11. 

The combination of these features and other soil properties such as redox potential, soil 

texture, and climatic conditions all contribute to the complex interactions that control 

element availability. 



1.3.4.3 Element Uptake by Plants 

Plants absorb the available soil elements whether they are required for a physiological 

process or not [54]. There is some selectivity over the uptake of available elements, based 

on the plant's demand for that element. This demand-based selection is restricted to the 

sixteen elements considered to be .essential for plant growth. These are the macro 

elements 0, C, H, N, K, Ca, S, P and Mg and the trace elements Fe, Mn, Zn, Cu, Mo, B, 

and C1[55]. The non-essential elements, especially those at trace concentration, are not 

subject to this biological selection [46]. As a result, "if soil-grown plants were analysed 

with sufficiently sensitive chemical methods all elements found in the earth's crust (at 

that location) would appear as plant constituents" [54]. 

Almost all of the nutrients absorbed by plants are in an inorganic form [45]. The main 

pathway for uptake of available elements by plants is absorption fiom the soil through the 

roots [46]. Foliar uptake, where elements fiom an aerial source are absorbed through the 

leaves, is also possible [46] and is important for the elements C, H and 0 [56]. Root 

uptake can take place both passively and actively. Passive uptake is where ions diffke 

into the root fiom the soil solution. Active uptake requires metabolic energy as the 

movement of elements occurs against concentration gradients [46]. Due to the overall 

negative charge on the cell walls of plant roots, the influx of soil cations is faster than that 

for anions [57]. 

Elements in direct contact with the root system can make the transition into the plant. 

This transfer is called root interception. Since the soil system is not stirred, the quantity 

of nutrients immediately available at the root surface is very limited. Two other processes 

operate to transfer elements through the soil to the root surface. The first is the movement 

of nutrients via the flow of water caused by plant water absorption [45]. This process is 

called mass flow and is dependent on the plant's water use and the element concentration 

in the soil solution. The second process that moves elements to the root surface is 

diffision along a concentration gradient. Elements move fiom regions of high 

concentration to low concentration created by element absorption by the roots. This 

movement continues until a new localised equilibrium is formed. 



Once elements are at the root surface they move via the epidermis, cortex, endodermis 

and stele into the xylem [45]. The xylem transports the elements, along with absorbed 

water, to other parts of the plant by an internal mass flow. Here the water and ions 

permeate the cell wall and can be incorporated into the plant material. 

The combination of absorbed elements also has an impact on the final concentrations of 

elements present in the plant [48]. A range of complex synergistic and antagonistic 

reactions modifies the uptake and distribution of elements within the plant. The most 

important antagonistic effect is that caused by calcium and phosphorus on the uptake of 

the heavy metals beryllium, cadmium, lead and nickel [46]. 

To be able to identi@ the source of a plant using element composition the plant 

biochemistry must be non-specific, enabling the majority of available soil elements to be 

translocated to the growing tips of the plant [2]. Plants without defence mechanisms for 

excluding selected elements or processes that preferably accumulate other elements offer 

the best chance of establishing a relationship between the plant and soil elements. 

According to Watling [2], the biochemistry of Cannabis is sufficiently non-specific for a 

large number of elements to be non-selectively absorbed. This makes Cannabis a good 

candidate for element based origin determination studies. 

1.4 The New Zealan d Situation 

1.4.1 New Zealand Cannabis 

Cannabis in New Zealand has many similarities with other countries [9]. One important 

difference is, however, the "relative ease with which cannabis is grown in New Zealand 

and the consequent difficulties of controlling supply" [9]. New Zealand's geographic and 

climatic conditions are well suited to the illicit cultivation of cannabis [14], which means 

very little, if any, is now imported [17]. Avoiding the need to transport the drug across 

borders eliminates an obvious opportunity for interception by authorities and the rugged 

terrain available for illicit cultivation enables plantations to be well hidden. A result of 



this self-sufficiency is that the control of cannabis can be difficult and extremely 

expensive [3]. The cost of cannabis law enforcement to the New Zealand Police and 

Justice Department for the 1994-95 financial year was $40 million, or approximately $1 1 

per capita [3]. 

The illicit cultivation of cannabis can provide a lucrative cash crop that appears to be 

supporting a significant black market economy in New Zealand [l, 171. It is well 

established in certain rural areas where unemployment is high, such as Northland, 

Coromandel, and the East Coast of the North Island [14]. It has also been suggested that 

there are lucrative urban hydroponic cannabis cultivations, often disguised as legitimate 

businesses [17]. Over the past decade this black market economy has become 

increasingly controlled by people with criminal connections and is increasingly 

associated with violence, booby traps and firearms [17]. 

I .4.2 New Zealand Soil 

New Zealand's land area totals approximately 26.5 million hectares [58]. Despite New 

Zealand's relatively short geological history and a short history of large-scale agricultural 

production a complex soil pattern has developed [58]. The combination of a variety of 

mineral constituents and a range of climatic conditions has contributed to this 

complexity. 

The element profile of the growth media depends not only on the natural distribution of 

elements made available by soil forming processes, but also the anthropogenic 

influences, both accidentally through pollution and intentionally by the addition of 

fertiliser or pesticides. The combination of natural and anthropogenic interactions can 

produce a large variation of soil element profiles, even over a small spatial scale. 

1.4.3 Origin Determinat ion in New Zealand 

When attempting to determine the origin of a cannabis sample seized in New Zealand, it 

is often of little importance to identify the country of origin using an organic analysis 



method given that almost all of the cannabis in New Zealand is home grown. . 

Furthermore, inconclusive origin determination results have been reported when New 

Zealand and imported cannabis has been compared using the analysis of organic 

components [S]. 

The variation in soil element profiles may enable cannabis grown at different locations 

within one country or even over a small spatial scale to be discriminated. Due to the lack 

of data available on New Zealand soil profiles and the inability to control or monitor the 

level of anthropogenic additives it is unlikely that a probable geographical origin could 

be suggested fiom the elemental analysis of a cannabis sample. It is however, still of high 

forensic value to be able to establish a link between a seized cannabis sample and an 

alleged origin, or between two different cannabis seizures, and an elemental investigation 

can answer these questions. 

1.5 Aims and Objectives 

The review of the relevant literature on origin determination of cannabis samples 

identifies an area of inconclusive findings. Origin determination using organic 

compounds in a cannabis sample results, at best, in the identification of the likely country 

of origin, which is of little use for the analysis in New Zealand. Any results produced by 

this method are further weakened by a number of factors. The most significant of these is 

that the concentration of cannabinoid produced by a plant depends on inherited properties 

of the seed rather than the influence of the local area [28]. It has also been revealed that 

cannabinoid concentrations can be affected by ageing and storage conditions of the dried 

plant material [3 11. In addition to this, differences in organic components have been 

observed for different parts of the same plant, for plants of different sex and plants of 

different maturity all coming fiom the same location [27,30]. 

Only limited success has been achieved with the additional organic analyses. DNA 

analysis is of limited value because the variation observed is dependent on the genetic 

characteristics of the seed stock, not the difference between growth locations. Pollen 



analysis is of limited use for origin determination because it is the result of an external 

addition, rather than the measurement of something contained within the cannabis 

sample. The entomological analysis of seized cannabis samples is of limited use within a 

country as insects have varied distributions. It is also a technique that is ''painstakingly 

slow" [5]  and requires a high degree of analyst training, increasing the cost of analysis. 

Elemental origin determination analysis offers a number of advantages over these other 

techniques for cannabis samples in New Zealand. The most significant of these is that 

trace elemental analysis of cannabis appears to offers the discriminating power to 

distinguish between samples that were produced on geographically close but chemical 

different sites. In addition to this, unlike the organic components, elements are not 

synthesis4 by the plant and therefore are less likely to be subject to genetic control. 

Another advantage is that elements do not decompose on storage, as observed for organic 

substances that are produced by the plant [18]. 

The use of elemental analysis for origin determination has already had some success in 

discriminating samples from different sources. However a study quantitatively examining 

the relationship between trace elements in cannabis and the soil the plants were grown 

on, utilising the detection limits, speed, accuracy and precision of ICP-MS, has not been 

performed. Many studies have worked towards this aim, but have failed to completely 

develop a solid relationship. A gap exists because previous investigations failed to either 

examine both the plant and the soil elements or only investigated a few elements and 

therefore decreased the discrimination power, reducing the strength of their conclusions. 

This thesis attempts to fill the gap in the relevant literature by examining the relationship 

between the element profiles of Cannabis plant material and the soil it was grown on 

The aim of examining this relationship is to determine the feasibility of using elemental 

profiling as a method for origin determination. To help achieve this aim the following 

objectives have been established. 

1. To develop an extraction method that is reproducible, cost effective and safe for the 

determination of the element profile cannabis and soil. 



2. To develop an ICP-MS procedure for the routine detection and quantification of the 

elements contained within these samples. 

3. To examine if there are significant differences between element profiles of cannabis 

produced from different soil profiles 

4. To examine if there are significant differences between element profiles of cannabis 

at different stages of growth, for plants of different sex and for plants of different 

sizes, originating fiom the same soil profile. 

1.6 Thesis Outline 

Chapter Two of this thesis provides details of the cultivation of cannabis. Chapters Three 

and Four present the methods employed for analysis of plant samples and soil samples 

respectively. Several methods were employed for the determination of the elemental 

profiles of both the plant samples and the soil profiles. The next two chapters, Five and 

Six, examine the results produced by these investigations. The statistical significance of 

differences between soil profiles and plants fiom different soils are also examined. 

Chapter Seven examines the relationship between plant element concentrations and soil 

element concentrations. The final Chapter, Chapter Eight, presents a discussion of results 

and offers some conclusions. The success in achieving the aims and objectives stated in 

section 1.5 are examined in this chapter. Shortcomings and possible areas for future 

analysis are also discussed 



Chapter 2. Growing Cannabis 

2.1 Introduction 

To investigate the relationship between the soil and the plant elemental profiles it was 

necessary to grow cannabis in different soils. A licence exists at the Institute of 

Environmental Science & Research Limited (ESR) that legalises the cultivation of a 

small amount of cannabis for research purposes, making this project possible. There was 

a restriction to the number of plants that can be produced at any one time, and therefore 

only a limited number of soil types and soil replicates could be examined. This chapter 

details the processes that were involved in the preparation of the soil samples. A 

discussion of the procedures for the production and harvesting of the cannabis crop 

follow this. The results of the plants grown are also discussed. Finally this chapter 

discusses the forensic analysis used to confirm the plant material harvested as Cannabis. 

2.2 Soil Preparation 

The selection of soil types was primarily based on availability. The amount of soil had to 

be large enough to allow three to five replicates and it was also important that the soils 

were different fiom each other. 

Two 'true' soils were collected for the investigation. The h t  came fiom an area oi 

regenerated scrub in Lewis Street, Blockhouse Bay, Auckland. The second came fiom a 

hillside in Pamapuria, south of Kaitaia in Northland. A 50 litre plastic sack of Redvale 

Garden Care Potting Mix was selected as the third growth media. The potting mix 

contained Plantacote@, a controlled release fertiliser. 

Each soil was spread out onto a clean black polyethylene sheet. The lumps were crushed 

or split using a new stainless steel spade and the soil was shaken through an Endecotts 

Ltd brass laboratory sieve with an 8 mm aperture. The material that did not pass through 

the sieve was broken into smaller pieces with the spade and re-sieved. This process was 



repeated until only hard clays and small stones remained. This b t i o n  was discarded. 

The pile of sieved material was homogenised by repeatedly scooping the outside material 

into the middle to form a cone. Homogenisation was necessary as the larger pieces of soil 

were around the outside of the cone of sieved soil. Any metal contamination introduced 

by the spade or the brass sieve is hlevant because the entire soil sample would be 

contaminated to the same extent. This will not result in any variation between soil 

replicates. 

The homogenised Blockhouse Bay soil was distributed over five round green plastic pots. 

Each pot was 28 cm high, with an opening diameter of 28.4 cm. The pots tapered towards 

the base of 23 cm in diameter. Six holes were evenly spaced around the bottom of each 

pot to allow effective drainage. All pots had a matching plastic saucer to sit on. A smaller 

amount of Northland soil was available so this was distributed over three pots. The 

potting mix was added to five pots of terracotta colour. Each pot was approximately two 

thirds fill, giving a soil depth of 15-20cm and a space of about lOcm between the soil 

surface and the top of the pot. The homogenised Blockhouse Bay soil contained many 

thin roots that had survived the sieving process. The Northland soil contained a few pine 

needles, roots and other pieces of organic matter. 

2.3 Plant Growth 

2.3.1 Germination 

Cannabis seeds were provided fiom a police seizure. The seeds were sealed in three 

Trigon ESR plastic evidence bags and labelled "ADU 201101 28110198", "ADU 201102 

28110198'' and "ADU 201103 29/10198". All three samples had previously been analysed 

and confirmed as Cannabis seeds by ESR. 

Over five days a total of 300 seeds were selected h m  the three bags. The large number 

of seeds was necessary to cover the expected failure rate associated with growing 

Cannabis inside. It also provided enough plant material to harvest plants at different 

stages of growth. All seeds were placed on tissue paper moistened with Milli-Q water, 



inside three cleaned plastic trays. One hundred of these seeds were pre-soaked in Milli-Q 

water for one hour before being placed on the tissue. The plastic trays were placed in a 

dark cupboard and the seeds left to germinate. The trays were checked periodically to 

ensure the tissue remained moist. 

Over a period of one week approximately half of the seeds germinated. There were no 

significant differences between the soaked and non-soaked seeds. The moist environment 

caused the Cannabis seed embryo to swell, splitting the seed husk. This allowed the root 

to extend fiom the seed resulting in more water uptake. The root lengths after one week 

on the tissue paper ranged fiom a few millimetres to approximately 4 cm. 

2.3.2 Raising Seedlings 

Four black plastic seedling trays were cleaned and filled with Yates Black Magic Seed 

Raising Mix, the fourth soil type. The seed raising mix was moistened with Milli-Q water 

and the germinated seeds were placed on top. A layer of the seed raising mix was 

sprinkled over the seeds and the trays were moistened again. The seedling trays were 

placed on a sunny windowsill. A total of 155 germinated seeds were transferred to the 

four seedling trays and all but two of these continued to grow. 

2.3.3 Growing Plants 

After 16 to 23 days of growth in the seed raising mix, and between 23 to 28 days after the 

germination process started, the plants were transferred to the pots of soil. Figure 2.1 is a 

photograph of the Cannabis plants in the black seed raising trays just before they were 

transferred to the pots of soil. A 12.5 cm tall blue 'Vivid' marker can be used as a guide 

to the height of the plants. A silver 30 cm ruler is at the back right of the picture. 



Figure 2.1: Photograph of the Cannabis plants in the four seed raising trays. Tuesday 

05/05/99 

A total of eight plants were transferred to each pot of Milli-Q moistened soil using 

cleaned plastic utensils. Each of the four seedling trays provided two plants per pot of 

soil. This gave a total of 104 plants in thirteen pots. The minimum amount of seed raising 

mix possible was transferred across with each plant's root system as it was necessary to 

have the plant using the elements fiom their new growth medium, rather than fiom a 

clump of seed raising mix attached to their roots. The moisture content of each pot was 

measured with a moisture meter and Milli-Q water was added where necessary to 

produce a 'moist' reading. 

All of the plants transferred to the soil had at least one pair of leaflets, or first true leaves. 

Many of the plants also had a second pair of leaves, perpendicular and above the first pair 

of leaflets, which consisted of three leaflets each. A few of the larger plants had a second 

pair of three-leaflet leaves, giving them a third level of development. Most plants were 

between 8 and 13 cm tall. 

Forty-nine plants were left in the seedling trays. Thirteen of these had not developed any 

'true-leaves' and were removed. The remaining thirty-six plants were retained in the seed 

raising mix. These plants were grown for a further month to provide enough plant 



material for analysis. This enabled an investigation of the soil-plant elemental 

relationship in very young plants. 

The pots were regularly checked with the moisture meter and watered with Milli-Q water 

to maintain a 'moist' soil environment. In the early stages of plant growth many weeds 

started to grow in both the Northland and Blockhouse Bay soils. These were pulled out as 

they appeared. 

2.4 Plant Growth Results 

2.4.1 Environmental Me asurements 

Throughout the period of plant growth details on the environmental conditions that 

impacted on plant development were recorded. This information is summarised below. 

2.4.1.1 Temperature 

A minimum and maximum thermometer was used to monitor the temperature extremes in 

the laboratory the plants were grown in. The measurements were reset every two to three 

days, at the same time the pots were watered. The temperature details are summarised in 

Table 2.1. 

Table 2.1 : Temperature Values 

--. . 1 Minimum Marimum 
I 

Average 17.8 20.7 

The temperature data show the consistency in maximum daytime temperatures produced 

by the air conditioning. The temperature decrease each night is quite low, making the 

night time temperature significantly higher than what would be expected outside, even 

for summer. The warmer night temperatures require the plant to have a higher 

transposition rate than if it were outside, to counter the higher evening evaporation rate. 

Coldest 

Warmest 

15.5 18 

19 23 



A consequence of this may be a greater night time soil element uptake rate due to the 

higher soil moisture uptake. This may result in a faster soil element uptake compared to 

plants grown outside for a similar length of time. 

2.4.1.2 Watering 

Each soil pot was watered with Milli-Q ultra pure water ever two to three days. The 

amount of water given was based on the response of the moisture meter. The volumes 

were approximate, being estimated &om the markings on the side of a beaker. The total 

volume of liquid given to each pot and the average volume for each soil type are 

presented in Table 2.2. 

Table 2.2: Total volume of water given to each pot in millilitres 

Water Given to Each Pot (mL) I Average Volume 

The amount of water given to each pot varied by just over five litres, fiom 6.1 to 11.2 

litres. The least watered pot, Blockhouse Bay 4, received just over 50% of the amount of 

water given to the most watered pot, Potting Mix 2. This reflects the difference in plant 

size between the pots, which affects moisture uptake and therefore the amount of water 

required to return the soil to a moist environment. In the early stages of plant growth all 

soil replicated were given the same amount of water, so it is unlikely that the different 

plant sizes were a result of different amounts of water. 

Soil Type 

Blockhouse Bay Soil 

Northland Soil 

Potting Mix 

The variation between the average amount of water per soil type is much smaller as most 

pots received around 10 litres. Figure 2.4 presents the average amount of water given to 

each soil type on each watering occasion. An increase over time is observed for each soil 

type, a result of the increasing plant size and a greater uptake of soil moisture. The rate of 

1 2 3 4 5 

7100 9450 10550 6100 8500 

9725 10375 10925 

10445 11175 11125 8475 10225 

8340 

10408 

10289 



increase may be slower than ercpected, but as the plants became bigger, the Munber of 

plants in each pot was reduced and this slows the total soil moisture requirements. 

Figure 2.2: Graph of average water given to each soil type. 

2.4.1.3 Sunshine Hours 

Sunshine hours were the only uncontrolled environmental k t o r  as air temperature and 

soil moisture was controlled in the laboratory. The daily sunshine hours and the length of 

the day will have a significant impact on the growth rates of the plants. Figure 2.3 shows 

the variation in sunshine h o w  and daylight hours over the period of plant growth. 

Sunshine hours were provided by Weather Wise Aucklaed, fiom measurements recorded 

in Pakuranga, Auckland. Daylight hours are calculated fiom sunrise and sunset times for 

Wellington taken h m  the 1999 Collins A53 Diary. 



Figure 2.3: Daily sunshine hours and daylight hours 

The maximum daily peaks across the period of plant growth generally follow the daylight 

curve. This is probably not too surprising, as the largest amount of sunshine hours 

available on any one day is governed by the length of that day. Large variations in the 

number of sunshine hours per day are present right across the growth period. The end of 

May and most of June and July is an area where both sunlight and daylight hours are 

lowest. The winter solstice or shortest day was June 19, approximately in the middle of 

this period. The low level of sunshine hours over this period had a significant impact on 

plant growth. Sunlight is the energy that drives plant growth through the process of 

photosynthesis. With less sunlight, the rate of growth slowed and in some cases the plants 

appeared to go into a dormant phase. 

Day length also has a significant impact on plants, especially annual plants such as 

cannabis that have a relatively short lifetime. The response of a plant to changes in day 

length is called photoperiodism [59]. The exact mechanisms that cause the changes 

within plants are not fully understood. Cannabis has a short-day-length facultative 

photoperiod. This means that it's growth and stage of maturity are controlled by the 

quantity of daylight [59] and as the day length becomes shorter flower production occurs. 



The plant will eventually flower, even without changes to the day length. However, in 

order to complete it's life cycle, cannabis is triggered into flower production early if the 

day length falls below a certain level [59]. Once flower production has commenced the 

plant is committed to reproductive development and little energy is retained for 

vegetative growth [60]. 

2.4.2 Plant Measurements 

The Cannabis plants were regularly measured throughout the growth period. Figure 2.4 

presents a box and whisker plot of the plant measurements made at different stages of 

growth. The top and bottom lines of the box represent the upper and lower quartile of the 

plant heights respectively. The line inside the box is the median plant height for that 

group of data. The bars at either end of the box show the maximum and minimum plant 

heights at that time. The data is grouped into soil types for each of the five measurement 

dates. The May 3 results are taken from a small group of plants, immediately before the 

plants were transferred to the thirteen pots of soil. The mean plant height at this stage was 

approximately 10 cm. 



The Potting mix produced the largest plant on each measurement date and also the largest 

median value. The higher nutrient concentration of the Potting mix is likely to be 

responsible for the faster plant growth. These plants also had the largest range of heights, 

even at the final measurement on September 27 when only one plant remained in each 

pot. The range increased with each successive date producing plant heights that fan out 

over the growth period. The median plant height, less affkcted by extreme values, shows 

a more even increase in height. This suggests that the large height range is a result of one 

or two very small plants amongst a group of larger plants. This was certainly the case at 

the last measurement date when all but one potting mix plant were of similar height. 

The Blockhouse Bay plants grew slowly for almost the entire growth period. A slightly 

faster increase in the median height was observed fiom July to August but this is likely to 

be the result of the pots being thinned-out to remove the smallest plants. The rate of 



growth over the middle phase of the growth period was slow. The likely cause of this was 

the low sunshine hours. This also had a further impact on the plant development. 

Decreasing sunshine hours and shorter days caused the plants to mature and develop 

flowers while they were still quite small. Once the plants had moved into the flower 

production stage less effort was available for plant growth as the plant was focused on 

seed development. These factors combined to restrict the plant size produced by this soil. 

The Northland plants were the smallest for the k t  two measurements made of plants in 

the pots of soil. The results fiom August and September show the most rapid increase in 

median plant size without an increase in the range. The small range is likely to be the 

result of the Northland plants being thinned to one plant per pot in August, which left 

only the three largest plants. The rapid increase in plant size may reflect the increase in 

day length and resulting increase in sunshine hours. Northland plants had grown so 

slowly in the early stages that they appeared to become dormant. As the days became 

longer, with a greater number of sunshine hours these plants benefited fiom the extra 

hours of sunlight and were able to grow rapidly. 

The same increase in plant size was not observed for Potting mix plants or for 

Blockhouse Bay plants, as the days became longer. Potting mix plants had already 

become quite large and were maturing reasonably rapidly as the days became longer. The 

Blockhouse Bay plants were also maturing rapidly, despite their small size. Once 

committed to the development of flowers these plants were unable to take advantage of 

the sunlight increase and their growth in the last stage was limited. 

The number of male and female plants produced by each pot of soil is presented in Table 

2.3. These details were recorded at the time of harvest and as a result the earlier harvests 

of plant material produced immature plants that had not developed flowers and therefore 

could not be assigned a sex. The number of plants lost is the total number of plants in 

each pot that died during the growth stage. 

Table 2.3: Sex and Survival of Plants 



Soil Type 

Blockhouse Bay 1 

Blockhouse Bay 2 

Blockhouse Bay 3 

Blockhouse Bay 4 

Blockhouse Bay 5 

Northland 1 

Northland 2 

Northland 3 

Potting Mix 1 

Potting Mix 2 

Potting Mix 3 

Potting Mix 4 

Potting Mix 5 

Total 

Males Females Monoecious Immature Plants Lost 

2 4 2 

5 2 1 

2 3 3 

4 1 3 

0 5 2 

2 5 1 

1 3 4 

3 3 2 

1 4 0 

2 3 1 

1 5 0 

4 4 0 

4 2 2 0 

3 1 44 2 8 19 

Almost 20 % of the plants died during the growth stage with the majority of the deaths 

occurring in the Blockhouse Bay soil. Half of the plants in the Northland 2 soil died 

before they could be harvested. Most of the deaths occurred in the earlier months of the 

growth period. This probably reflects the difficulty the plants had in receiving enough 

sunlight as winter set in. This lack of sunlight was probably made worse by the depth of 

soil in each pot. A space of up to 10 cm between the soil surface and the top of the pot 

reduced the amount of light the smaller plants received making it harder for them to 

survive. In hindsight this was a significant factor in not only the high death rate but also 

the slow initial plant growth which could easily have been resolved by placing more soil 

in each pot, or cutting down the edge of the pot. 

Approximately 40 % of the plants were identified as female, slightly more than the 

number identified as males (30%). Blockhouse Bay 2 pot of soil produced the largest 

number of male plants, a total of 5. Both Blockhouse Bay 5 and Northland 1 produced the 

largest number of female plants per pot, with 5 each. Blockhouse Bay 5 was also the only 



pot that did not produce both plant sexes. It is interesting that the Potting Mix 3 soil was 

the only pot to produce monoecious plants and it produced two of them. The reason for 

this was unknown. 

2.5 Harvesting Plant Material 

Five harvests of plant material were performed at different stages of growth. Each harvest 

was based on the same procedure, designed to limit contamination and preserve the plant 

material as close to its original condition as possible for analysis at a later date. 

2.5.1 Harvest Procedure 

Plants were cut off at the soil surface using an acid washed plastic knife. The plant was 

then placed on a new plastic sheet, measured and weighed. The leaves and any female 

flowers were cut fiom the stalks and the main stem with another acid washed plastic 

knife. The leaf and flower material was weighed, rinsed in Milli-Q water then placed on a 

cleaned plastic tray and air dried for 3 days in a plastic lined b e  hood. The air-dried 

plant material was transferred to an acid washed glass beaker and placed in an oven at 

50°C for approximately eight hours. Once the beaker had cooled to room temperature, the 

contents were tipped into a zip top plastic bag, labelled and sealed. Finally the bags of 

plant material were grouped together and placed in a dark cupboard. 

2.5.2 Reducing Contam i nation 

Limiting metal contamination during the harvest was vitally important because many of 

the elements used to establish the relationship between a plant and its soil profile were 

metallic. Plastic and glass was used throughout as these items introduce much lower 

levels of contamination than metal utensils or paper bags. 

The plastic and glass items were cleaned to further reduce any surface contamination. 

The cleaning process involved scrubbing with hot soapy water followed by rinsing in hot 

water to remove large contamination and dust build up. A Milli-Q rinse was then applied 



to remove any surface contamination introduced by the hot water rinse. The glass beakers 

and plastic knives were further decontaminated with an acid wash. This consisted of 

soaking the cleaned items in a solution of 10 % AnalaRB grade nitric acid for at least 24 

hours, followed by a final soak in Milli-Q water. The acid soak helps to remove cations 

fiom the object's surface by providing H+ and H~O+ ions that compete for the negatively 

charged surface [61]. Adsorption of most trace cations is very small or negligible in 

strongly acidic solutions [61]. All clean items were air-dried. This acid wash procedure 

was used for all items involved in the preparation of samples for trace element analysis. 

The plastic sheets and plastic bags were not cleaned, as these items were new and used 

only once. Polyethylene low contamination gloves were also used straight fiom the bag 

without cleaning. It is likely that any attempt to clean these items would be difficult and 

time consuming, and could introduce more contamination than it removes. 

The Milli-Q water rinse of the plant material was performed to help reduce surface 

contamination. This contamination can arise fiom the soil or fiom other air-borne dust in 

the environment. As the laboratory used to grow the plants in was also used for other 

hct ions it was difficult to limit or control the introduction of dust. Soil contamination 

can be an advantage in origin determination studies as it helps to provide an elemental 

link between the plant and it's soil. However, in this study the soil was known and the 

aim was to determine a relationship between plant uptake and soil elements. The level of 

soil splash will also be highly variable, whereas it was hoped that plant uptake for a 

particular plant is not. Markert [62] stated that "cleaning procedures have to be carried 

out if the transfer rates of chemical elements fiom the soil into the plant are to be 

studied". The plant material was washed at the harvesting stage to help prevent 

contaminated leaves fiom tainting the whole sample and also because most 

contamination can only be removed when the leaves are fiesh [63]. 

Drying the plant material was an important process to protect against microbial 

decomposition during storage [63]. It was also used to produce a constant dry weight by 

using a heat-controlled oven set to 50°C. This produces a reproducible mass loss to make 



the results comparable. A range of temperatures has been used to dry plant material for 

elemental analysis. A combination of air-drying and oven drying was used because of 

restrictions on the availability of the oven. Fifty degrees was selected for the final drying 

stage to be consistent with published recommendations [63]. The comparison of plant 

weights fiom before and after drying indicated that on average the samples lost 70 % of 

their mass during the drying process. 

The storage of samples is important to help retain the samples in the same condition as 

when they were collected. Sample deterioration starts at the time of collection, and the 

best storage methods just try to slow this process down [64]. However, according to 

Markert [63] "samples can be left for any length of time in clean plastic containers or 

glass bottles at room temperature in the absence of light". This procedure was followed 

and the cannabis samples were placed in zip top plastic bags and stored in a cupboard. 

2.5.3 Harvest Results 

2.5.3.1 Results for Harvest One 

The first plants to be harvested were the plants that remained in the seed raising mix after 

plants were transferred to the soil. The harvest was performed on Tuesday 8 June 

approximately seven to eight weeks after the germinated seeds were first planted in the 

seedling trays. Between six and nine plants were removed from each of the four seedling 

trays. The mean heights and the weights of plants and leaf material are contained in Table 

2.4. As explained in section 2.5.2 the mass of the dried leaf material is approximately 30 

% of the value measured for the fiesh leaves, reported in the table as total leaf weight. 



Table 2.4: Mean plant data for harvest one. 

The mean plant heights are similar to the plants that were transferred to the soil pots even 

though these plants were grown for a further month. This is probably the result of the 

very shallow soil depth in the seed raising trays, which restricted root development and 

therefore plant size. 

Seedling Tray 1 

Seedling Tray 2 

Seedling Tray 3 

Seedling Tray 4 

2.5.3.2 Results for Harvest Two 

The second harvest, and first fiom the thirteen pots of soil was performed on Tuesday 29 

June. The details of this harvest are contained in Table 2.5. At this stage, the plants had 

spent 55 days or 8 weeks in the pots of soil. Only plants growing in the five potting mix 

pots were large enough to be harvested. Despite the small size of the other plants, some 

were starting to mature and develop male or female flowers. Most plants had come close 

to doubling their height since they were in the seed raising mix but were still quite small 

to be developing flowers. 

Mean Height Mean Plant Mean Leaf Total Leaf 

(cm) Weight (g) Weight (g;) Weight (g) 

9.7 0.27 1 0.176 1 .58 

9.4 0.189 0.121 0.97 

11.4 0.438 0.300 2.40 

9.5 0.165 0.093 0.56 



2.5.3.3 Results for Harvest Three 

The third harvest was performed on Friday 23 July, 79 days after the plants were 

Table 2.5: Mean plant data for harvest two. 

transferred to the pots of soil. Despite the relatively small size of most plants, they had 

matured rapidly. Many of the maturing male plants were starting to release their pollen 

and once the pollen has been shed the males will start to die. To reduce the chance of 

pollination, all male plants were removed in this harvest. If female plants are unfertilised 

they continue to grow, developing larger flowers as they wait pollination to successfully 

complete their lifecycle [65]. This harvest also provided the remaining plants with more 

space and a better share of the light to encourage more growth. The male plants harvested 

were retained for analysis to provide a chance to compare the elemental uptake by plants 

of different sex. The mean results of this harvest are contained in Table 2.6. 

Potting Mix 1 

Potting Mix 2 

Potting Mix 3 

Potting Mix 4 

Potting Mix 5 

Table 2.6: Mean results for harvest three. 

Mean Height Mean Plant Mean Leaf Total Leaf 

(cm) Weight (a) Weight (g) Weight (a) 

16.67 0.59 0.36 1.07 

15 .OO 0.58 0.39 1.17 

20.67 0.70 0.41 1.23 

18.67 0.81 0.52 1.56 

18.67 0.8 1 0.50 1.5 1 

BlockhouseBay 1 

Blockhouse Bay 2 

Blockhouse Bay 3 

Blockhouse Bay 4 

Potting Mix 5 

Mean Height Mean Plant Mean Leaf Total Leaf 

(cm) Weight (a) Weight (g) Weight (g) 

33.5 1.985 0.995 1.99 

26.5 1.665 0.935 1.87 

36 2.94 1.74 3.48 

35.5 1.26 0.6 1.2 

42.5 4.5 2.05 4.1 



The plants were now more than three times the size of when they went into the soil pots. 

However, at 30 to 40 cm tall the plants were much smaller than expected for 1 l-week- 

old plants. The mass of leaf material recovered was also quite small, as male plants tend 

to be stalky with fewer leaves [66]. 

2.5.3.4 Results for Harvest Four 

Harvest four removed all but the largest female fiom each pot. This allowed one plant to 

have all the space in the pot, giving it the best opportunity to grow as large as possible 

before reaching Wl maturity. Harvest four was performed on Monday 16 August, 103 

days or almost 15 weeks after the plants were transferred into the soil pots. Figure 2.5 

displays a photograph of the five potting mix pots taken on this day, prior to harvesting 

the plants. A silver 30 cm ruler in the background of the picture can be used as a scale. 

Figure 2.5: Photograph of potting mix plants before harvesting on 16/08/99 

A few of the plants in both the Blockhouse Bay and Northland soils were very small and 

looked quite sick. The sick plants smaller than 10 cm tall were discarded, as they have 

hardly grown since being transplanted fiom the seed raising mix. They are therefore 

unlikely to display the same elemental uptake rates as the other plants harvested. Table 

2.7 presents the mean results for the plants retained fiom each soil type. 



Table 2.7: Mean results for harvest four. 

The mean height of the plants harvested from the potting mix was more than double that 

of the Northland plants and 50% greater than the Blockhouse Bay plants. The potting 

mix plants also produced significantly more leaf material at this harvest. 

Blockhouse Bay 

Northland 

Potting Mix 

2.5.3.5 Results for Harvest Five 

Mean Height Mean Plant Mean Leaf Total Leaf 

(cm) Weight (@ Weight ( ,  Weight (g) 

32.57 3.23 1.94 20.95 

18.76 0.53 0.28 2.92 

44.86 8.07 4.42 62.99 

The final harvest of plant material was performed on Monday 27 September. The plants 

had spent 145 days or almost 21 weeks in the soil pots. Figure 2.6 is a photograph 

showing the five potting mix plants prior to being harvested. Figure 2.7 is a close up of 

the largest female plant produced fiom the 13 pots of soil. This plant was harvested from 

the potting mix, pot number two. 

Figure 2.6: Photograph of the five potting mix Cannabis plants before harvest 5. 

Monday 27/09/99 



Figure 2.7: Largest female plant produced. Harvested from potting mix pot number two. 

This harvest was performed approximately 25 weeks after the whole plant production 

process started at the germination stage. The plant details fiom this harvest are 

summarised in Table 2.8. 

The potting mix plants have the largest mean leaf weight, larger than the Northland 

plants despite these plants being slightly taller. The rapid growth of the Northland plants 

towards the end of the growth period produced taller plants but they did not become as 

bushy as the potting mix plants. 

Table 2.8: Mean results for harvest five. 

Blockhouse Bay 

Northland 

Potting Mix 

Mean Height Mean Plant Mean Leaf Total Leaf 

(cm) Weight (g;) Weight (g;) Weight (g;) 

32.8 6.394 3.172 15.86 

64 16.03 1 1.02 33.06 

58.5 2 1 .976 14.268 71.34 



2.6 Harvest Discuss ion 

The fresh plant material lost approximately 70% of its mass to moisture loss as it was 

dried. This may make the individual plant samples from earlier harvests too small for a 

quantitative analysis. It is possible that these samples may be analysed as grouped 

samples, such as a combined seed raising mix sample rather than four individual samples 

from each black tray. 

The plants grew much slower than expected for the entire growth period. Esler has 

suggested that cannabis is typically about 15 cm taller after 20 days [66]. The plants in 

this investigation took more than 70 days to reach this size. At the final harvest the plants 

were approximately half the height suggested for normal Cannabis plants of 1.5 metres 

[ll].  The total time the plants were grown for, 25 weeks, is approximately twice as long 

as the suggested 12 to 17 weeks required for full growth [lo]. Not even the plants in the 

fertiliser rich potting mix could come close to this growth rate. 

Plant size does not match at all with the expected growth rates, but plant maturity appears 

to fit better. Male flowers were well developed after 12 weeks and many female flowers 

were obvious as well. This suggests that the plants matured at a normal rate, even though 

their growth rate was much slower. This is likely to be the result of the plants being 

grown inside over winter. Although the room the plants grew in was air conditioned to a 

reasonably warm 20 OC, the day lengths and sunshine hours were much less than what is 

available for summer growth. The amount of sunlight clearly restricted the plant size 

development, stunting the growth or even putting the plants into a semi-domant phase 

for the winter months. As the plants became older the day lengths became shorter and a 

transformation from growth and leaf development to flower and seed production 

occurred. Once the plants had commenced flower production it was often an irreversible 

process, limiting any further increase in size. This combination produced small thin 

plants that appeared to mature far too early. 



2.7 Forensic Analys is 

Forensic analyses were conducted on the seeds used and on the plant material harvested. 

This procedure was necessary to confirm that the plants produced were actually Cannabis 

and to verify the assumption that any relationships observed between the plants and the 

soil can actually be presented as coming from Cannabis. 

The forensic analysis of suspected cannabis seeds is performed by a visual examination 

based on botanical features. The conformation of suspected plant material requires 

positive results from both microscopic analysis and a chemical technique. This section 

details the procedures involved for both seed and plant analysis and presents the results 

produced. 

2.7.1 Seed Analysis 

The confirmation of the seeds as cannabis seeds was performed by a visual examination. 

All of the 300 seeds selected for germination displayed the same physical characteristics. 

They were a greenbrown colour, with a light green or yellow 'crazy paving7 design, were 

elliptical and 3-5mm in length. This combination of size, shape and surface pattern makes 

cannabis seeds unmistakable [66]. 

2.7.2 Plant Analysis 

All of the plants in this investigation displayed the same macro features characteristic of 

cannabis, such as a dark green colour, an odd number of leaflets, elliptical leaflet shape, 

and the serrated leaflet edge. Therefore it is possible to conclude that all the plants were 

the same type, and likely to be cannabis. To confirm that the plants were in fact cannabis 

a small subsample of the plants were analysed fhther. The plant material selected for 

further analysis was the material harvested from the one female plant grown to maturity 

in each pot. This provided thirteen plant samples for analysis. 

The procedures involved in determining if the suspected plant material was Cannabis are 

presented in the following subsections. The first method was a visual examination to 



identify if the characteristic botanical features were present. This was followed by 

chemical analysis to identify the presence of the chemicals unique to Cannabis, known as 

the cannabinoids. The results produced for these tests are also presented 

2.7.2.1 Botanical identification 

The botanical identification of cannabis was performed by a microscopic examination. 

The distinctive features of Cannabis that are apparent under magnification are the 

cystolithic hairs, downy hairs, and glandular hairs. The shape of these hairs is displayed 

in Figure 2.8. 

Soft Hairs 

Glandular Hairs 

Figure 2.8: Cannabis Hairs [66] 

The bristle hairs, sometimes called cystolithic hairs, are 'bear claw' shaped [6]. They 

occur on most parts of the plant but are abundant on the upper surface of the leaf [66]. 

The soft, downy hairs are mostly on the plant stem and the under side of the leaves [66]. 

The glandular hairs support a droplet of resin, which gives cannabis its characteristic 

sticky surface. These three types of fine hairs and the resinous surface were observed on 

each of the thirteen samples of plant material. This enabled the plant material to be 

confirmed as being botanical consistent with cannabis. 



2.7.2.2 Chemical Identification 

Chemical identification was the second independent method to confirm the plant material 

as cannabis. This procedure identifies the presence of the cannabis exclusive chemicals 

known as the cannabinoids and in particular the psychoactive compound A9- 

tetrahydrocannabinol (THC). 

Detection of these chemicals was performed using an accepted thin-layer 

chromatography (TLC) method 1671. A small amount of the suspected plant material was 

placed on a spotting tile and extracted with a few drops of petroleum ether. The extracts 

were spotted onto the bottom of two silica gel plates, approximately 1 cm fiom the 

bottom edge. An authentic cannabis reference sample (cannabis positive) labelled as 

"STD" on the TLC plates, and a blank were also analysed. The plates were then placed in 

a jar containing toluene to a depth of approximately 0.5 cm. The solvent fiont was 

permitted to ascend the plate until it had travelled roughly 10 cm. The plates was then 

removed from the jar and allowed to dry. 

Visualisation of the separated cannabinoid compounds was achieved by dipping the 

plates into a solution of Fast Blue 2B salt (4-Benzoylamino-2,5- 

diethoxybenzenediazoniurn chloride hemi[zinc chloride] salt). The dye solution was 

prepared by dissolving approximately 20 mg of Fast Blue 2B powder in 300 rnL of water. 

The main cannabinoids produce characteristic colour at regular positions. The lowest spot 

is CBN, which is purple-red, THC appears as a cherry-red spot near the middle of the 

plate and CBD gives an orange spot at the largest Rf [67]. A fourth cannabinoid 

chemical, cannabinolic acid, "may appear as purple streaks running fiom the origin at 

low Rf' [67]. The characteristic colours and positions can be seen on Figure 2.9, which 

displays the two TLC plates after dipping. 



Figure 2.9: TLC plates of results for the chemical analysis of cannabis material. 

All the plant samples display a cherry-red spot near the centre of the TLC plate. This has 

the same spot colour and position as the large THC spot for the cannabis positive 

controls. The five plants fiom the Blockhouse Bay soil (labelled "BHBl", "BHB2", 

'BHB3", "BHI34", and "BHB5'3 and the plant fiom the fourth potting mix sample 

(labelled TM4") produced relatively f iht  TLC results. These plants were much smaller 

than the other plants and the weaker results may reflect a lower concentration of 

cannabinoids. It is also possible that a smaller amount of plant material was used to 

produce the extract for these samples. Both cannabis standards display an orange CBD 

spot just above the THC spot. This was not observed for the plant samples. 

The cannabinoid A9-THC was detected in all of the plant samples adysed. This results, 

combined with the positive results for the microscopic analysis, makes it possible to 

conclude that all thirteen plant samples analysed were Cannabis sativa L. 



Chapter 3. Methods for Plant Analysis 

3.1 Introduction 

This chapter details the development of a suitable method for the digestion of plant 

samples and the procedure used for determining the elemental composition of these 

samples with ICP-MS. Before this process is discussed, a brief background on the ICP- 

MS process is presented as well as the reasons why ICP-MS was selected as the 

technique for elemental analysis. 

3.2 ICP-MS Analysis 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) is a powerful analytical tool 

for simultaneous multi-element analysis. The procedure was first described in 1980 by 

Houk et a1 [68] and the first commercial instruments became available 1983 [69]. The 

technique employs a high-energy argon plasma as an ionisation source and a mass 

spectrometer as the ion detector. The combination of these items produces an elemental 

analysis technique that has very low limits of detection and is remarkably free from 

interferences [68]. 

3.2.1 Analysis Process 

The ICP-MS analysis of the elemental composition of a sample can be thought of as a 

four-stage process. The first step in this investigation is the preparation of a liquid fiom 

the sample for analysis. The second step is the introduction of a small portion of the 

liquid to the plasma where it undergoes decomposition and ionisation. The third step is 

the extraction of the ions fiom the plasma and focusing the resulting ion beam. The final 

step involves the analysis of the elements contained in the ion beam. These four steps will 

be briefly discussed to explain the processes operating within the ICP-MS. Figure 3.1 

shows a schematic diagram of a typical ICP-MS apparatus. 
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Figure 3.1: Schematic diagram of a typical ICP-MS instrument [70]. 

3.2.1 .l Sample Preparation 

Before a sample can be analysed it usually requires some form of sample preparation. 

The preparation step is designed to produce a small representative sample of the original 

item. The easiest way to introduce a plant samples for analysis is to convert it into a 

solution. This is performed using a digestion process where acid and heat are used to 

decompose the sample. A variety of acids can be used depending on the sample type and 

the requirements of the analysis. Nitric acid is considered the "most suitable for ICP-MS" 

[7 11 because it produces the least complex ICP-MS spectrum. The background spectrum 

produced by a 5% nitric acid solution is essentially identical to deionised water [72]. 

3.2.1.2 Sample Introduction and lonisation 

A liquid sample is usually introduced with a pneumatic nebuliser. A peristaltic pump is 

used to transfer some of the liquid sample to the nebuliser where a high-speed gas flow is 

used to break a small droplet of the sample into a fine mist. A spray chamber is then used 

to remove the droplets in the mist larger than approximately 8 pm in diameter [70]. The 

resulting mist is swept to the plasma with a stream of argon gas. 

The plasma is contained within the ICP torch, which consists of three concentric tubes 

made of quartz or silica glass [73]. The horizontal orientation of the torch is displayed in 



Figure 3.1. The outer tube carries the gas used to sustain the plasma. This gas enters the 

tube tangentially resulting in a helical motion as it leaves the tip. The middle tube 

contains the auxiliary gas flow used to keep the plasma away from the tip of the injector, 

making sample introduction easier. The inner tube (the injector) is used for the 

introduction of the sample entrained in the carrier gas. Argon is used as the carrier, 

auxiliary and plasma gases because it is inert, has good ionisation efficiency, and is 

relatively low cost [74]. Other gases have been used, including mixed gases but argon 

continues to be the gas of choice. 

The plasma is formed just inside the tip of the torch by the inductive coupling of energy 

f7om a radio frequency load coil, hence the name 'inductively coupled plasma'. The load 

coil consists of two to four turns of copper tubing located just before the end of the torch. 

A radio frequency current supplied to the coil produces a magnetic field, which causes 

the free electrons and positive ions in the plasma to move in a circular path [70]. The 

rapidly moving ions and electrons collide with argon atoms and their kinetic energy is 

converted into heat. Unlike a standard flame, the RF energy must continue to be supplied 

to the coil to maintain the movement of the ions and keep the plasma 'burning'. The 

temperature of the outer portion of the plasma may be as high as 10,000 K [70]. 

The sample mist swept from the spray chamber with the carrier gas flows through the 

injector tube and punches into the base of the plasma. This creates an annular shaped 

plasma [75] ensuring that the sample travels through the centre. As the sample travels 

through the plasma the solvent is rapidly evaporated producing microscopic salt particles. 

These particles are then vaporised and decompose to individual molecules. The sample is 

further heated leading to atomisation and finally ionisation. This process occurs in the 

one to two milliseconds that the sample spends in the centre of the plasma at 

temperatures of 6,000 - 8,000 K [76]. 

3.2.1.3 Ion Extraction 

The ion interface is the most crucial part of the apparatus. It extracts the ions produced by 

the plasma at atmospheric pressure through a series of vacuum chambers and focuses 



them into the mass analyser. The sampler cone performs the first stage of the extraction 

process. The HP 4500 ICP-MS uses a water-cooled nickel cone located perpendicular to 

the plasma torch. A large fraction of the plasma goes through a 1 mm orifice in this cone, 

and the outer portions of the plasma are deflected. The pressure of the area immediately 

behind the sampler cone is vacuum pumped to approximately 1 ton (11760 atmosphere). 

Behind this cone sits the skimmer cone with more tapered sides and a 0.4 rnrn orifice. It 

permits only the central core of the ion beam formed by the sampler cone to enter the 

next stage of the vacuum system at approximately lo-' torr [77]. 

The beam of ions produced by these cones is then focused by a series of ion lenses, which 

are metal rings with electric potentials applied to them [74]. The HP 4500 ICP-MS has 

three ion lens components. A schematic diagram of the lens configuration is displayed in 

Figure 3.2. 
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Figure 3.2: Schematic diagram of HP 4500 ion lenses set up [71]. 

The first component is the extraction lens. This is located just behind the skimmer cone 

and is designed to extract the ions passed through the skimmer cone and accelerate them 

into the next set of lenses [78]. After the skimmer cone the ion beam contains positively 

charges ions, electrons and neutral species. The extraction lens has negative potential and 



accelerates the positively charged ions while the electrons are repelled and go to ground 

via the skimmer cone and chamber walls. 

The second set of lenses is the Einzel lens, which consists of three lens plates. The 

purpose of this lens set is to focus the ions accelerated by the extraction lens [78]. The 

same voltage is applied to the first and third lenses and adjustments are made to the 

middle lens to change the focal point of the beam. 

The final set of lenses is the Omega lens, which consists of the Omega bias, Omega (+), 

Omega (-), QP focus, and Plate bias. The purpose of this lens arrangement is to separate 

the photons and ions and to steer the ions into the quadrupole mass analyser [78]. This 

separation is performed by the two pairs of crescent shaped Omega (+) and (-) lens. The 

ions are first bent towards the Omega (-) fiont then bend back towards the Omega (-) 

back [78] allowing them to pass into the next stage, as shown by the ion path in Figure 

3.2. Photons remain unaffected by the voltages and are eliminated. The ions pass through 

the QP focus and Plate bias where they are decelerated prior to separation by the 

quadrupole mass analyser. 

3.2.1.4 Mass Analysis 

The mass analysis stage is also displayed in the schematic diagram contained in Figure 

3.2. The first stage is a pre filter, which helps to direct the ions fiom the Omega lens into 

the quadrupole mass filter [78]. The quadrupole mass filter consists of 4 metal rods 

supplied in opposite pairs with either DC voltage or RF voltage. By varying the potential 

supplied to the 4 poles of the quadrupole, ions of one mass to charge ratio can be directed 

into the detector. To allow higher masses to pass through the quadrupole and into the 

detector, both the DC and the RF voltages are increased. 

The detection of the ions permitted to pass through the quadrupole is performed by an 

electron multiplier detector. In the case of the HP 4500, a discrete dynode type operating 

in both pulse and analogue modes is used. Each incoming ion generates a shower of 

electrons as it collides with the opening of the detector. These electrons then create their 



own shower of electrons further up the detector. Finally the shower of electrons generated 

impact on the collector and in pulse mode the resulting electron flux is converted into one 

count. In this method of counting each ion produces one count, with each count taking 

approximately 10 nanoseconds [78]. If the rate of incoming ions is too fast for the 

detector several ions may enter the detector and produce only one detectable pulse. In this 

case, the pulse counting mode will not represent the true number of ions. To overcome 

this problem the total electrical current produced by the ions is also measured and then 

converted to an ion count. This method is called analogue counting. The value produced 

in the analogue counting mode is reported when it is significantly larger than the count 

achieved in pulse mode. 

3.2.2 Interferences 

Despite the early claims that ICP-MS analysis was relatively fiee from interferences 

many publications since have dealt with problems of interferences [75]. The early claims 

arose because ICP-MS had significantly lower interference levels than previous elemental 

techniques. However, interferences can become a significant problem because ICP-MS is 

such a highly sensitive technique [75]. In most cases these interferences can be overcome 

and satisfactory results produced [73]. Two types of interferences are observed in ICP- 

MS analysis. These are spectroscopic interferences and matrix effects. 

3.2.2.1 Spectroscopic Interfere nces 

Spectroscopic interferences are caused by atomic or molecular ions having the same 

nominal mass as the analyte of interest [75]. The overlap occurs because the limited 

resolution of the quadrupole mass spectrometer is unable to separate chemically different 

ions at the same nominal rnh value [70]. This causes an increase in the number of ions 

counted for the isotope of interest leading to an enhancement in measured concentration. 

The overlap caused by isotopes of a different element is easy to predict and is therefore 

easy to overcome. Most elements have at least one isotope fiee from overlap and for the 

elements without an overlap-free isotope, simple mathematical equations can be used to 

correct the interference [75]. 



Monatomic singularly charged species are not the only ions present in the plasma. 

Elements with low secondary ionisation energies can produce doubly charged ions while 

some elements form stable oxide or hydroxide polyatomic charged species that can also 

cause spectral interference. Spectral overlap by these polyatomic ions is more difficult to 

predict and control for. However, proper instrument tuning can reduce the concentration 

of M2+, MO', and MOH+ to less than 1 or 2 % [79]. 

The most important spectral interference contribution comes from the formation, 

ionisation and extraction of poly-atomic ions originating from the plasma (Ar species), 

the matrix (0 ,  H, C, N, C1, S, P species), and the air surrounding the plasma (C, N, 0 

species) [79]. Many of the argon-containing species and those resulting from the 

entrained air are present in the background analysis and can therefore be eliminated by 

background correction. The contribution fiom the matrix can be limited in some cases by 

careful selection of the materials used in the sample preparation procedure. Limiting the 

introduction of C1, S, and P is desirable and is one of the reasons why nitric acid is 

preferred for sample digestions ahead of hydrochloric, perchloric, sulphuric and, to a 

lesser extent phosphoric acids. 

3.2.2.2 Matrix Effects 

Matrix effects cause a reduction or enhancement in the analyte signal due their influence 

on sample uptake and transport, ionisation, ion extraction or ion transport [75]. Changes 

in sample viscosity or acid content can alter sample uptake and transport and nebuliser 

efficiency, thereby causing different amounts of the sample to be analysed. This problem 

can be overcome by matrix matching of samples and standards, but does require some 

knowledge of the sample prior to analysis. 

Certain matrices, in particular organic solvents, can lead to a reduction in the plasma 

temperature and therefore a decrease in the degree of sample ionisation [75]. Matrix 

matching can also help to control this problem although an alternative is to increase the 

plasma temperature. Samples with a high salt or high dissolved solids content can cause a 



slow blocking of the sampler and skimmer orifices, reducing the number of ions that can 

be extracted from the plasma [75]. This problem can be limited by restricting the total 

dissolved solids to less than 200 pg/rnL [70]. 

The space-charge effect can cause significant signal suppression at the ion extraction and 

transportation stage. This suppression occurs due to the difference in total ion numbers 

between the calibration standard and a sample. A sample with many additional elements, 

or elements at high concentrations, will produce an ion beam with many positively 

charged species. When the lenses focus this ion beam the repulsion between the large 

number of positive ions will cause the ion beam to de-focus producing a wider beam. The 

consequence is that some of the beam and therefore some of the ions of interest will not 

enter the quadrupole and will not be detected, decreasing the apparent sample 

concentration. The presence of a space-charge effect can be determined by analysing a 

10-fold diluted sample, as it is the total number of ions that causes the suppression, not 

the relative concentration [74]. An increase in concentration calculated from the diluted 

sample indicates that a space-charge problem exists. 

The addition of an internal standard (IS) can help control some of the physical effects 

causing matrix-induced enhancement or suppression. Internal standardisation is also vital 

for correcting short term and long term signal drift, the steady decrease in signal intensity 

across a series of samples [71]. A known concentration of the IS element (or elements) is 

added to all samples, standards and blanks. If a matrix effect or signal drift affects a 

sample the internal standard element should be affected in the same way. A ratio can then 

be used to correct the IS element back to its original concentration and then used to 

correct the other elements to the concentration that would be measured if the interference 

were not operating. 

A good internal standard is one that does not introduce additional interferences, and is not 

already present in the samples so the expected concentration can be easily calculated. For 

the best correction the IS needs to behave as similar to the analyte of interest as possible. 

In general, this is achieved when the internal standard element is "close in atomic mass 



and has a similar first ionisation potential to the analyte of interest" [75]. For 

multielement analysis this suggests that several IS elements may be required. Vanhaecke 

et a1 [80] reported that three or four internal standard elements should be used for 

multielement analysis. It has, however, also been reported that it is possible to correct a 

large mass range with only one internal standard element [81]. A single IS element is 

desirable as it simplifies sample introduction and IS correction of the data. It can also be 

difficult to find a suitable IS for the light element range when more than one internal 

standard is required. 

3.2.3 Advantages of ICP -MS 

The main advantage of ICP-MS over other elemental techniques, such as inductively 

coupled plasma-atomic emission spectrometry (ICP-AES) and electrothermal 

vaporisation atomic absorption spectrometry (ETV-AM), is the improvement in 

detection limits. Detection limits are typical three orders of magnitude better than these 

other techniques [74]. For most elements, detection limits are in the 1-10 parts per trillion 

range for samples in solution [74]. 

Another advantage of ICP-MS analysis is that it provides "simultaneous" multi-element 

analysis with a complete mass range from 4-240 m/z collected in approximately as little 

as 1 minute [69]. This speed results in a rapid sample throughput rate. 

For this investigation, a significant advantage of ICP-MS is the ability to perfom a 

semiquantitative analysis. In the semiquantitative mode elements not contained in the 

calibration standard can be calibrated based on the performance of an element that is in 

the calibration standard combined with the predetermined instrumental response curve, 

enabling any element to be quantified. The calibration process is further enhanced by 

calibration curves that are linear for five to six orders of magnitude [69]. This allows 

samples of widely varying concentrations to be analysed in one m. 



3.2.4 Disadvantages of ICP-MS 

The main disadvantage of the ICP-MS system, like many of the solution-based elemental 

techniques, is the inefficiency of the sample introduction system. The introduction of a 

liquid sample with a pneumatic nebuliser typically results in 97-99% of the solution 

going to waste [75]. Another feature of ICP-MS that can become a restricting factor is the 

cost of sample analysis. Although argon is the cheapest of the noble gasses, the cost of 

analysis per sample is often more than other elemental techniques [74]. 

3.2.5 Reasons for Selecting ICP-MS 

The advantages of ICP-MS far outweigh the disadvantages. The combination of very low 

detection limits and multi-element capabilities, as well as the advantages of 

semiquantitative calibration, makes ICP-MS the technique of choice for the elemental 

analysis of the cannabis plant samples and soil samples for this investigation. Elemental 

information can be provided by this technique that would otherwise not be available. This 

enables a thorough investigation of the relationship between the element profile of 

cannabis plant material and the element profile of the soil it was grown on. 

3.3 Reagents and Materials 

3.3.1 Reagents 

The water used throughout the plant growth, experimental and analysis sections was 

deionised with a Milli-Q filtration system, producing water with a resistivity of 18.2 

MSZcm. The nitric acid used for the acid soak of glassware and other utensils was 

AnalaR@ grade (69%) supplied by BDH Laboratory Supplies, Poole, England. AristarO 

grade nitric acid (69%), also from BDH, was used for all digestions, blanks and dilutions. 

The Fast Blue 2B salt used for the visualisation of the TLC plates was Practical Grade 

from the Sigma Chemical Company, St Louis USA. The calcium chloride for the soil pH 

analysis was analytical grade CaC12.2H20 fiom Riedel-De Haen AG Hannover, 

Germany. The potassium hydrogen phthalate (CsH5K04) for calibration of the pH meter 



was also an analytical grade reagent from Riedel-De Haen AG Hannover, Germany. 

Barium chloride (BaC12.2H20) and magnesium sulphate (MgS04.7H20) for the cation 

exchange analysis were both AnalaR grade from BDH Chemicals Ltd Poole, England. 

The strontium ions used in the AAS analysis were from analytical grade Sr(N03)2 

supplied by May & Baker Ltd Dagenharn, England. Caesium chloride (CsC1) for AAS 

analysis was an AnalaR Biochemical grade reagent from BDH Chemicals Ltd Poole, 

England. The acetic acid used for the soil extraction procedure was Anal& grade glacial 

acetic acid supplied by BDH Chemicals Ltd Poole, England. 

Two calibration standards from Ultra Scientific were used for setting the response of the 

ICP-MS. The first standard was IMS-101, ICPfMS Calibration Standard # 1, Lot Number 

IF-0226 and contained the 17 elements Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, 

Tb, Th, Tm, Yb, Y at 10pgImL. The second standard was IMS-102 ISPNS Calibration 

Standard # 2, Lot Number IF-0161 and contained the 29 elements Al, As, Ba, Be, Bi, Cd, 

Ca, Cs, Cr, Co, Cu, Ga, In, Fe, Pb, Li, Mg, Mn, Ni, K, Rb, Se, Ag, Na, Sr, T1, U, V and 

Zn at 10 pg/mL. Both standards were supplied in a solution of dilute nitric acid and water 

and were stored in their original bottles. 

3.3.2 Materials 

All glassware used was standard borosilicate laboratory glass. Plastic containers for 

sample storage and transfer were low-density polyethylene (LDPE). Autosampler tubes 

used for the introduction of the samples to the ICP-MS were polypropylene. The 

centrihge tubes used for the soil extraction procedure were also polypropylene. Two 

standard reference materials (SRM) were supplied from the National Institute of 

Standards and Testing (NIST). For plant analysis, SRM 1575 Pine Needles was used, For 

soil analysis SRM 1646 Estuarine River Sediment was used. An in-house standard was 

also developed for the plant analysis. The analysis of this sample is performed for similar 

reasons to the SRM plant sample. The concentrations are not certified, but the repeated 

analysis provides a good indication of the expected result from each digestion. In this 

investigation grape leaves were used as the in-house standard. 



3.4 Plant Sample Preparation 

Prior to the elemental analysis of the cannabis samples some sample preparation was 

required. The amount of preparation was kept to a minimum to limit the possibility of 

introducing contamination. Procedures such as sieving and grinding can introduce 

significant levels of contamination and were avoided. The repeated analysis of the 

cannabis plant material in the method development stage provided sufficiently 

reproducible results. This material was simply crushed and flaked inside the zip top 

polyethylene bag used for storage. This procedure was considered to be acceptable and 

was applied to the cannabis samples for analysis. 

The amount of plant material produced by some of the earlier harvests was too small for 

analysis. To enable as many plant samples as possible to be analysed some sample 

combination was required. Table 3.1 presents the plant samples grouped together and 

their new labels. The combined samples were produced by tipping the plant material from 

the individual sample into one polyethylene zip top bag, crushing the plant material and 

shaking the bag to help mix the samples. 

Some cannabis samples were not appropriate for combination with other similar samples, 

or when combined were still too small and therefore were unable to be analysed. These 

samples are listed in Table 3.2. 

Table 3.1: Cannabis samples homogenised 

Harvest 

1 

2 

3 

3 

4 

4 

Soil Type Samples Combined Combined Name 

Seed Raising Mix Immature plants from 4 trays H1 YSR 

Potting Mix Immature plants from 5 pots H2 PM 

Blockhouse Bay Male plants from 4 pots H3 Male BHB 

Potting Mix Male plants fkom 4 pots H3 Male PM 

Potting Mix 2 Males from PM pot #2 H4 Male PM2 

Blockhouse Bay Females fiom 4 pots H4 Female BHB 



Table 3.2: Cannabis samples too small for analysis 

The grape leaf sample used as the in-house standard was freeze dried, ground with an 

acid soaked glass mortar and pestle and stored in an acid soaked polyethylene container. 

The SRM samples were supplied as dried finely ground powders and therefore no pre 

digestion preparation was required. 

Harvest 

4 

4 

4 

3.5 Cannabis Eleme ntal Analysis Method 

Soil Type Sample Type 

Northland Male plants fi-om all 3 pots 

Northland Female plants fi-om 2 pots 

Potting Mix Female plant from pot #2 

The elemental analysis of the cannabis plant samples required the development of a new 

digestion method. Previous plant digestion procedures required either expensive 

apparatus, such as a microwave digester, or involved a degree of risk, due to the reagents 

used. The aim of the digestion procedure for this project was to develop a method that 

was safe, cost effective, and simple to apply. To meet these criteria a nitric acid hotplate 

digestion was selected. 

The main limitation of a nitric acid digestion is that it is considered to be a partial 

digestion. Only the combination of hydrofluoric acid and nitric acid produce a complete 

digestion of plant samples [81] as nitric acid alone cannot digest the siliceous material. 

The silica residue appears as small white grains in the bottom of the flask at the end of 

the digestion process [82]. Often, however, "it is not necessary to dissolve these as it is 

likely that all elements of interest would have been leached out fkom the surface of the 

silica particles" [82]. Element recoveries less than 100 % fiom the nitric acid digestion 

process would be acceptable provided that the elemental concentrations measured were 

highly reproducible. 



3.5.1 Method Developm ent 

The starting point for the nitric acid digestion method was a procedure published by 

Rodushkin et a1 [83]. This method had been shown to produce good recoveries for a few 

certified plant reference materials and compared well to a microwave based digestion of 

the same samples. 

3.5.1 .I Samples for Method Development 

The method development involved the analysis of material blanks, method blanks, 

calibration standards, and three different plant samples. The material blanks used were 

Milli-Q ultra pure water and Aristar grade nitric acid. These blank samples were 

examined to determine the background or minimum levels of elements for the digestion 

process. The method blank, or process blank, is a nitric acid sample that is carried 

through the digestion procedure and is used to monitor the introduction of contamination 

during the digestion process. The analysis of this sample also provides an insight into the 

detection limits of the analysis. 

Calibration of the ICP-MS was performed with the two multi-element calibration 

standards detailed in section 3.3.1. The three plant samples used for method development 

were cannabis from a police seizure, homogenised grape leaves, and SRM 1575 Pine 

Needles. The analysis of the cannabis and grape samples provided information of the 

level of the elements of interest in plant samples. It also provided a method for 

monitoring the precision of the digestion and analysis process. The SRM also provided an 

indication of precision but more importantly enable the accuracy of the method to be 

determined by comparing the measured concentration with certified and recommended 

values. 

3.5.1.2 Digestion Modifications 

The first modifications to the published digestion method were made to reduce the large 

amount of residue observed at the end of the digestion process. Using one 2-hour 

digestion period with 10 mL of nitric acid and 2 g of dried plant material produced quite 



a cloudy sample and a large amount of white oil-like material that solidified on cooling. 

To digest the high oil composition of cannabis it was necessary to double the digestion 

time to two periods of two-hours. An additional 10 mL of nitric acid was added prior to 

the start of the second digestion period. 

The use of 2 g of plant material suggested by Rodushkin [83] also caused some problems. 

The amount of foaming was difficult to control and therefore the digests were difficult to 

perform safely. A comparison of 2 g and 0.5 g samples showed that the smaller amount 

of plant material produce a more stable digestion and also produced the same elemental 

composition as the larger amount of material. 

Digesting 0.5 g of material for 4 hours resulted in a pale yellow digest with a small 

amount of white crystalline residue that rapidly settled out of solution. This residue is 

likely to be silica particles that were not digested by the nitric acid [82] as explained in 

section 3.5. As the amount of residue remaining was small and settled rapidly on standing 

the centrihge process recommended by Rodushkin 1841 became an unnecessary step. The 

removal of this step reduced the sample handling required which in turn lead to a 

decreased possibility of introducing contamination. 

3.5.2 Digestion Proced u re 

The final digestion procedure was as follows. 0.5 g of dried plant material was weighed 

into an acid cleaned 125 mL conical flask. 10 mL of Aristar grade nitric acid was added 

to the samples, the neck of each conical flask was covered with a glass cold finger, and 

the samples were left to cold soak for 30 minutes. The cold finger was filled with cold 

water to assist the refluxing of vapour produced and the samples were heated to 

approximately 100-120 O C  to maintain the nitric acid boiling for 2 hours. The water in the 

cold finger was periodically changed to ensure rapid condensation of the vapour. After 2 

hours of heating, the samples were removed fiom the hotplate and allowed to cool 

slightly until boiling and the production of vapour had stopped. A second addition of 10 

mL of nitric acid was made and the samples were returned to the heat for a further 2 

hours. 



After the digestion process, the conical flasks were allowed to cool to room temperature. 

The liquid was transferred to 100 mL acid cleaned volumetric flasks and made up to the 

mark with Milli-Q water. The diluted samples were mixed thoroughly and left to stand 

overnight to allow the undigested material to settle. 5 mL of each sample was diluted 

two-fold with Milli-Q into a 15 rnL polypropylene autosampler tube using an autopipette, 

capped, and set aside for analysis. 

3.5.3 Minimising Conta mination 

The low concentration of many of the elements in the plant material means that 

contamination can be a large problem. In order to reduce the introduction of 

contamination several procedures were employed. The main procedure for reducing the 

introduction of contamination was to acid soak all glassware and other items that the 

sample would contact during the digestion process. This acid soak procedure employed is 

discussed in the preceding chapter in section 2.5.2. 

Other processes for reducing the possibility of introducing contamination included 

covering the benches with plastic, the use of low contamination polyethylene gloves, the 

use of an autopipette with disposable plastic pipette tips, and the use of disposable plastic 

tubes for sample transfers and storage. 

The ICP-MS is housed in a Class 1000 clean room, which helps to limit the amount of 

airborne contamination at the analysis stage. A laminar airflow fiom a HEPA filter was 

used to ensure clean air was blown onto the samples in the autosampler racks as they 

waited for ICP-MS analysis. 

3.5.4 ICP-MS Element D etection 

Element detection was performed with a Hewlett Packard, HP 4500 ICP-MS (Yokogawa 

Analytical Systems, Tokyo, Japan). The instrument was fitted with a Babbington 



nebuliser and a water-cooled glass Scott-type double pass spray chamber. This instrument 

was located at the University of Auckland, School of Medicine. 

3.5.4.1 Data Acquisition Method 

The digested samples were analysed in the semiquant mode of the HP 4500 ICP-MS 
I 

instrument. The default semiquantitative parameters cause the instrument to scan almost 

the entire mass range from 2 mlz to 260 mlz. Masses at 14, 16 to 19, 32,36,38,40, and 

41 m/z are automatically excluded [78] due to the high background produced by the 

argon plasma and entrained air. Each mass is divided into six points with each point 

being counted for 0.1 second. The concentrations of the elements in each sample are 

determined by comparing these counts with those produced by the calibration standard. A 

predetermined response curve is used to determine the concentration of the elements that 

are not present in the calibration standard. 

The default semiquantitative analysis scans 258 masses to report the concentration of 71 

elements. This method of data acquisition is time consuming as a number of masses are 

scanned (at six points per mass) where there is either no element present in the samples or 

the isotope measured is of no use for the analysis due to spectral interferences. In order to 

have a more efficient acquisition stage the data collection process was modified. The 

analysis of the three method development plant samples identified a number of elements 

that were not of any use as their concentrations were low and too close to the background 

levels or suffered fiom unreliable precision. A hrther modification was to measure each 
I element at only its most reliable isotope. These modifications reduced the number of 

masses analysed to 59 elements. 

The low concentrations of the rare earth elements (REE's) in the plant samples made it 

difficult to get reliable concentrations fiom a 0.1 second counting time. To improve the 

results the counting time for each point was increased to 1 second for the 14 REE's. The 

concentrations of the other 45 masses of interest were high enough for reliable counts to 

be produced fiom the 0.1 second count per point. 



The general method parameters are listed in Table 3.3. These values were used for the 

acquisition stage for all samples analysed on the ICP-MS. 

Table 3.3: General method parameters 

Feature 

Sample peristaltic pump speed 

Sample uptake rate 

Pre sample peristaltic pump speed 

Post sample peristaltic pump speed 

Pre and post sample uptake rate 

Spray chamber temperature 

Value 

0.1 rps 

0.4 mlmin'' 

0.5 rps 

0.5 rps 

2.0 mlmin-' 

2 Oc 
---- -- - 

All samples for analysis were placed in an autosampler rack. The additional tubing 

required to transporting the liquid sample from the rack position to the ICP-MS created a 

slight delay at the start of each sample's analysis. To ensure that a stable signal was 

achieved before the detection of the sample a 60 seconds delay was added to the start of 

each sample analysis. This consisted of a 30 second rapid sample uptake followed by a 30 

second stabilisation time. The peristaltic pump was operated at the faster speed of 0.5 rps 

or an uptake of 2.0 mlmin-' [71] for this 60 seconds. After the analysis of each sample, a 

60 second wash out with 1 % nitric acid was performed. This ensured all the liquid from 

the last sample was removed before the next sample was analysed. This limits the carry- 

over effect, where that concentration of an element from one sample is measured in 

subsequent samples. The peristaltic pump was also operated at the higher speed for this 

wash out time. 

3.5.4.2 Elements Quantified 

The 59 elements selected for ICP-MS analyses are listed in Table 3.4,3.5 and 3.6 below. 

The data is divided into 3 sets of elements, first are the non-rare earth elements contained 

in the calibration standards, second are the rare earth elements contained in the REE 

calibration standard and third are the elements that were in neither standard. The isotope 

selected for analysis is printed next to each element. 



Table 3.4 presents the elements in the 29-element calibration standard and the three non- 

rare earth elements in the REE calibration standard. These three elements are identified 

by the Table footnote. All the elements in this group are counted for 0.1 second per point, 

0.6 seconds per isotope 

Table 3.4: Non-rare earth elements in calibration standards. 

Element Isotope m/z 

Li 7 

Be 9 

Na 23 

Mg 24 

A1 27 

K 39 

Ca 43 

sca 45 

v 5 1 

Cr 53 

Mn 5 5 

a = Elements contained in the 

Element Isotope m/z 

Fe 5 7 

Co 5 9 

Ni 60 

Cu 63 

Zn 66 

Ga 69 

As 7 5 

Se 8 2 

Rb 85 

Sr 8 8 

Ya 8 9 

EE standard 

Element Isotope m/z 

Ag 107 

Cd 111 

In 115 

Cs 133 

Ba  137 

TI 205 

Pb 208 

Bi 209 

Tha 232 

U 23 8 

Table 3.5 presents the 14 rare earth elements contained in the REE calibration standard. 

Each isotope mass is measured at six points with each point being counted for 1 second. 

Table 3.5: The 14 REE for analysis 

Element Isotope m/z 

Er 166 

Tm 169 

Yb 172 

Lu 175 

Element Isotope m/z 

La 139 

Ce 140 

Pr 141 

Nd 146 

Sm 147 

Element Isotope m/z 

Eu 153 

Gd 157 

Tb 159 

DY 163 

Ho 165 



Table 3.6 presents the 13 elements that were not contained in either standard. The 

elements contained in this table were counted for 0.1 second for six points per mass. The 

analysis of these additional 13 elements is only possible in Semiquant mode and provides 

additional information that may prove vital in the determination of the soil-plant 

elemental relationship for cannabis. 

Table 3.6: Additional elements not in the calibration standards 

Element Isotope m/z 

H f 178 

Ta 18 1 

W 182 

Element Isotope m/z 

Ti 47 

Ge 72 

Br 7 9 

Zr 90 

Mo 95 

The total data acquisition time for the analysis of 45 isotopes for 0.1 second per point and 

14 isotopes for 1 second per point took 128 seconds. In addition to this, each sample had 

a 60 second pre-analysis stabilising time and a 60 second post-analysis nitric acid wash 

out. Therefore the total analysis time per sample is 248 seconds or 4 minutes and 8 

seconds. 

Element Isotope m/z 

Rh 103 

Pd 105 

Sn 118 

Sb 12 1 

I 127 

The point with the highest number of counts &om the six points measured at each m/z is 

used for reporting the response for each isotope[78]. The largest point rather than just the 

middle point is used to allow for slight variations in instrumental alignment. This offset 

would not be a problem for quantitative analysis, as the element in both the calibration 

standard and in the sample would be measured at the same place. It is, however, 

important for semiquantitative analysis, where the maximum point of the peak is 

necessary for determining the response curve and calibrating elements that are not in the 

standard. 



The counts for the largest of the 6 points for each isotope are reported as 'counts per 

second'. For the REE isotopes measured for 1 second per point, the counts reported is 

simply the number of ions recorded at the detector. For the isotopes measured for 0.1 

second per point the ion count is multiplied by 10, to give counts per second. 

3.5.4.3 Elements Excluded 

As explained earlier the Semiquant process can determine 71 elements. Therefore 12 

elements were excluded fiom the investigation. These elements were B, Si, Nb, Tc, Ru, 

Te, Re, Os, Ir, Pt, Au, Hg. Boron and silicon were excluded due to their high background 

levels. This was a result of their high concentrations in the glassware used for sample 

preparation and also in the spray chamber in the ICP-MS. The other 10 elements were 

only detected at very low concentrations in the plant samples analysed in the method 

development stage. In addition to these plant levels being low, the values reported for the 

background and blank samples were of similar magnitude. Analysis of these elements is 

considered pointless for the determination of the soil and plant elemental profiles of 

cannabis. 

3.5.4.4 Tuning 

Before each set of samples was analysed, the ICP-MS was tuned to achieve the maximum 

sensitivity and minimum interferences. The tune was performed with a solution 

containing 10 ppb of Li, Y, Ce and T1. Lithium at m/z 7 was analysed to determine the 

response for the light elements, yttrium at m/z 89 as the middle mass element and 

thallium m/z 205 as the heavy mass element. Cerium was analysed to determine the level 

of oxides and double charged elements generated. Oxide formation was monitored by 

comparing the counts produced for ~ e +  at m/z 140 with the counts for C ~ O '  at m/z 156 

(i.e. " O C ~  + 160). Doubly charged ions were monitored by comparing Cet with ce2+ at 

rn/z 70 (i.e. mass 140 divided by charge 2+). 

Adjustments were made to the sample introduction, ionisation, and extraction parameters 

to reduce the double charged ions and the formation of oxide and polyatomic ions, while 



at the same time trying to increase the sensitivity. The aim of tuning for each parameter is 

detailed in Table 3.7. 

Table 3.7: Tune parameter aims 

3.5.4.5 ICP-MS Analysis Order 

Feature 

Li Counts 

Y Counts 

Th Counts 

RSD 

Doubly charged ions 

Oxides 

Background counts 

Width at 10 % 

The order that samples were analysed was important to ensure the results were reliable 

Desirable Level 

8 000 cps 

12 000 cps 

12 000 cps 

< 5 %  

< 5  % 

< 0.5 % 

> 10 counts 

0.65-0.8 AMU 

and the element concentrations of one sample were not measured in a subsequent sample. 

The order for ICP-MS analysis is contained in Table 3.8. The same sample sequence was 

used for the ICP-MS analysis of the acetic acid soil extracts. 



Table 3.8: ICP-MS analysis order 

- 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

u 
16 
- 

Sample Name 

5% HN03 Blank. 

5% HN03 Blank. 

Milli-Q Blank 

Cal Std #1 

Cal Std #2 

Cal Std #3 

5% HN03 Blank 

5% HN03 Blank 

Plant Sample # 1 

u 
Plant Sample # 8 

- 
No. 

17 

18 

19 

20 

u 
27 

X-3 

X-2 

X- 1 

X - 

Sample Name 

5% HN03 Blank 

Cal Std #1 

5% HN03 Blank 

Plant Sample # 9 

U 
Plant Sample # 16 

5% HN03 Blank 

Cal Std #1 

Cal Std #2 

Cal Std #3 

The first sample analysed was a 5% nitric acid blank used to clean and condition the ICP- 

MS line in preparation for the samples that followed. The second blank was used to 

establish the background response of the instrument. The other material blank, Milli-Q 

water followed these two nitric acid blanks. 

The three calibration standards were analysed next. Two blanks were run after the 

calibration standards to help limit element carryover into the plant samples. Plant samples 

were analysed in groups of eight to ten. Calibration standard one was run inbetween each 

group as a check standard to monitor the performance and consistency of the ICP-MS. A 

blank was run on either side of this check standard to help limit carryover. 

3.5.5 Element Calibrati on 

The determination of the concentration of elements in each sample was performed 'on- 

line' using the ChemStation software that accompanies the HP 4500. Calibration in ICP- 

MS is always a comparative process. A sample with known concentration, the calibration 

standard, is analysed first to determine the instrument's response. Once the response for 



each element is determined the concentration of the elements in the unknown samples 

can be determined. 

Calibration in the Semiquant mode enables the quantification of elements beyond those 
I contained in the calibration standards. For this investigation there were 13 additional 
I elements not contained in the calibration standards. These 13 elements were calibrated 

with the predetermined instrument response curve, which compares the measured 

response of one element with the expected response of the unknown element. The 

unknown element was compared to the closest element contained in the standards. This 

ratio was then used to calibrate each element not contained in the calibration standard, 

enabling the concentration of any element to be determined. This was particularly useful 

due to the large number of elements of interest in the cannabis and soil samples and the 

limited number of elements available in the calibration standards. 

Calibration of 71 elements can be performed from as few as three or four known 

elements [78]. However, the larger the number of elements contained in the calibration 

standard, the better the calibration for the unknown elements. In this investigation, all 

elements were calibrated using a solution that contained 46 elements. The calibration 

solution contained the 29-element standard at 100 ppb and the 17 elements in the rare 

earth element standard at 1 ppb. A standard of lower concentration with the 29-element 

standard at 20 ppb and the rare earth standard at 0.5 ppb, as well as a higher 

concentration standard with the 29 element standard at 500 ppb were also analysed to 

compare the linearity of the calibration process. 

To improve the calibration of the elements internal standard correction, background 

subtraction and an interference equation were added to the calibration procedure. The 

processes involved in each of these procedures are discussed. 

3.5.5.1 Internal Standard Correction 

One internal standard element was analysed with every sample. Rhodium (Rh) was 

selected as the internal standard element as the initial Rh concentration in the plant 



samples was low or undetectable, and the addition of this element would not lead to any 

new interference problems. A 1 ppm Rh addition was performed 'on-line' using a second 

sample transfer tube through the same peristaltic pump used for the sample uptake. The 

Rh solution and sample combined at a 'Y' connection after the peristaltic pump and 

entered the nebuliser together. The tube used for the internal standard was much narrower 

than the sample tube so the flow was much less. The difference in tube diameter resulted 

in a 20-fold flow decrease and therefore the concentration of Rh at the point of mixing 

was decreased 20 times, to 50 ppb. The exact concentration of the internal standard was 

unimportant because the concentration delivered with each sample was identical. 

3.5.5.2 Background Subtraction 

Background subtraction can be performed to eliminate the influence of the nitric acid 

matrix on the samples of interest. The subtraction of the matrix element counts fiom the 

sample counts is necessary when samples fiom two different analysis occasions are 

compared. This is because the counts measured for a sample will be the combination of 

those present in the sample and those that are added by the matrix. In order to measure 

only the element counts that come from the sample it is necessary to remove the 

contribution of the sample matrix. This subtraction step removes the matrix counts that 

contribute to the total sample count, ensuring that only counts from the elements present 

in the sample lead to the concentration value. Background subtraction is not necessary 

when samples within an analysis run are compared because they all have the same matrix 

and therefore the same background contribution. 

For the comparisons where background correction is necessary the background response 

was set with the analysis of a 5% nitric acid blank analysed near the beginning of the 

sequence. These raw counts were established as the zero point for the investigation and 

were subtracted fiom all subsequent samples. The counts recorded for the internal 

standard element in this blank were excluded from background subtraction, as these 

counts are required to perform internal standard correction. 



The 5% nitric acid blank was selected as the background sample as this is the matrix of 

the calibration standards and the unknown samples. Background subtraction also enables 

the polyatomic interferences that arise fiom the 5% nitric acid solution and the 

combination of this solution with the plasma and entrained air to be eliminated. The level 

of these interfering substances is likely to vary fkom one analysis run to another. It is 

important to subtract the concentration of the acid component prior to performing the 

calibration step to ensure the counts used for calibration are only those fiom the elements 

contained in the standard and not the combination of the standard with the matrix. 

3.5.5.3 Interference Corrections 

Monatomic spectral interferences were generally avoided as almost all elements had an 

isotope free from overlap. In 11 5 suffers from a monatomic overlap caused by Sn 1 15. 

This interference was easily corrected with a simple mathematical equation, displayed in 

Table 3.9. Se 82 also suffers fiom a monatomic overlap with Kr 82. The correction of this 

interference is not possible in the semiquant mode, as Kr was not determined. The 

interference effect would be expected to be small, as Kr (a noble gas) is not likely to be 

present in the plant or soil samples. The largest source of Kr is likely to be introduced as 

an impurity from the Ar gas supply. This is also expected to be very low due to the 

quality of the gas source. 

Table 3.9: Interference correction equations. 

Element I Isotope Correction Equation 

Polyatomic ion overlap is more difficult to predict and therefore more difficult to control 

with mathematical equations. It is much easier to reduce the impact of polyatomic 

interferences by instrument tuning and careful selection of the matrix elements added. 



3.6 Total Elemental Analysis Method 

To compare the accuracy of the partial digestion process that is detailed above a number 

of samples were redigested using a total digestion method and analysed on a different 

ICP-MS. This process was performed at the Institute of Environmental Science & 

Research Limited (ESR) Environmental Laboratory in Lower Hutt. 

3.6.1 Digestion Method 

The addition of hydrofluoric acid to the digestion process enabled the digestion of the 

siliceous material contained in the plant samples that was not possible with just nitric 

acid. The white crystalline material observed at the end of the nitric acid digestion 

detailed in section 3.5 is likely to be the undigested siliceous material. 

For the total digestion procedure 0.5 g of dried plant material was weighed into a 50 mL 

polypropylene autosampler tube. 1 mL of Milli-Q ultra pure water, 5 rnL of sub-boiling 

distilled AnalaR grade nitric acid and 0.1 mL of AnalaR grade hydrofluoric acid were 

added. All samples were tightly capped and placed in a water bath at 100 OC for 1 hour. 

The samples were allowed to cool to room temperature before being diluted to 40 mL in 

the autosampler tube, mixed, and left to settle overnight. 

The digestion process was applied to the three plant samples that were used for the 

method development stage: homogenised grape leaves, the cannabis sample and the SRM 

1575 Pine Needles. 

3.6.2 ICP-MS Analysis 

The digested samples were analysed on a Perkin Elmer Elan 5000 ICP-MS at ESR. The 

analysis mode was TotalQuant. This is a semi-quantitative analysis where the 

concentration of elements in the sample is determined by the analysis of one calibration 

sample, which contains some, but not all, of the elements to be determined. Calibration of 

the elements not in the calibration standard is performed with a response curve developed 

prior to analysis, based on interpolation fiom the standard. The Perkin Elmer TotalQuant 



method performs some built in corrections for interferences that due to commercial 

sensitivity were not available for my inspection. 



Chapter 4. Methods for Soil Analysis 

4.1 Introduction 

The analysis of the soil samples can be divided into two parts. The first is the 

investigation of the soil features that modify the availability of elements to plants. As 

discussed earlier factors such as soil pH, organic content, and the cation exchange 

capacity all modifj the availability of soil elements. Standard or widely accepted 

methods have been used for these investigations. The second part of the soil investigation 

is to determine the elemental composition of each soil. Soil elements are partitioned into 

a range of plant available and non-available phases and a variety of different chemical 

treatments have been applied to soil samples in order to determine both the total and the 

plant available profiles. One method for determining the plant available fraction and two 

methods of determining the total element profile were selected for this project. The 

reasons for selecting these methods and the procedures involved will also be presented. 

4.2 Soil Sample Preparation 

Prior to the analysis of the soil samples, a degree of sample preparation was required. 

After being air-dried each pot of soil was spread out on a plastic sheet and the cannabis 

roots that remained fiom harvested plants were removed. The amount of soil contained in 

each pot was too large for analysis and was reduced in size by the cone and quartering 

method. The prepared soil samples were stored in individual zip-top polyethylene bags in 

a cupboard. 

Prior to the investigation of soil properties the air-dried soil samples were ground in a 

ceramic mortar and pestle to pass a 2mm Endecotts brass sieve. The fraction of material 

that did not pass through the sieve after repeated grinding was discarded. This was a 

relatively small proportion of the starting material and consisted mainly of small stones 

and hard clays fiom the Northland and Blockhouse Bay soils and large fibrous organic 



pieces from the potting mix and seed raising mix. Soils at this stage of preparation were 

used for the soil property analysis and the total element analysis. 

The element extraction procedure required the soil to be W h e r  processed. Each soil 

sample was sieved through a plastic sieve to eliminate small stones and other material 
I 

greater than 2 rnm in diameter. The back of an acid cleaned plastic spoon was rubbed 

against the larger lumps of soil to break them up and allow them to pass through the 

sieve. The material that did not pass through the sieve after repeated rubbings was 

discarded. The discarded material fi-om the Northland and Blockhouse Bay soils 

consisted of a few small stones and hard clays approximately 5 mm in diameter. The 

discarded material for the potting mix and seed raising mix consisted of small bark 

fragments (up to 1.5 cm long), a few small stones, and fragments of white chalk-like 

material. 

4.3 Analysis of Soil Properties 

Four soil properties were examined for the three soils from the pots and the seed raising 

mix. The properties investigated were soil pH, moisture content, organic content, and 

cation exchange capacity. 

I 4.3.1 Soil pH 

The procedure followed for the analysis of the soil pH was ASTM method D4972-95a 

[85]. A BDH Gelplas general-purpose combination probe pH meter was used for all 

measurements. The pH meter was first calibrated using a pH 4.0 0.05M potassium 

hydrogen phthalate (C8H5Ko4) standard fiom Baker AnalyzedB and a pH 7.0 Colourkey 

Buffer solution fiom BDH. 

A fi-esh solution of potassium hydrogen phthalate was used to check the commercial 

standards. The 0.05M solution was prepared from a powdered sample of analytical grade 

potassium hydrogen phthalate (C8HsK04) using a published method [85]. This solution 

also gave a pH reading of 4.0. 



Soil pH was examined in both a water solution and a 0.01M calcium chloride solution. 

The calcium addition causes the displacement of exchangeable aluminium 1851 in the 

soil. This counters the dilution effect on the exchange equilibrium and helps to give the 

test solution the same salt concentration as that expected in the soil solution [85]. Both 

the water and calcium chloride measurements "are required to fully define the character 

of the soil's pH" [85]. 

Each soil type was separated into four 10 g samples and placed into small glass beakers. 

This provided duplicates of each soil type for both the water and CaC12 pH analyses. 10 

mL of either Milli-Q ultra pure water or the 0.01 M CaClz solution were added to the soil 

samples and then it was mixed thoroughly and lefi to stand for one hour. The temperature 

of the soil solutions was also recorded. The pH of each suspension was recorded once the 

digital display had stabilised. Stability was usually achieved within one minute. 

4.3.2 Moisture Content 

The moisture content of each soil sample was examined as a method to calibrate the 

moisture meter. This provided a method for determining the amount of water required to 

produce a 'moist' reading for the different soil types. The moisture meter is a small 

conductivity meter with a scale indicating 'dry', 'moist' and 'wet' over a numerical range 

from one to ten. The 'moist' range was from values three to eight. The method employed 

was ASTM method D 2974 - 87 Moisture content Method A for testing soil moisture 

1861. Two samples of each soil type were prepared with different moisture contents and 

the response of the moisture meter was recorded. 

One of the soil duplicates was moistened to produce a low moisture reading of 

approximately four and the other was moistened to produce a high moisture reading of 

approximately seven. Each soil sample was placed in a clean porcelain crucible that had 

been dried to a constant weight in an oven set to 105OC. The soil samples and crucibles 

were weighed then returned to the oven and dried uncovered for sixteen hours. A 

temperature of 105OC is used to evaporate the soil moisture without causing sample 



decomposition to occur. A constant weight was achieved by repeating the process of 

drying for more than one hour, cooling in a desiccator and then weighing, until no further 

weight loss occurred. Three additional periods of heating and cooling were required to 

remove all the moisture and produce a constant weight. The moisture content of each 

~ sample was determined as the difference in mass between the moist soil and the oven- 

dried soil. 

4.3.3 Organic Content 

The procedure for the analysis of the organic content was in the same ASTM method as 

the soil moisture analysis, D 2974 - 87 [86] titled Ash Content Method C. The organic 

content of each soil type was determined by calculating the difference between the mass 

of a soil sample oven drylng at 105 OC and the mass that remained after ignition at 440 OC 

in a muffle furnace. 

Oven-dried soil samples were weighed into porcelain crucibles that had been dried to a 

constant weight and then placed in a McGregor Muffle Furnace. The temperature of the 

furnace was increased to 440 OC over thirty minutes and was held at this temperature until 

"no change of mass occurs after a further period of heating" [86]. Four individual heating 

periods of four, two and a half, four and two hours were used to produce a constant 

weight. After each heating stage the soil samples were cooled in a desiccator to prevent 

absorption of moisture from the air. 

4.3.4 Cation Exchange Capacity 

The procedure used for the determination of each soil's cation exchange capacity was the 

commonly referenced method published by Rhoades [87]. Each of the four soil types was 

examined in duplicate. Two grams of air-dried soil were weighed into cleaned 50 mE 

Falcon@ polypropylene centrifuge tubes. Air dried soil samples were used as the heat 

produced in oven drying the samples may cause changes to occur in the cation exchange 

capacity of the soil that are not reversed when the soil is re-hydrated [87]. To enable the 

results to be reported as 'dry weight' values, the moisture contained in the air-dried soil 



samples was separately determined and incorporated as a correction factor into the final 

calculation. The moisture lost fi-om the air-dried samples was determined by the soil 

moisture method described in section 4.3.2. 

The first step in the cation exchange capacity method was to replace all the exchangeable 

cations in the soil sample with barium ions. 20 rnL of 0.1 M barium chloride saturating 

solution was added and the tubes were mixed end over end for two hours on a spinning 

wheel mixer. The samples were then centrifuged at 3500 rpm for five minutes and the 

supernatant solution was removed. A small dropper was used to remove the liquid, as 

each sample had a small amount of floating material that would have been lost if the 

liquid was decanted. To ensure total barium ion replacement three repetitions of the 

following barium solution addition was performed. 20 rnL of 0.002 M barium chloride 

solution was added to the samples. An ultrasonic bath was used to help break up the soil 

lump produced by centrifuging. The ultrasonic source was not as strong as the apparatus 

suggested in the published method so the time was increased 20-fold to 10 minutes. The 

re-suspended samples were mixed for one hour, centrifbged as before and the supernatant 

liquid was removed again. The centrifuge tubes were weighed after the last BaC12 

removal to determine the mass of the tube plus the soil and entrained 0.002 M BaC12. 

A solution of magnesium sulphate was then added to replace the exchangeable barium 

ions retained by the soil. The addition of sulphate ions helps to drive the replacement of 

barium with magnesium because Bas04 is insoluble and precipitates out of solution, 

leaving the cation exchange sites on the soil available to the magnesik  ions. 

Ten millilitres of 0.005 M MgS04 was added first and the centrifuge tubes were mixed 

gently for one hour. To monitor the uptake of magnesium by the soil the conductance of 

the solution was measured. This provides a measure of the number of charge carrying 

species in solution and therefore gives an indication of the magnesium concentration 

remaining in solution. The conductance of each solution was adjusted to that of a 0.001 5 

M MgS04 solution with fbrther additions of 0.01 M MgS04. These samples were then 

mixed for 12 hours to ensure complete ion exchange. The conductance was measured 



again and further additions of 0.01 M MgS04 were made to bring the conductance up to 

that of a 0.001 5 M MgS04 solution. Each tube was weighed to determine the amount of 

MgS04 added. Finally the samples were centrifuged and the supernatant was retained for 

analysis. 

Analysis of the magnesium concentration was performed using flame atomic absorption 

spectroscopy (AM) with a Varian AA 1275 Atomic Absorption Spectrophotometer. The 

analytical parameters for determination of magnesium in each sample are listed in Table 

4.1. 

Table 4.1 : Parameters for Flame AAS analysis of Magnesium 

If the magnesium concentration of each supernatant was approximately equal to a 0.001 5 

M solution, or 34.5 pgfmL, then this concentrated will be too high for analysis in the 

working range. Therefore a 200-fold dilution was performed to ensure the samples were 

in the correct concentration range for analysis. The dilution produces concentrations of 

approximately 0.18 pg/mL. To help prevent the precipitation of ions in solution all 

samples were diluted with 1 % nitric acid. 

Parameter 
Lamp current 
Wavelength 
Slit width 
Observation height 
Air flow rate 
Acetylene flow rate 
Working Range 

Despite magnesium being the most sensitive element to determine with atomic absorption 

spectrometry using an air-acetylene flame [88], the analysis can suffer from interferences 

in complex matrices. Interferences from aluminium, silicon, titanium, zirconium and 

phosphorous have been reported 1891. The most severe interference comes fiom 

aluminium which causes a reduction in the population of ground state Mg atoms due to 

the formation of the mixed metal oxide MgA1204, known as a spinel [90]. The spinel has 

Value 
5 rnA 
285.2 nm 
0.7 nm 
1.0 cm 
21 Llmin 
4 Llmin 
0.1 - 0.4 pg/mL 



a much higher melting point (approximately 2 130 O C )  which is a little above or near to 

the temperature of the flame [91]. This stability causes the Mg ion to be trapped in a 

crystalline state and therefore it cannot absorb in the flame. 

To overcome this possible interference strontium can be added to each sample to act as a 

releasing element. The releasing agent preferentially binds with the interfering element 

forming a less soluble compound and therefore reducing the formation of the magnesium 

spinel [91]. 1500 ppm of strontium was added to all the samples, the blanks and to the 

calibration standards as this concentration has been shown to eliminate all interferences 

from aluminium [92]. 

The proportion of magnesium ions absorbing in the flame is also dependent on the ratio 

of ground state atoms to ions. Only the ground state ions will be measured as only they 

can absorb the characteristic wavelength. Normally, the number of excited magnesium 

atoms will be a small fraction of the total number of elements in the flame and therefore 

has no affect on absorption [93]. However, for low Mg concentrations the proportion of 

ionised atoms can be quite high and can lead to a reduction in the apparent Mg 

concentration [94]. This can be eliminated by the addition of an easily ionised element as 

an ionisation buffer. To achieve this effect 1500 ppm of caesium was added to all the 

samples, the blanks, and to the calibration standards. The CEC of each soil can then be 

calculated by determining the concentration of magnesium in the solution and therefore 

the amount of magnesium absorbed by exchangeable sites on the soil sample. 

4.4 Extractable Elem ent Analysis 

The total element concentrations of a soil sample are generally poorly correlated with the 

element profile for a plant grown on that soil [50]. This is because only a proportion of 

each element in the soil is in a plant available form. "Generally, the water-soluble and 

exchangeable forms of metals are considered to be the most available to plants" [95]. A 

variety of methods have been investigated for extracting this fraction of the soil [95-981. 

One method for determining the soil elements in the plant available fraction is an acetic 



acid extraction procedure. The extraction solution can then be analysed by ICP-MS to 

determine the plant available elements in each soil profile. This technique has been 

shown to produce positive correlations between plant elements and acetic acid extracted 

soil elements [95]. 

4.4.1 Extraction Proced u re  

The acetic acid extraction technique employed in this investigation is based on the 

protocol proposed by the Commission of the European Communities Bureau of 

Reference (BCR). Their method involves a three-stage sequential extraction where the 

acetic acid procedure is the first step. The method presented is step one of the BCR 

procedure as published by Li et a1 [95]. 

Extraction phase B 1 : water soluble, exchangeable and carbonate bound soil elements was 

performed. The air-dried soil samples were prepared as described in section 4.2. 0.5 g of 

each homogenised soil sample was weighed into a 50 mL polypropylene centrifuge tube 

and 20 mL of 0.1 M acetic acid was added. The sample tube was capped and shaken for 

16 hours on an end-over-end mixer at room temperature. The tube was then centrifuged 

at 3500 rpm for 10 minutes to separate the liquid from the soil and the supernatant 

decanted into a clean 15 mL autosampler tube for analysis on the ICP-MS. To prevent 

element adsorption to the insides of the sample containers the analysis solution was 

acidified with 0.15 mL of Aristar nitric acid. This produced a sample matrix that was 0.1 

M acetic acid and approximately 1 % nitric acid. 

4.4.2 ICP-MS Analysis 

The ICP-MS parameters for sample analysis and calibration were those used for the 

determination of the concentration of the elements in the plant digests. This information 

is detailed in the preceding chapter, in sections 3.5.4 and 3.5.5. It is necessary to 

determine the same group of elements so the relationship between the plant elements and 

the elements recovered by this extraction phase can be determined. One important 

difference between the analysis of the plant samples and the soil samples is the sample 



matrix. To achieve the best possible results it is necessary to match the matrix of the 

calibration standards with the blanks and extracted samples. This was achieved by 

preparing the calibration samples with a 0.1 M acetic acid and 1 % nitric acid solution. 

This same matrix was used as the solution for the 60 second post sample ICP-MS line 

wash. 

4.5 Total Elemental Analysis 

The total elemental composition of the four soils used in this study was determined by 

two different methods. X-Ray fluorescence spectroscopy (XRF) analysis was performed 

on a compressed sample disk and ICP-MS analysis of a microwave digested soil sample 

were used to determine the total element composition of each sample. 

4.5.1 X-Ray Fluorescen ce  Analysis 

XRF analysis offers the opportunity to determine the elemental composition of the soil 

samples without the need for a digestion step. The Multi-element capabilities of this 

technique are restricted to elements heavier than nitrogen [99] and the detection limit of 

approximately 1 ppm excludes many of the trace elements. This technique is essentially 

non-destructive, however some form of sample preparation is required [99]. 

4.5.1 .I Sample Preparation 

Sample preparation was performed on the air-dried soil samples. The four soil samples 

were ground for 10 minutes to approximately 5 pm in a Retsch mechanical agate mortar 

and pestle. Approximately 10 g of this material was transferred to another agate mortar 

and pestle and mixed with boric acid binder. Two millilitres of binder was used for the 

seed raising mix and the potting mix samples and 1 mL for the less absorbing Northland 

and Blockhouse Bay soils. Each sample was pressed at 3500 kPa for 1 to 2 minutes to 

create a sample disk 40 rnm in diameter. The disks were place analytical side up on a 

paper towel and oven dried at 60 OC overnight. 



4.5.1.2 XRF Analysis 

The X-ray fluorescence analysis was performed on a Seimens SRS 3000 instrument at the 

University of Auckland Geology Department. The spectrum for each sample was 

obtained by subjecting it to an incident beam of x-rays and recording the resulting 

fluorescence emission of x-radiation [I 001. The incoming x-ray causes an electron to be 

ejected from an atom, ionising the atom and creating a 'hole'. This vacancy is filled by 

the transition of an electron fkom an outer shell. Each electron transition is a loss of 

potential energy due to the difference between the binding energies of the two shells. The 

energy released is a result of the electron arrangement of the atom and therefore is 

characteristic for each element. The analysis of the soil samples was performed in semi- 

quantitative mode, which involves determining the concentration of the elements in the 

sample based on the concentration of a few elements in one calibration standard. 

4.5.2 ICP-MS Total Elem en  t Analysis 

To determine the total element composition of a soil sample by ICP-MS a rigorous 

digestion procedure needs to be applied. The facilities for such a digestion were not 

readily available at the University of Auckland so the four soil samples were sent to the 

ESR Environmental Laboratory in Wellington for digestion and analysis. The total 

element composition of each soil is necessary to determine the maximum level of 

elements in each sample. Combining this information with the element concentrations 

determined by the partial extraction method will enable the proportion of each element 

extracted by the plant available method to be determined. 

4.5.2.1 Digestion Procedure 

The digestion process selected was a microwave-assisted digestion with nitric, 

hydrofluoric and hydrochloric acids. The use of hydrofluoric acid is necessary to digest 

the siliceous material in the soil sample, which is not possible with just nitric acid. A 

Milestone MLS 1200 MEGA microwave digestion system was used to digest 0.1 g of soil 

with 2 mL of nitric acid, 1 rnL of hydrofluoric acid and 1 rnL of hydrochloric acid. The 

digestion was performed in a Teflon lined sealed digestion vessel. The microwave 



digestion heating program details are contained in Table 4.2. After digestion the samples 

were cooled and made up to 10 mL. 

Table 4.2: Microwave digestion program for soil samples. 

Microwave energy produces rapid heating of the aqueous phase through dipole rotation 

of polar molecules and ionic conductance of ions [70]. The microwaves are also absorbed 

by the sample material, causing internal heating that ruptures the surficial layers of the 

solid 1701 producing rapid rates of dissolution. In addition, the closed vessel leads to 

further digestion benefits. The increase in pressure results in an increase in the boiling 

point of the acids which substantially increases the oxidising potential and decreases 

reaction times [70]. 

Power 

250 Watts 

400 Watts 

500 Watts 

4.5.2.2 ICP-MS Analysis 

Analysis of the samples was performed with a Perkin Elmer Elan 5000 ICP-MS in the 

"Total-Quant" mode. The procedure involved has been outlined for the TotalQuant 

determination of the plant samples, detailed in section 3.6.2 of the preceding chapter 

Time 

5 minutes 

5 minutes 

10 minutes 



Chapter 5. Results of Plant Analysis 

5.1 Introduction 

The results from the analysis of plant samples are presented in this chapter. The original 

element concentrations are presented in Appendix 1, attached at the end of this thesis. 

The first results presented are from the method development stage. These results provide 

a rationalisation for the modifications made to the digestion and analysis phases. The 

second group of results (section 5.3) is from the ICP-MS analysis of the cannabis 

material produced in this investigation. Section 5.4 presents the results for the total 

dement analysis performed on the plant samples from the method development stage by 

ESR Wellington. This analysis provides an independent check of the accuracy achieved 

with the modified nitric acid digestion method. Finally, section 5.5 presents some 

conclusions for the plant results presented in this chapter. 

The plant results presented in section 5.3 are derived fiom the digestion and analysis 

procedures outlined in chapter three, which were performed on the plant samples 

described in chapter two. The results provide information on the performance of the ICP- 

MS analysis process by comparing blank concentrations and check standards. The 

precision and accuracy of the results are examined through the analysis of a repeated 

grape and SRM sample respectively. The plant results from the same soil type are 

examined to see if consistent plant element profiles are produced for plants from the same 

soil. Finally the element profiles of plants from different soils are compared to determine 

if differences exist between these samples that would allow the distinction of plants for 

origin determination. 

The elemental graphs presented in this chapter display the results for the analysis of the 

elements listed in section 3.5.4.2. The concentration of Rh is not presented because this 

element was used as the internal standard. The internal standard correction process 

adjusted the Rh concentration in every sample to be identical and therefore the Rh 



concentration is irrelevant. The correction applied to Rh was then performed on every 

other element in that sample to correct for instrument variability. 

5.2 Method Develop ment Results 

Selected method development results are presented that significantly contributed to the 

final nitric acid digestion and ICP-MS analysis procedures. Modifications to the 

digestion process were possible due to the results produced by the comparison of 2 g 

plant samples with 0.5 g plant samples. Analysis of the space charge effect in the ICP- 

MS instrument contributed to the final analysis process. After these results are presented 

the precision and accuracy achieved during method development process are discussed 

5.2.1 Comparison of P lant  Sample Sizes 

The published digestion process [83] used as the basis for the nitric acid method, 

suggested that 2 g plant samples should be used. This, however, led to an unstable 

digestion process with visible undigested material at the end. The digestion of 0.5 g 

samples was examined as a modification to the process. Figure 5.1 and 5.2 present a 

comparison between the results produced for 2 g and 0.5 g grape and cannabis samples 

respectively. The results are presented as pg concentration of each element per g of 

plant material, which allows direct comparison between the two sample sizes. (Note, the 

elements presented in the graphs displayed in landscape orientation are; Li, Be, Na, Mg, 

Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Mo, 

Pd, Ag, Cd, In, Sn, Sb, I, Cs, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 

Lu, Hf, Ta, W, T1, Pb, Bi, Th, and U) 
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Both the grape and cannabis graphs show good agreement between the two sample sizes. 

For most elements similar concentrations were produced by the different amounts of 

plant material. This indicates that the level of sample homogeneity was sufficient to 

ensure the smaller amount of material contained the same proportion of elements. It also 

suggests that for most elements contamination is not a significant influence. As explained 

~ earlier (section 3.5.1.2) the 0.5 g sample digestion was less vigorous and therefore safer 

and easier to deal with. 

There were a few elements that showed different concentrations for the two sample sizes. 

The elements Zn and Cs for the grape graph and the elements Bi and Th for the cannabis 

graph were at higher concentrations in the 0.5 g sample than in the 2 g sample. This may 

be caused by the introduction of contamination during the digestion of the cannabis and 

the grape samples. Contamination introduced to the 0.5 g sample will have a larger 

impact than contamination introduced to the 2 g sample when presented in the graphs 

above because the data is plotted as per gram results. Higher concentrations in the 2 g 

samples than for the 05 g sample were observed for the elements Cr, Br and U in the 

Cannabis sample. This variation may reflect a lack of homogenisation of the cannabis 

sample for these elements, resulting in the 0.5 g sample being small enough to introduce 

some between sample variation. 

5.2.2 Effect of Space Charge in ICP-MS Analysis 

The space-charge effect is an instrumental artefact in ICP-MS, which can lead to a 

decrease in the observed ion intensity at high total ion concentration and therefore a drop 

in reported concentration. The effect occurs as a result of coulombic repulsion in the 

extraction and focusing stage of the instrument. As explained in section 3.2.2.2, the 

presence of a space-charge effect can be identified by comparison of a 10-fold diluted 

sample with an undiluted sample. Figure 5.3 presents a comparison between a 10-fold 

diluted and an undiluted Cannabis sample. The elements analysed are the 46 elements 

contained in the calibration standard. The concentration measured in the diluted sample 

was increased ten-fold to make sample comparison easier. 



Figure 5.3: Comparison of diluted and undiluted cannabis samples 

For the majority of elements compared in Figure 5.3, both the diluted and undiluted 

samples gave almost identical results. A number of elements are not represented on the 

graph. This is because the nitric acid background was subtracted prior to comparison in 

order to eliminate the contribution from sample matrix. Without this subtraction, 

multiplying the diluted sample by ten would increase the element concentrations from the 

cannabis plant material and also the contribution from the matrix. The absence of certain 

elements should not impact on the analysis because the space charge effect applies to all 

analysed ions (especially the lighter ones) and therefore would have been detected if 

present. Since there is no obvious difference between the diluted and undiluted samples 

the space-charge effect is not significant for the conditions of this investigation. 

Consequently there is no need to dilute the plant digests prior to ICP-MS analysis. 

5.2.3 Method Developm e nt Precision 

The quality of the results produced by the digestion process and analysis method can be 

determined by examining the precision of repeated samples. This was an important 

analysis for verifying the effectiveness of the process at the method development stage. 

The precision within one digestion and analysis run provided an estimate of repeatability 



of the digestion and analysis. Figure 5.4 presents a comparison of three 0.5 g subsarnples 

taken from the same cannabis material. 





The precision within one run is very good. Most element concentrations in the three 

cannabis samples are very similar. This level of precision indicates that irregular 

contamination is not being introduced during the digestion process and that the results 

produced by the ICP-MS are consistent from sample to sample. The results also suggest 

that the level of sample preparation was sufficient to homogenise this material. As 

outlined in section 3.4, plant sample homogenisation consisted of manually crushing and 

flaking the sample inside a plastic bag. The high level of precision presented can be 

examined by comparing the standard deviation and the relative standard deviation for 

each element in Figure 5.4. Table 5.1 presents this information. 

Table 5.1: Standard deviation and relative standard deviation for three repeated cannabis 

samples 

Element Std Dev RSD 

Pd.  % 

Li 0.012 16.1 

Element Std Dev RSD 

P& % 

Br 2.074 14.4 

Rb 0.419 1.7 

Sr 0.868 0. 5 

Y 0.006 7.3 

Zr 0.208 28.1 

Mo 0.118 8.4 

Pd 0.003 7.8 

Ag 0.052 10.6 

Cd 0.013 7.6 

In 0.000 5.6 

Sn 0.009 4.7 

Sb 0.004 49.6 

I 0.098 25.9 

Cs 0.001 3.7 

Ba 1.877 2.9 

La 0.030 6.8 

Ce 0.037 10.4 

Element Std Dev RSD 

~ d g  % 

Sm 0.002 9.5 

Eu 0.000 4.7 

Gd 0.002 12.1 

I 3  0.000 11.5 

DY 0.001 12.1 

Ho 0.000 11.6 

Er 0.001 18.5 

Tm 0.000 18.0 

Yb 0.000 15.0 

Lu 0.000 10.6 

Hf 0.001 26.3 

Ta 0.000 38.2 

W 0.011 25.2 

T1 0.006 13.5 

Pb 1.209 56.4 

Bi 0.003 10.3 

Th 0.001 8.8 



The comparison of standard deviation values may be a little misleading due to the 

variation in concentration that exists between different elements. In this case the relative 

standard deviation (RSD) which expresses the standard deviation as a percent of the 

mean concentration of that element is more meaningful. For the majority of elements (77 

%) the RSD is less than 15 percent of the mean concentration. Only four elements (Co, 

Sb, Ta and Pb) have produced RSD values greater than 30%. These values support the 

good precision presented visually in Figure 5.4. The higher values for Co and Pb are 

possible the result of contamination, Sb is a difficult element to analyse by ICP-MS due 

to its high ionisation potential, and the value for Ta may reflect low count variability. 

It is also possible to compare the results produced by the analysis of the same cannabis 

material digested and analysed in different runs on different days. The same cannabis 

material was digested and analysed on four different occasions, over a period of four 

months. The results for the repeated cannabis analysis are presented in Figure 5.5. The 

concentrations have been converted to pg of analyte per g of plant material so direct 

comparisons can be made. 



Figure 5.5: Repeated Cannabis samples in different runs 



The results produced by each trial are background corrected. This is essential to ensure 

the concentrations compared are only due to the elements fiom the cannabis sample and 

not a combination of the cannabis and the potentially changing background. Generally 

the overlap between the four different runs is good. The results produced by trial one do 

not appear to fit as well with the other samples. The reason for this variation is because 

significant method development modifications occurred after the first trial, altering the 

results produced in subsequent analyses. One important modification was the change 

from using a 20-element calibration standard to a 46-element calibration standard for 

trials three, four and five. 

5.2.4 Method Developm ent Accuracy 

The selection of a nitric acid 'partial' digestion process was expected to impact on the 

accuracy of the results achieved. Any elements held by the siliceous material were not 

likely to be released by the digestion process, possibly reducing the final element 

concentrations. The analysis of the SRM sample provided an opportunity to examine the 

accuracy of the digestion and analysis process by comparing the results produced with 

the certified elemental composition of the SRM. Figure 5.6 presents the comparison 

between the SRM results and the certified and recommended values supplied by NIST. 

Results published by Koplik et a1 [ lol l  for the analysis of the SRM 1575 Pine Needle 

reference material are also presented for comparison. 





The line and diamond markers represent the mean of results achieved for duplicate 

analysis within one m. The results are background corrected to remove the contribution 

of the matrix on the concentration of the elements. For some elements the background 

concentrations were higher than the concentrations measured in the SRM sample and as a 

result these elements are not presented on the graph. Examples of this problem are Na, 

Cu, Zr, Cd, In, Sn, Hf, Ta, and Pb. The impact of these high blank concentrations was 

reduced in subsequent trials prior to the final sample analysis. 

The comparisons between the certified or recommended values and the concentrations 

measured are reasonable. Most elements appear close to the desired value. Table 5.2 

presents the percentage recovery of the element concentrations listed as certified and 

recommended for the SRM 1575 material. 

Table 5.2: Percent recovery of elements from SRM 1575 

Element % Recovery 

Certified Recommended 

115.9 

14.0 

3 1.4 



The elements that are influenced by high background concentrations have produced poor 

recoveries, such as K, Ca and Fe. Both As and Mu recoveries are much larger than 100 

%, suggesting contamination or an uncorrected interference are issues, particularly for As 

which produced a 300% recovery. The recovery of other elements appears reasonable. 

Improvements to the background and contamination problems observed at this stage of 

method development were the focus of subsequent trials. 

5.3 Cannabis Eleme ntal Analysis Results 

5.3.1 ICP-MS lnstrumen t Performance 

The performance of the ICP-MS was adjusted prior to the analysis of the cannabis 

samples by performing an instrument tune. The linearity of the calibration process was 

examined by comparing the concentrations produced for additional standard solutions 

with their expected value. During the analysis of the samples the performance of the 

instrument was monitored by the repeated measurement of a check standard. These two 

procedures are detailed below. 

The names of the plants fiom the four types of soil have been abbreviated in the tables 

and graphs presented in this section. Plants &om the potting mix are referred to as PM, 

fiom the Northland soil as NTH, fiom the Blockhouse Bay soil as BHB, and fiom the 

Yates seed raising mix as YSR. The standard abbreviation of SRM is used for the NIST 

1575 Pine Needle reference material. 



5.3.1.1 Tune Results 

The ICP-MS was tuned using the parameters listed in Table 5.3. The value that gave 

optimal operating conditions is listed with each parameter. The instrument tune was 

performed with the four-element tune solution as detailed in section 3.5.4.4. 

I 
I 

Table 5.3: ICP-MS tune parameters and results 

Instrument Parameter 

RF power 

Sample Depth 

Extract 1 

Extract 2 

Einzel 1,3 

Einzel2 

Omega (+) 

Omega (-) 

Q-Pole Focus 

Setting 

1290 W 

8.2 rnrn 

-1 v 
-25 V 

-111 v 
-58.2 V 

ov 
-23 V 

2 v  

Table 5.4 contains the results from the analysis of the tune solution with the above 

instrument settings. The ideal instrument response is contained in Table 3.7 in section 

3.5.4.4. 

Counts 

RSD % 

Background Counts 

Width at 10% 

Doubly Charged % 

Oxides % 

Table 5.4: Tune solution results 

Parameter m/z and Element Analysed 



The element counts were a little low at either end of the mass scale. Attempts to improve 

the number of counts resulted in an undesirable increase in the background counts. The 

relative standard deviation (RSD) of the counts was above the desirable 5% level for Li 

but was below for Y and for Th. The background counts were the opposite, with Th 

above the desired 10 counts per second and Li and Y below. The peak width at 10 % of 

the height, the doubly charged ions and oxides were all at acceptable levels. 

5.3.1.2 Calibration Linearity 

The calibration process for the quantitation of the plant samples was based on the 

analysis of one standard with elements at a known concentration. The standard listed as 

calibration standard #2, which contained the 29-element standard at 100 ppb and the 17 

elements in the REE standard at lppb, was used to set the response of the instrument. 

Two other calibration standards were analysed at the start of the plant ICP-MS analysis 

run. These standards provide a method for determining the linearity of the calibration 

process. Calibration standard #1 contained the 29-element standard at 20 ppb and the 17 

elements fiom the REE standard at 0.5 ppb. This standard can be used to determine the 

effectiveness of the calibration process in relation to elements at lower concentrations. 

Calibration standard #3 provided a way of determining if the calibration process was 

producing the expected results for elements at high concentrations. It contained the 

elements in the 29-element standard at 500 ppb. Figure 5.7 presents the concentrations 

measured for these two standards. Only the elements added to the standard at known 

concentrations are presented. 



Figure 5.7: Additional calibration standards 

Most elements are at their expected concentration for these two standards, indicating that 

the one standard calibration process was effective. However, some elements did not 

produce the expected concentration. The elements Na (56 ppb), K (8 1 ppb), Ca (52 ppb), 

and Fe (48 ppb) are all well above their expected concentration of 20 ppb for calibration 

standard #l.  The elements Na (3 10 ppb), K (210 ppb), and Fe (340 ppb) are all below the 

expected value for the 500 ppb standard. 

The likely cause of the incorrect calibration is a high matrix concentration at these 

elements. The concentration of the elements in the standard used to perform the 

calibration is a combination of what was added fiom the standard and what was present 

in the matrix. This total concentration will be defined as the instrument response by the 

calibration process. The other two standards also have the same matrix, however the 

proportion of the matrix compared with the concentration in these standards will be 

different. This will lead to a change in the ratio between the standards resulting in 

incorrect calibration. In the semiquant calibration process the zero remains constant and 

therefore the gradient of the concentration curve must increase if the calibrating standard 

has a high background contribution. 



As an example if the matrix concentration contributes 100 ppb to calibration standard #2 

for one element, this will double the total counts at that element. This standard is then 

used to sets the instrument response, defining the relationship between counts and 

concentration. The 500 ppb standard will also be subjected to the 100 ppb matrix, 

producing a sample with counts equivalent to 600 ppb. The increase for the higher 

concentration standard is proportionately less than the increase for the calibration 

standard. Therefore the 500 ppb sample which has a total concentration of 600 ppb will 

be calibrated as 300 ppb. The 20 ppb standard will have total counts equal 120 ppb for 

the element of interest. The increase for the lower concentration standard is 

proportionately more than calibration standard #2. This results in an increase in the 

apparent concentration to 60 ppb. The influence of this feature on element concentrations 

makes it important to perform a background correction before results fiom different 

analysis runs are compared. 

5.3.1.3 Check Standards 

Calibration Standard #1 was repeatedly analysed at regular intervals throughout the run 

to monitor the performance of the ICP-MS. This standard contained the elements fiom 

the 29-element standard at 20 ppb and the elements fiom the REE standard at 0.5 ppb. 

The check standard was analysed every eight to ten samples, giving a total of nine results. 

A 5% nitric acid blank was analysed either side of the standard to ensure that carryover 

fiom samples into the standard or h m  the standard into samples was kept to a minimum. 

Figure 5.8 presents the check standard data. The elements plotted are only those 

contained in the standards which were added at a know concentration. The concentrations 

have been converted to a ratio by dividing the results for each repeated analysis by the 

results produced for the first time the standard was analysed. 



Element 

Figure 5.8: Check standard ratio plot 

For most elements the repeated analysis gave similar results on each occasion 

However, some elements varied considerably, such as Mg, K, Ca, Sc, and Fe. The 

variation observed fbr the elements Mg, K and Ca is likely to be the result of the high 

concentration of these elements in the plant samples run prior to the standard. The hgh 

concentration resulted in a carryover problem, leading to increased concentration in the 

subsequent standard. One 5 % nitric acid blank does not appear to be sufficient to wash 

out the high concentrations of these elements. The first two check standatds are affected 

to a much lower extent than subsequent checks because the samples run before these 

standards were the blanks and the SRM which have relatively low concentrations of 

Mg, K and Ca 

Another reason for the check standard variability was the relationship between the 

element of interest and the internal standard. If the element of interest behaves 

differently over a long run to that of the internal standard then the correction process 

will not return the element concentrations that should be present. For Fe, the standard 

appears to be consistently 20 ppb larger than the blank measured before and after it, 

however the total concentration appears to increase over the run. This suggests that the 

performance of Fe was poorly approximated by the use of Rh as the internal standard. 

Iron also bas other 



factors that would influence the repeatability over a long run, such as a reasonably high 

background concentration and high sample concentration that may contribute to a 

carryover problem. Scandium also displays some variability for the repeated analysis. 

The variability observed in the check standard is less likely to influence the precision of 

the elements in the plant samples because the plant samples were analysed sequentially in 

groups of similar samples. The shorter time scale for these samples resulted in a better 

approximation of the actual concentration by modifications observed in the internal 

standard. 

5.3.2 Blank Results 

A range of material and method blanks was collected fiom different stages of the 

digestion process. The analysis of these results provided a way of examining the level of 

contamination introduced with each stage of the process. 

All the samples, standards and blanks were prepared fiom the same Milli-Q water source. 

This sample is compared with the next solution in the preparation sequence, the 5 % 

nitric acid blank in Figure 5.9. 





Figure 5.9 shows that the use of Aristar nitric acid introduces some contamination above 

that present in the Milli-Q and the acid blank. The concentration of some of the lighter 

mass elements, as well as the elements As, Sn, and Bi are noticeably higher in the acid 

solution. This systematic contamination is the result of these elements being present in 

the acid stock solution. 

The elements Y, T1 and Th are at higher concentrations in the Milli-Q solution than in the 

acid blank. This may reflect instrument variation as these results are for single sample 

analysis, rather than mean results fkom repeated analysis. It is possible that if these 

elements were not present in the acid solution then as a result of diluting of the Milli-Q 

with a small amount of acid, when the 5 % nitric acid solution was prepared, the total 

concentration of these elements would be reduced. Another possibility is that the 

concentrations are actually the same, but the difference in acidity between the two 

samples caused suppression of the element counts. Element suppression with increasing 

acid concentration has been observed in previous studies [102]. For this to be the case for 

these elements, the concentration increase caused by the addition of the acid must have a 

smaller impact than the suppression caused by the increase in acidity. 

Another comparison can be made between the method blank and the acid blank. This 

provides the opportunity to examine the contamination introduced by subjecting the 

samples to the digestion procedure. Figure 5.10 presents this comparison between the 

nitric acid blank and the mean method blank. 





The concentration of the lighter elements and the elements at the very heavy end are 

increased slightly by the digestion process. It is possible that these elements may be 

leached from the glassware during the digestion procedure. Boiling nitric acid may be 

able to extract elements from the glassware that were not leached out while they soaked 

in 10 % nitric acid. Generally the increase in element concentration is not large. The 

contamination introduced for the REE's is close to zero as these elements are less likely 

to be associated with the cleaned glass items. 

5.3.3 Limit of Detection 

The limit of detection (LOD) is the minimum concentration at which an element can be 

determined with a particular degree of confidence [103]. The limit used in this 

investigation was the method detection limit, which is calculated from blanks that have 

been subjected to the entire sample preparation stage prior to analysis. The method blank 

is the concentration that would be observed in the digested samples if the 0.5 g of plant 

material was not added. Therefore, the concentration of an element in a plant digest must 

be significantly larger than the background fluctuations of the method blank before it can 

be considered to be present in the sample. 

An accepted way of determining the LOD is to analyse a number of method blanks and 

add three times the standard deviation to their mean [103]. Repeated analysis of the 

method blank samples should produce normally distributed, or bell shaped results for 

each element. With these parameters, the probability of a method blank concentration 

being about the limit of detection is 0.0015. Therefore stating that an element is present 

when it is in fact absent will occur 0.15 % of the time. It may also be assumed that the 

repeated analysis of an element concentration in a sample would approximate a normal 

distribution. For a plant concentration that has a mean value equal to the limit of 

detection the probability of obtaining a value less than the LOD is 0.5. Therefore if the 

actual concentration of an element in a plant sample is the same as the LOD, then 50 % 

of the time it would be concluded that the elements is not present when in fact it is. This 

method of accepting and rejecting element concentrations is skewed heavily in favour of 

preventing false positive claims, at the expense of false negative claims. The false 



negative rate, however, will be considerably less than the worst case scenario of 50 %, 

because many elements in the samples will have mean values above the LOD, shifting 

the position of the normal curve and reducing the proportion of repeated values that 

would fall below the LOD. 

In this experiment ten method blanks were prepared in total, with each of the five plant 

digestion runs contributing two method blanks. The method blanks were analysed 

sequentially at the start of the plant sample run and the LOD was calculated as stated 

above. Figure 5.1 1 displays the results produced by the 10 method blanks analysed one 

after the other. 



Element 

Figure 5.11: Ten method blanks 



The ten method blanks produced the same general trend of element concentrations. There 

is a fluctuation of between 5 and ten fold for most elements. For some elements, such as 

Be, In, T1 and U there is almost a 100-fold difference in concentrations. For these four 

elements the concentration measured for the second method blank from the fourth plant 

digestion run (R4 MB2) is the highest and appears to be an outlier. This sample also 

appears as the highest concentration for other elements that have less variation. This 

variation may indicate that a contaminated digestion vessel affected this sample. 

It is possible to determine if the results for the second method blank from the fourth 

digestion run are significantly different to the results produced by the other nine method 

blank results. The statistical test to determine if these results are outliers is the Q-test. For 

this test to be valid the parent population must be normally distributed [103]. It may be 

assumed that the elemental data approximates the normal curve. The Q-test determines if 

the suspect value is an outlier by comparing the difference between it and the 

measurement nearest to it in size with the difference between the highest and lowest 

measurements [103]. The following equation summarises this test. 

Q = \suspect value - nearest value1 /(largest value - smallest value) 

The critical value of Q for when P = 0.05 is defined as 0.464. This means that if the value 

of Q exceeds 0.464 for any element the suspect can be rejected with 95 % confidence. 

The analysis of the method blank data resulted in approximately 83 % of the elements not 

being rejected. The only elements that produced a result supporting the case that they 

were an outlier were Li, Be, V, Ga, Rb, In, Cs, TI, and U. This group included the four 

elements identified as visually different in Figure 5.10. Since the vast majority of 

elements in the sample R4 MB2 are not significantly different to the other method blanks 

the results for this sample were retained in the analysis. The elements statistically 

identified as outliers were retained for analysis, as a suitable reason for exclusion could 

not be found to explain the variation. 

It is also of interest to compare the limit of detection with the mean method blank. This 

provides an opportunity to examine the factors influencing the limit of detection, such as 



a high mean concentration or a large variation in concentrations. Figure 5.12 presents this 

comparison. The LOD is reasonably close to the mean method blank for most elements. 

Elements with larger blank variation produced higher LOD values. The increase in the 

LOD above the mean method blank is a combination of random contamination 

introduced at the digestion stage and the variation in sample counts caused by the ICP- 

MS analysis. 





5.3.4 Cannabis Plant Results  

This section presents the elemental results for the analysis of the cannabis plant material 

harvested during this investigation. All the cannabis plant material analysed had been 

subjected to a combination of air and oven drylng that resulted in a average moisture loss 

of approximately 70 % of the mass of fresh plant material as detailed in section 2.5. The 

plant material analysed was either the leaves from male plants or the leaves and flowers 

from female plants. All the material retained from a plant was homogenised to form one 

sample. Other Cannabis origin determination studies have identified elemental 

differences between plant material taken from different parts of the same plant [30]. This 

feature was not investigated by this research as it was felt that the plant samples should 

represent cannabis (the herbal form of the drug) as closely as possible, which is defined 

as a combination of the dried leaves, flowering tops and small stalks of Cannabis [I]. 

A total of 47 plant samples were digested in five different digestion runs, perfonned on 

different days. Plant samples came fi-om each of the thirteen pots of soil and from the 

seed raising mix. Two method blanks, one grape in-house standard and one SRM 1575 

sample were prepared with every digestion run. 

The plant results are divided into five categories. The first section is the analysis of the 

precision achieved for the plant samples. This is followed by the results of the SRM 

samples, as a method for determining the accuracy of the digestion runs and ICP-MS 

analysis. The third section of plant results is a comparison between the concentrations 

produced for the largest female plant from each pot with the limit of detection calculated 

in section 5.3.3. The fourth section compares plant results from different plants fiom the 

same soil. This includes comparisons between plants of different maturity and plants of 

different sex. Finally results fiom plants of the same sex and at the same level of 

maturity, but from different soils are compared. 



5.3.4.4 Precision 

The precision of a set of results can be determined in a number of ways. It is possible to 

reanalyse the solution obtained from a sample a number of times to determine the 

instrument precision. It is also possible to analyse a number of different subsamples fiom 

the same item. This second procedure was selected for this investigation because it 

provides an insight into the variation introduced by the instrument, variation fiom the 

digestion procedure and also the variation due to the heterogeneity of the sample. 

The grape samples and the SRM samples provide an opportunity to examine the precision 

of the digestion and analysis process. Figure 5.13 and Figure 5.14 present comparisons of 

the five grape and five SRM 1575 samples (one from each digestion run) that were 

analysed with the cannabis samples. The results have been converted to pg/g 

concentrations to allow direct comparison between the repeated samples. 







The two graphs above show a reasonably high level of precision, despite all five 

replicates being digested on different days. This suggests that the level of random 

contamination was at acceptably low levels. Table 5.5 presents the relative standard 

deviation (RSD %) for the grape and SRM samples presented in the two graphs above. 

Table 5.5: Relative standard deviation @SD) for repeated grape and SRM samples 

Element SRM Grape 

RSD % RSD % 

Li 23.3 33.7 

Element SRM Grape 

RSD % RSD % 

As 29.0 21.2 

Se 108.5 51.4 

Br 11.0 16.8 

Rb 3.0 5.1 

Sr 6.4 3.2 

Y 9.4 13.3 

Zr 31.0 34.4 

Mo 14.0 21.0 

Cd 24.4 101.0 

In 101.6 

Sb 21.9 38.1 

I 47.7 17.9 

Cs 12.1 39.6 

Ba 35.2 7.9 

La 5.3 6.4 

Ce 2.2 5.7 

Pr 5.3 6.5 

Nd 7.9 6.6 

Slement SRM Grape 

RSD % RSD % 

Sm 22.3 20.9 

The table of percent RSD values indicates that the precision is reasonable for both the 

repeated grape samples and the repeated SRM samples. Slightly greater than 40% of the 

elements measured produced RSD values less than 20% of the mean element 



concentration. Approximately 5 % of the elements measured in the SRM samples and 

approximately 7 % of the elements in the grape samples produced RSD values that were 

greater than or equal to 100 % of the mean SRM concentration. 

The reproducibility problems observed in the repeated analysis of the check standard, for 

elements Mg, K, Ca and Fe was not observed for the repeated grape or SRM samples. 

The RSD values ranged fiom 12.1 % to 2.4%. This better precision for the grape and 

SRM samples is likely to be because the five replicates for each plant type were analysed 

one after another, eliminating time dependent changes and carryover problems caused by 

high concentration elements analysed prior to specific samples. Scandium displays some 

variability for both the SRM and grape samples as observed for the check standards, with 

RSD values of 24 and 55 % respectively. 

The precision observed for related cannabis samples is expected to be better than the 

grape and SRM samples as the plant material was digested in the same run and ICP-MS 

analysis was performed sequentially. The precision is more likely to match the precision 

for the repeated method development cannabis samples presented in section 5.2.3. 

5.3.4.2 Accuracy for the SRM 

The results for the SRM 1575 samples presented in section 5.3.4.1 can also be used to 

examine the accuracy of the five digestion runs and the ICP-MS analysis. The accuracy 

achieved for the combined plant analysis is presented in Figure 5.15, which compares the 

mean SRM 1575 result with the certified and recommended results published for this 

standard. The mean SRM result is calculated fiom background corrected SRM 

concentrations. Background correction is necessary for the comparison of data from 

different analyses to ensure only the concentration of the SRM are presented from this 

analysis and not the combination of the matrix and SRM concentrations. 





Background correction of the SRM data results in the removal of concentration values for 

Be, Pd, and Bi from this graph. The concentration measured in the SRM for these 

elements are equal to or below the background level determined from a nitric acid blank. 

From a visual comparison of the certified and recommended concentrations most 

elements appear quite close. It is more meaningful to examine the percent recovery for 

these elements. Table 5.6 presents the percent recovery for the certified and 

recommended elements. 

Table 5.6: SRM percent element recovery 

Element 

A1 

K 

Ca 

Sc 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

As 

Br 

Rb 

Sr 

Cd 

S b 

La 

Ce 

Eu 

% Recovery 

Zertified Recommended 

68 

24 

3 8 



Certified elements that were poorly recovered were those at high levels (K, Ca, Fe) and 

U, while elements with recommended concentrations poorly recovered were Br, Cd, La, 

and Ce. A possible explanation for the low recovery for these elements is that they were 

unable to be freed fiom the siliceous material by the nitric acid digestion procedure. This 

factor may account for some losses but as explained in section 3.5 is not expected to 

account for large reductions. Another possible explanation for K, Ca and Fe is the 

influence of high blank concentrations of these elements. The high matrix concentration 

may affect the semiquant calibration even after background correction because the level 

added by the standard is not significantly greater than the initial amount present in the 

acid solution. 

Another factor that is visible fiom the table of percent recoveries is that elements Co and 

Cu were recovered at significantly greater than 100 %. This means that additional 

amounts of these elements must be entering the system from outside. Random sample 

contamination is unlikely to be the reason as the precision results indicate consistent 

results were produced. It is possible that there is a uniform bias for these elements 

resulting in a higher concentration. The bias has not affected the calibration standards, or 

any increase would be cancelled out. 

5.3.4.3 Plant Results and the Limit of Detection 

The comparison between the plant results and the LOD provides an opportunity to 

determine the plant elements that are not significantly different from the background 

fluctuations. The elements below the LOD for every plant type offer no significant 

information for the comparison of plant samples. These elements were excluded from 

interplant comparisons. The following three Figures present a comparison between the 

LOD and the results for cannabis plants from each of the three soil types used to grow 



cannabis. The LOD values are expressed as the equivalent concentration that would be 

present in the plant sample. This converts the units from pg/L used in the above figures, 

to pg/g and allows direct comparison between the LOD and the plant results. The plant 

results presented are mean values taken from the largest female removed from each pot at 

the final harvest. Figure 5.16,5.17 and 5.1 8 present a comparison between the limit of 

detection and the Blockhouse Bay, the Northland and the Potting mix mean plant results 

respectively. 

Each mature female plant harvested from the thirteen pots of soil was analysed in 

triplicate (where possible) and the mean elemental concentrations calculated for each of 

the three soil types. The mean element concentrations for plants from the Northland soil 

were derived from nine samples, which were produced by the triplicate analysis of three 

plants. The Potting mix mean result was calculated from the triplicate analysis of four 

plants. The plant from one potting mix pot was too small for analysis and therefore was 

excluded. The Blockhouse Bay mean was calculated from seven samples. Three of the 

plants from the five pots of Blockhouse Bay soil were only large enough for one 0.5 g 

sample, and two were large enough for two replicates to be taken. 









Most of the elements analysed are at higher concentrations in the plant samples than the 

LOD value. In particular, the rare earth elements, considered to be important for origin 

determination are above the LOD for these plant samples. The heaviest elements, from W 

to U, are below the LOD for these plant samples. A few lighter elements also fall below 

the LOD, however plant concentrations above 1 ppb are generally high enough to be 

above the limit of detection. Table 5.7 presents the elements that are below the LOD for 

the plants from each soil type as well as the number of elements above the LOD. 

Table 5.7: List of elements below and the number above the LOD 

Soil Plants 

Grown on 

BHB 

NTH 

Elements on or Below the LOD # of elements 

above the LOD 

Li, Be, Na, V, Cr, Co, As, Zr, Ag, Cd, In, Sn, Sb, 37 

Cs, Hf, W, TI, Pb, Bi, Th, U 

Li, Be, Na, Al, V, Cr, Co, As, Se, Zr, Ag, Cd, In, 3 6 

Sn, Sb, Cs, Hf, W, T1, Pb, Bi, U 

Li, Be, Na, Al, V, Cr, Co, As, Zr, Ag, Cd, In, Sn, 37 

Sb, Cs, Hf, W, TI, Pb, Bi, U 

The three plant types have just over 60 % of the elements analysed at a higher 

concentration than the LOD. The same 20 elements (Li, Be, Na, V, Cr, Co, As, Zr, Ag, 

Cd, In, Sn, Sb, Cs, Hf, W, T1, Pb, Bi, U) are below the limit of detection in each of the 

three samples. These elements were excluded fiom subsequent plant comparisons, as 

their concentration is not significant. In addition Th is below the LOD for the Blockhouse 

Bay plants, A1 is below for the potting mix plants and both A1 and Se are below the limit 

of detection for the plants from the Northland soil. These three elements that are below 

the LOD for one or two plant samples are only marginally above the limit of detection for 

the other samples. 

The elements below the detection limit appear to cluster together into groups of similar 

mass. This is visible in the graphs above for the elements from Li to Na, Ag to Cs and 



also for Hf to U. The group of lightest elements is present at very high concentrations in 

the background and is therefore unlikely to be at plant concentrations higher than the 

LOD. The elements from Ag to Cs are unlikely to be at high concentrations in the soils 

and as a result are not represented at high concentrations in the plants. The group of 

heavy elements below the LOD appears to be the result of low plant concentrations and 

relatively high blank concentrations. 

5.3.4.4 Comparison of Plants from the Same Soil 

Immature plants, plants identified as male, and plants identified as female were harvested 

at different stages from the pots of soil. The analysis of these samples provided an insight 

into the variation in the element profiles of plants grown in the same soil but at different 

stages of growth and of different sex. Comparisons were only possible for Potting mix 

plants and for Blockhouse Bay plants as Northland plant samples large enough for 

analysis were only collected at the final harvest. 

Three different types of comparisons were possible between plants from the same soil 

type. The first comparison was between plants of different sex harvested at the same 

time. Figure 5.19 presents the results for the comparison of Blockhouse Bay male and 

female plants collected at harvest four, after 103 days of growth in the pots of soil. Figure 

5.20 presents a similar comparison for plants of different sex recovered from the Potting 

mix soil at harvest four. In this harvest male, female and monoecious plants were 

collected. The only elements compared were those above the LOD for all of the plant 

types. 
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Figure 5.19: Male and female plants collected fkom Blockhouse Bay soil at harvest 4 

Element 

Figure 5.20: Male, female and monoecious plants from harvest 4 of the potting mix 

In both Figure 5.19 and 5.20 the plots of the plants of different sex appear to overlap very 

well. This indicates that plants of different sex do not selectively absorb any of the 

elements analysed that are above the LOD. There is some slight variation for the element 



Ta in both the Blockhouse Bay results and the potting mix results. This is likely to be the 

result of the instrument variability that can impact on elements with very low counts. 

The second type of comparison possible between plants from the same soil is to compare 

results fiom different harvests of the same sex plants. Figure 5.21 presents a comparison 

of male plants from Blockhouse Bay soil harvested in the third and fourth harvests. 

Figure 5.22 presents a similar comparison between male plants from harvest three (after 

79 days in the pots of soil) and harvest four (103 days in the soil) for the potting mix 

plants. Such an analysis could reflect changes due to age-dependent uptake, soil depletion 

near the roots, or from the fact that the plants were all initially grown in the seed raising 

mix for between 16 and 23 days. 
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Figure 5.21: Male plants from Blockhouse Bay soil fiom harvests 3 and 4 
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Figure 5.22: Male plants from the Potting mix fiom harvests 3 and 4 

Once again both graphs display a high level of similarity for the elements above the 

LOD. There is some variation about the REEYs in both graphs comparing the plant results 

from different harvests. The Blockhouse Bay results appear to be affected slightly more. 

Both graphs also show some variation for Ge, which in both cases is lower for harvest 

three than for harvest four. This may reflect a variation in plant requirements and 

therefore uptake at different stages of growth. However, it is more likely to be the result 

of instrument variability or contamination as the difference is small. 

Figure 5.23 and 5.24 compare the concentrations for female plants collected at harvest 

four (after 103 days of growth in the pots of soil) and harvest five (145 days) for the 

Blockhouse Bay soil and Potting mix respectively. 
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Figure 5.23: Female plants fiom the Blockhouse Bay soil from harvests 3 and 4 
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Figure 5.24: Female plants from the Potting mix from harvests 3 and 4 

The harvest four and harvest five results for the two types of plants are at almost identical 

concentrations. The female plants fiom different harvests appear to vary less than the 

comparison for the male plants. The potting mix results show good agreement right 

across the mass range of elements above the LOD, with the only observed variation for 



Mn. The Blockhouse Bay results show some variation for selected REE's, however most 

elements compare well. 

The final comparison that is possible for plant samples from the same soil is the 

examination of the element profiles of the immature potting mix plants collected at 

harvest two (after 55 days in the pots of soil) with plants collected in subsequent harvests. 

Figure 5.25 compares this sample with the concentrations for male and female plants 

gathered in harvest four (after 103 days in the pots of soil). 

, Element 

Figure 5.25: Female, male and immature plants collected fiom the potting mix 

Most elements are at similar concentrations for the three samples graphed. The results for 

the immature plants vary at the elements Sm, Eu, Gd and Lu when compared with the 

results from harvest four. For each of these three elements the plants from harvest one 

have produced the lowest concentration result. It is possible that the length of time the 

immature plants spent in the Potting mix growth medium was not long enough for these 

plants to totally reflect the element profile of this soil. However, the variations are small 

and only present for elements at low concentrations, which are likely to be affected by 

instrument variability. The comparison between plant samples fiom different soil profiles 

is presented in the next section, section 5.3.4.5. 



The comparisons of elemental concentrations of plants at different stages of growth and 

of different sex show much greater repeatability than previous studies have suggested. 

This is particular obvious when the results are compared with cannabis origin 

determination studies that have compared the organic composition of samples. As 

discussed in section 1.3.1 earlier authors [27,30] have stated that cannabis samples of 

different sex and of different age are poorly correlated with organic composition. The 

storage of samples does not appear to have affected the reproducibility of the results as 

was indicated to be a problem for organic analyses [3 11. However, the storage process 

utilised in this study, which consisted of air-dried samples stored in plastic bags in the 

dark, represents close to ideal conditions [63], and therefore probably does not rigorously 

test this variable. 

The comparability of results from different age and sex plants presented in this section 

also appears to be superior to other elemental investigations of cannabis material. Landi 

[30] reported that there was a difference between element concentrations when leaf or 

flower samples were compared with a combined samples. This investigation did not 

specifically examine this comparison, however comparisons can be made. The 

comparison of replicate samples may include varying ratios of leaf and flower 

contributions as the homogenisation process consisted of simply flaking the dry plant 

material. Also the comparison of plant samples of different maturity will have widely 

varying flower to leaf ratios. Both of these results indicate that mixed samples of leaf and 

flower material are producing consistent results for this investigation. This finding is 

important given the mixed nature of the herbal drug form of cannabis, which is most 

commonly encountered in New Zealand. 

5.3.4.5 Comparison of Plants from Different Soils 

The comparison of plants from different soils is an important step to examine if the 

cannabis element profile is influenced by the elements available in the soil. The graphs in 

the above section show that plants from the same soil, for most elements, have the same 

element profiles. This appears to hold for plants of different sex and plants at different 



stages of growth. The graphs presented in this section are also of only the elements above 

the limit of detection for all of the plant samples. 

Figure 5.26 presents a comparison between the immature plants harvested from the seed 

raising mix and from the potting mix. The seed raising mix plants were harvested after 

approximately 50 days in that growth medium. The potting mix plants had spent between 

16 and 23 days in the seed raising mix before being transferred to the potting mix where 

they grew for 55 days prior to harvest. 
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Figure 5.26: Immature plants from the potting mix and the seed raising mix 

As discussed for Figure 5.24 the immature plants from the potting mix showed some 

elemental variation at Sm, Eu, Gd and Lu when compared with plants that had spent 

longer in the same growth medium. The above comparison shows that the concentrations 

of Eu and Gd in the immature potting mix plants appear identical to the concentrations 

for the seed raising mix plants. The concentrations of Sm and Lu still display some 

variation, although it appears smaller than for Figure 5.24. The closer values for these 

elements may suggest that the immature potting mix plants are displaying element 

concentrations from the seed raising mix even after they have been growing for 55 days 

in another soil. This statement, however, must be presented with the condition that the 

variations observed are small and present for elements at very low concentrations. 



The next comparison of cannabis samples from different soil types is presented in Figure 

5.27. This graph compares the mean concentration of the female plants grown to maturity 

in each soil type. These plants had been grown in the pots of soil for 145 days. 
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Figure 5.27: Female plants fiom different soils 

For the elements presented, which were all above the limit of detection, the three plant 

sample means can be visually separated for the elements Mg, Ca, Zn, Ga, Rb, Sr, Mo, Pd, 

Ba. Smaller visual differences are present for the elements Mn, I and Eu. The 

concentrations for the rare earth elements in the plant samples were well separated fiom 

the limit of detection, however the three cannabis samples are not easily distinguished at 

these elements. 

5.3.5 Statistical Compa rison 

It is possible to compare plant results from the three soil types statistically to determine if 

significant differences exist between the elemental concentrations of plants from different 

soils. Two different types of statistical tests were performed. The first was a univariate 

test known as the One Way ANOVA test. This was followed by a mulitvariate test known 



as canonical discriminant analysis. These two tests are discussed along with the results 

produced. 

All of the male and female plant results for plants itom each soil were grouped together 

to produce the data for the statistical analysis. Only element concentrations that were 

larger than the limit of detection for all plant types were used for statistical comparison. 

The 20 elements that were below the LOD for all the plant samples were excluded, as 

their concentrations were not significant. This left 38 elements that were above the LOD 

for at least the plants from one soil. 

5.3.5.1 Univariate Statistical Test 

A statistical test for the comparison of each element in the three plant samples is the one 

way analysis of variance (ANOVA) test. An "ANOVA tests whether the difference 

between the sample means is too great to be explained by the random error" [103]. The 

ANOVA technique permits the comparison of any number of means without reducing the 

level of confidence [104]. It would be possible to compare the means with a T-test. The 

probability of making a correct decision about the result for individually paired means 

would be 95 % as it is for an ANOVA test, however the probability of two related 

decisions being correct would be 95 % of 95 % [104]. The reduction in confidence does 

not occur for repeated analysis with the ANOVA. 

There are two conditions that the data must display for an ANOVA test to be valid. The 

first condition is that the element concentrations for the plant type groups approximate 

the normal distribution. It may be assumed that the process of measuring the element 

concentrations was influenced by random error and therefore would produce randomly 

distributed concentrations. This assumption was tested for each group of plant results by 

performing QQ plots. These plots are given in Appendix 1. The linear nature of these 

plots of observed vs. predicted elemental concentration distributions shows that most 

elemental concentrations were normally distributed. 



The second assumption is that the differences in variance between grouped results are not 

significantly different. The concentrations of some elements in different samples were 

distributed over a wide range of concentrations. This lead to a range of different 

variances for different plant groups. To reduce this variance problem the data can be 

transformed. "Taking the logarithm of each observation is one transformation that is 

frequently used" [104]. This process was applied to the plant data used for the statistical 

tests. 

For the ANOVA test, the null hypothesis (Ho) is that there is no significant difference 

between the mean results for the samples compared. The comparison of the sample 

means allows this hypothesis to be accepted, or rejected in favour of the alternate 

hypothesis (HA) that states that there are statistically sigmficant differences between the 

element concentrations. The P value was set as 0.05, which means that if the test result 

for the comparison of an element is smaller than this value then it can be concluded with 

95 % confidence that the differences between the two sample means are significant. 

Significant differences at the 5 % confidence level were observed for 22 of the elements 

greater than the limit of detection. Sixteen elements were not significantly different. The 

elemental results of the ANOVA test are summarked in table 5.8. 

The statistical results presented in Table 5.8 support the visual differences observed for 

the graphical comparison presented in Figure 5.27. A further ten elements were identified 

as providing significantly different elements concentrations for plants from different 

Table 5.8: Results for the ANOVA test of plants from different soils 

Statistical Group 

Significantly different 

Not significantly different 

Elements 

Mg, Al, K, Ca, Ti, Mn, Fe, Ni, Zn, Ga, Rb, Sr, Y, Mo, Pd, 

I, Ba, Pr, Nd, Eu, Dy, Yb 

Sc, Cu, Ge, Se, Br, La, Ce, Sm, Gd, Tb, Ho, Er, Tm, Lu, 

Ta, Th 



soils. Fifty-eight percent of the elements above the LOD and almost 40 % of the total 

number of elements analysed provide information that supported the discrimination 

between plants from soils with different element profiles. 

It is possible to perform a post hoc modification to the ANOVA test to identify the 

specific plant element concentrations that are different between plants from different 

soils. The post hoc process selected was the Tukey method that compares every plant 

sample with every other plant sample for each element. Table 5.9 displays a summary of 

the Tukey results identifjmg where the significantly different element concentrations 

occur. 

The number of elements at significantly different concentrations between pairs of 

different plants is reasonably close. There are 20 elements that are at different 

concentrations between the potting mix and Blockhouse Bay plants. Fourteen elements 

are different between the potting mix and Northland plants and 17 between the Northland 

and Blockhouse Bay plants. There is also some consistency with the elements that are 

different. The elements Mg, Zn, Ga, Rb, Sr, Mo, Ba and Eu are different for each of the 

three comparisons. This suggests that these eight elements are the most important for 

determining if differences exist between the cannabis samples produced on the soil 

profiles used in this investigation. 

I 
I Table 5.9: Elemental differences between plant types 
I 
I 

I Plant Types Compared 
I 

I Potting mix plants vs. 

~ Blockhouse Bay plants 

I Potting mix plants vs. 

Northland plants 

Northland plants vs. 

Blockhouse Bay plants 

Elements Signzjicantly Dzflerent 

Mg, Al, Ca, TI, Mn, Fe, Ni, Zn, Ga, Rb, Sr, Y, Mo, Pd, 

Ba, Pr, Nd, Eu, Dy, Yb, 

Mg, K, Ca, Mn, Fe, Ni, Zn, Ga, Rb, Sr, Mo, I, Ba, Eu, 

Mg, Al, K, T1, Zn, Ga, Rb, Sr, Y, Mo, I, Ba, Pr, Nd, 

Eu, Dy, Yb, 



5.3.5.2 Multivariate Statistical Test 

Another way to statistically examine the element concentrations of plants from different 

soils is a multivariate test. This test is concerned with examining all the elements (or 

variables) for a set of data and making conclusions based on the simultaneous 

combination of observations. The multivariate test employed for the comparison of plants 

from different soils was the canonical discriminant analysis. "Canonical discriminant 

analysis is a dimension reduction technique that is used to visualise group separation in 2- 

dimensional plots" [18]. Canonical discriminant functions are produced by the linear 

combination of the original elemental concentrations [18]. This reduces the data to a set 

of data to a set of functions that represent each sample, with most of the variance being 

contained in the first two or three canonical functions [18]. (Note that with the 

comparison of three groups only two canonical functions (3-1) will be generated). 

The two assumptions required for this test are that the data is normally distributed and 

there is homogeneity of variance [105]. As discussed in section 5.3.5.2 the logarithm 

transformed plant element concentrations can be assumed to meet these criteria. A 

summary of the canonical factors calculated for the plant results is presented in table 

5.10. This displays the percent of variance accounted for by the two functions and the 

cumulative percent. The canonical correlation is also presented, which measures the 

association between the discriminant scores and the groups. 

These results indicate that the first canonical discriminant function calculated to represent 

the data accounts for most of the observed spread. By definition the combination of the 

first and second functions accounts for the entire spread. Both functions have canonical 

Table 5.10: Summary of canonical discriminant scores 

Function 

1 

2 

Percent of Cumulative Canonical Wilks ' 

Variance Percent Correlation Lambda 

83.2 83.2 1 .OOO 0.000 

16.8 100 0.999 0.003 



correlation values close to one, indicating strong correlation between the discriminant 

scores and the groups. The Wilks' Lambda test is a measure of the total variance in the 

discriminant scores not explained by differences among the groups. Both functions have 

produced values close to zero and therefore the group means are significantly different. 

The canonical discriminant functions determined for each sample are presented 

graphically in Figure 5.28. As detailed in Table 5.10, the first two functions account for 

the full variance. 
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Figure 5.28: Canonical discriminant hc t ions  

The results for the canonical discriminant functions display each of the groups of plants 

as a relatively tight cluster of points. At the centre of each group is the group centroid, 

marked as a magenta square. This is difficult to see in the potting mix and Blockhouse 

Bay samples because the data points are so close together. The closeness of the results 

suggests that plants grown on the same soil profile will produce the same pattern of 

element concentrations when examined in a multivariate sense. 



The figure also shows that the three groups of plants are well separated from each other. 

Even the most extreme points are still much closer to their own centroid than to the 

values produced by any other group. These results suggest that if a plant sample, only 

known to be from one of these groups, was analysed it could be assigned to its correct 

group with a high degree of confidence. The multivariate results clearly support the 

conclusions regarding group separation that were drawn from the univariate statistical 

analysis. 

To test the assumption that the element variances were not significantly different between 

plant types the Levene's test was performed on the log-corrected data. Ten elements (Mg, 

K, Ca, Mn, Zn, Sr, Mo, I, Pr, Ta) had significantly different variances. These elements 

were removed and the canonical discriminant analysis was repeated. The results produced 

did not appear to differ to those already presented. Therefore, despite some elements 

failing the Levene's test, this did not appear to have an impact on the conclusions drawn. 

5.4 Total Digestion Results 

The ESR Environmental laboratory in Wellington performed the total element digestion 

and ICP-MS analysis. The plant materials analysed by this method were the same 

samples used in the method development stage. These were the MST SRM 1575 pine 

needle reference material, the homogenised grape leaf sample and a cannabis sample. 

The quality of the results from the total digestion analysis was determined using in-house 

controls and check samples that were not available for my examination. The limit of 

detection for these results was set at 0.01 pg/g for all elements by ESR Environmental. 

Elements below this concentration were not reported and therefore are represented by a 

gap in the following graphs. 

5.4.1 Comparison with Nitric Acid Digestion 

The results from the total element digestion can be used as another opportunity to 

examine the accuracy of the modified nitric acid digestion procedure. The following 



graphs present a comparison between the results from the total analysis with the results 

produced by the nitric acid digestion procedure. Figure 5.29 presents this comparison for 

the NIST SRM sample. The certified and recommended concentrations are also presented 

on this graph for comparison. Figure 5.30 and Figure 5.3 1 present the grape and cannabis 

results respectively. 





Where concentrations are available fiom the total analysis, they compare favourably with 

the results produced by the nitric acid digestion. The only obvious visual differences 

occur for Sc and Ag, where the total element result is significantly larger than the nitric 

acid result. For Sc, the results fi-om the nitric acid digestion match well with the 

recommended value, suggesting that the total element concentration is incorrect. There is 

no expected Ag concentration listed for the reference material so it is not possible to say 

if the nitric acid digestion value or the total digestion value is closer to the true 

concentration. 







For both the grape and cannabis comparisons there is some variation for the lighter 

elements that have been quantified with the total digestion process. The lighter REE7s 

present appear quite close between the two different methods. The largest variation 

between the two methods for both graphs is for Sc. Given the SRM result, this may 

suggest that there is some bias or systematic error for this element when analysed by the 

total digestion process. It should also be noted that Sc variation was present in the 

repeated analysis of the check standard. This suggests that the nitric acid digestion results 
, may display some variation about the true concentration. 

In addition to Sc, other elements show some variation. For the cannabis analysis Co is at 

1 a higher concentration for the total analysis, and Ga is at a higher concentration for the 
I nitric acid method. The total digestion analysis of the grape sample has produced higher 
I 
I , concentrations than the nitric acid method for Cr, Co and Ni, and lower concentrations 

I for Zr, and Sn. These differences may be the result of a number of factors. An increase in 

the level of element extracted is possible, however the SRM results suggest that the 

amount of each element recovered by the nitric acid method is not significantly different 

fiom the total digestion, assuming the specific plant matrix is unimportant. 

5.5 Conclusion 

The plant results presented show that the elemental precision within a digestion and 

analysis run was very good. When results were compared fiom different days the 

precision remained high. The accuracy of the modified nitric acid digestion procedure 

was better than expected given the 'partial' nature of the method employed. The recovery 

of certified and recommended element concentrations fiom the NIST SRM 1575 pine 

needle reference material was reasonable. When percentage recovery values were 

calculated, most elements that were not affected by high background concentrations 

produced acceptable results. Almost half of the certified elements were recovered to 

within plus or minus 20 % of the total concentration. The exact recovery of elements by 

the nitric acid procedure was less important as the priorities for this analysis was to 

develop a safe and precise method. 



The comparison of results fiom plants harvested at different stages fiom the same soil 

shows that if the plant has been growing in a medium for a reasonable length of time it 

will compare well to other plants growing in the same medium. A few elements varied 

when plants were transferred to a different soil 55 days prior to harvest. This variation 

was not present when plants grown in one soil for 79 days were compared to plants 

harvested at a later date. Plants tkom the same soil that were at different stages of 

maturity or of different sex also compared well. These results indicate that the level of 

reproducibility within a plant type is much better than previous studies have found. This 

appears to be true for both organic and inorganic analyses. 

The comparison of plants fiom different soils highlighted some visual elemental 

differences. The higher than expected limit of detection excluded some elements fiom 

providing discriminating information. Also of interest were the rare earth elements, 

which despite being above the limit of detection did not appear visually different for 

plants from different soils. The statistical analysis of the plants tkom different soils 

identified 22 elements that showed statistically significant differences for the ANOVA 

test with a 5 % confidence level. These 22 elements allow the clear discrimination of 

plants produced on soils with different elemental profiles. The most important elements 

for discriminating between plant samples fiom the different soils in this study were 

identified as Mg, Zn, Ga, Rb, Sr, Mo, Ba and Eu. 

The analysis of the plant concentrations with the multivariate method of canonical 

discriminant analysis was performed clear spatial differences were present for plants 

from different soils. The tight cluster of plant results from the same soil and the large 

distance between plants from different soils suggests that discriminating between 

unknown samples from these soils would be achieved relatively easily. 



Chapter 6. Results of Soil Analysis 

6.1 Introduction 

This chapter presents the results for the analysis of the soil samples, detailed in chapter 4. 

The original soil element concentrations determined by ICP-MS analysis, the XRF 

analysis, and the results from the analysis of the soil properties are contained in Appendix 

1, at the end of this thesis. In this chapter results are presented for the Northland soil, the 

Blockhouse Bay soil, the potting mix, and the seed raising mix. The soil results are 

separated into the analysis of soil properties and the elemental analysis of the soil 

samples. The results for the analysis of four soil properties are presented first. The soil 

properties investigated were: soil pH, organic content, soil moisture, and the cation 

exchange capacity. The results for the analysis of the soil element profiles are presented 

second. This includes the ICP-MS analysis of the soil elements extracted with acetic acid, 

the elemental determination with XRF, and the ICP-MS analysis of a total digestion. 

6.2 Analysis of Soil Properties 

The soil properties investigated can modify the distribution of soil elements between the 

plant available and non-available phases. Changes in soil pH affect the availability of 

elements to the plants by altering the soil's ability to bind positive ions. At low pH values 

the soil can substitute bound cations with hydrogen ions rapidly resulting in high plant 

available element concentrations. The cation exchange capacity is effectively a 

measurement of the soil's ability to provide elements to the soil solution, which is the 

reservoir for plant uptake. Larger CEC values indicate that the soil is more fertile. The 

soil organic matter content has an important influence on the CEC as it also contains 

exchange sites. Soil moisture content provides an insight into the amount of water 

required to produce a moist reading for each soil with the conductivity-based garden 

moisture meter. 



The results for each of these four soil properties are presented in the next four sections. 

The values recorded have been summarised into tabulated or graphical form to make the 

results easier to analyse. 

- - -  - - -  - - - - - - - - - - - - - - - - - 

The water and soil suspension results show that all four soil samples were mildly acid. 

The Northland soil, Blockhouse Bay soil and the potting mix produced very similar 

results. The seed raising mix was the most acidic of the four soil samples. The pH 

determined by the soil and CaC12 suspension also produced similar results for the 

Northland, Blockhouse Bay and potting mix samples. The CaC12 values are lower than 

the values obtained from the water and soil measurements. This suggest that the addition 

of water caused the dilution of the soil sample, moving the pH closer to neutral (pH 7). 

This effect is eliminated in the CaC12 addition because the calcium ions counter the 

dilution of the salt concentration as explained in section 4.2.1. The values for the seed 

raising mix are almost identical for the two measurements suggesting that the dilution 

problem is less important for soils that are more acidic. 

6.2.1 Soil pH 

The soil pH analysis was based on the ASTM method D4972-95a [85]. The procedure is 

detailed in section 4.3.1. The results were determined for a water-soil suspension and for 

a 0.1 M CaC12-soil suspension. These results are presented in Table 6.1. Both pH 

measurements were recorded in a one to one, mass to volume, soil to liquid ratio. The 

mean value for both mixtures is presented for each soil type, derived from duplicate 

analysis. 

Table 6.1: Soil pH as determined by a water and CaC12 suspension 

Soil Type 

Northland Soil 

Blockhouse Bay Soil 

Potting Mix 

Seed Raising Mix 

Water and Soil pH CaC12 and Soil pH 

5.8 5.3 

5.8 5.2 

5.6 5.4 

4.2 4.1 



Table 6.2 presents some typical New Zealand soil pH values as reported by Edmeads and 

Wheeler [ 1061. 

Table 6.2: Soil pH values for a 1 :l water:soil suspension [I061 

The water and soil pH values from the Northland soil, the Blockhouse Bay soil and the 

potting mix fall within the range of values presented in this table. The pH fi-om the seed 

raising mix is lower than the values for true soils and possibly reflects the manufactured 

nature of this material. 

Soil Type 

Egmont 

Kaharoa 

Taupo 

Matipiro 

Waikare 

New Zealand Mean 

6.2.2 Moisture Content 

Water and Soil pH 

5.44 

5.17 

5.36 

5 .03 

5.90 

5.39 k 0.35 

The moisture content of the four soils was determined using the ASTM method D 2974 - 
87 Moisture content Method A for testing soil moisture [86]. The procedure employed is 

detailed in section 4.3.2. The moisture content was calculated by recording the mass lost 

on drying for each soil at two different moisture levels as measured using a conductivity- 

based garden moisture meter. The mass lost on drying is presented as a percentage of the 

original sample mass. The results of the moisture analysis are displayed by the graph in 

Figure 6.1. It was assumed that a linear relationship existed between the two points 

measured. 
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Figure 6.1: Moisture content for the four soils. 
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The soils are clearly divided into two groups, a pair of soils with low moisture content 

(Northland soil and the Blockhouse Bay soil) and a pair of soils with high moisture 

content (potting mix and seed raising mix) for a given meter reading. The difference in 

soil moisture between the two pairs of samples is approximately 10 %. This division may 

reflect the differences in soil density. The two true soils appeared to be much denser than 

the potting mix or the seed raising mix. The material of these soils was much finer and 

uniform in size enabling the Northland and Blockhouse Bay soils to pack together more 

closely. In contrast, the potting mix and seed raising mix were comprised of material of 

widely different sizes and textures that did not compact as readily. 

j 
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When the moisture content is measured the level of contact between the soil and the 

meter will be larger for the more dense soils. This leads to an increase in the ability of 

charge to be transferred and therefore results in an increased response from the moisture 

meter. A larger volume of water must be added to the potting mix or seed raising mix to 

produce the same moisture reading. 

Another feature that is likely to contribute to the differences in soil moisture content is 

the type of material comprising the soil. Both the potting mix and seed raising mix had a 

large amount of organic material that is likely to absorb water readily, leading to the 



larger volume required for these soils to produce the same moisture reading. The 

Northland soil and the Blockhouse Bay soil did not have the larger organic pieces and 

therefore lacked the storage capacity or absorption ability of the mixes. It is also possible 

that the variation in moisture content for different soils, at a given conductivity is caused 

by different soil ionic content. A soil with a high ionic content would lead to a large 

reading on the moisture meter even at low soil moisture contents. 

The rate of increase from the low moisture point to the high moisture point for the four 

soils are reasonably similar. An increase in moisture content of between 5 and 10 % is 

required to move from a low moisture reading (4) to a high moisture reading (8). 

6.2.3 Organic Content 

The amount of organic material contained in each soil was determined by measuring the 

mass loss due to ignition at 440°C in a muffle furnace. The method used was that 

published as the ASTM method D 2974 - 87 [86] titled Ash Content Method C. This 

procedure is outlined in section 4.3.3. All four soil samples were analysed in duplicate. 

The mean values are reported in Table 6.3.  

The Northland and Blockhouse Bay soils have a similar organic content. These soils 

appeared quite grey and fine with few obvious pieces of organic material. The potting 

mix and seed raising mix contain considerably more organic material than the true soils 

due to the organic material used to produce these samples. As explained in section 1.3.4.1 

the amount of organic matter in a soil can range from close to zero to over half of the soil 

weight. This makes it difficult to determine the typical soil organic content for New 

Table 6.3: Organic content in the four soil samples 

Soil Type 

Northland Soil 

Blockhouse Bay Soil 

Potting Mix 

Seed Raising Mix 

Percent Organic Matter 

10.13 

10.18 

36.97 

5 1.48 



Zealand soils. The amount of organic material in the Northland and Blockhouse Bay soils 

are similar to values published by Perrott and Sarathchandra, [I071 that ranged fi-om 

2.2% to 10.3%, for New Zealand pasture top soils. The values for the potting mix and 

seed raising mix are significantly higher than these published values, but are within the 

range expected for different types of soils. 

A possible interference in determining the soil organic matter content by the muffle 

hate method is caused by the loss of structural water fiom inorganic soil components. 

Structural water or water of crystallisation is water that is contained within the crystal 

structure of a mineral. Water of crystallisation is not released when a sample is dried at 

100 OC. It is generally not released when the soil is heated to 440 OC to destroy the 

organic matter either. [108]. An exception to this rule is for the mineral gibbsite 

(A1203.3H20) [log]. Approximately 35% of the structural water held by gibbsite can be 

lost at 300°C [log, 1101 when the soil sample is heated to 440°C to ignite the organic 

matter. This mass change due to the loss of water of crystallisation can lead to an over 

estimation in the percent organic content. Fortunately this interference can be ignored for 

the soil samples in this investigation because gibbsite is not a significant component of 

New Zealand soil [ I l l ] .  

6.2.4 Cation Exchange Capacity 

The cation exchange capacity of each soil was determined using the method published by 

Rhoades [87]. The steps performed in this analysis are presented in section 4.3.4. The 

data presented in Table 6.4 are mean values derived from duplicate analysis, except for 

the Northland soil, which is a single value. The measurement unit for the CEC values is 

milli-equivalents per 100g of soil (meqll OOg). 



The CEC values follow a similar trend observed for the soil percent organic matter 

values. This probably reflects the contribution of the organic matter to the exchange 

capacity of the soil. There is also a correlation between the soil pH and the CEC. In this 

case, the soils with lower pH have produced higher CEC values. 

Table 6.4: Cation exchange capacity values for the four soils 

The higher CEC values measured for the potting mix and the seed raising mix suggests 

that these soils are better at providing elements for plant growth. This is perhaps not too 

surprising as these samples are prepared to specifically support plant development, the 

seed raising mix in particular being designed to boost the development of seedlings. The 

CEC values can also be compared with Cannabis growth detailed in section 2.4.2. The 

Blockhouse Bay soil had the lowest CEC value and also produced the smallest plants. 

The potting mix had the largest CEC of the soils used for plant growth and produced the 

largest plants for most of the growth period. 

Soil Type 

Northland Soil 

Blockhouse Bay Soil 

Potting Mix 

Seed Raising Mix 

Table 6.5 presents some CEC values for New Zealand soils published by Phillips et a1 

[112]. 

CEC (me411 OOg) 

8.82 

7.02 

10.96 

1 1 .07 

Table 6.5: New Zealand soil CEC values [I121 

Soil Type 

Ahaura silt loam 

Taupo sand 

Naike clay 

CEC (me/] OOg;) 

12.0 

9.5 

14.0 



The Blockhouse Bay and Northland soil samples produced CEC values smaller than the 

published examples. The potting mix and seed raising mix CEC values are of a similar 

magnitude. The range of soil CEC values measured probably reflects the variety in soil 

pH and percent organic matter values that can be encountered in different soil samples. 

6.3 Acetic Acid Extraction Results 

The analysis of the acetic acid extracted soil samples by ICP-MS provides elemental 

concentrations that have been correlated with the plant available elemental fiaction of the 

soil [95]. The method used is based on work published by Li et a1 [95], which is 

presented in section 4.4.1. The quality of the results produced was dependent on the 

performance of the instrument, the contamination of the blanks and the resulting limit of 

detection. These features are discussed prior to the results for the soil samples, which are 

presented in section 6.3.4. 

The names of the four soil samples have been abbreviated in the graphs and tables 

presented in these sections. The Yates seed raising mix is referred to as YSR, the potting 

mix as PM, the Blockhouse Bay soil as BHB, and the Northland soil as NTH. The 

standard SRM abbreviation is used in reference to the NIST 1646 Estuarine River 

Sediment reference material. 

6.3.1 ICP-MS lnstrumen t Performance 

The performance of the ICP-MS was adjusted before the analysis of the soil samples by 

conducting an instrument tune. The linearity of the calibration process was monitored by 

the analysis of a standard at a higher concentration, and one at a lower concentration than 

the calibrating standard. During the analysis run the performance of the instrument was 

monitored by the repeated analysis of a check standard. The results from these three 

procedures are presented in this section. 



6.3.1.1 Tune Results 

The instrument parameters adjusted at the tune stage are presented in Table 6.6, along 

with the tuned values. These parameters were altered to achieve the best possible 

operating conditions for this analysis run. 

Table 6.6: Instrument parameters from the analysis of the acetic acid soil extracts 

Instrument Parameter 1 Setting 

RF power 

Sample Depth 

Extract 1 

Extract 2 

Einzel 1,3 

Einzel2 

Omega (+) 

Omega (-) 

QP Focus 

Table 6.7 contains the results from the analysis of the tune solution with the above 

instrument settings. Section 3.5.4.4 discusses the procedures involved in performing an 

instrument tune. The ideal instrument response is contained in Table 3.7 in section 

3.5.4.4. 

Table 6.7: Tune solution results 

Parameter 

Counts 

RSD % 

Background Counts 

Width at 10% 

Doubly Charged % 

Oxides % 

m/z and Element Analysed 

7 ~ i +  89 Y+ 205 7%' 70 ce2+/ 156 c~o+ /  
140 ce+ 140 ce+ 

8,570 17,099 14,427 

6.55 2.52 6.1 1 

3 3 5 

0.75 0.60 0.80 

3.64 

1.10 



The tune results for the analysis of the acetic acid soil extracts compared well with the 

desired results. Element counts were above the required value, however a slight increase 

in the RSD was required to achieve the higher counts. Background counts were well 

below the desired value of 10. The width at 10 %, which measures the width of the peak 

produced for each tune mass at ten percent of the height, was close to the required value. 

The percentage of doubly charged ions was well below the required level. The level of 

oxides was approximately double the acceptable maximum, but at 1.1% was still low 

enough for it not to be a major influence. 

6.3.1.2 Calibration Linearity 

Three calibration standards were analysed at the start of the soil sample ICP-MS analysis 

run. Only calibration standard #2 was used for setting the response of the ICP-MS 

instrument in the semiquant process. The other two standards were analysed to determine 

if the calibration process was accurate over a range of concentration. The calibration 

standard #1 contained the 29-element standard at 20 ppb and the REE standard at 0.5 ppb 

and was used to monitor the response for elements at low concentrations. Calibration 

standard #3 provided a way of determining the performance of the calibration process for 

elements at a high concentration. This standard contained the 29-element standard at 500 

ppb. Figure 6.2 presents the concentrations calculated for these calibration standards. 

Only the elements contained at known concentrations in the two standards are presented. 



Figure 6.2: Additional calibration standards 

For the majority of elements the calibration process, based on the calibration standard #2, 

produced the correct result. However, the elements Na (41 ppb), K (81 ppb), Ca (39 ppb), 

Sc (0.5 ppb) and Fe (35 ppb) in calibration standard #I and K (200 ppb) in calibration 

standard #3 did not produce the expected concentration. For calibration standard #1 the 

concentration of these five elements are higher than expected. For the higher 

concentration standard (calibration standard #3) K is lower than expected. This pattern 

indicates that the variability for Na, K, Ca, and Fe is the result of high matrix 

concentration for these elements relative to the standard. The rational for this effect has 

been outlined in section 5.3.1.2. 

It is more difficult to be confident that the abnormality observed for Sc is due to the same 

effect. Scandium is less likely to be at high matrix concentrations, although the 

concentration in the calibrating standard is only 1 ppb, which could be affected by low 

background levels. This element was correctly calibrated for the plant analysis and 

because it is not in the 500 ppb standard it is difficult to determine if the increase 

observed for calibration standard #1 is the result of high background. It is possible that 

this element may be influence by contamination. The following section (section 6.3.1.3) 

deals exclusively with the repeated analysis of calibration standard #l. 



6.3.1.3 Check Standard 

The check standard examined during the soil analysis run was the sample labelled as 

Calibration Standard #l. This standard contained the elements fiom the 29-element 

standard at 20 ppb and the elements contained in the rare earth element-standard at 0.5 

ppb. This was analysed five times, at approximately every five to ten samples. 

The check standard consistency is displayed in Figure 6.3. The element concentrations 

calculated are internal standard corrected. The graph is a ratio plot of each check 

(repeated analysis one to four) divided by the results produced the f.irst time the sample 

was analysed. An increase in a particular element fiom the initial analysis to the check 

standard results in a ratio of greater than one, whereas a decrease in the concentration of 

the element in the check standard produces an element value less than one. 

+Chsdc std 1 
+Ch3ck std 2 
+Chedc std 3 

n -ChedcStd4 

Figure 6.3: Check Standard Analysis 

For the majority of elements, repeated analysis of the check standard produced very 

consistent results. This consistency is displayed as element values close to one in Figure 

6.3. Some variations in the element concentrations were present. Check standard two 

shows some deviation between the measured and expected values for Mg and Ca  The 

higher values measured for this standard result in ratio values for these two elements of 



approximately 1.7. The increased value is likely to be caused by a higher concentration of 

these elements in the soil samples analysed immediately prior to this check standard. This 

influence is known as carryover, as explained in section 3.5.4.5. Other elements that 

deviate from a ratio of one are Sc and Th. The exact reason for the variation at both of 

these elements is unknown but may reflect response variability. 

6.3.2 Blank Results 

A series of blanks were analysed from different stages of the sample extraction method. 

This provided an opportunity to examine the changing blank level or level of 

contamination introduced by each stage of the process. The Milli-Q water used in the 

preparation of the samples and standards was the least modified sample. Figure 6.4 

compares a Milli-Q water blank with the next solution in the preparation order, the 0.1 M 

acetic acid plus 1 % nitric acid blank. 





A small increase in concentration from the Milli-Q to the acid is apparent for many of the 

elements analysed. Larger increases in concentration are present for the elements Li, V, 

Cr, Ga, Cd, Sn, Ba, Bi and U. These elements are likely to have been introduced from 

either the acetic acid or the nitric acid. 

Some elements are at marginally higher concentrations in the Milli-Q water than they are 

in the acid blank. These are the elements Ni, Zn, Nd, and Sm. The results presented in 

this graph are from the analysis of single samples and therefore this variation probably 

should be expected. One factor that can cause noticeably higher element concentration 

for a Milli-Q sample compared to a nitric acid blank is acid induced suppression. This 

acid effect is characterised by signal depression with increasing acid concentration [I021 

due to a combination of matrix interferences. For acid suppression to occur the increase 

in element concentration introduced by the acid would need to be smaller than the effect 

caused by acid suppression. 

Another possible blank comparison is between the acid blank and the method blank. This 

provides the opportunity to compare the acid solution before and after it was subjected to 

the extraction procedure. Figure 6.5 presents this comparison. 





L . .  

For most elements both lines are at similar concentrations. Nickel is the only element that 

is significantly increased in concentration by the extraction process. A possible method 

blank source of Ni contamination was the polyethylene centrifbge tubes used for sample 

mixing. The 5 mL plastic auto pipette tips can be excluded as these were used to prepare 

the bulk acid solution, which did not show the same elevated Ni concentrations. Nickel is 

also used as the material for the HP 4500 ICP-MS skimmer and sampler cones. If Ni 

contamination was originating from this part of the instrument one might expect all 

samples to show elevated levels. 

6.3.3 Limit of Detection 

The limit of detection (LOD) is the minimum concentration at which an element can be 

reliable determined above the background fluctuations of the method blanks. For the soil 

extraction analysis five method blanks were analysed to determine this level. The results 

for the five method blanks are displayed in Figure 6.6. 



Y Y Y Y Y  
c c c c c  s s s s a l  m m m t n m  



For most elements all five lines appear quite close. There is some variation for the 

heavier REE's. This is possibly the result of variation caused by very low counts for these 

elements. The elements Cs and U also display some variation. Both of these elements 

decrease in concentration with each successive method blank. This indicates that there is 

a carry-over problem that is slowly reduced with each blank. These samples were run 

after two wash solutions that followed the calibration standards so it is possible that some 

residual standard solution was present. Indium also has a similar pattern although not 

quite sequential. All three of these elements were analysed at concentrations of 20, 100 

and 500 ppb in the calibration standards. The concentration of Mo in the method blanks 

fluctuates but there does not appear to be a pattern to this variation. 

The limit of detection was calculated by adding three times the standard deviation of 

these five samples to their mean. The values for the mean method blank, the standard 

deviation (Std Dev) and the relative deviation (RSD %) for each element are contained in 

table 6.8. 

Table 6.8: Values calculated to determine the limit of detection 

Element Mean Method Std Dev RSD 

Blank (%) 

Li 0.0406 0.0227 55.9 

Element Mean Method Std Dev RSD 

Blank (%) 

Cd 0.3620 0.1035 28.6 



I 

I The tabulated data is also presented in Figure 6.7, which shows a graphical comparison 

between the limit of detection and the mean method blank. The closeness of the LOD to 

the mean value is produced by the five method blanks giving similar results, leading to a 

small standard deviation for each element. 





6.3.4 Soil Extraction Re suits 

The results from the four soil samples and one SRM extracted with acetic acid are split 

into three sections. This enables the quality of the results and the significance to be 

evaluated. The first comparison is of the repeated soil samples to examine the precision. 

This is followed by the comparison between the soil results and the limit of detection. 

Finally the four soil samples are compared with each other to determine if visible 

differences exist between the element concentrations. Unlike the plant digestion 

procedure, it is not possible to determine the accuracy of the acetic acid extraction 

process. This is because SRM 1646 Estuarine River Sediment is not certified for partial 

extractions. 

6.3.4.1 Precision 

All four soil samples and the SRM were examined in triplicate to provide an estimate of 

the precision of the results. Figures 6.8,6.9,6.10,6.11 and 6.12 display the graphical 

comparison between the triplicate analysis for the SRM samples, the seed raising mix, the 

potting mix, the Blockhouse Bay soil and the Northland soil respectively. 













In general the precision produced by triplicate analysis is very good with the repeated 

samples overlap almost identically for five soil types. The high level of precision reflects 

favourably on the extraction process and the ICP-MS analysis procedure. The 

concentrations of extracted elements were reproducible. Random contamination appears 

to have been successhlly limited for most elements. The results indicate that carryover 

was not an influence for samples run immediately after the check standards. It also 

suggests that for most elements the internal standard correction is operating correctly. 

Background counts do not appear to influence most elements at low concentrations. 

Table 6.9 presents the percentage of elements fi-om each soil sample that were within plus 

or minus 10% and 20% of the appropriate mean concentration. The number after the soil 

type abbreviation refers to the sample replicate. 

Table 6.9: Percentage of elements within + 10% and 20% of the mean 

Soil Sample 

SRM 1 

SRM 2 

SRM 3 

YSR 1 

YSR 2 

YSR 3 

PM 1 

PM 2 

PM 3 

BHB 1 

BHB 2 

BHB 3 

NTH 1 

NTH 2 

NTH 3 

Mean 

Percent of Elements Within 

f 10% of mean -+ 20% of mean 

84.5 89.7 

84.5 89.7 

81.0 89.7 

51.7 75.9 

48.3 63.8 

48.3 69.0 

58.6 87.9 

74.1 89.7 

46.6 84.5 

77.6 89.7 

67.2 82.8 

79.3 87.9 

65.5 86.2 

69.0 87.9 

75.9 89.7 

67.5 84.3 



The percentage of elements measured within 10% of the mean ranged from 

approximately 47% for the third replicate for the potting mix, to 86.5% for both the 

second and third replicates of the SRM samples. The range for the values within 20% of 

the mean was from 63.8% for the third seed raising mix replicate, up to almost 90%, 

which was achieved by a number of samples. The SRM samples consistently produced 

the highest percentage of elements that were within the set distance from the mean. The 

most obvious reason for this is that this sample was ground extremely finely and was well 

homogenised. 

The precision achieved for the four soil samples involved in the production of the 

cannabis crop is also a reflection on the soil sample preparation methods empIoyed. The 

homogenisation procedure, detailed in section 4.2, consisted of coning and quartering 

followed by a 2 rnm sieve to ensure the reduced sample size was representative of the 

original bulk. This sample preparation method was a compromise between homogenising 

the samples to increase the precision and performing as few steps as possible to limit the 

introduction of contamination. The results presented for the four homogenised soil 

samples indicates that for the majority of elements the degree of homogenisation was 

acceptable. 

There are some areas of variability in the above graphs. The second replicate of the seed 

raising mix (Figure 6.9) shows some variation for the elements Cd, In and the heavier 

elements. Also, the elements Ag and In, are visually different from the other two 

replicates in the third potting mix samples (Figure 6.10). This variation may be caused by 

small amounts of contamination entering these samples at some stage. It is also possible 

that when a 0.5 g sample was selected it contained small mineral fragments that were not 

sufficiently homogenised through the entire sample. The variation for Ag and Ln in the 

potting mix sample is less serious because the limit of detection for Ag and In is the same 

as the concentration of these elements in the potting mix samples. 



6.3.4.2 Soil Results and the Limit of Detection 

The comparison between the soil results and the limit of detection enables the elements 

that are above the detection limit to be identified. The elements that fall below this limit 

are unable to be separated from the fluctuations of the background and therefore provide 

limited analytical information. Figures 6.13,6.14,6.15,6.16 and 6.17 present the 

comparison between the limit of detection and mean soil results for the SRM sample, the 

seed raising mix, the potting mix, the Northland soil and the Blockhouse Bay soil 

respectively. 













The majority of the elements measured in each of the five soil samples are well above the 

limit of detection. Areas of good separation between the LOD and the soil samples occur 

for most of the elements on the left half of the graph from Li to Mo and for the rare earth 

elements. Between 75 and 88 % of the elements analysed can be separated from the limit 

of detection and are available for the comparison of the soil samples. Each graph has a 

few elements that are difficult to visually separate from the limit of detection. Table 6.10 

presents the elements that were on or below the limit of detection (LOD) for each soil 

type and also the number of elements that were above the LOD. 

Table 6.10: List of element below and the number above the LOD 

The elements that are below the limit of detection for only some of the soil profiles can 

provide as much information for differentiating between the soil samples as the elements 

with no values below the LOD. This is because if the concentration of one element is 

below the limit of detection for one sample, but not for another, then the two samples 

have different concentrations of this element. Different concentrations can provide 

information to discriminate between different samples. 

Soil 

Type 

SRM 

YSR 

PM 

BHB 

NTH 

Only the elements Ag, In, Sn and Bi are below the limit of detection for all five soil 

samples. The Elements below the limit of detection for all samples offer no information 

for discriminating between the soils based on acetic acid extracts. These four elements 

are excluded from the comparison of soil samples, as their concentrations are not 

significant. It is of interest that these four elements were also below the LOD for all the 

Elements on or Below the LOD # of Elements 

Above LOD 

Ag, In, Sn, Cs, W, T1, Bi 52 

Sc, Cr, Ni, Ge, As, Se, Ag, Cd, In, Sn, Sb, W, Pb, Bi, U 44 

Se, Ag, Cd, In, Sn, Sb, Bi 52 

Ge, Se, Mo, Ag, In, Sn, Cs, TI, Bi, U 49 

Ge, Se, Ag, In, Sn, Cs, W, T1, Bi, U 49 



plant sample concentration, presented in section 5.3.4.3. These elements appear to suffer 

fiom a combination of high LOD levels relative to the extracted concentrations. The 

elements Ag, In and Bi have low crust abundance concentrations of 7.5xl0-~, 2.5~10-' 

and 8.5x10-~ mgkg respectively [113], As a results these elements would not be expected 

to be present at hlgh concentrations in the soil. The low concentration can also lead to a 

higher LOD level due to variation in the background impacting on the total counts. Tin is 

expected to be at much higher concentrations in the soil samples based on a crust 

abundance of 2.3 mgkg [I 131. It is likely that Sn is below the LOD due to high blank 

concentrations, introduced by the nitric or acetic acid. 

Most of the elements below the LOD appear to be clumped together into small groups of 

elements with similar masses. For example, many of the elements from Ag to Cs are 

below the LOD for all five soils. A similar grouping is visible for the heavier elements 

from W to U. It is likely that this is the result of elements with close m/z values having 

similar natural abundances that are then converted into extraction concentrations and 

likelihood of being introduced as contamination into the blanks. 

6.3.4.3 Corngarison Between the Soils 

The three soils used for growing the cannabis samples and the seed raising mix used for 

seedling development were compared to examine if differences exist between the 

elements supplied to plants in the different growth media. If the soils have different acetic 

acid extractable elements it follows that the cannabis plants cultivated on them may have 

different elemental profiles and therefore enable origin determination. Figure 6.18 

displays a graphical comparison between the four soils involved in the cannabis 

cultivation process. 





Visual comparison of the four lines indicates clear differences between the samples. The 

largest area of variation is the rare earth elements. The three soils used for cannabis plant 

growth can be separated by examination of the rare earth element region alone. Two of 

these three samples, the Blockhouse Bay soil and the potting mix, can be distinguished 

from the seed raising mix solely by examination of the rare earth elements. Although not 

identical, there is some visual overlapping between the seed raising mix and the 

Northland soil at these elements. These two samples can clearly be separated by the 

comparison of elements such as V, Co, Cu, Zn and Rb. 

It is of interest that for the potting mix, Northland soil and Blockhouse Bay soil, the 

samples with higher CEC values have produced higher extractable REE concentrations. 

This may reflect the soil's ability to make elements available to the plant and therefore 

more available to the extracting solution. However, the seed raising mix had the highest 

CEC value, but the REE concentrations are generally lower than the Northland soil. 

6.3.5 Statistical Compa rison 

It is also possible to examine the differences between the soil profiles statistically. This 

provides the opportunity to determine if the visual differences present in Figure 6.18 are 

statistically significant. Two different types of statistical tests were performed. The first 

was a univariate test known as the One Way ANOVA test. This was followed by a 

mulitvariate test known as canonical discriminant analysis. These two tests are discussed 

along with the results produced. 

The soil data used for the statistical comparison were the triplicate results derived from 

the ICP-MS analysis of the acetic extracted samples. Only the elements above the limit of 

detection for all soil samples were considered. The concentrations of the four elements 

below the LOD were excluded, as their concentrations were not significant. This left 

fifty-four elements available for statistical comparison. 



6.3.5.1 Univariate Statistical Test 

The univariate statistical test chosen for the comparison of elements in different soil 

samples was the one way analysis of variance (ANOVA). As explained in section 5.3.5.1 

the ANOVA test determines if there are significantly differences in the concentration of 

each element between different groups of samples. In this case the different groups were 

the soil types. 

The soil data was also required to meet the same two conditions detailed in section 

5.3.5.1, which were data is normally distributed and equality of variances. The normality 

of the data was not tested because the element concentration for each group was from 

only three or five replicates. Any test of normality on such a small collection of data 

would almost surely fail. It is possible is assume that the data is a sample from a 

population with a normal distribution and the sample would approximate the normal 

distribution if more replicates were analysed. 

The equality of variance can be controlled for by a logarithm transformation of the data. 

This reduces the differences between samples from differing groups ensuring that the 

range of values is closer. 

For the ANOVA test, the null hypothesis (Ho) is that there is no significant difference 

between the mean results for the samples compared. The comparison of the sample 

means allows this hypothesis to be accepted, or rejected in favour of the alternate 

hypothesis (HA) that states that there are statistically significant differences between the 

element concentrations. The P value was set as 0.05, which means that if the test result 

for the comparison of an element is smaller than this value then it can be concluded with 

95 % confidence that the differences between the two sample means are significant. 

The results for the ANOVA test comparing the element profiles of different soils are 

surnrnarised in Table 6.1 1. 



Table 6.1 1 : ANOVA results for the comparison of soil samples 

Statistical Group 

Significantly 

Different 

Not Significantly 

Different 

~ l e r n e n t s ~ ~ ~  

Li, Be, Na, Mg, Al, K, Ca, Sc, Ti, V, Cr, Mn, Fe, Co, Ni, 

Cu, Zn, Ge, As, Br, Rb, Sr, Y, Zr, Mo, Pd, Cd, Sb, I, Cs, 

La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, 

Hf. Ta, T1, Pb, Th, U 

Ga, Se, Ba, W. 

The statistical results presented in Table 6.1 1 support the differences observed in Figure 

6.18. Of the 54 elements above the limit of detection, 50 (93 %) are present at different 

concentrations when the soil samples are compared. Only four elements above the LOD 

are not at significantly different concentrations in the soil samples. 

It is possible to perform a post hoc modification to the ANOVA test to identify the 

specific soil element concentrations that are different between the different soil samples. 

The post hoc process selected was the Tukey method that compares every soil sample 

with every other soil sample for each element. Table 6.12 displays a summary of the 

Tukey results identifying where the significantly different element concentrations occur. 



Table 6.12: Elemental differences between plant types 

Soil Types Compared 

Potting mix Vs 

Blockhouse Bay soil 

Potting mix Vs 

Northland soil 

Northland soil Vs 

Blockhouse Bay soil 

Elements Significantly Dtflerent 

Li, Be, Na, Mg, Al, K, Ca, Sc, T1, V, Cr, Mn, Fe, Co, Ni, 

Cu, Zn, Ge, As, Br, Rb, Y, Zr, Mo, Pd, Cd, Sb, I, Cs, La, 

Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, 

Ta, T1, Pb, Th, U. 

Li, Be, Na, Mg, Al, K, Ca, Sc, TI, V, Cr, Mn, Fe, Co, Ni, 

Cu, Zn, Ge, As, Br, Rb, Sr Y, Zr, Mo, Cd, Sb, I, Cs, La, 

Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, 

Ta, T1, Pb, Th, U. 

Li, Be, Na, Mg, K, Ca, V, Mn, Co, Ni, Cu, Zn, As, Br, 

Rb, Sr, Y, Zr, Pd, Sb, I, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, 

Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, T1, Pb, Th, U. 

All except one element identified as different with the ANOVA test are significantly 

different between the potting mix and the Blockhouse Bay soil (Sr), and between the 

potting mix and the Northland soil (Pd). The number of elements significantly different 

between the Northland and Blockhouse Bay soils was slightly less, at 41 elements. These 

results provide strong support for discriminating between these soil samples. At least 80 

% of the elements above the limit of detection are significantly different when soil 

samples are paired together and compared. Assuming that plants grown on these soils 

will reflect the soil profile, this provides a good chance of being able to discriminate 

plants fi-om different soils. 

6.3.5.2 Multivariate Statistical Test 

Another way to statistically examine the element concentrations of different soils is a 

multivariate test. This test is concerned with examining all the elements (or variables) for 

a set of data and making conclusions based on the simultaneous combination of 

observations. The multivariate test employed for the comparison of plants from different 

soils was the canonical discriminant analysis. As explained in section 5.3.5.2 the 



canonical discriminant analysis is used to reduce the number of dimension, 54 in this 

case, to a form that can be examined in a two-dimensional plot. The assumptions required 

for this test are the same as those discussed in section 6.3.5.1. As discussed in this 

section, it can be assumed that the logarithm transformed soil data fits these assumptions. 

A summary of the canonical factors calculated for the soil results is presented in table 

6.13. This displays the percent of variance accounted for by the first 2 functions and the 

cumulative percent. The canonical correlation is also presented, which measures the 

association between the discriminant scores and the groups. 

Table 6.13: Summary of canonical discriminant scores 

These results indicate that the first canonical discriminant h c t i o n  calculated to represent 

the data accounts for almost all of the observed spread. The second function accounts for 

small additional percent required to cover the entire spread. Both functions have 

canonical correlation values very close to one, indicating strong correlation between the 

discriminant scores and the groups. The Wilks' Lambda test is a measure of the total 

variance in the discriminant scores not explained by differences among the groups. Both 

functions have produced values close to zero and therefore the group means are 

significantly different. 

Function 

1 

2 

The canonical discriminant functions determined for each sample are presented 

graphically in Figure 6.19. As detailed in Table 6.13, the two functions account for the 

entire variance and therefore a plot of the results for these two functions is presented. 

Percent of Cumulative Canonical Wilks ' 

Variance Percent Correlation Lambda 

94.6 94.6 1 .OOO 0.000 

5.4 100.0 0.999 0.014 
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Figure 6.19: Canonical discriminant b c t i o n s  

The individual soil results are grouped close together for each type of soil. Blockhouse 

Bay results show the greatest variability, however this spread is much smaller than the 

distance between different soil profiles. To test the assumption that the element variances 

were not significantly different between soil types the Levene's test was performed on 

the log-corrected data. Seven elements (Al, TI, Mo, Cd, Pb, Th, U) had significantly 

different variances. These elements were removed and the canonical discriminant 

analysis was repeated. The results produced did not appear to differ to those already 

presented. Therefore, despite some elements failing the Levene's test, this did not appear 

to have an impact on the conclusions drawn. 

6.4 Total Elemental Analysis Results 

6.4.1 X R F  Soil Analysis 

The analysis of the four soil samples by X-ray fluorescence analysis was performed in the 

Geology department. An outline of the procedure used is contained in section 4.5.1. 



Figure 6.20 presents the results for these four samples in a graphical form for ease of 

comparison. 
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Figure 6.20: X-Ray analysis of the four soil samples 

The graph presents the concentrations for up to 23 different elements. Many of the 

elements are reported as their naturally occurring oxide form. The limit of detection for 

this technique is 10 ppm. Elements below this concentration are not reported and can be 

identified by a missing bar for that soil type. 

Small variations exist between the elemental compositions of the four soil samples at 

most elements. The log scale used to diilay the concentrations may give the impression 

that the samples are closer than they actually are. This is especially true for elements at 

higher concentration where a large concentration range hlls between 2 grid lines. When 

this factor is taken into account, combined with the unreported element concentrations 

there appears to be reasonable differences between the samples. It is interesting to note 

that for some elements the results appear to be separated into two pairs. For six 

compounds; COY SiOzy SO3, Ti02, Sr and Zr the potting mix and seed raising mix 

results appear quite close, while the Northland and Blockhouse Bay results are paired 

together at a different concentration. 



6.4.2 ICP-MS Total Elem ent  Analysis 

The total element analysis of the four soils was performed at the Wellington ESR 

Environmental laboratory. The sample digestion and ICP-MS analysis procedures utilised 

by ESR Environmental are summarked in section 4.5.2.1 and 4.5.2.2 respectively. The 

quality of the results was verified by in-house controls and check samples that were not 

available for my examination. 

The variation between the total element composition of each soil profile is displayed in 

Figure 6.2 1. The limit of detection for this type of analysis has been set at 1 pg/g by ESR 

Environmental. Elements that are below this concentration are displayed as gaps in the 

line for each sample on the graph when plotted against the same elements determined in 

the acetic acid extracts of the soils and in the cannabis plant samples. 





The high limit of detection causes many of the elements that can be determined by the 

ICP-MS procedure not to be displayed. Consequently, with fewer elements the visual 

separation between the four soil samples is not as clear. The rare earth elements have 

almost no elements visible on the graph due to the limit of detection. These elements 

were expected to be very useful for comparing different soil samples and therefore this 

method of total element analysis is of little value. 

Despite the poor limit of detection four of the elements in Figure 6.21 appear to be 

visually different to each other. The elements Cr, Co, Sr and Bi, are visually different 

between the four samples and all are present at concentrations higher than the limit of 

detection. 

6.4.2.1 Comparison with Partial Extraction 

The comparison between the acetic acid extraction values and the total element 

concentrations was performed to determine the proportion of elements in each sample 

that were in the 'plant available' fraction. The extracted values for the four soil samples 

used in this investigation are compared to the element concentrations produced by the 

total element analysis performed by ESR Environmental. The element concentrations 

produced for the SRM sample is compared to the total element concentration presented as 

certified and recommended concentrations for this standard in the literature. 

The comparison between extracted elements and total element concentration is presented 

in graphical form. Figure 6.22 displays the comparison for the SRM sample. The total 

element concentrations are taken from results for instrumental neutron activation analysis 

performed by Smodis et a1 [114]. Figures 6.23,6.24,6.25 and 6.26 displays the 

comparison for the total element analysis with the acetic acid extracted elements for the 

seed raising mix, the potting mix, Blockhouse Bay soil and Northland soil respectively. 













The number of elements quantified by the total analysis method limited the level of 

comparison possible for Figure 6.23 to 6.26. For the elements that are present it is 

possible to make some comparisons. Firstly it is important to note that in each case all 

the elements in the extracted sample are at a lower concentration than in the total 

element analysis. This suggests that the acid extraction step has successfully liberated 

the more available elements, which must be less than or equal to the total concentration 

available. Figure 6.27 presents a graph of the percentage of each element extracted by 

the acetic acid procedure. 

Figure 6.27: Percentage of elements extracted, as a proportion of total concentration 

The proportion of each element extracted appears to vary between each soil sample. 

This is likely to be a result of each soil profile consisting of different proportions of 

organic and inorganic components. Both the Blockhouse Bay soil and Northland soil 

samples have acetic acid extracted Sr concentrations that are very close to the total 

element level. The extracted concentration of Zn in these two soils is also quite close to 

the total concentration. These variations in plant available elements between the 

different soils may make the differentiation of the Cannabis plants grown on each soil 

easier to see. 



Marin et al[8 11 has presented results for the extraction of elements fiom a reference 

m a t 4  closely related to the SRM utilised in this investigation. The published work 

has the total and acetic acid extracted concentrations for a number of elements for the 

NIST standard reference material SRM 1646% which is the replacement standard for 

SRM 1646 utilised in this investigation. The extracted percent for the eight elements 

contained in the published paper are compared to the results for the related SRM in this 

investigation in Figure 6.28. 
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Figure 6.28: Extracted element percent for acetic acid procedure 

For the five elements that are common between these two estuarine sediments the 

percent extracted is reasonably close. This is especially true for Cu, Zn and Cd. These 

results suggest that there is some consistency between extracted elements for closely 

related soil profiles although it is difficult to draw too many conclusions fiom this 

comparison due to the limited amount of data available. 

6.4.2.2 Comparison with the XRF Soil Results 

This comparison provides an opportunity to examine the recovery of selected elements 

fiom two total concentration procedures. If both methods have produced the total 

concentration for the elements measured, the two methods should have produced the 

same results. Variability between the two results may suggest that one procedure has 



been more affective at recovering the elements, although it may also indicate elemental 

bias. Figure 6.29 presents a percent graph of the concentration determined for the ICP- 

MS total analysis divided by the XRF total analysis. 

Figure 6.29: Comparison of two total analysis methods 

There appears to be little correlation between the two total analysis method. The 

majority of elements that were analysed by both methods are at lower concentrations in 

the results from the ICP-MS total analysis. This leads to percent values less than 100. 

The elements Cu, Zn and Pb differ fiom this pattern, and are recovered at greater 

concentrations for the ICP-MS total analysis. The ICP-MS analysis was perhaps more 

reliable result of total analysis as the concentrations are determined by matrix matched 

calibration solutions, compared with a simple internal standard process employed for 

the XRF analysis. 

6.5 Conclusion 

The acetic acid extraction analysis of the five soil profiles produced results with good 

precision. The mean percent of elements in each replicate within 10% of the sample 

mean was 68%. This increased to 84% when the deviation fiom the mean was extended 

to S O % .  



Only four elements were below the limit of detection for all of the soil profiles. This 

provides up to 88% of the elements analysed for comparisons between different soil 

profiles and between plant samples and soil profiles. The determination of the accuracy 

of the extraction results was not possible, as the extractable element concentrations are 

not reported for the SRM used. The accuracy of the extraction process is of little value 

provided the precision is sufficiently high. 

The graphical comparison of the acetic acid extracts from the four soils involved in 

cannabis production enabled clear visual discrimination. The three soils f?om the pots 

displayed large visual differences at the rare earth elements. The wide difference in 

element concentrations observed for the graphical comparison is supported by the 

statistical analysis. The univariate analysis identified that at least 80 % of the elements 

above the limit of detection are different between soil types. The canonical discriminant 

factors also show this clear separation between the three soil types used in the pots when 

every element in each sample is considered together. 

The analysis of the total element concentration of the soil profiles provided only limited 

information due to the high limits of detection for the procedures employed. It was 

possible to determine the relative concentration extracted for selected elements. The total 

element concentration results are of lesser importance due to published results, which 

show a poor correlation between total element soil concentrations and the uptake of 

elements by plants [47]. There was a large variation between the total analysis results 

from the two methods. It is assumed that the ICP-MS process produced more reliable 

concentrations because of the sample preparation and calibration methods employed. 



Chapter 7. Comparison of Plant and Soil 

Results 

7.1 Introduction 

The two preceding chapters have been concerned with the comparison of plant and then 

soil results respectively. This chapter extends this comparison by examining the 

relationships between the Cannabis plants and the soil they were grown on. The 

investigation of the plant and soil relationships attempts to answer the second part of the 
I 

origin determination question presented in section 1.1. This is: is it possible to link a 

cannabis sample with the location it was grown in using the trace element profiles for the 

plant and for the soil? This chapter will examine this question by comparing the 

elemental results from the plant samples presented in chapter 5 with the soil results 

presented in chapter 6. 

The first comparisons, presented in section 7.2, are between the plant results and the 

acetic acid extracted oil elements. The second plant and soil comparison, presented in 

I section 7.3, compares the plant results with the elements determined by the soil total 

analysis. Elements below the limit of detection in all plant samples are excluded from 

both of these comparisons. Section 7.4 compares the soil properties presented at the start 

of chapter 6 with the plant element results. This section examines the impact of factors 

known to modify element availability on plant concentrations. Finally, section 7.5 

presents some conclusions for the comparison of plant and soil results, in relation to the 

question of origin determination. 

Abbreviations for the plant and soil names have been used in the graphs in this chapter. 

The potting mix and plants from it are abbreviated to PM. The Northland soil and plants 

are referred to as NTH, and the Blockhouse Bay soil and plants as are referred to as BHB. 



7.2 Plant Results and Extracted Soil Elements 

Published results indicate that the elements extracted with the acetic acid procedure, 

detailed in section 6.3, are related to the elements taken up by a plant grown on that soil 

[95]. The water-soluble and exchangeable forms of metals are considered to be the most 

available to plants [95], therefore it makes sense to try and quantify these elements in the 

soil samples. This section presents some comparisons between the soil elements extracted 

with acetic acid and the elements present in the plants to determine if a similar 

relationship exists for cannabis grown in this investigation. 

7.2.1 Elemental Compa rison 

A total of 38 elements were used for the comparison of plant element profiles and 

extracted soil profiles. The elements excluded were those below the limit of detection for 

all plant samples. The plant samples used for this comparison were the results fkom the 

analysis of the largest female plant collected from each pot of soil at harvest five. The 

results presented in chapter 5 indicate that the elemental profiles measured in the plants 

collected at this final harvest were representative of the results produced for any plant 

recovered from the same soil. 

The soil results presented are the concentrations measured in the acetic acid extracted 

samples. The procedures involved in the preparation and analysis of these samples is 

contained in section 4.4 and is based on the method published by Li et a1 [95]. Both the 

plant and soil results are presented as pg of analyte per g of dried material analysed. This 

enables direct comparison between the concentrations. 

Figures 7.1,7.2 and 7.3 compare the mean plant results with the extracted soil 

concentrations for the potting mix and its plants, the Northland plants and soil results and 

the Blockhouse Bay plants and soil results respectively. 
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Figure 7.1: Potting mix plant results and extracted soil concentration 
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Figure 7.2: Northland plant results and extracted soil concentration 



Figure 7.3: Blockhouse Bay plant results and extracted soil concentration 

The pairs of lines in each of the three graphs follow the same general trend. For almost all 

elements the acetic acid extracted concentration is lower than the plant concentration. 

There is close agreement between the soil and the plant results for the potting mix rare 

earth elements. The variation is slightly larger for these elements in the Northland 

comparison and wider still for the Blockhouse Bay results. The comparisons for the other 

elements presented do not show this pattern between the three graphs, and the distance 

between the concentrations of the non-rare earth elements for the three graphs is similar. 

The actual concentration difference varies between individual elements in a given plant- 

soil combination. The elements Sc, Ti, Mn, Ni and Ga are at similar concentrations in the 

plants and extracted soil samples. In contrast, the elements K, Cu, Ge, Se, and Mo have a 

wide concentration difference (> 10-fold) between the plant and soil results in each of the 

three graphs. 

The rare earth elements are often of interest in the analysis of plant and soil element 

concentrations. This is because they are a group of 14 elements that tend to exhibit 

similar chemical properties. With the exception of Ce, the rare earth elements all form +3 

ions under pedological conditions [115]. This similarity "leads to the expectation of 



similar plant uptake behaviour" [97l, providing a group of elements on which origin 

determination could be based. 

Li et a1 [9S] have reported that when the acetic acid extracted soil elements are compared 

with plants produced on that soil, "consistently significant positive correlations existed 

between the contents of REEs". These observations were made based on the comparison 

of corn leaves and rice leaves with their soil sample. It is possible to examine if similar 

patterns are present for cannabis produced on different soils by comparing scatter plots 

for the plant and soil r e d s  fiom this investigation. Figure 7.4 presents the soil and plant 

concentrations for the first seven REE's, fiom La to Gd. The second seven elements are 

presented in Figure 7.5. Trend lines and R~ correlation coefficients for each element have 

also been included. 
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Figure 7.4: Correlation of plant and soil REE concentrations for La to Gd 
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Figure 7.5: Correlation of plant and soil REE concentrations for Tb to Lu 

The only rare earth element to displays as significant positive correlation between the 

plant and extracted soil concentrations was Nd. The correlation of the trend line with the 

three data points is also good. This step sloped line suggests that as the extracted soil 

concentration of Nd increases, the concentration present in cannab'i slowly increase. 

There were two elements (Er and Yb) that display a negative correlation. The trend lines 

fit the data points well, producing R* values of 0.8831 and 0.8435 respectively. 

For the other rare earth elements the differences observed in the extracted soil 

concentrations for al l  other REE do not appear to correlate with the concentration 

measured in the plant samples. This factor was also evident in the Tukey statistical 

analysis of the plant elements in section 5.3.5.1 and for the soil elements in section 

6.3.5.1. These results show that despite all fourteen rare earth elements being 

significantly different between the three soil samples, the elements La, Ce, Sm, Gd, Tb, 

Ho, Er, Tm, and Lu were not significantly different between any of the plant samples. 

Wyttenbach et a1 [97l has reported a similar mismatch between plant REE and soil REE 

for total and extracted soil concentrations. The soil element extraction method utilised 

was a combination of acetic acid and ammonium acetate. 



The small plant concentration range produced, despite the variability between the soils 

suggests that there may be a process operating that is limiting the concentrations present 

in the leaves and flowers of Cannabis. Fu et a1 [116] has reported that fern plants can 

have low leaf rare earth element concentrations but high root levels that relate to the soil 

concentration. Huynh et a1 [117] has also reported the a b ' i  of plants to hold REE in 

their roots, limiting the plant's leaf concentration. It is difiicult to determine if the lack of 

positive soil and plant REE correlations in this investigation is the result of these 

elements being held by the roots as the Cannabis root material was discarded. The root 

and soil correlation is likely to be of limited use in a forensic context as Cannabis plants 

are unlikely to have roots attached unless associated with a soil sample. 

It is possible to examine the data presented in Figure 7.1,7.2 and 7.3 on one figure by 

determining the ratio of the element concentrations. The percent of each element in the 

acetic acid extracts in relation to the plant wncenhtion was calculated by dividing the 

acetic acid extracted soil concentration by the concentration measured in the plant 

sample. The three ratios are plotted as percent values in Figure 7.6. 
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Figure 7.6: Ratio of acetic acid extracted elements to plant concentration 



The three percentage lines displayed in figure 7.4 are at different values for most 

elements. Identical values would be produced if the soil-plant pairs had the same ratio 

between the extracted soil concentration and the plant concentration. Most of the non rare 

earth elements have produced ratio values around 10 %. In contrast the REE7s as well as 

other 3+ ions such as Al, Ga, and Y have produced higher ratio values and also display 

wider variability. The variability indicates plants grown on each of the three soil profiles 

have absorbed elements at different concentrations compared to the acetic acid extracted 

concentration. This suggests that other features are contributing to the elements a plant 

takes from a soil. 

The variability present in the three ratio lines above is caused by a wide range of soil 

concentrations (displayed in figure 6.18) and a much smaller range of concentrations for 

the plants fiom these soils (as displayed in figure 5.27). The variability in element 

absorption relative to the extracted soil concentration may reflect plant selectivity. It has 

been suggested that plants have limited control over trace element concentration [46], but 

essential elements are likely to be subjected to accumulation processes, preventing a 

plant-soil comparison. As discussed in section 1.3.4.3 the elements essential for plant 

growth are the macro elements 0, C, H, N, K, Ca, S, P and Mg and the trace elements Fe, 

Mn, Zn, Cu, Mo, B, and C1[55]. Eight of these elements (Mg, K, Ca, Mn, Fe, Cu, Zn, 

Mo) have been determined in the plant and soil samples. For Mg, K, Ca, and Fe the plant 

concentration does not reflect the extracted concentration, suggesting that some 

selectivity is operating. 

There are some elements (Ni, Zn, Se, Br and Mo) that have produced similar percent 

values for the three lines. The elements Zn and Mo are macro elements considered to be 

essential for plant growth. Despite being essential, these elements show a relationship 

between the plant concentrations and the extracted soil results. As identified in section 

6.3.5.1 the three soil profiles have different concentration of Ni, Zn, Br and Mo. The 

concentration of Se is not significantly different, making this element less useful for 

discriminating between the plant samples. It is, however, of interest that plants on 

different soil have absorbed the same concentration of this element. This suggests that Se 



may be of use in situations where the soil profiles exhibit different concentrations. It is 

possible to determine if the results for Ni, Zn, Br and Mo display a plant and extracted 

soil element relationship. Figure 7.7 presents these results on a scatter plot. Best fit lines 

and R* correlation values are provided to assist in comparing the results for these 

elements. Log plant and extracted soil concentrations have been used to reduce the 

concentration range, enabling all four elements to be plotted on one figure. 
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Figure 7.7: Scatter plot of log plant and log soil concentrations for Ni, Zn, Br and Mo 

Strong positive correlations between extracted soil elements and plant elements have 

been produced for Zn and Mo (correlation coefficients 0.994 and 0.901 respectively). The 

relationships suggest that as the extracted soil concentration of Zn or Mo increases, the 

concentration present in the cannabis samples grown on that soil would also increase. 

Weaker, but still positive, relationships exist for Ni and Br. The small spread of results 

for these elements limits the strength of any conclusions offered. 

In addition to the elements that show correlations for all three plant-soil pairs, other 

elements display some correlation when only the two true soils are considered. The 

elements Cu, Ge, Rb and I are all at similar percent values for the Northland and 

Blockhouse Bay results. Another paired element result is for Pd between the Northland 



samples and the potting mix samples. The soil concentrations of Pd are not significantly 

different between these two samples, but the result does indicate that this element may be 

useful for other plant and soil comparisons. 

7.3 Want Results and Total Soil Elements 

Published information suggests that there is a poor relationship between the total element 

concentration of a soil and the element composition of a plant harvested from that soil 

[47]. To examine if this is the case for the plant and soil combinations in this 

investigation the soil total analysis is compared with the plant results. 

7.3.1 Elemental Comparison 

The elemental comparison between plant samples and total soil element concentration 

provides a way of determining if the cannabis samples reflect the total element 

concentration of the soils they were grown on. The plant data presented is the mean 

element concentration derived fiom the repeated analysis of the single female grown to 

full maturity in each pot of soil. As explained in section 7.2.1 these results can be 

considered to reflect the element profile observed for all plants harvested from one soil 

type. The soil results presented are the concentrations determined by the microwave- 

assisted digestion and ICP-MS analysis performed by ESR Environmental. The 

procedure for the soil analysis is detailed in section 4.5.2. Figure 7.8,7.9 and 7.10 present 

the comparison of plant and soil results for the potting mix samples, the Northland 

samples and the Blockhouse Bay samples respectively. 
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Figure 7.8: Potting mix plant results and total soil concentration 
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Figure 7.9: Northland plant results and total soil concentration 



Figure 7.10: Blockhouse Bay plant results and total soil concentration 

The soil and plant concentrations appear to be similar for each pairing. The two lines tend 

to be at similar concentrations for the elements present above the limit of detection in 

both samples. It is of interest that for some elements the plant concentration is larger than 

the concentration determined for the soil total analysis. This may be a consequence of 

drying the samples prior to analysis. The plant samples lost more of their initial mass to 

moisture loss than the soil samples did. This leads to an apparent concentration in the 

plant elements relative to the soil concentration. 

The elements Zn and Cu appear to show a similar relationship between the soil total 

analysis and the plant concentration in the above graph. To investigate this fiu-ther the log 

concentrations for these two elements in the plant samples and for the total soil analysis 

are plotted on a scatter plot. This is presented in Figure 7.1 1. 



J 1 
0 0.5 1 1.5 2 2.5 3 

Log Plant Concentrations 

Figure 7.11: Scatter plot of log total soil and log plant concentrations for Zn and Cu. 

The correlations presented are very weak. The R~ values confirm what is obvious from 

the position of the points for each element, that there is not a significant relationship 

between total soil concentration and plant concentration for these elements. 

It is possible to combine the information contained in Figures 7.8,7.9 and 7.10 to 

determine if each soil is making a similar proportion of elements available to the plants 

grown on it. The ratio of soil total element concentration divided by the plant 

concentration presented in Figure 7.12 makes the comparisons between different plant 

and soil pairs easier to interpret. 
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Figure 7.12: Total soil concentration as a percent of plant concentration 

The three curves displayed above show that the relationship between soil and plant 

concentration for plants fiom different soils are quite similar. The elements that appear to 

be most closely related are Se, Ga, Ni, M n  and Ba. A scatter plot is presented in Figure 

7.13 which can be used to examine if a significant relationship exists between the soil 

samples and plants for these elements. 
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Figure 7.13: Scatter plot of total soil concentration and plant concentration for Se, Ga, 

Ni, Mn and Ba. 

The only element to display a significant relationship is negative, with the the plant 

concentrations decreasing very slightly as the total soil concentration of Ga increases. 

The reasons for this are unknown. For all other elements there does not appear to be a 

significant relationship between the total element concentrations and the plant 

concentrations. This supports results previously published. 

7.4 Soil Properties and Plant Elements 

Soil properties can influence the availability of elements to plants. In a study comparing 

soil properties with elements in stinging nettle Tack et a1 [50] reported that higher levels 

of organic material decreased the soil element mobility and the availability of metals to 

plants. It was noted that Zn and Mn displayed a marked decrease in plant concentration 

for plants grown on soil with high organic carbon levels [SO]. This comparison is 

examined for this investigation by the presentation of a scatter plot displaying soil 

organic content and plant Zn and Mn concentration. This is displayed in Figure 7.14. 
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Figure 7.14: Soil organic content and plant Mn and Zn concentration 



There appears to be the opposite relationship existing between organic content and Mn 

concentration for the plants and soils in this investigation. The potting mix sample has 

much higher organic content than the true soils. It would also be expected that the 

concentrations for a number of elements would be higher in this sample as it is 

specifically prepared to support plant development. Zinc does not appear to display a 

relationship either way. Having only three data points restricts the strength of any 

conclusion that may be drawn. 

A number of papers have stated that there is a strong relationship between the soil pH and 

the element concentrations of the soil. Singh [I181 has stated that the influence of soil pH 

on plant element concentrations is most noticeable for the elements Mn, Zn, Ni, and Cd. 

This relationship was examined for the plant samples measured in this investigation. 

Cadmium results could not be plotted as the plant concentrations for this element were 

below the limit of detection. The results are presented as a scatter plot in Figure 7.15. Log 

plant concentrations have been used to reduce the data spread, enabling all four elements 

to share the same plot. 
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Fire 7.15: Relationship between soil pH and selected plant elements. 



There does not appear to be a significant relationship between soil pH and plant element 

concentration for the three elements presented. The plant samples have similar element 

concentrations possibly due to the small range of pH values. 

7.5 Conclusion 

The comparison between the plant results and the 'plant available elements' as 

determined by the acetic acid extraction procedure produced a small selection of elements 

that had positive correlations between plant and soil pairs. The number of relationships 

was less than expected when compared with previous publications on this subject [95].  

Strong positive relationships were observed for the elements Nd, Zr and Mo. Weaker 

positive relationships were observed for Ni and Br. A further four elements (Cu, Ge, Rb 

and I) produced a similar plant-soil ratio value for the Northland and Blockhouse Bay 

results. There were also two elements (Se, Pd) that were present in plant sample and in 

soil samples at equal concentrations. This suggests that had the soils had different 

concentrations of these elements, it is likely that they would have produced positive 

correlations. These correlations indicate that a relationship does exist between the plant 

concentration and the soil concentration determined by the acetic acid extraction process. 

The comparison between the soil total element analysis and the plant results show a 

general pattern of similar concentrations. The high limit of detection for the soil total 

element analysis limited the results available for comparison. The ratio comparison of 

elements that were quantified in both the plant and soil samples displays some 

similarities. When individual elements were examined for the presence of a significant 

relationship, only one element (Ga) was identified. For this element as the total soil 

concentration increased the plant concentration decreased. The inability to find positive 

relationships for this type of comparison supports previously published results. 

The comparison of plant concentrations with soil properties (organic content and pH) 

known to influence element availability failed to produce any solid comparisons. One 

reason for this is that only two true soils and one potting mix were compared. This 



appears to have failed to produce a large enough range of soil property values to display 

any meaningful comparisons. 



Chapter 8. Discussion and Conclusions 

8.1 Introduction 

This chapter discusses and concludes the results presented in the three preceding chapters 

that examined the relationships between cannabis plants from different soils, and 

cannabis samples with the soil they were grown on. Section 8.2 discusses the results in 

relation to the aims and objectives established in section 1.5. Section 8.3 offers some 

concluding comments for the results of this investigation. This section also examines how 

effective this investigation was at attempting to answer questions posed in chapter one 

designed to fill a gap in the literature. With these concluding comments is an examination 

of the shortcomings of this research and possible areas for future reseach. 

8.2 Discussion 

In general the aims and objectives established in section 1.5 have been successfully met 

by the investigations conducted in this thesis. The first objective was to develop 

extraction methods for determining the elemental composition of plant and soil samples. 

This was successfully achieved for the plant samples. The modified digestion process 

was safe and simple. It produced results that were not only precise, but also enabled 

cannabis plants from the same soil to be related and cannabis fiom different soils to be 

separated. The acetic acid soil extraction was less effective. Although some positive 

element correlations were determined with this method the strength and number of 

comparisons between plant and soil was less than has been suggested by previous work 

P I .  

The second objective was to develop an ICP-MS procedure for the detection of the 

elements in the samples. This process was developed fiom some relatively poor results to 

a method that helped to ensue a high degree of precision was obtained. The quality of 

results was significantly better than the f 30 % variation reported for standard serniquant 

analysis [7 11. 



The third objective was to examine if significant differences existed between cannabis 

sample fiom different soils. As previously explained, the plant results from different soils 

were clearly separated from each other. This separation was apparent both visually and 

statistically. The fourth objective, related to the third, was to determine if significant 

differences exist between cannabis sample at different stages of growth, for plants of 

different sex and for plants of different sizes, originating fiom the same soil profile. This 

final objective was included to examine if the quality of the results produced in this 

investigation were better than previous studies that had identified within sample 

variability [24]. As presented in chapter 5, plants recovered from one soil at a number of 

different stages of growth, of different sizes, different sex and stored for different lengths 

of time all produced consistent results. 

8.3 Conclusions 

The overall aim of this thesis was to determine if the elemental analysis of Cannabis by 

ICP-MS could be used as a technique for origin determination. From the results presented 

it is possible to conclude that origin determination can be successful provided the 

analysis is concerned with determining if two samples are related. The elements that were 

most useful for the discrimination of plants fiom different soils for this investigation were 

Mg, Ca, Zn, Ga, Rb, Sr, Mo, Pd and Ba with smaller visual differences present for Mn, I 

and Eu. 

It wouId be acceptable to use this technique to determine if two samples had not been 

grown on the same soil. However, the level of proof offered by this technique when 

concluding that two samples were from the same location depends on the variability 

between soil profiles. This soil variability at different locations is not known and 

therefore, finding two separate cannabis samples that have the same elemental profile 

does not necessarily mean they were grown at the same location. It only means that the 

soils that each sample grew on had the same element profiles. 



There are, however, a wide variety of natural and anthropogenic interactions that can 

modify the elemental profile of a soil. This can mean that hd ing  two soils with identical 

element profiles would be unlikely. Despite this variability between different locations, 

the possibility still remains that two soils far apart will have identical element profiles 

and will therefore produce plants that are chemically identical. This is especially true for 

commercial potting mixes that are likely to be produced in bulk and distributed in smaller 

amounts. The anthopogenic influences impacting on soils may also produce soil 

I elemental variations over very short distances, even within one cannabis plantation. This 

could make even related cannabis samples have the appearance that they were grown at 

different locations. These soil issues indicate that there is a need for fhrther research into 

how widely soils from different locations vary and the spatial scale over which the 

variations occur. 

The second origin determination question was to determine if a plant and the soil it was 

grown on were related. This was examined by the comparison between plant elements 

and soil elements. The results produced were less successful than expected and would 

require considerable modification before it could be used to confidently relate a plant to a 

specific soil profile. The results presented suggest that the method of extracting the soil 

elements needs modification to better approximate the elements available and absorbed 

by cannabis plants. 
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