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Abstract
Laser-induced breakdown spectroscopy (LIBS) is an emerging atomic emission based solid
sampling technique that has many potential forensic applications. The work presented in this
dissertation was aimed at evaluating a range of elemental profiling methods for forensic
applications, with a particular focus on LIBS to determine whether this emerging technique can
be readily applied to various forms of forensic evidence. In this study, the analytical
performance of a commercially available LIBS instrument was evaluated for the elemental
profiling of glass, paper, writing ink, inkjet ink, toner, and Cannabis plant material. Different
reference standard matrices, which have similar compositions to the selected sample types,
were used to calibrate, develop and optimise the analytical methods, taking into consideration
accuracy, limits of detection and precision.
Firstly, the LIBS instrument was evaluated for the determination of elemental composition of
twenty window glass samples including 14 laminated samples and 6 non-laminated or nonspecified samples collected from crime scenes in the Canberra region, Australia. Three standard
reference materials (NIST 610, 612, and 1831) were used to assess LIBS figures of merit. The
discrimination potential of LIBS for the analysis of architectural window glass samples was
compared to that obtained using laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS), X-ray microfluorescence spectroscopy (µXRF), and scanning electron
microscopy energy dispersive X-ray spectrometry (SEM-EDX). The results showed that, based
on the sample set chosen, the elemental analysis of window glass by LIBS provides a
discrimination power greater than 97% (> 98% when combined with refractive index data),
which was comparable to the discrimination powers obtained by LA-ICP-MS and µXRF.
Document examination is an important forensic discipline, and the legal system regularly needs
the knowledge and skills of the scientific expert when questioned documents are involved in
criminal or civil matters. Therefore, the evaluation of the analytical performance of LIBS was
also conducted on office papers, writing inks, inkjet inks and laser printer toners, which are
commonly encountered in forensic casework. The paper sample set analysed in the current
thesis consisted of 32 Australian paper specimens originating from the same plant/mill but
representing different brands and/or batches. In addition, a total of 131 ink or toner samples
were examined that included black and blue ballpoint inks, black inkjet inks, and black laser
printer toners originating from several manufacturing sources, models and/or batches. Results
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from the LIBS method were then compared against those obtained using more established
elemental profiling methods such as LA-ICP-MS and µXRF. LIBS demonstrated detectable
and significant differences between different batches of the same brand as well as between
different brands of paper, ink and toner samples; and provided comparable discrimination
powers for the selected sample sets when compared to those obtained using LA-ICP-MS and
µXRF (discrimination of ~ 98.4 – 99.8%, depending on the sample subset under examination).
Finally, the analytical performance of LIBS, as well as that of ICP-MS, LA-ICP-MS and
µXRF, was evaluated for the ability to conduct elemental analyses on Cannabis plant material,
with a specific investigation of the possible links between hydroponic nutrients and elemental
profiles from associated plant material. No such study has been previously published in the
literature. Good correlation among the four techniques was observed when the concentrations
or peak areas of the elements of interest were monitored. The study demonstrated that ICP-MS,
LA-ICP-MS and LIBS are suitable techniques for the comparison of Cannabis samples from
different sources, with high discriminating powers being achieved. In addition, for Cannabis
samples collected at the same growth time, the elemental profiles could be related to the use of
particular commercial nutrients.
Different methods of data analysis were performed over the source of this study in order to
investigate relative discrimination powers. The data analysis approach employed was first
directed at identifying a set of emission lines, elements and/or isotopes, depending on the
applied analytical method and the sample type, and then constructing a set of elemental ratios.
The comparison of selected elemental ratios was performed by utilizing a 2- or 3-sigma match
criterion (mean value ± 2 or 3 times the standard deviation). Principle component analysis
(PCA) was then employed as a second layer of discrimination, in an attempt to reduce the
number of variables and to cluster samples into groups. Finally, an analysis of variance
(ANOVA) and Tukey’s honestly significant difference (HSD) post hoc test at a 95%
confidence limit was employed for the remaining indistinguishable pairs.
Overall, it was demonstrated that LIBS is an excellent tool for the elemental profiling of
matrices such as glass, paper, writing ink, inkjet ink, laser toners and Cannabis plant material.
LIBS displayed good sensitivity and reproducibility. When combined with ease of use, fast
analysis times, and low cost, the findings support the incorporation of the LIBS technique into
operational forensic laboratories for the elemental analysis of a range of different evidence
types.
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Chapter 1 : Introduction and Objectives
1.1 Analysis of forensic evidence
A priority of forensic science, for the analysis of potential evidence, is to develop techniques
with good sensitivity as well as high discrimination power, minimum sample manipulation, and
broad versatility, with the potential to determine the origin of both organic and inorganic
materials found at the scene of a crime. Linking these materials to a potential source can result
in the vital evidence needed to assist the investigation (Almirall and Trejos, 2006). In order to
evaluate new techniques, it is beneficial to fully characterise each method and the nature of the
samples that can be analysed. For example, trace evidence such as glass usually exhibits only
class characteristics, and therefore the value of the evidence will depend on the discrimination
power of the techniques used for sample comparisons (Naes et al., 2008). Some important
factors should be considered when choosing an analytical method for conducting forensic
analyses. These factors include: minimal (or no) sample destruction, reliable and appropriate
limits of detection, provision of accurate and precise data, minimal sample preparation, low
instrument cost with minimal maintenance in order to be affordable, easily controlled matrix
effects and background interference, explainable and controllable sources of error and, finally,
short total analysis time (Buscaglia, 1994).
Document examination is an important part of the forensic sciences, and the legal system
regularly needs the knowledge and skills of the scientific expert when this type of evidence is
involved in criminal or civil matters. It is a very broad area that involves many different
activities. For instance, from birth certificates to death certificates, documents are used in daily
transactions to pay (banknotes, cheques), to trade (letters, contracts, bills, invoices), to be
identified (identity cards, passports), to travel (transport tickets), to transfer knowledge (books,
newspapers) and for many other activities. In all these situations, it is possible to encounter the
various materials used to produce a document. The origin of the paper, the ink, the writing
instrument or the device used to impart markings (printer, photocopier, or typewriter) may be
an important consideration from a forensic perspective. The illegal manipulation of documents
has a significant detrimental impact on the economies of every nation. For instance, it is
estimated that counterfeit and falsified documents in the United States cost billions of dollars
each year (Brunelle, 2002).
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The technological advances in glass manufacturing and papermaking limit the variability in
physical and optical properties of such evidence types; hence, the ability to distinguish between
samples originating from different sources has been reduced. In addition, there are continuous
changes in the chemical composition and formulation of different ink types as a mean of
enhancing product properties. As a consequence, the analytical study of the elemental profile of
these evidence types is necessary as an alternative and/or complementary method to the more
conventional examinations undertaken (Brunelle and Crawford, 2003). This is required to
enhance the overall discriminating power when comparing samples.
The illicit drug trade is currently one of the most serious problems worldwide and one of the
most commonly abused substances is Cannabis plant material (Australian Crime Commission,
2014). The analysis of Cannabis plant material requires reliable methodologies with good
discrimination power with respect to both organic and inorganic content. The chemical profile
of organic constituents in Cannabis is dependent on genetic variety, the plant components
analysed, the environment under which the plant was grown, and the time and condition of
sample storage (Fetterman et al., 1971). Therefore, the tracing of Cannabis plant material based
on organic constituents is relatively complex as the examination process includes many
variables and some of these cannot be controlled. For instance, the delta-9tetrahydrocannabinol (THC) content degrades over time and the analysis for comparative
purposes is generally not carried out for samples stored more than three months after sample
seizure (Cole, 2003). On the other hand, the elemental composition of Cannabis plant material
remains constant after sample collection, so the tracking of Cannabis plants to their origin and
growth conditions based on elemental profiles is possible.
The instrumentation required for elemental profiling has traditionally been very expensive
compared to that applied to organic analyses. Techniques such as energy dispersive micro-Xray fluorescence spectroscopy (µXRF), laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) and scanning electron microscopy with energy dispersive X-ray
analysis (SEM-EDX) require investments that generally exceed $400K per instrument. Laser
induced breakdown spectroscopy (LIBS) is a relatively new and emerging technique that shows
particular promise for forensic applications, with instruments that can be sourced for around
$100K. As such, LIBS has come under consideration as a cost-effective option for the forensic
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analysis of various sample types. Each technique has its own advantages and disadvantages;
these will be discussed later in this chapter.
In the research described in this thesis, the utility of elemental profiling techniques, with a
particular focus on LIBS, has been explored for the forensic analysis of glass, paper, writing
inks, inkjet inks, laser printer toners, and Cannabis plant material. Aspects of this type of
examination are discussed in detail, together with a general overview of the chemical
compositions, types and/or manufacturers of the matrices of interest in this research as well as
the different methods applied for their analysis from a forensic point of view.

1.2 The composition, types and forensic examination of glass
fragments
The forensic examination of glass fragments recovered from a suspect is generally undertaken
to answer four basic questions: (a) Is the recovered fragment glass?; (b) What glass product
type is it?; (c) Could the fragment be from a known source?; and (d) What meaning may be
attributed to finding that the fragment and a sample from a known source are indistinguishable?
To answer these questions, the forensic science examiner, or criminalist, must have an in-depth
knowledge of glass chemistry, the types of glass products, and the physical and chemical
properties of different glass types to have the ability to examine and compare samples and to
provide appropriate investigative assistance (Koons et al., 2002).
1.2.1 Glass raw materials and source of trace elements
Glass is a non-crystalline substance composed of a mixture of inorganic materials that are
responsible for its different physical properties. Some components provide the structural
framework and are called primary formers; various agents, such as fluxes, modifiers,
stabilisers, colorants and decolourants, and accelerating and refining agents are added
intentionally to the fusion of primary formers to produce a number of basic types of glass and
also to provide the desired properties in the final products.
The main component of glass is the silica obtained from sand (SiO2). Boric oxide (B2O3) is
added to silicate to provide heat resistance and to create borosilicate glass, which is used in
automobile headlamps, cookware and laboratory glassware. Aluminium oxide (Al2O3), usually
known as alumina, is added to decrease glass crystallisation and enhance chemical durability.
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The modifiers soda ash (Na2CO3) and oxides of calcium, magnesium, and strontium (CaO,
MgO and SrO) are used to lower the fusion temperature and are therefore used to reduce the
cost of glass production. Although strontium oxide (SrO) is considered a modifier, it is
generally found as a contaminant from calcium sources in glasses other than television screens.
For some products, manufacturers need to decolourise the glass by adding small amounts of
other colouring agents such as selenium (which gives a pink colouration) and cobalt (which
gives blue) to offset the green or yellow colours caused by iron so that the finished products
appear colourless. Conversely, some products are coloured intentionally for aesthetic or for
technical purposes. Common colorants used in glass are iron (green, brown or blue),
manganese (purple), chromium (green, yellow or pink), copper (blue, green or red), cobalt
(blue, green or pink), nickel (yellow or purple), titanium (purple or brown), cerium (yellow)
and gold (red). The exact colour of the product depends upon the glass composition, the
thermal treatment and the state of oxidation of the colorant and the glass. Refining agents such
as arsenic oxide (As2O3) and calcium sulphate (CaSO4) are also important components for the
glass manufacturing process as they are used to help remove bubbles from the molten glass
during its production. The use of cullet — broken, recycled glass — has widespread application
in the manufacturing of glass as it lowers the fusion temperature and, hence, it decreases the
cost of production. The advantage of using cullet, from a forensic point of view, is the addition
of some heterogeneity between batches originating from the same plant, which is favourable as
the resulting elemental profiles can differ widely amongst different sources (Copley, 2001).
1.2.2 Principle glass types and applications
Glass can be classified into different groups according to its intended use; for example, flat
glass (for architecture and automobiles), containers (bottles and jars), glass fibres (for
insulation) and specialty glass. Glass types can also be classified by their main raw materials as
soda-lime (containers and windows), lead (house ware and decorations), borosilicate (industry,
lamps, and cookware) and special (optical, electronics) (Almirall, 2001). Each glass type has its
own characteristic composition and function as follows.
Soda-lime-silicate glass (soda-lime glass): The principle component is quartz (silica, SiO2)
with sodium and potassium added to reduce the softening point. Other elements, such as
calcium, aluminium, and magnesium, will be added to adjust the properties required for the
manufacture. It is, by far, the most common composition of glass used for flat glass
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(architecture and automobile glazing), containers (bottles and jars), light bulbs, or domestic
glassware; it is the class most often encountered as evidence in the forensic laboratory (Copley,
2001).
Borosilicate glass: Borosilicate glass is any soda-lime-silicate glass having more than 5% boric
oxide with low alkali content. This type of glass has good chemical durability with low thermal
expansion and hence good resistance to thermal shock. Borosilicate glass can be found in
industrial applications, laboratory glassware and thermometers, household cookware, and for
hospital applications (Koons et al., 2002).
Lead-alkali-silicate glass (lead glass): Lead glass may contain up to 80% lead oxide (PbO)
which imparts excellent hand-working and optical characteristics. It is widely used for
electrical applications because of its ability to insulate or pass certain wavelengths of light in
addition to the dielectric properties conferred by lead oxide and by the combined use of
potassium and sodium oxide. These features make lead glass useful for “crystal” tableware,
costume jewellery, fine chandeliers, neon sign tubing, and video tubes (Koons et al., 2002).
Aluminosilicate glass: Aluminium silicate glass contains a higher percent of aluminium oxide
than soda-lime-silicate glass, and often includes calcium and magnesium oxides as well as
boric oxide in relatively small amounts, and with only small amounts of soda or potash.
Aluminium silicate glass can be used at higher temperatures than borosilicate glass. Aluminium
silicate glass is commonly used to make glass fibres and stovetop cookware (Koons et al.,
2002).
Silica glass (quartz): Silica glass is made from pure molten quartz without other constituents.
The glass products are characterized by good resistance to thermal shock and excellent
chemical and electrical resistance. Because of its high cost, it is used in scientific and industrial
applications where these properties are essential and it is rarely encountered in forensic
casework (Koons et al., 2002).
Alkali barium silicate glass: This is a special kind of glass used in cathode-ray tubes for
imaging systems.
Borate glass: This type of glass contains little to no silica or alkali. Such glass is used for
soldering glass to metals or ceramics.
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Phosphate glass: Phosphate glass consists of mixtures of vanadium pentoxide (V2O5) and
phosphorus pentoxide (P2O5) and are particularly used in the manufacture of electrical
insulators (Copley, 2001).
Chalcogenide glass: A highly specialised group of semiconductor glasses that are non-oxide
glasses. These may be composed of one or more elements of the sulphur group in the periodic
table, combined with arsenic, antimony, germanium and/or halides (fluorine, chlorine, bromine,
iodine). Some are used as infrared transmitting materials and as switching devices in computer
memories and as optical components for thermal imaging devices because of their transparency
to long-wave infrared radiations (Copley, 2001).
1.2.3 Glass Examination
Glass as a mass-produced material is widely distributed and fragments from broken glass can
provide highly significant forensic evidence to strengthen either the prosecution or the defence
proposition under a specific set of case circumstances. Glass fragments can be transferred from
the source of the glass to an offender or to a crime scene, giving valuable information that can
be used to link an individual to an event(Curran et al., 2000). In general, the more parameters
used to identify the glass fragments, the stronger the potential findings.
Glass examiners usually measure the physical and optical properties of glass in terms of colour,
thickness, density, refractive index (RI), microscopic examination of surface features and also,
if necessary, elemental analysis to enhance the value of glass evidence. Figure 1-1 demonstrates
the typical scheme for the forensic analysis of glass fragments. It is worth noting here that some
methods can only be applied if samples are of sufficient size. Often glass recovered from
clothing cannot undergo all of these examinations as the fragments are too small.
1.2.3.1 Physical examination
The first step in any glass analysis is the characterisation of glass fragments by physical and
optical properties such as conchoidal fracture lines, relative hardness, amorphous structure, and
isotropism. Preliminary observation such as colour, surface characteristics, thickness, flatness
and fluorescence are made in the early stages of the analysis to ensure that all pieces could be
from a single object or from multiple sources of glass. If the recovered fragments are relatively
large and a physical fit with a known source can be established, then this is conclusive evidence
of common source. Such a match involves a perfect mechanical fit of one edge of a fragment
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into an edge of another, much like a jig-saw puzzle, and is rarely encountered in real cases
(Almirall, 2001).

Figure 1-1: Basic scheme for the forensic examination of glass (adapted from Trejos et al.,
(2006)).

1.2.3.1.1 Density
Density of glass can be evaluated using the sink-float method. While the sink-float method is
very sensitive, capable of detecting differences as small as 5 x 10-5 g/cm3 between fragments
suspended together in the same solution, the density determination of a glass fragment having a
very small size, irregular shape, surface contamination, or inclusion may be inaccurate. The
main limitations of glass density measurements are the common use of toxic liquids (e.g.,
bromoform and/or bromobenzene) to produce a mixture whose density is equal to that of the
glass and the fact that refractive index and density are highly correlated. There are also
difficulties associated with the manipulation of fragments and the assessment of the results. In
addition, at least 5 mg of glass fragment is required to carry out the measurement (Koons et al.,
2002). As a result, density comparisons have been largely replaced by refractive index
measurements that afford similar discrimination with the advantage of being faster, more
accurate and more precise.
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1.2.3.1.2 Refractive index
Refractive index (RI) measurement has been the most commonly applied method in forensic
glass examination. RI values for glass fragments are determined using an immersion technique
that relies on the temperature variation effect first described by Winchell and Emmons (1926).
In this method, a glass fragment is immersed in a suitable oil and heated until the glass
fragment observed under the microscope disappears. At this temperature, the refractive index of
both glass and oil are equal. The refractive index of the oil at that temperature is known,
providing an indirect method for determining the refractive index of the glass (Hamer, 1999).
The method has been replaced by an oil immersion semi-automated temperature variation
method using a phase contrast microscope, referred to as the Glass Refractive Index
Measurement (GRIM) (Locke and Underhill, 1985). Over the years, the original GRIM1 model
has been updated by the GRIM2 and, more recently, the GRIM3, which has some technical
improvements but the basics behind the technique remain the same. As mentioned before, the
advantages of this method (compared to density measurements) are that it is faster, is less time
consuming and provides more precise and accurate data.
Improvements in the computer-controlled delivery of raw materials and the quality control
during the manufacture of glass have decreased the variability in physical and optical properties
in the glass produced at different plants from both the same and different manufacturers
(Almirall, 2001). Consequently, the discrimination power, or the ability to distinguish between
glass fragments from different sources, has been reduced. Hence, applying additional
examinations, such as elemental analysis, has become necessary to enhance the discriminating
power of the comparison between fragments (Coleman and Goode, 1973;Duckworth et al.,
2002;Almirall, 2001).
1.2.3.2 Elemental analysis
Various research has been conducted on the evaluation of different instrumental methods for
the classification and discrimination of forensic trace evidence utilising chemical composition
data (Caddy, 2001). Such techniques include atomic absorption (AA) and atomic emission
(AE) spectroscopy, X-ray methods, neutron activation analysis (NAA), scanning electron
microscopy (SEM), and inductively coupled plasma (ICP)-based methods with either mass
spectrometry (MS) or optical emission spectroscopy (OES) and with sample introduction
accomplished using either sample digestion followed by nebulization of the resulting solution
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or by laser ablation (LA) of the solid sample material. Few studies have incorporated laserinduced breakdown spectroscopy (LIBS) for the detection of trace elements in glass, paint and
soils. Due to limited budgets, forensic laborateries typically adapt the available instrumentation
for application across as many different evidence types as possible. Hence, cost-effective and
versatile analytical methods are preferred. Each elemental analysis technique has its own
advantages and disadvantages (discussed later in this chapter) but ICP-based methods and the
more recent LIBS technique have been shown to be excellent analytical techniques for the
comparison of glass fragments (Trejos et al., 2013;Cahoon and Almirall, 2010).

1.3 The composition, manufacture and forensic examination of
paper
Paper has been and still is one of the essential elements for carrying information involved in
routine daily activities (Rožić et al., 2005). Paper was firstly invented by the Chinese in the
year 150 BC when it was manufactured from vegetable fibres. In the eighth century, the ancient
Egyptians slightly changed the paper making techniques. They provided themselves with
excellent paper by skilfully flattening out layers of the stems of a tall reed — known as papyrus
— forming sheets, and preparing the surface for writing. After several centuries, papermaking
technology was taken to Europe where more important developments were achieved.
1.3.1 Paper raw material and sources of trace elements
The basic component of paper is cellulose fibre which can come from different plant varieties,
including the bulk of the tissue of wood, the fibre of flax (Linen fibres), the seed-hair of the
cotton plant (cotton fibres), and the hemp plant (Ellen, 2005). The strongest and highest-quality
papers are made from cotton or linen fibres. Generally, various waxy and resinous substances
associated with the growing of the plant leave the cellulose very impure. Therefore, it is
important to remove all impurities before the fibres are made into paper. In some cases, the
plant fibres are reduced to pulp near the place of growth; in others, the raw materials are
transported in their entirety. Papermakers usually have a variety of fibres at their command and
it is by selecting, and sometimes by blending, fibres of different characteristics that the
manufacture of a large variety of paper types is possible (Biermann, 1996). The shortage of
paper-grade cellulose fibres from flax and cotton and the increased demand for paper have
made wood the main source of raw material for the manufacturing process (Rožić et al., 2005).
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Commercial paper is typically coated with various materials to control and enhance surface
properties such as gloss, smoothness, density and colour, and to improve printing detail and
printing brilliance (Shaffer, 2009). Mineral loading materials (fillers), sizing agents and starch
in its various forms, and dyes or pigments to tint or colour the paper, are all usually added
during paper manufacture. Moreover, special chemicals such as those used to inhibit the
forgery of cheques are added to the paper depending on the quality and characteristics (such as
security) required in the finished paper. Inexpensive fillers may also be added to reduce
production costs in the case of low-priced selling lines. Coatings provide valuable surface
properties to the sheet, which are necessary in certain applications. Thus, they produce a better
printing surface and absorption of printing ink, higher finish, greater opacity, a uniform
appearance, flatness, softness in handling, reduction of expansion and contraction in changing
atmospheric conditions, and often an improvement in colour. Fillers are typically fine white
powders, prepared either from natural minerals or by chemical processes. Some examples of
these loading materials and their functions are listed in Table 1-1.
The sizing agent used during paper manufacture may originate from animal sources (e.g.,
gelatine or glue) or vegetable sources (e.g., rosin soap). Aluminium sulphate is also used to fix
the sizing agent in the paper surface. Colouring agents are required for the majority of papers.
For white papers, small quantities of blue and red colorants are used while, for coloured papers,
aniline dyes are typically employed as well as various pigments (Biermann, 1996). In addition,
white papers typically contain optical brighteners that are added to increase the perceived
“brightness” of the final product.
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Table 1-1: Composition of loading materials
Loading material

Function

China clay (Kaolin or Aluminium silicate)

- Gives a smooth and receptive surface in printing
paper

Calcium sulphate

- Is similar to China clay but it does not hold the
sizing agent on the paper sheet as much.
- Is more suitable for use in cheap writing papers
as it is slightly soluble in water.

Titanium dioxide

- Gives opacity and whiteness to the sheet.
- Is often sold mixed with barium sulphate as a
result of its higher cost, but a small amount of it
can lead to a maximum opacifying effect.

Barium sulphate

- Is often used as a coating for photographic
papers.
- Sometimes used to give opacity, low bulk and
good surface properties, but settles out very
quickly, being a very heavy mineral.

Calcium carbonate

- Used particularly in cigarette papers and
magazine papers.

Magnesium silicates

- Gives a smooth feel to the sheet and helps obtain
a high finish.

Zinc sulphide

- Gives very good opacity, but must be used
carefully in the mill because it is liable to darken
in colour in contact with copper.

Manganese salts and ferrocyanides

- Used for making security paper for cheques.
Attempts to bleach out the ink on the cheque
result in brown stains.

1.3.2 Paper manufacture
Paper is usually made by machine, which flattens and dries the pulp mixture with a series of
rollers. Papermaking, whatever raw material used, requires stages of preparation that can be
divided into removing all impurities, reducing to a fibrous state, bleaching, beating, and
eventually converting the pulp into paper. The information on paper manufacturing processes
that is provided here has been adapted from the work of Biermann (1996).
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1.3.2.1 Pulping methods
The first step in making paper is the conversion of raw materials into pulp by either chemical or
mechanical methods. With chemical pulp, lignin is separated from the cellulose fibres by
dissolving lignin in cooking liquor, so that it may be removed from the cellulose fibres (i.e.,
delignification step). This process preserves the length of the cellulose fibres. Papers made
from chemical pulp are also called wood-free papers as they do not contain lignin. There are
different chemical pulp methods such as soda pulp (previously known as Kraft pulp) and
sulphite pulp. In the soda pulp method, sodium hydroxide and sodium sulphide are mixed with
wood fibres to dissolve lignin at temperature from 160 ºC to 180 ºC. In the case of sulphite pulp
(< 10% of the world’s production), sulphurous acid and some alkali salts such as sodium (Na+),
calcium (Ca2+), magnesium (Mg2+), potassium (K+) and ammonium (NH4+) are used to dissolve
lignin in large pressure vessels called digesters. Soda pulp is now the most commonly used
method due to a fast delignification with a strong produced pulp. In addition, a chemical
reaction with lignin produces heat, which can be used to run a generator. The yield in the case
of sulphite pulp is higher than that obtained by soda pulp. Furthermore, the obtained pulp is
bright, easily refined and can produce less porous paper sheet. In general, the yield of chemical
pulp is about 45–70% (depending on the adapted method) due to the removal of lignin from
cellulose fibres. This method is used for the manufacture of white or fine papers. Chemical
pulping processes are not used to make paper made from cotton, which is already 90%
cellulose.
For mechanical pulp, wood is used without any further purification (i.e., the lignin is not
removed), so that the yield becomes very high (> 95%); however, it causes paper made from
this pulp to turn yellow and become brittle over time. There are two major mechanical pulp
methods, thermo-mechanical pulp (TMP) and ground wood (GW). In the TMP process, wood
is cut into little pieces, pressed and reduced to fibres between two steel discs in large steamheated refiners. In the GW process, debarked logs are squeezed between rotating stones, with
embedded silicon carbide and aluminium oxide, to produce wood fibres. When the fibre
produced is examined carefully, the fragments of wood can be seen, and the splinters appear to
be held together by plant cells. Mechanical wood pulp possesses very little felting quality and
requires the addition of larger fibres, such as chemical wood pulp, in order to make paper
successfully. This method is used for the manufacture of low-cost, non-archival papers such as
for newspapers, magazines and packaging paper.
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1.3.2.2 Purification and bleaching
In this process, chemical reagents (oxygen, chlorine dioxide, hypochlorite, and hydrogen
peroxide) are used to eliminate the remaining lignin from the pulp to increase the brightness of
the produced paper, but this consumes about 5% of the fibre weight. Mechanical pulp is
generally bleached in a single stage process with the use of a reducing agent such as dithionite
or hydrogen peroxide to modify the chromophores present in the lignin; hence, this masks
lignin and the reaction yield remains very high. However, the brightness improvements are
relatively limited and colour deterioration can still occur. Nowadays, most milling plants use
elemental chlorine free chemicals for bleaching.
1.3.2.3 Beating and Finishing
The pulp obtained by the methods discussed above is now ready for the first step in the actual
papermaking process; this is the separation of all the fibres from one another. Then, the
blending of different fibres may take place. The goal of beating is to reduce the bleached pulp
to individual fibres, and to reduce the length of the fibres in accordance with the papermaking
requirements. To a considerable extent, the difference between papers made from different
fibres depends on the dimension and shapes of the fibres. For instance, the rags are chosen
according to the class of paper desired, such as stronger rags for stronger papers. The quality
and characteristics of the finished paper depend to a great extent on the treatment in the beater,
and this can be controlled so as to result in products as widely different as blotting and
greaseproof papers. Watermarks can also be added during production, usually using a device
called a dandy roll to create an impression in the paper sheet while it is still wet (Kelly and
Lindblom, 2006).
Finally, the newly formed paper reaches the calendar stack (set of solid rollers usually in steel
or cast iron), where the paper is compressed to remove irregularities and smooth the paper
surface. At the end of the process, a reel collects the final product. Such processes vary
considerably according to the purpose for which the paper is required (trimming, sheeting,
coating, printing, saturation, cutting, box making), but they fall under three main headings,
namely: (i) treatment processes; (ii) slitting and cutting; and (iii) sorting. The finish and
handling of paper mainly depends on three factors: (a) the furnish — the blended mixture of
fibres and additives — used in the beater, including the loading; (b) the beating treatment; and
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(c) the treatment of paper on the paper machine and finishing operations such as tube-sizing,
coating and calendaring.
The use of recycled papers has widespread application in the manufacturing of paper as it
lowers the cost of production and helps address environmental concerns. During the
manufacture of recycled paper, used paper and related wastes that have no other uses are mixed
with water and chemicals to break it down. Then, it is cut and heated, and the strands of
cellulose pushed through screens to remove any glue or plastic that may still be present. The
resulting mixture is then refined, de-inked and bleached before reuse.
1.3.3 Paper examination
The forensic examination of paper usually involves the measure of gross physical properties in
terms of colour, thickness, tensile strength, shape, porosity, weave pattern, rulings and
watermarks, fluorescence, fibre content, and general paper morphology and, if necessary,
chemical analysis to improve discriminating power. There are various analytical methods that
may be applied, such as X-ray diffraction, infrared spectroscopy, Raman spectroscopy,
pyrolysis gas-chromatography and elemental analysis (using techniques that include atomic
absorption spectroscopy (AAS), SEM-EDX, µXRF, NAA, ICP-based methods and, more
recently, LIBS). These methods can be relatively simple or more complicated to apply, and
their respective specificity and sensitivity also varies. Figure 1-2 illustrates the typical scheme
for the forensic analysis of paper material.
1.3.3.1 Physical examination
The first step in any paper analysis is searching for any similarities and differences between
two (or more) pieces of paper by physical properties. Preliminary observation of features, such
as colour, size, strength, shape, fluorescent properties and thickness, which may be measured
using a micrometre, are made in the early stages of the analysis to ensure that all pieces could
be from the same paper ream before attempting further characterisation. The examination of
fluorescent properties, which are typically used to determine the presence of optical brighteners
in the paper using ultraviolet (UV) light, is quite common. While traditional methods of
analysis can be easily and rapidly performed, the problem with characterizing papers by such
methods has been the inability to match two sheets with a high degree of confidence(Spence et
al., 2000).
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Figure 1-2: Basic scheme for the forensic examination of paper.
Special features, such as paper weaves and watermarks, can be incorporated into paper in order
to give it a special quality or a higher level of security. Analysis of the weave pattern of paper
includes noting whether the paper contains a surface weave or an internal wave. Surface
weaves can be easily documented using oblique lighting. These kinds of weaves are not
commonly encountered in forensic document analysis. Internal weaves or patterns often exist
with paper and can be viewed and documented using transmitted light.
1.3.3.2 Microscopic examination
For paper fibre analysis, the use of standard methods such as those recommended by the
Technical Association of the Pulp and Paper Industry (TAPPI) cannot usually be applied
because they destroy large portions of the available paper sheet, which is a condition that is
unacceptable in the forensic community. In taking physical samples and conducting tests, it is
preferable to leave at least half, if not over half, of the evidence so that it is available to another
forensic document examiner (FDE) to repeat the same analyses (Causin et al., 2012). Paper
fibre microscopy offers significant information by visually identifying the fibre content of the
paper including the tree species and the percentage composition used to create the sheet.
Although this type of examination is difficult to adopt for routine casework due to the
complexity of species identification and the difficulty in maintaining up-to-date industry
knowledge, it is possible for experienced examiners to identify the pulping process used during
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the manufacturing process and to compare it to different papers (Browning, 1977).The degree
of porosity and the distribution of materials in both the entire paper and the surface coating can
be readily observed by applying optical microscopy to a cross-sectional specimen of the edge
of the paper sheet (Shaffer, 2009). In addition, SEM examination readily reveals the fibre
microstructure and the degree of external fibrillation (Shaffer, 2009).
1.3.3.3 Elemental analysis
A number of chemical techniques have demonstrated a potential to discriminate document
papers. Various studies have been conducted on the evaluation of different instrumental
methods for the classification and discrimination of paper evidence utilising chemical
composition data. Methods that have been applied include flame atomic absorption
spectroscopy (FAAS), X-ray fluorescence (XRF) spectroscopy, X-ray photoelectron
spectroscopy, neutron activation analysis (NAA), scanning electron microscopy with energy
dispersive X-ray analysis (SEM-EDX), and inductively coupled plasma mass spectrometry
(ICP-MS), with sample introduction accomplished using either sample digestion followed by
nebulization of the resulting solution or by laser ablation (LA) of the solid sample material.
Few studies have incorporated LIBS for the detection of trace elements in paper samples
(Trejos et al., 2010;Sarkar et al., 2010;Kaminska et al., 2007). The application of these
methods for the discrimination of paper samples is discussed in details in Chapter 3.
Although various chemical techniques have demonstrated a potential to discriminate
document papers, no technique has progressed to full validation or routine use in forensic
laboratories in Australia (Schlesinger and Settle, 1971;Blanchard and Harisson, 1978;Spence
et al., 2000;McGaw et al., 2009;Häkkänen et al., 2001;Manso and Carvalho, 2007;Causin et
al., 2010).

1.4 The composition, types, manufacture and forensic examination
of writing inks, inkjet inks and laser printer toners
The authentication and identification of the source of either written or printed documents can
be a significant issue in forensic investigations for many criminal and civil events, with
examples including ransom notes, altered wills, insurance fraud, counterfeit currency, travel
and identity documents, business and personal cheques, legal malpractice, money orders,
prescription labels, traveller’s cheques, medical records, and financial documents (Brunelle and
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Crawford, 2003;Shaffer, 2009). Once a fraudulent page within a multi-page document is
suspected, the forensic examiner generally seeks to answer some basic questions. These
questions include: (a) Is the document an original or a copy?; (b) Has more than one technology
been used to prepare the document?; (c) Is there any evidence that text has been altered or
added?; (d) Are there any obvious defects on the page that could lead to the machine being
individualized?; and (e) What ink or toner product type is it? To answer these questions, the
forensic document examiner must be aware of ink and toner chemistry, the types of ink and
toner products on the market, and the physical and chemical analysis techniques applicable to
different ink and toner types to examine and compare samples and to provide appropriate
investigative assistance (Kelly and Lindblom, 2006).
1.4.1 The formulation, types and manufacture of writing inks
Ink manufacturers are continually introducing newer formulations to enhance their particular
products to meet current market needs. Ink writing devices in general have various chemical
components that ultimately serve very different functions, but all together work as a specific
formulation to achieve the desired product or application (Brunelle and Crawford,
2003;Shaffer, 2009). Some of the main constituents found in these writing devices are dyes and
pigments (which provide colour, such as phthalocyanine coordinated with Cu, Co or Fe,
titanium oxides, metal powder, lead chromate and iron oxides), solvents (often called the
vehicle of the pen, which are water-based and/or contain organic solvents that carry the
colorant to the substrate), resins (used for adjusting ink viscosity and adhesion to the substrate),
biocides (which help prevent microbial growth), lubricants (for ballpoint, gel pen or roller ball
devices, to facilitate ball rotation and assist with ink delivery), surfactants (which are used to
adjust surface tension between the metal tip or ball and the flowing ink), corrosion inhibitors
(that help preserve the metal tip or ball), sequestrates (which hold certain substances in
solution, i.e. metallic ions), shear-thinning agents (which allow the ink to flow freely through
the ball or pen tip), driers (which are added to accelerate the drying process using inorganic
salts of cobalt, cerium, lead, lithium, manganese, and zirconium), emulsifying agents, and other
additives (which are used to alter pH, viscosity, gloss, resistance to high temperature, etc.)
(Shaffer, 2009).
In early days, writing inks were commonly named according to their main composition such as
Indian/carbon inks or iron gallotannate inks (Brunelle and Crawford, 2003). Nowadays, writing
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ink formulations are typically classified according to the writing instrument, such as ballpoint
ink, gel pen ink, roller ball ink, fibre-tip pen ink, fountain pen ink, stamp ink, offset printer ink,
and inkjet printer ink. Ballpoint pen ink is, by far, the most common type of ink encountered in
forensic casework (Naes, 2009). In ballpoint inks, thick ink is applied to the paper by a small
metal ball that is housed in the tip of the pen. They come in a variety of colours and pen tip
sizes. Gel pen inks also use a metal ball for ink distribution, and contain dye-based pigments. In
roller ball pens, water-based ink is used that has the tendency to diffuse into the paper during
use (Kelly and Lindblom, 2006), while, in fibre-tip pens, a synthetic tip is used to transfer the
ink to the paper. In fountain pens, a metal tip is used to write and modern versions typically use
refillable ink cartridges.
Ink manufacturing is relatively simple as it involves the mixing of the ink ingredients (i.e.,
solvents, binders, pigments and additives) in a stirred vessel with appropriate mechanical tools.
After mixing, the temperature can be raised to 50-160 ºC, depending on the ink type, to allow
any required reactions to take place (Grundemann et al., 2009). The mixture is then cooled
down to ambient temperature at a controlled rate. A refining step then takes place before filling
the storage drum. The production process could take 3–7 hours, after which a harsh cleaning
step is required (Leach et al., 1993). Although, most ink manufacturing processes are similar,
there are some significant differences encountered depending on the ink produced. For
example, water-based and solvent-based inks have different production requirements due to the
flammable nature of most organic solvents as they require enclosed and water-cooled stirrers
(Leach et al., 1993). An important factor in the production of ink is the selection of the raw
materials in the right proportion to ensure both the compatibility between materials and the
stability of the final product.
1.4.2 The formulation, types and manufacture of inkjet inks and toners
The two types of printing methods that are commonly used in the home and office employ
inkjet inks (in inkjet printers) and toners (in laser printers); therefore, it is not surprising that
they are often encountered in question document examinations (Hudd, 2010).
Toners, the electrostatically-charged fine powders used in laser printers and photocopiers,
typically consist of carbon black (black toners), colorants (dyes or pigments), binding agents
such as resins (e.g., styrene-acrylic, methacrylate, epoxy-polyethylene or polypropylene based
polymers), and organic and inorganic additives that influence the physical and chemical
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characteristics of the toner, such as magnetic and electric charge properties (Szynkowska et al.,
2010). The chemical composition of these additives may vary from one manufacturer to
another and the information regarding them is protected by patent law. Liquid toners do not
generally exhibit significant trace element profiles, while powder toners do (Egan et al.,
2003b). Mostly, black toner powder consists of carbon black pigments, iron in the form of
magnetite (Fe3O4) or ferrite (MFeO4; M = Co, Cu, Fe, Mg, Mn, Ni), and fused silica as an
additive (Udriştioiu et al., 2009). The general composition of toner powder also varies between
mono-component and two-component based toners. Mono-component toners typically contain
high levels of iron, often combined with manganese, chromium and silicon. Dual-component
toners have high levels of organic compounds as well as copper and low levels of silicon
content (Egan et al., 2003b).
In the laser printing and photocopying process, the toner is transferred onto the paper via a
large cylindrical drum. As the drum turns, a small blade removes any remaining toner from the
previous rotation before the surface of the drum becomes charged with static electricity. Once
the drum is positively charged, a laser light is used to discharge certain areas of the drum
surface. This is because, when the toner is applied to the drum with a roller, the toner is only
attracted to the charged areas, rendering the rest toner-free. The coated drum then transfers the
toner onto the surface of the paper and continues turning so that the blade can clean it once
again. The paper with the toner deposits is fed through heated rollers that cause the toner to
melt and adhere permanently. Any remaining static electricity is also removed from the paper
before the printed sheet is ejected from the laser printer or photocopier (Ellen, 2005).
In the past, toners were produced by melting down the major toner components to form a solid
block of toner. This was then milled to form a fine powder, which was packaged in cartridges
for use in laser printers and photocopiers. The grinding is traditionally done by air jet mills to
reduce the particle size, with the ground material then sieved to an average diameter of 8–20
µm. This type of toner is called Mechanical or Conventional toner. Although fine powder is
created, the shape and size of the particles formed are variable, which can become an issue
when trying to print an image with fine detail. In recent years, a new type of toners has
emerged on the market: Chemical or Emulsion Aggregation toners. The toners are produced by
growing the particles from component reagents, at a molecular level. The chemically formed
toner particles have a spherical shape with particle sizes ranging from 3 to 10 µm, which results
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in a better fitting of toner particles together and hence higher printing resolution as well as less
toner consumption compared to Mechanical toners (Leach et al., 1993).
Inkjet inks are composed of driers, additives, dyes and/or pigments. While toners mostly use
pigments and resins, inkjet inks primarily use dyes of high purity and low percent of solids to
prevent blocking of the inkjet outlets (Hudd, 2010). The most important additive for inkjet inks
is the conductive salts that facilitate the charging of the droplets to facilitate the printing
process. Conductive salts can be inorganic or organic; often only traces of these metal salts are
required to provide the necessary conductive properties (Leach et al., 1993). There are four
main types of ink formulation: water-based, solvent-based, ultraviolet-curable and phasechange. Combinations of the main types are also available (e.g., water-based with some organic
solvents) (Hudd, 2010).
In theory, the inkjet printing process is simple as a print head ejects tiny drops of ink that are
directed onto a substrate; however, practically, the implementation of the technology is
complex and requires skill. There are two techniques that can be used in inkjet printers:
continuous inkjet (CIJ) and drop-on-demand (DOD). In continuous inkjet technology, a pump
directs fluid from a container to small nozzles that eject a continuous stream of drops at high
frequency by way of a vibrating piezoelectric crystal. An electrostatic field then charges the
drops, which are later passed through a deflection field, which determines where the drop lands.
The un-deflected drops that do not reach the substrate can be directed to a recirculation
reservoir to reuse the ink (Hudd, 2010). For drop-on-demand technology, as the name implies,
drops are only ejected when required. Most of the consumer inkjet printers available on the
market employ DOD technology and are manufactured by Hewlett-Packard (HP), Canon,
Epson and Lexmark (Hudd, 2010).
The inkjet ink production process is very similar to that of writing inks, as a solution of the dye
is first added to the solvent in a vessel with continuous stirring. The application of heat can
improve solubility of the dye if necessary. Once the solution becomes homogeneous, the resin
and other additives are added. The cooling rate is important to negate undesirable suspensions
or precipitation of the colorant. The formulator must take into consideration the effect of each
component on the overall performance of the ink as well as conventional requirements such as
long storage and proper colour properties when deposited on the substrate (Hudd, 2010).
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Special manufacturing precautions are required when dealing with solvent-based inks as a
result of the flammable nature of most organic solvents (Leach et al., 1993).
1.4.3 Forensic examination of writing and printing inks
The forensic examination of writing and printing inks involves a comparison of physical and
chemical properties of the materials. A visual examination of the writing on a document using a
low-powered microscope can provide general information on the type of ink and, therefore, the
type of writing instrument used. For example, texts written using ballpoint ink are quite
distinguishable from other ink types because of being thick and glossy in appearance. In
addition to visual examination, there are several techniques that have been investigated over the
years to determine their suitability for the analysis of writing inks, inkjet inks and toner
samples. These techniques include Fourier transform infrared spectroscopy (FTIR),
chromatography techniques and elemental profiling methods.
1.4.3.1 Fourier transform infrared spectroscopy
FTIR is a method commonly used for the analysis of toner samples, and utilises an infrared
beam and a detector to generate an infrared spectrum (Smith, 2011). Samples can be analysed
using either transmission or reflectance techniques. Reflectance techniques, such as diffuse
reflectance infrared Fourier transform spectroscopy (DRIFTS) and attenuated total reflectance
(ATR), are most commonly used for ink and black toner analyses. With the DRIFTS technique,
samples are extracted and mixed with powdered potassium bromide before being placed in a
small sample cup. The instrument uses mirrors to direct the infrared beam onto the sample cup,
with the radiation diffusely reflected off the sample in all directions; the reflected infrared light
is then collected and measured by the detector. The IR beam in DRIFTS deeply penetrates the
sample (Smith, 2011) while, in the case of the ATR technique, the components at or near the
surface of the sample are measured by pressing the sample against an internal reflectance
element (IRE) crystal, also known as an ATR crystal. The IR beam is passed through the
crystal, undergoing a number of internal reflections and interacting with the sample. The beam
then exits the crystal and moves into the detector (Smith, 2011). The fact that ATR only
measures the surface of a sample is very useful for ink and toner analysis, as there is no need to
extract ink or toner from its substrate. Therefore, there is less chance of the paper contributing
to the spectrum; it can be measured by placing the whole document against the crystal and
targeted a certain area of the page for analysis. Consequently, no sample preparation is
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generally required for the ATR technique and it is a completely non-destructive method
compared to the DRIFTS technique.
Although DRIFTS and ATR are the two main types of sample presentation for the FTIR
analysis of inks and toners, other techniques have been used. These techniques include
reflection-absorption (RA) (Merrill et al., 2003;Udriştioiu et al., 2009;Egan et al., 2003a),
transmission analysis (Assis et al., 2012) and micro-FTIR (Trzcinska, 2006). For instance,
Merrill et al. (2003) reported the use of RA-IR to develop an infrared spectral library for dry
black toners using a spectral matching method. In the same way, Egan et al. (2003a) applied
multivariate statistical methods (e.g., linear discriminant analysis (LDA) and principle
component analysis (PCA) to discriminate 430 copy and printer toner samples using RA-IR.
The authors found that multivariate discriminant analysis correctly classified 96% of RA-IR
toner spectra into the toner groups found previously by spectral matching. Nevertheless, such
techniques do not provide a complete set of information on all components of inks and toners
(Szynkowska et al., 2010).

1.4.3.2 Chromatography techniques
There are several chromatography techniques used for investigating the chemical composition
of writing and printing inks. These methods include thin-layer chromatography (TLC)—which
is one of the preferred methods for the chemical analysis of ink—high performance liquid
chromatography (HPLC), and pyrolysis-gas-chromatography coupled with mass spectrometry
(Py-GC-MS). Pyrolysis-gas-chromatography based methods are mainly used to enable the
analysis of organic materials that are non-volatile due to their high molecular weight, such as
the polymeric matrix found in copy toners (Egan et al., 2003b). For example, Wilson et al.
(2004) anticipated a scheme of analysis to separate some dye-based from pigment-based gel
inks on the basis of spectral comparison, TLC, spot tests and Py-GC-MS. The authors were
able to categorize 29 gel inks into 19 groups. Another study was performed to separate the dyes
and resins in 16 samples of toner using glass TLC plates coated in silica, and a 12:2.4 ratio of
1,2-dichloromethane and acetone as a mobile phase (Tandon et al., 1995). The authors were
able to successfully discriminate 11 of the 16 samples based on their retention factor values,
number of spots and spot colour.
During the pyrolysis process, the solid sample is heated at high temperature (500–1000 ºC) to
decompose the organic materials until they form more volatile fragments that are then
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introduced into the chromatography system (and then subsequently the MS if an MS detector is
attached to the GC).Despite their time-consuming and destructive nature, these methods are
popular because they offer high discrimination power (Yao et al., 2009).
1.4.3.3 Elemental analysis techniques
In addition to organic composition, elemental analysis can be a valuable tool for the
characterization and discrimination of writing inks, inkjet inks and toners. The inorganic
analysis of ink types by μXRF, particle-induced X-ray emission (PIXE), SEM-EDX, NAA,
ICP-based methods and LIBS has been reported in the literature and has demonstrated its
potential to improve discrimination power (Malzer et al., 2004;Maind et al., 2005;Maind et al.,
2008;Zieba-Palus and Kunicki, 2006;Zieba-Palus et al., 2008;Grassi et al., 2007;Ferrero et al.,
1999;Melessanaki et al., 2001;Oujja et al., 2005). Recently, mass spectrometry coupled with
various ionization techniques has been employed for the comparison and identification of inks
and toners. For instance, Coumbaros et al. (2009) demonstrated that time-of-flight secondary
ion mass spectrometry (TOF-SIMS) was a useful technique to characterize both dyes and
inorganic substances in inks on documents without extraction or complicated sample
preparation. In spite of the significant developments that have been reported for the elemental
analysis of ink and toner samples, the utility of elemental analysis has not been widely explored
in the forensic community as a part of the analytical protocol for the examination of printed
documents. More details regarding the application of these techniques for the analysis of inks
and toners are presented in Chapter 4: Elemental profiling of writing inks, inkjet inks and laser
toners.

1.5 The composition, types and forensic examination of Cannabis
plant material
The elemental composition of plants is mainly dependent on the soil conditions and the
nutrients available; so, it can offer useful information to assist in the discrimination of plants of
the same species originating from different environments. To select an element menu for
discrimination, it is important to generally know the origin, function and distribution of trace
elements in plants.
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1.5.1 Source of inorganic substances in plants
Plants normally require a large variety of elements in order to grow successfully. Over the past
century, the use of nutrients in agriculture has increased to achieve high growth rates. The
functions of these nutrients are mainly to supply the plant material with the essential inorganic
substances that are responsible for plant growth as well as to improve product yield (Farooq et
al., 2012). The deficiency or lack of essential elements will not allow the plants to complete
their life cycle or set the seeds; hence, it may eventually lead to the death of the plant.
Deficiency symptoms vary from one element to another; these symptoms disappear when the
deficient mineral nutrient is added to the plant.
Nutrients in plants can be classified as macronutrients or micronutrients, based on their relative
concentration in the plant tissue. Macronutrients are present in the plant tissue in large amounts.
These macronutrients include N, P, S, K, Ca, Mg, Na, and Si. The micronutrients, as the name
implies, are traces of elements that are required in very small amounts and this category
includes Fe, Cu, Mn, Zn, Mo, B, Cl and Ni. In some cases, this broad classification is not
always correct. For instance, some plant tissues, such as leaf mesophyll, have the same relative
concentration of Fe or Mn as the concentration of S and Mg. In order to have a more
appropriate classification, the essential minerals can be classified according to their
biochemical role and physiological function. The plant nutrients are then divided into four basic
groups as shown in Table 1-2 (Mengel and Kirkby, 2001).
Table 1-2: Classification of nutrients based on their function
Element
st

1 group: N and S

Uptake

Function

In the form of NO3-, NO2-,
NH4+, SO42-, and SO2

- Involved in enzymatic processes
- Assimilation by oxidationreduction reaction

2nd group : phosphate, In the form of H2PO4-, HPO42-,
borate, silicate
BO3-, B4O72-, silicate

- Energy storage reaction
- Maintaining structural integrity

3rd group: K, Na, Ca, In the form of K+, Na+, Ca2+,
Mg, Mn, Cl
Mg2+, Mn2+, and Cl-

- Work as enzyme cofactors
- Regulation of osmotic potentials

4th group: Fe, Cu, Zn, In the form of Fe2+, Fe3+, Cu2+,
Mo
Zn2+, and MoO22+

- Enable electron transfer by
valence change
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Some naturally occurring elements such as aluminium, cobalt and selenium are not considered
essential elements but they are also found in plant tissue. For example, plants in general contain
from 0.1 to 500 ppm aluminium and any addition of trace amounts of aluminium to the nutrient
solution may improve plant growth (Mengel and Kirkby, 2001).
The main factor controlling the mineral concentration of plant material is the nutrient uptake
potential for various mineral nutrients (Mengel and Kirkby, 2001). For instance, nitrogen,
which is a major constituent, is absorbed mainly as NO3- though some are also taken up as NO2or NH4+. Even when the pH of the medium is kept neutral, most plants grow better if they have
access to both NO3- and NH4+ because the assimilation and absorption of the two nitrogen
forms promotes cation-anion balance within the plant. The second important factor is the
nutrient availability in the nutrient medium. The excess or absence of one element affects the
absorption of another. For example, when there is an excess of phosphate compound (H2PO4or HPO42-), the formation of iron-phosphate crystals can occur within the plant’s nutrient
transport system and this results in iron deficiency. Soil pH or nutrient solution pH is one of the
most important factors controlling element availability. In general, the availability of essential
and non-essential elements increases as the pH decreases (Morel, 1996).
Hydroponic growth systems — growing plants in nutrient solutions instead of soil — are an
ideal culture device to isolate factors affecting plant growth such as the nutrients' availability
and the transfer of toxic and polluting elements in the soil-plant system (Cornelis et al., 2012).
In hydroponic cultivation, all essential minerals in their different forms required for successful
plant growth are dissolved within the nutrient solution. There are several advantages of using
hydroponic culture rather than soil. These advantages include the potential for accessibility to
all plant tissue and the ease of manipulation of the nutrient profile of growth media when
compared to soil, given the complex interaction of ions with soil particles. The main drawback
of using hydroponic growth system is that the optimum pH in soil is 6.5 to 7.2 while in
hydroponic growing the pH range is 5.2 to 5.8 which is well-suited to most bacteria and fungi;
hence, in some cases, this reduces the root’s potential to uptake nutrient from the culture media.
Another drawback is that the root morphology of the associated plants is different when
compared to soil, including lack of root hairs (Conn et al., 2013).
If plants are given these essential minerals as well as water, organic matter and energy from
sunlight, they can synthetize all compounds they require for normal growth. The amount
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required for each of these four factors may vary according to the plant type, but water as a
source of hydrogen and oxygen will always be the major component. In general, the required
percentages of water, organic material and mineral content are 70, 27 and 3%, respectively.
Despite the lower mineral content, trace elements are necessary for plant growth and
development.
The distribution of essential elements in plants varies according to the plant parts. In general,
leaves, stems and roots show higher variability in nutrient concentrations than seeds, tuber and
fruits. The mineral concentration in plants also varies with age. Older plants tend to have higher
concentration of Ca, Fe and Mn, whereas younger plants seem to have higher content of N, K
and P (Smith, 1962).
1.5.2 Types of cannabis products
Cannabis, by far, is the most abused drug on the illicit drug market (UNODC, 2009). It is a
rapidly growing plant that grows wild in a variety of temperate and tropical climates throughout
the world, either indoors or outdoors. Cannabis products fall into three main categories: the first
form is herbal cannabis which is known as Cannabis sativa L or marijuana. This form is
composed of dried leaves and flowering tops of the plant. Marijuana contains 0.5 to 5% w/w of
delta-9-tetrahydrocannabinol (THC), which is the main component responsible for the
psychoactive effect that results when a sample is ingested. The stalks, roots and seeds contain
almost no THC and are generally removed (Houck and Siegel, 2006). The second form of
cannabis is cannabis resin or hashish, a solid flexible preparation of dried resin, compressed
flowers and other extraneous material extracted from the cannabis plant. Hashish is usually
more potent, with a THC content of between 2 and 8% and it can sometimes reach up to 20%
w/w. The last form is cannabis oil, a viscous or gummy substance made from extracting and
concentrating soluble substances from the leaves and flowering tops or from cannabis resin
(Mendoza et al., 2009). Cannabis oil is the strongest drug preparation, with THC content
generally from 5 and 50% w/w. Accordingly, cannabis products can easily be identified based
on visual characteristics as well as the THC content.
Hashish and marijuana are usually smoked either on their own or in a mixture with tobacco.
The psychoactive effect from smoking cannabis usually commences within 10–20 minutes and
lasts for between 2–3 hours. The cannabis smoking symptoms include a feeling of relaxation,
sleepiness and lack of concentration (Jackson and Jackson, 2008). Since the end of the last
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century, production methods have become increasingly sophisticated, resulting in the
availability in illicit markets of a wide range of cannabis products with widely varying levels of
the main psychoactive ingredient (UNODC, 2009). The THC content varies depending on the
plant part as well; for example, the THC concentration is 10–12% in female flowers, 1–2% in
leaves, 0.1–0.3% in stalks, and < 0.03% w/w in the roots.
The current study is primarily concerned with herbal cannabis, as it is the most common form
found in Australia. Where 'Cannabis' is mentioned, it is with reference to the herbal form.
1.5.3 Forensic examination of Cannabis plant material
A number of methods have been used for the forensic examination of Cannabis plants. These
methods are divided into two categories: physical examination and chemical examination. The
following section describes both examinations for the analysis of Cannabis. All the information
that is provided on the forensic analysis of Cannabis plant material is adapted from the United
Nations Office on Drugs and Crime (UNODC) report (2009).
1.5.3.1 Physical examination
Cannabis plants originating from different geographical environments present different
morphological and biochemical properties; therefore, preliminary observations involve
morphological characteristics, which may be visually or microscopically observed. The
forensic botanists may identify Cannabis plants utilizing morphological characteristics alone,
providing sufficient botanical features appropriate for identification such as colour, serrated
edges, the leaflet number and the types of fine hairs.
1.5.3.1.1 Macroscopic characteristics
Morphological characteristics and variations in colour of Cannabis plants are affected by
environmental factors such as light, nutrient availability, water and space, as well as seed
strains (UNODC, 2009).
Plants are usually dioecious, which means that the flowers on individual plants are unisexual.
Occasionally, some plants have both male and female flowers on one plant, in which case it is
referred to as monoecious (UNODC, 2009). Cannabis plants can be either male or female in
almost equal proportion. Both the male and female plants can be easily identified by their leaf
morphology. Each leaf consists of five to eleven leaflets with 7 or 9 being most common. The
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extent of branching is dependent on environmental and hereditary factors as well as the method
of cultivation. The flowers in female plants are located on leafy spikes and clothed in sticky
hairs whereas the male flowers are positioned on small branched flower stalks in the leaf axis
with a tiny leaf opposite. Cannabis plants are characterised by finely branched leaves
subdivided into lance-shaped leaflets with a saw-tooth edge that is pointed toward the leaflet tip
(Figure 1-3). Fine hairs cover most of the plant, the leaves in particular. The hairs tend to be
longer and thicker on the lower surface of the leaves. Female plants are usually shorter but
more robust than male plants.

Figure 1-3: Images of Cannabis plants: female (left) and male (right).

1.5.3.1.2 Microscopic characteristics
Cannabis can also be identified by the presence of trichomes or inclusion bodies on the surface
of the plant (i.e., hair-like projection from plant epidermal cells) that can be observed with a
binocular microscope (UNODC, 2009). There are two types of trichomes named non-glandular
trichomes and glandular trichomes. Non-glandular trichomes are numerous unicellular, rigid
and curved hairs, with a fine pointed tip. Within non-glandular trichomes, there are cystolithic
trichomes, which are found on the upper surface of the Cannabis leaves and have a
characteristic bear claw shape, and non-cystolithic trichomes, which exist mainly on the lower
side of the leaves. The presence of cystolithic trichomes on the upper surface and the noncystolithic on the underside of the leaves is a characteristic of Cannabis plants. Glandular
trichomes can be observed in three forms: sessile glands (i.e., trichomes without stalks), small
bulbous glandular trichomes with one-cell stalks, and finally long multicellular stalked
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glandular trichomes. These types are mainly associated with the flower structure of female
plants, but they can also be found on the lower side of the leaves and occasionally on the stem
of young plants. The combination of sessile glands, longer trichomes on the lower surface and
cystolithic trichomes on the upper surface of the leaves, which is unique to Cannabis plants,
enables correct identifications to be made (UNODC, 2009).
1.5.3.2 Chemical examination
1.5.3.2.1 Presumptive tests
Over the past 55 years or so, a number of presumptive tests have been developed for the
analysis of illicit drugs based on the visual colour change to the reagent when the drug is added
(Houck and Siegel, 2006). For example, when the three reagents that make up the Fast Corinth
V salt test (e.g., petroleum ether, 1% w/w of Fast Corinth V salt in anhydrous sodium sulphate,
and aqueous solution of 1% w/w sodium bicarbonate) are added to a small amount of suspect
material on filter paper, a purple/red-coloured stain is indicative of a Cannabis-containing
product. However, a positive colour test only provides an indication for the possible presence
of Cannabis-containing material and is not an absolute identification of Cannabis (UNODC,
2009). Therefore, further tests need to be carried out to confirm positive results.
1.5.3.2.2 Chromatography
As discussed earlier for the forensic examination of ink, chromatography techniques are
utilized for separation purposes. They are not used for confirmation of a drug but they can be
used to detect links between seizures (Morelato et al., 2014). There is a number of
chromatography methods that have been used for the analysis of Cannabis material. These
methods include: TLC, HPLC, and gas chromatography coupled with either mass spectrometry
(GC-MS) or flame ionization detection (GC-FID). TLC screening can be conducted to
determine how many substances are present in the sample and what they might be. Both GCbased methods can be used to determine the total THC content in Cannabis plant material using
cannabinol (CBN) standard solutions for calibration purposes. CBN is a degradation product of
THC and the use of it for calibration is validated and widely accepted (Poortman-van der Meer
and Huizer, 1999).
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1.5.3.2.3 Ion mobility spectrometry
Ion mobility spectrometer (IMS) is an analytical technique used to detect ionic species based on
their reduced mobilities. THC screening can be conducted using IMS. It is a highly sensitive
technique for the detection of trace organics found in illicit drugs. While it is a low-cost, rapid,
and portable method for the analysis of target organic materials, it is not a very selective
technique and many substances can interfere with the presumptive identification of a sample.
For instance, problems with the separation of THC from the heroin signal and humidity have
been noted (UNODC, 2009). Thus, the IMS technique is not a method of choice for the
analysis of cannabis products.
1.5.3.2.4 Stable isotope ratio mass spectrometry
Isotope ratio mass spectrometry (IRMS) is a type of mass spectrometry that measures the
relative abundance of stable isotopes in a sample. Carbon and nitrogen isotope ratios are the
most useful for determining the geographical origin of plant material. For example, Handley et
al. (1999) evaluated the variation of nitrogen isotopes in plants and soil influenced by the
following parameters: temperature, rainfall, latitude, altitude, and soil pH. The authors
concluded that rainfall affected the amount of nitrogen isotope absorbed in leaves more
strongly than the whole soil, with a percentage of 35 and 3, respectively. Since the isotopic
composition of plants is dependent on growth conditions such as the amount of watering, the
use of nutrients, soil type, and growth with or without soil (i.e., grown outdoors or indoors),
discrimination of plant material from different sources can only be achieved to a limited extent
using IRMS (Benson et al., 2006).
1.5.3.3 Elemental analysis techniques
Elemental profiling methods are mainly used to detect the elements that the plant roots can
access from the nutritional media; therefore, if two growth media have different element
profiles, the plants produced will also differ in element concentrations. A number of chemical
profiling techniques have been evaluated for the discrimination and origin determination of
Cannabis products. Methods that have been used include FAAS, XRF, NAA, and ICP-OES
and LA-ICP-MS. In spite of the useful information that elemental analysis can provide for the
discrimination of plant material, the utility of elemental analysis has not been widely
explored in the forensic community as a part of the analytical protocol for the examination of
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Cannabis products. This is largely due to the lack of validation studies for the application of
available elemental profiling methods to the analysis of Cannabis plant material.

1.6 Data analysis
Many data analysis methods have been used to establish a statistical framework for interpreting
the elemental composition data measured for forensic trace evidence. This section is confined
to those statistical methods that were employed in this research.
1.6.1 Descriptive statistics
Several measurements are performed in any analytical experiment in order to reveal the
presence of random error. It is very useful to describe the sample set by the arithmetic mean
(usually abbreviated to the mean), the degree of dispersion between the measurements
(standard deviation) and the relative standard deviation.
The mean, which is the sum of all the measurements (X) divided by the number of
measurements (n), can be estimated using the equation (Miller and Miller, 2005).
̅

∑

(1.1)

The standard deviation of the entire set is calculated as:
̅)

√∑(

(1.2)

The square of s is a very important statistical quantity known as the variance. It is the measure
of data dispersion from the mean.
∑(

̅)
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The relative standard deviation (RSD) and the percentage of relative standard deviation
(%RSD) are values commonly used to estimate precision of a set of measurements and they are
calculated using the standard deviation and mean values. The sole difference between RSD and
%RSD is that the latter is a result of multiplication by 100.
(1.4)

̅
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1.6.2 Match criteria for comparison
Statistical comparison between sample sets can be performed using different approaches. These
approaches include a range overlap criterion that determines if the overall range of two samples
overlaps or not. If so, the samples cannot be distinguished. Another approach involves the
calculation of the means and standard deviations for both samples under investigation. If the
mean value of one sample is within the range of the other one plus or minus 2 or 3 times the
standard deviation, they are considered to “match” and are not able to be differentiated.
Moreover, when more than two samples need to be compared, a multiple pairwise comparison
should be carried out. The analysis of variance (ANOVA) is an extremely powerful statistical
method that can be used to evaluate the variance both in a set of replicates or between sets of
replicate measurements on different samples (Miller and Miller, 2005). ANOVA is also used to
separate and estimate the different sources of variation, rather than to test whether several
sample means differ significantly.
The null hypothesis (Ho) for the ANOVA test 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 samples. The p value in this study was
set as 0.05. This means that if the test result for the comparison of samples is smaller than this
value, then it can be concluded with 95% confidence that the difference between the two
sample means is significant.
The Tukey’s honestly significant difference (HSD) post hoc test is a useful method for
determining which pairs of means differ significantly as well as estimating the discrimination
power of a technique, where large numbers of pairwise comparisons are required. Thereby, an
effective way to estimate the discrimination power of an elemental profiling method is using
ANOVA together with Tukey’s HSD test.
Principle component analysis (PCA) is another method used for reducing the amount of
information derived from elemental analysis techniques when a correlation is present. PCA is
also used to support the visualisation of multivariate data set groupings. Principle components
are identified such that the first principle component (PC1) is the linear combination of the
standardised original variables that account for most of the variance in the data set. Each
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subsequent principle component is the linear combination of the standardised original variables
that have the next largest variance and is uncorrelated with all previously defined components
(PC2, PC3 and so on). This statistical test has the limitation that each new component should be
uncorrelated with the previous ones, ensuring that each successive principle component will
have a lower variance than its predecessor. Consequently, the first 2 or 3 components often
account for most of the sample variation.
In general, the data analysis approach used in this study was directed at identifying a set of
emission lines, elements and/or isotopes, depending on the applied methods, for samples and
constructing a set of ratios from each data set in each technique. While one of the aims of this
research was to evaluate the analytical performance of the LIBS method compared to other
elemental profiling techniques such as LA-ICP-MS, µXRF, and SEM-EDX, elemental ratios
were used instead of individual element signals for comparison purposes to compensate for
instrumental drift and bias changes during the measurements, and to compare the results from
one technique with another (Naes et al., 2008;Weis et al., 2011).
Principle component analysis was first applied in an attempt to classify and discriminate
different evidence types examined in the study except for glass analysis. The discrimination
between samples was carried out individually for each ratio using mean value (of all the sample
replicates) ± two or three times the standard deviation based on the evidence type. If the overall
sample ratio overlapped with another sample ratio, then the two pairs were considered
indistinguishable by the mean ± 2 or 3-sigma rule. If there were no statistical overlaps between
two sample ratios, then the samples were discriminated. Nevertheless, the pairs found
indistinguishable were then subjected to ANOVA followed by Tukey’s HSD test at the 95%
confidence limit, thus reducing the amount of indistinguishable pairs and enhancing the percent
discrimination. Then, the overall discrimination was calculated by a combination of elemental
ratios. The discrimination percentage (%DP) for each specific ratio was calculated according to
the formula [1-(N/M)]x100 where N is the number of indistinguishable sample pairs and M is
the total number of pairs (Smalldon and Moffat, 1973).
It is noteworthy to mention that the statistical methods employed in this research for the
discrimination of different evidence types follows methods that have previously been published
and are widely accepted in the forensic community (Koons and Buscaglia, 1999;Koons and
Buscaglia, 2002;Duckworth et al., 2002;Montero et al., 2003;Trejos et al., 2003;Trejos and
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Almirall, 2004;Bridge et al., 2006;Bridge et al., 2007;Curran et al., 2009 ;Trejos et al.,
2010;Trejos et al., 2014;El-Deftar et al., 2014). It is also important to emphasise that the
statistical methods were applied to compare the data generated by different elemental profiling
techniques, not for the purpose of estimating evidential weight if such techniques were applied
in casework. It is for this reason, for example, that a Bayesian approach to the interpretation of
the data was not applied in this research but could be investigated in further studies. In addition,
Hotellings T² test, a multivariate equivalent of Student’s t-test, proved to be impractical for our
needs, since the number of factors (replicate measurements on the control sample plus replicate
measurements on the recovered sample) must be at least twice the number of dimensions (i.e.
number of variables) (Curran et al., 1997).
There are many software packages such as Microsoft Excel 2010, IBM SPSS 21, and Primer 6
that can be used to determine the association between variables and calculate confidence limits,
estimate the type of error, assign discrimination values and simplify the statistical analysis of
data in an understandable manner.

1.7 Instrumentation
1.7.1 Laser-induced breakdown spectroscopy (LIBS)
1.7.1.1 LIBS principles and considerations
Laser-induced breakdown spectroscopy (LIBS), also called laser-induced plasma spectroscopy,
laser spark spectroscopy, and laser optical emission spectroscopy, is a multi-elemental
analytical technique based on atomic emission spectroscopy (AES). It employs a high-energy
laser pulse as the vaporization, atomization, and excitation source to create a high-temperature
microplasma at the surface of the target (Cremers and Radziemski, 2006). Firstly, the process is
initiated by reflection or absorption of energy by the sample from the pulsed laser. Then, the
absorbed energy is rapidly converted into heat, resulting in melting and vaporization of small
portion of material into ionized gas when the temperature approaches the boiling point of the
material. The removal of particulate matter from the surface leads to the formation of a vapour
in front of the sample. When this vapour condenses as droplets of submicrometer size, it leads
to scattering and absorption of the laser radiation inducing heating, ionization and plasma
formation. The fast expansion of photoablated material, with the emission of characteristic
signals for the elements contained in the sample, then occurs. The resulting emission lines are
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due to electronic transition within the excited atoms or ions. The temperature in the plasma
reaches 4,000 – 15,000 K, which influences the ionization of atoms contained in the sample and
results in different line intensities being produced. As the hot plasma cools and decays, the ions
and electrons recombine to form neutral atoms or even molecules, with the emission of light of
characteristic wavelengths.

Each element has its unique emission lines working as a

“fingerprint” of the elements present in the sample. The Roman numeral I next to an emission
line refers to an electron transition in the atom, whereas II refers to a transition in the first
ionization state. After being spectrally resolved, the wavelengths of the emission lines are used
to identify the existence of each element, and the peak area at the chosen emission line is used
for quantitative measurements.
The most widely used laser for LIBS is the Nd:YAG (neodymium-doped yttrium aluminium
garnet; Nd:Y3Al5O12) laser with a fundamental wavelength of 1064 nm, in the near-infrared
range; however, by doubling, tripling, quadrupling and quintupling the optical frequency of this
laser, wavelengths of 532, 355, 266 and 213 nm, respectively, can be obtained. This laser has
been widely used in LIBS because it is relatively inexpensive, it requires little maintenance,
and it can be easily incorporated into commercial ablation instruments. The laser wavelength
employed has an important role in the discrimination capabilities of the LIBS method. For
example, with the forensic analysis of glass by nanosecond 266 nm, 532 nm and 1064 nm
laser-induced breakdown spectroscopy, the 266 nm laser was found to produce a better laserglass matrix coupling than the others, resulting in a better stoichiometric representation of the
glass samples (Cahoon and Almirall, 2010;Barnett et al., 2008).
LIBS developed rapidly since its discovery in the 1960s, and it has been introduced as a
successful technique for the analysis of a variety of forensic-related materials such as glass,
paper, ink, soil, bone, wood and explosives. Further details on the evolution of LIBS are
available in various textbooks (Cremers and Radziemski, 2006;Lee et al., 2000;Miziolek et al.,
2006;Singh and Thakur, 2007;Noll, 2012) and in several review articles (Bogue,
2004;DeMichelis, 1969;Lee et al., 2004;Lee et al., 1998;Majidi and Joseph, 1992;Radziemski,
2002;Rusak et al., 1998;Rusak et al., 1997;Scott and Strasheim, 1970;Sneddon and Lee,
1998;Sneddon and Lee, 1999;Song et al., 2002;Song et al., 1997;Winefordner et al.,
2004;Tognoni et al., 2002;Kaiser et al., 2009;Vadillo and Laserna, 2004;Martin et al., 1999).
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1.7.1.2 LIBS advantages and limitations
There are tremendous advantages with LIBS for the direct elemental analysis of solid samples
and this explains the growth of the technique compared with other AES-based techniques: (a) it
is able to deliver simultaneous multi-element detection with detection limits for solid samples
in the parts-per-million (ppm) range; (b) it provides a simple and direct method of multielemental analysis; (c) it is almost non-destructive for direct solid sampling as only a very small
amount of sample (~0.1 μg – 0.1 mg) is vaporized per analysis; (d) it is fast — the ablation and
excitation processes occur in one step; (e) it has the ability to analyze extremely hard materials
which are difficult to digest or dissolve, such as ceramics and superconductors; (f) qualitative
and (semi) quantitative analyses can be conducted; (g) solid, liquid or gaseous materials can be
analysed with minimal (or no) sample preparation, which results in high throughput and
reduction of tedious and time consuming sample digestion and preparation procedures that can
lead to a loss of accuracy through contaminations; (h) it has a good discrimination power; (i) it
does not require ionizing radiation to excite the sample, which is both penetrating and
potentially carcinogenic (e.g., UV laser); (j) it is inexpensive compared to the instrumentation
required for ICP-based methods; (k) it provides good sensitivity for some elements, such as Cl
and F, that are difficult to monitor with conventional AES methods; (l) sample analysis costs by
LIBS are low compared to other conventional analytical techniques; and, finally, (m) it has
good potential for field portability.
The main drawbacks of LIBS are spectral matrix interferences and the self-absorption of peaks.
In the case of self-absorption, the photon emitted by an atom may be absorbed by a different
atom before it has a chance to escape from the material; this photon may be lost as a
contribution to the original spectrum line either as a result of radiative decay to a different
lower level or through collisional de-excitation of the absorbing atom. It will have the effect of
shifting and broadening the spectral lines and therefore produce larger width and incorrect line
intensities (Konjević, 1999). These drawbacks may be minimised to some extent through
variations in the experimental geometry, time-resolved data collection and sampling in an inert
atmosphere. (Lee et al., 2004;Cremers and Radziemski, 2006). Moreover, one study by Kuzuya
et al. (2003) showed that background noise can often be minimised by collecting LIBS data
under an inert atmosphere and at low pressure.

36

1.7.1.3 LIBS instrumentation
The LIBS instrumentation used in this study for the analysis of glass fragments, document
papers, writing inks, inkjet inks, toners and Cannabis plant materials consisted of an Ocean
Optics (Dunedin, FL, USA) LIBS2500+ spectrometer coupled to a Big Sky (Bozeman, MT,
USA) Ultra Q-switched Nd:YAG laser operating at 1064 nm (Figure 1-4). This laser delivers a
maximum of 200 mJ/pulse in 7 ns, providing an irradiance of approximately 5.2 GW/cm2 on
the sample surface. The laser beam is focused onto the sample surface using a 5-cm focal
length lens. The radiation emitted by atoms ablated from the sample is collected by a quartz
lens and directed into a seven-channel spectrometer. Each channel covers a spectral range of
about 100-120 nm; the full range of the spectrometer is from 200 to 980 nm. The detector is a
linear CCD with 2048 pixels. The instrument spectral resolution (full width at half maximum)
is 0.1 nm. Data acquisition and some data analyses were performed using Ocean Optics
AddLIBS software version 2.1.

Figure 1-4: Typical laboratory LIBS instrument that has been used in the current study.
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1.7.2 Inductively coupled plasma mass spectrometry (ICP-MS)
1.7.2.1 ICP-MS principles and considerations
ICP-MS is a type of mass spectrometry that is a highly sensitive and accurate technique, able to
rapidly measure trace elements at very low concentrations (below one part per billion). In order
to use this method, the samples need to be in a gaseous form or in solution. Solids can be
analysed after a pre-treatment step such as a microwave digestion. ICP-MS is a relatively
complex analytical technique that differs slightly from one machine to another, but it is relevant
to explain briefly what generally happens to the samples that are analysed. First, the solution
under analysis is introduced into a nebuliser that converts the sample into an aerosol composed
of very fine droplets with a size inferior to 10 µm. The newly formed droplets are mixed with a
carrier gas of argon and then directed to the plasma that is composed of positive ions and
electrons. When the droplets pass into the plasma, the sample aerosol is desolvated and the high
temperature of the argon plasma (7000–8000K) results in vaporisation of the droplets. Then, an
atomization process occurs that produces single atoms that will be ionised by the high energy of
the plasma. In this last step, electrons are ejected from the analyte atoms and, therefore, positive
ions are created. The positives ions are then analysed in the mass spectrometry system. The
cations move through a mass analyser and then arrive at an ion detector. With this process, the
ions are separated according to their mass-to-charge (m/z) ratios and are finally counted (with
the ion count proportional to concentration in the sample solution).
1.7.2.2 ICP-MS advantages and limitations
The ICP-MS technique allows rapid, quantitative multi-element determinations of trace
elements with good sensitivity and precision. ICP-MS is a destructive technique in which solid
samples need to be dissolved or digested to form a solution before analysis (with ~300 mg of
sample required to conduct three replicate analyses). The sample preparation is time consuming
and can introduce errors during the dissolution and dilution steps. The solvents used in the
dilution step are also sources of contamination. Furthermore, it is expensive and required high
technical expertise, with high initial procurement and ongoing operating costs. There are also
health and safety risks associated with using hazardous reagents such as hydrogen fluoride to
digest samples.
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1.7.2.3 ICP-MS instrumentation
All ICP-MS measurements in this study were made with a Nexion 300D ICP-MS system
(PerkinElmer SCIEX, Concord, Ontario, Canada) for the analysis of liquid nutrients and
Cannabis plant material. Automatic corrections were made for elemental isobaric interferences.
Internal standard (45Sc,
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Ge, 150Te, and 175Lu) were added on-line to compensate for any acid

effects, instrument drift and changes in pump tubing and pumping rates (Maher et al., 2003).
Calibration was performed using external calibration standards (0, 1, 10, 50, 100, 250 µg/L)
that were prepared daily by appropriate dilution of a commercial multi-element standard (Accu
Trace, 10 mg/L). Calibrations were performed every 20 samples. Calibration verification
standards were run directly after the calibration to verify the validity of the calibration and
additional calibration samples of known concentrations were run throughout the samples at
random periods to assess the validity of the calibration.

1.7.3 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
1.7.3.1 LA-ICP-MS principles and considerations
This technique works in a similar way to LIBS as the material is ablated with a laser to form a
plasma. An energy-controlled pulsed laser is focused by the optical lens of a microscope onto
the sample surface. The high-energy photons generated by the laser are converted into thermal
energy, which is responsible for the ablation and vaporization of the material. As a result, an
aerosol composed of vapour and microscopic particles from the ablated solid sample is
generated and moved by a continuous inert gas stream from the ablation cell into the plasma
source. The ICP then works as an atomization and ionization system (as for conventional ICPbased systems). The ions formed are directed to the mass spectrometer and then separated
according to their mass/charge (m/z) ratio before being detected individually (Orellana et al.,
2013).
1.7.3.2 LA-ICP-MS advantages and limitations
LA-ICP-MS exhibits numerous attractive features that distinguish it from conventional
analytical techniques. For instance, there is little-to-no sample preparation, which reduces the
time of analysis by eliminating tedious sample digestion and preparation procedures. In
addition, chemically inert elements such as zirconium, hafnium, tantalum, niobium, titanium,
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thorium and uranium can be analysed and isotope ratio analyses are possible. In addition, LAICP-MS is extremely sensitive and is capable of detecting elements down to parts per million
and parts per billion, as well as determining both metals and non-metals. Moreover, only a very
small quantity of solid sample is needed, compared to that required for solution nebulization,
and only a micro amount is ablated per analysis.
Regardless of its relatively high sensitivity, this technique is very expensive — something that
impedes its use in many forensic laboratories — and it is matrix dependent; optimisation of the
laser parameters, depending on the matrix type, is required. Quantification is less
straightforward than with solution analysis due to the lack of many types of matrix-matching
reference materials and well-established external calibration standards. The use of an internal
standard (IS) is recommended to evaluate the variance in the mass ablated between sample
replicates. Selection of an appropriate IS is not an easy task as it requires labour-intensive
sample pre-treatment. Moreover, there is long-term sensitivity drift due to the ICP-MS
instrument, sample position in the cell and laser focusing (Orellana et al., 2013;Caddy,
2001;Trejos et al., 2003).
1.7.3.3 LA-ICP-MS instrumentation
An argon fluoride excimer laser (Compex 110i, wavelength = 193 nm, ~ 20ns pulse width)
coupled to a commercial quadruple ICP-MS (Varian 820) via an Australian National University
(ANU) Helex laser ablation cell was used for the analysis of glass fragments, writing inks,
inkjet inks, toners and Cannabis plant material. Helium with a flow rate of 0.500 L/min was the
carrier gas into the ablation chamber, with argon (1.000 L/min) added to the post cell prior to
entering the ICP. The ICP-MS parameters included RF power of 1200 W and an auxiliary
(argon) flow rate of 1.0 L/min. The analyte and analyte isotope menu was selected based on
presence, detectability and minimum isobaric interferences in all samples.

1.7.4 Scanning electron microscope-energy dispersive X-ray spectrometer
(SEM-EDX)
1.7.4.1 SEM-EDX principles and considerations
A scanning electron microscope (SEM) can be used to obtain the elemental composition of a
sample. It is also used for investigating and analysing the microstructural features of a solid
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substance. In the SEM process, an electron beam at a given accelerating voltage is focused on
the material’s surface to interact and produce a range of signals that are captured by a detector
capable of analysing the specific electrons, photons or X-rays produced. These signals include
secondary electrons that provide high resolution imaging, back scattered electrons that provide
atomic number information, and characteristic X-ray emissions. There are two types of
detectors for the analysis of emitted X-rays. The first one is a wavelength dispersive detector
(WDX) which categorises the generated emission based on wavelengths. The second one is an
energy dispersive detector (EDX) and, in this case, the produced emissions are separated
according to their energy. WDX provides high resolution (typically 20–30 times better than
EDX) and low background levels allowing the lowest detection limits of all the X-ray emission
methods and more reliable quantification. However, the high cost and complexity of this type
of spectrometer has limited its use in forensic laboratories. Therefore, SEM-EDX is the
commonly used SEM variant in the forensic laboratory. The sample surface is usually coated
with a carbon layer under high vacuum to prevent sample “charging”; otherwise, the sample
will build up a surface charge that affects the ability of the SEM to image and analyse the
sample (Caddy, 2001;Almirall and Trejos, 2006).
1.7.4.2 SEM-EDX advantages and limitations
SEM methods have been widely used in most forensic laboratories due to their availability to
analyse small objects such as gunshot residue and other forms of trace evidence. The most
significant advantage of SEM methods is that they are non-destructive and X-ray emission
spectra are relatively simple to interpret. In addition, relatively small samples can be analysed
and the multi-element analysis capability makes it a rapid screening tool for forensic samples.
The main limitations are that matrix-matched multi-element standards are needed to obtain
accurate quantitative results and there is a lack of sensitivity for trace elemental analysis,
particularly for heavier elements. While qualitative analyses can be undertaken on very small
and irregularly shaped samples, which are typically found in forensic cases, sample preparation
is commonly required for quantitative work by embedding and polishing of the sample in order
to present a flat surface to the electron beam (Roedel et al., 2003).
1.7.4.3 SEM-EDX instrumentation
The scanning electron microscope system used in this study for the analysis of glass samples
was a JEOL JSM-6480LA SEM. The SEM system was equipped with a lithium drifted silicon
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energy dispersive X-ray analyser, an EDX-23000BU. The EDX was calibrated and checked on
a daily basis prior to the use of the system for X-ray analysis by using a copper-aluminium
mesh standard.

1.7.5 Micro-X-ray fluorescence (μXRF)
1.7.5.1 μXRF principles and considerations
With the X-ray fluorescence method, characteristic X-ray emissions are produced when target
atoms are excited by a beam of high energy radiation such as that produced by an X-ray tube, a
synchtron, or radioactive material. This excitation causes the ejection of inner-shell electrons,
with electrons at higher energy levels then relaxing to the lower state of the originally displaced
electrons. The difference in the energy between the two electronic energy levels is given off as
X-ray emissions. Other electrons in higher electronic states relax into the new vacant sites. This
step is repeated, leading to one element emitting X-rays of different energy values (different
wavelengths). X-ray fluorescence is widely used for the qualitative and quantitative analysis of
elements having atomic numbers greater than oxygen (> 8).
1.7.5.2 μXRF advantages and limitations
The μXRF method has similar advantages to those exhibited by SEM-EDX. For instance,
μXRF is considered to be non-destructive, relatively easy to operate, and capable of
simultaneous multi-elemental analyses. Furthermore, spectra are relatively simple to interpret,
there is little spectral line interference and relatively small samples can be analysed — making
it a suitable technique for forensic samples analysis. The advantages of μXRF over ICP-based
methods include lower instrument cost, easy operation and maintenance, no requirement for a
pre-determined elemental menu prior to analysis, utility at any point in the analytical scheme
due to its totally non-destructive nature, and, although data acquisition is more time-consuming,
most instruments can operate unattended (Howden et al., 1978;Koons et al., 1991;Ryland,
2011;Roedel et al., 2003;Hicks et al., 2003).
The main limitation to μXRF, as with the SEM-EDX method, is that the analysis of very small
and irregular shaped samples can produce inaccurate quantitative results and less precise
replicate measurements than ICP-methods and LIBS. There is also a lack of matrix-matched
multi-element standards (Almirall and Trejos, 2006). In addition, μXRF is not sensitive enough
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to measure certain trace elements that have been shown to have good source discrimination
capabilities (Almirall and Trejos, 2006).
1.7.5.3 μXRF instrumentation
A Kevex Omicron energy dispersive X-ray microfluorescence spectrometer was used in this
study for the analysis of glass fragments, document papers, writing inks, inkjet inks, toners and
Cannabis plant material. It was equipped with a collimated microfocus X-ray tube, a rhodium
anode, an optical sample viewing/positioning system, and a precision computer controlled XYZ
stage, which allows scanning and rapid location and analysis of particles 10 µm and larger. The
samples were quantified using an Automated Standardless Analysis Protocol (ASAP) to
determine relative elemental compositions by calculating the K alpha peak intensities for each
of the elements of interest followed by background subtraction utilizing peak de-convolution
method.
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1.8 Research objectives
Samples submitted for forensic analysis generally require examination using a range of
methods, including microscopy and instrumental techniques that provide information regarding
chemical composition (both organic and inorganic). The elemental analysis of trace and bulk
evidence — including glass fragments, office paper, writing inks, inkjet inks, laser toners and
Cannabis plant materials — can be undertaken using a range of analytical methods.
While direct solid sampling by LIBS has increased in popularity as a competitive analytical
method, relatively few reports have been published describing the application of LIBS to the
analysis of samples of forensic interest. The general aim of this project was to evaluate a range
of elemental profiling methods for forensic applications, with a particular focus on LIBS to
determine if this emerging technique has a place in the analytical sequences applied to forensic
evidence. Given that only limited information is currently available on the application of LIBS
to forensic samples, a LIBS method had to be developed and optimised for each selected
evidence type. The specific aims of this work are divided into five sections as detailed below.
1.8.1 Elemental profiling of glass fragments


Develop and optimise a LIBS method for the analysis of float glass, which is the most
common glass type encountered in forensic casework. Parameters of interest were as
follows: laser energy, detector delay, number of laser shots, repetition rate, focusing
distance, and elemental menu for sample characterization.



Analyse a set of window glass samples that is representative of the typical samples
encountered in forensic investigations (e.g., burglary cases).



Evaluate the analytical performance of LIBS in terms of precision, accuracy and limits
of detection for glass analysis.



Evaluate the discrimination power of the technique across the sample set chosen.



Compare the results obtained by LIBS with those obtained by other methods such as
LA-ICP-MS, µXRF, and SEM-EDX.
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1.8.2 Elemental profiling of office papers
 Develop and optimise a LIBS method for the analysis of paper samples, with a focus on
the optimisation of laser energy, spot size, repetition rate, detector delay, number of
laser shots and an elemental menu for sample characterization.
 Analyse a set of blank office paper samples.
 Evaluate the analytical performance of LIBS in terms of precision, accuracy and limits
of detection for paper analysis.
 Evaluate the discrimination power of the technique across the sample set chosen.
 Compare the results obtained by LIBS with those obtained by µXRF.
1.8.3 Elemental profiling of writing inks, inkjet inks and toners


Develop and optimise a LIBS method for the analysis of ballpoint inks, inkjet inks and
laser toner samples, with a focus on the optimisation of laser energy and an elemental
menu for sample characterization.



Analyse a set of black and blue ballpoint ink samples.



Evaluate the analytical performance of LIBS in terms of precision, accuracy and limits
of detection for writing and printing ink analysis.



Evaluate the discrimination power of the technique across the sample set chosen.



Compare the results obtained by LIBS with those obtained by other methods such as
LA-ICP-MS and µXRF.

1.8.4 Elemental profiling of Cannabis plant material
 Develop and optimise a LIBS method for the analysis of Cannabis plant material, with
a focus on the optimisation of laser energy, repetition rate, detector delay and an
elemental menu for sample characterization.
 Evaluate different elemental profiling techniques for their ability to conduct elemental
analyses on Cannabis plant material, with a specific investigation of the possible links
between hydroponic nutrients and elemental profiles from associated plant material.
 Evaluate the discrimination power of LIBS for this application.
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 Compare the results obtained by LIBS with those obtained by other methods such as
ICP-MS, LA-ICP-MS and µXRF.
1.8.5 Recommendations
 Summarise the relative advantages and disadvantages of each elemental profiling
technique when applied in a forensic context.
 Provide recommendations for the use of LIBS in a forensic context as well as standard
operating procedure for each evidence type.
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Chapter 2 : Elemental Profiling of Glass Fragments
2.1 Introduction
The usefulness of glass as evidence stems from its availability, brittle nature, and wide use in
society. Glass is a common type of trace evidence encountered at many crime scenes such as
burglaries, road accidents, kidnappings, murders, and shootings (Cahoon and Almirall, 2010).
Glass occurs as evidence because it is broken during the commission of the crime and small
fragments may easily transfer from the broken source to a nearby person or object at the scene.
The physical properties and elemental composition of glass are relatively homogeneous within
a single sheet or pane of glass and, therefore, it has advantages over other types of evidence
(Trejos and Almirall, 2005a;Trejos and Almirall, 2005b); it is easily recovered from a place or
object and its size is generally appropriate for conducting analyses by a variety of analytical
techniques. In addition, variation in its chemical composition does not change over time; there
are also suitable standard reference materials available that are consistently used in forensic
laboratories to establish chemical and physical properties and excellent discrimination between
glass samples can be achieved on the basis of optical and elemental properties (Almirall and
Trejos, 2006). Another important aspect is that the data generated from glass analyses can be
stored in a database and subsequently used to determine how rare given characteristics may be
in relation to casework samples.
In the field of trace evidence, forensic scientists require reliable methodologies with good
sensitivity as well as high discrimination power and minimum sample manipulation, capable of
determining the origin of both organic and inorganic materials found at the scene of a crime.
Demonstrating a potential association between these materials and a suspect (or suspects) can
result in the vital evidence needed to assist the investigation. The elemental analysis of
evidential material has become an important component of the examination sequence applied
by the forensic examiner when comparing questioned samples with samples of known origin.
2.1.1 Elemental analysis techniques
Several reports have been published on the use of a number of analytical techniques for
measuring the elemental composition of glass fragments. These methods have included atomic
absorption and atomic emission spectroscopy, X-ray methods, inductively coupled plasma
(ICP)-based methods, with either mass spectrometry (MS) or optical emission spectroscopy
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(OES) as a detection method, and – more recently – laser-induced breakdown spectroscopy
(LIBS) (Catterick, 1978;Blacklock et al., 1976;Koons et al., 1991;Schenk and Almirall,
2012;Grainger et al., 2012;Bridge et al., 2007;Naes et al., 2008). In this section, a general
overview is provided on the elemental analysis techniques used for the forensic examination of
glass fragments with a discussion of significant publications in this area.
2.1.1.1 Atomic absorption spectroscopy
In atomic absorption spectroscopy (AAS), the sample is first dissolved, then introduced to a
graphite furnace and vaporized. A beam of monochromatic light is directed through the vapour
and the absorption is measured. The wavelength of the light is matched to the characteristic
absorption of the element of interest. AAS has been used for the measurement of Mg, Mn, Fe,
Cr, Na, Pb and As in glass samples (Hughes et al., 1976;Catterick, 1978). Although AAS is
simple to operate, relatively inexpensive, provides excellent sample throughput for the analysis
of a small number of elements, and sensitivity in the part-per-billion (ppb) range results in a
minimal sample size required for analysis (generally 100 μg or less), it has a number of
disadvantages. The main drawback of the technique is the need for a different lamp for each
element and hence a limited number of elements can be analysed practically, which is
inflexible for forensic work. Other drawbacks of the technique are the tedious sample
preparation and the better sensitivity that can be achieved with other techniques (Almirall,
2001).
2.1.1.2 Atomic emission spectroscopy
In contrast to the inflexibility of the AAS technique for forensic work, atomic emission
spectroscopy (AES) has evolved as an analytical method through the optimisation and further
development of radiation sources, improvements to spectrometers, and the new possibilities
offered by AES detectors. In AES, the emission of light occurs when thermal energy (or
electrical energy in the case of arc/spark spectroscopy) is available to excite a free atom or ion
to an unstable energy level. The excited species returns to the ground state, or a more stable
configuration, by emitting light at a specific wavelength. Simple flames generally do not
provide sufficient thermal energy to act as an energy source; hence, arc/spark systems have
been developed. In forensic glass analysis, three excitation sources for AES have been reported:
spark, inductively coupled plasma (ICP) and lasers. Using spark source AES, levels of Al, Ba,
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Ca, Fe, Mg, and Mn have been determined in glass samples weighing approximately 1 mg
(Blacklock et al., 1976).
2.1.1.3 Inductively coupled plasma based methods
2.1.1.3.1 Inductively coupled plasma optical emission spectroscopy
The development of inductively coupled plasma (ICP) methods represents a significant
improvement in the use of emission spectroscopy and in the analysis of glass for forensic
purposes (Almirall, 2001). In ICP method, glass samples can be introduced in the plasma either
by dissolving them and nebulizing the resulting solution or by direct solid sampling. The initial
ICP-OES methods were primarily applied for classifying glass samples as sheet, container,
tableware or headlamp (Hickman, 1981). The concentration of Mg, Mn, Fe, Al, and Ba in 349
glass samples were determined using ICP-OES and, when combined with refractive index
measurements, 91% correct sample identifications were achieved (Hickman, 1981). Later,
Koons et al. reported an analytical procedure for classifying 184 glass samples using the
concentrations of 10 elements (Al, Ba, Ca, Fe, Mg, Mn, Na, Ti, Sr, and Zr) (Koons et al.,
1991;Koons et al., 1988). Koons et al. utilized principle component analysis (PCA) and cluster
analysis to correctly classify 180 of 184 samples. Moreover, the manufacturing plant was
correctly classified via cluster analysis, meaning that the elemental composition of glass
samples can be traced back to the glass manufacturer (Koons et al., 1988). The limitations of
this technique included sample destruction and the long time required per analysis compared to
other methods. In addition, ICP-OES instrumentation is expensive and requires extensive
training for the operator. For these reasons, only a limited number of reports detailing its
forensic applications are available. The incorporation of laser ablation (LA) to ICP-OES has the
clear advantage of providing localized analysis with little-to-no sample preparation and an
almost non-destructive analysis. The application of LA-ICP-OES for the study of glass has
been reported in the literature (Ducreux-Zappa and Mermet, 1996b;Ducreux-Zappa and
Mermet, 1996a).
Recently, laser ablation inductively coupled plasma optical emission spectrometry (LA-ICPOES) has been applied for the analysis of glass samples. The results of LA-ICP-OES has also
been compared with those of laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) and energy dispersive micro-X-ray fluorescence spectroscopy (µXRF) as
competing instrumentation for the elemental analysis of glass. The developed LA-ICP-OES
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method performed in a similar way to LA-ICP-MS for the discrimination of different sources of
glass (Schenk and Almirall, 2012).
2.1.1.3.2 Inductively coupled plasma mass spectrometry
Inductively coupled plasma mass spectrometry (ICP-MS) is a combination of the multi-element
capability and the broad dynamic range of ICP with the enhanced sensitivity and specificity of
the mass spectrometer (MS) detector. Typically, sample introduction is similar to ICP-OES.
Usually, liquid samples require little preparation, but solid samples need to be dissolved. ICPMS has been successfully applied for the discrimination of glass samples in various studies
(Suzuki et al., 2000;Zurhaar and Mullings, 1990;Suzuki et al., 2003;Nakanishi et al.,
2008;Umpierrez et al., 2006;Suzuki et al., 1997;Duckworth et al., 2002;Duckworth et al.,
2000;Montero et al., 2003;Neufeld, 2005;Parouchais et al., 1996;Ghazi and Millette, 2004).
The use of an isotope dilution (ID) method with ICP-MS for the analysis of glass usually
provides the best accuracy and precision when the sample size is limited (Smith, 2000). The
isotope dilution analysis method does not require a comparison against external calibration
standards. Two or more isotopes of the analyte must be available for the measurement as one of
them is in the added spike (Fasset, 1989;Ebdon et al., 1998). In spite of conventional solution
ICP-MS [external calibration (EC) and isotope dilution (ID)] being proven to be an excellent
tool for the elemental analysis of glass, there is the limitation of requiring sample dissolution,
thereby destroying the sample prior to introduction into the ICP-MS. In 1990, the first reported
application of ICP-MS for the characterization of seven window glass samples, having similar
refractive indices, found that 85-90% were successfully discriminated with detection limits
below 0.1 ng mL-1 (Zurhaar and Mullings). Later, a more extensive study of ICP-MS analysis
was presented by Parouchais (1996) to differentiate between glass samples of similar RI by
comparing element concentrations and ratios (e.g., Sr/Ba). Suzuki et al. (1997) reported the
discrimination of 22 automotive glass samples (i.e., windshield glass) by monitoring the
concentration of the elements Ba, Sr, Zr, Co, Rb, La, and Ce. All samples were successfully
discriminated by ICP-MS and RI pairwise comparison. These authors also reported the
successful discrimination of all 120 pairs of 16 samples of bottle glass by comparison of the
Co, Cu, Zn, Rb, Sr, Zr, Ag, Sn, Sb, Ba, La, Ce and Pb concentrations and refractive index
measurements (Suzuki et al., 2000). In addition, a protocol was developed and published later
by the American Society of Testing and Materials (ASTM) for the forensic analysis of glass by
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dissolution ICP-MS (ASTM E-2330-04) (ASTM Annual Book of ASTM Standards, 2004).
Umpierrez et al. (2006) demonstrated the use of solution and laser dynamic reaction cell
inductively coupled plasma mass spectroscopy (DRC-ICP-MS) for the determination of iron in
forensic glass samples. The studies revealed that DRC-ICP-MS lowers the detection limit by
two orders of magnitude when compared to standard ICP-MS due to the elimination of iron
interferences.
The introduction of laser ablation (LA) to ICP-MS provides additional advantages over solution
analysis. A validated method for glass discrimination using LA-ICP-MS has been published
(Berends-Montero et al., 2006). The authors found that 10 elements – K, Ti, Mn, Rb, Sr, Zr,
Ba, La, Ce, and Pb – were useful for discrimination purposes. The results showed that the
method was applicable to glass fragment sizes down to 1 mm2 with limits of detection (LOD)
in the order of parts-per-million (ppm), and precision and accuracy < 10% for most of the
measured elements. The method detection limits (MDLs) for Fe in glass samples were
evaluated using different ICP-MS systems (quadruple, dynamic reaction cell, and high
resolution) for solution and laser ablation sample-introduction methods with glass standard
reference materials (SRMs). The results showed that polyatomic interferences for iron were
significantly reduced or resolved with both dynamic reaction cell (DRC) ICP-MS and high
resolution sector field inductively coupled plasma mass spectroscopy (HR-SF-561-ICP-MS). In
addition, MDLs as low as 0.03 ppm and 0.14 ppm were achieved in laser ablation and solution
based analyses, respectively (Castro et al., 2008). Moreover, the discrimination potential of LAICP-MS with external calibration (EC) was compared with internal standardization ICP-MS
methods and solution isotope dilution (ID) method for the analysis of a total of 91 glass
samples from different glass populations. The element menu used by the authors for the LAICP-MS and EC-ICP-MS methods included Mg, Al, Ca, Mn, Ce, Ti, Zr, Sb, Ga, Ba, Rb, Sm,
Sr, Hf, La, and Pb, while the ID method was limited to the analysis of two isotopes each of Mg,
Sr, Zr, Sb, Ba, Sm, Hf, and Pb. The results of this study showed that LA-ICP-MS could offer
an excellent alternative to EC-ICP-MS and ID-ICP-MS for the analysis of glass in forensic
casework as both of these methods involve complex sample preparation and sample destruction
(Trejos et al., 2003).
A total of 45 glass samples from a number of float plants, representing the United States,
Europe and Asia glass production, were successfully discriminated in terms of their origin
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using LA-ICP-MS (Becker et al., 1999). Becker et al. reported that 100% discrimination was
achieved by measuring the concentrations of 30 elements. They utilized a range overlap method
(comparing mean ± two standard deviations) to discriminate between samples. An Australian
group also reported the use of LA-ICP-MS for establishing the origin of glass bottles of known
manufacture dates (May and Watling, 2009). LDA and PCA were used for interpreting the
results. The data have been compared to RI values and discrimination between samples
performed by applying the mean ± three standard deviations rule and the student’s t-test. They
found that the combination of LA-ICP-MS data and RI measurements significantly improved
the discrimination of container glass compared to RI measurements alone.
Another group in New Zealand reported the discrimination of 234 automotive glass samples,
which had different countries of origin (Australia, Belgium, England, France, Germany, Italy,
Japan, Spain, South Africa, South Korea, Thailand, USA), using LA-ICP-MS (Grainger et al.,
2012). They found that the general classification of samples into Northern and Southern
Hemisphere was possible using PCA and a multiclass classifier. They could also categorise
samples within the Northern Hemisphere. The Australian samples were not easily
discriminated from one another due to their close elemental composition. Trejos and Almirall
studied the sampling strategies for the analysis of different types of glass fragments (i.e., 56
fragments from glass containers, 28 fragments from automobile windshields and 20 fragments
from architectural windowpanes) by LA-ICP-MS including sample micro-homogeneity,
sample size and sample shape considerations and their application to the interpretation of
forensic evidence. The results showed that float glass is homogenous even at the micro-range
level, justifying LA-ICP-MS as an alternative technique to perform the elemental analysis of
glass. However, the variation of elemental composition of headlamps and containers is larger
over the source than the instrumental variation due to inherent heterogeneity; therefore, specific
statistical methods are recommended to compare such glass samples. Furthermore, there was
no significant difference in the elemental composition of different sized fragments. The
conclusions, however, cannot be generalized for fragments measuring less than 0.2 × 0.1 mm
(Trejos and Almirall, 2005a;Trejos and Almirall, 2005b). Twenty six glass fragments with
similar optical and physical properties were analysed by LA-ICP-MS. PCA was applied to
distinguish all samples within the set (Bajic et al., 2005). The authors found that LA-ICP-MS
was a rapid and reliable technique that can be used to characterize and perform pairwise
comparisons of glass trace evidence at a high degree of confidence (i.e., > 99%).
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LA-ICP-MS exhibits numerous attractive features that distinguish it from conventional
analytical techniques. For example, there is little-to-no sample preparation, which results in
increased throughput and an avoidance of sample digestion and preparation procedure. In
addition, it minimises sample destruction, the risks of contamination, and the use of hazardous
reagents (Russo et al., 1995;Watling et al., 1997;Neufeld, 2005;Ghazi and Millette,
2004;Aeschliman et al., 2004;Bajic et al., 2005;Becker et al., 2003;Becker and Tenzler,
2001;Berends-Montero et al., 2006;Bridge et al., 2006;Hobbs and Almirall, 2003;Ito et al.,
2007;Latkoczy et al., 2005;Scadding et al., 2005;Trejos and Almirall, 2005a;Trejos and
Almirall, 2005b;Hordijk et al., 2003;Trejos and Almirall, 2004;Trejos et al., 2003). Regardless
of its relatively high sensitivity, this technique is very expensive—something that impedes its
use in many forensic laboratories—and it is matrix dependent; laser parameters need to be
changed depending on the matrix. Moreover, quantification is less straightforward than with
solution analysis due to the lack of solid calibration standards, particularly matrix-matched
standards (Caddy, 2001;Trejos et al., 2003).
2.1.1.4 Laser-induced breakdown spectroscopy
Laser-induced breakdown spectroscopy (LIBS) is an emerging technique that has recently been
used for the detection of trace elements in glass samples for forensic purposes (Cahoon and
Almirall, 2010;Labbé et al., 2008;Rodriguez-Celis et al., 2008;Barnett et al., 2008;Carmona et
al., 2007;Carmona et al., 2005;Naes et al., 2008;Bridge et al., 2007). LIBS is another AE
technique with solid sampling. It utilizes a high-energy laser pulse as the vaporization,
atomization, and excitation source to create a high-temperature microplasma at the surface of
the target (Cremers and Radziemski, 2006).
In one study, the elemental composition of ten glass fragments from seven automobile glass
samples was determined using LIBS (Rodriguez-Celis et al., 2008). The discrimination
potential for the method was determined using linear and rank correlation coefficients and a
spectral mask method. The combination of linear correlation with spectral mask at a 95%
confidence level resulted in four out of 45 indistinguishable pairs, which were expected as
those glass fragments came from the same source, giving 100% correct identification of the
samples.
The wavelength of laser used has an effect on the discrimination among glass fragments. For
example, with the forensic analysis of glass by nanosecond 266 nm, 532 nm and 1064 nm
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laser-induced breakdown spectroscopy, the 266 nm laser was found to produce a better laserglass matrix coupling than the others, resulting in a better stoichiometric representation of the
glass samples; the authors recommended this laser wavelength for the forensic analysis and
comparison of glass samples (Cahoon and Almirall, 2010;Barnett et al., 2008).
In 2005, the discrimination potential of LIBS was compared to that obtained from the
conventional techniques SEM-EDX, XRF and ultraviolet-visible (UV-VIS) spectroscopy for
the analysis of corroded glass samples (Carmona et al.). The results showed that LIBS allowed
the analysis of glass chromophores (Co, Cu, Fe, Mn, Cr), even for trace elements present only
at the ppm level. Furthermore, it allowed the identification of a higher number of chromophores
than those detected by UV-VIS spectroscopy, making LIBS an interesting alternative for the
identification of minor elements. Samples representing four types of glass samples commonly
encountered in forensic examinations – float glass taken from front and side automobile
windows (examined on the non-float side), automobile headlamp glass, automobile side-mirror
glass and brown beverage container glass – have been analysed by LIBS, LA-ICP-MS, and
refractive index to discriminate between samples originating from different sources (Bridge et
al., 2007). The results of this study revealed that the largest overall discrimination was obtained
by employing RI data in combination with LA-ICP-MS (98.8% discrimination of 666 pairwise
comparisons at 95% confidence). The combination of LIBS with RI data produced a somewhat
lower discrimination (87.2% discrimination of 1122 pairwise comparisons at 95% confidence)
compared to the combined LA-ICP-MS/RI results. In addition, samples of side-mirror glass
were less well discriminated by LIBS due to a larger variance of the refractive index within a
glass sample, while discrimination of side-mirror glass by LA-ICP-MS remained high. The
discriminating power of LA-ICP-MS, μXRF, and LIBS were compared for a glass sample set
consisting of 41 fragments. Excellent discrimination results (> 99% discrimination) were
obtained using all methods (Naes et al., 2008). The results also showed a strong correlation
between the data generated by μXRF and LA-ICP-MS, when comparing μXRF strontium
intensities to LA-ICP-MS strontium concentrations. The effect of day-to-day variation in
humidity, which influences the laser air spark, was examined by Rodriguez-Celis et al.
(Rodriguez-Celis et al., 2008;Yalcin et al., 1999). The results revealed no significant changes
over a one-week period while monitoring the intensity of the hydrogen Balmer α emission line
at 656.3 nm. The evaluation of LIBS performance for the discrimination of glass samples of
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similar RI value was also examined by the Almirall group (Almirall et al., 2005). The results
indicated that the LIBS method has the potential to discriminate glass samples of similar RI.
The development of LIBS as an analytical technique has progressed markedly over the last
decade as LIBS provides a simple, rapid and direct method for the elemental analysis of glass
samples, that requires little-to-no sample preparation, and achieves low detection limits in the
parts-per-million (ppm) range; it is considered a semi-destructive method, with a very small
amount of sample (~0.1 μg – 0.1 mg) being ablated per analysis. The reported performance of
LIBS to date is encouraging for its use in operational forensic laboratories. The main
drawbacks of LIBS are spectral matrix interferences and self-absorption of certain emission
peaks. These drawbacks may be minimised to some extent by modifying the experimental
geometry, time-resolved data collection, and sampling in an inert atmosphere (Lee et al.,
2004;Cremers and Radziemski, 2006). A study by Kuzuya et al. (2003) has further shown that
background noise can often be minimised by collecting LIBS data under an inert atmosphere
and at low pressure.

2.1.1.5 Neutron activation analysis
In neutron activation analysis (NAA), the radioactivity induced in a sample is measured as a
result of irradiation by nuclear particles, such as neutrons from a nuclear reactor. NAA is a very
sensitive technique for elemental composition with detection limit in the parts-per-billion range
(ppb). Before the development of more sensitive optical emission and X-ray methods, NAA
was used to explore the discrimination potential of elemental composition for minor and trace
elements in forensic glass samples. The lack of accessibility to a nuclear reactor makes this
technique inflexible for use by most forensic laboratories. Nevertheless, NAA has been used
successfully in the analysis of glass fragments (Schmitt and Smith, 1970;Atalla and Lima,
1970;Coleman and Goode, 1973).
2.1.1.6 X-ray methods
Various studies on the discrimination and classification of glass fragments based on X-ray
methods and direct comparisons with other elemental analysis techniques have been
documented in the literature. X-ray techniques are widely used for the qualitative and
quantitative analysis of elements having atomic numbers greater than eight (i.e., above
oxygen). Seven types of X-ray fluorescence methods have been applied for the examination of
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forensic glass evidence: wavelength-dispersive X-ray fluorescence (WDX-XRF) (Falcone et
al., 2006;Verita et al., 1994;Falcone et al., 2002), wavelength-dispersive electron probe
microanalysis (WDX-EPMA) (Falcone et al., 2006;Furukawa and Fukushima, 1999),
synchrotron radiation X-ray fluorescence spectrometry (SR-XRF) (Suzuki et al., 2003;Suzuki
et al., 2005a;Suzuki et al., 2005b;Nishiwaki et al., 2006a;Nakanishi et al., 2008), total reflection
X-ray fluorescence (TXRF) and particle-induced X-ray emission (PIXE) (Nishiwaki et al.,
2006b;Jisonna et al., 2011), energy-dispersive X-ray fluorescence spectrometry (EDX-XRF),
energy dispersive micro-X-ray fluorescence spectrometry (µXRF) (Koons et al., 1991;Verita et
al., 1994;Dudley et al., 1980;Howden et al., 1978;Reeve et al., 1976;Hicks et al., 2003), and
scanning electron microscopy with energy-dispersive X-ray microanalysis (SEM-EDX)
(Falcone et al., 2006;Falcone et al., 2008;Andrasko and Maehly, 1978). With both WDX-XRF
and EDX-XRF, relatively large samples are required for analysis; in the case of µXRF, small
samples down to 0.5 mm in diameter can be used (Almirall and Trejos, 2006). The most
common types of XRF used in forensic laboratory for the analysis of glass fragments are µXRF
and SEM-EDX. With the latter method, the excitation source is the high-energy electron beam
of the SEM rather than an X-ray beam (which is the case for conventional XRF).
The wide application of energy dispersive equipment has made them a popular instrument in
forensic laboratories (Almirall, 2001). In 1976, Reeve and co-workers reported the first use of
SEM-EDX as a tool to discriminate glass samples that were indistinguishable by refractive
index and density (Reeve et al., 1976). They reported that two out of 81 analysed samples were
found to be indistinguishable when nine element concentration ratios were used for
discrimination. When physical properties were considered, all glass samples were successfully
discriminated from each other. Later, Andrasko and Maehly (1978) reported the successful
discrimination of 40 window-glass samples by using the Na/Mg, Na/Al, Mg/Al, Ca/Na, and
Ca/K concentration ratios with refractive index and density data. Howden et al. (1978) reported
an analytical procedure including the use of instrument correction factors to standardise peak
area ratios for Mg/Ca, Si/Ca, K/Ca,, Fe/Ca and As/Ca, obtained from different XRF
instruments in use in the UK Forensic Science Service, by using 12 reference materials. As a
result, the data collected on different XRF instruments could be related and compared. The
SEM microprobe determination of the Ca/Mg intensity ratio and the XRF determination of the
Ca/Fe ratio were used by Ryland to design a classification scheme for sheet vs. container glass
samples (Ryland, 1986).
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Nishiwaki et al. (2006a) reported the discrimination of 26 sheet glass fragments using SR-XRF.
The results showed that the high energy SR-XRF has the ability to analyse heavy elements in
the energy region above 20 keV with good sensitivity, precision and accuracy. In further work,
Nakanishi and co-workers reported the use of SR-XRF analyses utilizing the 75.5 keV X-ray
radiation from beam-line BL37XU at the Super Photon Ring 8 GeV (SPring-8), a thirdgeneration synchrotron facility, for the discrimination of glass fragments (Nakanishi et al.,
2008). The authors found that SR-XRF was one of the most useful analytical methods for
discriminating glass samples and might be a useful tool in the forensic science field, as it could
characterize the dissimilarities of minute glass fragments without risk of loss or contamination
of the sample, could detect elements from Ca to Hf, and was non-destructive (so, samples can
be returned intact). The forensic discrimination of 11 sheet glass samples was performed using
refractive index measurements and elemental analysis by SR-XRF, with results showing that
elemental analysis of small glass fragments by SR-XRF could provide a higher discriminating
power than with RI alone (Suzuki et al., 2005b).
Nishiwaki et al. also reported the application of TXRF for the analysis of small glass fragments
(< 0.5 mg weight) (Nishiwaki et al., 2006b). Five elemental ratios – Ti/Sr, Mn/Sr, Zn/Sr, Rb/Sr,
and Pb/Sr – were found to be effective in distinguishing glass fragments that could not be
differentiated by their refractive index (RI) measurements alone, making TXRF a suitable
technique for the analysis of trace elements that exist in glass fragments. Falcone et al. reported
the use of WDX-XRF, WDX-EPMA and SEM-EDX for the quantitative analysis of glass
samples (Falcone et al., 2006). The results revealed that WDX-XRF provides accurate analysis
of major and minor oxides using glass beads prepared with only 50 mg of powdered sample. If
the sample weight is reduced, the accuracy becomes unacceptable but glass identification is still
possible. In addition, WDX-EPMA and SEM-EDX provide accurate analyses of the main
components of embedded and polished glass particles down to 0.3 mm size. Trace elements
down to about 250–500 ppm of oxides can be detected by WDX-EPMA and 500–1000 ppm of
oxides by SEM-EDX, but their quantification is doubtful because of low accuracy. The
classification of non-embedded irregular-shaped glass particles was only possible by SEMEDX (Falcone et al., 2006).
In 2011, 16 different automobile side window glass fragments were analysed by PIXE and the
results compared to those achieved using ICP-OES. Five element concentrations were used for
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comparison: calcium, titanium, manganese, iron, and strontium. The result of the study
revealed that PIXE can be used as a method of pre-sorting large sample sets for further study,
or as a complementary method for forensic analysis (Jisonna et al., 2011).
The most significant advantage of X-ray methods is that they are non-destructive. In addition,
the emission spectra are relatively simple, there is little spectral line interference, relatively
small samples can be analysed and the multi-element analysis capability makes it a rapid and
suitable technique for forensic samples. The main limitations are that matrix-matched multielement standards are needed to obtain accurate quantitative results. However, in practice, the
quantitative analysis of forensic glass samples has been best achieved by an evaluation of
elemental ratios rather than by the absolute concentration of each element. A principal
disadvantage is that very small and irregularly shaped samples are not suitable for this type of
analysis. Commonly, sample preparation is required for small and irregular samples by
embedding the glass fragments in a plastic resin and then polishing the surface using grinding
methods until flat. In addition, the surface is usually coated with a carbon layer for SEM-EDX
analyses to reduce or eliminate surface charging (Caddy, 2001).
More recently, the Elemental Analysis Working Group (EAWG) consisting of forensic glass
examiners and research scientists from North America and Europe studied both analytical
performance and discrimination capability of LA-ICP-MS, solution ICP-MS, and µXRF. Glass
standard reference materials were used to evaluate the analytical performance between
laboratories and to develop analytical protocols for analysing glass samples. Inter-laboratory
comparisons revealed that the ICP-based methods provided an accurate and reproducible
determination of trace elements with deviations less than 10% (Trejos et al., 2013).
Almirall and Trejos compared a number of elemental analysis techniques such as SEM-EDX,
XRF, LIBS, ICP-OES, ICP-MS, and LA-ICP-MS in terms of sample penetration, limits of
detection on glass samples, sample throughput, precision, accuracy, time of analysis, sample
consumption, ease of use and, finally, discrimination power (Table 2-1)(Almirall and Trejos,
2006).
While direct solid sampling by laser-induced breakdown spectroscopy (LIBS) has increased in
popularity as a competitive analytical method, relatively few reports have been published
describing the application of LIBS to the forensic analysis of glass (and no studies have been
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published on the application of LIBS to Australian glass samples). The aim of this chapter was
to evaluate the analytical performance of LIBS in terms of accuracy, precision, and limits of
detection and to provide scientific support to facilitate the incorporation of this technique into
routine use by operational forensic laboratories. The development and optimisation of LIBS for
the analysis of float glass, the most common type encountered of glass in forensic casework,
were performed. Moreover, in order to evaluate the analytical performance of LIBS for glass
analysis, the method was compared to the use of RI values alone, as well as the results from
three leading techniques used in forensic labs for elemental analysis: LA-ICP-MS, µXRF, and
SEM-EDX. Finally, the overall discrimination potential of each technique was evaluated in
terms of their ability to distinguish glass fragments originating from different sources.
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Table 2-1: Comparison of some important parameters of six common techniques for the elemental analysis of forensic glass samples. Adapted from
Almirall and Trejos (2006)
Parameter

SEM-EDX

XRF

LIBS

ICP-OES

ICP-MS

LA-ICP-MS

Sample penetration

~ 5 micron

~ 100 microns

~ 50-100 microns
(operator controlled)

Bulk

Bulk

~ 80 microns
(operator
controlled)

Detection limit on
glass

1000 ppm
(0.1%)

50-100ppm
(0.01%)

10-50 ppm (0.01%)

< 100ppm on glass
(0.1-1 ppb in
solution)

< 2ppm on glass
(<0.01 ppb in
solution)

< 1ppm

Sample throughput

Low

Medium

High

High

High

High

Precision

Poor

Good

Fair-good

Excellent

Excellent

Excellent

Accuracy

Qualitative

Semi-quantitative

Semi-quantitative

Quantitative

Quantitative

Quantitative

Very slow
considering sample
preparation

Fast

Analysis time

Slow

Very slow

Very fast

Very slow
considering sample
preparation

Sample consumption

Non-destructive

Non-destructive

Almost nondestructive

Destructive (5-8 mg
per replicate)

Destructive (2 mg
per replicate)

Almost nondestructive

Ease of use

Easy

Easy

Very easy

Relatively
complicated

Complicated

Complicated

Discrimination power

Poor

Very good

Good – very good

Good

Excellent

Excellent
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2.2 Experimental
2.2.1 Standards
Three standard reference materials (SRMs) from the National Institute of Standards and
Technology (NIST) – NIST 610, 612 and 1831 – were used for instrument calibration. NIST
1831 was selected for LIBS calibration due to its very similar matrix to that of the test samples.
NIST 1831 was analysed twice in each batch of samples; the first analysis was used as a
verification standard to ensure optimum precision and accuracy across the sample sequence and
the second time it was treated as an “unknown” sample with designator 21. For refractive index
measurements, the standard immersion oil B from Locke Scientific (Hants, UK) was calibrated
with Locke glass standards (Locke Scientific, Hants, UK) B1 to B12.
2.2.2 Glass sample set
2.2.2.1 Sample description
There are two relevant populations of window glass typically recovered in casework: (i) glass
recovered from the crime scene (e.g., from a broken window); and (ii) glass recovered from
clothing (e.g., from the person suspected to have broken the window). Practically, it was not
possible to analyse samples recovered from suspects. Thus, only samples collected from crime
scenes were considered in this study. A total of 33 fragments were removed from twenty
architectural window glass samples for analysis in this study. The twenty samples included 14
laminated samples and 6 non-laminated or not specified. For each laminated sample, two
fragments were removed for analysis – one from each side of the sample. The dimensions of
the fragments were approximately 0.3 x 0.7 x 0.5 cm. All samples were collected by the
Australian Federal Police (AFP) from incident scenes in the Canberra region, Australia. The
sample descriptions for the glass sample set can be found in Table 2-2. The samples were
transparent, uncoated, and had flat surfaces.
2.2.2.2 Sample preparation
All glass samples were cleaned before conducting each analysis to remove any surface
contamination or residual material from previous testing. The cleaning process involved rinsing
the glass fragments in high purity deionized water (> 18 MΩ-cm), followed by rinsing in
optima grade methanol (Scharlov, Spain) and leaving them to dry overnight. For the laser
ablation and µXRF methods, the dried fragments were then mounted on a glass microscope
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slide using double-sided mounting tape and then placed on an XYZ translation stage that allows
movement of the sample to a fresh location for each analysis. For SEM-EDX, samples were
mounted on self-adhesive carbon tapes on an aluminium stub, and then a sputter carbon coating
was applied on the sample surface to reduce or eliminate surface charging.

Table 2-2: Glass source description for the sample set provided by AFP
Sample
Number

Fragments Removed

Windows Type

Location Type

Suburb

1

1A

NKa

School

Chisholm

2

2A

Non-laminated

Residential

Red Hill

a

3

3A

NK

Commercial

Curtin

4

4A

Non-laminated

Commercial

Wanniassa

5

5A

Non-laminated

Residential

Mitchell

6

6A, 6B

Laminated

Commercial

Pearce

7

7A, 7B

Laminated

Commercial

Kaleen

8

8A, 8B

Laminated

Commercial

Fyshwick

9

9A, 9B

Laminated

Government

Campbell

b

10

10A

Laminated

Commercial

Phillip

11

11A, 11B

Laminated

Commercial

Wanniassa

12

12A. 12B

Laminated

Community

Macarthur

13

13A, 13B

Laminated

Government

Campbell

14

14A, 14B

Laminated

Commercial

Torrens

15

15A

Non-laminated

Residential

Mitchell

16

16A, 16B

Laminated

Commercial

NKa

17

17A, 17B

Laminated

NKa

NKa

18

18A, 18B

Laminated

School

Phillip

a

19

19A, 19B

Laminated

NK

NKa

20

20A, 20B

Laminated

NKa

NKa

a

NK: Not Known

b

Only one glass plate was connected to the film (so only 1 fragment was removed for analysis)
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2.2.3 Data acquisition
For each elemental analysis techniques, ten replicate analyses were performed on each glass
fragment at different location on both sides of the fragment to ensure representative sampling
(see Figure 2-1). When dealing with a laminated sample—which is made up of two sheets of
glass bound together with a plastic film—there is the possibility of having two combined sheets
manufactured at different times or by a different manufacturer; thus, it was necessary to
consider the two glass sheets as separate samples (Grainger et al., 2012). From each set of 10
measurements, an average value and a standard deviation (SD) were calculated. For the RI
technique, six glass fragments per sample were selected for analysis. Three replicate analyses
were conducted on each glass fragment using different edges in the prepared samples. These
values were then averaged to give a single RI value for each sample.

Figure 2-1: Analyses conducted on each glass sample.
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2.2.4 Instrumentation
2.2.4.1 Refractive index
The RI values of the glass sample were measured using a GRIM2 instrument (Foster and
Freeman, Worcestershire, UK) equipped with a Leitz phase contrast microscope and a Mettler
FP82 hot stage (Mettler Toledo, Greifensee, Switzerland). The glass fragments were further
crushed to create minute particles and to produce clean sharp edges for the accurate
determination of the match point. The freshly-crushed particles were mounted onto separate
clean microscope slides. Each glass sample was then covered with pre-calibrated silicon oil B
and a cover slip. The hot stage was used to determine the matching temperature; that is, the
temperature when the RI of the immersion oil and the RI of the glass fragments are equal. The
measurement was carried out under monochromatic light at a wavelength of 589 nm (the
sodium D-line). The RI value was obtained automatically from the calibration model.
2.2.4.2 Elemental analysis techniques
Full description of all instrumentations below can be found in Chapter 1: Introduction and
Objectives – Instrumentation.
2.2.4.2.1 Laser-induced breakdown spectroscopy (LIBS)
The operating conditions specified below were selected based on the results from optimisation
experiments that were designed to maximise the sensitivity, accuracy and precision of the
method.
During each LIBS acquisition, the laser was focused into the sample surface with a 50 mm
focal length lens and the laser was fired with an applied energy of 140 mJ per pulse at one spot.
Each spot consisted of 130 laser shots with the accumulation of the last 100 shots used to
generate the spectra (i.e., 30 initial cleaning shots) at a repetition rate of 10 Hz such that the
spectrometer would capture a complete set of data for each laser shot. As mentioned before,
each glass fragment was analysed 5 times at different locations on each side (10 analyses in
total). Thus, average spectra were collected at ten different positions on the glass surface for
each sample, with a spot size of 200 µm. The emission lines generated by the laser-induced
plasma were accumulated at a 1.8 μs delay upon plasma ignition. All LIBS data were obtained
under an argon atmosphere. Data acquisition and preliminary data analyses were performed
using Ocean Optics AddLIBS software version 2.2.
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2.2.4.2.2 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
For the LA-ICP-MS analyses, the laser was operated with an applied energy density at the
sample surface of 5 J/cm2 by demagnifying (20x) the image of an illuminated aperture onto the
sample to produce a circular ablation spot size of 80 μm diameter. Helium with a flow rate of
0.500 L/min was the carrier gas into the ablation chamber, with argon (1.000 L/min) added post
cell and prior to entering the ICP. The ICP-MS parameters included RF power of 1200 W and
an auxiliary (argon) flow rate of 1.0 L/min. For data acquisition, each sample was pre-ablated
for 2 s and then analysed over a 60 s period. The NIST 612 glass standard, which has elemental
concentrations of ~ 40 ppm for various elements, and NIST 610 glass were used for single
point external calibration of all unknown analyses and as control samples. NIST 1831 glass was
used as a calibration verification sample. 29Si was used as an internal standard because it is a
homogeneous constituent element of float glass and has a high concentration that can be readily
and precisely measured in both the NIST 610 and NIST 612 samples.
2.2.4.2.3 Micro-X-ray fluorescence (μXRF)
The Kevex Omicron instrument was operated at 35kV excitation potential with a beam current
0.6 mA and 42–49% dead time. Other instrumental parameters for the stated device included a
300 μm diameter beam collimator and 1200 s of live count time. All μXRF analyses were
conducted under vacuum conditions. Data from the glass samples were subjected to an
Automated Standardless Analysis Protocol (ASAP) to determine relative elemental
compositions by calculating the K alpha peak intensities for each of the elements of interest
followed by background subtraction and peak deconvolution methods.
2.2.4.2.4 Scanning electron microscope-energy dispersive X-ray spectrometer (SEMEDX)
The SEM-EDX was operated at 15 kV accelerating voltage with beam current 1 nA and spot
size 50; the chamber was operated under high vacuum conditions. All spectra were collected
when the Si count was equal to 1200 cps and a dead time range of 28–36 %. The element
menu applied for this study consisted of four elements that were found in all samples (Na,
Mg, Si, and Ca).
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2.3 Results and discussion
2.3.1 Results of RI measurements
RI has traditionally been the most important physical property of glass for forensic purposes
and it is commonly used for characterizing glass fragments. The results of the RI measurements
are summarised in Table 2-3. The RI values for the 34 glass fragments used in this study fell
within the range of 1.5154–1.5218 (Table 2-3). Discrimination of these glass samples was
performed by using mean ± 3 standard deviations followed by an analysis of variance
(ANOVA) using the General Linear Model (GLM) from IBM SPSS 21 and the Tukey honestly
significant difference (HSD) test at a 95% confidence limit for all 34 glass fragments. A
comparison of the RI values for the 561 possible sample pairs (calculated using n(n−1)/2,
where n is the number of sample fragments) indicated that 457 pairs (81.5%) were
distinguishable, whereas 104 pairs were not.
Table 2-3: Refractive index values and their corresponding standard deviation between
replicates for 34 glass fragments
Sample

RI value

Sample

RI value

1A

1.5193 ± 7.21E-05

13A

1.5181 ± 8.73E-05

2A

1.5198 ± 2.89E-05

13B

1.5178 ± 3E-05

3A

1.5164 ± 3.46E-05

14A

1.5199 ± 6.25E-05

4A

1.5196 ± 4.93E-05

14B

1.5199 ± 2E-05

5A

1.5198 ± 4.24E-05

15A

1.5199 ± 5.29E-05

6A

1.5205 ± 6.25E-05

16A

1.5218 ± 6.25E-05

6B

1.5205 ± 2.08E-05

16B

1.5216 ± 2.89E-05

7A

1.5194 ± 4.16E-05

17A

1.5196 ± 1.053E-04

7B

1.5192 ± 4.62E-05

17B

1.5196 ± 1.73E-05

8A

1.5195 ± 1E-05

18A

1.5204 ± 4.16E-05

8B

1.5195 ± 3.06E-05

18B

1.5204 ± 3.61E-05

9A

1.5198 ± 4E-05

19A

1.5176 ± 1.53E-05

9B

1.5198 ± 1.53E-05

19B

1.5176 ± 9.17E-05

10A

1.5201 ± 3.46E-05

20A

1.5190 ± 2.40E-04

11A

1.5204 ± 6.56E-05

20B

1.5191 ± 2.52E-05

11B

1.5205 ± 4.04E-05

21A

1.5134 ± 1.40E-04

12A

1.5178 ± 1.40E-04

Overall discrimination

81.5

12B

1.5177 ± 1.98E-04
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2.3.2 Elemental analysis results
2.3.2.1 Laser-induced breakdown spectroscopy (LIBS)
2.3.2.1.1 Optimisation of LIBS conditions
The development and optimisation of a method for the analysis of glass by LIBS was the first
step in this work. The method was first optimised using reference standard materials NIST 610
and 612 as well as a matrix-related standard that had a similar composition to that of float glass,
i.e., NIST 1831. Once the preliminary optimisation was completed, a set of real samples was
analysed in order to obtain the best possible selection of elements and to optimise other specific
parameters.
Parameters studied during this optimisation were laser energy, repetition rate, detector delay,
and laser focusing distance. The aim behind optimisation was to obtain an optimum signal-tonoise ratio, as well as accurate and precise data with a low relative standard deviation. The laser
power was tested at the beginning. The Nd:YAG laser used in this study has a specified
maximum energy of 200 mJ. In this work, NIST 1831 was analysed five times at different laser
outputs. A summary of the variation of the net peak areas for the NIST 1831 sample for
emission lines of Al, Sr, K, and Si versus the laser power percent can be found in Figure 2-2.
The peak areas were utilized instead of peak heights or intensities as peak areas provide greater
precision (Naes et al., 2008). Although 100% laser power (200 mJ) produced more intense
peaks, it caused damage to the sample surface. Therefore, 70% laser power (140 mJ) was
selected for analysing the glass sample set.
Variations in detector delay affect the spectra generated and results in the presence or absence
of different emission lines, which are dependent on plasma emission. For the current study, 1.8
µs detector delay produced minimal influence on the background and was chosen for data
acquisition. Figure 2-3 demonstrate the net peak areas collected at different detector delay
values for NIST 1831 determined for the respective measurement of the emission lines Al, K,
Mg, Na, Si, Sr, and Ti. The effect of repetition rate was examined and the results showed that it
did not play a significant role during data acquisition and hence it was set at 10 Hz to reduce
analysis time.
No sample preparation is generally required for laser ablation techniques; yet, it was noticed
that relatively low signal intensities were obtained after the first laser pulse which then slowly
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increased with subsequent pulses, reaching a constant value after approximately 25 shots when
repeated laser shots were used on the same sample spot. The reason behind this was that a
minimal amount of glass material was ablated for the first laser shot due to the effect of laserglass interaction (Ducreux-Zappa and Mermet, 1996b;Becker and Tenzler, 2001). Figure 2-4
illustrates the variation of % RSD of the net peak areas of NIST 1831 sample for five emission
lines versus. the number of laser shots (240 laser shots) at one spot (in groups) on the sample. It
can be seen in Figure 2-4 that RSD value dropped from 41–55% RSD for the first 30 shots to
4–13% RSD for the next 210 shots. Accordingly, the first 30 shots that have a high % RSD
were discarded and considered as cleaning shots. Then, the spectra were generated by
accumulation of the next 100 shots.
The influence of the focusing distance of the laser beam into the sample surface on shot-to-shot
reproducibility was also considered. This study is important as it affects the laser efficiency and
must be kept constant to obtain precise spectra (Multari et al., 1996). Figure 2-5 demonstrates
the net peak area obtained for the NIST 1831 sample for the emission lines of Al, K, Mg, Na,
Si, Sr, and Ti measured at different laser focusing distance into the sample surface or above it.
It was found that, at 0.5 mm focusing distance into the sample surface, better signal intensities
and peak areas were obtained for the majority of elements. On the other hand, focusing the
laser above the surface or increasing the focusing distance into the sample, for instance at 1.5
mm into the sample, resulted in poor signals especially for the emission lines of Al, Sr, and Ti.
In general, a focusing distance of 0.5 mm into the sample surface was maintained for all
samples analysed.
The stability of LIBS was checked during analyses by following the intensity of the Si line at
288.28 nm for NIST 612 since any small unpredictable experimental variation in LIBS (for
instance, the focusing distance of the laser beam on the sample and the argon gas flow) can
cause a significant change in the resulting spectra. If the percent relative standard deviation in
the intensities observed for this line exceeded the acceptable statistical variation of the method
(i.e., 15%), then the analysis was not conducted until the entire experimental set-up was
reconfigured.
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Figure 2-2: Optimisation of laser power using the NIST 1831 standard. Note that the net peak
areas of Al, K and Si were divided by 10, 10 and 100 respectively to achieve similar scaling
factors.
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Figure 2-3: Variation in the net peak area for the LIBS emission lines Mg, Na, Si, Sr, and Ti for
the NIST 1831 standard versus the detector delay in µs.
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divided by 10 to achieve similar scaling factors.
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2.3.2.1.2 Evaluation of LIBS figures of merit
Accuracy, limits of detection (LOD), precision, and reproducibility are important parameters
that should be monitored for any analytical technique. Accuracy for LIBS was determined
based on the regression analysis of the certified values for each element of interest versus the
measured net line intensity (max counts of intensity minus background average) for the
relevant emission for NIST 610, NIST 612 and NIST 1831. The certified concentration value
per element, reported by NIST and/or published in Geostandards Newsletter (Pearce et al.,
1997) for NIST 610, 612 and 1831, are listed in Table 2-4. The calibration curves for the
atomic lines Ba II (493.4 nm), K I (766.49 nm), Sr II (407.77 nm) and Ti II (336.12 nm) were
used for quantification purposes. These lines were selected based on their previously
demonstrated ability to discriminate glass samples (Cahoon and Almirall, 2010;Naes et al.,
2008). Figure 2-6 represents calibration curves produced from LIBS data. Each point in the
calibration curve is from an average of five replicates for each of the NIST standards. The
vertical error bars represented ± three times the standard deviation calculated from the five
replicates from each reference material. Good correlations were obtained with correlation
coefficient (R2) values greater than 0.994 for the selected Ba, K, Sr and Ti emission lines,
suggesting good linearity within the concentration range of the three standard materials.
However, it needs to be recognised that each calibration curve was constructed from only three
data points (one from each NIST reference material), of which two were close together.
In order to evaluate the analytical performance of LIBS, the limits of detection (LOD) and
precision were also determined. The LOD studies were performed for the three standard
reference materials NIST 610, 612 and 1831. LODs were calculated based on three times the
standard deviation for the corresponding blank measurement using the formula:
(

)

It is important to consider how the LOD values are dependent on the equipment and the
experimental conditions used for analysis. A summary of the corresponding limits of detection
and their respective percent RSD values is provided in Table 2-5. The LODs obtained were in
close agreement to the precision, e.g., lines with greater LOD have greater % RSD. The
relatively low LODs and good precision for the trace elements such as Ba, Sr, Ti, and K are an
indication of the utility of LIBS as an analytical method. As seen in Table 2-5, all selected
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emission lines for the three standard materials could be detected with good precision except for
Fe in NIST 612. The determined limits of detection for the different atomic emission lines
selected for use in this study were certainly comparable with, if not lower than, those reported
in other research papers. For instance, Kurniawan et al. (1995) reported that the LODs for Ba,
K, and Ti were 190 ppm, 190 ppm and 410 ppm, respectively. Ismail et al. (2006) reported the
LOD for Ti to be 100 ppm for single-pulse and 10 ppm for double-pulse laser, and Cahoon and
Almirall (2010) reported that the LODs for Ba, K and Sr were 2.0 ppm, 4.1 ppm and 3.3 ppm,
respectively, when using a single-pulse laser at 1064 nm. Yamamoto et al. (1996) reported Ba
and Sr in toxic soil to have LODs of 265 ppm and 42 ppm, respectively.
Finally, a comparison of precision in terms of relative standard deviation (% RSD) for five
consecutive measurements for the three reference standard materials mentioned above was
conducted. This assessment was made using both the absolute peak emission intensities (Figure
2-7) and the ratios of these intensities (Figure 2-8). It can be seen in Figure 2- 8 that the RSD
range dropped from 1.7–11.4% RSD (average 7.9%) for the raw element peak areas to 0.3–
10% RSD (average 5.7%) for the ratios across the three standard materials. This indicates a
significant improvement (by more than a factor of two) with the use of ratios rather than
element intensities (peak areas). In addition, the precision across the sample set for both
individual emission peak areas as well as emission peak area ratios were evaluated and are
illustrated in Figures 2-9 and 2-10, respectively. Again, the precision range across the sample
set was reduced from 0.5-41% RSD (average 11.6%) for element peak areas to 0.7-15%
(average 8.7%) for the elemental ratios. Since precision is a more critical parameter than
accuracy when comparing glass samples measured at the same time, the element ratios were
used subsequently for sample discrimination instead of peak area for each element.
Furthermore, the reproducibility of the LIBS method for the analysis of glass fragments was
considered. Table 2-6 represents the data produced from an average of five replicates for NIST
612 measured each day over a seven-day period. The data generated tested statistically using
two-way ANOVA at a 95% confidence limit to evaluate the variance for each individual
element and ratio measurement, both within a set of replicate measurements and between sets
of replicate measurements on different days. The results revealed that no significant variations
were observed when monitoring the emission peak areas of nine selected elements (Al, Ba, Ca,
K, Mg, Na, Si, Sr, and Ti) as well as their corresponding ratios.
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Figure 2-6: Calibration curves for Ba II (493.4 nm), K I (766.49 nm), Sr II (407.77 nm) and Ti II (336.12 nm).
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Table 2-4: Reference concentrations for the single point calibration standards (NIST 610, 612
and 1831) utilized for quantification and verification purposes. All values are in parts per
million (ppm)
Element

Li

Na

Mg

Al

K

Ca

Ti

Mn

Fe

Sr

Ba

NIST 610

488c

103871

488b

10585

461c

85762

437c

457

458

515.5

453

NIST 612

40c

103871

85.1b

11164.6

64b

85762

50.1

37.7

51

76.15

38.6

NIST 1831

5a

98826

21200

6380

2740

58600

114

15a

608

89.12a

31.5a

a

Reported in ASTM E2330-04, values obtained by acid digestion ICP-MS via an inter-laboratory test.

b

Reported in Geostandards Newsletter (Pearce et al., 1997)

c

Values provided by NIST for information only

Table 2-5: Limits of detection (ppm) and precision (% RSD, shown in parentheses) obtained
from the NIST 610, 612, and 1831 standards by LIBS
Element
Al I (309.28 nm)

NIST 610
166.1 (3.0)

NIST 612
81.5 (12.5)

NIST 1831
46.6 (8.5)

Ti II (336.12 nm)

12.8 (7.2)

2.9 (5.8)

4.1 (6.6)

Ba II (493.41 nm)

17.8 (9.3)

8.7 (11.3)

9.2 (14.2)

Fe I (371.9 nm)

393.4 (8.1)

129.7 (36.9)

371.9 (9.9)

K I (766.49 nm)

3.8 (13.9)

1.6 (6.7)

11.0 (8.3)

Mg I (285.21 nm)

30.4 (10.4)

6.2 (8.7)

118.2 (8.8)

Na I (819.48 nm)

190.1 (13.3)

197.9 (17.9)

121.7 (10.9)

Sr II (407.77 nm)

7.7 (9.1)

2.8 (15.9)

3.2 (3.4)
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Figure 2-7: Precision results for NIST 610, NIST 612, and NIST 1831 sample replicates using
LIBS element emission line peak areas.
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Figure 2-9: Precision results for the glass sample set using LIBS element emission peak areas.
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Figure 2-10: Precision results for the glass sample set using LIBS element emission peak area ratios.
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Table 2-6: Reproducibility of measured element peak areas and ratios for the NIST 612
replicates over a 7-day period (MS: Mean square, SS: Type III sum of squares, df: degree of
freedom)
Peak area/Peak
area ratios
Al I (309.28 nm)
Ba II (493.4 nm)
Ca I (643.91 nm)
K I (766.49 nm)
Mg I (285.21 nm)
Na I (818.19 nm)
Sr II (407.77 nm)
Si I (288.21 nm)
Ti II (336.21 nm)
Al/Ca
Al/Ti
Ba/Sr
Ti/Sr
Na/Ti
Na/K
Ba/Ca
Si/Al

Within run
Mean ± SD %RSD
968 ± 17
2
64 ± 3
5
699 ± 40
6
123 ± 18
14
100 ± 8
8
4165 ± 287
7
118 ± 7
6
12853 ± 348
3
142 ± 11
8
1 ± 0.1
6
7±1
8
1 ± 0.1
7
1 ± 0.2
3
29 ± 2
6
34 ± 4
5
0.1 ± 0.01
9
13 ± 0.5
3

Between runs
Mean ± SD %RSD
981 ± 75
8
64 ± 5
7
763 ± 87
11
130 ± 19
15
107 ± 13
12
4213 ± 594
13
125 ± 13
11
13133 ± 815
6
149 ± 16
11
1 ± 0.1
8
7±1
10
1 ± 0.04
9
1 ± 0.1
12
30 ± 2
7
35 ± 4
11
0.1 ± 0.01
10
13 ± 1
6

ANOVA
MS
SS
847
4236
29
144
5802
29012
178
890
178
889
39734
198672
108
541
591212 2956062
221
1106
0.02
0.09
0.58
2.89
0.00
0.01
0.01
0.07
8.27
41.33
12.50
62.48
9.1E-5
0.00
0.99
4.95

Nineteen peak areas were initially selected for data analysis based on the occurrence of the
associated elements in all the glass samples and associated peaks present when NIST 1831 was
analysed (for peak verification purposes). Peak shape and variations in intensities across the
sample set were also taken into account for the selection of these particular lines. The selected
peaks represent twelve different elements: Al, Ba, Ca, Fe, K, Mg, Na, Si, Sr, Ti, Th and Zr.
These peak areas were then ratioed to each other, which improved the precision of the sample
replicates as depicted in Figure 2-10. From the 19 emission peaks selected, 171 possible peak
ratios were computed according to the formula n(n−1)/2, where n is the number of elemental
lines, with none of the ratios being repeated such as Al I (309.28 nm)/Ca I (643.91 nm) and Ca
I (643.91 nm)/Al I (309.28 nm).
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df
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5
5

A critical step in determining the best protocol to follow for any analytical technique is the use
of a duplicate sample as a verification and quality control measure. In the current study, the
NIST 1831 standard was analysed twice during the analytical sequence – once in the beginning
of the run and again at the end. The sample duplicate was treated as an individual sample
throughout the entire analytical sequence and was then used to eliminate ratios that resulted in
Type I errors (false exclusion) using ANOVA and Tukey’s HSD test at the 99.97% confidence
limit. Only one ratio out of the 171 ratios computed gave false exclusions while the remaining
170 ratios produced accurate conclusions, meaning that the NIST 1831 sample and its duplicate
were found to be indistinguishable.
Discrimination ability for each individual ratio was performed across the 33 glass fragments in
the sample set as well as sample 21 (i.e., NIST 1831) and its duplicate (35 fragments in total,
giving 595 pairwise comparisons), using the 3-sigma criterion based on the mean value (of all
the sample replicates) ± three times the standard deviation. If there was an overlap between two
sample ratios, then the two samples were considered indistinguishable by the 3-sigma criterion.
If there was no overlap between the ranges of the two sample ratios then the samples were
discriminated. The number of indistinguishable pairs in the glass sample set was utilized to
calculate the discrimination power. In all cases, the pairs that could not be discriminated using
3-sigma criterion were subjected to an analysis of variance (ANOVA) followed by pairwise
comparison with Tukey’s HSD test to reduce the number of indistinguishable pairs and thus
increase the discrimination power for the technique. Then the overall discrimination power was
calculated by a combination of all elemental ratios. Eleven out of the remaining 170 ratios were
selected based on their relevant degrees of discrimination for the glass sample set. Figure 2-11
provides an illustration to show the distribution of peak area ratios used to discriminate the
glass sample set by LIBS. It can be seen that some of the samples have almost similar
elemental profiles. A summary of the discrimination results by ratio, in terms of
indistinguishable pairs and percent discrimination, is provided in Table 2-7.
The LIBS results from the 3-sigma comparisons indicated that there were 68 indistinguishable
pairs out of a possible 595 pairs (88.6% discrimination). All indistinguishable pairs were then
subjected to the analysis of variance ANOVA followed by Tukey's HSD test at the 95%
confidence limit. The application of multivariate analysis to the 68 indistinguishable pairs
yielded only 20 indistinguishable pairs, thus further enhancing the discrimination power
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(96.6% discrimination). When only refractive index data was used for discrimination of the
glass sample set, 104 out of 561 pairs were found indistinguishable (81.5% discrimination).
The combination of data obtained from LIBS with those obtained from RI measurements, as a
means of possibly enhancing discrimination by LIBS, yielded 10 indistinguishable pairs
(98.3% discrimination), which is an excellent discrimination power given the nature of the
sample set. The list of indistinguishable pairs obtained by LIBS is reported in Table 2-8. One of
the 10 indistinguishable pairs was the duplicate of sample 21 (NIST 1831), which was
measured twice to ensure a reduction in Type I errors (false exclusion). Since the laminated
samples were treated as two individual fragments A and B, six of these indistinguishable pairs
originated from the same laminated glass samples and thus it was not surprising that they had
similar elemental compositions. The remaining three indistinguishable pairs, except for pair 5A
and 9A, were in some way related to each other. Sample 11B could not be distinguished from
both 6A and 6B; 6A and 6B, which could not be discriminated by LIBS, originated from the
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Figure 2-11: Distribution of LIBS elemental ratios utilised for discrimination purposes across
the glass sample set.
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2.3.2.2 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
The method was first optimised using reference standard materials NIST 610 and 612 as well
as NIST 1831 as a matrix-related standard that has a similar composition to float glass. These
three external calibration glass standards (NIST 610, 612 and 1831) were analysed at the
beginning, middle, and end of each analytical sequence. 29Si was used as an internal standard
because it is a homogeneous constituent element of float glass and has a high concentration that
can be readily and precisely measured in both the NIST 610 and 612 samples. The analyte
isotope menu used for this study was selected based on analyte presence, detectability, and
minimum isobaric interference in all samples. The analyte isotopes measured were as follows:
7

Li, 11B, 23Na, 24Mg, 27Al, 29Si, 31P, 39K, 44Ca, 47Ti, 51V, 53Cr, 55Mn, 57Fe, 66Zn, 85Rb, 86Sr, 88Sr,
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Y, 90Zr,

137

Ba,

138

Ba,

139

La,

140

Ce,

232

Th, and

238

U. Optimised parameters such as repetition

rate, spot size, laser output, and ablation time were chosen based on the protocol used in the
Australian National University (ANU) laboratory where the instrument was located. The
analyses using these parameters achieved the desired ICP-MS performance, for the analysis of
glass samples, for all the elements of interest (Eggins et al., 1998;Eggins et al., 2002).
The concentration of each element was calculated by applying the quantification approach
described by Longerich et al. (Longerich et al., 1996). The concentration

of an element i

in the glass sample set can be calculated based on equation (2.1).
(

)(

)( )

(2.1)

represents the concentration of the internal standard element in the sample,

represents

the ratio of background-corrected signal (cps) intensities of element i to the internal standard
element in the sample,

represents the ratio of concentration of the element i to the

concentration of the internal standard in the reference standard and, finally,

represents the

ratio of background-corrected signal (cps) intensities of the internal standard element to the
element i in the reference standard (Lee, 2006).
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Table 2-7: The discrimination results of peak area ratios utilized for 595 possible pairwise
comparisons measured by LIBS using the 3-sigma rule followed by multivariate analysis at the
95% confidence level (p < 0.05)
Peak ratios
Al I (309.28)/Ca I (643.91)

No. pairs not discriminated
169

Discrimination %(p < 0.05)
69.9

Al I(309.28)/Ti II (336.12)

180

67.9

Fe I (371.9)/Al I (309.28)

190

66.1

Ba II (493.4)/Sr II (407.77)

190

66.1

Ti II (336.12)/Sr II (407.77)

226

59.7

Al I (394.40)/Sr II (407.77)

243

56.7

Si I (288.21)/Al I(309.28)

258

54.0

Na I (819.48)/Ti II (336.12)

287

48.8

Ba II (493.4)/Ca I (643.91)

328

41.5

Sr II (407.77)/Zr II (256.88)

440

21.6

Na I (819.48)/K I ( 766.49)

386

31.2

RI

104

81.5

All ratios

68

88.6

ANOVA & Tukey’s test

20

96.6

All ratios + RI

10

98.3

Table 2-8: List of indistinguishable pairs obtained after combining LIBS results with RI at a
95% confidence limit
No. Sample

Pairs not discriminated

No.

Sample

Pairs not discriminated

1

5A

9A

7

13A

13B

2-3

6A

6B, 11B

8

16A

16B

4

6B

11B

9

19A

19B

5

9A

9B

10

21A

21B

6

11A

11B
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Accuracy of LA-ICP-MS was examined in terms of percent bias, which is the percent error of
each individual mean when compared to the corresponding reference value. Two standard
reference materials NIST 612 and NIST 1831were utilized to determine the accuracy of LAICP-MS after using

29

Si as an internal standard. A summary of analysed elements and their

respective % bias for each reference material are listed in Table 2-9. Negative and positive
values of % bias means that the element concentration value was found to be lower or greater
than the certified value, respectively.
The LOD studies were performed for the three standard reference materials NIST 610, 612 and
1831. A summary of the corresponding limits of detection achieved for these standard materials
is provided in Table 2-10. The low limits of detection for the trace elements such as Li, Ba, Mn,
Sr, Ti, and Rb are indications of the high efficiency/sensitivity of laser ablation as well as good
ICP-MS performance.
Finally, precision in terms of % RSD for five replicates of each element for the three standard
materials mentioned above was evaluated with and without the use of an internal standard for
quantification purposes. The precision across the three reference materials is illustrated in
Figures 2-12, 2-13, and 2-14. In addition, the precision across the sample set for elements Mn,
Mg, Sr, Zr, and Ba was evaluated as well as the element ratios and is illustrated in Figure 2-15.
Good precision was obtained for the majority of elements and ratios, with less than 15%
relative error. It can be seen in Figure 2-15 that the RSD range dropped from 0.4–11.7% RSD
(average 1.7%) for the elements to 0.2–6.7% RSD (average 1.4%) for the ratios across the
sample set. Thus, the use of ratios instead of raw element signals generally enhanced the
precision across replicates by ~ 5%. As evident from Figure 2-13 – 2-15, the use of 29Si as an
internal standard improved precision across replicates (less than 4% for the majority of
elements), which is two - five times better than without an internal standard. It is apparent that
good precision can be obtained when an internal standard is applied; therefore, quantification
with an internal standard is recommended for the analysis of glass by LA-ICP-MS.
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Table 2-9: LA-ICP-MS quantification results using NIST 612 and NIST 1831 calibration
standards, with the use of an internal standard. Mean values and standard deviations are in
parts per million (ppm)
NIST 612
std. dev.

element

mean

Li
Na
Mg
Al
K
Ca
Ti
Mn
Fe
Rb
Sr
Ba

41.40
103548.12
57.15
10928.92
59.72
86008.73
40.16
38.61
46.35
31.87
79.38
39.65

0.25
1873.51
0.99
106.05
2.45
791.55
0.46
0.39
5.57
0.48
1.02
0.64

% bias

mean

3.51
-0.31
-26.20
-2.11
-6.69
0.29
-19.85
2.40
-14.17
1.51
4.24
2.72

5.06
94618.35
18176.35
6092.55
2542.63
56731.29
105.74
12.99
570.84
5.92
86.81
30.48

NIST 1831
std. dev.
0.09
349.92
36.80
98.98
13.80
701.29
1.54
0.09
3.71
0.02
0.84
0.16

% bias
1.16
-4.26
-14.26
-4.51
-7.20
-3.19
-7.25
-13.37
-6.11
-3.15
-2.59
-3.27

Table 2-10: LA-ICP-MS limits of detection determined for NIST 610, NIST 612 and NIST 1831.
All represented values are in parts per million (ppm)
Element NIST 610 NIST 612 NIST 1831
Li

0.14

0.41

0.15

Mg

1.48

6.8 8

2.82

Al

6.49

19.89

4.37

K

26.12

74.53

22.50

Ca

201.49

398.82

199.04

Ti

0.83

2.09

0.68

Mn

0.30

0.51

0.32

Fe

15.65

56.72

15.21

Rb

0.03

0.11

0.03

Sr

0.01

0.08

0.01

Ba

0.01

0.07

0.01
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Figure 2-12: LA-ICP-MS precision results for NIST 610 replicates measured with and without
the use of 29Si as an internal standard.
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Figure 2-13: LA-ICP-MS precision results for NIST 612 replicates measured with and without
the use of 29Si as an internal standard.

85

10
9
8

%RSD

7
6
5

With IS

4

Without IS

3
2
1
0
Li

Na Mg Al

K

Ca

Ti Mn Fe Rb Sr
element

Zr

Ba La Ce Pb

Figure 2-14: LA-ICP-MS precision results for NIST 1831 replicates measured with and without
the use of 29Si as an internal standard.

The LA-ICP-MS analyses resulted in 26 indistinguishable pairs out of a possible 595 pairs
(95.6% discrimination). All indistinguishable pairs were then subjected to an analysis of
variance ANOVA followed by Tukey's HSD test at the 95% confidence limit as was the case
with LIBS. The combination of pairwise comparison and multivariate analysis for the
discrimination of indistinguishable pairs yielded 13 indistinguishable pairs out of a possible
595 pairs (97.8% discrimination). The improved discrimination is especially remarkable for
some ratios such as

47

Ti /55Mn,

11

B/55Mn,

24

Mg/7Li,

88

Sr /90Zr and137Ba/139La. This observed

increase in the discrimination potential of LA-ICP-MS can be attributed to the greater precision
and lower limits of detection for the trace elements. The combination of RI data with LA-ICPMS yielded 9 indistinguishable pairs (98.5% discrimination). One of the 9 indistinguishable
pairs was the duplicate of sample 21 (NIST 1831); the remaining indistinguishable pairs could
not be discriminated because they originated from the same laminated samples as shown in
Table 2-12. Notably, seven of these nine pairs were similar to seven of the ten pairs found
indistinguishable by LIBS. Thus, although LA-ICP-MS has a slightly better discrimination
power (0.2% greater), the results were closely correlated to those obtained by LIBS.
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Figure 2-15: LA-ICP-MS precision for (a) Mn, Mg, Sr, Zr, and Ba and (b) element/isotope ratios across the glass sample set with the use of an
internal standard.
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Figure 2-16: LA-ICP-MS elemental ratio distribution across the glass sample set. Note that
ratios Mg/Li, Ba/La and Mn/Rb are divided by 1000, 10 and 10, respectively, to achieve proper
scaling factors.
Table 2-11: The discrimination results of element/isotope ratios utilized for 595 possible
pairwise comparisons measured by LA-ICP-MS using the 3-sigma rule followed by
multivariate analysis at the 95% confidence level (p < 0.05)

elements/isotope ratios
47

Ti /55Mn

11

55

No. pairs not
discriminated
45

Discrimination %(p < 0.05)
92

46

91.8

24

7

67

88.1

88

90

71

87.3

137

Ba/139La

B/ Mn

Mg / Li

Sr / Zr

102

81.8

140

139

188

66.5

27

39

226

59.7

232

364

35.1

368

34.4

RI

104

81.5

All ratios

26

95.6

ANOVA & Tukey’s test

13

97.8

All ratios + RI

9

98.5

Ce/ La
Al / K

238
55

U/

Th

85

Mn / Rb

88

Table 2-12: List of indistinguishable pairs obtained after combining LA-ICP-MS results with RI
at a 95% confidence limit
No. Sample Pairs not discriminated

No.

Sample

Pairs not discriminated

1

6A

6B

6

18A

18B

2

9A

9B

7

19A

19B

3

11A

11B

8

20A

20B

4

14A

14B

9

21A

21B

5

16A

16B

Micro X-ray fluorescence (μXRF)
Since μXRF has been extensively used for the analysis of glass in forensic laboratories, the
instrument parameters were chosen based on previous publications (Hicks et al., 2003;Naes et
al., 2008). The XRF element menu was selected on the basis of detected elements with atomic
numbers greater than 10, including Na, Mg, Si, K, Ca, Fe, Sr, and Zr, with NIST 1831 analysed
for peak verification purposes. The best results were achieved by evaluation of elemental ratios
rather than by the absolute concentrations or intensities of each element as quantitative
accuracy and precision are dependent on ZAF algorithm corrections that can vary significantly
for irregular surfaces and varying sample thicknesses. In addition, the matrix-matched multielement standards required to obtain accurate quantitative results were not available for this
study. Figures 2-17 and 2-18 represent the precision in terms of %RSD evaluated across sample
replicates using both the individual elements and element ratios, respectively. As depicted in
Figures 2-17 and 2-18, RSD range decreased from 0.3–28% RSD (average 6.8%) for the raw
element concentrations to 0.3–16% RSD (average 5%) for the elemental ratios across the
sample set. As a consequence, the use of ratios instead of raw element concentrations generally
improved the precision between replicates by ~ 12%; so, the 8 elements listed above were
ratioed to each other to produce 28 possible ratios.
After the elimination of ratios that made false exclusions for the duplicate sample (i.e., NIST
1831; 21A and 21B), eight element ratios (K/Mg, Si/Fe, Fe/Zr, Sr/Zr, Ca/Fe, Si/Na, K/Zr, and
Ca/Sr) were retained for discrimination purposes and these are illustrated in Figure 2-19. The
selection of ratios was based on their respective degree of discrimination. The discrimination
across glass fragments was carried out individually for each ratio using the same method that
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was applied for LIBS [3-sigma rule and multivariate analysis (ANOVA followed by Tukey’s
HSD test at 95% confidence limit (CL))]. The overall discrimination was then calculated by a
combination of ratios. If there was no overlap between two sample ratios, then the samples
were discriminated and vice versa. A summary of the discrimination results by element ratio, in
terms of indistinguishable pairs and percent discrimination, is provided in Table 2-13.
The μXRF analyses resulted in 112 indistinguishable pairs (81.2% discrimination) using the 3sigma rule as discussed earlier. All indistinguishable pairs were then subjected to an analysis of
variance (ANOVA followed by Tukey’s HSD test at the 95% confidence limit). Application of
multivariate analysis to the remaining 112 pairs yielded 23 indistinguishable pairs out of a
possible 595 comparisons (96.1% discrimination).
The combination of μXRF analysis with refractive index further enhanced the discrimination
power (as was the case with LIBS), resulting in 98.0% discrimination. The list of
indistinguishable pairs is provided in Table 2-14. Once more, the pairs found to be
indistinguishable by μXRF were attributed to samples originating from the same source and
thus they would be expected to have similar elemental compositions (six of the 12
indistinguishable pairs originated from the same laminated samples). Remarkably, four of these
six pairs were similar to four pairs that were unable to be distinguished by both LIBS and LAICP-MS and only one pair was found to be similar to another pair not discriminated by LIBS
(5A and 9A). The remaining indistinguishable pairs (seven pairs) were related to each other.
For instance, 18A could not be distinguished from both 11A and 11B, with 11A and 11B both
originating from sample 11. The same applies to 19A and 19B, which could not be
discriminated from both 12A and 12B.
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Figure 2-17: µXRF precision results for the glass sample set using element concentrations based on ASAP results.
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Figure 2-18: µXRF precision results for the glass sample set using element ratios.
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Figure 2-19: μXRF elemental ratio distribution across the glass sample set. Note that the
values of ratios Si/Na and K/Mg are divided by 10 and 100, respectively, to achieve proper
scaling factors.
Table 2-13: μXRF discrimination results for the element ratios utilized for the 595 possible
pairwise comparisons across the glass sample set

Element ratios

No. pairs not
discriminated

Discrimination %
(p < 0.05)

Sr/Zr

192

65.8

K/Mg

199

64.5

Si/Fe

218

61.1

K/Zr

238

57.6

Fe/Zr

242

56.9

Ca/Fe

261

53.5

Si/Na

353

37.1

Ca/Sr

399

28.9

RI

104

81.5

All ratios

112

81.2

ANOVA & Tukey’s test

23

96.1

All ratios + IR

12

98.0

93

Table 2-14: List of indistinguishable glass pairsobtainedaftercombiningμXRFresultswithRI
at a 95% confidence limit
No. Sample Pairs not discriminated

No.

Sample

Pairs not discriminated

1

5A

9A

7-8

12A

12B, 19A

2

8A

8B

9-10

12B

19A, 19B

3

9A

9B

11

19A

19B

4-5

11A

11B, 18A

12

21A

21B

6

11B

18A

2.3.2.3 Scanning electron microscope-energy dispersive X-ray fluorescence (SEMEDX)
The SEM-EDX element menu was selected on the basis of detected elements Na, Ca, Mg, and
Si with NIST 1831 analysed for peak verification purposes. Six element ratios (i.e., Na/Si,
Na/Ca, Si/Ca, Mg/Na, Ca/Mg, and Si/Mg) were selected for discrimination purpose. Figures
2.20 and 2.21 illustrate the element ratios distribution and the precision across the sample set,
respectively. These six ratios and their individual discrimination results are reported in Table 215. Comparison between each individual ratio was performed using the 3-sigma criterion as
before.

Mean element ratios
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Figure 2-20: SEM-EDX elemental ratio distribution across the glass sample set.
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Figure 2-21: SEM-EDX precision results across the glass sample set for the six chosen element ratios.
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Table 2-15: SEM-EDX discrimination results for the element ratios utilized for the 595 possible
pairwise comparisons across the glass sample set after applying multivariate analysis

Element ratios

No. pairs not discriminated

Discrimination %
(p < 0.05)

Na/Ca

393

30.0

Mg/Na

400

28.7

Na/Si

406

27.6

Si/Mg

407

27.5

Ca/Mg

421

25.0

Si/Ca

452

19.4

RI

104

80.3

All ratios

211

62.3

All ratios + RI

39

93.0

The SEM-EDX analyses resulted in 495 indistinguishable pairs out of 595 pairs (11.8%
discrimination), which is a very low due to the lack of elemental sensitivity and poor precision
in the range of 1.7–40.4% RSD, especially for elements with energies higher than 3 keV
(Reeve et al., 1976;Dudley et al., 1980;Howden et al., 1978;Krüsemann, 2001;Roedel et al.,
2003). In addition, the elements detected by SEM-EDX represent the major constituents in
glass and variations in these elements cannot discriminate similar formulations (Almirall and
Trejos, 2006). The analysis of variance ANOVA followed by Tukey's (HSD) test at the 95%
confidence limit was then conducted on the indistinguishable pairs, with 211 indistinguishable
pairs remaining out of a possible 595 pairs (62.3% discrimination). The combination of SEMEDX results and RI values enhanced the discrimination power compared to SEM-EDX alone,
with 93.0% overall discrimination being achieved. The list of indistinguishable pairs is
provided in Table 2-16.
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Table 2-16: List of indistinguishable glass pairs obtained after combining SEM-EDX results
with RI at a 95% confidence limit
No.

Sample

Pairs not discriminated

No.

Sample

Pairs not discriminated

1–2

1A

4A, 8B

24–25

13A

13B, 19B

3–5

2A

4A, 5A, 9A

26

13B

19B

6–9

4A

5A, 7A, 8B, 9A

27

14A

14B

10

5A

9A

28–30

14B

2A, 5A, 9A

11

6A

6B

31–32

15A

5A, 20A

12

7A

7B

33

16A

16B

13

10A

14A

34–35

17A

8A, 20A

14–15

11A

6A, 6B

36

18B

6A

16–17

11B

6B, 18B,

37–38

20A

7A, 7B

18–21

12A

12B, 13A, 19A, 19B

39

21A

21B

22–23

12B

19A, 19B

2.4 Conclusions
LIBS has significant merit as an analytical tool for the surface and bulk analysis of glass
evidence, offering comparable discrimination power to that of two of the leading techniques,
µXRF and LA-ICP-MS. So, any of these three methods can be applied equally well to the
elemental profiling of glass samples. In the current work, correlation coefficients for LIBS
exceeding >0.99 were achieved for calibration curves for a variety of trace elements (i.e., Ba,
K, Sr and Ti) over a compositional range from 32 to 2740 ppm. Precision and limits of
detection for the quantitative analysis of standard materials NIST 610, 612, and 1831 were
evaluated. The best precision obtained was 5.8% RSD (relative standard deviation) for Ba at 32
ppm in NIST1831, with a corresponding LOD of 8.7 ppm. Typical limits of detection for most
elements were around 10ppm.
In addition, the analytical performance of LIBS was compared to that of RI, LA-ICP-MS,
µXRF and SEM-EDX in terms of discrimination power for a set of architectural window glass
samples collected from crime scenes in Canberra, Australia. The overall discrimination power
for each of these four techniques was evaluated in three steps. First, the comparison of the
selected element ratios was performed by utilizing pairwise comparison analysis using a threesigma rule. Second, the analysis of variance ANOVA and Tukey’s HSD test at 95% confidence
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limit were employed for the remaining indistinguishable pairs from the first step. Significantly,
LIBS, LA-ICP-MS and µXRF yielded discriminating powers greater than 96%, while RI alone
gave a discriminating power of 81.5%. The combination of data obtained from the elemental
profiling methods with those obtained from RI measurements improved discrimination results,
with a percent discrimination of 98% or greater. Table 2-17 summarises the results obtained for
LIBS, LA-ICP-MS, µXRF and SEM-EDX in terms of number of indistinguishable pairs and
the corresponding discrimination powers. Therefore, the combination of LIBS analysis with
refractive index measurements is recommended to enhance the overall discrimination power for
the forensic analysis of glass fragments. The recommended sequence is to undertake the LIBS
analysis on intact fragments before proceeding with the determination of RI (which generally
requires the crushing of larger fragments prior to analysis).
With respect to the LIBS protocol employed, a rigorous analysis was performed to eliminate
any element ratio that had the probability of committing false exclusions (i.e., Type I errors).
Decreasing these types of errors is especially important for forensic casework. Only one ratio
out of 171 was committing Type I errors. Eleven ratios out of the remaining 170 were selected
based on their respective degrees of discrimination for the glass sample set. These ratios were:
Al I (309.28)/Ca I (643.91), Al I (309.28)/Ti II (336.12), Fe I (371.9)/Al I (309.28), Ba II
(493.4)/Sr II(407.77), Ti II (336.12)/Sr II (407.77), Al I (394.40)/Sr II (407.77), Si I
(288.21)/Al I (309.28), Na I (819.48)/Ti II (336.12), Ba II (493.4)/Ca I (643.91), Sr II
(407.77)/Zr II (256.88), and Na I (819.48)/K I (766.49).
The two glass layers of laminated glass samples can be distinguished from each other in some
cases. This conclusion is based on the discrimination results from the four elemental profiling
techniques employed (i.e., LIBS, LA-ICP-MS, µXRF, and SEM-EDX).
The good performance of LIBS, with its rapid throughput, good sensitivity and reproducibility,
in addition to low cost and ease to use, makes it a feasible alternative to the more expensive
LA-ICP-MS and µXRF options for the forensic analysis of glass samples. SEM-EDX, on the
other hand, was found to have limited value for the discrimination of the glass samples
analysed. When all things are considered, LIBS offers significant advantages over these
methods and produces similar elemental information to that of LA-ICP-MS and µXRF. In
addition, LIBS can provide additional probative value to that achieved using RI measurements
alone, through a significant improvement in discrimination capability.
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Table 2-17: A summary of discrimination results achieved for LIBS, LA-ICP-MS, µXRF and
SEM-EDX. The number of indistinguishable pairs across the sample set, out of 595 pairwise
comparisons, is indicated together with the resulting discrimination power as a percent (shown
in parentheses)
Method/ Technique

LIBS

LA-ICP-MS

Mean ± 3SD

68 (88.6)

26 (95.6)

112 (81.2)

495 (11.8)

ANOVA & Tukey’s test (95% CL)

20 (96.6)

13 (97.8)

23 (96.1)

211 (62.3)

SEM-EDX

104 (81.5)

RI
All ratios + RI

µXRF

10 (98.3)

99

9 (98.5)

12 (98)

39 (93)

Chapter 3 : Elemental Profiling of Office Papers
3.1 Introduction
The forensic examination of paper has become increasingly important as paper has been and
still is one of the essential elements for carrying the information involved in daily routine
activities (Rožić et al., 2005). The authentication and identification of the source of successive
pages of a multiple page document, for example, can provide significant evidence in fraud
investigations (Brunelle and Crawford, 2003;Shaffer, 2009). Similarly, source determination is
of interest with cases involving anonymous correspondence, such as ransom demands or
threatening letters, which are often addressed to politicians and are sometimes related to
terrorist activities. There are many instances of this type where it may be important to indicate
whether an unknown paper sample could be from a particular source.
Commercial papers are usually coated with various materials to control and enhance surface
properties such as gloss, smoothness, density and colour, as well as improving printing detail
and printing brilliance (Shaffer, 2009). Pulp can be made from many products such as wood
(the most common type), linen, straw, and cotton rag (Ellen, 2005). The use of recycled papers
has widespread application in recent years, as a consequence of environmental and economic
aspects. The advantage of using recycled paper, from a forensic point of view, is the addition of
some heterogeneity between batches originating from the same plant, which is favourable as
the resulting elemental profiles can differ widely amongst different sources (Copley, 2001).
The forensic examination of paper usually involves the measure of gross physical properties in
terms of colour, thickness, tensile strength, shape, porosity, weave pattern, rulings and
watermarks, fluorescence, fibre content, and general paper morphology. These methods cannot
“match” or discriminate between sources with a high degree of certainty because improvements
in quality control during the modern paper manufacturing process limits the variability in
physical properties among paper samples (Spence et al., 2000). Accordingly, chemical analysis
via the elemental profiling of paper can afford valuable information; it has the potential to
improve discrimination capabilities by characterizing the trace inorganic constituents to
differentiate paper samples originating from different sources (Trejos et al., 2010;Pessanha et
al., 2010).
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3.1.1 Elemental analysis techniques
Several reports have been published on the use of a number of elemental analysis techniques
for the elemental profiling and discrimination of paper samples. These methods have included
NAA, AAS, X-ray methods, SEM-EDX, ICP-MS, and, recently, LIBS. In this section, a
general overview is provided on the elemental analysis techniques used for the forensic
examination of paper with a discussion of significant publications in this area, noting that the
theories, advantages and limitations of these techniques were previously discussed in Chapters
1 and 2.
3.1.1.1 Neutron activation analysis
The first use of NAA to compare papers using their elemental composition was reported by
Brunelle et al. (1971). In this study, 600 paper samples from 10 different manufacturers were
investigated for 23 elements, and it was found that certain elements such as Na, Mn, Ag and Cu
have a high occurrence across paper samples whereas Ta, As and Sb were less commonly
found and could be relatively significant markers for differentiation purposes. These results
showed that paper is relatively homogeneous regarding its trace element distribution. The
authors demonstrated that paper samples from different manufacturers could be distinguished
by qualitative and quantitative tests. Schlesinger and Settle (1971) also used NAA to determine
the elemental composition of 120 paper samples from nine different manufactures. The eight
elements that were most frequently detected were Al, Na, Mn, Ti, Sb, Sc, Cr and Cl. However,
a large intra-sample variation was found for the elemental concentrations (> 20% for 5
elements), so, limiting their usefulness for discrimination purposes. Furthermore, Blanchard
and Harisson in 1978 used NAA to determine the elemental composition of five paper samples
that were home manufactured and prepared with clay fillers of known composition. Although
the samples were successfully discriminated according to their clay fingerprints, the results
only applied to papers with significant clay content (Blanchard and Harisson, 1978). In spite of
the good sensitivity of the NAA technique for elemental composition, with detection limits in
the parts-per-billion range (ppb), the lack of accessibility to a nuclear reactor makes this
technique inflexible for use by most forensic laboratories (McGaw et al., 2009).
3.1.1.2 Atomic absorption spectroscopy
A number of studies have been conducted on the evaluation of atomic absorption spectroscopy
for the classification and discrimination of paper evidence. For instance, graphite furnace
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atomic absorption spectroscopy (GF-AAS) was used by Simon et al. (1977) to classify paper
samples by their trace element concentrations. Nineteen paper samples (11 different types of
paper) from seven manufacturers were analysed for Ag, Cd, Co, Cr, Cu, Fe, Mg, Mn, Pb and
Sb. Cluster analysis was then used to classify the samples based on these elemental
concentrations. The results obtained were partially successful with only 12 of the 19 papers
because the samples were directly ashed in the furnace without prior digestion—something that
may affect bulk elemental concentrations in the sheet due to the significant and irreproducible
loss of volatile elements such as Ag, Cd and Pb during the ashing stage. In the same line,
Otero-Pazos et al. (2008) reported the optimisation of a microwave extraction procedure for
Cd, Co, Cr, Cu, Mn, Pb and Zn in paper samples in terms of the type and volume of solvent,
temperature and time of digestion, and the mass of sample required using GF-AAS and FAAS.
The results showed that the microwave acid digestion (i.e., using HCl and HNO3) was the
significant parameter for the determination of metals in paper and boards. Langmyhr et al.
(1974) suggested that paper samples could be identified by their trace element content as
determined by GF-AAS. In 1997, Conti reported the levels of four heavy metals Cd, Cr, Pb and
Hg in 15 different samples of paper board packaging materials using GF-AAS. The results
demonstrated that most of the samples contained higher concentrations of these heavy elements
than the limits fixed by the European council. Also, the results were dependent on the sample
pre-treatment method.
3.1.1.3 X-ray methods
3.1.1.3.1 X-ray diffraction
X-ray diffraction (XRD) is a non-destructive analytical technique that is mainly used to
examine the polymeric matrix and the inorganic formulation of the paper sample (Causin et al.,
2010). The degree of crystallinity of the cellulose, which is specific to the raw material and the
manufacturing procedure, can be determined. In addition, the combination of additives in the
paper can also provide a characteristic profile. Foner and Adan (1983) measured the cellulose
crystallinities in a set of paper samples as well as the mineral composition by XRD. The
authors were able to observe significant differences among papers of various qualities and to
identify mineral compositions used as fillers during the paper manufacturing process. The XRD
method proved to be rapid, non-destructive and suitable for the analysis of large or small
samples (Foner and Adan, 1983). In 2010, Causin et al. determined the discrimination potential
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of XRD and FTIR for the analysis of 19 similar types of paper. With the inorganic peak profiles
and the degree of crystallinity, only one pair of samples was found indistinguishable (but this
pair was discriminated by the FTIR analysis). The combination of XRD and FTIR were
successfully discriminated samples with a discrimination power of 100% (Causin et al., 2010).
3.1.1.3.2 X-ray fluorescence
X-ray fluorescence (XRF) has been used to determine the elemental composition of
photographic paper manufactured at different period in the 20th century (Enyeart et al., 1983).
The results indicated that XRF might be useful in identifying fraud or reproductions, but the
technique was not applied to a large number of commonly used paper samples from a range of
different sources to assess its discrimination power. Manso and Carvalho (2007) reported the
use of EDX-XRF for elemental profiling of papers from a 1941 Italian book containing 200
pages. The results revealed that the mean elemental content of several pages was K, Ca, Ti,
Mn, Fe, Cu, Zn, Rb, Sr and Ba. The use of three statistical analyses (dendrogram, box plot and
Spearman correlation coefficients) allowed them to conclude that this book was manufactured
with three different varieties of paper.
In the same line, Manso et al. in 2008 used an EDX-XRF technique to make a comparison
between modern and ancient papers by analysing their elemental composition for paper
samples from 1555, 1575, 1724, 1748, 1779, 1782, 1786, 1787, 1806, 1861, 1919, 1941 and
2005. The concentrations of 16 elements (S, Cl, K, Ca, Ti, Mn, Fe, Co, Cu, Zn, As, Br, Rb, Sr,
Ba and Pb) were measured. The results disclosed that only five elements (Ca, Cu, Fe, Zn and
Sr) could be detected in all the samples, but their corresponding concentrations permitted the
differentiation of all the samples. Moreover, the results emphasised the suitability of X-ray
fluorescence for sample discrimination due to the advantage of being a non-destructive
technique, which is important for analysing ancient documents with historical value, and the
ability to identify and distinguish different types of paper (Manso et al., 2008). Pessanha et al.
(2010) also used an EDX-XRF technique for the investigation of papers from an Austrian book
from 1920 and inks from historical manuscripts. Again, the results showed that EDX-XRF is a
powerful tool for forensic purpose as one can identify differences in ink and paper components
from the same document. Van Es et al. evaluated the potential of XRF to determine the
concentrations of 56 elements in 25 contemporary papers. The differentiation between samples
was performed using the concentration of 13 elements which were selected based on their
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detection limits and standard deviations. Multivariate statistical methods were used for the
discrimination of document papers (van Es et al., 2009). The concentration of elements Pb, Rb,
Sr, Y, Zr, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn and Co, measured by EDX-XRF, were also
utilized for the comparison of writing, copying, and computer printing paper samples (Rožić et
al., 2005).
3.1.1.4 Scanning electron microscope-energy dispersive X-ray fluorescence
SEM-EDX was used to determine the elemental composition of different paper samples.
Barnard et al. (1975) studied some minerals which were added to paper as fillers, coatings and
pigments during paper manufacturing. Representative sampling were achieved by analysing the
surface of the samples. Variations within a sheet, and within a box of paper were determined.
Among the 54 paper samples that were analysed, some differentiation was achieved. The study
also indicated that variations among all the papers sampled for this research were much greater
than variations that were determined within a single box (Barnard et al., 1975). Polk et al.
(1977) obtained the same type of results. The authors also determined that papers with very
similar physical properties and identical watermarks could generally be further discriminated
using elemental profiling. They found that the most abundant elements detected were Al, Si, S,
Ca and Ti. Single sheets were found to have a variation (in terms of %RSD) smaller than 5%,
and boxes of paper presented variations smaller than 10%. Consequently, it was possible to
discriminate among sheets from different but identically labelled boxes. The technique was
acknowledged, however, to have a poor sensitivity for elements with an atomic number larger
than 11 (sodium).
1.1.1. Inductively coupled plasma mass spectrometry
ICP-MS provides an alternative technique for the determination of trace element compositions
for paper samples. This technique allows for rapid, quantitative multi-element determinations
of trace elements with good sensitivity and precision. The use of elemental composition,
determined by ICP-MS, to characterize paper was reported by Spence et al. (2000). The authors
determined the trace element content of seventeen differently labelled brands (Australian office
document papers) of white photocopy paper in order to discriminate samples produced by
different manufacturers. Samples from different batches of a single product line, from the same
manufacturing mill, were also discriminated. Trace element concentrations for Na, Mg, Al, Mn,
Sr, Y, Ba, La and Ce, as determined by ICP-MS, were selected as potential discriminating
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elements, as the concentration of these elements did not vary significantly in sheets from the
same ream. The seventeen different brands of paper were clearly distinguished using only two
elemental concentrations (Mn and Sr). In a separate study, papers from the same manufacturer
but from four different batches (sampled monthly) were statistically distinguished using Al, Zr
and Mn; however, differences in consecutively manufactured rolls could not be determined
(Spence et al., 2000). Finally, the successful performance of a blind test (three unknown
samples from the seventeen papers) indicated that the elemental analysis was a robust and
effective technique to classify and differentiate paper samples. These results were also applied
in a homicide case (Spence et al., 2002). In 2009, McGaw and co-workers reported the use of
ICP-MS for the analysis of 100% recycled papers sold by the same or different vendor (five
reams from vendor A and five reams from vendor B). Two-way ANOVA and Tukey’s HSD
test were used to assess the results of the comparisons. The five reams from vendor A were
discriminated based on the Al and Ba concentrations, and the five reams from vendor B were
discriminated based on the Mn, Mg and Sr concentrations. Finally, the variation in elemental
concentration between vendors was studied. The results indicated that the five reams from
vendor A were differentiated from the five reams from vendor B based on significant
differences observed in the Sr, Ba, Ce and Nd levels (McGaw et al., 2009).
Van Es et al. (2009) analysed a set of 25 multipurpose office paper samples from the European
market by µXRF, LA-ICP-MS and IRMS using multivariate statistical techniques for the
discrimination of document papers. With this purpose, three different areas of each paper were
selected for analysis. For LA-ICP-MS analyses, a group of 51 chemical elements and isotopes
was analysed in each samples. First, PCA was applied in an attempt to reduce the number of
variables, but this statistical tool did not work efficiently. A large part of the variation could
only be described if over 10 principal components were selected. Second, cluster analysis
(Euclidean distance, single linkage) was used and 23 out of the 25 papers were separated in
different clusters. The authors concluded, however, that LA-ICP-MS and the statistical tools
used in this study discriminated all paper samples produced by one manufacturer (but different
brands). One indistinguishable pair was composed of paper made by different manufacturers
(one Austrian and the other Finnish). In addition, the combination of all three techniques –
µXRF, IRMS and LA-ICP-MS – gave the greatest discriminating power, adding further
discrimination relative to all other combinations of these techniques (for example, the
combinations LA-ICP-MS/µXRF and IRMS/µXRF).
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1.1.2. Laser-induced breakdown spectroscopy
LIBS was applied in 2001 to determine various properties of coated and uncoated copier
papers. In addition, the depth profiles of double coated papers were also determined (Häkkänen
et al., 2001). The results showed that the two coating layers could be distinguished if there were
enough differences in their composition. With uncoated papers, the various filler distributions
could also be determined and eventually compared.
Laser ablation (LA) was applied for surface cleaning and spectroscopic diagnostics of historical
paper documents and model samples in the framework of conservation projects (Kaminska et
al., 2007). During cleaning, the spectra of the ablation products were recorded by means of
LIBS, which allowed for nearly non-destructive identification of surface layers such as
contaminants, substrate and pigments. The application of LIBS was also reported for the
analysis of confidential documents. The authors described the discrimination of the spectra of
ten different papers originating from yearly confidential reports at the Department of Atomic
Energy in India (Sarkar et al., 2010)
LA-ICP-MS was used with LIBS to study the elemental composition of 24 different white
multipurpose document papers (i.e., different sources and brands) (Trejos et al., 2010). The
results of this study revealed smaller variations of elemental compositions within a single sheet
source compared with variations across different sources (i.e., brands and types). Furthermore,
there were significant and detectable differences between multipurpose white paper from
different sources (discrimination of ~97–99% depending on the sample set under investigation
and the method applied). These differences in the elemental composition of paper were
detected between papers from different brands, paper manufactured at different mills/plants,
and batches of paper manufactured at the same mill at time intervals ranging from a few days to
three months, depending on the variability of the raw materials and the recycled content.
Given that forensic examiners require reliable methodologies with good sensitivity as well as
high discrimination power and minimum sample consumption, µXRF and laser-based methods
such as LIBS and LA-ICP-MS are very attractive techniques for the analysis of paper. The
reasons behind this include multi-elemental detection, quantitative capabilities, and good
sensitivity and selectivity. In spite of these promising features, a limited number of reports has
been published describing the application of LIBS to the forensic analysis of office paper and
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no studies have been published on the application of LIBS to Australian paper samples. The
aim of this chapter was to evaluate the analytical performance of a relatively inexpensive and
commercially available LIBS instrument for discrimination between paper samples originating
from the same and different brands of Australian paper. The development and optimisation of
LIBS for the analysis of office paper were performed to provide scientific support to facilitate
the incorporation of this technique into routine use by operational forensic laboratories. The
evaluation of LIBS was conducted in terms of accuracy, precision, and limits of detection.
Moreover, in order to evaluate the analytical performance of LIBS for paper analysis, results
from this method were compared with those obtained using µXRF. Finally, the overall
discrimination potential of each technique was evaluated in terms of their ability to distinguish
Australian paper samples. Since ICP-MS and LA-ICP-MS were used in the discrimination of
Australian and non-Australian office papers by Spence et al. (2000) and Buehlmann (2012),
and since 15 out of the 33 Australian samples analysed in the current study were similar to
those analysed by Buehlmann using ICP-MS and LA-ICP-MS, these methods were not
included in the current study to avoid repetition.

3.2 Experimental
3.2.1 Standards
Five in-house matrix standards were created to calibrate the instruments before sample
analyses. WhatmanTM 542 filter paper was used as a support matrix for the preparation of
standards as it has low elemental background signals and the standard can be easily added to
the paper by soaking segments of the paper in a standard solution. Single element solutions of
Ba, Cu, Fe, Mn, Sr, Pb and Ti at 1000 µg/mL and Al, Mg, and Na at 10.000 µg/mL (High
Purity Standards, Choice Analytical, Australia) were used to prepare stock solutions. In-house
matrix standards were prepared by spiking WhatmanTM 542 filter paper circle (4.25 cm) with
0.5 mL of stock solution ranging in concentration from 25 µg/mL (25 ppm) to 7000 µg/mL
(7000 ppm), depending on the element of interest. Table 3-1 presents the actual concentration
of each prepared standard.
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Table 3-1: Actual concentrations spiked for the preparation of the single point calibration
standards (standard 1, 2, 3, 4 and 5) used for quantification and verification purposes. All
values are in parts per million (ppm)
Element Standard 1 Standard 2 Standard 3 Standard 4 Standard 5
500
1000
3000
5000
7000
Al
Ba

50

100

300

500

1000

Fe

50

100

300

500

1000

Cu

50

100

300

500

1000

Mg

500

1000

3000

5000

7000

Mn

50

100

300

500

1000

Na

500

1000

3000

5000

7000

Sr

25

50

150

250

500

Pb

50

100

300

500

1000

Ti

50

100

300

500

1000

3.2.2 Paper sample set
3.2.2.1 Sample description
The document paper samples selected for this study were supplied by Kylie Jones from the
Australian Federal Police (AFP) in Canberra. A total of 33 common office papers (A4, white,
multipurpose/copy paper, 80 g/m2) from 8 different Australian brands were used in this study.
For each sample, five sheets of paper were selected from an open ream of paper (200 sheets in
each ream) and transferred to a new plastic sleeve for storage pending analysis. The handling of
samples was performed with protective gloves to avoid any contamination. Whenever known,
information on brand, date of purchase and batch identifiers and/or manufacture date is listed in
Table 3-2. It is noteworthy to mention that the vast majority of the A4-sized paper made in
Australia is made at Maryvale Mill which is located in Victoria’s LaTrobe Valley (Unknown,
2013).
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Table 3-2: Information on the 33 paper samples provided by the AFP
Sample no.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33

Brand
Australian 1
Australian 2
Australian 3
Australia Post 1
Australia Post 2 (recyclable)
Ditto 1
Ditto 2
Ditto 3
Ditto 4
Ditto 5
Officeworks
Olympic 1
Olympic 2
Olympic 3
Olympic 4
Olympic 5
Reflex 1
Reflex 2
Reflex 3
Reflex 4
Reflex 5
Reflex 6
Reflex 7
Reflex 8
Reflex 9
Reflex 10
Reflex 11
Reflex 12 (platinum)
Reflex 13 (50% recycled)
Select One
Spilman 1
Spilman 2
Spilman 3

Purchase date
13-Nov-09
May-10
Not known
Jan-11
Jan-11
28-Oct-09
13-Nov-09
May-10
Jul-11
Jan-12
23-Oct-09
23-Oct-09
Jul-10
Dec-10
Jul-11
Jan-12
28-Oct-09
13-Nov-09
13-Nov-09
13-Nov-09
May-10
May-10
Jul-10
Dec-10
Jan-11
Jul-11
Jan-12
May-10
May-10
Jul-11
Jul-10
Dec-10
Jul-11
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Batch identifiers/date
04:42 28/08/09
07:08 23/02/10
05/11/11
18:59, 04/11/10
02:19 16/09/10
21:56 13/08/09
6:24 14/08/09
05:08 04/03/10
Not known
Not known
11:59 26/09/09
April 09
13/01/10
20:47 12/06/10
13:50 18/8/10
02:05 16/09/11
21:20 10/09/09
04:26 12/10/09
22:58 10/08/2009
18:08 05/08/09
Carbon neutral packaging,
02:08 03/02/10
18:44 14/02/10
02:43 11/07/10
19:21 06/11/09
Carbon Neutral Packaging,
07:36 28/11/11
CSS4 01:13 23/03/10
11:58 05/03/10
22:16 12/5/11
03:54 08/11/09
01:22 31/07/10
17:32 26/10/10

3.2.2.2 Sample preparation
Minimal sample preparations were generally required. Since the size of the sample holder for
LIBS was ~ 10 x 15 cm, it was not possible to analyse a sheet of paper without cutting into
smaller samples. For each sample, three segments were cut (~ 1 cm x 1.5 cm) from the top left,
centre and bottom right of the paper sheet using plastic scissors as indicated in Figure 3-1. For
the LIBS and µXRF methods, the paper segments were then mounted on a glass microscope
slide using double-sided mounting tape and then placed on an XYZ translation stage that allows
movement of the sample to a fresh location for each analysis. The reasons behind using a glass
microscope slide and double-sided tape were: a) the glass slide provided a completely flat
surface at a relatively low cost; b) double side tape kept the paper segment mounted to the flat
surface (of the glass slide) with the complete paper segment at the same relative height.

Figure 3-1: A4 template for paper sampling.
3.2.3 Instrumentation

3.2.3.1 Laser-induced breakdown spectroscopy (LIBS)
The LIBS sample chamber was purged with argon gas for 60 seconds prior to ablation to
remove air and to enhance spectral intensity. During each LIBS acquisition, the laser was
focused into the sample surface with a 50 mm focal length lens and the laser was fired with an
applied energy of 170 mJ per pulse at one spot. Data was collected using the line mode with a
sampling area of 300 µm x 1400 µm. Each spot in this line consisted of 6 laser shots, with a
total of 24 spectra accumulated without using any cleaning shots at a frequency of 3.33 Hz and
a detector delay of 2.4 μs. These were averaged to give a single “average spectrum”. After each
average spectrum was acquired, the sample was rotated to a new position for a total of three
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replicate analyses per paper segment. Data acquisition and preliminary data analyses were
performed using Ocean Optics AddLIBS software version 2.2, Microsoft Excel 2010 and IBM
SPSS Statistics 21.
3.2.3.2 Micro-X-ray fluorescence (μXRF)
The Kevex Omicron instrument was operated with 30kV excitation potential and a beam
current of 1.2 mA and 42–50% dead time. Other instrumental parameters for the μXRF
included a 300 μm diameter beam collimator and 1000 s of live count time. All μXRF analyses
were conducted under vacuum conditions. Data from the paper samples were subjected to an
Automated Standardless Analysis Protocol (ASAP) to determine relative elemental
compositions by calculating the K alpha peak intensities for each of the elements of interest
followed by background subtraction utilizing a peak deconvolution method. Each paper
segment was analysed three times at different positions on the paper surface

3.3 Results and discussion
3.3.1 Laser-induced breakdown spectroscopy (LIBS)
3.3.1.1 Optimisation of LIBS conditions
An initial development and optimisation of a LIBS method for the analysis of paper was
conducted to provide high precision and repeatability between experiments and to obtain an
accurate spectral fingerprint of each sample. The method was first optimised using five inhouse matrix standards. Once the preliminary set-up was completed, a set of real samples was
analysed in order to obtain the best possible selection of elements and to optimise other specific
parameters.
Parameters studied during this optimisation were laser energy, detector delay, repetition rate,
spot size, and number of laser shots. The effect of laser output was tested at the beginning of
the experiment. The variation of the net peak areas for emission lines of Al, Sr, Mn, Na, Pb and
Ti for the in-house matrix standard 3 was monitored at different laser output (Figure 3-2). It
was noted that there was no significant change in the laser ablation marks left on the paper
surface when different laser outputs were applied, even when high energies were employed.
Images of the paper surface after LIBS analyses at different laser energy levels are presented in
Figure 3-3. Although 100% laser power (200 mJ) produced more intense peaks, it caused more
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background noise and spectral interference. Therefore, 85% laser power (170 mJ) was selected
for analysing the paper sample set.
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Mn II 257.61

Na I 819.48

Pb II 504.25

Ti II 336.12

Al I 394.4

Figure 3-2: Optimisation of laser power using the in-house matrix standard 3. Note that the net
peak areas of Na, Pb and Ti were divided by 10 to achieve similar scaling factors.
Since, variations in detector delay affect the spectra generated and results in the presence or
absence of different emission lines, the effect of detector delay was examined. For the current
study, 2.4 µs detector delay produced minimal influence on the background and was chosen for
data acquisition. Figure 3-4 illustrates the net peak areas collected at different detector delay
values for in-house matrix standard 3 for the corresponding measurement of the emission lines
Al, Mn, Na, Sr, Pb and Ti. The effect of repetition rate was also examined and the results are
illustrated in Figure 3-5. It can be seen that the firing of the laser at a frequency of 3.33 Hz
produced better peak area signals for the majority of elements of interest. Thus, the repetition
rate was set at 3.33 Hz to improve data acquisition.
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Figure 3-3: Images of ablation marks left on paper substrate after LIBS at different laser
output.
The effect of the number of laser shots required to obtain a high signal-to-noise ratio was
studied. Figure 3-6 illustrates the variation of the net peak areas of standard 3 for six emission
lines versus the number of laser shots (6 laser shots per spot) along one line on the sample
surface. It can be seen in Figure 3-6 that the peak areas for the majority of emission lines were
gradually increased with the increase in the number of laser shots. It was noted that, when 7 or
8 shots were utilized, the glass slide was seen through a hole on the paper surface Since the
preservation of a document is relevant in forensic examinations, the spectra were generated by
accumulation of only six laser shots per spot along the analysed line to obtain the required
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sensitivity and signal-to-noise ratio of the elements of interest with minimal damage to the
paper surface.
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Figure 3-4: Variation in the net peak area for the LIBS emission lines Al, Mn, Na, Sr, Pb and
Ti of in-house standard 3 versus the detector delay in µs. Note that the net peak areas of Na, Pb
and Ti were divided by 10 to achieve similar scaling factors.
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Figure 3-5: Variation in the net peak area for the LIBS emission lines Al, Mn, Na, Sr, Pb and
Ti of in-house standard 3 versus the repetition rate in Hz. Note that the net peak areas of Na,
Pb and Ti were divided by 10 to achieve similar scaling factors.
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The influence of the spot size on shot-to-shot reproducibility was also considered. This study is
important as it affects the amount of material ablated and it must be kept constant during the
analyses to obtain precise spectra. Figure 3-7 demonstrates the variation of percent relative
standard deviation of net peak areas obtained for five replicates of the standard matrix 3 for the
emission lines of Al, Fe, Mg, Mn, Na, Sr, Pb and Ti measured at different laser spot size. It was
found that, with a 300 µm spot size, low RSD values between replicates (less than 14%) were
achieved for the majority of elements.
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Figure 3-6: Net peak areas variation for emission lines of Al, K, Mg, Mn, Na, and Sr with the
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number of repeated laser shots on the same line for the in-house matrix standard 3.
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Figure 3-7: Percent relative standard deviation (%RSD) variability with the spot size in µm for
the in-house standard 3.
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The homogeneity and variation of the elemental composition in paper either within one sheet or
ream was not examined in this study as it was reported by Buehlmann (2012) and Trejos et al.
(2010) that no significant differences were observed for specific areas within a single sheet of
paper when analysed by ICP-MS, LA-ICP-MS and LIBS. In any case, the line mode was used
instead of spot analysis (performed for glass) for acquiring data to achieve a more
representative sampling area of paper; in addition, data analysis was performed for elements
that appeared to be homogenously distributed across a sheet of paper to avoid any variation
between measurements as well as those which were reported to have high impact on the
discrimination of paper samples (Trejos et al., 2010).
3.3.1.2 Evaluation of LIBS figures of merit
In this section, three important parameters (i.e., accuracy, limits of detection, and precision)
were determined for the LIBS method applied to paper samples. First, accuracy was determined
based on the regression analysis of the known concentrations for each element of interest
versus the measured net line intensity for five in-house matrix standards 1, 2, 3, 4 and 5. Note
that the known concentration values per element are listed in Table 3-1. The calibration curves
for the atomic lines Al I (308.22 nm), Ba II (493.4 nm), Cu I (327.36 nm), Mg I (285.21 nm),
Mn II (257.61 nm), and Sr II (407.77 nm) were utilized for quantification purposes and are
presented in Figure 3-8. Each point in the calibration curve is from an average of five replicates
for each of the standard materials mentioned above. The vertical error bars represented ±1
standard deviation calculated from the five replicates from each standard. Good correlations
were obtained with R2 values greater than 0.987 for all of the emission lines, thus establishing
good linearity within the concentration ranges selected for the five standard materials.
Second, the limits of detection (LOD) were determined. The LOD studies were performed for
the prepared matrix standards in the concentration range of 25 ppm to 7000 ppm, based on each
element of interest. The LOD calculations were based on three times the standard deviation of
the corresponding blank measurement using the formula.
(
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)

It is significant to mention that all emission lines used in this study were selected based on low
spectral interference, low limits of detection and good linearity across the concentration range
for the five in-house matrix standards as well as the paper sample set. Table 3-3 represents a
summary of the limits of detection for different emission lines for the same element and their
respective correlation coefficient achieved within the concentration range 25 ppm to 7000
ppm—depending on the element of interest—for the above mentioned standard materials. As
seen in Table 3-3, all strontium and barium emission lines have very good linearity (i.e., > 0.99)
from 25 to 1000 ppm with low limits of detection. On the other hand, the emission lines of
magnesium at 279.55 nm and 280.27 nm indicated poor linearity with high detection limits but
they were still within the detected range of the LIBS method. The emission line of Sr at 421.55
nm achieved very good linearity and detection limit compared to Sr at 407.77 nm; however, it
was rejected for comparison purposes due to the presence of an intense signal for calcium at
422.67 nm on real samples that masked the emission line and prevented a baseline separation
between the lines.
The determined limits of detection for different atomic emission lines in this study were
certainly comparable with those obtained for glass in the previous Chapter and were consistent
with, if not lower than, those reported in the literature. For instance, Trejos et al. (2010)
performed quantitative analysis on document papers and gel inks and reported that the LODs
for Cu, Mg, Mn, and Sr were 10 ppm, 47 ppm, 15 ppm and 14 ppm, respectively. Cahoon and
Almirall reported that the LODs for Ba, K and Sr were 1.98 ppm, 4.07 ppm and 3.28 ppm,
respectively, when using a single-pulse at 1064 nm (Cahoon and Almirall, 2010). Yamamoto et
al. reported Ba and Sr in toxic soil to have LODs of 265 ppm and 42 ppm, respectively
(Yamamoto et al., 1996).
Finally, a comparison of precision in terms of relative standard deviation (% RSD) for five
replicates for the four in-house matrix materials 1–4 was conducted. The precision across the
four matrix materials in terms of their element emission lines (peak areas) is illustrated in
Figure 3-9. Furthermore, the precision across the sample set for both individual emission peak
areas as well as emission peak area ratios were evaluated and are illustrated in Figures 3-10 and
3-11. It can be seen in Figures 3-10 and 3-11 that the RSD range dropped from 2.2–27.1% RSD
(average 8.9%) for the raw element peak areas to 0.3–10.1% RSD (average 3.2%) for the ratios
across the three standard materials. Thus, the use of ratios instead of raw element signals (peak
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areas) improved the precision between replicates by ~ 6%, as was the case with LIBS for the
analysis of glass. Since precision is a more important parameter than accuracy when comparing
samples measured at the same time, the element ratios were utilized for discrimination purposes
instead of peak area for each element. The low limits of detection and good precision for trace
elements such as Ba, Cu, Mn and Sr are an indication of the high efficiency of LIBS for this
application.
Thirteen elements were initially selected for the paper sample set analysed by LIBS based on
their occurrence in all samples: Al, Ba, Ca, Fe, K, Mg, Mn, Na, Si, Sr, Pb, Ti and Zr. As stated
before, the emission lines were selected based on their homogeneous distribution within a
source and variability across the sample set, and their presence at concentrations above the
limits of detection. The six elements Ba, Fe, K, Si, Pb and Zr were rejected from the element
menu due to poor precision (> 20%) or because these were masked by other emission lines. The
remaining seven elements were Al, Ca, Mg, Mn, Na, Sr and Ti. The peak area of one emission
line per element for the seven elements was utilized for further data analysis to avoid repetition.
(However, while interpreting data, at least 2 to 4 different emission lines were monitored
qualitatively to confirm the occurrence of each element of interest. For instance, strontium was
screened at 407.77, 421.55 and 460.73 nm, while manganese was monitored at 257.61, 259.37,
260.57, 294.92, and 344.19 nm). The seven emission peak areas were then ratioed to each
other, which improved the precision of the sample replicates as depicted in Figure 3-11. From
the 7 elements detailed above, 21 possible peak ratios were computed according to the formula
n(n−1)/2, where n is the number of elemental lines, with none of the ratios being repeated such
as Al I (308.22)/Sr II (407.77) and Sr II (407.77)/Al I (308.22).
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Figure 3-8: Calibration curves for Al I (308.22nm), Ba II (493.4 nm), Cu I (327.36 nm), Mg I (285.21 nm), Mn II (257.61 nm), and Sr II (407.77
nm).
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Table 3-3: Limits of detection (LODs), in parts per million (ppm), for each emission line and
for each calibration standard (standards 1, 2, 3, 4 and 5)
Element

R2

Standard 1 Standard 2 Standard 3 Standard 4 Standard 5

Ba 455.4 nm

0.995

2.1

3.0

4.4

4.4

5.2

Ba 493.4 nm

0.991

1.5

2.0

2.9

2.9

3.6

Cu 324.75 nm

0.548

1.5

3.3

10.2

16.4

30.9

Cu 327.36 nm

0.998

13.1

16.1

21.7

23.5

22.9

Mg 279.55 nm 0.318

26.5

44.1

32.1

32.7

111.3

Mg 280.27 nm 0.377

542.7

82.3

50.3

51.7

183.4

Mg 285.21 nm 0.995
Mn 257.61 nm 0.992

190.0

183.0

192.1

207.1

463.5

15.3

15.3

31.7

23.4

34.0

Mn 259.37 nm 0.923
Mn 260.57 nm 0.936

15.7

14.6

32.1

24.9

34.4

20.8

20.3

39.1

31.0

42.2

Mn 294.92 nm 0.996
Mn 344.19 nm 0.993

148.8

90.5

184.7

131.9

139.9

167.5

311.7

239.0

166.7

158.7

Sr 407.77 nm

0.998

2.0

2.2

2.4

1.4

6.6

Sr 421.55 nm

0.999

1.7

2.1

2.4

1.4

6.7

Sr 460.73 nm

0.996

6.1

9.3

13.6

13.5

13.9

20

% RSD

15
Standard 1
10

Standard 2
Standard 3

5

Standard 4

0

Figure 3-9: Precision results for in-house matrix standards 1–4 sample replicates using LIBS
element emission line peak areas.
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Figure 3-10: Precision results for the paper sample set using LIBS element emission line peak areas.
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Figure 3-11: Precision results for the paper sample set using LIBS peak area ratios.
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Ti II 336.21/Sr II 407.77R/

Ca I 649.38/Na I 330.30

As discussed in Chapter 2, the use of a duplicate sample as a verification and quality control
measure was important in determining which protocol should be followed for LIBS. The
Australian 3 paper sample (sample number 3) was measured twice during the analytical
sequence, once in the middle of the run and again at the end. The sample duplicate was treated
as an individual sample throughout the entire analytical sequence and then used to eliminate
ratios that resulted in false exclusions (Type I error) using ANOVA and Tukey’s HSD test at
the 99.97% confidence limit. Two ratios out of 21 ratios computed gave false exclusions while
the remaining 19 ratios produced accurate conclusions, meaning that sample 3 and its duplicate
were found to be indistinguishable. Five out of the remaining 19 ratios were selected based on
their relevant degrees of discrimination across the paper sample set.
The discrimination approach used in the present study firstly involved the use of principle
component analysis (PCA) for primarily visual classification of each sample based on a simple
linear combination model using Primer software version 6 and also as a data reduction tool.
Secondly, the comparison of the selected ratios was performed across the 33 paper samples
using a 2-sigma criterion based on the mean value (of all the sample replicates) ± two times the
standard deviation. If there was an overlap between two sample ratios, then the two samples
were considered indistinguishable by the 2-sigma criterion. If there were no statistical overlaps
between two sample ratios, then the samples were discriminated. Finally, the pairs that could
not be discriminated by the 2-sigma rule were subjected to an analysis of variance (ANOVA)
followed by pairwise comparison with Tukey’s HSD test at the 95% confidence limit to reduce
the number of indistinguishable pairs and thus increase the discrimination power for the
technique. Then, the overall discrimination was calculated by a combination of all elemental
ratios. Figure 3-12 provides an illustration to show the variations across the sample set for the
five peak area ratios used to discriminate the paper sample set by LIBS. As mentioned before,
the inclusion of recycled paper adds some heterogeneity across the samples originating from
the same brand. As depicted in Figure 3-12, samples such as 5 and 29 (i.e., recycled papers) are
significantly different from the other samples obtained from the same brand (i.e., samples 4 and
28, respectively).
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Figure 3-12: Distribution of LIBS elemental ratios utilised for discrimination purposes across
the paper sample set. Note that the peak ratio of Al/Sr was multiplied by 10 and that of Ca/Na
was diveded by 10 to achieve similar scaling factors.
The study of variability in elemental composition within a brand (i.e., between batches) was
conducted by selecting three sheets per batch for four different brands (e.g., Australian, Ditto,
Olympic, Reflex) and comparing the average of three replicates per sheet for each batch (i.e., 9
analyses in total). Figure 3-13 repesents the principle component plots for these four brands.
The results show that PCA generally provides good discrimination between batches within a
brand. It is seen that some papers have a very small inter-sheet variability within three sheets
from the same batch, and others show more variations. For example, the three average
replicates of the three sheets of Olympic 3 as well as Reflex 1 are almost all at the same
location on the respective plots (a) and (d), but the replicates of Ditto 5 are well separated in
plot (b). Some papers were not differentiated with PCA because the replicates were located at
the same position. For instance, Australian 3 and the “unknown” sample (the unknown sample
is the duplicate of Australian 3), Ditto 1 and Ditto 4, and Reflex 2 and Reflex 5, are gathered in
one area in the respective plots. Significant variation between these overlapped samples, except
for Australian 3 and its duplicate, were found after applying the 2-sigma rule with the ANOVA
and Tukey’s test.
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The study of the variability in elemental composition across all 33 paper samples was also
conducted by selecting one sheet for each sample and analysing three segments per sheet (i.e., 9
analyses in total). Each segment was analysed three times in different positions. For the overall
sample set, PCA failed to categorize the paper samples based on their brand type as indicated in
Figure 3-14. These results are not surprising because all paper brands were made by the same
manufacturer as mentioned previously. Figure 3-14 provides an illustration to show the
variation within samples for five peak area ratios used to discriminate the paper sample set by
LIBS.
The LIBS results from the 2-sigma comparisons indicated that there were 6 indistinguishable
pairs out of a possible 528 pairs (98.9% discrimination). All indistinguishable pairs were then
subjected to the analysis of variance ANOVA followed by Tukey's test at the 95% confidence
limit. Note that the 2-sigma rule was utilized instead of 3-sigma as was the case with LIBS for
the analysis of glass because the standard deviations between replicates for paper were larger
than those obtained for the glass samples (i.e., glass samples were more uniform than paper
samples). The application of multivariate analysis to the 6 indistinguishable pairs improved the
discrimination power and yielded 2 indistinguishable pairs (# 4 and 11, and # 29 and 33) out of
a possible 528 comparisons (99.6% discrimination). Table 3-4 provides a summary of the
discrimination results by ratio, in terms of indistinguishable pairs and percent discrimination.
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(a)

(b)

(c)

(d)

Figure 3-13: Results from principal component analysis (PCA) of the LIBS data for brands (a) Australian, (b) Ditto, (c) Olympic, and (d) Reflex,
showing differentiation of paper samples produced in different batches. Principle component 1 (PC1) and principle component 2 (PC2) described
99.8% of the total variance in the data.
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Figure 3-14: Principle component plot for the overall paper sample set.

Table 3-4: The discrimination results for peak area ratios utilized for the 528 possible pairwise
comparisons measured by LIBS using the 2-sigma rule followed by multivariate analysis at the
95% confidence level (p < 0.05)

Peak ratios

No. pairs not
discriminated

Discrimination %
(p < 0.05)

Sr II (407.77)/Na I (330.29)

171

67.6

Ca I (649.38)/Na I (330.29)

117

77.8

Ti II (336.12)/Mn II (257.61)

125

76.3

Ti II (336.12)/Sr II (407.77)

206

61.0

Al I (308.22)/Sr II (407.77)

332

37.1

All ratios

6

98.9

ANOVA & Tukey’s test

2

99.6
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It is noteworthy to mention that the determined discrimination power for LIBS technique was
certainly comparable with those obtained by Buehlmann (2012) and Spence et al., (2000) using
microwave digestion ICP-MS and LA-ICP-MS for the analysis of Australian papers. For
instance, Buehlmann was successfully discriminated paper samples with excellent
discrimination power (99.4-100%, depending on the method applied) using Ternary plot, PCA,
and student t-test. In addition, 98.5% discrimination power was achieved when LIBS was
utilized for the analysis of 17 different paper sources, representing paper from 7 different
brands and manufactured at 10 different plants in United State using analysis of variance
(ANOVA) and Tukey’s HSD test at the 95% confidence limit (Trejos et al., 2010).
3.3.2 Micro X-ray fluorescence (μXRF)
µXRF measurements were conducted for the 33 paper samples as indicated in Table 3-2. The
element menu including Ca, Cl, Fe, K, Mn, Sr and Zr was selected based on the element
detection limits for atomic numbers greater than 10, and standard deviations. Figures 3-15 and
3-16 represent the precision in terms of %RSD evaluated across sample replicates using both
the individual elements and element ratios, respectively. In the current study, the element ratios
were evaluated rather than absolute element concentrations to negate any instrumental drift
during the measurements and also to improve precision between replicates. As depicted in
Figures 3-15 and 3-16, the RSD range decreased from 0.1–22.7% RSD (average 4.4%) for the
raw element concentrations to 0.2–13% RSD (average 3.3%) for the elemental ratios across the
sample set. Thus, the use of ratios instead of raw element concentrations generally improved
the precision between replicates by ~ 1%; so, the 7 elements listed above were ratioed to each
other to produce 21 possible ratios.
Australian 3 paper sample was also measured twice during the analytical sequence to check the
method used for the analysis of paper samples and to eliminate ratios that resulted in false
exclusions. After the elimination of ratios that resulted in false exclusions for the duplicate
sample, seven element ratios (Mn/Fe, Cl/Fe, K/Sr, Cl/Ca, Cl/K, K/Ca and Ca/Fe) were used for
discrimination purposes based on their respective degree of discrimination. The results using
these ratios are illustrated in Figure 3-17. It can be seen in Figure 3-17 that some samples have
similar elemental ratios.
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Figure 3-15: µXRF precision results for the paper sample set using element concentrations based on ASAP results.
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Figure 3-16: µXRF precision results for the paper sample set using element ratios.
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Figure 3-17: μXRF elemental ratio distribution across the paper sample set. Note that the
values of ratios Cl/Ca, K/Ca, and Mn/Fe were multiplied by 200, 1000 and 30, respectively,
while the ratios Ca/Fe and K/Sr were divided by 20 and 2, respectively, to achieve proper
scaling factors.
Similar to the LIBS measurements, PCA was applied in an attempt to classify and discriminate
the paper samples. The variability of the elemental composition across batches of the same
brand for four different brands (e.g., Australian, Ditto, Olympic, Reflex) was also conducted.
Figure 3-18 illustrates the principle component plots for these four brands. The results revealed
that PCA provided a good discrimination within brands for Australian, Ditto and Olympic,
while poor separation between batches of Reflex samples was observed. It was also observed
that some papers had a small inter-sheet variability within one sheet and others showed more
variations. For instance, the three replicates of Olympic 3 as well as Reflex 1 were almost at the
same location on plots (a) and (d), respectively. It is noted that the same results were obtained
when using LIBS for the analysis of these two samples. On the other hand, the replicates of
Australian 2 as well as Ditto 4 are well separated in plots (a) and (b), respectively. PCA was
also conducted to classify the 33 paper samples based on their brands but, unfortunately, given
the overlap in elemental composition across many paper samples, PCA failed to categorize the
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paper samples according to their brands, as was the case with LIBS. Again, these results are not
surprising as all paper brands in Australia came from the same plant/mill. Figure 3-19
illustrates the PCA results for the paper sample set.
The application of the 2-sigma criterion (mean ± 2 standard deviation) yielded 25
indistinguishable pairs (95.3% discrimination). A summary of the discrimination results by
element ratio, in terms of indistinguishable pairs and percent discrimination, is provided in
Table 3-5. All indistinguishable pairs were then subjected to an analysis of variance (ANOVA
followed by Tukey’s HSD test at the 95% confidence limit). Application of multivariate
analysis to the remaining 25 pairs yielded 16 indistinguishable pairs out of a possible 528
comparisons (97.0% discrimination). Remarkably, two of these 16 pairs were identical to the
two pairs found indistinguishable by LIBS. The list of indistinguishable pairs can be found in
Table 3-6.
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(a)

(b)

(c)

(d)

Figure 3-18: Results from principal component analysis of the µXRF data for brands (a) Australian, (b) Ditto, (c) Olympic and (d) Reflex, showing
differentiation of paper samples produced in different batches. Principle component 1 (PC1) and principle component 2 (PC2) described from
98.9% to 99.8% of the total variance in the data.
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Figure 3-19: Principle component plot for the overall paper sample set using μXRF.Principle
component 1 (PC1) and principle component 2 (PC2) described 99.7% of the total variance in
the data.

Table 3-5: μXRF discrimination results for the element ratios utilized for the 528 possible
pairwise comparisons across the paper sample set

Element ratios

No. pairs not
discriminated

Discrimination %
(p < 0.05)

Ca/Fe

134

74.6

Mn/Fe

268

49.2

Cl/Fe

288

45.5

K/Sr

296

43.9

Cl/Ca

316

40.2

Cl/K

326

38.3

K/Ca

327

38.1

All ratios

25

95.3

ANOVA & Tukey’s test

16

97.0
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Table 3-6: List of indistinguishable paper pairs obtained from the μXRF results at a 95%
confidence limit
No.

Sample

Pairs not discriminated

No.

Sample

Pairs not discriminated

1

1

20

11

13

23

2-3

2

22,24

12

14

29

4-5

8

13, 22

13-14

18

19, 31

6-8

9

13, 18, 23

15

22

24

9-10

11

4, 18

16

29

33

3.4 Conclusions
In this study, the analytical performance of LIBS for the analysis of paper samples was
examined. LIBS was able to detect statistically significant differences in elemental composition
from one paper source to another with a comparable discrimination power, if not better than
that obtained from one of the leading routine techniques, µXRF. Good correlation coefficients
of > 0.987 were achieved for calibration curves for the trace elements analysed (i.e., Al, Ba, Cu,
Mg, Mn and Sr) in the range of 25–7000 ppm. Limits of detection for the quantitative analysis
of different atomic emission lines for five in-house matrix standard materials 1–5 were also
evaluated. Most elements of interest in the sample set demonstrated a precision in the range
0.3–10.1% RSD.
In addition, the analytical performance of LIBS was compared to µXRF in terms of
discrimination power across 33 paper samples. For discrimination purposes, three approaches
were utilized. First, principle component analysis was used in an attempt to reduce the number
of variables and to categorize samples into groups. Second, the comparison of selected
elemental ratios was performed by utilizing pairwise comparison analysis using a two-sigma
rule (mean ± two times the standard deviation). Finally, the analysis of variance ANOVA and
Tukey’s HSD test at 95% confidence limit was employed for the remaining indistinguishable
pairs from the second step. It is noteworthy to mention that significant and detectable
differences were observed between different batches of the same brand as well as different
brands (discrimination of 97.0–99.6% depending on the method applied). Furthermore, both
LIBS and µXRF correctly identified the elemental composition of the duplicate “unknown”
sample (i.e., Australian 3), providing no false exclusions.
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Five peak areas ratios out of 19 ratios were selected based on their respective degrees of
discrimination for the paper sample set for evaluating the discrimination power of LIBS. These
ratios were: Ca I (649.38)/Na I(330.29), Ti II (336.12)/Mn II (257.61), Sr II (407.77)/Na I
(330.29), Ti II (336.12)/Sr II (407.77), and Al I (308.22)/Sr II (407.77). In the case of µXRF,
the ratios of Mn/Fe, Cl/Fe, K/Sr, Cl/Ca, Cl/K, and K/Ca were used for discrimination purposes.
The results show that it is possible to discriminate paper samples produced at the same
mills/plants at different time intervals based on their elemental composition characterized by
LIBS or µXRF.
In general, commercially available LIBS technique provided a very sensitive and rapid
technique for multi-elemental analysis and, like LA-ICP-MS, small sample sizes can be
analysed with good precision. The main drawback of this technique is the early stages of the
method, wherein the overall analytical approach must be evaluated in order to achieve the
comparable discrimination power. These approaches include the instrumental optimisation and
data analyses. Despite this disadvantage, the instrument is less expensive (compared to the
more mature µXRF, ICP-MS and LA-ICP-MS techniques), is easy to operate, high sample
throughput, can generate a large quantities of data over a short period of time, and excellent
discriminating power.
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Chapter 4 : Elemental Profiling of Writing Inks, Inkjet Inks
and Laser Toners
4.1 Introduction
The forensic analysis of inks is usually performed to establish whether or not the deposition of
ink on a document was made using a particular technology and/or at a particular point in time
(Coumbaros et al., 2009). Ink from pens can be examined visually as well as chemically. For
instance, writing made by ballpoint pen is usually quite distinguishable from other ink types
due to the ink morphology and shiny appearance when examined under a low-powered
microscope. In addition, ballpoint pens can be differentiated form one another by their ink
colour and ball size (medium, fine, or extra fine), and by ball defects that lead to uneven ink
deposition on the paper substrate (Kelly and Lindblom, 2006).
The analysis of printed document in some circumstances can require the comparison of samples
to a specific copier or printer by looking for potential individualising characteristics, including
defects on the rollers and drum, marks left on the glass scanner plate (photocopying only), and
damage to the laser source. But when individualising characteristics cannot be found or when
there is no suspect machine available for comparison, general class characteristics can be used
to help establish the brand and model of the machine used to produce the questioned document
(Saferstein, 2007).
Several techniques have been investigated over the years to determine their suitability for the
analysis of different types of ink. These techniques include optical examination, spot tests,
solubility tests, infrared spectroscopy (e.g., FTIR, DRIFTS, ATR, RA-IR, and LDA-IR),
Raman spectroscopy, and analytical separation methods (e.g., TLC, HPLC, GC-MS, and
capillary electrophoresis (CE)). Although the majority of these techniques are useful to some
extent to identify whether a document has been counterfeited or altered, the availability of a
wide range of sophisticated commercial printers and copiers — which are capable of creating
fraudulent documents of very high quality — increases the complexity of distinguishing such
documents from their originals. As a consequence, the elemental profiling of inks and toners is
seen as an important complementary method to enhance the discriminating power of the
comparisons (Brunelle and Crawford, 2003). The value of using elemental profiles relies on the
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hypothesis that, despite the technological advances in the manufacturing of writing and printing
inks, minor variation in the chemical composition of inks may remain within and between
manufacturers and batches as a results of minor differences in formulations and trace
contaminants in raw materials (Trejos et al., 2014).
A number of publications reported the elemental analysis of inks and toners using μXRF,
PIXE, particle induced gamma X-ray Emission (PIGE), ICP-based methods and, more recently,
LIBS. SEM-EDX and other related analytical methodologies have also been used to
characterize fraudulent documents, and to illustrate how their morphological and chemical
profiles could be compared to authenticate and potentially associate forensic documents with a
common source. The following section illustrates the application of these elemental profiling
methods for the examination of inks and toners, with a discussion of significant publications in
this area.
SEM-EDX is a widely used technique for the forensic analysis of toner samples (Shaffer,
2009). Brandi et al., (1997) evaluated SEM-EDX, DRIFTS and Py-GC-MS for the analysis of
photocopying toners. After reviewing previous toner extraction methods, they developed a new
way to extract toner from printed pages, referred to as the “Clamp and Furnace” technique.
This involved removing a small section of toner deposit from the document and clamping it
between two glass slides. The slides were then heated in a 200 oC furnace for 10 minutes,
followed by another 1 minute heating period with the clamps removed. Before the toner cooled,
the slides were pulled apart so that some of the toner adhered to the glass without any paper
fibres. The authors found that six elements (Ca, Cl, Cr, S, Si, Ti) were sufficient to identify the
toner samples. In addition, the spectra of mono-component and dual-component toner could be
easily distinguished due to the presence or absence of magnetic elements such as magnetite or
ferrite compounds.
Similarly, Harris (1998) reported the application of SEM-EDX and FTIR analyses on actual
casework samples at the Royal Canadian Mounted Police. The purpose of the study was to
determine if the questioned documents were produced on the claimed date of 1st May 1978.
The author used a different sampling technique rather than the method used by Brandi et al.
(1997); Harris used a scalpel blade to carefully scrap toner from the paper surface. The results
indicated that a high iron signal was observed which was consistent with a mono-component
toner. The spectra were then compared to spectra of name brand toners available in Canada in
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the late 1970s and early 1980s. The author found that the toner used to produce the questioned
document was not commercially available until late 1979.
Mazzella and Khanmy-Vital (2003) investigated various blue gel pen inks using three methods:
filtered light examination, Raman spectrometry and SEM-EDX. The results of this study
revealed that Raman spectrometry and SEM were very useful tools for the analysis of
pigmented blue gel inks, leading to the successful classification of gel pen inks into three
categories described as milky, metallic, and normal.
Capillary electrophoresis (CE) in combination with PIXE has been used to evaluate the
elemental profiling of fountain pen inks (Vogt et al., 1997) and ballpoint pen inks (Vogt et al.,
1999). In fountain pen inks, both metals (Ca, Cr, Cu, Fe, K, Zn) and non-metals (Br, Cl, I, S)
were detected. The use of the PIXE method only allowed the discrimination of 3 out of 12
samples. With the ballpoint pen inks, most of samples were characterized by the presence of
Cu, Ni, Pb and Zn, and, in some cases, Co, Cr, Fe and Ti.

It was found that PIXE

measurements were complementary to those obtained by the CE method. According to ZiebaPalus and Kunicki (2006), the combination of Raman spectroscopy, FTIR spectroscopy, and
μXRF methods was useful for the discrimination of a large number of blue and black ballpoint
inks, and a small set of gel pen inks, based on their elemental composition, including the
detection of elements such as Cu, Ca, Cr, Fe, Mn, Ni, Pb, Si and Zn. The results showed that
about 90% of the samples of the same ink type and colour could be distinguished using these
methods.
Inductively coupled plasma coupled with either mass spectrometry (ICP-MS) (Maind et al.,
2005) or optical emission spectroscopy (ICP-OES) (Maind et al., 2008) was used for the
determination of rare-earth elements that have been historically added to ballpoint inks. For
example, twenty-two different Indian blue ballpoint ink samples were analysed by dissolution
ICP-MS and NAA to determine the efficiency of mixing inorganic taggants with blue ballpoint
inks and to develop a reliable, rapid and accurate analytical method for the detection of rareearth taggant elements (La, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu) in these inks.
The determination of rare-earth elements in blue ballpoint pen ink tagged with rare-earth
thenoyltrifluoroacetonates was also assessed. The results of this study indicated that both ICPMS and NAA were very useful for the identification and quantification of taggants (rare-earth
elements) (Maind et al., 2005).
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Recently there has been considerable interest in using mass spectrometry for the analysis of ink.
This has included time-of-flight secondary ion mass spectrometry (TOF-SIMS), which has the
ability to characterize both dyes and inorganic substances in inks on documents without
extraction or complicated sample preparation. TOF-SIMS utilizes a beam of gallium ions to
eject and ionise organic and inorganic compounds and elements from the sample surface. The
resultant gas phase ions are then analysed by a high resolution time-of-flight mass analyser to
produce a mass spectrum. The first assessment of TOF-SIMS for the analysis of blue ballpoint
pens was conducted by Coumbaros et al. (2009). The results revealed that TOF-SIMS has
significant potential as a powerful tool for forensic document examiners. Similarly, Gallidabino
et al. (2011) used laser desorption ionization TOF-MS (LDI-TOF-MS) in both positive and
negative modes to classify and compare inks from 33 blue ballpoint inks analysed directly on
paper, achieving a discrimination power of 99.6% when considering unidentified compounds
and relative peak areas. In 2010, Szynkowska et al. reported the use of laser ablation
inductively coupled plasma time-of-flight mass spectrometry (LA-ICP-TOF-MS) for the
discrimination of 201 black and 23 coloured toner samples. The authors found that the most
characteristic elements of toners were Al, Bi, Cr, Cu, Hg, Mn, Pb, Si, Sr, Ta, Th, Ti, U, V, W
and Zn. In addition, the LA-ICP-TOF-MS analysis presented significant correlation between
the elemental composition (MS spectra) of toners originated from the same model of printers or
copiers, and between toners from different cartridges and their printouts, achieving
approximately 96-99% correlation when using cluster analysis and PCA methods (Szynkowska
et al., 2010).
The application of laser-based methods such as LA-ICP-MS and LIBS for the analysis of
forensic evidence has gained more interest in recent years due to their multi-elemental
detection, quantitative capabilities, and good sensitivity and selectivity. LA-ICP-MS was used
to analyse picolitre droplets (HNO3 spiked with As, Co, Fe, and Ti) delivered from an inkjet
printer onto acrylic glass. Fairly linear calibration curves were generated from the dried
picolitre drops provided, so that a matrix-matched standard could be produced (Fittschen et al.,
2008). Alamilla et al. (2013) also reported the use of LA-ICP-MS for the discrimination of blue
ballpoint inks, with no methodological calibration, using multivariate statistical methods
MANOVA, Tukey’s HSD and Hotelling’s T2 tests. The result revealed that LA-ICP-MS
provided a higher discrimination power than other conventional techniques such as visual
comparison and separation methods without performing methodological calibrations.
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The literature contains only applications of the LIBS technique for the analysis of ink, with the
majority of these studies focused only on historical and artistic prints rather than the forensic
analysis of modern documents (Oujja et al., 2005;Melessanaki et al., 2002). Only three reports
demonstrated the application of LIBS for the analysis of writing inks (Trejos et al.,
2010;Hoehse et al., 2012;Kula et al., 2014) and only one for printing ink analysis (Trejos et al.,
2014). For instance, LIBS was used with LA-ICP-MS to study the elemental composition of
inks from more than 200 pens (Trejos et al., 2010). The results of this study showed smaller
variations of elemental compositions within a single source of pen compared with variations
between different sources (i.e., brands and types). Although only a tiny amount of ink is
removed during the analysis, significant and detectable differences were observed between
black gel inks and ballpoint inks from different sources (discrimination of ~96–99% depending
on the sample set under investigation and the method applied) (Trejos et al., 2010). In another
study, (Hoehse et al., 2012) described the classification of ink samples using LIBS and Raman
spectroscopy. The number of different groups of ink was determined through the application of
multivariate analysis (i.e., PCA, soft independent modelling of class analogy, partial least
squares discriminant analysis, and support vector machine). The authors found that the
combined LIBS and Raman spectra produced better identification than those obtained with the
individual Raman or LIBS data sets. Furthermore, the discrimination potential of LIBS for the
analysis of several dozen inks (29 gel pens, 40 ballpoint pens, 6 porous point pens, 10 rollerball
pens) of different colour (black, blue and red) were examined (Kula et al., 2014). Nine elements
(Ba, Cr, Cu, Fe, Li, Mn, Mo, Ni, and W), in different combinations, were used during
comparative analysis of the ink samples. The results revealed that the LIBS method was able to
distinguish black, blue and red ink samples with a discrimination power of 82, 83 and 61%,
respectively, based only on qualitative elemental analysis.
The application of LA-ICP-MS and LIBS for the analysis of printed documents was recently
investigated by Trejos et al. (2014), who reported the characterization of toners and inkjet inks
by laser-based methods and SEM-EDX using different statistical and comparison methods (i.e.,
ANOVA with Tukey’s post hoc test and PCA). The results indicated that SEM-EDX was not
suitable for the examination of 12 black inkjet samples since elemental concentrations were
below the detection limits for the majority of elements except sulphur, providing only 47.4%
discrimination between possible comparison pairs. On the other hand, laser-based methods
were shown to provide discriminations greater than 94% for the same inkjet set with false
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exclusion and false inclusion rates lower than 4.1% and 5.7% for LA-ICP-MS and LIBS,
respectively. In addition, the discrimination of 27 black laser toner samples originating from
different manufacturing sources and/or batches by LIBS and LA-ICP-MS produced 89% and
100% discrimination, respectively.
In spite of the benefits of LIBS — being simple, fast, simultaneous multi-elemental detection
with no sample preparation (directly on paper), minimum sample destruction, and reduced
instrument cost and maintenance — it is not yet established as a routine forensic technique for
the elemental profiling of writing and printing inks. As a consequence, the purpose of this study
is to determine if LIBS should be incorporated into the analytical protocol for the examination
of printed documents. Moreover, despite significant improvements to the LIBS method, there
have not been any recent Australian studies dealing with the elemental analysis of inks and
toners using this technique. Thus, one of the objectives was to develop the LIBS method for the
analysis of black and blue ballpoint inks, which are by far the most common colours and ink
types encountered in forensic casework.
Since only one report has been recently published on the application of LIBS to the analysis of
printing inks, further scientific support is required and hence the sample sets in the current
study also contain inkjet inks and laser printer toner samples. Only black printing inks and
toners were analysed as they are by far the most commonly encountered in questioned
document examination and they are also the most difficult to differentiate by physical and
chemical properties. The development and optimisation of LIBS for the analysis of printing
inks were conducted on samples printed from different printer brands and models.
Finally, in order to evaluate the analytical performance of LIBS for the analysis of writing and
printing inks and toners, results from this method were compared with those obtained using
µXRF and LA-ICP-MS. In addition, the overall discrimination potential of each technique was
evaluated in terms of their ability to distinguish ink and toner samples from different sources.
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4.2 Experimental
4.2.1 Standards and reagents
Ten in-house matrix standards (5 black and 5 blue inks) were created to calibrate the laser
parameters before sample analyses. Single element solutions of Ba, Cu, Fe, La, Mn, Sr, Pb and
Ti at 1000 µg/mL and Al, Mg, and Na at 10.000 µg/mL (High Purity Standards, Choice
Analytical, Australia) were used to prepare stock solutions. Water soluble Montblanc black and
blue fountain ink was spiked at 6 different concentration levels of these standard solutions,
depending on the element of interest and the method of analysis (LIBS or LA-ICP-MS). An
internal standard (La) at a final concentration of 50 µg/mL was added as well.
The in-house matrix standards were prepared in two steps. First, a WhatmanTM 542 filter paper
circle (4.25 cm) was spiked with 10 µL of 50 µg/mL rhodium solution then left to dry
overnight. The second step included the addition of 10 µL of the spiked ink on the surface of
the spiked filter paper at a concentration ranging from 10 µg/mL to 7000 µg/mL, depending on
the element of interest and the applied method of analysis. Figure 4-1 presents a schematic
diagram on the preparation of the black and blue in-house matrix standards. The standards were
left to dry overnight in a clean fume hood then stored in sealed plastic bags in the dark at room
temperature to prevent any contamination or ink decomposition over the time period prior to
analysis.

Figure 4-1: Preparation of black and blue in-house matrix standards.
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4.2.2 Sample sets description
A total of 125 black and blue ballpoint pens from 13 different ballpoint pen brands were tested
in this study to determine the variation in ink composition within pens from the same package
and between pens from different packages, brands and models. All pens were purchased at
stationary stores in the Australian Capital Territory (ACT). During this study, four black and
four blue ballpoint inks from the same source were used as control samples. The ink samples
were labelled according to the first letter in their brand, for instance, Artline brand was given
the symbol A for blue ink and AB for black. A complete list of tested pens is presented in Table
4-1.
The printed samples tested in this study were supplied by Kylie Jones from the Australian
Federal Police (AFP) in Canberra. The sample set consisted of either inkjet or toner collected
from 26 different printers. This included 20 toner samples printed from 20 different laser
printers (different brand and/or model). The inkjet subset consisted of 6 ink samples printed
from three different printer brands (HP, Epson and Canon). Three duplicate samples (printed
from Brother’s cartridge printer at the same time) were also used. Information on the printer
brand, model, and type of printer as well as information on the paper brand and collection
location (state of Australia) are listed in Table 4-2.
4.2.3 Sample preparation
Minimal sample preparation was generally required for the three sample sets. For instance, the
first step in the ink collection process was to continuously write with a given new pen for 2–3
minutes on scratch paper in order to remove any possible source of contamination raised from
the pen tip, the sealant placed on the pen tip, the manufacturing process, etc. Then, the ink
samples were collected in the form of 5 parallel straight lines, applying normal hand pressure.
All ink samples were hand-drawn on (~1 cm2) Whatman filter paper 542 (for µXRF analysis)
or Australian standard white office paper (for LIBS and LA-ICP-MS analyses) and left to dry
overnight then stored in sealed plastic bags in the dark at room temperature to prevent any
contamination or ink decomposition over the time period prior to analysis.
Since the size of the sample holder for LIBS and LA-ICP-MS were ~ 10 x 15 cm and ~10 x 10
cm, respectively, it was not possible to analyse the whole document without cutting it into
smaller sub-samples. Therefore, a small section (~ 2cm2) from the document with inkjet or
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toner deposit was cut with plastic scissor and stored in sealed plastic bags. Prior to analysis, all
samples were mounted on a glass microscope slide using double-sided mounting tape, in order
to provide a completely flat surface at the same relative height, then placed on an XYZ
translation stage that allows movement of the sample to a fresh location for each analysis.
Table 4-1: List of tested ballpoint pen inks

Brand

Label
B1
BB1
B2
BB2
B3
BB3
B4
BB4
BB5
B5
B6
BB6

Bic

Model

Blue

# of pens per
package
2

Black

2

Blue

1

Black

1

Blue

2

Black

2

Blue

6

Black

2

Black

2

Blue

6

Blue

10

Black

10

Colour

Proplus
Project
For Her
Crystal easy glide
Round stick
(Med/Moy)
Round stick (M)

B7

BU3 (F)

Blue

4

BB7

Velocity

Black

2

Blue

3

Black

3

Blue

4

Black

4

Blue

1

Black

1

Blue

12

Black

12

Blue

1

Black

1

Blue

1

Black

1

Blue

1

Black

1

B8
BB8
B9
BB9
B10
BB10
B11
BB11
B12
BB12
B13
BB13
B14
BB14

Soft feel retractable
Atlantis
Reaction
Classic (F)
Click
Economy
Ecolution
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Manufacturer a

China

Japan

Mexico

Vietnam
Mexico
France

Japan

New Zealand
n/a
Mexico

Brand

Label
A1
AB1
A2
AB2

Artline

A3
AB3
A4
AB4
A5
AB5
P1
PB1
P2
PB2
P3
PB3

Pilot

PB4
P4
P5
PB5
P6
PB6
P7
PB7
PE1

Pentel

PEB1
PE2
PEB2

Simply
Brand Called
eD

Model
Smoove
Ikonic retraceable
8210
Retractable
Eco-green
RexGrip (M)
BP.S (F)
Super Grip (M)
BPS-GP-M
Bp-145-F
Bp-145-M
Dr.Grip
Impulse
Hyper G

Colour

# of pens per
package

Blue

4

Black

4

Blue

1

Black

1

Blue

1

Black

1

Blue

1

Black

1

Blue

1

Black

1

Blue

2

Black

2

Blue

1

Black

1

Blue

4

Black

4

Black

4

Blue

4

Blue

4

Black

1

Blue

4

Black

1

Blue

1

Black

1

Blue

1

Black

1

Blue

2

Black

1

SM

---

Blue

12

SMB

---

Black

12

Blue

1

Black

1

ED1
EDB1

Twistable
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Manufacturer a

China

Japan

Japan

China
China

Brand

Label
PM1
PMB1
PMB2

Inkjoy 100

Black

3

Blue

2

Black

2

Blue

5

Black

3

Blue

1

Black

1

Blue

1

Black

1

Blue

1

Black

1

PM5
PMB5
PM6
PMB6
PM7
PMB7
PM8

Inkjoy 300 RT
Kilometrico
Biodegradable
Breeze Elite
Profile

Blue

1

PMB8

FlexGrip ultra
(M)

Black

1

PMB9

Inkjoy 700

Black

2

Blue

12

Black

12

Blue

12

Black

12

Blue

12

Black

12

Black

1

Blue

2

Black

1

Blue

4

Black

4

Blue

4

Black

4

Blue

3

Black

3

St1
StB1
St2
StB2
St3
StB3
PhB1
U1
UB1
U2
UB2
J1
J. Burrows

12
5

PMB4

Uniball

Black
Blue

PM4

Philosophy

Eagle (M)
Inkjoy

PMB3

Staples

Blue

# of pens per
package
12

Colour

PM2
PM3

Paper Mate

Model

JB1
J2
JB2

Stick pen
Recycled
Green RTC
--Laknock
Power Tank
RT
Ballpoint 1.0
(M)
Retractable
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Manufacturer a

India

China
Malaysia

China

Korea
Mexico
China
India

China

China

Japan

China

Brand

Label
S1
SB1
S2
SB2
S3

Staedtler

SB3
S4
SB4
S5
SB5
S6
SB6

Model
Stick 430 (F)
422 G
Triplus 426 (M)
Triplus ball (M)
Stick 430 (M)
Ball 432 (M)

Colour

# of pens per
package

Blue

10 x 5 box

Black

10 x 5 box

Blue

1

Black

1

Blue

1

Black

1

Blue

1

Black

1

Blue

2

Black

2

Blue

2

Black

2

a

Manufacturer
a

Germany
Nepal

Germany

The manufacturer details correspond to the information found on the external packaging and therefore will refer to

the country of pen assembly and not necessarily the country where the ink was manufactured.
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Table 4-2: Description of printed samples

ID

Printer
manuf.

Model

Printer
type

Paper brand

Paper
origin

Collected
from

1

Brother

MFC 7340

Laser

unknown

unknown

QLD

2

Kyocer

KM 2050

Laser

Office National

unknown

QLD

3

Canon

MX 870

Inkjet

Australian

Australia

QLD

4

Canon

MX 340

Inkjet

Reflex

Australia

QLD

5

Fuji Xerox

DocuPrint 240A

Laser

Australian

Australia

NSW

6

Fuji Xerox

DocuCentre 336

Laser

Australian

Australia

NSW

7

Fuji Xerox

Apeos Port II
C4300

Laser

Staples Carbon
Neutral

Australia

ACT

8

Lexmark

T644

Laser

Staples

Australia

QLD

9

HP

Business Inkjet
2800

Inkjet

Staples

Australia

QLD

10

Ricoh

Aficio 2060

Laser

Staples Carbon
Neutral

Australia

SA

11

Ricoh

Aficio SP C420DN

Laser

Staples Carbon
Neutral

Australia

SA

12

Ricoh

Aficio 2060

Laser

Corporate
Express

Australia

SA

13

HP

2605

Laser

Staples

Australia

SA

14

Ricoh

Aficio SP C420DN

Laser

Staples

Australia

SA

15

Ricoh

Aficio MP C2000

Laser

Staples

Australia

SA

16

HP

Deskjet 5652

Inkjet

Reflex

Australia

SA

17

Ricoh

Aficio MP 3350

Laser

Reflex

Australia

SA

18

Ricoh

Aficio 2075

Laser

Staples

Australia

SA

19

Ricoh

Aficio 2060

Laser

Reflex

Australia

SA

20

Lexmark

E450dn

Laser

Reflex

Australia

NZ

21

Konica
Minolta

Bizhub C280

Laser

Reflex

Australia

NZ

22

Epson

Stylus Photo R2400

Inkjet

Reflex

Australia

NZ

23

Konica
Minolta

Bizhub C280

Laser

EXPGreen 50R

Australia

NZ

24

Epson

Stylus Photo R2400

Inkjet

EXPGreen 50R

Australia

NZ

25

Fuji Xerox

Apeos Port 5070

Laser

Staples

Australia

NSW

26

Fuji Xerox

Docucentre 336

Laser

Staples

Australia

NSW

151

4.2.4 Instrumentation
4.2.4.1 Laser-induced breakdown spectroscopy (LIBS)
The operating conditions specified below were selected based on many attempts towards
developing and optimising a method to achieve reasonable signal intensity for the elements of
interest in the ink and toner samples and a low signal intensity for the elements originating
from paper.
The LIBS sample chamber was purged with argon gas for 60 seconds prior to ablation to
remove air and to enhance spectral intensity. During each LIBS acquisition, the laser was fired
with an applied energy of 170 mJ per pulse at one spot. Data was collected using the line mode
with a sampling area of 300 µm x 2800 µm. A line mode was utilized instead of spot analysis,
as performed for glass analyses, in order to reduce the amount of paper ablated and hence to
achieve a more representative sampling area of ink and toner. Only one laser pulse was
delivered at each point in this line, with a total of 8 spectra accumulated at a frequency of 3.33
Hz and a detector delay of 2.6 μs. These spectra were averaged to give a single average
spectrum. After each average spectrum was acquired, the sample was rotated to a new position
for a total of three replicate analyses per sample. Data acquisition and preliminary data analyses
were performed using Ocean Optics AddLIBS software version 2.2, Microsoft Excel 2010 and
IBM SPSS Statistics 21.
4.2.4.2 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
For the LA-ICP-MS analyses, the laser was operated with an applied energy density at the
sample surface of 1.7 J/cm2 by demagnifying (20x) the image of an illuminated aperture onto
the sample to produce a circular ablation spot size of 160 μm diameter. The laser spot was
scanned across the sample at a rate of 50 μm per second. Line scan mode was utilized to
achieve a more representative sampling area of ink and toner at a repetition rate of 5 Hz. Laser
ablation sampling was done under a helium atmosphere with a flow rate of 500 cm3 per minute
through the sampling cell. This was combined with approximately 1.2 L per minute of argon
(added after the cell) and introduced as the sample gas flow into the plasma of a Varian 820
ICP-MS operating at 1300 Watts. The integration time on each of the measured isotopes was
20 ms for each measurement cycle (one measurement step through all the isotopes). Some of
the higher concentration elements were measured with a lower detector sensitivity in order to
avoid oversaturation of the detector and thereby ensure a usable measurement. The NIST 612
152

glass standard, which has elemental concentrations of ~ 40 ppm for various elements, and NIST
610 glass were used to control laser tuning. Five in-house matrix standards were used as
calibration verification samples. Data reduction and statistical analyses were performed using
MATLAB 2012 software, Microsoft Excel 2010 and IBM SPSS Statistics 21.
4.2.4.3 Micro-X-ray fluorescence (μXRF)
The Kevex Omicron instrument was operated with 30kV excitation potential and a beam
current of 1.5 mA and 42–50% dead time. Other instrumental parameters for the μXRF
included a 300 μm diameter beam collimator and 1000 second of live count time. All μXRF
analyses were conducted under vacuum conditions. Data generated from the ink and toner
samples were subjected to an Automated Standardless Analysis Protocol (ASAP) to determine
relative elemental compositions by calculating the K alpha peak intensities for each of the
elements of interest followed by background subtraction utilizing a peak deconvolution
method. Each ink and toner sample was analysed three times at different positions on the
sample surface. Data reduction and statistical analyses were performed using Microsoft Excel
2010 and IBM SPSS Statistics 21.

4.3 Results and discussion
4.3.1 Laser-induced breakdown spectroscopy (LIBS)
4.3.1.1 Optimisation of LIBS conditions
The development and optimisation of a LIBS method for the analysis of ballpoint inks, printing
inks and toners was first conducted to provide high precision and repeatability between
experiments as well as to minimise the contribution of the paper signal to the ink spectrum. The
optimisation was conducted on the ink standards, ballpoint ink, inkjet ink and toner sample sets.
At least five different writing and printing ink samples were selected from each sample set. The
optimisation parameters studied included laser energy, number of laser shots, spot size, and an
elemental menu for sample characterization.
The analysis of ink on paper is more challenging than the analysis of paper, because ink is
absorbed to some extent into the fibres of the paper and is therefore practically impossible to
isolate from the substrate. Thus, the influence of laser output was tested at the beginning of the
experiment on the prepared in-house matrix standards to provide the optimum conditions for
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ink removal from the paper. In a previous study, the effect of LA-ICP-MS laser output on the
amount of ink ablated was conducted using MontBlanc fountain pen ink (spiked with La)
deposited on Whatman filter paper 42 (spiked with Rh) (Naes, 2009). The author selected these
two elements because Rh and La were not detected in the ink and paper samples, respectively.
It is unlikely that filter paper will be a substrate for ink or toner samples in forensic document
examination. In addition, the degree of ink absorption into the filter paper was observed to be
significantly greater than ink absorption in paper sources typically found in forensic casework
(i.e., copy paper or multi-purpose paper). Therefore, the effect of laser output was also
examined on paper source commonly encountered in casework. In this study, the fountain ink
(spiked with La) was applied to standard white office paper (spiked with Rh) rather than
Whatman filter paper 542. An illustration of the ratio plot of La (ink ablated) to Rh (paper
ablated) for five consecutive replicates at different laser output and the corresponding relative
standard deviations can be found in Figures 4-2 and 4-3. As depicted in these figures, the ink to
paper ratio (La/Rh ratio) is at a maximum at 60% laser power. However, the precision between
replicates was poor (> 46 %RSD) at this energy. Since the precision is an important factor in a
forensic context, a laser output of 85% (~ 170 mJ) was found to provide the best balance
between ink or toner removal (represented by peak area intensity) and reproducibility.
The effect of spot size on shot-to-shot reproducibility was tested. It was found that, as the spot
size increased, more ink material was removed and hence more precise data was achieved. As
minimum destruction of the substrate is desirable for ink and toner analysis, and as some pen
models result in very fine ink depositions on the paper substrate, a spot size of 300 µm was
selected as was the case for the office paper analyses.
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Figure 4-2: The net peak area ratio of the respective signals for the ink and paper (La/Rh) at
different laser outputs.
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Figure 4-3: The variation of percent relative standard deviation for the net peak areas obtained
for five replicates for the ratio La/Rh measured at different laser outputs.

155

The influence of the number of laser shots required to obtain maximum ink removal from the
paper was examined. Figure 4-4 illustrates the variation of the net peak area of La/Rh versus
the number of laser shots (one laser shots per spot) along one line on the sample surface. It can
be seen that the La/Rh ratio gradually decreased with an increase in the number of laser shots,
meaning that more paper is being removed. As a result, only one laser shot was applied to
achieve ink removal without ablating through the document.
From the above discussions, it can be seen that the approach followed for the optimisation of
LIBS for the analysis of inks and toners was very similar to the one previously discussed in
Chapter 3 for the analysis of office paper. The main difference found in terms of optimisation
was the number of laser shots. This difference was a result of attempting to minimise the
contribution of the paper signal to the ink spectrum.
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Figure 4-4: Net peak area variation for ratio La/Rh with the number of repeated laser shots on
the same line.
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As mentioned before, it was practically impossible to isolate ink from the paper substrate
without removing some of the paper constituents. Accordingly, the influence of the paper on
the spectra was kept constant during the measurements by the deposition of all writing ink
samples on the same sheet of office paper for the laser-based methods (i.e., LIBS and LA-ICPMS) and by using Whatman filter paper for the µXRF analysis as a means of eliminating as
many variables as possible. In the µXRF analyses, the depth of X-ray penetration is not easily
controlled and hence it may affect the results (Zieba-Palus and Kunicki, 2006;Zieba-Palus et
al., 2008); therefore, Whatman filter paper 542, which has a low elemental background signal,
was used to minimise the contribution of the paper to the measured data.
4.3.1.2 Calibration curves
Due to the lack of ink or toner matrix-matched reference materials and well-established
external calibration standards, ten in-house matrix standards were prepared for optimisation of
the laser parameters (which are dependent on the matrix type). Water soluble Montblanc black
and blue fountain ink spiked with Al, Ba, Cu, Fe, La, Mg, Mn, La, Na, Sr, Pb and Ti standard
solutions ranging from 15 to 7000 µg/mL, depending on the element of interest, was used for
the preparation of these standards. The calibration curves were then constructed using
Microsoft Excel 2010 based on a regression analysis of the known concentrations for each
element of interest versus the measured net line intensity. For instance, Figure 4-5 shows the
calibration curves obtained by LIBS analysis of the ink standards spiked with Cu, Mg and Ti,
respectively. Each point in the calibration curve is from an average of five replicates for each of
the standard materials. The vertical error bars represented ±1 standard deviation calculated
from the five replicates for each standard. As seen in Figure 4-5, good linear response was
observed over the concentration ranges selected for the five standard materials, with R2 values
greater than 0.991 for the indicated emission lines.
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Figure 4-5: Calibration curves for Cu I (327.36 nm), Mg I (285.21 nm), and Ti II (336.12 nm)
from the LIBS measurements conducted on the blue in-house ink standards.
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4.3.1.3 Discrimination Study
The discrimination approach used in the present study for the analysis of inks and toners was
similar to the one previously discussed in Chapter 3 for the analysis of office paper. This
approach involved: (a) the use of principle component analysis (PCA) as a way to reduce the
large number of variables derived from the elemental analysis by LIBS to determine whether
there is grouping of the ink sources by brand and/or models or not; (b) the use of a 3-sigma
criterion (mean value of all the sample replicates ± three times the standard deviation) for
comparison of the selected ratios; and (c) the application of multivariate analysis (i.e., ANOVA
followed by Tukey’s HSD test at the 95% confidence limit) to the pairs found indistinguishable
by the 3-sigma rule. Then, the overall discrimination was calculated by a combination of all
elemental ratios.
4.3.1.4 Evaluation of the discrimination capabilities of LIBS for the analysis of ballpoint
inks
The initial element list was proposed by first looking through the literature which detailed the
elemental analysis of different types of ink by LIBS (Trejos et al., 2010;Hoehse et al., 2012).
The list of elements arising from those reports included all possible elements that could be
detected by LIBS such as Al, Ba, Ca, Cu, Cr, Fe, K, Li, Mg, Mn, Mo, Na, Ni, Si, Ti and W. In
the current study, nine elements, Ba, Cr, Fe, K, Li, Mn, Mo, Ni and W, were rejected from the
element menu due to poor precision (> 25%), non-variability across the sample set, or because
these elements were at concentrations below the limits of detection. The remaining seven
elements were Al, Ca, Cu, Mg, Na, Si and Ti. The peak area of one emission line per element
for the seven elements was utilized for further data analysis to avoid repetition. The emission
lines used in this study were as follows: Al I (308.22 nm), Ca I (643.91 nm), Cu I (327.36 nm),
Mg I (285.21 nm), Na I (819.48 nm), Si I (288.21 nm) and Ti II (336.12 nm). Nevertheless, at
least two to four different emission lines were monitored qualitatively to confirm the presence
of each element. The seven emission peak areas were then ratioed to each other to produce 21
possible peak ratios with none of the ratios being repeated. Ten out of the 21 ratios were
selected based on their relevant degrees of discrimination across the ballpoint ink sample sets
as well as a low percentage of Type I and Type II errors (false exclusions (H0 ≠ HA) and false
inclusions (H0 = HA), respectively). The precision across the blue sample set, as an example, for
the selected emission peak area ratios is indicated in Figure 4-6.
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Figure 4-6: Precision results across the blue ballpoint sample set by LIBS.
The assessment of the variation in elemental composition across the ballpoint ink samples
originating from different sources (i.e., discrimination within and/or between packages, models
and brands) was performed for both the black and blue inks. Firstly, the variation in elemental
composition of inks taken from the same package and between packages of the same model and
brand was evaluated. The examination was conducted with the use of three pens per box for
five different boxes of Staedtler Stick 430 (F) and by comparing the average of three replicates
per pen. In addition to samples from different boxes, 4 samples were included in the sequence
as unknown duplicates; these duplicates were from the same pen. Figure 4-7 presented the
principle component results for black Staedtler Stick 430 (F) ballpoint pen inks originated from
five boxes as well as duplicate samples. The results revealed that no significant differences
were observed between pens originating from the same box; on the other hand, significant
differences were found between boxes of the same brand and model, indicating batch-to-batch
variations. Furthermore, as depicted in Figure 4-7, all unknowns were correctly associated to
their duplicate sample, providing 0% false exclusion. As a consequence of this study, a single
pen of each model was taken for further investigation.
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Figure 4-7: PCA results of black ballpoint pen ink originating from the same package and
between packages of the same brand and model (i.e., Staedtler Stick 430 (F)).
The study of variability in elemental composition within a brand (i.e., between models) was
also conducted by selecting one pen per model for four different brands (e.g., Artline, Bic, Pilot
and Paper Mate) and comparing three replicates per pen for each model. Figure 4-8 shows the
principle component plots for these four brands. The results show that PCA generally provides
good discrimination between models within a brand. It is seen that some ink models within a
brand display small variations, and others show more variations. In addition, the models from
the Bic brand, such as Project and Round stick, Reaction, Velocity and For Her, are overlapped
with each other due to similarities in their elemental composition.
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Figure 4-8: PCA results of black ballpoint pen inks originated from four brands and different models (e.g., Artline, Bic, Pilot and Paper Mate).
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As part of the evaluation study, the discrimination and identification capabilities of LIBS were
tested for the analysis of the ballpoint inks — 55 and 54 black and blue ballpoint pens,
respectively (listed in Table 1) — originating from 13 different brands. The study of the
variability in elemental composition across all black and blue samples was conducted by
selecting one pen from each model for all brands. Each sample was analysed three times at
different locations on the ink deposit. Figure 4-9 provides an illustration of the PCA results
across the thirteen black ballpoint brands as well as twelve blue ballpoint ink brands for the ten
peak area ratios used for discrimination purpose. As depicted in Figure 4-9, some brands such
as Pilot, Uniball, Staedtler, Brand Called eD, OfficeMax, Pental and Philosophy are well
separated and can be distinguished from each other. While, on the other hand, some models of
Bic and Staples are overlapped with the remaining brands.

Figure 4-9: Results from principal component analysis (PCA) on the LIBS data for: (a) 55
black ballpoint ink brands; and (b) 54 blue ballpoint ink brands.
The application of the 3-sigma criterion and the analysis of variance (ANOVA) followed by
Tukey's test at the 95% confidence limit to the overall sample sets of black and blue ballpoint
inks yielded ten indistinguishable pairs out of a possible 1485 comparisons (99.3%
discrimination) for the black pens, and three indistinguishable pairs out of 1431 possible pairs
(99.79% discrimination) for the blue inks. A summary of the discrimination results by ratio, in
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terms of indistinguishable pairs and percent discrimination, is provided in Table 4-3. The ten
indistinguishable black ballpoint ink pairs found by these combinations were all explainable,
meaning that they originated from the same brand. For instance, there are seven of these ten
pairs, (#BB1 and BB5, #BB4 and BB5, #BB3 and BB7, #BB3 and BB10, #BB6 and BB12,
#BB7 and BB10, and #BB7 and BB13) came from the Bic brand (with some of these from the
same model pen), while the remaining three pairs originated from Paper Mate (#PMB1 and
PMB3, #PMB4 and PMB9) and Staedtler (#SB1 and SB5). The Staedtler pair originated from
the same model, with the only difference that SB1 has a fine tip while SB5 has a medium tip.
On the other hand, two of the blue pairs that were not discriminated by LIBS originated from
different brands (i.e., #P3 and S6, and #PM5 and St1).
Table 4-3: The discrimination results for the peak area ratios utilized for the analysis of
ballpoint inks by LIBS
Black ballpoint ink
Ratio

Blue ballpoint ink
# pairs

Ratio

# pairs

Cu I (327.36)/Al I (308.22)

379 (74.5)

Cu I (327.36)/Al I (308.22)

269 (81.2)

Cu I (327.36)/Ti II (336.12)

322 (78.3)

Cu I (327.36)/Ti II (336.12)

383 (73.2)

Na I (819.48)/Cu I (327.36)

866 (41.7)

Na I (819.48)/Cu I (327.36)

401 (72.0)

Si I (288.21)/Cu I (327.36)

890 (40.1)

Cu I (327.36)/K I (766.49)

519 (63.7)

Mg I (285.21)/Cu I (327.36)

908 (38.9)

Mg I (285.21)/Cu I (327.36)

377 (73.7)

Ca I (643.91)/Cu I (327.36)

1022 (31.2)

Ca I (643.91)/Cu I (327.36)

264 (81.6)

Ca I (643.91)/Si I (288.21)

1103 (25.7)

Ca I (643.91)/Si I (288.21)

640 (55.3)

Ti II (336.12)/Ca I (643.91)

1123 (24.4)

Ca I (643.91)/Al I (308.22)

670 (53.2)

Ti II (336.12)/Na I (819.48)

1214 (18.2)

Ti II (336.12)/Na I (819.48)

1049 (26.7)

Na I (819.48)/Al I (308.22)

1271 (14.4)

Na I (819.48)/Al I (308.22)

1020 (28.7)

All ratios combined

47 (96.8)

9 (99.4)

ANOVA &Tukey’s test

10 (99.3)

3 (99.8)

0.7%

0.2%

%False inclusion (1-%DP)
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4.3.1.5 Evaluation of the discrimination capabilities of LIBS for the analysis of inkjet
inks and laser printer toners
There are significant differences between ballpoint inks, inkjet inks and laser printer toners in
terms of their elemental composition and the physical interaction of the ink of toner with the
paper substrate. Accordingly, the element menus are different. The process of selecting the
elemental menu for inkjet inks and toners initially began by looking through the spectra of the
sample set and identifying which elements (emission lines) were present in the ink or toner and
not found on the paper substrate. For example, there were six elements in sample 11 that could
be used to distinguish between the toner spectrum and that of the paper substrate (as indicated
in Figure 4-10). Eleven emission lines were initially selected for the toner sample set analysed
by LIBS based on their occurrence in all samples: Mg I (285.21 nm), Si I (288.21 nm), Rh I
(332.3 nm), Hf II (325.37 nm), Ti I (498.17 nm), Sr II (460.73 nm), Cr I (520.84 nm), Ca I
(643.91 nm), Cu I (327.36 nm), V I (440.82 nm) and Pd I (324.27 nm). Two elements, V and
Pd, were rejected from the element menu because of their poor precision (> 20 %RSD). The
remaining nine emission peak areas were then ratioed to each other in order to produce 36
possible peak ratios, with none of the ratios repeated. From these 36 peak ratios, there were 10
ratios selected for further data analysis according to their degree of discrimination as well as
verification via analysis of the duplicate samples. For the inkjet ink samples, only six of the
emission lines indicated above for the elements Si, Sr, Ca, Cu, Mg and Cr, were used to
produce 10 possible peak area ratios. From these ratios, there were four ratios selected for
discrimination purposes and these are presented in Table 4-4.
Similar to the LIBS measurements for the ballpoint inks, PCA was also applied to classify the
26 printed samples based on their brands and models. For the inkjet inks and toners, the first
two components accounted for 99.5% of the variation in the data. Figure 4-11 illustrates the
principle component plots for the sample set. The PCA analyses indicated that most toners and
inkjet inks from different printer brands and/or models had a differentiable elemental profile by
LIBS; meaning that PCA was an effective method to visualise differences, providing a good
discrimination across brands and models.
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Figure 4-10: The LIBS spectra for a toner sample and its corresponding paper substrate.

Figure 4-11: Results from PCA analysis of the LIBS data, showing differentiation of inkjet inks
and toner samples from different printer brands.
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The application of the 3-sigma criterion yielded 5 indistinguishable pairs (97.4%discrimination)
for the toner sample set and only one indistinguishable pair out of 15 possible pairs for the
inkjet ink samples (93.3% discrimination). A summary of the discrimination results by element
ratio, in terms of indistinguishable pairs and percent discrimination, is provided in Table 4-4.
All indistinguishable pairs were then subjected to an analysis of variance (ANOVA followed
by Tukey’s HSD test at the 95% confidence limit). The application of multivariate analysis to
the remaining 5 toner pairs yielded 3 indistinguishable pairs (#11 and 14, #12 and 19, and #18
and 19) out of a possible 190 comparisons (98.4% discrimination) and 100% discrimination for
the inkjet inks. Significantly, the three indistinguishable toner pairs after application of the
LIBS method originated from the same printer brand and model (see Table 4-1). It is also
noteworthy to mention that the selected ratios have the potential to differentiate between
samples printed on the same paper source as well as find the similarities between samples
printed on different paper brands (i.e., #11 and 14, and # 12 and 19, respectively), meaning that
the contribution of the paper signal to the ink or toner spectrum was minimised to an extent that
avoided any significantly adverse effect on the results.
It is interesting to highlight that the determined discrimination power for the LIBS technique
was certainly comparable to, if not better than, those reported by Kula et al., (2014), Trejos et
al., (2010) and Trejos et al., (2014). For example, Trejos et al. successfully discriminated ink
and toner samples with a discrimination power of 99.1% for black ballpoint inks (Trejos et al.,
2010), 88.7% for laser printer toners and 94.3% for inkjet ink samples (Trejos et al., 2014),
using PCA and analysis of variance (ANOVA) with Tukey’s HSD test at the 95% confidence
limit. Furthermore, 61–83% discrimination power was achieved when LIBS was utilized for
the analysis of 40 black, blue and red ballpoint inks based only on qualitative elemental
analysis.
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Table 4-4: The discrimination results for the peak area ratios utilized for the analysis of
ballpoint inks by LIBS
Inkjet samples
Ratio

Toner samples
# 15 pairs

# 190
pairs

Ratio

Sr II (460.73)/ Ca I (643.91)

7 (53.3)

Hf II (325.37)/Ca I (643.91)

91 (52.1)

Mg I (285.21)/Cr I (520.84)

10 (33.3)

Rh I (332.3)/Ca I (643.91)

82 (56.8)

Ca I (643.91)/Cu I (327.36)

10 (33.3)

Hf II (325.37)/Cu I (327.36)

67 (64.7)

Si I (288.21)/Cu I (327.36)

11 (26.7)

Si II (288.21)/Ti I (498.17)

72 (62.1)

Mg I (285.21)/Rh I (332.3)

75 (60.5)

Rh I (332.3)/Cu I (327.36)

90 (52.6)

Mg I 285.21/Si I (288.21)

115 (39.5)

Mg I (285.21)/Hf II (325.37)

73 (61.1)

Mg I (285.21)/Sr II (460.73)

122 (35.8)

Mg I (285.21)/Cr I (520.84)

81 (57.4)

All ratios combined

1 (93.3)

5 (97.4)

ANOVA &Tukey’s test

0 (100)

3 (98.4)

0%

1.6%

%False inclusion (1-%DP)
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4.3.2 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
The LA-ICP-MS method was first optimised. Reference standard materials NIST 612 (glass
standard), which has elemental concentrations of ~ 40 ppm for various elements, and NIST 610
(also a glass standard) were used to control laser tuning during the analytical sequence. The
calibration curves were prepared as previously discussed for LIBS analyses. Nevertheless, as a
consequence of the differences in sensitivities between the laser-based methods, the spiked
concentration levels were reduced for the LA-ICP-MS analysis according to its limits of
detection. The final concentration of these in-house matrix standards ranged from 10 to 100
ppm. Figure 4-12 represents calibration curves produced from the associated LA-ICP-MS data.
Each point in the calibration curve is from an average of five replicates for each of the in-house
standards. The vertical error bars represented ± one standard deviation calculated from the five
replicates for each reference material.
4.3.2.1 Evaluation of the discrimination capabilities of LA-ICP-MS for the analysis of
ballpoint inks
The analyte isotope menu used for this study was selected based on analyte presence,
detectability, and minimum isobaric interference in all sample sets. The initial elemental menu
measured for ballpoint inks was as follows: 7Li, 23Na, 24Mg, 27Al, 29Si, 31P, 39K, 44Ca, 47Ti, 51V,
53

Cr,

55

Mn,

57

Fe, 59Co, 60Ni,

65

Cu,

66

85

Zn,

Rb,

86

Sr,

88

Sr,

89

Y,

90

Zr,

137

Ba,

138

Ba,

139

La,

140

Ce,

208

Pb, 232Th, and 238U. From the 29 analyte isotopes, 12 isotopes (i.e., 7Li, 24Mg, 29Si, 31P, 47Ti,

51

V, 55Mn, 57Fe, 59Co, 65Cu, 66Zn, and

208

Pb) were selected to conduct sample analyses due to

their discriminatory potential. The net intensities of the elements of interest were then ratioed to
each other, which improved the precision of the sample replicates (as discussed before in
Chapter 2 for the elemental analysis of glass by LA-ICP-MS). Sixty six possible
element/isotope ratios were computed using Microsoft Excel; twelve of these ratios were
selected for discrimination purposes based on their relevant degrees of discrimination for the
ballpoint ink sample sets. Table 4-5 provides a summary of the discrimination results by
element/isotope ratios for black and blue ballpoint inks, in terms of indistinguishable pairs and
percent discrimination.
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Figure 4-12: Calibration curves constructed by LA-ICP-MS for black in-house matrix standards
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Table 4-5: LA-ICP-MS discrimination results for the element/isotope ratios utilized for the analysis of the ballpoint ink and printed sample sets
Ballpoint ink

Printed samples

Ratio

Blue Ink
#1431 pairs

Black ink
#1485 pairs

Ratio

Toners
#190 pairs

Ratios

Inkjets
# 15 pairs

Li/V

284 (80.2)

527 (63.2)

Al/Si

73 (61.6)

Cu/Ba

2 (86.7)

Li/Pb

395 (72.4)

581 (59.4)

Al/Mn

51 (73.2)

Ni/Cu

6 (60)

Mg/V

403 (71.8)

549 (61.6)

Al/V

69 (63.7)

Mn/Ba

4 (73.3)

Si/V

294 (79.5)

444 (69)

Ti/Cr

63 (66.8)

Fe/Ba

6 (60)

P/Zn

269 (81.2)

702 (50.9)

V/Y

41 (78.4)

V/Pb

221 (84.6)

272 (81)

Fe/Sn

87 (54.2)

Mn/Pb

423 (70.4)

456 (68.1)

Cr/Sb

130 (31.6)

Fe/Pb

490 (65.8)

627 (56.2)

Co/Cu

339 (76.3)

422 (70.5)

Cu/Zn

284 (80.2)

636 (55.6)

Cu/Pb

250 (82.5)

263 (81.6)

Li/Ni

----

727 (51)

All ratios

3(99.8)

26 (98.2)

3 (98.4)

0 (100)

ANOVA &Tukey’s test

0 (100)

8 (99.5)

0 (100)

0 (100)

%False inclusion (1- %DP)

0%

0.5%

0%

0%
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The study of variability in elemental composition between brands and/or models was also
conducted using PCA, pairwise comparison, and multivariate analysis (i.e., ANOVA and
Tukey test at 95% confidence limit). Figure 4-13 presents the PCA results for both writing ink
subsets by LA-ICP-MS. As seen in Figure 4-13, PCA has the potential to discriminate between
samples originated from the same brand with the exception of the Bic brand, as some of its
models overlap with each other, making them cluster in one group due to similarities in their
elemental composition.

Figure 4-13: PCA results for writing ink subsets by LA-ICP-MS: (a) 13 black ballpoint ink
brands; and (b) 12 blue ballpoint ink brands.
When the 3-sigma criterion was applied to the LA-ICP-MS data for the black and blue
ballpoint ink sample sets, 26 and 3 pairs, respectively, were found indistinguishable, providing
discrimination powers greater than 98.2%. All indistinguishable pairs were then subjected to an
analysis of variance (ANOVA) followed by Tukey's HSD test at the 95% confidence limit as
was the case with the LIBS data. The combination of pairwise comparison and multivariate
analysis for the discrimination of indistinguishable pairs yielded eight indistinguishable pairs
out of a possible 1485 for black inks (99.5% discrimination) and achieved 100% discrimination
for blue inks. The list of indistinguishable pairs of black ballpoint inks obtained by LA-ICP-MS
can be found in Table 4-6. Notably, five of these eight pairs were the same as five of the ten
pairs found indistinguishable by LIBS.
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Table 4-6: List of indistinguishable pairs obtained from LA-ICP-MS after application of
multivariate analysis at the 95% confidence limit
No. Sample Pairs not discriminated No. Sample Pairs not discriminated
1

BB3

BB10

5

BB7

BB13

2

BB4

BB5

6

BB11

BB12

3

BB5

BB9

7

SB1

SB5

4

BB6

BB12

8

PEB1

PM8

4.3.2.2 Evaluation of the discrimination capabilities of LA-ICP-MS for the analysis of
inkjet inks and toners
For both the toner and inkjet samples, the analyte isotopes menu is different to those measured
for ballpoint inks due to the significant differences in their elemental composition.

For

instance, eight elements, 13C, 69Ga, 93Nb, 103Rh, 118Sn, 121Sb, 147Pm and180Hf, were added to the
list of ballpoint inks and eight elements were removed 7Li, 23Na, 39K, 59Co, 85Rb, 90Zr,
and

232

Th,

238

U . Consequently, the initial element/isotope menu measured for inkjet inks and toners

consisted of the following:

13

C,

24

Mg,

27

Al,

29

Si,

65

31

Cu, 66Zn, 69Ga, 88Sr, 89Y, 93Nb, 103Rh, 118Sn, 121Sb,

44

P,

Ca,

137

Ba,

47

Ti,

139

La,

51

V,

53

Cr,

55

Mn,

57

Fe, 60Ni,

140

Ce, 147Pm 180Hf and 208Pb.

From this list, ten elements for the toner samples and five elements for the inkjet ink samples
were selected based on their occurrence above the detection limits in all samples and the
precision between their replicates (< 15%). Again, the element/isotope ratios were computed
according to the formula n(n−1)/2, where n is the number of elements/isotopes measured to
yield a possible 45 ratios for the toner samples and 10 ratios for the inkjet ink set. After
elimination of ratios that caused false exclusion for the duplicate samples, seven ratios (Al/Si,
Al/Mn, Al/V, Ti/Cr, V/Y, Fe/Sn, Cr/Sb) were selected for discrimination purposes for the
toners, whereas four ratios (Ni/Cu, Fe/Ba, Mn/Ba, Cu/Ba) were chosen for the inkjet samples.
These are illustrated in Table 4-5. The selection of ratios was based on their relative degree of
discrimination for the sample sets.
The discrimination across the inkjet inks and toner samples was carried out individually for
each ratio using the same method that was applied for LIBS [3-sigma rule and multivariate
analysis (ANOVA followed by Tukey’s HSD test at 95% confidence limit)]. The overall
discrimination was then calculated by a combination of ratios. PCA was also used to classify
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samples based on their brand and/or model. Figure 4-14 illustrates the PCA results for the
printed document sample sets.
The LA-ICP-MS analyses resulted in 3 indistinguishable pairs out of a possible 190 pairs
(98.4% discrimination) for the toner samples. Then, the three indistinguishable pairs were
subjected to ANOVA followed by Tukey's HSD test at the 95% confidence limit. The
combination of pairwise comparison and multivariate analysis for the discrimination of
indistinguishable pairs was successful in differentiating all samples, thereby resulting in a
discrimination power of 100%. In the case of the inkjet samples, 100% discrimination was
achieved from the first step (3-sigma rule), as was the case with LIBS. While LA-ICP-MS had
a slightly better discrimination power as a result of its ability to detect a larger number of
elements at lower concentrations, the results were closely correlated to those obtained by LIBS.

Figure 4-14: PCA results for inkjet inks and toner samples by LA-ICP-MS.
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4.3.3 Micro X-ray fluorescence (μXRF)
4.3.3.1 Evaluation of the discrimination capabilities of μXRF for the analysis of
ballpoint inks
For the μXRF analyses, all ballpoint ink samples were collected on Whatman filter paper rather
than office paper as was the case with the laser-based analytical method. The reason for using
filter paper was that the depth of X-ray penetration could not be easily controlled during the
analysis — something that might adversely affect the results. Subsequently, the contribution of
the paper signal to the ink spectrum cannot be easily accounted for (Zieba-Palus and Kunicki,
2006;Zieba-Palus et al., 2008). Three replicate analyses were performed on each ink sample
with a sampling target area defined by the 300 µm diameter X-ray beam.
The µXRF element menu was selected based on the detection limits for elements with atomic
numbers greater than 10. For the analysis of black and blue ballpoint inks by μXRF, the
following elements were detected: S, K, Ca, Ti, Cu, Mn, Fe, Sr, and Zr. As discussed in
Chapter 2 and Chapter 3, the best results for μXRF were achieved by evaluation of elemental
ratios rather than by the absolute concentrations or intensities in order to overcome any
instrumental drift during the measurements as well as to improve precision between replicates.
Therefore, the nine elements were ratioed to each other in order to produce 36 possible element
ratios with none of the ratios being repeated. The duplicate samples were measured during the
analytical sequence to eliminate ratios that resulted in Type I errors (false exclusion) using
ANOVA and Tukey’s HSD test at the 99.97% confidence limit (i.e., the ratio was rejected if
the p-value was greater than 0.0003). From these 36 element ratios, nine and ten ratios were
selected for discrimination purposes for the black and blue ballpoint inks, respectively. Table 47 summarises the results obtained for the discrimination of the ballpoint inks by µXRF.

175

Table 4-7: Discrimination results for µXRF for the ink and toner analyses

Blue ballpoint ink

Black ballpoint ink

Toner samples

Inkjet samples

Ratios

#1431 pairs

Ratios

#1485 pairs

Ratios

#190 pairs

Ratios

#15 pairs

Ca/Fe

320 (76.8)

Ca/Fe

283 (80.2)

Ca/K

101 (46.8)

Ca/Cl

3 (80)

S/Ca

357 (74.1)

K/Fe

305 (78.7)

K/Fe

98 (48.4)

Ca/Mn

6 (60)

S/Fe

442 (67.9)

S/K

395 (72.4)

Ti/K

44 (76.8)

Cl/Fe

7 (53.3)

K/Fe

506 (63.3)

S/Ca

408 (71.5)

Ca/Ti

49 (74.2)

Cl/Mn

7 (53.3)

K/Ca

537 (61)

S/Fe

459 (67.9)

Ti/Fe

37 (80.5)

Ca/Fe

8 (46)

S/Ti

601 (56.4)

S/Ti

512 (64.2)

Cu/Mn

158 (16.8)

Mn/Fe

9 (40)

Ca/Cu

623 (54.8)

K/Ca

523 (63.5)

K/Cu

695 (49.6)

K/Mn

531 (62.9)

Mn/Fe

808 (41.4)

Ti/Cu

625 (56.3)

Fe/Cu

752 (47.5)

All ratios

107 (92.3)

57 (96.2)

6 (96.8)

3 (80)

ANOVA &Tukey’s test

38 (97.3)

13 (99.8)

3 (98.4)

0 (100)

2.7%

0.2%

1.6%

0%

% False inclusion (1-%DP)
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A similar data analysis approach was utilized for µXRF analysis as was applied for both LIBS
and LA-ICP-MS. Once more, PCA was applied in an attempt to classify and discriminate the
ink samples. In order to evaluate the capability of the µXRF method to differentiate between
samples originating from the same brand, model and/or package, three black ballpoint pens
from one package were measured to study variability in elemental composition within a
package and one pen from each package of five different packages of Staedtler brand (a total of
15 pens) were analysed by µXRF to study variation across packages. Figure 4-15 illustrates the
PCA results for black Staedtler Stick 430 (F) ballpoint pen inks originated from five boxes as
well as duplicate samples. The results indicated that no significant variations were observed
between pens originating from the same package while notable differences were found between
packages of the same brand and model, indicating batch-to-batch variations. It is also
interesting to highlight that PCA correctly grouped the “unknown” samples to their duplicate
source.
For discrimination studies on the ballpoint inks, a total of 55 black and 54 blue ballpoint ink
samples were analysed by µXRF. PCA analysis was then performed on the two sample sets.
The PCA results show that detectable differences were observed between samples of different
brands (see Figure 4-16). The second step in the data analysis approach was the use of a 3sigma matching criterion followed by multivariate analysis (ANOVA and Tukey’s test at 95%
confidence limit). Three pairs of black ballpoint inks out of 1485 possible comparison pairs and
38 pairs of blue ballpoint inks out of 1431 were indistinguishable by µXRF analysis (99.8 and
97.3% discrimination, respectively). One of these three black pairs (#AB3 and AB5, #PB6 and
PEB2, and #SB1and SB5), was also found indistinguishable by LIBS and LA-ICP-MS (#SB1
and SB5). The list of indistinguishable pairs of blue ballpoint inks obtained by µXRF can be
found in Table 4-8. As seen in Tables 4-7 and 4-8, the µXRF method was unable to
discriminate between the different models of Staedtler brand blue ballpoint pens (23 out of
these 38 indistinguishable pairs originated from this brand) while significant and detectable
differences were observed between black ballpoint ink samples from different sources, with
low rates of false inclusion (0.2%).
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Staedtler Stick 430
Box1.1
Box1.2
Box1.3
Box2
Box3
Box4
Box5
Duplicate 1
Duplicate 2
Duplicate3

PC2

2

0

Similarity
-2
-8

-6

-4

-2
PC1

0

2

4

60
80
85
90

Figure 4-15: PCA results from the µXRF data, showing differentiation and grouping of
samples originated from the same brand and model but different boxes.

Figure 4-16: PCA results from the µXRF data, showing differences within and between
ballpoint ink brands for: (a) black ballpoint inks; and (b) blue ballpoint inks.
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Table 4-8: List of indistinguishable blue ballpoint pairs obtained from µXRF after application
of multivariate analysis at 95% confidence limit.
No.

Sample Pairs not discriminated

No.

Sample Pairs not discriminated

1-2

A1

A2, A5

19-23

PM8

S1, S3, S4, S5, St3

3-6

J2

PM8, S1, S4, S5

24-25

S1

S4, S5

7-11

P1

P2, PM8, S1, S4, S5

26-29

S2

S3, S4, S5, S6

12-15

P2

PM8, S1, S4, S5

30-33

S3

S4, S5, St2, St3

16

P5

S6

34-36

S4

S5, St2, St3

17-18

PM7

PM8, St3

37-38

S5

St2, St3

4.3.3.2 Evaluation of the discrimination capabilities of µXRF for the analysis of inkjet
inks and toners
The analysis of the printed samples (i.e., inkjet inks and laser toners) by µXRF was challenging
as all samples were printed on standard office paper rather than filter paper, as was the case
with the ballpoint inks. A total of nine elements were detected for the inkjet inks and toners.
These elements were: K, Ca, Ti, Mn, Cu, Fe, Sr, Rb, and Zr. Thirty six ratios were computed
from the combination of these nine elements, with none of these ratios being repeated. Six of
these 36 element ratios — Ca/K, K/Fe, Ti/K, Ca/Ti, Ti/Fe, Cu/Mn — were utilized for further
data analysis for the toner samples. For the inkjet ink comparisons, another six element ratios
(Ca/Cl, Ca/Fe, Ca/Mn, Cl/Fe, Cl/Mn and Mn/Fe) were utilized. The selection criteria for the
ratios were based on their respective degree of discrimination and their variability across the
sample set. The selected ratios and their percent of discrimination for the printed samples can
be found in Table 4-7.
The discrimination across the 26 printed samples was carried out by using PCA, a 3-sigma
criterion and multivariate analysis (ANOVA followed by Tukey’s HSD test at 95% confidence
limit). The PCA results from the µXRF data are indicated in Figure 4-17. After the application
of pairwise comparisons and multivariate analysis, three pairs of toners out of 190 possible
comparison pairs and no pairs of inkjet inks out of 15 possible pairs were indistinguishable by
µXRF analysis (98.4 and 100% discrimination, respectively).
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Printer Brand
Brother
Kyocer
Canon
Fuji Xerox
Lexmark
HP inkjet
Ricoh
HP Laser
Konica Minolta
Epson

0

Similarity
-1000

-500

0
PC1

500

40
60
80
90

Figure 4-17: PCA results for inkjet and toner samples by LA-ICP-MS. The first two
components represented 100% of the variation in the data.
The three pairs found indistinguishable by µXRF (#7 and 10, #7 and 11, and #10 and 11)
originated from either the same or different printer brand(s) but were printed on paper from the
same manufacturer (i.e., Staples as indicated in Table 4-2), meaning that the lack of
discrimination was probably due to similarities in the paper composition rather than the toner
composition itself. As mentioned previously, these results are not surprising because X-ray
penetration was not controlled during the analysis and the paper substrate would therefore
contribute to the recorded spectra. As a consequence, XRF is not a recommended technique for
conducting this type of analysis.

4.4 Conclusions
The work presented in this chapter has outlined results that would support the incorporation of
the LIBS technique into forensic laboratories with respect to ink and toner analyses. In this
study, the analytical performance of LIBS for the analysis of ballpoint inks (blue and black),
black inkjet inks and black toners, which are commonly encountered in forensic document
examination, was evaluated. The LIBS method has been optimised in an attempt to minimise
the effect of paper contribution to the collected spectra using five in-house matrix standards.
Good correlation coefficients of > 0.991 were achieved for calibration curves for the selected
emission lines of Cu, Mg, and Ti over a concentration range of 15 to 7000 ppm, depending on
the element of interest.
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The study of variability in elemental composition between ballpoint inks as well as inkjet and
laser toner samples originating from different sources (i.e. discrimination within models and
brands) was performed. Significant and detectable differences were observed between samples
from different sources (discrimination of ~ 98.4 – 99.8%, depending on the sample subset
under examination), with false inclusion rates lower than 1.7%. In addition, LIBS correctly
associated the elemental composition of the duplicate “unknown” samples to its source,
providing 0% false exclusions.
Furthermore, the analytical performance of LIBS was compared to that of LA-ICP-MS and
µXRF in terms of discrimination power for a set of 55 black and 54 blue ballpoint inks
purchased from retail shops in the Canberra region, Australia, and a set of 6 black inkjet inks
and 20 black laser printer toners. For discrimination purposes, three approaches were utilized.
First, principle component analysis was used in an attempt to reduce the number of variables
and to cluster samples into groups. Second, the comparison of selected elemental ratios was
performed by utilizing a mean ± three times the standard deviation matching criterion. Finally,
the analysis of variance (ANOVA) and Tukey’s HSD test at 95% confidence limit was
employed for the remaining indistinguishable pairs from the second step. LIBS was shown to
provide comparable discrimination powers for the selected inks and toners when compared to
LA-ICP-MS and µXRF. Table 4-9 summarises the results obtained for the discrimination
studies undertaken by LIBS, LA-ICP-MS and µXRF. Significantly, five of the eight black
ballpoint ink pairs found indistinguishable by LA-ICP-MS were the same as five of the ten
pairs not discriminated by LIBS.
The PCA results generally provided good discrimination between brands and models. For
instance, the PCA analyses of the printed samples showed that most of the toners and inkjet
inks could be differentiated based on the elemental profile as measured by LIBS, LA-ICP-MS
and µXRF. However, in order to better assess the grouping capabilities of these techniques for
this application, a larger and more varied sample collection is recommended.
Importantly, the discrimination of samples was possible within models and brands for all the
inks and toners examined here. In general, the analytical performance of both laser-based
methods (i.e., LIBS and LA-ICP-MS) indicated that these techniques are suitable for the
comparison of inks and toners. On the other hand, although the µXRF method gave
discrimination powers greater than 97.3%, the method was not appropriate for the analysis of
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printed documents as the depth of X-ray penetration was not easily controlled during the
analysis and, hence, discrimination between samples was mainly dependent on the elemental
composition of the paper substrates.
The advantages of LIBS in terms of being less complex, easy to use, rapid with minimal sample
destruction, low instrument cost and maintenance, and excellent discrimination power, make
LIBS an attractive analytical method for forensic document examination.

Table 4-9: A summary of discrimination results achieved for LIBS, LA-ICP-MS, and µXRF.
The number of sample pairs not discriminated is indicated, together with the discrimination
power as a percentage (number in parentheses)
Method / Samples

LIBS

LA-ICP-MS

µXRF

Black ink (1485 total pairs)

10 (99.3)

8 (99.5)

3 (99.8)

Blue ink (1431 total pairs)

3 (99.8)

1 (99.9)

38 (97.3)

Black toner samples (190 total pairs)

3 (98.4)

0 (100)

3 (98.4)

Black inkjet samples (15 total pairs)

0 (100)

0 (100)

0 (100)
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Chapter 5 : Elemental Profiling of Cannabis Plant Material
5.1 Introduction
There is an increasing incidence of drug-related crimes. The number of crimes associated with
illegal production (or growing), distribution, and smuggling of illicit drugs and crimes
committed under the influence of drugs has been continuously on the rise (Kuras and
Wachowicz, 2011). Recently, drug abuse has become one of the more serious worldwide
problems in society (UNODC, 2013). Cannabis is the most widely abused drug worldwide,
and it remains illegal or illicit in most countries. Notably, although still illegal under US
Federal legalisation, at least two states in the USA have passed legalisation legalising Cannabis
(Unknown, 2014a;Unknown, 2014d), with many other states in the USA supporting the
medical use of Cannabis. There is also a small and growing re-emergence of Cannabis
varieties or hemp for fibre production; around 80% of commercial hemp is produced in China
with France being the next major grower at 15% (Unknown, 2014c). In Australia (Tasmania,
Victoria, Queensland and New South Wales), legalisation allows hemp to be grown for
industrial use, although no commercially significant industry has emerged. Typically, Cannabis
varieties used for hemp have very low levels of the pharmacological active component,
tetrahydrocannabinol (THC). There are phenotypic differences in hemp varieties compared to
‘drug’ varieties, but accurate determination or differentiation of drug Cannabis can only be
achieved through DNA analysis (Rotherham and Harbison, 2011).
For ‘drug’ varieties, or cultivars, Cannabis is considered to be a single species, Cannabis sativa
L (Small and Cronquist, 1976). However, physical differences or phenotypes vary widely
depending on the seed source (or variety) and growing conditions. Hence, physical differences
across Cannabis samples, and specially harvested plant material, are limited in value in terms
of comparison and differentiation for law enforcement purposes. For this reason, there have
been extensive research efforts into the value of DNA analysis for seizure comparison and
differentiation. Howard et al. (2008) published a developmental validation of a short tandem
repeat (STR) multiplex system for the forensic analysis of Cannabis sativa L. One limitation of
this approach, however, was the inability to differentiate seizures of Cannabis propagated
through vegetative reproduction via plant cuttings as is typically the situation with hydroponic
cultivation. There has been a major shift away from outdoor cultivation, typically using seeds,
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to indoor hydroponic cultivation, typically using cuttings (Unknown, 2014b). The result of this
shift in cultivation methodology is that plants grown from vegetative reproduction will have the
same genetic composition and, hence, DNA testing will not be able to distinguish such plants
or plant materials. A significant issue for law enforcement is determining whether or not there
is a link between seizures of Cannabis that may indicate a connection between suspects. Source
determination for Cannabis is not only important for drug cases and for tracking distribution
networks, but also for providing potential evidence in homicides and burglaries.
There is a wealth of underground information available on the Internet covering every aspect of
Cannabis cultivation. It is also clear from this material that growers have access to a wide
variety of available and widely used specialist nutrient sources for hydroponic use. Hence, the
aim for this research was to examine whether or not it is possible to differentiate Cannabis
plants, grown under identical conditions but using different nutrient solutions, based on their
elemental compositions.
Many reports have described Cannabis profiling either by the organic content or by the
elemental composition. For the elemental composition of Cannabis, Shinogi et al. (Shinogi et
al., 1974;Shinogi and Mori, 1976;Shinogi and Mori, 1978) reported the investigation of the
elemental relationships between Cannabis plants and their growth media using NAA. Thirtyfive elements were evaluated in Cannabis from different origins and in different parts of the
same Cannabis sample. The purpose of study was to distinguish between Cannabis from
different locations. In a similar study, Henke (1977) applied NAA to examine the rare earth
elements contained in Cannabis plants collected from different parts of the world. Small, but
significant, differences in the absolute concentrations of the elements La, Sm, Gd, Ho, Er, Yb,
Nd, Lu, Ce, Eu and Tb were found for eighteen Cannabis samples. The author concluded that
the differences observed between samples were a result of differences between the soil
properties of each area. The mean rare earth elemental concentrations of these eighteen samples
were found to correspond to the relative abundance of these elements in the upper continental
earth's crust.
In 1997, Landi reported on the use of AAS 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
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profile (Landi, 1997). The AAS technique is useful for the analysis of the major elements in the
plant and soil but excludes the analysis of trace elements, which are often below the detection
limits of this technique. Trace elements are not likely to be subjected to such rigid
accumulation and distribution requirements and they may, consequently, be more useful in
establishing a link between the plant and the soil. In 2011, eighty five Cannabis samples
originating from various regions of Poland were analysed using ICP-OES and GF-AAS. The
authors' aim was to develop a fast, inexpensive, and effective profiling method for Cannabis
samples originating from various regions of Poland based on elemental composition of the
plants and to assign particular samples to specific Cannabis growing regions. The results of the
study showed that Cannabis samples may be correctly classified in terms of their origin based
on the results of elemental composition and statistical analyses (Kuras and Wachowicz, 2011).
Shibuya et al. (2006) utilized IRMS to analyse C and N isotopic compositions of Cannabis
samples originating from dry and humid regions of Brazil. The authors collected 90 Cannabis
samples from different Brazilian production areas, differing in both climate and geography. The
results revealed that, although the isotopic composition of samples from dry regions was
different from that of hot and humid regions, it was difficult to distinguish samples seized in
regions with similar climatic conditions based only on isotopic composition, even when the
authors applied advanced statistical methods. They concluded that isotope analysis on its own
was inadequate to clearly determine the origin for each of their samples (Shibuya et al., 2007b).
They therefore included elemental profiling data obtained with sector field ICP-MS into their
classification of Cannabis samples from different Brazilian regions (Shibuya et al., 2007a).
Classification based on linear discriminant analysis gave good results, with approximately 98%
of samples being classified correctly.
ICP-MS was used for the analysis of 47 Cannabis plants cultivated in four different soils
(Sheppard, 2000). The elemental profiling of soils was also conducted using ICP-MS and XRF
techniques. Fifty eight elements (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) were analysed across
both the Cannabis and soil samples. A univariate one-way ANOVA test and canonical
discriminant analysis were used for discriminating between plants originating from different
soils. The results disclosed that no significant differences were observed within plants of
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different sex recovered after 103 days of growth in the same soil potting mix while large
variations between samples from different soils were found. In addition, the analysis of the
plant concentrations with the multivariate method of canonical discriminant analysis provided
clear spatial differences for plants from different soils.
LA-ICP-MS was also utilized to determine both major and trace elemental composition of
Cannabis crops and the potential tracing of these crops to specific geological environments
(Watling, 1998). Moreover, the intention was to detail the specific identification of single- and
multi-sourced material collected during police drug raids within Western Australia. Forty five
elements (Ti, V, Cr, Co, Ni, Zn, Cu, Ga, Ge, As, Se, Rb, Sr, Y, Nb, Mo, Cd, In, Sn, Sb, Te, Ba,
La, Ce, Pr, Nd, Eu, Sm, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Hg, Tl, Pb, Bi, Th, and U)
were used for the comparison of seized samples with over 1400 Cannabis samples in a
database that was available over the period of the study. Information on their provenance was
also obtained using ternary diagrams. The author concluded that LA-ICP-MS is a technique
that is very difficult to calibrate for quantitative analyses for two main reasons: (i) the
availability of certified reference materials of similar matrix to analysed samples is limited; (ii)
the pulse-to-pulse variations in laser coupling efficiency results in differing amounts of sample
reaching the plasma. Thus, no plant and soil relationships were investigated and the suggested
origin was not backed up by any plant uptake or accumulation study.
In recent years, it has been demonstrated that LIBS is a powerful tool for the analysis of
fertilizers and soils (Yao et al., 2010;Pareja et al., 2013;Díaz et al., 2012;Nunes et al.,
2014;Farooq et al., 2012). For instance, Farooq et al. (2012) utilized LIBS for the analysis of
fertilizers as a mean for detecting hazardous elements that can contaminate food products.
Seventeen elements (P, Mg, Mn, Mo, Fe, Ni, Ti, Sn, V, Co, Cd, Pd, S, Al, Ca, Cr and U) were
detected across a diammonium phosphate (DAP) fertilizer sample set purchased from Saudi
Arabian markets. The results disclosed that hazardous elements such as Ni, Zn, Cd, Cr and Pb
were found at levels above the safe limit set by European Union Standards (EU2002). The
potential of LIBS to determine the macro- and micronutrients in plant materials was also
evaluated by Trevizan et al. (Trevizan et al., 2008;Trevizan et al., 2009). More details regarding
the ability of LIBS to directly analyse plant material (e.g., leaves, roots, and fruits) can be
found elsewhere (Santos Jr et al., 2012). However, no reports have been published concerning
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the application of LIBS for the forensic analysis of illicit drugs, in particular Cannabis plant
material.
The use of fertilizers over time changes the nature of soil in terms of its elemental composition
and, as a result, samples obtained from nearby locations may have significant differences in
their elemental content. In addition, some soils are geologically complicated. Australian soil is
a model of such complicated geology. Because of its complicated geology and both widespread
and diverse mineralization, Western Australia provides an unusually large variety of subcropping rock types on which soil profiles have developed (Watling, 1998). Subsequently,
tracking of Cannabis plant to its geographical origin based on soil is not a good choice in some
cases as many variables are uncontrolled, especially in Australia. For this reason, the
development of methodology to trace these samples based on their metal content rather than
soil composition would be extremely helpful as a key element in anti-drug law enforcement
(Shibuya et al., 2007b).
Mineral nutrients are responsible for growth and enhancing the desired properties of plants;
they are required for growing Cannabis either in soils or hydroponically. The use of elemental
analysis for origin determination has already had some success in discriminating Cannabis
samples from different sources. However, a study examining the relationship between trace
elements in Cannabis cultivated hydroponically and the nutrient media — utilising the
detection limits, accuracy and precision of LIBS, ICP-MS, LA-ICP-MS, and µXRF — has not
been published to date. Therefore, the study described in this chapter was designed to fill this
gap in the relevant literature by evaluating different elemental profiling techniques for their
ability to analyse Cannabis plant material, with an investigation of the possible links between
hydroponic nutrients and elemental profiles from associated plant material. The study also
investigated if there were significant differences between elements profiles of Cannabis at
different stages of growth originating from the same nutrient profile.

5.2 Experimental
5.2.1 Standards and reagents
The following certified reference materials were used to prepare the calibration curves: apple
leaves (National Institute of Standards and Technology-NIST 1515), pine needles (NIST
1575a), citrus leaves (NIST 1572), tea leaves (National Institute for Environmental Studies187

NIES No.7), and unpolished rice flour (NIES No.10-a). The certified elemental concentrations
in µg/g (ppm) for the reference materials used to build the calibration curves are shown in
Table 5-1.
Calibration standards from Accustandard were also used for setting the response of the ICPMS. The first standard was ICP-MS-CAL1-1, ICP-MS Calibration Standard # 1, Lot Number
213015106 and contained the 17 elements Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Sc, Tb,
Th, Tm, Yb, and Y at 10 pg/mL. The second standard was ICP-MS-CAL2-1, ICP-MS
Calibration Standard # 2, Lot Number 213045101 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. The third standard was ICP-MS-CAL3-1, ICP-MS Calibration Standard #
3, Lot Number 213085077 and contained the 10 elements Sb, Au, Hf, Ir, Pd, Pt, Rh, Ru, Te,
and Sn at 10 pg/mL. The fourth standard was ICP-MS-CAL4-1, ICP-MS Calibration Standard
# 4, Lot Number 213055179 and contained the 12 elements B, Ge, Mo, Nb, P, Re, Si, S, Ta,
and Ti at 10 pg/mL. All standards were supplied as a solution and stored in their original
bottles. The first two standards were solutions in dilute nitric acid and water, whereas the other
two were solutions in dilute hydrochloric acid and water.
The water used throughout the plant growth, experimental and analysis sections was deionised
water from a Milli-QTM filtration system, producing water with a resistivity of 18.2 MΩ-cm.
AristarR grade (69%) nitric acid from BDH, Australia, was used for all digestions, blanks and
dilutions.
5.2.2 Growing Cannabis
To investigate the relationship between the nutrient and the Cannabis elemental profiles, it was
necessary to grow Cannabis in different nutrient solutions. Six commercially available liquid
nutrients were used in this study and these are listed in Table 5-2. The final pH of each
prepared solution was measured using a digital pH meter.
5.2.2.1 Germination
A total of 900 seeds isolated from dried Cannabis plants were provided by the ACT
Government Analytical Laboratory (ACTGAL). This was a single seizure from crop grown in
the ACT. The large number of seeds was necessary to cover the expected failure rate associated
with growing Cannabis inside sponge cubes. All seeds were placed on filter paper (Whatman
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No. 41) moistened with Milli-Q water, inside clean glass petri dishes. The seeds were presoaked in Milli-Q water for twenty-four hours before being placed on the filter paper. The glass
petri dishes were placed in a dark cabinet and the seeds left to germinate. The petri dishes were
checked regularly to ensure that the filter paper remained moist.
After approximately one week, 90% of the seeds had germinated. The root lengths after one
week on the filter paper ranged from a few millimetres to approximately 2 cm.

Table 5-1: Reference concentrations and their corresponding standard deviations for the single
point calibration standards (NIST 1515, NIST 1575a, NIST 1572, NIES No.10-a, NIES No.7)
utilized for quantification and verification purposes. All values are in parts per million (ppm)
Sample
Al

NIST 1572
92 ± 15

NIES No.10-a
3*

NIES No.7
775 ± 20

NIST 1515
286 ± 9

NIST 1575a
580 ± 30

As

3.1 ± 0.3

0.17*

---

0.038 ± 0.007

0.039 ± 0.002*

B

---

---

---

27 ± 2

9.6 ± 0.2*

Ba

21 ± 3

---

5.7*

49 ± 2

6 ± 0.2

Br

8.2*

0.3*

---

1.8*

3.8*

Ca

31500 ± 1000

93 ± 3

3200 ± 120

15260 ± 150

2500 ± 100

Cr

0.8 ± 0.2

0.07*

0.15*

0.3*

0.3-0.5*

Cu

16.5 ± 1

3.5 ± 0.3

7 ± 0.3

5.64 ± 0.24

2.8 ± 0.2

Fe

90 ± 10

12.7 ± 0.7

---

83 ± 5

46 ± 2

K

18200 ± 600

2800 ± 80

18600 ± 700

16100 ± 20

4170 ± 70

Mg

5800 ± 300

1340 ± 80

1530 ± 60

2710 ± 80

1060 ± 170*

Mn

23 ± 2

34.7 ± 1.8

700 ± 25

54 ± 3

488 ± 12*

Mo

0.17 ± 0.09

0.35 ± 0.05

---

0.094 ±0.013

0.014*

Na

160 ± 20

10.2 ± 0.3

15.5 ± 1.5

24.4 ± 1.2

63 ± 1*

Ni

0.6 ± 0.3

0.19 ± 0.03

6.5 ± 0.3

0.91 ± 1.2

1.47 ± 0.1*

P

1300 ± 200

3400 ± 70

3700*

1590 ± 110

1070 ± 80

Rb

4.84 ± 0.06

4.5 ± 0.3

---

10.2 ± 1.5

16.5 ± 0.9

Sc

0.01*

---

0.011*

0.03*

0.0101 ± 0.0003*

Sr

100 ± 2

0.3*

3.7*

25 ± 2

6.54

Zn

29 ± 2

25.2 ± 0.8

33 ± 3

12.5 ± 0.3

38 ± 2

* Reference or information values are provided by the producer
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Table 5-2: Liquid nutrients used for growing Cannabis samples in this study
Nutrient name
Canna-Vega (A+B)

Volume added per litre
2–3 mL of both A & B

Solution pH range
5.8

Cyco (A+B)

3 mL of both A & B

5.5–5.8

Hydro (A+B)

4 mL of both A & B

5.5–6.2

Outch Master (A+B)

3.5 mL of both A & B

5.5–5.8

Ionic

7–8 mL

5.5–6.5

Media-One

2.5 mL/wk1, 4 mL/wk2, 5 mL/wk3, and 7
mL/wk4 to wk12

5.5–6.3

5.2.2.2 Growth conditions
After germination, the seeds were transferred to sponge cubes, placed into plastic trays (Figure
5-1), and the trays positioned within a growth cabinet (Binder KBW720, Germany). The trays
were moistened again with only water until the plants started to emerge from the sponge cubes,
then the liquid nutrients were added after this stage. As the flowering stage usually starts when
darkness exceeds 11 hours per day, the growth chamber conditions were programmed as
follow: 100% illumination for 12 h daylight, temperature 25 ºC during daylight and 20 ºC at
night (no illumination), and with relative humidity set at 90%. All plants were grown under
identical conditions to negate any possible variation in elemental uptake by the plants’ roots
due to climatic change (i.e., humidity, temperature, illumination, etc.). The effect of changes in
climatic conditions was not within the scope of this study.
The total time that the plants were grown for was 12 weeks, which conforms to the suggested
12 to 17 weeks required for full growth (UNODC, 2009). Seven harvests of plant material were
collected at different stages of growth from week two to week 12 (i.e., seven batches in total).
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Figure 5-1: Cannabis plants in week 5.
5.2.3 Sample preparation
Most of the trafficked marijuana is a mixture of plant leaves and flower tops. Accordingly and
to be more realistic, the sampling strategy used in this study consisted of collecting a mixture of
plant leaves and flower tops, depending on the growth stage. The collected plant material was
thoroughly rinsed with ultrapure water (> 18Ω-cm) to remove any adhering surface minerals
and crystalized salts. After cleaning, approximately 2–3 gram of raw plant material was freezedried and subsequently ground to a fine powder. The grinding stage was determined to be
important in order to improve homogeneity of the sample material. The standard materials were
also freeze-dried prior to analysis.
For the laser-based methods and the µXRF analyses, pellets from the powdered materials
were prepared using an Atlas™ Manual 15T press (Figure 5-2). For each pellet,
approximately 0.5 g of comminute material was transferred using a plastic spatula to a 13 mm
die set and a pressure of 8.0 tonne/cm2 applied over 5 min. The resulting pellets were
approximately 2 mm thick and 13 mm in diameter.
191

Figure 5-2: Sample press and accessories used to prepare pellets from the dried and powdered
plant material.
For the ICP-MS analyses, approximately 70 mg of freeze-dried material was weighed into a 7mL polytetrafluroacetate (PFA) closed digestion vessel and 1 mL of concentrated nitric acid
(AristaR, BDH, Australia) added. Each 7-mL PFA vessel was then capped and tightened to 2.3
Nm, and placed into a 120-mL screw-top pressure vessels (containing 10 mL of deionized
water), tightened to 16.3 Nm. A Model MOs-BI (CEM, Indian Trail, NC, USA) microwave
oven rated at 600 W was used for all digestions, with the microwave time procedure consisting
of three steps: 2 min at 600 W, 2 min at 0 W, and 45 min at 450 W.
After digestion, the 7-mL PFA vessels were allowed to cool at room temperature for 20 min
and the digests diluted to 10 mL with deionized water. The digests were stored in labelled
polyethylene vials in a cold-room (~ 5 ºC) until the analyses were performed. The digests were
diluted online 1 in 10 to 100 mL for analysis by ICP-MS.
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For the analysis of the liquid nutrients by ICP-MS, 1 mL from each nutrient was first
evaporated and freeze-dried to measure the actual weight of material dissolved in these
nutrients to permit the calculation of elemental concentrations. Samples were then diluted online 1 in 10 to 100 mL prior to each analysis.
5.2.4 Instrumental conditions
The operating conditions specified below, for all the elemental profiling techniques utilized in
this study, were selected based on preliminary work directed at developing and optimising a
method to obtain acceptable signal intensity for both the reference standards and the
experimental plant materials.
5.2.4.1 Inductively coupled plasma-mass spectrometry (ICP-MS)
All ICP-MS measurements in this study were made using a Nexion 300D-ICP-MS system
(PerkinElmer SCIEX, Concord, Ontario, Canada) for the analysis of liquid nutrients and
Cannabis plant material. The instrumental conditions were as listed in Table 5-3. Automatic
corrections were made for elemental isobaric interferences. Four internal standards, 45Sc,
150

Te, and

72

Ge,

175

Lu, were added online to compensate for any acid effects, instrument drift and

changes in pump tubing and pumping rates (Maher et al., 2003). Calibration was performed
using external calibration standards (0, 1, 10, 50, 100, 250 µg/L) that were prepared daily by
appropriate dilution of a commercial multi-element standard (Accu Trace, 10 mg/L).
Calibrations were performed every 20 samples. Calibration verification standards were run
directly after the calibration to verify the validity of the calibration and additional calibration
samples of known concentrations were run throughout the samples at random periods to assess
the stability of the calibration.
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Table 5-3: General ICP-MS conditions
Parameters
RF power

Conditions
1250W

Sample and skimmer cones

Nickel

Lens voltage

Optimised daily

Mode

Standard

Plasma gas (argon)

17L min-1

Axillary gas flow (argon)

1.2 L min-1

Nebuliser gas (argon)

0.82 L min-1

Sweep readings

15

Dwell time

20 ms

Integration time

300 ms

Sample uptake rate

250 µL min-1

Replicates

3

5.2.4.2 Laser-induced breakdown spectroscopy (LIBS)
For LIBS analyses, the laser was fired with an applied energy of ~200 mJ per pulse at one spot.
Data was collected using the line mode with a sampling area of 400 µm x 6 mm. A line mode
was utilized instead of spot analysis to achieve a more representative sampling area of plant
material. Due to the flammable nature of dried Cannabis plants, only two laser shots were
delivered at each point in this line, with a total of 30 spectra accumulated at a frequency of 10
Hz and a detector delay of 2μs. These spectra were averaged to give a single average spectrum.
After each average spectrum was acquired, the XYZ translation stage was moved to a fresh
location for each set of analyses for a total of three replicate sets per sample. All LIBS analyses
were conducted under an argon atmosphere to enhance spectral intensity. Data acquisition and
preliminary data analyses were performed using Ocean Optics AddLIBS software version 2.2,
Microsoft Excel 2010, Primer 6 and IBM SPSS Statistics 21.
5.2.4.3 Laser ablation inductively coupled plasma-mass spectrometry (LA-ICP-MS)
For the LA-ICP-MS analyses, the laser was operated with an applied energy density at the
sample surface of 3 to 4 J/cm2 by demagnifying (20x) the image of an illuminated aperture onto
the sample to produce a circular ablation spot size of 120 μm in diameter. The laser spot was
scanned across the sample at a rate of 100 µm per second. Line scan mode was utilized to
194

achieve a more representative sampling area of plant material at a repetition rate of 5 Hz. Laser
ablation sampling was done under a helium atmosphere with a flow rate of 500 cm3 per minute
through the sampling cell. This was combined with approximately 1.2 L per minute of argon
(added after the cell) and introduced as the sample gas flow into the plasma of a Varian 820
ICP-MS operating at 1300 Watts. The integration time for each of the measured isotopes was
20 ms for each measurement cycle (one measurement step through all the isotopes). Some of
the higher concentration elements such as aluminium, carbon, calcium and magnesium were
measured with a lower detector sensitivity in order to avoid oversaturation of the detector. For
data acquisition, each sample was pre-ablated for 15 s and then analysed over a 60 s period and
5 laser pulses per second. The NIST 612 glass standard was used to control laser tuning during
the analytical sequence. Data reduction and statistical analyses were performed using
MATLAP 2012 software, Microsoft Excel 2010, primer 6 and IBM SPSS Statistics 21.
5.2.4.4 Micro-X-ray fluorescence (µXRF)
A Kevex Omicron instrument was operated with 35kV excitation potential and a beam current
of 1.2 mA and 42–50% dead time. Other instrumental parameters for the μXRF analyses
included a 300 μm diameter beam collimator and 600 s of live count time. A rectangle scan
mode was utilized to achieve a representative sampling area. All μXRF analyses were
conducted under vacuum conditions. Data generated from the plant material and standard
samples were subjected to the ASAP semi-quantitation method to determine relative elemental
compositions by calculating the K alpha peak intensities for each of the elements of interest
followed by background subtraction utilizing a peak deconvolution method. Each sample was
analysed three times at different positions on the sample surface. Data reduction and statistical
analyses were performed using Microsoft Excel 2010, IBM SPSS Statistics 21 and Primer 6.
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5.3 Results and discussion
5.3.1 Inductively coupled plasma mass spectrometry (ICP-MS)
The analytical performance of the ICP-MS was adjusted prior to the analysis of the Cannabis
samples by performing an instrument tune. This optimisation of the analytical parameters was
performed by comparing the concentrations produced for additional standard solutions with
their expected value to ensure a good overall sensitivity. During the analysis of the samples, the
performance of the instrument was again monitored by the repeated measurement of a check
standard. The blanks created during the microwave digestion procedure were included in the
sequence. The internal standardization and the calibration of each sample were automatically
conducted using the ICP-MS software and the data saved as an Excel spreadsheet. Further data
treatment was performed, where necessary, using Microsoft Excel.
The initial analyte isotope menu was selected based on analyte presence, detectability, and
minimum isobaric interference in all samples. The analyte isotopes measured were as
follows:7Li,

11

B,

13

C,

23

Na,

24

Mg,

27

Al,

31

P,

35

Cl,

39

K,43Ca,

44

Ca,

45

Sc,

48

Ti,

51

V,

52

Cr,

54

Fe,

55

Mn, 57Fe,59Co, 60Ni, 61Ni, 63Cu, 64Zn, 66Zn, 68Zn, 69Ga, 72Ge, 74Ge, 75As, 77Se, 79Br,81Br, 82Se,

85

Rb, 88Sr, 89Y, 90Zr,

98

Mo,

102

Ru,

103

Rh,

108

Pd,115In,

118

Sn, 120Sn,121Sb,

123

Sb,

125

Te,127I,

135

Ba,

137

Ba, 159Tb,165Ho and 206Pb. The concentration of each element was calculated and background

corrected to remove the contribution of the matrix. For some elements, the background
concentrations were higher than the concentrations measured in the reference material samples
and hence these elements were not used for further data analysis.
5.3.1.1 ICP-MS figure of merits
Five reference standard plant materials (NIST 1515, NIST 1575a, NIST 1572, NIES No.7, and
NIES No.10-a) were also used as external calibration points for the quantitative analyses.
Figure 5-3 shows calibration curves produced from the ICP-MS data for strontium and
manganese as an example. The analysis of the certified samples provided an opportunity to
evaluate the accuracy of the digestion and analysis process by comparing the results produced
with the certified elemental composition of the standard reference materials. The comparisons
between the certified values and the concentrations measured were reasonable. Most elements
gave values that were close to the anticipated value. Precision in terms of % RSD for three
replicates of each element for the five standard materials mentioned above was evaluated for
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quantification purposes. For the majority of elements, the RSD was less than 15% of the mean
concentration. Table 5-4 presents the average percentage recovery for each element and the
corresponding relative standard deviation for each of the five standard materials. The elements
that were affected by high background concentrations produced poor recoveries, such as Ca and
P. As seen in Table 5-4, the percent recoveries for the elements Cu, Fe, Ni and Zn were
significantly greater than 100%. This indicates that additional amounts of these elements must
be entering the system from another source. Random sample contamination was unlikely to be
the reason as the % RSD indicated that the results were consistent. It is possible that there was a
uniform bias for these elements resulting in a higher concentration.
Once the ICP-MS method was developed, the Cannabis samples collected at different time
intervals and the liquid nutrients were measured. The list of total element/isotope
concentrations found in the liquid nutrients and their corresponding %RSD values can be found
in Table 5-5.
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Figure 5-3: ICP-MS calibration curves for strontium and manganese.
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Table 5-4: Percent recovery of elements from the five reference materials ± relative standard
deviation
Element

NIST1572

NIES No. 10-a

NIES No.7

NIST 1515

NIST 1575a

Al 27

87.07 ± 0.01

98 ± 0.02

65.72 ± 0.02

43.32 ± 0.06

60.1 ± 0.01

B 11

---

---

---

59.74 ± 0.07

120 ± 0.04

Ba 137

71.29 ± 0.06

---

99.82 ± 0.03

104.2 ± 0.08

95.83 ± 0.01

Ca 43

33.92 ± 0.02

8.09 ± 0.73

36.28 ± 0.03

50.28 ± 0.02

71.71 ± 0.02

Cu 63

159.64 ± 0.1

770.57 ± 0.02

342 ± 0.05

488.83 ± 0.12 833.57 ± 0.04

Fe 57

105.43 ± 0.06

93.65 ± 0.06

---

166.05 ± 0.06 160.31 ± 0.04

K 39

73.9 ± 0.01

80.86 ± 0.02

84.31 ± 0.02

106.28 ± 0.05

80.48 ± 0.02

Mg 24

53.76 ± 0.01

60.89 ± 0.03

59.07 ± 0.02

81.05 ± 0.06

74.18 ± 0.01

Mn 55

65.72 ± 0.09

88.64 ± 0.04

56.81 ± 0.03

104.16 ± 0.12

91.04 ± 0.02

Na 23

58.98 ± 0.03

34.51 ± 0.01

86 ± 0.02

78.4 ± 0.06

93.54 ± 0.05

Ni 60

138.89 ± 0.04

nd*

73.05 ± 0.02

133.33 ± 0.1

136.28 ± 0.03

P 31

20.65 ± 0.02

21.06 ± 0.03

20.54 ± 0.01

27.72 ± 0.06

26.5 ± 0.01

Rb 85

72.31 ± 0.04

103.11 ± 0.02

---

96.57 ± 0.35

61.21 ± 0.09

Sr 88

70.16 ± 0.01

118.33 ± 0

88.51 ± 0.02

107.58 ± 0.09

62.31 ± 0.04

Zn 66

102.09 ± 0.05

133.55 ± 0

105.05 ± 0.03

180.2 ± 0.13

153.41 ± 0.03

*nd: not detected

198

Table 5-5: Total element concentrations in ppm and the respective %RSD values for the six liquid nutrients measured by ICP-MS

Element/isotope

Media-One

Ionic

Canna-Vega

Cyco

Outch Master

Hydro

B 11

(µg/g)
1.34

%RSD
9

(µg/g)
71.98

%RSD
4

(µg/g)
75.89

%RSD
3

(µg/g)
16.70

%RSD
4

(µg/g)
66.37

%RSD
4

(µg/g)
107.60

%RSD
4

Ba 137

3.81

1

1.65

1

0.35

0.4

1.32

1

1.03

2

6.46

1

Br 79

516.81

1

206.41

2

172.88

6

148.11

4

343.85

3

3431

8

Ca 43

1377

3

12713

5

24706

3

27826

2

18446

2

28748

3

Cu 63

nd*

---

24.87

3

1.26

2

44.66

4

14.44

11

9.89

43

Fe 57

136.44

4

1068

1

452.40

1

1564

2

769.12

4

720.62

2

K 39

17968

2

82319

2

73881

2

74669

1

127682

3

101882

1

Mg 24

1821

2

10234

1

9714.72

1

7713

3

11238

3

13889

2

Mn 55

36.22

2

228.45

1

152.47

1

432.90

3

120.65

8

226.59

1

Mo 98

nd

---

16.74

1

22.59

1

10.64

2

36.09

3

32.23

3

Na 23

3217

2

602.35

3

136.94

1

674.54

2

641.70

3

352.54

3

Ni 60

1.10

3

0.56

9

1.25

7

1.12

5

0.80

12

1.61

3

P 31

821.20

3

2145

2

2912

2

3827

1

4462

2

4453

2

Rb 85

21.84

1

19.85

4

8.42

54

13.76

4

17.33

3

7.12

17

Sr 88

50.91

2

14.22

2

24.06

0.04

18.41

2

19.96

3

28.36

4

Ti 48

5.52

12

24.36

14

39.68

0.22

43.63

18

28.13

10

43.96

21

Zn 66

24.12

2

77.67

1

81.76

0.03

281.21

3

61.99

2

118.44

2

*nd: not detected
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5.3.1.2 Evaluation of the discrimination capabilities of ICP-MS for the analysis of plant
material
The discrimination ability for each individual element and/or isotope was assessed across the
42 Cannabis samples (one sample from each batch of six different nutrients) using an analysis
of variance ANOVA followed by Tukey’s test at 95% confidence limit. Eight elements (B, Br,
Cu, Mn, Mo, Rb, Sr, and Zn) were selected based on their relative degree of discrimination for
the Cannabis samples. Figure 5-4 shows the distribution of elements used to discriminate the
Cannabis samples by ICP-MS. This illustrates that there are significant variations in elemental
composition between the different Cannabis samples.
100%
Percent distribution of Elements

90%
80%
70%
60%
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40%
30%
20%
10%
0%
Canna Vega

Ionic

Cyco

Hydro

Outch

Media-one

Samples
Cu 63

Mn 55

Mo 98

Rb 85

Sr 88

Zn 66

Br 79

B 11

Figure 5-4: Distribution of elements utilised for discrimination purposes across the Cannabis
samples as measured by ICP-MS.
PCA was used as a way to reduce the large amount of variables derived from the elemental
analysis by ICP-MS and to determine whether or not there is grouping of the Cannabis samples
based on the nutrient used during their growth. Comparing Cannabis plants grown in different
nutrient media using PCA was successful in terms of classifying the plants according to the
nutrient employed for their growth. The differentiation of the Cannabis samples associated
with different nutrients is clearly shown on Figure 5-5 using the first two components, with the
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first two components representing ~ 99% of the variance in the data. As illustrated, there are no
overlaps across the groupings. Some plants demonstrated small inter-batch variability, while
others presented more variations. For example, the six batches of Ionic are almost at the same
position on the plot, while the batches of Hydro are well separated. Batches from the same
plant, produced over an eleven-week period, can be statistically differentiated but still cluster
together as a result of similar composition. It may be concluded that Cannabis samples
originating from different nutrient sources and collected at different time intervals may be
classified by means of elemental composition (B, Br, Cu, Mn, Mo, Rb, Sr and Zn) and PCA
analysis, which is not possible to achieve by DNA profiling when plants from the same seed
stock are concerned.

Figure 5-5: Results from principle component analysis of the ICP-MS data, showing
differentiation and grouping of the plant samples produced from six commercial nutrients.
The significant differences between plants originating from the same source (i.e., nutrient) and
collected at different times are not surprising because the mineral concentration in plants varies
with age [recall that older plants tend to have higher concentration of micronutrients (i.e., trace
elements) whereas young plants generally have a higher content of macronutrients (Smith,
1962)].
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5.3.2 Laser-induced breakdown spectroscopy (LIBS)
5.3.2.1 Optimisation of LIBS conditions
To carry out quantitative analysis by LIBS, standards matrices with the same composition, such
as the samples under investigation, are required. The LIBS method employed here was
developed and optimised using four certified reference materials of similar matrices (NIST
1515, NIST 1575a, NIST 1572, and NIES No.7). The four certified reference materials were
used to calibrate the instrument and to perform the quantitative analyses. The ultimate goals of
optimisation are to achieve an optimum signal-to-noise ratio as well as accurate and precise
data with a low relative standard deviation. Once optimised, the analytical method was applied
to the analysis of the Cannabis samples that were hydroponically cultivated.
The analytical performance of LIBS relies on the choice of operational parameters. The
important parameters affecting the LIBS analysis of plant material are laser power, detector
delay, repetition rate, spot size as well as the ablation atmosphere. The study of the laser output
was performed first with the standard materials followed by the Cannabis plants. When laser
ablation was conducted at 200 mJ/pulse (i.e., 100% laser power), a significant improvement in
the emission signal intensities was achieved with RSD value less than 12% for the majority of
elements. Figure 5-6 shows the variation of signal intensity for the strontium emission line at
460.73 nm with increasing laser power. With low laser power, very low signals were observed.
Thus, 100% laser power was selected for the analysis of the Cannabis samples.
The influence of repetition rate on signal intensity as well as precision between replicates was
examined, with NIST 1515 analysed three times at different repetition rates. A summary of the
variation of percent relative standard deviation of the net peak areas for the NIST 1515 sample
for emission lines of Sr, Al, Ti, Mg, Sc, Ba and Mn at different repetition rates can be found in
Figure 5-7. As illustrated, more precise data was achieved when the repetition rate was set at10
Hz (i.e., less than 10% RSD for the majority of elements) and hence a repetition rate of 10 Hz
was selected for conducting the Cannabis sample analyses.
It was observed that, during the ablation of the Cannabis pellets, the particle size was highly
irregular, which negatively affected the reproducibility. Therefore, an assessment of the effect
of spot size on shot-to-shot reproducibility was conducted. Figure 5-8 shows the variation in %
RSD according to laser spot size for the net peak areas obtained for three replicate analyses of
NIST 1515 for the emission lines of Sr, Ti, Mg, Sc, Ba and Mn. It was found that, with a 400
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µm spot size, low RSD values between replicates (less than 8%) were achieved for all
elements. In addition, in order to improve the precision of the analyses and give good
representation of the sample, line ablation mode was selected with a spot size of 400 µm.
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Figure 5-6: Intensity of atomic emission line of strontium obtained from NIST 1515 at different
laser power percent.
The optimisation of detector delay is also an important step and this parameter must be kept
constant during the analytical sequence to obtain precise spectra. Variations in detector delay
can result in the presence or absence of different emission lines in the generated spectra. An
intense background signal was observed at a detector delay of 1.2 µs. The background signal
and signal-to-noise ratios reduced continuously at higher detector delay. In order to achieve a
high signal-to-noise ratio (i.e., high signal intensity with minimal influence from the
background), a 2 µs detector delay was chosen to provide the best compromise between signal
intensity and background noise.

203

35
30
Net peak area

25
20
15
10
5
0
0.67

2

3.33

5

10

Repetion rate (Hz)
Sr I 460.73

Ti II 336.12

Mg I 285.21

Sc II 364.28

Ba II 649.88

Mn II 257.61

Figure 5-7: Variation in percent relative standard deviation for the net peak areas obtained for
three replicates of NIST 1515 for the emission lines Sr, Al, Ti, Mg, Sc, Ba and Mn measured at
different repetition rates.
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Figure 5-8: Percent relative standard deviation (% RSD) variability with changes in the laser
spot size in µm for NIST 1515.
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The LIBS spectra were collected under an argon atmosphere as this enhanced the emission line
intensities approximately 3 times compared to measurements in air. The analytical performance
of LIBS was monitored by repeatedly analysing the NIST1515 (apple leaves) standard material
at regular intervals throughout each run. This check standard was analysed every ten samples.
The optimised conditions of detector delay, laser output and ablation atmosphere were in
agreement with those reported by Trevizan et al. (2008) who investigated the influence of these
parameters for the simultaneous determination of P, K, Ca and Mg in pellets of comminute
leaves.
5.3.2.2 Evaluation of LIBS figure of merits
In order to evaluate the analytical performance of LIBS for the analysis of plant material, the
accuracy and limits of detection (LOD) of the method were determined. Accuracy was
determined based on the linear regression analysis of the measured net line intensity (max
counts of intensity minus background average) for the emission lines of the elements of interest
versus the certified concentrations for relevant elements of the plant standard materials. The
calibration curves were constructed by regression analysis of the certified values for each
element of interest versus the measured net intensity for NIST 1515, NIST 1575a, NIST 1572
and NIES No.7. The linear regression statistics (R2 values) for the plots were within the 0.978 –
0.991 range for all the elements of interest, suggesting good linearity within the concentration
range of the four standard materials. Figure 5-9 presents the calibration curves for Al I (394.4
nm), Mn II (257.61 nm), and Sr I (460.73 nm) as generated from the LIBS data. Each point in
the calibration curve is from an average of three replicates for each of the standard materials.
The vertical error bars represent ± one standard deviation calculated from the three replicates
from each reference material.
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Figure 5-9: Calibration curves for Al I (394.4 nm), Mn II (257.61 nm), and Sr I (460.73 nm)
from the LIBS measurements conducted on the four plant reference materials.
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The limits of detection (LOD) and precision studies were also performed for the four standard
reference materials NIST 1515, NIST 1575a, NIST 1572 and NIES No.7. LODs were
calculated based on three times the standard deviation for the corresponding blank
measurement using the formula previously stated in Chapter 2 and Chapter 3. For each atomic
emission line, the corresponding LOD and precision (% RSD) were determined and these are
presented in Table 5-6. These values are a result of three replicates for each element and for
each of the four standard materials mentioned above. The relatively low limits of detection for
the trace elements such as Br, Ba, Cr, Cu, Rb and Sr are indications of the good performance
demonstrated by the optimised LIBS method. As depicted in Table 5-6, the RSD values for the
majority of the elements are less than 15% of the mean concentration.

Table 5-6: Limits of detection (ppm) for the elements of interest in the NIST 1515, NIST 1575a,
NIST 1572, and NIES No.7 standards as measured by LIBS
Element / emission line

Conc. range (ppm)

LOD (ppm)

% RSD

Al I (394.4 nm)

92 – 775

4.71

13.80

Ba I (649.88 nm)

5.7 – 49

0.22

14.26

Ca I (643.91 nm)

2500 - 31500

69.40

10.19

Br I (751.3 nm)

1.8 – 8.2

0.11

12.58

Cr (I (428.93 nm)

0.15 - 0.8

0.01

9.82

Cu I (324.75 nm)

2.8 – 16.5

0.12

11.67

Fe II (238.2 nm)

46 - 90

1.65

6.19

K I (766.49 nm)

4170 - 18600

158.00

16.17

Mg I (285.21 nm)

1060 - 5800

14.87

8.82

Mn II (257.61 nm)

23 - 488

3.01

12.34

Na I (330.3 nm)

15.5 - 160

1.39

14.92

P II (458.8 nm)

1070 - 3700

21.92

6.05

Rb I (794.76 nm)

4.84 – 16.5

0.09

10.10

Sc II (364.28 nm)

0.01 – 0.03

0.19E-02

12.89

Sr I (460.73 nm)

3.7 - 100

0.77

8.51
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5.3.2.3 Evaluation of the discrimination capabilities of LIBS for the analysis of plant
material
The selection of an element menu was based on the major and minor constituents in the plant
materials analysed. Twenty two elements (i.e., Al, B, Ba, Br, Ca, Cr, Cu, Fe, K, Mg, Mn, Na,
Nb, P, Rb, S, Sc, Si, Sr, Ti, V and Zn) were detected across the 42 Cannabis samples. Only
element concentrations that were larger than the limits of detection for all plant types were used
for statistical comparison purposes. Thus, the nine elements Al, Cr, Cu, K, Mg, Nb, P, V and
Zn were rejected from the element menu due to either poor precision (> 20% RSD) or their
presence at concentrations lower than the limits of detection. The remaining 13 elements were
B, Ba, Br, Ca, Fe, Mn, Na, Rb, S, Sc, Si, Sr, and Ti. The peak area of one emission line per
element for the 13 elements was utilized for further data analysis based on its homogeneous
distribution within a source, variability across the plant sample set, and their presence at
concentrations above the limits of detection. The following emission lines were selected for
quantitative comparisons: B I (249.99 nm), Ba II (649.88 nm), Br I (751.3 nm), Ca I (643.91
nm), Fe II (238.2 nm), Mn II (257.61 nm), Na I (330.3 nm), Rb I (794.76 nm), S II (550.97
nm), Sc II (364.28 nm), Si I (288.21 nm), Sr I (460.73 nm), and Ti II (336.12 nm). Additional
lines per element were monitored qualitatively to confirm the presence of each element of
interest. For example, strontium was screened at 407.77 and 421.55 nm, while manganese was
monitored at 259.37, 260.57, 294.92 and 344.19 nm. The 13 emission peak areas were then
ratioed to each other. From the 13 elements detailed above, 78 possible peak ratios were
computed according to the formula n(n−1)/2, where n is the number of elemental lines, with
none of the ratios being repeated.
One sample was randomly selected for verification and quality control purposes and this was
analysed in duplicate, once in the middle of the run and again at the end. The duplicate was
treated as an individual sample throughout the entire analytical sequence and then used to
eliminate ratios that resulted in false exclusions (Type I error) using ANOVA and Tukey’s
HSD test at the 99.97% confidence limit (Table 5-7). Eight ratios out of the 78 ratios computed
gave false exclusions while the remaining 70 ratios produced accurate conclusions. The
discrimination potential for each peak area ratio was then evaluated across the 42 Cannabis
samples (one sample from each batch of six different nutrients). Seven ratios (Sc II (364.28)/B I
(249.99), Ti II (336.12)/Na I (330.3), Ti II (336.12)/Mn II (257.61), Rb I (794.76)/ Ti II
(336.12), Br I (751.3)/ Mn II (257.61), Ca I (643.91)/Sr I (460.73), and Sr 460.73/Ba II
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(649.88) out of the remaining 70 ratios were selected based on their relative degree of
discrimination for the Cannabis samples. Figure 5-10 illustrates the distribution of these peak

Percent distribution of mean peak area ratios

area ratios across the Cannabis samples.
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Sc II 364.28/B I 249.99

Ti II 336.12/Na I 330.3

Ti II 336.12/Mn II 257.61

Br I 751.3/Mn II 257.61

Rb I 794.76/Ti II 336.12

Ca I 643.91/Sr I 460.73

Sr I 460.73/Ba II 649.88

Figure 5-10: Distribution of LIBS elemental ratios utilised for discrimination purposes across
the Cannabis sample set.
The variation in elemental composition of Cannabis plants associated with the same or
different nutrients and collected at different time intervals was examined. The study was carried
out on seven batches of plant material per nutrient for six different nutrients (e.g., Canna-Vega,
Cyco, Hydro, Ionic, Media-One and Outch Master). One pellet per batch of the above
mentioned nutrients was analysed (i.e., 42 pellets in total). Each pellet was analysed three times
at different locations, resulting in three replicates per batch for each nutrient (i.e., 21 analyses
per nutrient). Significant differences between Cannabis plants originating from either the same
or different nutrients were observed, providing 100% discrimination at a 95% confidence limit
across the 42 Cannabis samples. For example, Table 5-7 summarises the ANOVA results for
the Cannabis samples originating from the same nutrient sources (Canna-Vega, Cyco, Hydro,
Ionic, and Outch Master) and collected at different times.
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Principle component analysis (PCA) was used as a way to show the possible links between
hydroponic nutrients and elemental profiles from associated plant material as well as to reduce
the large amount of variables derived from the elemental analyses to a much lower number of
principle components. The PCA analysis was performed for 42 Cannabis samples originating
from different nutrient source and collected over a twelve-week period. The results revealed
that, unlike the situation with ICP-MS, PCA does not provide a clear grouping for samples
associated with different nutrients and collected at different times. The reason behind this is
that more than four principle components are required to describe the overall sample set (e.g.,
the first two components only represent 72% of the variance in the data). This may be attributed
to the sample heterogeneity which is minimised in the case of ICP-MS analyses due to sample
digestion. Figure 5-11 shows the PCA results for the data generated by LIBS for the overall
sample set. When the same study was repeated between samples collected at the same time
(e.g., at week 11), PCA successfully categorized the Cannabis samples based on the nutrient
employed (Figure 5-12). In the data set illustrated in Figure 5-12, for samples collected at week
11, the first two principle components represent 99.9% of the variance in the data, providing a
clear grouping of the data set according to the nutrient concerned.
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Table 5-7: ANOVA results for the Cannabis samples analysed by LIBS

Duplicate

Outch Master

Ionic

Hydro

Cyco

Canna-Vega

Sample

Ratios
Sc 364.28/B 249.99
Ti 336.12/Na 330.3
Ti 336.12/Mn 257.61
Br 751.3/Mn 257.61
Rb 794.76/Ti 336.12
Ca 643.91/Sr 460.73
Sr 460.73/Ba 649.88
Sc 364.28/B 249.99
Ti 336.12/Na 330.3
Ti 336.12/Mn 257.61
Br 751.3/Mn 257.61
Rb 794.76/Ti 336.12
Ca 643.91/Sr 460.73
Sr 460.73/Ba 649.88
Sc 364.28/B 249.99
Ti 336.12/Na 330.3
Ti 336.12/Mn 257.61
Br 751.3/Mn 257.61
Rb 794.76/Ti 336.12
Ca 643.91/Sr 460.73
Sr 460.73/Ba 649.88
Sc 364.28/B 249.99
Ti 336.12/Na 330.3
Ti 336.12/Mn 257.61
Br 751.3/Mn 257.61
Rb 794.76/Ti 336.12
Ca 643.91/Sr 460.73
Sr 460.73/Ba 649.88
Sc 364.28/B 249.99
Ti 336.12/Na 330.3
Ti 336.12/Mn 257.61
Br 751.3/Mn 257.61
Rb 794.76/Ti 336.12
Ca 643.91/Sr 460.73
Sr 460.73/Ba 649.88
Sc 364.28/B 249.99
Ti 336.12/Na 330.3
Ti 336.12/Mn 257.61
Br 751.3/Mn 257.61
Rb 794.76/Ti 336.12
Ca 643.91/Sr 460.73
Sr 460.73/Ba 649.88

Type III Sum
of Squares
326.4
756
4.2
28210.7
602.8
27.2
0.1
2415.0
37.8
21.3
23168.2
5315.3
93.0
5.7
101.0
121.9
2.2
1846.1
37500.3
278.5
4.3
12
4.5
1.4
6922
31681
144.2
1.5
76.3
47.5
15.0
7822
6999
32.2
0.6
1.4
0.2
9.4
109545
551.3
0.2
0.4
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Df
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
6
4
4
4
4
4
4
4

Mean
Square
54.4
126
0.7
4701.8
100.5
4.5
0.1
402.5
6.3
3.6
3861.4
885.9
15.5
1.0
16.8
20.3
0.4
307.7
6250
46.4
0.7
2.0
0.7
0.2
1154
5280
24.0
0.3
12.7
7.9
2.5
1303.7
1166
5.4
0.1
0.3
0.1
2.4
27386
137.8
0.1
0.1

F
304.2
145.8
7.7
6481.1
24
90.2
0.9
413. 5
17.4
25.8
45.8
18.7
2.3
5.0
271.7
23.5
3.9
30.2
35.9
12.5
8.1
26.3
2.8
9.7
70.3
103.1
13.7
10.1
94.2
27.9
44.8
158.0
14.0
3.2
4.0
0.4
0.9
2.9
8.0
0.1
1.0
0.5

Sig.
(Ρ= 0.05)
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.8
0.5
0.1
0.8
1.0
0.5
0.7

Figure 5-11: PCA results of LIBS data for the 42 Cannabis samples.

Figure 5-12: PCA results of Cannabis samples originating from different sources and collected
at week 11.
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5.3.3 Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS)
The laser ablation system was optimised on a regular basis using the NIST 612 standard. In
addition, the matrix-related standards (i.e., NIST 1515, NIST 1575a, NIST 1572, and NIES
No.7) were used for external calibration and to evaluate the analytical performance of the LAICP-MS method. The external calibration plant standard NIST 1515 was analysed at the
beginning, middle, and end of each analytical sequence. Line mode was selected in order to
improve the precision of the analysis and representation of the sample, as was the case with the
LIBS measurements. Helium was used as a carrier gas as it has been demonstrated previously
that this improved the sensitivity of LA-ICP-MS analyses with glass (Eggins et al.,
1998;Eggins et al., 2002). The optimisation was conducted in order to achieve the optimum
signal intensity and low relative standard deviation between runs (< 15%).
The element menu used for these analyses was selected based on the presence, detectability,
and minimum isobaric interference in all standard materials as well as the Cannabis samples.
The analyte isotopes measured were as follows: 7Li,

11

B,

23

Na,

24

Mg,

27

Al,

29

Si,

31

P,

39

K,

43

Ca,51V, 53Cr, 55Mn, 57Fe, 66Zn, 85Rb, 86Sr, 88Sr, 89Y, 90Zr, 137Ba and 208Pb. The concentrations

were calculated using the NIST 1515 reference material as an external calibrator and 13C as an
internal standard.

13

C was used as an internal standard because it has a homogeneous

distribution in plant material and is in high concentration; it can be readily and precisely
measured in the standard material as well as in the Cannabis samples. The concentration of
each element was calculated by applying the quantification approach described by Longerich et
al. (1996) and stated in Chapter 2 in section 2.3.2.2.
5.3.3.1 LA-ICP-MS figure of merits
In order to evaluate the LA-ICP-MS figure of merits such as accuracy, limits of detection and
precision, four plant reference standard materials NIST 1515, NIST 1575a, NIST 1572 and
NIES No.7 were analysed three times at different locations on each sample. Accuracy was
determined in terms of percent bias, which is the percent error of each individual mean when
compared to the corresponding reference value. A summary of analysed elements and their
respective means and standard deviations, as well as the percent bias for the NIST 1515
reference material, is provided in Table 5-8. Positive and negative values of percent bias
indicate that the element concentration value was found to be greater or lower than the certified
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value, respectively. As seen in Table 5-8, good accuracy for the LA-ICP-MS analyses was
achieved, with less than 11% bias from the NIST 1515 values.
Table 5-8: Accuracy results in terms of percent bias for the LA-ICP-MS analysis of the NIST
1515 reference material
Element

Mean ± SD (ppm)

Al

289.42 ± 15.1

% bias
1.2

B

26.72 ± 0.25

-1.0

Ba

49.41 ± 0.88

0.8

Ca

15045.6 ± 506.07

-1.4

Cr

0.32 ± 0.01

7.5

Cu

5.9 ± 0.7

4.6

Fe

91.53 ± 11.31

10.3

K

16047.74 ± 139.52

-0.3

Mg

2650.18 ± 48.37

-2.2

Mn

53.75 ± 1.82

-0.5

Mo

0.09 ± 0.01

-2.8

P

1578.12 ± 11.64

-0.7

Rb

10.19 ± 0.12

-0.1

Sr

24.77 ± 0.74

-0.9

Zn

12.15 ± 1.19

-2.8

The LOD and precision studies were performed for the four standard reference materials
mentioned above. LODs were calculated based on three times the standard deviation for the
corresponding blank measurements. The background was estimated from the 60 seconds of
blank that is acquired prior to the ablation when only helium is passed through the cell.
Precision in terms of % RSD for three replicates of each element for the four standard materials
mentioned above was also determined. Table 5-9 represents a summary of the limits of
detection for the different elements and their respective correlation coefficient achieved within
the concentration range of these reference materials as well as the percent RSD values. Good
precision was obtained for the majority of elements, with less than 13% relative error.
Moreover, the trace elements such as B, Ba, Cu, Mn, Mo, Sr and Rb displayed good linearity
(R2 > 0.98) across the concentration range for the four standards, with low limits of detection.
The low LODs for these trace elements are indications of the high efficiency/sensitivity of laser
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ablation as well as good ICP-MS performance. In spite of the low limits of detection for Cr, Fe,
and Zn, these elements were rejected for comparison purposes due to poor linearity across their
concentration ranges.
Table 5-9: LA-ICP-MS limits of detection determined for NIST 1515, NIST 1575a, NIST 1572
and NIES No.7 and their corresponding correlation coefficients and precision (% RSD). All
concentration values are in parts per million (ppm)

Al

Concentration range
92 - 775

R2
0.9963

LOD
1.13

%RSD
5.2

B

9.6 – 27

0.9991

0.50

0.9

Ba

5.7 – 49

0.9988

0.01

1.8

Ca

2500 - 31500

0.9835

50.36

3.4

Cr

0.15 – 0.8

0.7544

0.07

4.2

Cu

2.8 – 16.5

0.9802

0.05

11.9

Fe

46 - 90

0.7679

2.71

12.4

K

4170 - 18600

0.9835

125.33

10.9

Mg

1060 - 5800

0.9863

1.88

1.8

Mn

23 - 488

0.9847

0.87

3.4

Mo

0.094 – 0.17

0.9801

0.01

3.5

P

1070 - 3700

0.9747

38.04

0.7

Rb

4.84 – 16.5

0.9869

0.01

1.2

Sr

3.7 - 100

0.9976

0.03

3.0

Zn

12.5 - 38

0.8144

0.36

9.8

Element

5.3.3.2 Evaluation of the discrimination capabilities of LA-ICP-MS for the analysis of
plant material
The concentration of selected elements was used to perform ANOVA/pairwise comparisons
with Tukey’s test (P<0.05) to determine which sample pairs differed significantly. Six elements
(i.e., B, Cu, Mn, Mo, Rb, and Sr) were chosen based on their presence in all Cannabis samples
and their relative degree of discrimination. The variation in elemental composition of Cannabis
plants associated with the same or different nutrients and collected at different time intervals
was determined using one pellet per batch of the six nutrients (i.e., 42 pellets in total); each
pellet was analysed three times at different positions. As was the case with LIBS and ICP-MS
measurements, significant differences between Cannabis plants originating from either the
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same or different nutrients were observed, providing 100% discrimination at a 95% confidence
limit across the 42 Cannabis samples. The elemental distribution across the Cannabis samples,
based on the mean concentrations of B, Cu, Mn, Mo, Rb, and Sr, is presented in Figure 5-13.
PCA was also applied to the data generated by LA-ICP-MS to attempt to present visual links
between hydroponic nutrients and elemental profiles from associated plant materials. The PCA
results were quite similar to those obtained from the LIBS data, meaning that over four
principle components were required to describe the overall sample set (with no clear grouping)
and only samples collected at the same growth time could be categorised (see Figures 5.14 and
5.15). Thus, principle component analysis is not suitable for classifying the samples collected at
different times.
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Figure 5-13: Distribution of LA-ICP-MS elements utilised for discrimination purposes across
the Cannabis sample set.

216

100

Nutrients
Canna
Cyco
Hydro
Ionic
Media
Outch

50

PC2

Similarity
20
40
60
80

0

-50

-100
-100

-50

0

50
PC1

100

150

200

Figure 5-14: Principle component plot for the overall Cannabis sample set.
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Figure 5-15: PCA results by LA-ICP-MS for Cannabis samples originating from six different
nutrients and collected at week 11.
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5.3.4 Micro-X-ray fluorescence (µXRF)
5.3.4.1 µXRF Optimisation and figure of merits
The development and optimisation of a method for the analysis of Cannabis plants by µXRF
was conducted as an initial study. The method was first optimised using four plant standard
reference materials NIST 1515, NIST 1575a, NIST 1572, and NIES No.7 as well as some of
the experimental Cannabis plants. Once the preliminary optimisation was completed, a set of
real samples was analysed in order to obtain the best possible selection of elements.
Parameters studied during this optimisation were mode of analysis (spot, line or rectangle) and
signal accumulation time. The purpose behind optimisation was to achieve accurate and precise
data across the plant materials. In this work, the standard materials and Cannabis plants were
analysed three times using different analysis modes. Figure 5-16 presents a summary of the
variation of the element percentages for P, S, Mn, Fe and Cu and their corresponding %RSD
values versus the analysis mode for NIST 1515 and Cannabis plant material. As illustrated, the
mean concentrations of the selected elements are almost identical for the three analysis modes,
with RSD value less than 7.5% for NIST 1515. For the Cannabis plant material, there is an
increase in the mean concentration of phosphorous as well as iron when applying rectangle
analysis mode. In addition, the precision between replicates is much better (< 6%) using the
rectangle mode compared to the spot and line modes. Accordingly, the rectangle mode was
selected for analysing the Cannabis plants.
The influence of the analysis time on the collected spectra was also examined. Three replicate
analyses were performed on NIST 1515 at signal accumulation times from 100 s to 800 s. The
precision between replicates in terms of %RSD at different times is provided in Figure 5-17.
More precise data was achieved at 600 s (%RSD values for the majority of elements fell in the
range of 0.3 to 4.6%) and hence 600 s was chosen for analysing the plant sample set.
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Figure 5-16: Evaluation of different analysis modes using the NIST 1515 reference standard and Cannabis plant material.
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Figure 5-17: Variations in µXRF precision results for the NIST 1515 sample replicates for
each selected element and for analysis times from 100 to 800 s.
Accuracy for the µXRF method was tested based on the regression analysis of the certified
values for each element of interest versus the measured elemental concentrations for NIST
1515, NIST 1575a, NIST 1572 and NIES No.7. The linear regression statistics (R2 value) for
the plots were within the 0.890 – 0.994 range for all the elements of interest. An example of
four calibration curves for Cu, Fe, Mn and P generated from the µXRF data set can be found in
Figure 5-18. Each point in the calibration curve is from an average of three replicates for each
of the standard materials. The vertical error bars represented ± one standard deviation
calculated from the three replicates from each reference material.

220

0.4

Fe

y = 0.0166x + 0.0795
R² = 0.9853

0.3

Mean concentration %

Mean Concentration %

Cu

0.2
0.1
0
0

5

10

15

100

y = 0.5519x + 29.785
R² = 0.9811

80
60
40
20
0

20

0

20

80

100

P
3.5

y = 0.0085x + 0.0118
R² = 0.9916

Mean concentration %

Mean Concentration %

Mn
6

60

Concentration (ppm)

Concentration (ppm)

7

40

5
4

3
2
1

0

y = 0.0007x - 0.1214
R² = 0.994

3
2.5
2

1.5
1
0.5

0
0

100

200

300

400

500

600

700

800

0

1000

Concentration (ppm)

2000
Concentration (ppm)

Figure 5-18: Calibration curves generated from the µXRF data for the elements Cu, Fe, Mn and P.
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5.3.4.2 Evaluation of the discrimination capabilities of µXRF for the analysis of plant
material
Nine elements were initially selected for the plant sample set based on their occurrence in all
samples: Ca, Cl, Cu, Fe, K, Mn, P, S and Zn. From the nine elements, 36 possible peak ratios
were computed with none of the ratios being repeated. One sample duplicate was randomly
selected as a verification and quality control measure. The sample duplicate was treated as an
individual sample throughout the entire analytical sequence and then used to eliminate ratios
that resulted in false exclusions (Type I error) using ANOVA and Tukey’s HSD test at the
99.97% confidence limit. None of ratios gave false exclusions and all of them produced
accurate conclusions in that the control sample and its duplicate were found to be
indistinguishable. Five out of 36 ratios were subsequently selected based on their relative
degrees of discrimination across the plant sample set. These element ratios were as follows:
Cl/Zn, K/Fe, Ca/Zn, Mn/Fe, and Cu/Zn.
A study of variability in elemental composition across the Cannabis samples grown in six
hydroponic nutrients (Outch, Media-One, Hydro, Cyco, Ionic and Canna-Vega) was conducted.
The variability was examined by selecting one pellet per batch for each one of the above
mentioned nutrients. Each batch was analysed three times at different locations. Figure 5-19
shows the principle component plots for the samples from the six nutrients. For the overall
sample set, PCA again failed to cluster Cannabis plants according to the nutrient composition
as a result of the large variation within and between batches. There are significant variations
between batches from the same and for different nutrients, with overall discrimination of 88.6%
(98 pairs out of 861 pairs were found indistinguishable) using ANOVA followed by Tukey’s
HSD test at a 95% confidence limit. The list of indistinguishable pairs can be found in Table 510.
When the same study was repeated between samples collected at week 11, PCA was partially
successful in categorizing Cannabis samples, in terms of the nutrient employed, into four
groups at 85% similarity as shown in Figure 5-20. From the results summarised above, it was
concluded that the µXRF method was not suitable for the discrimination of Cannabis samples
originating from different growth nutrients. This was attributed to a lack of sensitivity for the
analysis of trace elements (for example, elements such as B and Rb were below instrumental
detection limits for the µXRF analyses).
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Figure 5-19: PCA results for the µXRF data from the complete Cannabis sample set using five
element ratios: Cl/Zn, K/Fe, Ca/Zn, Mn/Fe, and Cu/Zn.
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Figure 5-20: PCA results from the Cannabis samples collected at week 11.
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Table 5-10: List of indistinguishable pairs of Cannabis samples found by µXRF (Ca: CannaVega, Cy: Cyco, I: Ionic, Hy: Hydro and Out: Outch)
No.

Sample

Pairs not discriminated

1-2

Ca11

Ca9, Out9

3-15

Ca2

Ca3, Ca5, Ca7, Cy2, Cy3,Cy5, Cy9, Hy2, Hy3, I11, I3, Out2, Out3

16-23

Ca3

Ca5, Ca7, Cy5, Cy9, Hy2, Hy3, I3, Out2

24-32

Ca5

Ca7, Cy3, Cy5, Hy3, I11, I3, I4, Out11, Out5

33-42

Ca7

Cy3, Cy5, Cy9, Hy3, I11, I3, I4, Out11, Out4, Out5

43-44

Ca9

Cy7, Out9

45-47

Cy4

Cy5, I4, Out4

48-53

Cy11

Cy2, Cy7, Cy9, Out2, Out3, Out9

54-57

Cy2

Cy7, Cy9, Out2, Out3

58-65

Cy3

Cy5, Cy9, I11, I3, I4, Out11, Out4, Out5

66-69

Cy5

I3, I4, Out4, Out5

70-73

Cy7

Hy11, Out2, Out3, Out9

74-76

Cy9

Hy2, I11, Out2

77-79

Hy2

Hy3, I3, Out2

80-81

Hy3

I3, out2

82

Hy5

Hy7

83-86

I11

I3, out11, Out2, Out5

87

I3

I5

88-89

I4

I5, Out5

90-93

I5

I7, I9, Out11, Out5

94-95

I7

I9, Out11

96

I9

Out11

97

Out11

Out5

98

Out2

Out3
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5.3.5 Correlation study
The correlation between data generated by the four analytical methods (i.e., LIBS, ICP-MS,
LA-ICP-MS, and µXRF) across the Cannabis samples was examined. The four analytical
techniques were compared in terms of concentration (for ICP-MS and LA-ICP-MS), peak area
(for LIBS) or concentration percent (for µXRF) versus samples measured. Figure 5-21 provides
an illustration of the distribution of manganese (mean peak area or mean concentration), as
determined by LIBS, ICP-MS, LA-ICP-MS and µXRF, across the Cannabis sample set. As
well as indicating variability across the sample set, this graph also demonstrates the degree of
correlation in the manganese signal for the four analytical methods. When the peak area or
concentration of manganese is increased for one method (for example, when moved from one
nutrient type to another), the manganese signal is also increased in a similar manner for the
other methods. The same trend was also observed when the peak areas and concentrations for
B, Cu, Rb, Sr and Zn were monitored across the Cannabis samples using the four analytical
techniques (Appendix).
The correlation between the measured elemental concentrations in the liquid nutrients by ICPMS and the elemental profiling of the associated plants measured by other four analytical
techniques (ICP-MS, LIBS, LA-ICP-MS, and µXRF) was also considered. The four analytical
techniques were compared in terms of concentration in the liquid nutrients versus element
concentration or net peak area and the results are summarised below.
The correlation between liquid nutrient levels and the ICP-MS results for 55Mn is illustrated in
Figure 5-22(a). As can be seen, a good correlation between the two data sets is established, with
a correlation coefficient of 0.981. Strong positive correlations between the two data sets were
also noticed for Br and Zn (correlation coefficients 0.997 and 0.965, respectively). This good
correlation between the two data sets explained why PCA results applied to the ICP-MS data
successfully classified the plant materials collected at different times according to nutrient
composition.
The ICP-MS nutrient concentration for manganese was plotted against the LIBS peak areas for
the Mn II (257.61 nm) emission line measured across the plant materials and this is displayed in
Figure 5-22(b). The correlation between the two data sets was not as strong as for ICP-MS,
with a correlation factor of 0.927. The plot of nutrient Mn composition against the
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corresponding LA-ICP-MS data [Figure 5-22(c)] produced a similar correlation to that obtained
with LIBS.
Finally, the correlation between nutrient Mn composition and the data obtained from the
Cannabis plant materials by µXRF is demonstrated in Figure 5-22(d). Good correlation was
achieved with a correlation coefficient of 0.977. Despite this good correlation, the µXRF
method was not able to discriminate between Cannabis samples originating from different
growth nutrients (Table 5-10). The reason behind this is that the µXRF method was not
sensitive enough to detect the trace elements that were monitored using the other three
analytical techniques.
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Figure 5-21: Manganese distribution across the Cannabis sample set as a comparison of means for LIBS (peak area), µXRF (concentration
percent), ICP-MS and LA-ICP-MS (concentration). Note that the µXRF concentrations were multiplied by 100 to achieve a similar scaling factor.
227

ICP-MS concentration

300
250
200
150
100
50
0

(a)

y = 0.6253x - 7.4837
R² = 0.981
0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

450.00

500.00

Liquid nutrient concentration (ppm)

LIBS net peak area

150

(b)
100
50

y = 0.1727x + 64.909
R² = 0.9268

0
0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

450.00

500.00

LA-ICP-MS Concentrarion

Liquid nutrient concentrations (ppm)
250

(c)

200
150
100

y = 0.3956x + 25.778
R² = 0.9271

50
0
0.00

50.00

100.00

150.00

200.00

250.00

300.00

350.00

400.00

450.00

500.00

µXRF concentration%

Liquid nutrient concentrations (ppm)
0.6
0.5
0.4
0.3
0.2
0.1
0

(d)

y = 0.0011x + 0.0247
R² = 0.9769
0

100

200

300

400

500

Liquid nutrient concentrations (ppm)

Figure 5-22: Correlation of liquid nutrient manganese concentrations and the corresponding results
for manganese in the Cannabis plant material as measured by (a) ICP-MS, (b) LIBS, (c) LA-ICP-MS,
and (d) µXRF.
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It is noteworthy to mention that the elements or their corresponding ratios used to discriminate
the Cannabis samples by the different analytical techniques are quite similar. Table 5-11
presents a summary of the elements of interest that were used for discriminating the Cannabis
samples by ICP-MS, LA-ICP-MS, LIBS and µXRF.
Table 5-11: Elements used to discriminate Cannabis samples in this study. Note that the
elements repeated for at least two of the analytical techniques are highlighted in bold
Method

Elements of interest

ICP-MS

B, Br, Cu, Mn, Mo, Rb, Sr, Zn

LA-ICP-MS

B, Cu, Mn, Mo, Rb, Sr

LIBS

B, Ba, Br, Ca, Mn, Na, Rb, Sc, Sr, Ti

µXRF

Ca, Cl, Cu, Fe, K, Mn, Zn

5.4 Conclusions
The analytical methods employed for the elemental analysis of Cannabis samples were
developed to provide accurate and precise results for the plant standard materials NIST 1515,
NIST 1575a, NIST 1572, and NIES No.7. All four methods — ICP-MS, LIBS, LA-ICP-MS
and µXRF — were optimised in terms of accuracy, limits of detection and precision for the
analysis of the standard materials under different experimental conditions. The element menu
selected for discrimination purposes for each of the four techniques was quite similar, although
there were more elements employed for LIBS. The differences in the element menus related to
instrument sensitivity and detection limits. For instance, elements such as B and Rb were below
instrumental detection limits for the µXRF analyses whereas, with the other three techniques,
these elements were detected with a precision of < 10% RSD.
The correlation between data generated by the four analytical techniques for the 42 Cannabis
samples was evaluated. Good correlation was found when the concentrations or peak areas of
the elements of interest (i.e., B, Cu, Mn, Rb, Sr, and Zn) were monitored. The correlation
between the liquid nutrient and the elemental profiles of the associated plant materials was also
examined. Good correlation between the two data sets was achieved, with a correlation
coefficient greater than 0.926 for each of the four methods.
Statistical discrimination analyses were performed on the elemental compositions to determine
the utility of trace elements to separate samples from different sources and to associate samples
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from the same source. The analysis of variance ANOVA followed by Tukey’s test at 95%
confidence limit was applied to determine which sample pairs differed significantly. The study
of variability in elemental composition between Cannabis samples originating from different
sources (i.e., discrimination between batches and nutrient types) was performed. Significant
and detectable differences were observed between samples from different sources
(discrimination of ~ 89 – 100%, depending on the methods applied).
Principle component analysis was applied to try to group samples of similar origin that were
collected at different growth times, but this was unsuccessful with LIBS, LA-ICP-MS and
µXRF as more than four principle components were required; however, clear grouping was
achieved with the ICP-MS data, possible due to the digestion process producing homogeneous
samples (compared to the pellets required for the other methods). The variations in elemental
composition across the whole Cannabis sample set may be attributed to the sampling strategy
(mixed leaves and flower tops were used to prepare the pellets, to be similar to the plant
material in trafficked samples) as well as variations in the age of the plants when sampled.
However, when the same study was repeated for samples collected at the same growth time,
PCA proved successful in correctly classifying the Cannabis samples — from the LIBS and
LA-ICP-MS data, and to a more limited extent with the µXRF data — based on the nutrient
employed. As a result, for Cannabis samples harvested at the same time, it is possible to
correctly associate the samples with a particular nutrient based on this approach.
Furthermore, ICP-MS, LA-ICP-MS and LIBS proved to be suitable analytical techniques for
the comparison of Cannabis samples. The proposed LIBS method demonstrated similar
probative information to that achieved with the more established techniques ICP-MS and LAICP-MS. However, in comparison, LIBS is simple, fast, efficient, easy to use, and cost
effective, with no tedious sample preparation as is required for ICP-MS. These are all desirable
features for forensic applications, makes LIBS a promising method for the analysis of Cannabis
plant material.
Despite the promising results achieved in this research, an extended study is required across a
larger number of nutrients and for longer growth times before these techniques could be
implemented operationally.
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Chapter 6 : Conclusions and Recommendations
Laser-induced breakdown spectroscopy (LIBS) is an emerging elemental profiling technique
that has many potential forensic applications. In this study, LIBS was demonstrated to be an
excellent tool for the elemental profiling of matrices such as glass, paper, writing ink, inkjet
ink, laser printer toners and Cannabis plant material. Table 6-1 summarises the optimal
conditions and elements of interest for the analysis of these matrices by LIBS. The results
obtained support the incorporation of the LIBS technique into protocols used by operational
forensic laboratories for the chemical analysis of a range of sample types. The analytical
performance of a commercially available LIBS instrument was evaluated — in terms of
accuracy, precision, limits of detection and discrimination potential — for the types of
materials indicated above.
In the first part of the research, LIBS proved to have significant merit as an analytical tool for
the surface and bulk analysis of glass evidence, offering comparable discrimination power to
that of two of the leading techniques, µXRF and LA-ICP-MS. The LIBS method was optimised
and developed in order to maximise sensitivity, accuracy and precision between measurements.
The optimal instrumental parameters for LIBS were found to be spot analysis at 10 Hz
repetition rate with a spot size of 200 µm and 1.8 µs detector delay under an argon atmosphere
and 70% laser power (~140 mJ/pulse). A strict procedure for evaluation of the LIBS spectra
was implemented to eliminate Type I errors (false exclusions) and minimise Type II errors
(false inclusions). The optimised LIBS parameters were used to discriminate between window
glass samples using the following emission line ratios: Al I (309.28)/Ca I (643.91), Al I
(309.28)/Ti II (336.12), Fe I (371.9)/Al I (309.28), Ba II (493.4)/Sr II(407.77), Ti II (336.12)/Sr
II (407.77), Al I (394.40)/Sr II (407.77), Si I (288.21)/Al I (309.28), Na I (819.48)/Ti II
(336.12), Ba II (493.4)/Ca I (643.91), Sr II (407.77)/Zr II (256.88), and Na I (819.48)/K I
(766.49).
One of the significant findings was the possibility to distinguish the two glass layers of
laminated glass samples from each other in some cases. As such, proper sampling is required to
increase the evidential value of the evidence. The combination of LIBS analysis with refractive
index measurements is recommended to enhance the overall discrimination power for the
forensic analysis of glass fragments.
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Table 6-1: Optimised instrumental parameters for the analysis of glass, paper, ballpoint ink, inkjet ink, laser printer toners and Cannabis plant
material by LIBS
Parameters
Laser power (mJ/pulse)
Analysis mode
Spot size
Line length (for line mode)

Glass

Office Paper

Ballpoint Ink

Inkjet Ink

Laser Toners

Cannabis Plant Material

140

170

170

170

170

200

Spot analysis

Line mode

Line mode

Line mode

Line mode

Line mode

200 µm

300 µm

300 µm

300 µm

300 µm

400 µm

–

1400 µm

2800 µm

2800 µm

2800 µm

6 mm

Ten replicates

Three replicates

Three replicates

Three replicates

Three replicates

Three replicates

No. of accumulated laser shots

100

24

8

8

8

30

No. of cleaning shots

30

---

---

---

---

---

No. of replicates

Detector delay

1.8 µs

2.4 µs

2.6 µs

2.6 µs

2.6 µs

2 µs

Repetition rate

10 Hz

3.33 Hz

3.33 Hz

3.33 Hz

3.33 Hz

10 Hz

Element menu

Al, Ba, Ca, Fe, K, Mg,
Na, Si, Sr, Ti, Th and Zr

Al, Ca, Mg, Mn, Na, Sr, Ti

Al, Ca, Cu, Mg, Na, Si, Ti.

Si, Sr, Ca, Cu, Mg, Cr

Mg, Si, Rh I, Hf, Ti, Sr, Cr,
Ca, Cu

B, Ba, Br, Ca, Fe, Mn, Na,
Rb, S, Sc, Si, Sr, and Ti.

Ratios used for discrimination
purposes

Al (309.28)/Ca (643.91)
Al (309.28)/Ti (336.12)
Fe (371.9)/Al (309.28)
Ba (493.4)/Sr (407.77)
Ti (336.12)/Sr (407.77)
Al (394.40)/Sr (407.77)
Si (288.21)/Al (309.28)
Na (819.48)/Ti (336.12)
Ba (493.4)/Ca (643.91)
Sr (407.77)/Zr (256.88)
Na (819.48)/K (766.49)

Ca (649.38) /Na (330.30)
Ti (336.12)/Mn (257.61)
Sr (407.77)/Na (330.30)
Ti (336.12)/Sr (407.77)
Al (308.22)/Sr (407.77)

Cu (327.36)/Al (308.22)
Cu (327.36)/Ti (336.12)
Na (819.48)/Cu (327.36)
Si (288.21)/Cu (327.36)
Mg (285.21)/Cu (327.36)
Cu (327.36)/K (766.49)
Ca (643.91)/Cu (327.36)
Ca (643.91)/Si (288.21)
Ti (336.12)/Ca (643.91)
Ca (643.91)/Al (308.22)
Ti (336.12)/Na (819.48)
Na (819.48)/Al (308.22)

Si (288.21)/Cu (327.36)
Ca (643.91)/Cu (327.36)
Mg (285.21)/Cr (520.84)
Sr (460.73)/ Ca (643.91)

Hf (325.37)/Ca (643.91)
Rh (332.3)/Ca (643.91)
Hf (325.37)/Cu (327.36)
Si (288.21)/Ti (498.17)
Mg (285.21)/Rh (332.3)
Rh (332.3)/Cu (327.36)
Mg (285.21)/Si (288.21)
Mg (285.21)/Hf (325.37)
Mg (285.21)/Sr (460.73)
Mg (285.21)/Cr (520.84)

Sc (364.28)/B (249.99)
Ti (336.12)/Na (330.3)
Ti (336.12)/Mn (257.61)
Rb (794.76)/ Ti (336.12)
Br (751.3)/Mn (257.61)
Ca (643.91)/Sr (460.73)
Sr (460.73)/Ba (649.88)

- Mean ± 3SD
- ANOVA followed by Tukey’s
test
- PCA

- Mean ± 3SD
- ANOVA followed by Tukey’s
test
- PCA

Matching criteria

- Mean ± 3SD
- ANOVA followed by
Tukey’s test

- Mean ± 2SD
- ANOVA followed by
Tukey’s test
- PCA

- Mean ± 3SD
- ANOVA followed by
Tukey’s test
- PCA
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- Mean ± 3SD
- ANOVA followed by
Tukey’s test
- PCA

Recommended further research includes the analysis of very small glass fragments (e.g.,
minute fragments recovered from garments) by LIBS, which would include further method
development to achieve accurate and precise data with minimal sample preparation and
minimal sample consumption. The construction of a LIBS spectral library for a larger
population of glass samples is also recommended.
In the second phase of the project, a LIBS method was developed and optimised for the
analysis and discrimination of paper samples originating from the same mill (the Maryvale Mill
located in Victoria’s LaTrobe Valley, Australia) but representing different brands and batches.
In-house matrix matched standards were prepared to tune and calibrate the laser parameters.
The optimised parameters for LIBS were established to be line scan mode at 3.33 Hz repetition
rate, with spot size 300 µm and 2.4 µs detector delay under an argon atmosphere and 85% laser
power (~170 mJ/pulse). Five peak area ratios were used for evaluating the discrimination
power of LIBS. These ratios were: Ca I (649.38) /Na I (330.30), Ti II (336.12)/Mn II (257.61),
Sr II (407.77)/Na I (330.30), Ti II (336.12)/Sr II (407.77), and Al I (308.22)/Sr II (407.77).
The analytical performance of LIBS was compared to that of µXRF in terms of discrimination
power across the paper samples using a 2-sigma match criterion, ANOVA with Tukey’s post
hoc test and PCA analysis. Significant and detectable differences were observed between
different batches of the same brand as well as different brands, with an overall discrimination
power greater than 99.5% for the sample set chosen. In other words, the results showed that it is
possible to discriminate paper samples produced at the same mills/plants at different time
intervals based on their elemental composition as characterized by LIBS or µXRF.
Further research is recommended to test sample homogeneity across sheets within a ream and
to construct a LIBS spectral library for common paper types used in Australia. Such a study
would be useful for forensic document examiners as a LIBS analysis can be quickly performed
(many measurements can be performed within a few minutes) with excellent discrimination
power.
In the third section of the study, the analytical performance of LIBS was assessed for the
analysis of ballpoint pen inks (blue and black), black inkjet inks and black laser printer toners,
which are all commonly encountered in forensic document examination. The method was
developed and optimised using both in-house matrix ink standards and selected samples from
each set. The development and optimisation of the LIBS method was conducted with a view to
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providing high precision and repeatability between experiments as well as to minimise the
contribution of the paper signal to the ink or toner spectrum. The optimised parameters were as
follow: 85% laser output at 3.33 Hz repetition rate and 2.6 μs detector delay. Line scan mode
with a spot size of 300 µm was utilized and only one laser pulse was delivered at each point
along this line (again, to reduce paper contributions). The element menu for each sample set
was selected based on presence, detectability, minimum spectral interference, and variability
across the sample set (i.e., discrimination potential).
Although the analysis of ink on paper is more challenging than the analysis of paper alone,
because ink is absorbed to some extent into the fibres of the paper and is therefore practically
impossible to isolate from the substrate, the differentiation of the inks and toners was possible
at the brand, model type and batch level for all of the sample sets examined here. It is
noteworthy to highlight that the LIBS method has the potential to differentiate between samples
written or printed on the same paper source as well as finding similarities between samples
printed on different paper, meaning that the contribution of the paper signal to the ink or toner
spectrum was minimised to an extent that avoided any significantly adverse effects on the
results.
The analytical performance of LIBS was compared to that of LA-ICP-MS and µXRF in terms
of discrimination power for the black and blue ballpoint inks, the black inkjet inks and the
black laser printer toners. Three discrimination approaches were used. First, principle
component analysis was applied in an attempt to reduce the number of variables and to cluster
samples into groups. Second, the comparison of selected elemental ratios was performed by
utilizing a mean ± three times the standard deviation (3-sigma) criterion. Finally, an analysis of
variance (ANOVA) and Tukey’s HSD test at 95% confidence limit was employed for the
remaining indistinguishable pairs. LIBS was shown to provide comparable discrimination
powers for the selected inks and toners when compared to LA-ICP-MS and µXRF
(discrimination of ~ 98.4 – 99.8%, depending on the sample subset under examination), with
false inclusion rates lower than 1.7%.
The PCA results for LIBS, LA-ICP-MS and µXRF generally provided good discrimination
between brands and models. However, while the grouping of writing inks (125 black and blue
pen), inkjet inks (6 samples) and laser toners (6 samples) in terms of brand (production origin)
is promising, a more extensive study is required on a larger and more varied sample collection
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before LIBS could be implemented operationally for these sample types. The limited sample
sets were a limitation in this study.
Finally, the analytical performance of LIBS as well as that of ICP-MS, LA-ICP-MS and µXRF
was evaluated, for the first time, in terms of the ability to conduct elemental analyses on
Cannabis plant material with a specific focus on the possible links between hydroponic
nutrients and elemental profiles from associated plant material. Five plant standard reference
materials, which have similar compositions to the examined Cannabis sample set, were used to
develop, optimise and calibrate the four analytical techniques by means of accuracy, limits of
detection and/or precision. The optimised methods were then used to determine the elemental
composition of Cannabis plant materials collected at different growth times and using six
different commercial liquid nutrients (as may be used for the hydroponic cultivation of
Cannabis plants). The optimised conditions for LIBS were found to be line scan at 10 Hz
repetition rate, with a spot size 400 µm and a 2 µs detector delay under an argon atmosphere
and 100% laser power. LIBS was found to be reproducible, fast, simple, efficient, and cost
effective; factors that are highly desirable for forensic applications.
The most characteristic elements found in Cannabis samples were B, Ba, Br, Ca, Cl, Cu, Fe, K,
Mn, Mo, Na, Rb, Sc, Sr, Ti and Zn, depending on the applied analytical method. Good
correlation among the four techniques was achieved when the concentrations or peak areas of
B, Cu, Mn, Rb, Sr, and Zn were checked. The study also demonstrated that ICP-MS, LA-ICPMS and LIBS are suitable, highly discriminating elemental profiling techniques for the
comparison of Cannabis samples. In addition, for Cannabis samples collected at the same
growth time, the elemental profiles could be related to the use of particular commercial
nutrients. These methods open up the possibility of including elemental analysis for the
differentiation of plant evidence in criminal casework as well as providing evidence that may
help associate a Cannabis sample with a particular Cannabis grower or distribution network.
However, a more extensive study is required before these techniques could be implemented
operationally for the forensic analysis of Cannabis products.
The main drawback of the LIBS technique, like that of LA-ICP-MS, is the lengthy method
development and optimisation that is required for the analysis of new sample types. This
includes assessment of both instrumental parameters and data analysis methodologies.
However, once this is done, high discrimination powers can be obtained that are comparable to
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those achieved with more established methods such as LA-ICP-MS and µXRF. With the
particular LIBS instrument used in this study, sample size was limited to ~10 x 15 cm, which
meant that certain samples such as sheets of paper needed to be sub-sampled by cutting out a
smaller section. Despite some disadvantages, the instrument is less expensive (compared to the
more mature µXRF, ICP-MS and LA-ICP-MS techniques), is easy to operate, provides high
sample throughput, can generate large quantities of data over a short period of time, has low
sample analysis cost compared to other techniques, has low maintenance, and demonstrates
excellent discriminating power. When all things are considered, LIBS offers significant
advantages over conventional elemental profiling methods and produces similar elemental
information to that of LA-ICP-MS and µXRF. These features make LIBS a feasible alternative
to the more expensive LA-ICP-MS and µXRF options, and this supports the incorporation of
the LIBS technique into the examination protocols used in operational forensic laboratories for
matrices of the type examined here.
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Figure X-1: Boron distribution across the Cannabis sample set as a comparison of means for LIBS (peak area), ICP-MS and LA-ICP-MS
(concentration).
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Figure X-2: Rubidium distribution across the Cannabis sample set as a comparison of means for LIBS (peak area), ICP-MS and LA-ICP-MS
(concentration). Note that the LIBS peak areas were divided by 500 to achieve a similar scaling factor.
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Figure X-3: Strontium distribution across the Cannabis sample set as a comparison of means for LIBS (peak area), ICP-MS and LA-ICP-MS
(concentration). Note that the LIBS peak areas were divided by 10 to achieve a similar scaling factor.
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Figure X-4: Copper distribution across the Cannabis sample set as a comparison of means for LIBS (peak area), µXRF (concentration percent),
ICP-MS and LA-ICP-MS (concentration). Note that the µXRF concentrations were multiplied by 200 to achieve a similar scaling factor.
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Figure X-5: Zinc distribution across the Cannabis sample set as a comparison of means for µXRF (concentration percent), ICP-MS and LA-ICPMS (concentration). Note that the µXRF concentrations were multiplied by 400 to achieve a similar scaling factor.
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