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Abstract

Guns were used in crimes amassing over 24 thousand victims in Australia between 1995 and 2012,
including 859 homicides [4]. A common trace evidence in these cases is gunshot residue (GSR), a mix of

vapours and particulates that are deposited onto the shooter, victim and surrounds during a firing event.

There is currently difficulty in distinguishing between residues from different sources, such as from a
firearm and fireworks or nail guns, or GSR from two different ammunitions. A potentially highly
characteristic particle ‘glass-containing GSR’ (gGSR) has been discovered previously, and in order to
improve fundamental understanding of this type of GSR, and to explore novel capabilities offered through

analysis of these particles, a three-pronged project was undertaken.

The first examined the probative value of glass-containing GSR by investigating potential sources of similar
particles, including from brake pads, fireworks and nail guns. This project focussed on incorporating gGSR
particles into GSR investigations using techniques currently used in research and casework, and improving

the detection of and discrimination between samples of GSR using the glass-containing GSR.

Secondly, a market survey was undertaken on glass particles taken from different ammunitions. The
variation of frictionator glass and glass-containing GSR from ammunitions across the Australian market
was assessed, focussing on 0.22 rimfire weapons. It was found that with 99% confidence over 94% of glass

samples from ammunitions from different brands could be distinguished.

In the third sub-project, genuine glass-containing GSR particles were located, and methods for the analysis
and comparison of these samples were investigated. It was found that different glass-containing particles
had different morphologies, and different incorporation of other GSR components. It was also
demonstrated, as a proof-of-concept, that pre-fired and post-fired residues from the same ammunition

could not be discriminated, while residues from different sources could potentially be discriminated.

The results from each of these parallel prongs have inter-connecting and overlapping consequences for
interpretation of GSR evidence and could lead to the development of new capabilities and opportunities

in forensic laboratories.
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Periodic Table

In this thesis, elemental symbols and mass numbers are frequently used in discussions. For brevity,
elemental symbols and mass numbers to designate isotopes, where relevant, have been used. The
Periodic Table of the Elements presented on the following page was taken from the IUPAC website, who
provide periodic tables for the public. This may be used as a reference to allow for interpretation of any

elemental symbols.
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1.Intfroduction and Literature Review

1.1. General Introduction

1.1.1. Firearms and Society

Due to the particularly heinous nature of gun crime, society places hefty punishments on those who
commit gun crimes, and significant police and forensic resources are committed to these cases.
Firearm crime investigations can involve tool mark comparisons of striations on bullets and cartridge
cases, the use of chemical tests to look at patterns left by weapons on hands, or the analysis of organic
or inorganic residues deposited on the shooter, victim and scene during a firing incident. This project
will focus on improving the methods for the identification and discrimination of inorganic gunshot

residue samples, to support forensic practitioners’ conclusions in court.

There are approximately 3 million legally owned firearms in Australia, of which an overwhelming
majority are shotguns or long rifles [5]. The illicit market is conservatively estimated to represent
another 250,000 long rifles and 10,000 handguns [5]. The prevalence of 0.22 calibre long rifles and
shotguns, associated with the strong firearms legislation in Australia, has also caused them to be the
most common types associated with crimes or deaths. This is quite different to other developed
countries, where revolvers, pistols or other weapons are more popular, and more frequently
associated with crime or deaths [6-8]. A comparison of firearm deaths by weapon type between
Australia and the USA, (Figure 1) shows that long rifles and shotguns are involved in more than 70%
of cases in Australia, but only 11% of cases of cases in the USA [6, 9]. Between 2002 and 2018, hand
guns were used in approximately 45% of all crimes involving a firearm in the UK, whereas rifles were
used in only 0.8% (excluding air weapons) [7]. In the UK, however, three out of every four deaths
associated with firearms were self-inflicted, with 43% of all firearms deaths coming from a rifle or
shotgun, which are not distinguished by the international coroners codes. [10]. Previous research has
indicated that although firearms-related suicides are relatively rare in the UK, when they occur,
shotguns are mostly used ([11] and Armour 1996, Chapman and Milroy 1992, Moug et al., 2001 and
Nowers 2002 as cited in Haw et al. 2004 .

The variance in firearm usage between Australia and other jurisdictions means that Australia may see

different patterns of forensic firearms evidence compared to the other jurisdictions.
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Figure 1: A inter-jurisdictional comparison of weapons associated with all coronial firearm deaths from 2006-2015.

1.1.2. The Firearm

Firearms in the 21 century are available in various calibres, arrangements and styles, including those
that are 3D printed, or improvised out of easily sourced components [8]. For something to be classed
as a firearm, it must have a chamber to hold ammunition, a mechanism to discharge the ammunition,
and a barrel to direct projectiles (bullets) towards a target [8]. Other common firearm components

are shown in Figure 2.

Each make and model of ammunition will have its own combination of features such as cartridge
composition, primer formulation, and projectile type, composition and jacket to optimise the
ammunition for its purpose. A diagram showing components of ammunition is presented in Figure 3.
A round of ammunition is comprised of a cartridge and a projectile. A projectile, generally a bullet, is
the component that is discharged through the firearm towards the target [8]. The projectile sits in a
cartridge case, the base of which holds a primer, a sensitive, inorganic explosive that sets off the main
explosive compound (the propellant) which is held in the bulk of the cartridge. The primer can be held
inarim at the base, in which case the cartridge is discharged by crushing the rim, or it can be contained
in a cup, which is discharged by percussive force punching the centre of the cup [8]. Rimfire
ammunitions are cheaper, and more common than their centrefire counterparts in small calibre
ammunitions, such as 0.22, but rimfire configurations are not suitable for larger calibre ammunition

[8].
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Figure 2: Labelled diagram showing common firearm components. Modified from http://sutur.info/wp-
content/uploads/2019/01/nerf-coloring-pages-gun-coloring-pages-gun-coloring-pages-gun-coloring-pages-pixel-pistol-2-a-gun-coloring-
gun-coloring-pages-nerf-stryfe-coloring-pages.jpg Accessed 1 June 2019
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Figure 3: Structure of an ammunition cartridge (rimfire). Modified from, owned by Hmaag [CC BY-SA 3.0
(https://creativecommons.org/licenses/by-sa/3.0) or GFDL (http://www.gnu.org/copyleft/fdl.html)], from Wikimedia Commons,
accessed 21 June 2015.
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1.1.3. Introduction to Firearm Science:

There are three types of evidence evaluation in cases involving firearms. The first is a comparative
analysis of a cartridge case/projectile collected from a scene to one test-fired in the laboratory. This
is a well-used technique in cases of crime but can only be completed when the weapon is known and
present and when the offending projectile/cartridge case is recovered; this can connect ammunition

to a gun, but not to a shooter.

The second type of evidence evaluation is that which connects a weapon to a shooter. This evidence
could consist of fingermarks or DNA left on the firearm. Alternatively, in limited jurisdictions, a method
has been applied to detect and compare patterns left by Fe ions from firearm components on the
hands of a shooter, theoretically enabling the linking of a person to a weapon [12]. This has been met
with some success in determining who has held the firearm, especially in cases of suicide or murder-

suicide, but cannot prove that a person fired the weapon [12].

A third approach is also commonly used to determine whether a suspect has been involved in or
associated with the discharge of a firearm. This approach involves linking an individual with firearm
activity by analysis of organic and inorganic gunshot residues (GSR) that are deposited onto the
shooter, victim, bystanders and the surrounding scene during a firing incident [8, 13-15]. It can be very
powerful, as GSR is microscopic and not visible to the naked eye, it is highly specific to firearms

exposure, and can inform an investigation even if the firearm is not recovered [8, 13].

GSR evidence evaluation does however, have several limitations; these residues can also be found on
the hands of people who have handled or cleaned, but not fired, a weapon [8, 14, 15]. Furthermore,
using GSR examination, it is not possible to accurately infer when the suspect might have discharged
a gun nor is it currently possible to determine whether the suspect was involved in a particular
shootingincident [8, 14, 15]. The time interval between firearm exposure and GSR collection is difficult
to estimate because the quantity of GSR particles deposited on hands is highly variable shot-to-shot,
dependent on the combination of firearm and ammunition used and heavily influenced by
environmental factors [16]. Because there is a complex relationship between recovered GSR
composition and primer composition, the ratios of elements found in the primer cannot be used to

accurately discriminate between ammunition used with small differences in quantitative composition.
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1.1.4. General Introduction to Gunshot Residue (GSR)

Projectiles are propelled from a
firearm by the rapid expulsion of
gases, which drive the ammunition
from the barrel with great
acceleration [17-21]. When this
occurs, particles are ejected from the
barrel, the ejection port and any
additional openings of the weapon
(Figure 4). These transfer to the
surrounding area, including onto the
clothes, hair and skin of the shooter

and any close bystanders [17-21].

Image removed due to copyright restriction.

Figure 4: The expulsion of gunshot residue onto surroundings [3] accessed 30 Mar 2017

This mixture of gases and particles is commonly referred to as gunshot residue (GSR), but also as

cartridge discharge residue (CDR) or firearm discharge residue (FDR) [19]. These terms are often used

interchangeably, but CDR has a slightly different meaning, as it specifically includes residues from

cartridges other than ammunition cartridges, such as from powder-actuated nail guns, or similar.

Broadly, GSR is defined as the burnt and unburnt particles, of both organic (OGSR) and inorganic

compositions (IGSR), originating from the primer, propellant, projectile, cartridge and the interior of

the barrel [19] that are deposited onto surroundings from a firing event. As these deposits are formed

via condensation, the mixing of vapours in the firing process can cause some particles to have

inclusions from a combination of these sources [17, 22].

GSR particles have distinctive morphologies because of their formation through rapid condensation

[22]. An example is shown in Figure 5. GSR
particles are generally spherical or globular
and form by rapid cooling of the gaseous
GSRinto a solid state [22]. Larger particles
(>10 pm in diameter) are thought to form
by agglomeration of these particles or by
gaseous components coalescing around a

nucleus of metallic, glass, or other solid

particles.

Figure 5: A typical GSR particle with distinctive morphology indicative of condensation
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Inorganic compounds found in GSR are principally sourced from the primer, with minor additions from
the cartridge, ammunition and the weapon. The purpose of a primer is to provide extremely hot gasses
which initiate combustion of the propellants [23]. Composition is variable between manufacturer and
calibre of ammunitions; however, the primers will contain compounds which will initiate, oxidise and
fuel the reaction. Primers often contain extra compounds that increase the sensitivity of the reaction,
or that will act as a ‘frictionator’, a compound that assists with shock transfer and improves the
reliability of the ammunition [24]. Specific elements and inorganic compounds commonly

encountered in ammunition primers with their respective functions are shown in Table 1.

Table 1: Inorganic compounds associated with primers and their functions

Compound Function

Barium nitrate (most common) Oxidiser
Barium peroxide

Lead nitrate

Lead peroxide

Lead styphnate (current, common) Initiator
Lead azide (historical)

Mercury fulminate (historical, Europe only)

Antimony sulfide (common for ammunitions other than Fuel
0.22s)

Calcium silicide (usual for 0.22s)

Lead thiocyanate

Powdered zirconium

Tetrazene (common) Sensitisers
Pentaerythritol tetranitrate

Trinitrotoluene

Antimony sulfide (common for ammunitions other than Frictionator (most have dual purpose)
0.22s)

Calcium silicide (common)

Ground glass (usual for 0.22s)

Powdered aluminium

Research [25-27] has shown that chronic exposure of humans and animals to heavy metals from
firearms can have significant health effects, which has been a major factor in the proliferation of heavy
metal free (HMF) ammunitions. Compounds and their functions found in HMF ammunitions are seen

in Table 2.
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Table 2: Compounds associated with Heavy Metal Free primers and their functions [28-31]

Compounds Associated with HMF Primers Function

DDNP (Diazo dinitrophenol) Initiator
KDNBF Powder (Potassium
dinitrohydroxyhydrobenzofuroxan)

Potassium nitrate Oxidiser
Manganese dioxide

Zinc peroxide

Cupric oxide

Ferric oxide

Strontium nitrate

Ascorbic acid

A metal salicylate

A metal peroxide

aluminium powder Fuel
calcium silicide

sulfur

sieved ball propellant powder

iron powder

magnesium powder

zinc powder

Tetrazene Sensitiser

Glass powder Frictionator
Boron particles

Organic substances in GSR generally originate from the propellant [17], which is a secondary, more
stable explosive that is initiated by the primary explosive, the primer mix. Common organic inclusions

of the propellant and their functions are presented in Table 3.

Table 3: Organic compounds associated with propellant GSR and their functions

Compound Function

Nitrocellulose (common) Smokeless powder base
Nitroglycerine (double base)

Nitroguanidine (triple base, dual role)

Diphenylamine (most common) Stabilisers

Ethyl centralite

Methyl centralite

Resorcinol

glyceryl triacetate (triacetin) Plasticisers
Dimethyl phthalate

Diethyl phthalate

Dibutyl phthalate

Dinitrotoluene Flash suppresser
Nitroguanidine (dual role)
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In traditional ammunitions, the main components of primer (inorganic) GSR are lead (Pb), antimony
(Sb) and barium (Ba) compounds. For this reason, particles are considered ‘characteristic’ [32] or most

likely originating from a cartridge source if they contain these three elements.

In Australia, 0.22 rimfire weapons are very common, and these tend to fire ammunition that does not
contain Sb in the primer and uses powdered glass as a frictionator instead of calcium silicide, which is
more common in high calibre ammunition primer. This is problematic, as these ammunitions will then
produce less, or negligible quantities of the three-component Pb/Ba/Sb particles and would not be
classified as ‘characteristic’ of GSR. Therefore, in cases involving 0.22 rimfire ammunition, GSR

evidence would be of intrinsically lower probative value.

The foci of this thesis will centre on IGSR analysis; however, it must be noted that significant progress
has been made using OGSRs [17, 19, 33-39]. Works have included use of infrared spectroscopy (IR)
[40-42], Raman spectroscopy [37-39, 42-44], various forms of gas [45-51] and liquid chromatography
[41, 51] and desorption electrospray ionisation — mass spectrometry (DESI-MS) [33, 52, 53] in order to
characterise organic GSR components. OGSR analysis can provide complementary information to IGSR
analysis, and if propellant particles are recovered, the shape, colour and composition of the particles

can allow discrimination between different ammunitions.

However, OGSR has several limitations. There is no universally accepted method for the collection and
analysis of OGSR at this time, although research is ongoing in this area. The main components of
propellants, such as nitrocellulose and nitroglycerine, are generally degraded in OGSR samples, and
are used in other applications, including medical, and cosmetic products [17, 53-55]. This means that
low percentage components of the primer have to be detected in OGSR samples (where intact
propellant particles are not recovered) to prevent false positive results. Another limitation is that

there is no method available currently for sampling for OGSR without potentially losing IGSR evidence.

Some work has included attempts to incorporate IGSR and OGSR analyses into one process, to increase
the evidentiary value of GSR [39, 47, 56-58], but these processes involve compromise, as the methods
either involve two sampling processes, such as a stub and a swab, or using only half of a GSR stub for
IGSR analysis. A limitation of both OGSR and IGSR for forensic scientists is that it is very hard to link
pre- and post- firing samples (e.g., link GSR with its suspected source ammunition), as the composition
undergoes complex reactions when the firearm is discharged. As the scope of this thesis excludes

OGSR, GSR will henceforth refer to IGSR unless specifically stated otherwise.
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1.2. Review of the Classification and Discrimination of GSRs
There are two main objectives in performing analysis on GSR. The first is ‘classification’; the process
of finding and categorising residues as being most likely sourced from a firearm discharge event and
not from other environmental, industrial or occupational sources. The other objective, ‘discrimination,’
will refer to the differentiation of different samples of GSR, such as by exploiting differences in

composition due to manufacturer, age or calibre.

In order to enable simple, definitive classification of GSR, and enable discrimination between GSR
samples, several researchers have advocated for the tagging of ammunition in a way to allow the
differentiation of manufacturer and/or calibre [59-62]. Some manufacturers offer a range of tagged
ammunitions, such as used by German police [63, 64]. However, as this recommendation would have
to be taken on by all manufacturers to be effective, the most practical option for forensic scientists is

to look for existing variation between different types and brands of ammunition.

1.3. Early History of the Classification of GSR
GSR analysis has been performed for over 100 years, and the methods employed have adapted with

the changing understanding of GSR and the advancement of chemical analysis technologies.

An early chemical test used for GSR detection was the Griess Test [65, 66] (or various modifications of
it [67]). The Griess Test produces brightly coloured solutions by reacting nitrites (organic components)
with sulfanilic acid to form nitrous acids and diazonium ions [20, 67]. If this then reacted with a-
naphthylamine, a brightly coloured orange azo dye would form [20, 67]. This test suffers from issues,
as nitrites are specific to burnt particles, and if there was very little burning, which was a problem with
some types of ammunition, false negative results could occur [67]. Furthermore, nitrites are not only
found associated with shootings, but are also associated with other sources, such as preservatives in
cured meats, therefore the test is subject to false positives. A widely used application for the Griess
test is range determination, as this test can show patterns of GSR distribution on the target, which
allows determination of muzzle-to-target distances up to a range of 1-2 m [20, 68], and it is currently

used for this purpose in many jurisdictions.

In 1933, Teodoro Gonzalez of the Mexico City Police Laboratory introduced the paraffin test to
America [19]; however, it was reported (by Castellanos [69] as cited in Schlesinger’s report [70]) to
have been used by lturrioz as early as 1914. This test, also referred to as the dermal nitrate test [19],
involved removing GSR deposits from a suspect’s hand by taking a cast with paraffin wax, and then
testing for nitro-compounds. The test was generally performed by examining the cast under a

microscope and applying a 0.25% solution of N,N’-diphenyl-benzidine or diphenylamine in
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concentrated sulfuric acid to areas of interest (e.g. thumb webbing). A positive result was indicated
by a deep blue colouration; however, this test suffers from a range of issues. This test gave a simple,
strong result for a positive, but many other oxidisers [19, 35, 70], present in various substances
including medicines, nail polishes, and urine, give positive results. The Schlesinger work [70] also

indicated that there was evidence that the rate of false negatives was high.

In 1934, a surgeon noted the presence of metallic gunshot residues on the bodies of gunshot victims,
and acknowledged their potential usefulness if examined by X-ray imaging and spectroscopic chemical
techniques [71]. Although this had been known for some time, and Feigl had begun using sodium
rhodizonate to detect various metals by 1924 [72], it wasn’t until 1959 that Harrison and Gilroy
developed an assay for lead (Pb), barium (Ba) and antimony (Sbh), three metals known to occur
commonly in GSR [73, 74]. This test was preferable to the paraffin and Griess tests as it tested for
three different components of the primer, and thus had a much lower rate of false positives [19]. The
test, however, wasn’t widely adopted due to its lack of sensitivity, [70, 75] which would have caused

false negatives.

1.4. Review of the Classification of GSR by Bulk Instrumental

Analysis Techniques
In the early 1960s, the new range of instruments available to forensic scientists allowed further
development of GSR analysis techniques. After Harrison and Gilroy realised the potential of the
inorganic elements associated with GSR, Ruch, Guinn et al. [74, 76, 77] worked on detecting GSR via
neutron activation analysis (NAA). It was found that using NAA, Sb and Ba could be routinely detected
at higher concentrations on the backs of hands of people who had recently fired a weapon than on

people who had not.

Two out of the three elements chosen by Harrison and Gilroy, Ba and Sb, could be detected using NAA,
although Pb could not, as the limits of detection (LODs) for Pb using NAA are three, or four orders of
magnitude higher than Ba or Sb, respectively [76]. Disadvantages with NAA include the requirement
for a nuclear reactor [19], the inability to detect Pb effectively [19], the expense of sending samples
and having the samples analysed by suitably trained personnel [19, 78] and the expense and hassle of
the disposal of the samples, which emit low-to-medium, or sometimes high levels of radiation after
neutron activation, making the technique effectively destructive. Other limitations are the long times
required to analyse via this technique, both from transporting the samples to and from a suitable
reactor and from the analysis times of the technique itself. Many researchers used NAA and

controversy existed as to whether other elements (e.g. copper (Cu), arsenic (As) ) should be tested for
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[35, 79-83] and what concentration ranges for the elements were most indicative of GSR residues as

compared to other possible sources [84-87].

The next major technique investigated for the use of identifying gunshot residue was flame atomic
absorption spectrometry (FAAS). This technique was first used by Krishnan et al. in 1971 [88] and could
determine the presence and quantity of Pb, but not Ba or Sb as the LODs for these elements were not
low enough [19]. Flameless atomic absorption spectrometry (AAS) was then used by Petty and Stone
in 1974 [89], and found to be more sensitive and able to be used for all three elements. However, AAS
has several limitations, including its destructive nature, and its inability to detect multiple elements
simultaneously. Krishnan in 1973 [81] developed standard protocols using a mixture of NAA and AAS
for the detection of Pb, Sb, As, Ba, Cu and silver (Ag). While this potentially enables limited
discrimination between GSR samples originating from different source ammunition, these techniques,
even in combination, cannot lead to any definitive statements regarding the residues being sourced
from firearm-related sources as these various elements have other potential origins of environmental,

industrial or occupational exposure.

1.4.1. General Limitations of Bulk Analysis Techniques for GSR Applications
Itis extremely difficult to prove that any elements examined are artefacts of GSR and not from another

source [86] without showing that they are all present in a single particle.

Bulk analysis techniques require concentrations of all three elements, Pb, Ba and Sb, to be measured
above a specified background level for a ‘positive’ identification of as sample as GSR. This can
potentially result in a high rate of both false-positive and false-negative results, as some individuals
could have picked up extraneous (environmental, industrial or occupational) sources of these
elements, and people that have low background concentrations of one or more of these elements
may not appear to have raised concentrations after contact with GSR. Havekost et al. attempted to
evaluate the minimum required concentrations of Pb, Sb, and Ba to determine the presence of GSRs
from environmental false-positives, and looked at different occupational exposures [90]. Other
researchers studied the relative concentrations of elements observed, to analyse the likelihood of high
backgrounds of one or more of the elements ([91] as cited in [87] and [92]). By 1984, Booker et al. had
begun to question if any definitive statements about the presence of GSRs could be made from the

bulk concentrations alone [87].

More sensitive and readily available techniques have been developed, and electrochemical [36, 93-
99] and Inductively Coupled Plasma Mass Spectrometry (ICPMS) [39, 100-106] or Inductively Coupled
Plasma — Optical Emission Spectrometry (ICP-OES) [107-112] techniques have been consistently used

in attempts to identify samples of GSR, and in some cases to determine the number of shots fired
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[109]. These are bulk techniques and thus are subject to the same limitations as previously mentioned
in regards to exclusively identifying GSR samples, but in spite of this, various research [109-111, 113]
has persisted in the hopes of finding the ‘silver bullet’ protocol to universally identify GSRs by
concentrations of Pb/Ba/Sb for the courtroom. This may be due to the large cost associated with
obtaining and maintaining an SEM-EDS system, as this instrumentation may not be affordable for
some laboratories, but unfortunately, most research suggests that no bulk analysis technique is

capable of reliably determining whether samples contain GSR.

It has generally been concluded by the forensic science community that these bulk analysis
approaches are severely limited, as no real conclusions as to whether the residue came from a firearm-
related source can be made from bulk analysis alone. For this reason, scanning electron microscopy
with energy dispersive X-ray spectroscopy (SEM-EDX or SEM-EDS), a particle analysis technique, is the
most commonly used technique to identify GSR, and to attempt to discriminate between samples, in

current practice.

1.5. Review of Classification and Discrimination of GSR by

Particle Analysis

1.5.1. The Use of SEM-EDS for Particle Analysis

In 1974, a scanning electron microscope with an energy dispersive X-ray spectrometer (SEM-EDS, also
known as energy dispersive X-ray analysis) (SEM-EDX)) was used to visualise and analyse gunshot
residues [114]. Through this research, the distinct morphology of these particles was discovered and
characterised, leading to a proliferation of GSR research using this technique. Wolten et al. published
this work in ‘the Aerospace report’ of 1977, which is still considered a landmark review of GSR
classification [115]. Wolten et al. reviewed previous detection methods of GSR and discussed the
formation, detection via SEM-EDS and the value of GSR evidence in casework. The bulk of this work
was later published a series of peer-reviewed articles about GSR analysis for the scientific literature
[116-118]. This work introduced the idea of ‘unique’ GSR particles being detectable by SEM-EDS.
Arising from the work of Wolten et al., the definition of a ‘unique’ vs. ‘characteristic’ particles is as
seen in Table 4. In subsequent years the definition has been revised several times, as further research
has stimulated scientific discussion as to sources that may produce particles that have similar
composition and morphology [119-126]. Brake linings, cartridge operated tools and pyrotechnics are

commonly discussed as possible sources of particles with similarities to GSR.
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At the time of the introduction of SEM-EDS as the main technique to analyse GSR, a major
disadvantage was noted as being the large amounts of time and labour required by SEM-EDS operators
to gain results [13, 17, 19, 35]. This has been substantially offset by the introduction of automated

GSR analysis [21, 127-129] which requires far less user input, although the process is still lengthy.

Table 4: Original Aerospace Report guidelines for the identification of GSR

Compositions of Gunshot Residue Particles

Category Required Composition Required Absence
Unique Lead (Pb), antimony (Sb), barium (Ba)

Ba, calcium (Ca), silicon (Si), with trace Sulfur

(S)

Ba, Ca, Si with trace Pb Copper (Cu), Zinc (Zn)

Sbh, Ba

Characteristic Pb, Sb

(esp. if spheroidal) Pb, Ba
Pb Iron (Fe), Phosphorous (P)
Ba (with trace or no S)

Sb

GSR may also contain the following elements, unless specifically excluded above:
Si, Ca, Al, Cu, Fe, S, P (rare), Zn (only with Cu), Ni (rare, only with Cu and Zn), K, Cl, Sn (old ammunition only).
The presence of other elements indicates non-GSR origin.

Guidelines for the forensic analysis of inorganic GSR by scanning electronic microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS) are issued by ASTM International (Standard E1588) and they
have defined a particle classification scheme [32] (See Table 5). At the latest revision, ‘characteristic’
particles are defined as those that have compositions rarely found in particles other than those
originating from a firearm source meaning that they have the highest probative value in shooting
investigations. ‘Characteristic’ particles contain the elements lead (Pb), barium (Ba) and antimony (Sb),
or lead (Pb), barium (Ba), calcium (Ca), silicon (Si) and tin (Sn). Non-toxic or heavy metal free
ammunition formulations produce their own ‘characteristic’ GSR particles, which are classed
separately within the standard and include particles that contain gadolinium (Gd), titanium (Ti) and
zinc (Zn), or gallium (Ga), copper (Cu) and tin (Sn). There are other particle types associated with
firearm sources, such as those containing Pb and Ba, but these are considered less strongly supportive
of a firearm origin. In the current standard evaluating the significance of these types of particles on a

‘case-by-case’ basis is advocated.
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Table 5: Current 2017 ASTM guidelines for GSR classification

Compositions of Gunshot Residue Particles

Category Required Composition '
Standard ammunitions
Characteristic of  Lead (Pb), antimony (Sb), barium (Ba) Pb, Ba, silicon (Si), calcium (Ca), tin (Sn)
GSR
Consistent with Pb, Ba, Ca, Si Sb, Ba
GSR Ba, Ca, Si Pb, Ba
Pb, Sb Ba, aluminium (Al)

Commonly Pb Ba
associated with Sh
GSR

Lead-free/ non-toxic ammunitions
Characteristic Gadolinium (Gd), titanium (Ti), zinc (Zn) Gallium (Ga), copper (Cu), Sn
Consistent Ti, Zn Strontium (Sr)

'GSR may also contain, but are not limited to, one or more of the following elements: Al, Si, P, S, Cl, K, Ca, Fe, Ni,
Cu, Zn, Zr, and Sn.

When the current ASTM guidelines (E1588-17) are applied, genuine GSR particles derived from many
0.22 calibre ammunitions will be categorised as consistent with GSR, at best, due to the absence of
antimony in most rimfire primers. The same situation applies for particles derived from HMF
ammunition, which is becoming more widely used. In both the cases of the HMF ammunitions and
ammunitions not containing antimony, GSR particles of the morphology considered ‘GSR-like’ (i.e.,
round or globular, consistent with condensation from the gaseous phase) are still formed, as the
primers are still subjected to very high pressures and temperatures [22], despite the variance in

elemental composition.

There is a relevant exception to the preceding discussion. It is possible for residues from certain
ammunitions with two-component primers to produce particles containing Pb, Ba and Sb, and to thus
be categorised as characteristic, but these are probably the results of the weapon memory effect, or
residues that arise from mixture between primer components (Pb and Ba) and projectile components

(Pb and Sb, and sometimes Cu or Cu and Zn) [17].

When ammunition is discharged through a firearm, most of the gases and particles formed are
expelled through various gaps in the firearm. However, some proportion of the residues remain inside
the firearm, especially for small calibre firearms such as 0.22s [130-132]. These can be expelled on
subsequent firings and can mix with gases and particles from the subsequent firings to produce mixed
composition particles. This phenomenon is known as the weapon memory effect, and is one reason

that two-component primers could produce, or appear to produce 3-component residues [130-132].
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It has been suggested that the other method of formation of three-component particles from two-
component primers is through incorporation of Sb from the projectile. Pb, Ba and Sb are usually
present as compounds (such as lead styphnate, barium nitrate and antimony trisulfide) in primer
mixes, and therefore may be present as compounds in GSR. As the projectile is generally an alloy of
Pb, Sb and other metals, it might be possible to chemically differentiate between characteristic
particles that are derived only from the primer and ‘characteristic’ particles that arise from mixture of

primer and projectile components.

The current ASTM method (Table 5) includes characteristic and consistent classes for HMF GSR, but
the composition of HMF primers are quite variable, containing combinations of elements such as Sr,
Al, Cu, Gd, Sn and Ga [133], so there are types of GSR from HMF primers not yet covered by this
standard, for example Federal American Eagle MFP ammunition, which produces an abundance of

Sr/Al containing particles.

After a residue is identified as GSR, meaning that it has originated from a firearm, there exists the
possibility that the residue is from a shooting incident other than the offence under investigation. For
this reason, it is desirable that there is the scope in GSR analysis for sub-source classification. Attempts
have previously been made to discriminate between samples of GSR via several methods. Some
studies have involved trying to link GSR found on cartridge cases to the GSR found on hands, grouping
ammunitions by the quantity of GSR produced [134], and using SEM-EDS to examine the relative
proportions of different types of GSR particles present [135, 136]. Each of these studies has shown
that results largely depended on environmental factors, and thus have not been considered suitable
methods for discriminating between ammunitions or linking residues with source ammunition. This
leaves a significant capability gap for the analysis of GSR compared to other traces and represents an

area that warrants further research.

1.5.2. GSR Interpretation using SEM-EDS

The approaches discussed above are examples of a ‘formal’ or ‘traditional’ approach, where particles
and particle populations are compared to a pre-defined classification scheme. However, the
prevalence of various known ammunition formulations that do not conform to this scheme, such as
those that do not contain primer sources of antimony, or some HMF formulations, have led to many

practitioners advocating a ‘case-by-case’ or Bayesian approach [32].

The Bayesian methodology allows details relevant to the specific case to be used to determine the
meaning and strength of the evidence, numerically [19, 21, 35, 120]. In this way, GSR residues, or

ingredient lists, from relevant ‘known’ sources, such as from discarded cartridge cases, or seized
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firearms, could be compared to the results from the hand-stubs to assist in the determination as to

the identity of the sample.

The probative value of GSR is inversely related to the prevalence of occupational, industrial and
environmental sources of particles that could be confused with those originating from a firearm source.
It is hoped, that in the future, the forensic interpretation of GSR will be weighed and reported using
evaluative methods much like those employed in glass casework and be able to incorporate both
source-level and activity-level information. The formation of a likelihood ratio (LR) and Bayesian
networks depends on the context of a case and the formulation of the prosecution hypothesis (Hp)
and alternate or defence hypothesis (Hd). Hp and Hd are required to be mutually exclusive hypotheses
that exhaust all possibilities, i.e. Pr(Hp) + Pr(Hd) = 1. Each case will have its own hypothesis and factors
that need to be considered, but a proposed generalised LR for the assessment of GSR is shown in

Equation 1.

_ Pr(x|Hp)

= ———— or
Pr(x|Hd)
Value
The probability of observing x GSR particles given the suspect was associated with the matter under investigation

~ The probability of observing x GSR particles given the suspect was not associated with the matter under investigation

Equation 1: A likelihood ratio for GSR evidence evaluation, as based on Lucas et al. 2018 [2]

One method of evaluating these probabilities is through analysing the factors contributing to the
situation through a Bayesian network. A network structure (Figure 6) informed by experimental data
has been proposed by, Biedermann, Bozza and Taroni [1] and further adapted by Lucas et al. 2018 [2].
A Bayesian network includes ‘nodes’ representing variables in an evaulation, with the relationships
between the variables illustrated by the connections between them. A conditional probability is
associated with each node, allowing for a logical and systematic evaluation of the probabilities and
variables under consideration. For GSR analysis, nodes often relate to the possibility that a particular
number of GSR particles were deposited onto the person of interest due to a specific association or
activity. These may include contact with a firearm under the circumstances proposed by the
prosecution, the possibility that the person of interest had contact with the firearm as proposed by
the prosecution yet did not acquire the GSR particles found, the possibility of cross-contamination

taking place during sampling, and the factors affecting efficiency of particle detection.
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Y Number of GSR particles present if Hp is assumed
to be true
M Particles present originating from sources other
than Hp
B Background levels of ‘GSR’ Particles
C Contamination levels of ‘GSR’ Particles
Ax1 Nature of exposure to x; x, ... X,
-n
%1 n Time since exposure to x; X, ... X,
P Total GSR present on subject’s hands
S Effects of sampling procedures, particle lifting
efficiency, instrumental settings, etc.
(0] Total GSR Reported

Figure 6: Part of the Bayesian Network for the evaluation of GSR Results first proposed by [1], reproduced and modified from [2].

1.5.3. Alternative Techniques for GSR Particle Analysis

SEM-EDS is currently the main technique used by practitioners to identify and discriminate between
samples of GSR; however, research has been undertaken to find suitable additional or complementary
techniques. This is desirable for several reasons including: the high cost associated with obtaining and
maintaining a SEM-EDS with particle searching abilities, the long times required for analysis of GSR

stubs, and the lack of understanding that currently exists about the fundamental nature of GSR.

In 1982, Sen et al. used (proton) particle-induced X-ray emission (PIXE), an ion beam analysis (IBA)
technique, to investigate GSR particles and recommended it for further investigation. Sen et al.
reported results similar to what is obtainable by SEM-EDS except that PIXE has a LOD more than two
magnitudes (i.e. at least 100 x) lower than the former technique [137]. Work by Bailey et al. [138] also
used PIXE and found results comparable to Sen et al., with PIXE having much greater sensitivity for
trace element analysis. Although the technique would be undesirable for routine analysis due to the
relatively high cost and lack of availability of particle accelerator facilities required for analysis using
PIXE, it could be used to great advantage for further analysis of some particles in some critical cases,

and for fundamental research studies.

Later works by Romolo et al. [139] and Christopher et al. [140] simplified and streamlined the previous
approach, and reported that using IBA techniques (such as p-PIXE) gave ‘unprecedented

characterisation and discrimination power’ to samples of GSR [139]. Drawbacks of IBA techniques
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include the significant expertise required to use PIXE or p-PIXE instrumentation and the relatively high

costs required to access particle accelerator facilities.

When compared to SEM-EDS, the current industry standard, SEM-EDS appears favourable due to its
capability for backscattered election (BSE) imaging, which allows automated searching over a large
area at high-spatial resolution. Although mapping is possible with IBA techniques, it would likely be
difficult to search larger areas with a similar resolution to what is achieved using BSE-SEM-EDS

automated searching.

Niewohner et al. used [141] a focussed ion beam (FIB) to slice open GSR particles, and a scanning ion
microscope (SIM) to image the interior and exterior of the particles. SIM was used to create high
quality images, and had the added advantage of not requiring any sample coating. It was noted that a
system incorporating an in situ SEM-EDS, secondary ion mass spectrometer (SIMS) or scanning auger
microscope (SAM) would allow elemental composition determination, which was not possible by the
instrument used. This work has been followed up by Sarvas et al. and Wuhrer et al. [142, 143] who
also sectioned several particles of GSR. Although FIB coupled with SEM-EDS, SIM, SIMS or SAM would
not be suitable for routine GSR casework, fin casework, these techniques offer the possibility of
providing further information after particles are located by SEM-EDS, and could be invaluable in
advancing the fundamental understanding of GSR particle formation, heterogeneity, and internal

morphology and composition.

Hellmiss et al. [144] reported the use of Auger electron spectroscopy (AES) for GSR analysis. AES is a
technique similar to SEM, except that instead of measuring the secondary electron, the ‘Auger’
electron is targeted. When the inner shell (secondary) electron is ejected, outer shell electron moves
to a lower energy shell, generating energy that is usually released in the form of a photon. However,
sometimes, that energy is transferred to an outer shell electron, and upon ejection of that electron,
the kinetic energy of the electron can be measured to give information about the element and
chemical environment from which the electron originated. That second ejected electron is known as
the Auger electron. AES was found to be capable of detecting GSR and to have better surface-
sensitivity and lateral resolution in comparison to SEM-EDS. It also has the potential to discriminate
between GSRs from different sources, which could lead to new capabilities in GSR analysis although it
is more expensive and time-consuming than SEM-EDS and is not a suitable technique for routine

screening.

Some works have investigated the use of milli- or micro- X-ray fluorescence (m- or u-XRF) [145] for
detection/classification [146, 147] and discrimination [148] of GSRs, and for the estimation of shooting

distance [149]. This has shown reasonable success in laboratory examples and suicides, but as the
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technology was limited to particles larger than 10 um, and particles of 10 um or larger are lost very
quickly from hands, it was accepted that in most cases XRF-based techniques would be unsuitable for

GSR analysis in casework.

Laser ablation — inductively coupled plasma mass spectrometry (LA-ICPMS) was first applied to the
analysis of GSR in 2012 [100], and it was found to be a potential alternative to SEM-EDS, as it had a
reduced analysis time, and much lower LODs whilst still detecting multiple elements. Unfortunately,

this technique may not be entirely suitable, as it will likely obliterate many case-sized GSR particles.

A related technique, laser induced breakdown spectroscopy (LIBS) has been investigated as a
screening technique for GSR in several studies [150-155]. It was found to be able to detect Pb, Ba and
Sb signals under some circumstances, however, the spot size of the beam is unable to be focussed for
single particle analysis (typical beam sizes reported as 60-100 um) [152, 154], and the technique does
not have imaging capabilities. This means that it would not be possible to distinguish between a
sample of GSR (particles containing all of Pb, Ba, Sb) and a population of particles of Pb, Ba, and Sb,
similarly to a bulk technique. In one study, LIBS was not able to detect a signal from a small number
(<3in afield) of particles, and was found to completely obliterate particles less than 1 um in diameter
[155]. This could impact confirmatory testing using SEM-EDS particle analysis and therefore, it is not
a technique suitable for GSR analysis of shooters. LIBS would be more suitable for use in ballistics, as
it could potentially be used for the analysis of patterns on targets and/or muzzle-to-target distance

determinations.

Melo et al. [156] used high-resolution transmission electron microscopy (TEM) to investigate GSR
formation. They showed that some of the ‘regular spheroid’ particles between 0.5 and 3 pm (common
to GSR) are actually made up of agglomerates of nanoparticles. Lead oxide (PbO) nanoparticles of 2-
10 nm were the most common, with traces of barium oxide or carbonate (BaO, BaCOs) and antimony
metal (Sb) present in various samples. This contrasts to earlier work in this field, which claimed that
all submicron particles are metallic, and that the spheroid nature of these particles infers that they

formed from condensation [22].

In 2001, Coumbaros et al. applied time of flight — secondary ion mass spectrometry (ToF-SIMS) to GSR
and found that this technique has several advantages, namely its surface sensitivity and etching
capabilities, which allows for high resolution imaging of internal structures of GSR particles [18]. The
determination of the location of Pb and Ba within GSR particles was studied in a later Coumbaros et
al. paper [157]. These works focussed primarily on 0.22 calibre ammunition, as this is the most

common weapon type in Australia. 0.22 calibre ammunition can present an issue regarding GSR
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classification and discrimination, as they rarely contain Sb (antimony), and thus tend not to produce

characteristic GSR particles.

In 2003, Collins et al. [158] discovered the presence of glass particles with Pb and Ba fused to the
surface in 0.22 calibre ammunition. It was postulated that this could be a new type of highly

characteristic GSR particles, worthy of further investigation.

1.6. Previous work involving glass-containing GSR
Collins’ and Coumbaros’” work [18, 157-159], concerned the discovery of glass-containing gunshot
residue particles in 0.22 rimfire ammunition of traditional (Stabanate/Sinoxid) composition. It was
noted that the majority of glass discovered was borosilicate, although the presence of soda lime glass
was detected in some frictionators. Coumbaros [159] also undertook a compositional analysis of
individual particles within his work using SEM-EDS and ToF-SIMS, but the method chosen to expose
clean sections of glass was ToF-SIMS milling using direct current (DC) mode. Sputtering using ToF-SIMS
is only capable of removing 0.2 nm/s, and depth profiles were taken, so hours were required for
sample analysis, and only a small sample of representative particles from Winchester, CCl and Federal

ammunition were chosen for analysis.

In later work, involving SEM-EDS only, Coumbaros [159] examined 11 brands of ammunition and 1
type of nail gun cartridge and found 9 brands contained glass frictionators (Fiocchi and Lapua Pistol
did not contain glass at all). Of the 9 brands containing glass only Remington contained soda lime glass,
borosilicate glass was present in all the others. A combination of borosilicate and soda lime glass was

observed, either within or between batches, in two brands, RWS and PMC Zapper.

The discovery of glass-containing GSR and the existence of a Pb/Ba/glass particle type was reported
in the Dalby review [35], and since the completion of their study, a few other people have directly or
indirectly reported on these particles. Henderson [160] investigated the possibility of discriminating
between frictionators from different sources in his thesis, by digesting large quantities of frictionator
and analysing them by ICP-AES. Unfortunately, this method allows only a bulk analysis, and cannot
account for any variation within a glass-containing particle, between particles within a cartridge, or

between cartridges within a box.

Particles with some similarity to glass-containing GSR have been observed, but not reported as such,
in other literature articles, including in Oomen and Pierce [133], where a particle containing Si, Al and
Na (amongst S, C, O, Fe) was reported, and Martiny et al. [161], where particles were observed

containing various combinations of Si, Al, Na and K (amongst Cu, Zn, Mg, S, Sr, Ca, Fe).
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1.7. Glass, the analysis of glass, and the analysis of gGSR
Glass is a non-crystalline (or amorphous), isotropic solid material and in common usage the word glass
refers to a transparent, silica-based material, which has several sub-classes depending on composition.
The most common type of glass is soda lime glass, which is characterised by relatively high
concentrations of sodium (Na) and calcium (Ca). Other classes of glass have high boron, lead or

aluminium (known as borosilicate, lead-glass or aluminosilicate, respectively).

Identifying a substance as being glass can be accomplished using a combination of physical and
chemical properties. Polarising light can show whether a material displays birefringence, or whether
the material is isotropic and therefore could be glass. Similarly, diffraction-based techniques can show
whether a compound is amorphous or non-crystalline. The refractive indices of various categories of
glass are well known. Refractive index is related to the density of the material, and can be determined
with great accuracy and precision using a refractometer, or for small samples, oil-
immersion/temperature-variation analyses. Elemental composition can give information about the
makeup of a material, what elements are present, and indicate whether they are present in ratios that

would be expected for glass.

1.7.1. Glass elemental composition analysis methods

Although limited literature directly concerning the analysis of gGSR exists, glass itself is a well-studied
trace evidence type. Several researchers [162-176] have developed methods to analyse glass
fragments that are less than 1 mm in diameter, which are common for casework including glass. The
first analytical method used for glass in many labs are refractive index measurements, usually analysed
via temperature variation/oil immersion methods. Many jurisdictions now use elemental composition

analysis in addition to, or replacing Rl measurements.

SEM-EDS has been used to analyse glass elemental compositions, but is not considered a preferred
technique, as the homogeneous structure of glass means that only the major and minor glass forming
elements tend to be present above the relatively high LODs (~1000 ppm) [176]. However, in forensic
GSR analysis, SEM-EDS is the preferred technique and at the present time the vast majority of
suspected GSR traces would be examined using that technique. Therefore, the particular application
of SEM-EDS to the detection and analysis of glass present in GSR may be useful, despite limitations to

the number of detectable elements.

X-ray fluorescence (XRF) techniques have been successfully used to analyse glass, and have provided
good quality semi-quantitative or quantitative data for numerous elements [165, 168, 176]. However,

even U-XRF techniques may not have the required spatial resolution to analyse post-discharge glass
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from frictionators, which can be expected to be less than 20 um in diameter (i.e., of the size typical

IGSR particles).

ToF-SIMS [174] has been used to profile and discriminate between glass from different sources, is only
micro-destructive (removes a few nm per analysis), and it measures a wide mass range, meaning that
elements or molecules of interest do not have to be pre-identified, and data can be retrospectively

interrogated for specific elements. ToF-SIMS is, however, only useful for semi-quantitative analyses.

The most commonly used elemental analysis technique for forensic glass examination is LA-ICPMS
[164, 165, 175-180], a technique that can quickly quantify a range of pre-identified elements, but that
can be highly destructive to microscopic samples. It has been used by forensic researchers and is used
for casework using the ASTM guide E2330— 04 [180] in many jurisdictions. Although it has had success
with casework sized glass particles, the particles of glass expected to be found in glass-containing GSR
are smaller again, and as 3 replicate analyses at a spot size of at least 50 um is recommended for
analysis of glass by LA-ICPMS [180], most casework GSR samples, including glass containing particles

would be obliterated prior to any meaningful elemental analysis having occurred.
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2.0bjectives and Experimental Theory

2.1. Contextual Statement
The work by Coumbaros and Collins [18, 158, 159] raised several interesting possibilities and avenues
of research. The presence of these lead (Pb)/barium (Ba)/glass particles, or the potentially equally
significant Pb/glass and Ba/glass, could, as hypothesised by Collins, be a highly specific indicator to
infer firearms involvement. It is also possible that, following on from Collins’ and Coumbaros’ work
[18, 158, 159], given the differences in elemental composition observed a method could be developed
which would allow these differences to be quantified and exploited for the discrimination of GSR
samples from different sources. The presence of glass-containing particles in a GSR sample could

therefore be exploited for the improvement of GSR interpretation.

After considering the commonly used glass analysis techniques, RI, SEM-EDS and ToF-SIMS appear to
be the most practicable techniques to implement, and these were chosen for the initial work with

glass frictionators, and glass containing GSR.

2.2. Overarching Aims
The overarching aims of this project were to assess the feasibility and added value of incorporating
these glass-containing GSR particles into GSR evidence examination and evaluation. This thesis
assesses whether the presence of glass-containing GSR, or ‘gGSR’ in GSR residues increases the
evidentiary, or probative value of the residue, and whether the presence of these particles would
strengthen the identification of a residue as being associated with a firearm. Glass-containing GSR
(gGSR) shall be defined as particles containing Pb/Ba/glass, however, Pb/glass and Ba/glass particles
could also be considered gGSR, although perhaps less probative. An investigation into the prevalence
of particles containing glass with Pb and/or Ba has not been attempted before and if they are found
to be sufficiently rare, gGSR may be a useful addition to the current investigative toolkit and the ASTM

classification scheme.

This thesis assessed the possibility that the presence of gGSR in a residue could be exploited to add a
new dimension to GSR analysis, the ability to distinguish between GSR samples from various sinoxid,
or other similar formulations. This thesis aimed to develop a method for demonstrating links between
residues or links between residue samples and potential source ammunition. To assess these
possibilities, three research areas were investigated, with interdependent results and impacts. To
assess the first, whether gGSR could strengthen the identity of a residue as being associated with a

firearm source, it must first be considered what the likelihood of finding gGSR particle in a GSR residue
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is. Then, the possibility of the existence of other sources of particles indistinguishable from gGSR (glass

with condensed Pb and Ba, smaller than 50 um) was assessed.

The second area investigated methods for analysing microscopic pieces of glass, and a survey was
undertaken to assess whether frictionator samples from different sources could be differentiated

using refractive index, and elemental and isotopic composition analyses.

In the third area, a method was then developed to extend the analysis to genuine, post-discharge
residues, and used to discern whether the elemental composition of glass was sufficiently stable
through a firearm discharge to allow the linking of samples from a single source, and the

differentiation of samples from different sources.

These research areas are covered in following chapters, where each is separately investigated to
inform the bigger picture- the first comprehensive study of glass-containing GSR from 0.22 calibre

ammunitions. Major original contributions to knowledge made by this work include:

e the first substantial database of glass frictionator elemental profiles where individual grains were

analysed,
e the first attempt to investigate Coumbaros’ assertion that glass/Pb/Ba may be ‘unique’ to GSR

e the first methods described to visualise the interior of gGSR particles and to transfer particle

fragments to secondary sample holders for simpler analysis by secondary techniques.
e the first 5B and 6’Li measurements for two borosilicate RMs, NIST SRM 93a and NCS DC 61104.

The following section describes the outline of this thesis and the novel contributions to forensic

science that are presented in each.
2.3. Thesis Outline of Experimental Chapters

2.3.1. Chapter 3: Glass-containing gunshot residues and similar particles of industrial
and occupational origins: considerations for evaluating GSR traces

In order for the work undertaken in this thesis to have practical value in casework, it was necessary to

show that glass-containing GSR particles were collected in routine casework examinations. Casework

particle searching data from Forensic Science SA was re-processed and reviewed to search for glass

containing particles and a meta-analysis was undertaken.

After verifying whether these particles can be detected, the value of these particles in a forensic GSR
investigation is dependent on the prevalence of alternate sources of glass/Pb/Ba residues that could
be confused with particles from a firearm source. Thus, an investigation of fireworks, nail guns, brake

linings and matches was undertaken, to determine whether these sources contained any combination
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of Pb, Ba and glass, and whether particles from these sources could be confused for GSR or gGSR in
casework. This was undertaken through using SEM-EDS particle searching and mapping, to determine

characteristics of particles and particle populations from the various sources discussed.

2.3.2. Chapter 4: Analysis of elemental and isotopic variation in glass frictionators
from 0.22 rimfire primers
This experimental chapter investigated the potential for novel information to be generated for GSR
analysis by comparing unfired, cleaned frictionator samples, to determine the extent of elemental and
isotopic variation across the South Australian ammunitions market. In this chapter, boron and lithium
isotopic composition data were generated for two certified reference materials, to allow them to be
used as standards in isotopic examinations of frictionator samples. Several techniques including SEM-
EDS, ToF-SIMS and SHRIMP were investigated to determine what techniques are appropriate for the
analysis of case-sized glass pieces (<20 um in diameter), and to determine the relative discrimination
power of these techniques. And finally, a survey of different ammunition was undertaken, creating
the first substantial database of primer and frictionator composition information for 0.22 rimfire

calibre ammunition.

2.3.3. Chapter 5: Methods for Analysis of Glass in Glass-Containing Gunshot Residue
(gGSR) Particles
The final experimental chapter investigated methods to overcome the experimental difficulties
associated with glass-containing GSR analysis. In this chapter, methods were examined and developed
to expose clean glass surfaces, and analyse the glass-containing GSR particles. This chapter
investigated the compositional and morphological properties of this particle type, specifically the
metal incorporation into the glass nucleus of several particles, and the elemental homogeneity of the
glass within a post-fired residue. Using this information, an investigation was then undertaken to
determine whether pre-fired and post-fired glass from a single source can be linked, and those from

different sources discriminated, similarly to the unfired residues.
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2.4. Experimental Theory
This thesis has used a number of advanced analytical techniques, including several beam techniques
based on SEM-EDS and various mass-spectrometry based techniques. The techniques used and
discussed in this thesis include some that are common and familiar to operational forensic laboratories,
and some which have been used in unrelated fields, or only in research. A comprehensive or nuanced
discussion of the principles and operation of each of these techniques could be a book in itself.
However, a basic overview of techniques used and the differences between the, along with references

to more nuanced discussions of these techniques is presented below.

2.4.1. Refractive index measurements by GRIM

Refraction is the phenomenon of the change in direction of light at the interface of two media, and is
a property of the different velocity of light between the media. Refractive Index (RI) is a measure of
the relative velocity of light in a medium compared to another (usually a vacuum).This property is
closely related to the media’s density. The Rl of a vacuum is defined as 1 and glasses have a Rl of

approximately 1.5.

A refractometer is used to measure Rl for most applications, such as for gemmology, minerology or
quality assurance in manufacturing. However, in forensic casework, glass fragments as small as 150
pum in diameter can be collected, and the Rl needs to be determined accurately (usually to at least the
4™ decimal place). For this reason, other techniques have been developed, the one currently preferred
being the automated oil immersion-temperature variation method. This automated measurement is

controlled by glass refractive index measurement (GRIM) apparatus [169, 181, 182].

A Foster and Freeman GRIM3 instrument is a combination of a phase contrast compound microscope,

a Mettler Toledo hotstage model FP82HT and a computer [182].

This method involves immersing a glass fragment in a refined silicone oil on a microscope slide. The
silicone oil used has an accurately known, stable and calibrated refractive index variation over a
temperature range. The calibration is performed using Locke glass reference materials which have
known Rls. (Note: the glasses have slightly different RIs at room temperature vs. match temperature,
but corrected values are available from Locke and Locke [175].) The glass slides are placed into the
hotstage under the microscope. The microscope is used to find glass particles of interest, and sharp
broken edges of the glass are chosen for analysis. Original edges can have different RIs from the bulk
of the glass, and so are not usually chosen. Once the edges of interest are selected, the computer

heats and cools the glass according to an automated program to determine the Rl of the glass.

Phase contrast microscopy is used to visualise differences in Rl between different phases. With

colourless items such as glass and the silicone oils, the edges between two phases are visible when

Examination of the potential for glass-containing gunshot residues to improve forensic gunshot
residue interpretation - December 2019
26



the Rls of the phases are different. However, the closer in Rl the two phases are, the more difficult it
is to visualise the edge between in the phases. In Rl determination by the automated oil immersion-
temperature variation method (as used in the GRIM3) the temperature is varied between room
temperature and ~120 degrees and the oils change in Rl much faster than the glass [175]. When the
Rl of the oil reaches that of the glass, the edges of the glass fragments are no longer visible,, which is
called the ‘null point temperature’ of the glass [182]. The computer monitors the precise temperature
where the glass disappears and based on the calibration of the oil by glasses of known RI, calculates

the Rl of the oil at the null point temperature.

RI measurement through this method has very high precision, with 99% confidence intervals (+30)
usually in the 5™ decimal place [169, 182]. Because of this high precision, and the relatively low cost
of this technique, in both resources and time, Rl measurement is the first quantitative test undertaken
by most forensic laboratories to determine whether two glass samples could have originated from the

same source.

This technique is described in more detail in many published resources, and further reading about this

technique should include:

[169] J. Locke, M. Underhill, Automatic refractive index measurement of glass particles,

Forensic Science International 27(4) (1985) 247-260.
[181]J. Locke, H.V. Locke, Refractive Index Standards for the Forensic Scientist.

[182] Foster and Freeman, Grim3 Overview, 2007.

2.4.2. Scanning electron microscopy and related techniques

At a very basic level, scanning electron microscopy is like a light microscope, in that a source of
illumination is focussed onto a sample to magnify an image of interest. In electron microscopy,
however, the source of illumination used is an electron beam, not visible light [183]. Visible light
cannot readily achieve magnifications higher than ~1000 x because the resolution of a light
microscope is fundamentally limited by the wavelengths of visible light. Therefore, when high
magnification, high resolution imaging is required, electron microscopy-based techniques are a better

choice.

The electron source is focussed into a highly condensed, directed beam using a series of magnetic
lenses [183]. The properties of this beam including voltage, amperage, spot size and focal distance can
be varied for optimal visualisation/interrogation of a sample of interest. The electron beam is rastered
over the sample, and the electrons interact with the sample to produce various signals [183]. Different
signals produced from the sample can be detected using specialised detection systems, interpreted

using computer software packages and displayed as an image, spectrum, or other information. The
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images are displayed on the computer screen as a fixed size, and thus the magnification is a product
of the raster area. The smaller the area rastered by the beam, the larger the magnification of the

image produced.

SEM is a technique with many applications [184], both in forensic science and generally. It is a
technique frequently used for high resolution imaging that is not possible using light microscopy, but
with the wide array of detectors and hyphenated techniques available, many different types of
information can be produced about almost any conceivable sample of interest. The three main types

of detectors used generally detect secondary electrons, backscattered electrons and X-rays.

2.4.2.1. Secondary electron (SE) imaging
When the incident beam of electrons interacts with the atoms in the sample, loosely bound outer shell
electrons can absorb sufficient energy from inelastic scattering of the beam to be ejected from the
atom. These ejected electrons are known as secondary electrons (SE) [184]. These SE have very low
energies (<50 eV) and are therefore only able to travel a short distance before being absorbed by the
sample [184]. Therefore, they will generally only be able to escape from the top ~10 nm of the sample,
and the probability of the electrons reaching the SE detector is mainly dependent on the angles on
which the electrons can escape. The number of electrons that reach the detector from a point is
converted to a grey value, with lighter values equivalent to more electrons. The beam is rapidly
rastered over the area of interest, and a grey value is produced for every point (which becomes a
pixel), gradually building up an image of the sample surface. SE imaging provides mainly topographical

information about the surface of the sample [184].

2.4.2.2. Backscattered electron (BSE) imaging

When the primary incident beam enters the sample surface, it is as a coherent beam of negatively —
charged electrons. The positively charged protons of the atoms in the sample are highly concentrated
in the nucleus, whereas the electrons are more widely dispersed [184]. The beam electron- specimen
atom interactions can cause elastic scattering, where the electrons of the primary beam are deflected
without losing energy and deflected several times before re-escaping the sample surface — which is
called ‘backscattering’ [178]. Back-scattered electrons (BSE) can be much higher in energy than
secondary electrons, and therefore the signal can originate from a greater depth than SE [177]. BSE
imaging gives compositional information, as the probability of electrons being backscattered from a
sample is dependent on the atomic number (Z) of the atoms in the sample surface, with materials of

a higher atomic number producing more BSE. Therefore, when the beam is rastered, and the signals
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are converted to grey values, the areas where more BSE signal is observed will represent areas of

higher average atomic number.

2.4.2.3. Energy dispersive X-ray analysis
When the incident beam interacts with the sample, electrons are not the only kinds of signal ejected.
Incident electrons can interact with and eject inner shell electrons [183]. When this occurs, it creates
an inner shell vacancy. Electrons tend to revert to the lowest possible energy state (called the ground
state), so when the inner shell electron is ejected, the atom is left in an excited state [183]. To return
to the ground state, an electron from a higher shell will move to fill the inner shell vacancy, and will
release the excess energy. That energy is released in the form of an X-ray [184]. Depending on which
electron was ejected, and which electron filled the vacancy, X-rays of different energies could be
produced for most elements. Because the difference in energy between different shells is a function
of the atomic number of the atom, each element has a characteristic set of X-rays (known as X-ray
lines) that could be produced, with more theoretically possible X-rays for elements with higher atomic
number (and more shells) [183, 184]. An EDS detector collects the X-ray signals and sorts them by

energy, which allows the elemental composition of a sample to be determined.

2.4.2.4. Focussed ion beam - scanning electron microscope (FIB-SEM)

SE, BSE and EDS detectors are three of the most commonly used detectors with a SEM system.
However, there are numerous other detectors available. SEM systems can also be dual beam (or multi-
beam) instruments, incorporating other sources of incident energy and detectors. Although there are
numerous combinations available, a dual beam focussed ion beam — scanning electron microscope
(FIB-SEM) was the type used in this thesis. A FIB-SEM has all the components of a SEM, but also
incorporates a liquid metal ion source (LMIS). A LMIS is similar to an electron source, except that it
focuses a beam of ions (such as Ga*) onto a sample. This ion beam can be used for several purposes.
The FIB-SEM incorporated both a secondary electron and a secondary ion detector (which works by
converting secondary ions to secondary electrons) allowing imaging from 2 different
angles/orientations [185]. An ion beam can be advantageous because it has a smaller interaction
volume compared to an electron beam of similar energy [185]. An ion beam, unlike an electron beam
is inherently destructive (albeit micro-destructive) to the sample, which can be both an advantage and
a disadvantage. If the intent of the analysis is only for imaging or compositional analysis, an electron

beam is a better choice. However, the destructive capabilities of the ion beam can be harnessed for
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etching, micromachining, depth profiling analyses, or for the preparation of thinned samples for

analysis by transmission electron microscopy (TEM).

Scanning electron microscopy, micro-analysis, and focussed ion beam analysis are complicated,
sophisticated techniques, which require a thoughtful consideration and compromise of conditions and
parameters to generate meaningful data. Further reading in these subject areas should begin with the

following:

[183] Microscopy Australia, Scanning Electron Microscopy.

<https://myscope.training/#/SEMlevel_3_1>, 2019 (accessed 11 Nov 2019.).

[184] J.1. Goldstein, D.E. Newbury, J.R. Michael, N.W. Ritchie, J.H.J. Scott, D.C. Joy, Scanning

electron microscopy and X-ray microanalysis, Third Edition ed., Springer 2003.

[186] L.A. Giannuzzi, Introduction to Focused lon Beams: Instrumentation, Theory, Techniques

and Practice, Springer Science & Business Media 2004.

[187] A.T. Ampere, Recent developments in micromilling using focused ion beam technology,

Journal of Micromechanics and Microengineering 14(4) (2004) R15.

2.4.3. Mass spectrometry techniques

The remainder of the techniques used in this thesis are based in mass spectrometry. Mass
spectrometry requires ionisation of the sample, which can be accomplished using variety of
approaches. Then the ionised species are detected and their mass to charge ratios determined,
again,this can be accomplished of the ions is measured. The mass to charge ratio of the ionic species
can allow the determination of the chemical composition of a sample. The ionisation process may or

may not cause fragmentation or atomisation of species within the sample.

2.4.3.1. Time of flight - secondary ion mass spectrometry (ToF-SIMS)
In time of flight — secondary ion mass spectrometry (ToF-SIMS) a primary beam of energetic ions (can
be a LMIS similar to in FIB) is focussed onto a sample surface. The bombardment of the surface with
ions produces sputtered particles, including positive, neutral and negatively charged species, that can
be atomic or polyatomic species [188]. The species that are created flow through to the time of flight

mass spectrometer.

A time of flight mass spectrometer (ToF) separates secondary ions based on their flight time in a flight

tube [188]. The ions are all accelerated with the same potential at the entrance to the flight tube, and
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therefore the lighter ions will flow through the tube at a higher velocity than the heavier ions [188].

From the time of flight, the mass to charge ratio of the ion can be determined.

ToF-SIMS has advantages over other mass spectrometry techniques in that the ion-sputtering means
that the MS is not limited to volatile samples, as many heavier elements can atomised into the gas
phase, and because the mass to charge ratio of all species is measured simultaneously, ToF-SIMS does
not require pre-identification of elements of interest [189]. It also has high spatial resolution, high
mass resolution, high sensitivity (ppm-ppb) and can detect all elements (H to U) in addition to
molecular species [189]. However, ToF-SIMS is very sensitive to matrix-effects and this means it is very

hard to perform quantitative analyses with this technique [188].

2.4.3.2. Sensitive High-Resolution lon Microprobe (SHRIMP)
Similar to ToF-SIMS, SHRIMP is a secondary ion mass spectrometry technique, but it exclusively uses
an oxygen ion gun to ionise material sputtered from the sample, and it uses a high-resolution double-
focussing mass analyser instead of a ToF MS [190]. The high-resolution double-focussing mass analyser
uses an electrostatic sector and quadrupoles to select ions based on their mass to charge ratio [190].
Unlike the ToF MS, the isotopes (or ions) of interest must be known, but the SHRIMP can use electron
multiplier detectors or Faraday cups for extremely sensitive trace element or stable isotope ratio
analyses, and can be used quantitatively when used with appropriately matrix-matched reference

materials [190].

2.4.3.3. Multi-collector inductively coupled plasma mass spectrometry (MC-
ICP-MS)

All of the techniques thus far are micro-analytical or beam techniques. However, all beam techniques
are subject to some level of matrix effects. For quantitative or semi-quantitative analysis of samples
by beam techniques, matrix-matched reference materials with known properties are necessary for
interpretation. For the stable isotope analyses performed on frictionators by SHRIMP, there were no
borosilicate glasses with known isotopic properties for reference. Therefore, some reference materials
were analysed by multi-collector inductively coupled plasma mass spectrometry (MC-ICP-MS), a bulk
analysis technique. This means that the glasses had to be finely homogenised and dissolved into

solution for analysis. A portion of the solution was injected onto the instrument.

MC-ICP-MS uses an inductively coupled plasma torch to ionise the sample and force it into the gas
phase [191, 192]. A quadrupole mass spectrometer is used to select mass-to-charge ratios of interest,

and Faraday cups are used to detect isotopes of interest [191].
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For more information regarding the various mass spectrometry techniques discussed, please refer to

some of the following references:

[188] S. Fearn, An Introduction to Time-of-Flight Secondary lon Mass Spectrometry (ToF-SIMS)

and its Application to Materials Science, Morgan & Claypool Publishers, 2015.

[189] A. Schnieders, Time-of-Flight Secondary lon Mass Spectrometry, Microscopy Today
19(2) (2011) 30-33.

[190] The ASI website: https://asi-pl.com.au/ accessed 20 Nov 2015, 9 Nov 2019.

[191] D. Beauchemin, Inductively Coupled Plasma Mass Spectrometry, Analytical Chemistry
82(12) (2010) 4786-4810.

[193] S. Benson, C. Lennard, P. Maynard, C. Roux, Forensic applications of isotope ratio mass

spectrometry—A review, Forensic Science International 157(1) (2006) 1-22.
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3.Glass-containing gunshot  residues
and similar particles of industrial and
occupational origins: considerations

for evaluating GSR fraces

3.1. Preface
In this chapter, a survey has been undertaken of sources which may produce particles similar to glass-
containing GSR (gGSR). This chapter contributes to the overall aims of this work by assessing the
probative value that could be added to GSR evidence if gGSR particles are present. The original
contribution of this chapter is primarily that this is the first directed survey that aimed to support or
refute the hypothesis that gGSR is characteristic of an association with a firearm. This survey is also a
significant analysis of brake pads, fireworks, matches and nail guns as available in South Australia, and

one of few analyses of particles similar to GSR to be undertaken using modern definitions of GSR.

This chapter is based upon and significantly similar to the papers describing this work, which have

been published in Forensic Science International [194, 195].

3.2. Chapter Summary
In an ideal case, the value of evidentiary traces such as paint, glass or GSR would be determined
numerically and presented through the use of likelihood ratios or verbal-equivalent scales. The
problem in the evaluation of gunshot residue (GSR) evidence using these models is that in many
shooting scenarios insufficient data exist to support a quantitative model of interpretation. The
complex relationship that exists between ammunition composition and post-firing residues makes
quantitative interpretation more difficult for GSR than for other traces such as glass. When evaluating
the significance of traces in a quantitative model, the value of a trace is reduced as the number of

random sources that could produce the trace increases.

Previously published work [158] has suggested that glass-containing GSR (gGSR), which is glass
encrusted with lead (Pb) barium (Ba), and/or antimony (Sb) residues, are a new type of GSR not
already classified under ASTM E1588 — 17 [196]. If random sources of particles resembling gGSR are
rare, then gGSR may be valuable evidentiary traces. In order to potentially incorporate these particles
into a future model, the general background prevalence of gGSR and specific sources capable of

producing similar particles must be understood.
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Therefore, particles from fireworks, brake pads, matches, and cartridge actuated nail guns were
assessed on an individual basis and at a population level. These sources, known to produce particles
resembling GSR, were assessed using backscattered electron — scanning electron microscopy — energy
dispersive X-ray spectroscopy analysis (BSE-SEM-EDS) for the presence of glass-containing particles

that resemble gGSR.

In the experiments described in this chapter the nail gun produced particles compositionally
indistinguishable from gGSR, due to the primer in the brand of nail gun cartridges used containing

glass as the frictionator in addition to Pb and Ba compounds.

In this study, no particles were located from fireworks, brake pads or matches that were
indistinguishable from gGSR, nor was any evidence observed that would suggest that such particles

could be formed.

3.3. Introduction
Guidelines for the forensic analysis of inorganic GSR by scanning electronic microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS) are issued by the American Society for Testing and Materials
(ASTM) and define a hierarchical particle classification scheme [32]. At the latest revision,
‘characteristic’ particles are defined as those that have compositions rarely found in particles other
than those originating from a firearm source, meaning that they have the highest probative value in
shooting investigations. ‘Characteristic’ particles commonly contain the elements lead (Pb), barium
(Ba) and antimony (Sb), or less commonly containing lead (Pb), barium (Ba), calcium (Ca), silicon (Si)
and tin (Sn). Non-toxic or lead-free ammunition formulations produce their own ‘characteristic’ GSR
particles, which are classified separately within the standard and include particles that contain
gadolinium (Gd), titanium (Ti) and zinc (Zn), or also could contain gallium (Ga), copper (Cu) and tin (Sn).
However, there are many different non-toxic or lead-free ammunition formulations available, and
many may not produce ‘characteristic’ particles. There are other particle types associated with firearm
sources, such as those containing Pb and Ba, or Ti and Zn for non-toxic or lead-free ammunitions, but
these are considered less supportive of a firearm origin and are referred to as particles “consistent”
with a firearm source. This means that it is important to evaluate the significance of GSR particles on
a case-by-case basis, and as per the current standard, where appropriate compare recovered

particulate matter to “case-specific known source items” [32].

As part of this thesis, it has been asserted that glass-containing GSR (gGSR) particles, defined as
particles with a glass core encrusted with Pb and/or Ba, are a highly specific indicator of the origin of

the particles being a firearm or cartridge source.
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The probative value of GSR is inversely related to the prevalence of occupational, industrial and
environmental sources of particles that could be mis-identified as those originating from a firearm
source. Accordingly, the prevalence of gGSR particles such as Pb/glass, Ba/glass, or Pb/Ba/glass in the

environment is related to the probative value of these particles.

It is hoped, that in the future, the forensic interpretation of GSR will be weighted and reported using
evaluative methods much like those employed in glass casework and be able to incorporate both
source-level and activity-level information. Each case will have its own hypothesis and factors that
need to be considered, which can be represented through various methods, one of which is a Bayesian
network. The formation of a Bayesian network structure depends on the context of a case and the

formulation of the prosecution hypothesis (Hp) and alternate or defence hypothesis (Hd).

A network structure for the interpretation of GSR, informed by experimental data, was proposed by
Biedermann, Bozza and Taroni [1] and further adapted by Lucas et al. 2018 [2]. An expansion of that
network was described in the introduction to this thesis. The part relevant to this chapter is

reproduced in Figure 7.

The work described in this chapter focuses upon factors that contribute to the particles that are GSR
(or gGSR), or indistinguishable from GSR, present on a person of interest (node ‘M’ in Figure 7) via
means that are unrelated to Hp. The work presented here is an investigation of several sources that
could potentially contribute background levels of particles indistinguishable from GSR and in particular
gGSR (‘B’/’Ag’ nodes, in Figure 7), and will use results of a literature review and a survey of the chemical
composition of particles which come from sources potentially capable of producing particles similar

to GSR or gGSR.

@ @ Description

Particles present originating from sources other
than Hp

@ Background levels of ‘GSR’ Particles
0 Contamination levels of ‘GSR’ Particles
Nature of exposure to x; x, ... X,

X1-n

Time since exposure to x, X, ... X,
X1-n

Figure 7: Part of the Bayesian Network for the evaluation of GSR Results first proposed by [1], reproduced and modified from [2].
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Efforts have been made previously to assess ‘M’, or the number of particles on a person’s hands from
sources other than Hp through either general or specific surveys. General surveys aim to quantify the
prevalence of GSR particles (or, more correctly, particles indistinguishable from GSR) on a ‘random
man’ (i.e., background levels of GSR in the general population, and ‘B’ on Figure 7) [197, 198], whereas
specific surveys assess the possibility that there are industrial or other non-firearm sources of particles
indistinguishable from GSR that could contribute to this frequency (‘As’ on Figure 7). The most recent
general study of the prevalence of GSR in Australia showed that very few particles similar to GSR on

the hands of the general public [198].

In her specific survey, Brozek-Mucha investigated the possibility that welding fumes [199] could
produce particle populations similar to GSR, but found that whilst particles indistinguishable from
lead-free primer particles are present in welding fumes, the abundance of other particles unlike GSR
should allow the differentiation of welding fumes from GSR when the entire population of particles in
a residue is considered. Berk [200] investigated airbags, another automotive source, and found that
some airbag residues from side passenger airbags could produce three-component Pb/Ba/Sb particles
that would be classified as ‘characteristic’ under current guidelines. However, it was noted that the
three-component particles made up less than 0.2% of particles in the dataset, and that the
overwhelming population of Zr-, Cu-, and Co-containing particles are good indicators for airbag
residues. Berk also advocated for including ‘Zr-rich’ and ‘Co’ as categories within particle searching
software packages to aid in the correct identification of airbag residues. A recent study by Lafleche et
al. [201] also examined airbags, and found that approximately 5% of the passenger side airbags
surveyed in Canada (2/38) tested positive for GSR-similar Pb/Ba/Sb particles, although no relationship
could be ascertained between location or time of manufacture and the likelihood of the airbag testing
positive. Additionally, they noted that no brake pads were able to be sourced that appeared capable

of producing Pb/Ba/Sb particles.

Several works [158, 159, 202] have suggested that the presence of glass particles encrusted with Pb
and/or Ba may be an indicator for residues associated with a firearm discharge. However, a specific or
directed survey of particles of occupational or industrial sources for the presence of glass and
elements of relevance to GSR investigation and a survey of particles on ‘random man’ are needed to
determine whether particles of this type may be considered ‘characteristic’ under the ASTM
classification. The work in this chapter relates to such a survey involving particles and particle
populations sourced from fireworks, nail gun cartridges, brake pads and safety matches that resemble
gGSR. The impact that these findings have on forensic analyses of GSR from conventional primers, and

GSR originating from non-toxic, or heavy metal free (HMF) primers, is also presented.
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3.3.1. Literature Review of Particles Originating from Fireworks

A review was conducted of papers in environmental science journals concerning particulate matter
attributable to fireworks. Sixteen papers [203-218] were found where the impacts of fireworks on air
pollution were studied and where changes in concentration of airborne particles less than 10 pum in
diameter following firework events were reported. This particle size domain is directly comparable to
particle sizes found in GSR casework. The 16 literature sources reported on air samples collected at a
total of 21 distinct locations and it was found that airborne particulate matter (PM, analysed as bulk
material rather than as discrete particles) showed higher concentrations of various elements on days

with firework events compared to control days.

Table 6 provides a compilation of the data from these 16 articles (individual site data are shown in the
supplementary information at the end of this chapter) regarding elements that were reported to be
associated with fireworks events in more than one site. As shown in Figure 8, bulk Pb and Ba
concentrations in airborne particulate matter were observed to increase in 19 of the 21 locations, and
in 17 of the 21 locations both Ba and Pb were detected above normal concentrations. Sb was found
to have increased in 7 locations, and in these 7 locations increases in Pb and Ba were also found. This
indicates that one-third of the firework events studied in these international contexts have at least
the potential to produce particles with similar elemental composition to GSR. It is important to note,
however, that this is a minimum estimate, as a different a suite of elements was reported in each
study, and it cannot be determined whether elements were not reported because an increase was not
detected, or simply whether no attempt was made to measure them. This is most relevant to Sb, as
an increase was noted in 7 of 21 locations, but Sb was only reported in 8 locations. It is unknown
whether there was an increase in the other 13 locations. Of the studies examined, none mentioned
glass particles amongst the residues, but 4 studies mentioned Si, and each noticed a modest increase

of Si residues attributable to firework displays.
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Pb, 2, 9%

Pb + Ba + Sb,
7,33%

Pb + Ba,
10, 48%

Figure 8: Number and percentage of locations at which each combination of Pb, Ba and Sb were found to have
significantly increased after a firework event compared to a ‘normal day’.

Table 6: A summary of the findings of existing literature in atmospheric pollution of heavy metals attributable to firework
displays. [203-213]

Element Total Number of locations where element Number of locations where increase due to
Measured was reported fireworks were reported
Pb 19 19

Ba 19 19

Sb 8 7

Sr 18 18

Cu 21 20

P 8 6

S 3 3

Cd 16 13

K 18 18

Mn 14 12

Mg 17 17

Cr 12 12

Bi 6 6

Zn 18 17

As 10 10
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Several previous works have looked at firework residues in a GSR context. Mosher et al. [219], Grima
et al. [126, 220] and Trimpe [221], concluded that the possibility of observing small, round, three-
component particles was remote yet possible, but further concluded that GSR could usually be
distinguished from firework residues by considering the particle population as a whole. Grima et al.
[220] highlighted that there could be difficulty recognizing ‘consistent’ particles as such in a mixed
sample of GSR and fireworks. Garafano et al. [121] concluded that Pb/Ba/Sb characteristic particles
were ‘unique’ (what is now called characteristic) to firearms discharge, and that the particles from
fireworks containing some of these elements were composites that could “easily be distinguished
from GSR”. None of the afore-mentioned studies reported searching for, or observing, either silicon

or glass in their residues.

In the study reported in this thesis, residues from firework displays in South Australia were examined
for GSR-like particles, and especially those with glass inclusions. As the fireworks involved in the study

originated from overseas, the findings have a wider relevance than South Australia.

3.3.2. Literature Review of Particles Originating from Nail Guns

The vast majority of modern nail guns, at least in Australia, use pneumatic or electrical actuation,
rather than the once-popular explosive cartridges containing smokeless powder and primer.
Particulate matter arising from the use of explosive nail gun cartridges has been previously studied in
the literature. Wolten et al. [115] looked at nail gun residues, of both “wad-type construction” charges
and crimped charges. They found that the crimped charges were capable of producing particles of
“possible interest” but concluded that the populations of particles arising from the use of nail guns
were inconsistent with gunshot residues. This conclusion was based on the presence of Fe, Mn, Cr and
Zn (in the absence of Cu) observed in an overwhelming majority of particles, which can be attributed
from the nail. Wallace and McQuillan from Northern Ireland [119] investigated nail gun particulate
matter on hands through bulk analysis and particle analysis. This work agreed with Wolten et al.,
finding that although 2- and 3- component particles can be found, the population of particles
produced by nail guns could be differentiated from GSR by other factors, including high Fe
concentration, and a reversed Cu to Zn concentration ratio compared to GSR. Both studies concluded
that although a small number of particles consistent with GSR could be found, the overwhelming
number of inconsistent particles would allow a trained examiner to disregard nail gun residue as being

gunshot residue.

Garafano [121] also looked at cartridge-operated industrial tools, and agreed with Wolten that the
presence of the three-component GSR particles, and many spherical or nodular particles, were “fully

compatible with GSR” but then claimed that it is possible for these residues and GSR to be
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differentiated, without explanation. The true challenge in interpreting genuine casework samples is
that there is rarely an ideal sample to work with, and the number of particles of potential firearm
origin are small, so the significance of the samples must be determined from only a few particles.
Additionally, elements that have been previously suggested to invalidate residues as being from a
firearm source (e.g., Zr, Co, Bi) are not considered exclusionary elements by the current definitions
from the ASTM. Consequently, this study includes results of an investigation of nail gun residues within

the context of the current guidelines.

3.3.3. Literature Review of Particles Originating from Matches

A limited amount of literature exists concerning the composition of matches. Kasamatsu et al. [222]
detected and quantified six elements in match heads using ICP-MS; which included Mg, Al, Ca, Fe, Zn
and Ba. In a second study, the elements Cl, K, Si, Al, S, P, Fe, Mn, Cr, Zn and Mg were detected in
matches using energy dispersive X-ray analysis [223]. HMF formulations can include a number of these
elements. As the strike surface can include glass, it is possible that particles like those seen from GSR
from HMF formulations could arise from matches, therefore the research carried out for this thesis

also includes an examination of residues from matches.

3.3.4. Lliterature Review of Particles Originating from Brake Pads

Automobiles and the brake pads that are fitted to them are abundant in the community. Many
members of the community can be regularly exposed to particles produced by braking, through
activities such as changing tyres, cleaning their car or performing car maintenance. Therefore, if even
a small percentage of these braking-related particles resemble GSR that could result in a large number
of particles similar to GSR present in the environment, which would decrease the probative value of

the detection of GSR particles.

Several studies have been conducted investigating the probability that brake pads could generate
particles that contain combinations of Pb, Ba and Sb [121, 123, 201, 224], and found that although
these particles were sometimes present, they were located amongst numerous particles that are
rarely found in association with firearm discharge. Additionally, these Pb, Ba and Sb-containing
particles lacked the spheroidal morphology that is characteristically associated with GSR and tended
to be angular and/or irregular. It was concluded that while individual braking-related particles,
considered in isolation, may share similarities with individual GSR particles from firearm sources, that
at a population level, it was possible to determine whether a sample was sourced from brake pads

rather from firearms.
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In spite of these findings, the fact that brake pads could possibly produce particles that resemble GSR
has been used to suggest, occasionally [225, 226], that GSR examination was not reliable or specific,
and could be prone to producing false positive results. This view is exemplified by an article in a
popular science magazine [225] and alluded to even in more scholarly articles [226]. Contrastingly,
modern population surveys have not revealed widespread occurrences of GSR-like particles on

members of the public [197, 198].

Therefore, an investigation of the types of particles produced by modern brake pads in modern
vehicles in light of the latest ASTM definitions of GSR was warranted, as Pb, Ba and Sb have plausible

sources in samples associated with brakes/automobiles.

Barium sulfate is a commonly used friction material used to control heat stability in brake pads
(Cardolite Specialty Chemicals, personal communication, as cited in [194]). Other metal sulfides are
used as additives in brake pads in order to modify the frictional characteristics of brake materials, in
particular antimony trisulfide is used as a solid lubricant [227]. Although many countries have
recognised the health risks associated with Pb [228-232], and Pb has been largely removed from many
automotive components, including fuel and brake pads, there are a number of currently existing
automotive sources of lead. Current automotive sources of Pb include some air bags [200, 201], lead-
acid batteries, automotive paints and wheel weights, which could be incorporated into particles

collected from brake pads.

The work presented in this chapter is an evaluation of particles generated from a number of brake

pads and an assessment of their significance to GSR examinations.

3.4. Methods

3.4.1. Sample Collection

Aluminium pin stubs covered in carbon adhesive (Tri-Tech Forensics Inc., North Carolina, USA.) were
used to collect all samples. These stubs are industry standard for GSR collection. Samples were coated
with 20 nm of carbon using a Cressington 108C (Watford, England) evaporative carbon coater to

minimise charging effects during analyses.

3.4.1.1. Collection of GSR and non-toxic GSR samples

Samples of GSR from traditional and HMF ammunition were collected from a South Australia Police
training centre during an exercise demonstrating a range of firearms and ammunitions. Samples were

collected by pressing a GSR stub onto both hands of the officers 50 times, or until the stubs were no
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longer sticky, commencing with the volunteer’s dominant hand and focussing on the region between
the thumb and forefinger. Samples were collected immediately after a session where the officers had

fired between two and ten shots.

The collection method used to collect GSR from 2-component primers was based on that used by
Lucas et al. 2016 [233], which was a modification of a method developed by JS Wallace (Personal
Communication between JS Wallace and HJ Kobus, 2014). Briefly, at least 30 shots of 0.22 LR PMC
Zapper ammunition were shot with a Ruger model 77 bolt-action long rifle. Then the officer’s hands
were washed, and two more shots were fired through a GSR collector constructed out of a 1.25 L PET
soft-drink bottle with cap removed, the neck of which was slipped over the end of the barrel and
secured with duct tape. Samples were subsequently taken from hands and the interior of the PET

collector.

Figure 9: A diagram of gGSR PET collector, created using images from https://owips.com/clipart-9778231 and
https://owips.com/clipart-11540676, access date 10 NOV 2019.

3.4.1.2. Collection of firework samples

Firework residues were collected at public firework displays. Air samples were collected from one
show by exposing stubs to air for the period of the firework display and air blanks were collected by
exposing GSR stubs in the firework region for approximately 45 minutes prior to the show. Hand
samples were collected by pressing stubs, as per normal GSR sampling procedures, onto hands of
spectators and technicians and onto firework components and surfaces around the display. Hand
samples were collected at 3 different displays, from 2 different firework companies. Blanks of hands
were collected from spectators before the display for comparison. The spectators sampled were
approximately 50 m from the source of the fireworks. The technicians and surfaces sampled were in
the direct vicinity of the fireworks. All technicians were sampled after the display and each of the
technicians and spectators indicated that they had had no contact with a firearm in the previous week
and were non-smokers. Twenty samples from firework components, surfaces and the hands of

technicians and members of the crowd were used in this study.
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3.4.1.3. Collection of nail gun samples
Hilti nail gun cartridges were obtained (Hilti Red: 0.27 Cal. Short, crimped, part # 50353; Hilti Yellow:
0.27 Cal. Short, crimped, part # 50352) from the Hilti Store Adelaide (Keswick, South Australia).
Samples of particulate matter sourced from these cartridges were collected onto an adhesive covered
microscope slide via manual detonation of primer using a square head centre punch and a hammer,
in the same manner as described in Chapters 4 and 5. Initial SEM-EDS results indicated that these
cartridges appeared to produce particles like GSR. Therefore, a semi-automatic cartridge-actuated nail
gun was sourced to discharge cartridges in a conventional fashion (Hilti DX 460, leased from Kennard'’s
Hire, Morphett Vale, South Australia). Each of fourteen operators using the nail gun fired ten
cartridges and operator’s hands were subsequently stubbed. The participants were asked to wash
their hands prior to handling the nail gun. Samples were additionally taken from interior and exterior
nail gun components and from associated surfaces such as the packaging for the tool and the target

surface, adding to a total of 23 samples associated with nail guns.

3.4.1.4. Collection of match samples

Four types of safety matches were sourced; Redhead Extra-Long Safety Matches, Hanna Matches
promotional matchbooks, Coghlan’s Waterproof Matches and Coghlan’s Windproof/Waterproof
Storm Matches. Strike-anywhere matches are prohibited for sale in Australia and were therefore not
considered in this study. Match samples were collected by two methods. In the first, a match was
struck over a stub, and the head of the match and the strike surface were then stubbed with the same
stub. In the second method, particles from hands were collected by having volunteers each light a box
(~45 matches) of Redhead matches and then stub their own hands. Redhead matches were chosen
because they are the most commonly used in Australia. Eight samples from matches were used in this

study.

3.4.1.5. Collection of brake pad samples

Particulate samples were collected from the direct stubbing of used brake pads (n=12), brake rotors
(n=3), wheel rims (n=22) and the hands of individuals who had handled brake pads or wheels (n=11).
The brake pads were sampled by dabbing across the entire surface of the pad until the stub was no
longer sticky. . Samples from brake rotors were collected by directly sampling from the rotor surface.
Samples were collected by applying the adhesive stub to the rotor surface at a point directly accessible
from between the wheel spokes. Wheel samples were taken directly from vehicles in a car park. They
were collected by dabbing wheel rims with a stub. The cars sampled were from various manufacturers

and models, but the brake pad types present on the vehicles were unknown. The hands of a number
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of mechanics who had handled brakes and other automotive components were also sampled. An

undergraduate student aided in the collection of samples.

3.4.2. Analysis by SEM-EDS and automated particle searching

SEM-EDS analysis of all samples was carried out using a FEI Inspect F50 SEM-EDS system (FEI Inc.,
Oregon, USA) equipped with an EDAX brand EDS detector operating in Backscattered Electron Mode
(BSE). An accelerating voltage of 25 keV was selected. Particles were detected via the automated
particle searching software ‘Magnum’ with minimum particle size set to 0.5 um. Settings for spot size,
brightness and contrast were optimised and X-ray energies and Z-values were calibrated using a mixed
metal standard containing flakes of carbon, silicon, germanium, niobium and gold (Ardennes
Analytique sprl, Belgium) and the Microvalidator software. The settings were optimised to filter out
as many large flakes of iron as possible. Three-component particles were manually re-acquired using
TEAM EDS software to verify classifications. Spectra for consistent particle types were manually

reviewed, but not manually re-acquired unless they contained antimony.

Negative sample controls (blank carbon coated stubs) and negative process controls (blanks of the
experimenters’ or subjects’ hands) were analysed and showed no evidence of sample cross-
contamination. A positive control (PLANO W Plannet GmbH, Wetzlar, Germany, SPS-5P-2A), consisting
of deliberately deposited Pb/Sb/ Ba films of known size between 0.5 um and 10 um, was analysed

bracketing every run.

SEM-EDS X-ray maps were collected using 25 KeV accelerating voltage, also on the FEI F50 Inspect and
within the TEAM EDS Software, with dwell time and number of scans optimised for each particle to

maximise counts and minimise drift.

3.4.3. Review of real-world casework data for GSR and gGSR

In most of the work undertaken in this thesis, when gGSR was examined it was collected under
unrealistic conditions. This included manual discharge of disassembled ammunition through an
aluminium holder and having a police officer with clean hands, firing multiple shots of the same
ammunition through a relatively clean firearm, and GSR being collected from hands immediately post-
firing. Although these methods were effective in collecting GSR and gGSR for analysis, it was not

considered to representative of what would be seen in casework.

For the work undertaken in this chapter to be applicable, and this thesis more broadly, it was deemed
necessary to determine the rate at which gGSR was found in casework and the number of particles

found on a stub if gGSR were present.
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Therefore, 10 cases analysed by Forensic Science SA from the 2017-2018 financial year were selected
for review. In this review, the previously collected data was interrogated but the stubs were not re-
analysed, and particles were not able to be manually reacquired, which introduces a limitation to any

conclusions drawn from the analysis.

The data for the cases examined was collected using a Zeiss Evo 50 SEM with Oxford EDX system and
INCA Aztec particle analysis software. The automated particle search system brightness and contrast
settings were calibrated through use of a Gold/Cobalt/Rhodium (Au/Co/Rh) standard. A positive
control for the Zeiss system, a synthetic particle standard (PLANO W. Plannet GmbH, Wetzlar,
Germany, SPS-A521-2(27C)), consisting of accurately deposited particles of known sizes (1-5 um) was

analysed bracketing each one for quality control.

Twenty-six stubs were analysed from these 10 cases, each stub being from suspect hands where
consistent or characteristic particles were found. Several blank samples and those negative for GSR
were removed from the sample set. Of those remaining, 17 were positive for characteristic Pb/Ba/Sb
GSR, and 9 had only consistent particles present. The data from these stubs were re-processed to look
for particles containing Pb/Ba/Sb/Si, Pb/Ba/Si, Pb/Si. Ba/Si, in addition to existing classifications (of

note, Pb/Ba/Si was an existing category).

The data for all of the Si-containing particles were then individually reviewed, comparing the spectra
collected for these particles (through automatic particle searching) to spectra collected for silicon-
containing particles from GSR samples collected from ammunitions found to contain glass frictionator.
Specifically, the relative abundance of Si, Al and Na was used to determine whether it was possible
that the particles were glass-containing. Some samples had several thousand Pb/Si or Ba/Si particles

and it was impractical to review each one, and so were not included for several samples.

3.5. Results

3.5.1. Examination of Firework Particles and Populations

In this study, fifty-one stubs have been examined using automatic BSE-SEM-EDS particle searching.
The first source of particles examined was fireworks. A summary of the results obtained from the
particle searching software (excluding particles with low Z elements such as Al and Mg) is shown in

Table 7.
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Table 7: Total number of selected particle types automatically categorised by software from n samples from fireworks
with average 30 < Z < 82 by BSE-SEM-EDS.

Components post Surfaces <3 m away Technicians’ Hands post Observers’ Hands n=2
display n=7 (average post display display n=5 (average number per
number per stub) (average number per (average number per stub)
stub) stub)
Characteristic of GSR
Pb/Ba/Sb 0(0) 0(0) 0(0) 0(0)
Pb/Ba/Ca/Si/Sn 0(0) 0(0) 0(0) 0(0)
Total characteristic 0(0) 0(0) 0(0) 0(0)
Consistent with GSR
Pb/Ba 3(0.4) 5(0.8) 21(4.2) 0(0)
Ba/Sb 2(0.3) 9(1.5) 4(0.8) 0(0)
Pb/Sh 0(0) 1(0.2) 0(0) 0(0)
Ba/Ca/Si 18 (2.6) 75 (12.5) 113 (22.6) 4(2.0)
Ba/Al 17 (2.4) 27 (4.5) 66 (13.2) 1(0.5)
Ti/Zn 0(0) 0(0) 0(0) 0(0)
Total consistent 40 (5.7) 117 (19.5) 204 (40.8) 5(2.5)
Commonly associated
with GSR (Single
Element)
Sb 0(0) 21(3.5) 46 (9.2) 1(0.5)
Ba 254 (36.3) 309 (51.5) 329 (65.8) 20 (10.0)
Pb 164 (23.4) 128 (2.3) 582 (116.4) 4 (2.0)
Total commonly 418 (59.7) 458 (76.3) 957 (191.4) 25 (12.5)
associated
Other Particles
Ba/s 464 (66.3) 449 (74.8) 2298 (459.6) 122 (61.0)
Cu/Zn 2(0.3) 3(0.5) 27 (5.4) 55 (27.5))
Fe 619 (88.4) 12974 (2162.3) 5511 (1102.2) 693 (346.5)
Ni 129 (18.4) 6(1.0) 61 (12.2) 51 (25.5)
Cu 8155 (1165.0) 1821 (303.5) 368 (73.6) 36 (18.0)
K/Cl 9(1.3) 53(8.8) 11130 (2226.0) 4619 (2309.5)
La/Ce 85(12.1) 2454 (409.0) 94 (18.8) 7(3.5)
Ti 33(4.7) 6(1.0) 321 (64.2) 77 (38.5)
Bi 85 (12.1) 288 (48.0) 71(14.2) 29 (14.5)
Zn 816 (116.6) 1151 (191.8) 22 (4.4) 9 (4.5)
Zr 0(0) 3(0.5) 215 (43.0) 12 (6.0)
Sr 0(0) 6(1.0) 785 (157.0) 1(0.5)
Unclassified 10022 (1431.7) 19768 (3294.7) 4569 (913.8) 468 (234.0)
Total 22666 (3238.0) 45468 (7578.0) 27201 (5440.2) 6476 (3238.0)
Classified 12651 (1807.2) 25701 (4283.5) 22647 (4529.4) 6008 (3004)
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Of the twenty stubs representing residues on hands of firework technicians and observers, direct
sampling of firework components and samples taken from surfaces at the venue, over 100 000

particles were detected and over 67 000 of these were classified by the software.

Within the firework particle population, very few particles were automatically detected containing Si.
However, software classifications can be incorrectly assigned for a variety of reasons, and automatic
classifications are not sensitive to minor concentrations of elements of interest. For this reason, over
3000 particles were manually reviewed. Only a small proportion were found to contain more than a
trace of Si, and no particles were observed to have a composition that may indicate that the particle
contained glass (i.e., Si with Al, Ca and Na for soda lime glass or Si with Al and Na for borosilicate glass).
Although the particle searching parameters were not optimised to identify particles of glass, glass
particles associated with heavier elements such as Pb, Ba, Sb, Zn, Cu or La/Ce would have been
detected by these parameters. Therefore, based on observations thus far, fireworks do not appear to
be capable of generating particles that would resemble glass-containing gunshot residue (gGSR), that

is, glass particles encrusted with deposits containing Pb and/or Sb and/or Ba.

The most prevalent particle populations were observed from Ba/S, Fe, Cu, Zn, and La/Ce. No
characteristic particles were classified by the software and 0.4% were identified as consistent with
GSR. When single element particles were included, 2.5% of the particles were classified as at least

commonly associated with GSR.

At the population level, although a small percentage of the particles examined were categorized by
the particle recognition software as ‘consistent’ composition, the presence of many particles
containing Fe, Cu, Zn, lighter flint (La/Ce) or Bi tend to point to sources of particulate matter other
than a firearm. Compounds containing Fe, Cu, Zn and Bi have known uses in fireworks as pigments
and effects. Although the observed concentrations Fe and K/Cl on technicians’ hands were observed
to be very high (20% and 41%, respectively), there was a lower than expected number of particles
containing elements frequently observed in the international studies [203-218], such as Sr (3%), Cr
(<1%), Bi (<1%), Zn (<0.1%) and As (0 particles observed), which would have been identified by particle

searching.

La and Ce are often found on hands because they are found in lighter flint, which smokers are regularly
exposed to. However, in this study all the individuals who were sampled reported being non-smokers.
The particles were also found on firework components and on surfaces adjacent to the display, not
only on the hands of technicians and observers. This indicates that fireworks may contain their own

source of La/Ce particles, possibly associated with the fuse wiring of the fireworks.
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Some individual particles do show some similarities to GSR. As an example, a particle that appears to
be smaller than 10 um, rounded, and to be an agglomeration of several distinct phases is shown in
Table 8. The particle has a relatively homogenous structure containing Ba and S, with inclusions of
other elements including Al, Ca, Pb and Si. Trace levels of Fe and Mg were also observed but not in
high enough concentration to be mapped using SEM-EDS. However, Ba particles with more than a
trace of S are known to have sources other than from a firearm, and the current ASTM guidelines

advise caution when interpreting these particles.

A review of the captured images and spectra of the individual particles was undertaken. From this, it
was observed that most particles with composition consistent with GSR had particle morphologies not
typical of particles from a firearm source, either appearing angular, flaky or layered, and not appearing
to be a product of condensation. The few particles observed in this study to have rounded,
condensation-like morphology, which is consistent with GSR, tended to have Fe as the major
component. It was determined that the combination of the population containing particle
compositions rarely found in GSR and the atypical morphologies would mean that it is highly unlikely

that a trained GSR examiner would identify these particles as GSR. This suggests that exposure to

fireworks is not likely to affect the As and thus B values (Figure 7) for GSR evidence evaluation.

4% AIK
5% SiK

Figure 10: Secondary electron image (left) and an elemental map (right) of a 'Pb/Ba' particle containing Pb, Ba, Ca, Si, Al, and S
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Figure 11: EDS spectrum showing elements detected in the particle shown in Figure 10, which included low levels of Mg and Al

The most common type of particle identified in the survey of hands of firework technicians contained
K/Cl, with more than 40% of particles from hands being identified as such. This was expected, as
potassium perchlorate (KCIO4) is used in large quantities in fireworks as an oxidising agent and a
chlorine donor [234]. A sample with an extremely high K/Cl particle count is likely to have arisen from
a non-firearm source, as match particles also contained many particles containing K and Cl (see Figure

19).

A Mg-Al alloy called magnalium is used in fireworks formulations to improve the brightness of firework
colours [234]. Since Mg is not frequently found in ammunition primer mixes, finding these two
elements in major or minor concentrations within a particle may indicate that fireworks were the
source of the residue [221]. Magnesium and Al have low atomic numbers, and thus a low backscatter
signal. Therefore, particles primarily composed of these elements would be filtered out by GSR
particle-searching methods used in forensic laboratories. This was the case with the software used
this work. A manual review of 1000 of the firework particles classified under other categories was
undertaken; 5.7% of particles were found to contain Mg and Al inter alia (Table 8). A typical spectrum
demonstrating this composition is shown in Figure 11, which depicts the composition of the particle

shown in Figure 10.
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Table 8: Results of a manual review of 1000 fireworks particles for magnalium indicators. Particles were identified using
BSE-SEM-EDS GSR particle searching.

Category Number observed
Al + Mg major 2
Al + Mg minor 3
Al major, Mg minor 1
Al major Mg trace 4
Mg major Al minor 1
Al minor Mg trace 2
Mg minor, no Al 1
Mg + Al Trace (more Al) 14
Mg + Al Trace (more Mg) 14
Mg + Al Trace (~equal) 15
Total 57

‘Major’ concentration indicates that the peak was >50% of the height of the highest peak in the spectrum, ‘minor’ indicates a peak height

10-50% the height of the highest peak and ‘trace’ indicates a peak height <10% of the highest peak, classifications adapted from [119]

Care must be taken by examiners who analyse a sample suspected to be of mixed firework/GSR
composition. Although a firework particle population can be differentiated from GSR, a false-negative
conclusion might be reached by an examiner if a few GSR particles, (especially from cartridges with
two-component primers, were present within a sample heavily contaminated with fireworks residue,

however the detection of gGSR particles would decrease the risk of such a conclusion being reached.

3.5.2. Examination of Nail Gun Particles and Populations

Explosive nail gun cartridges contain primer compositions that are the same as many two-component
0.22LR rimfire cartridges, leading to the formation of residues similar to GSR, which include Pb and Ba
[159] and, in the cartridges used in this study, glass as a frictionator was also found to be present.
Gevelot cartridges for a nail gun produced by Obo used three-component primers but that nail gun
and its cartridges are no longer in production [159]. The glass used in Hilti cartridges appears, by SEM-
EDS, to have a similar composition to many of the borosilicate glass frictionators reported in Chapter
4. This means that nail gun cartridges at least have the potential to form GSR-like particles, including

gGSR-like particles.

Particles generated from the manual discharge were observed to contain Pb and/or Ba, some of which

contained glass, as was expected. Some glass particles were also observed that had little or no
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encrustation from the other primer elements, which was presumably due to the lower temperatures

reached during discharge using this approach.

Other, Zn, 1.05
R 2.83 - Unclassified, 26.01 Other, 4.738
31.43 Kcl, 2.42
pbBasb, 0.51 | Fe3:3 \ BaSh, 0.002

PbBa, 9.5
Ba, 10.72 PbBa, 38.5
Other
Consistent, 1.14
Ba, 1.29

Other Consistent, 7.18

Figure 12: A comparison of particle types observed (%) from GSR from two-component ammunition mixtures (left) caughtin a
PET collector (n=11) and particles from two-component nail gun residues (right) collected from hands (n=14)

As nail gun cartridges and PMC Zapper ammunition both contain glass, the presence and
characteristics of glass in residues from firearms and nail guns after conventional discharge were
examined. Compared to GSR, residues from nail guns contained a higher proportion of particles
containing Ba/Ca/Si; (Table 9 and Figure 12). A round, globular nail gun residue particle containing Pb,
Ba, a small amount of Fe and several elements present in glass (Si, Na, Mg and Al) is shown in Figure

13, demonstrating the similarity between gGSR particles and particles from nail guns.

Figure 13: Secondary electron image (left) and EDS elemental map (right) showing a Pb/Ba/Si/Ca particle from a nail gun.
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It was noticed that when a few of the Ba/Ca/Si particles from nail guns were examined, the Ca signal

did not appear to be co-localised with the other glass elements (i.e., Si, Na, Al). This effect is observed

in Figure 14, and may indicate an alternative source of Ca, such as calcium silicide.

B 22% sik
B 2% cak
10% Bal
B 5% FeK
B 3% PbL

Figure 14: Secondary electron image (left) and EDS elemental map (right) of a glass-containing nail gun particle

with Ca and Fe inclusions, and an exposed glass surface

Figure 14 shows one of these particles where part of the Si-rich ‘core’ is exposed within the
encrustation of primer components (Pb/Ba) and a small amount of Fe. The darker region in Figure 14
(left) corresponds to the Si signal (right) from an exposed glass surface, and the bottom left part of the
particle shows what appears to be a slight discolouration or shadow, which correlates with the Fe and

Cainclusions seen in Figure 14 (right).
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Table 9: Total number of selected particle types automatically categorised by software for particles from n samples from
nail guns with average 30 < Z < 82 by BSE-SEM-EDS.

Hands of nail gun operators
n=14

(average number per stub)

Direct sampling of nail gun
residuesn=5

(average number per stub)

Sampling  of  surfaces
associated with nail guns n
=4

(average number per stub)

Characteristic of GSR

Pb/Ba/Sb 1(0.1) 0(0) * 0(0)
Pb/Ba/Ca/Si/Sn 0(0) 0(0) 0(0)
Total characteristic 1(0.1) 0(0)* 0(0)

Consistent with GSR

Pb/Ba
Ba/Sb
Pb/Sb
Ba/Ca/Si
Ba/Al
Ti/Zn

21170 (1512.1)
1(0.1)

1(0.1)

3926 (280.4)
25 (1.8)

0(0)

8595 (1719.0)
0(0)

0(0)

514 (102.8)
4(0.8)

0(0)

7157 (1789.3)
0(0)

0(0)

670 (167.5)
0(0)

0(0)

Total consistent

25123 (1794.5)

9113 (1822.6)

7827 (1956.8)

Commonly associated with
GSR (Single Element)

Sb 1(0.1) 1(0.2) 0(0)

Ba 5893 (420.9) 764 (152.8) 637 (159.3)
Pb 3344 (238.9) 2516 (503.2) 4361 (1090.3)
Total commonly associated 9238 (659.9) 3281 (656.2) 4998 (1249.5)
Other Particles

Ba/S 301 (21.5) 59 (11.8) 22 (5.5)
Cu/Zn 114 (8.1) 21 (4.2) 1(0.3)

Fe 1814 (129.6) 901 (180.2) 266 (66.5)

Ni 48 (3.4) 7(1.4) 0(0)

Cu 229 (16.4) 14 (2.8) 4(1.0)

K/cl 1329 (94.9) 37(7.4) 2(0.5)

La/Ce 9(0.6) 5(1.0) 1(0.3)

Ti 130(9.3) 89 (17.8) 44 (11.0)

Sn 64 (4.6) 10 (2.0) 5(1.3)

Bi 16 (1.1) 1(0.2) 0(0)

Zn 576 (41.1) 431 (86.2) 195 (48.8)

Zr 62 (4.4) 45 (9.0) 15 (3.8)

Sr 6 (0.4) 2(0.4) 1(0.3)
Unclassified 14304 (1021.7) 7348 (1469.6) 7103 (1775.8)
Total 54993 (3928.1) 21901 (4380.2) 21186 (5296.5)
Classified 40689 (2906.4) 14553 (2910.6) 14083 (3520.8)

*There were 2 particles initially flagged as Pb/Ba/Sh, but excluded upon reacquisition, as they were not found to contain Sb
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Both compositional and morphological information could be gained from the whole cartridge when
the cartridges were discharged with a nail gun. The particle counting results shown in Table 9 are a

summary of the particles observed from usage of the nail gun.

Figure 15: Three-component Pb/Ba/Sb particle as observed from the hands of an
individual who had used a Hilti powder actuated nail gun

A single particle that contained Pb, Ba and Sb was observed on a GSR stub from one volunteer,
representing 0.002% of all particles observed from the hands of individuals after using the nail gun.
Data for this particle were manually reacquired, and while it was confirmed to included Pb, Ba and Sb,
it did not have a typical morphology for GSR, instead appearing as a flake (Figure 15). The Hilti primers
used are not known to contain Sb, and very few particles containing Sb were observed within this
particle population. The origin of Sb-containing particles observed on hands of those who had recently
used a nail gun, especially the particle containing Sb, Ba and Pb, and the mechanism by which these
particles arrived on the stubs remains unknown. No three-component particles were flagged when

the nail gun itself was stubbed.

The existence of this single Pb/Ba/Sb particle does highlight the dangers of identifying a residue as
GSR based on the presence of a single particle. An experienced GSR examiner should be prompted,
upon observing just one 3-component particle amongst a population of thousands of consistent
particles, to think of other possible sources of the particles, or another explanation for their
observations. A logical assessment of the evidence given the circumstances under investigation and
considering both composition and morphology is imperative for distinguishing particles originating

from firearms from those derived from occupational sources.
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More than 30% of the particles collected from direct sampling of the nail gun, from the hands of the
operators and collected from surfaces adjacent to nail gun usage were classified as ‘consistent” with
GSR. Of these particles, the large majority were Pb/Ba, as expected. Two particles were indicated to
be characteristic Pb/Ba/Sb, but when manually reviewing and reacquiring the data, the particles were
not found to contain Sb. Based on the limited data observed, the particles collected from hands tended
to be smaller than those sampled directly from the nail gun, and approximately 20% of the particles
with ‘consistent’ elemental compositions were round or globular. The majority of ‘consistent’ particles
on hands were flaky in appearance or larger than is typical for GSR (>10 um) as would be expected
given the short delay between discharge and hand sampling. The particles observed by directly
sampling the nail gun with compositions ‘consistent’ with GSR tended to have a flaky or angular
appearance, and often contained another element with an equal or higher signal than the Pb and Ba,
or Ba, Ca and Si. For example, the particles collected from surfaces surrounding the nail’s impact with
timber tended to be large Fe flakes that had regions including small Pb, or Pb and Ba nodules. Very
few particles from any of the other ‘consistent’ particle types were observed on hands, the gun itself,

or on the ‘target.’

Particles collected from hands that had fired Hilti nail gun cartridges were compared to the range of
particles ejected from the muzzle of a firearm loaded with PMC Zapper 0.22 calibre rimfire
ammunition, which is known to have a primer that contains Pb, Ba and glass, but no Sb; results (as %)
are shown in Figure 12. It can be seen that even though the ammunition does not contain Sb in the
primer, firearm discharge results in a higher proportion of particles containing Pb/Ba/Sb compared to
nail gun discharge. This may have been due to some combination of mixing between primer and
projectile components [233, 235] and/or the weapon-memory effect [130-132, 233, 236, 237] despite
more than 30 shots of PMC Zapper ammunition being fired through the barrel prior to sample
collection. However, it is important to note that the Sb would be less likely to be observed on hands
than from the muzzle discharge, as the muzzle emission would have the greatest opportunity for
mixing between primer and projectile components, and perhaps have greater opportunity to mix with

particulate matter from previous firings [236].

The ammunition used to generate GSR was traditional and thus contained Pb in both the primer and
projectile. There was therefore a higher proportion of Pb-only particles than Pb/Ba or Ba-only particles
observed in discharge from the ammunition cartridges compared to a higher proportion of Pb/Ba-
containing particles than Pb-only particles observed from the nail gun cartridges. This comparison also
held true with regards to particles collected from the nail gun ‘muzzle’ or from the target into which

nails were discharged. There was not a high degree of variance in the particle types and their relative
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proportions between individual stubs used to collect nail gun residues therefore the populations on
individual stubs did not differ greatly from the aggregated data presented in Figure 12. We have not
studied other ammunition brands extensively to determine whether the particle population arising
from PMC Zapper ammunition is representative, however, it would be worth investigating in future

studies.

Other than the presence of multiple Pb/Ba/Sb particles, there does not appear to be a definitive
‘signature’ that can be used on a particle by particle basis to differentiate GSR from rimfire
ammunition with residues from cartridge-actuated nail guns, even when glass-containing particles are
under consideration. Glass frictionators from rimfire ammunition are made from either borosilicate
glass or soda lime glass [202], and the frictionator observed from Hilti cartridges was borosilicate glass.
In Australia, elemental analysis of the glass in a residue may prove fruitful, as Hilti and Ramset nail gun
cartridges [159] have both been observed to usually produce heavy metal-encrusted borosilicate glass
particles. Therefore, the presence of soda lime glass in particles indicates that they are unlikely to have
originated from a Hilti nail gun. We have not been able to carry out analysis of frictionator from other
nail gun cartridge brands to determine whether that differentiation holds true beyond Australia. If a
higher level of elemental analysis of the frictionator is carried out (for example by using time of flight-
secondary ion mass spectrometry [202]) discrimination within the two broad glass types is possible,
but then an exemplar of the glass from the particular cartridge (or a spent cartridge) would be

necessarily analysed alongside.

3.5.3. Examination of Match Particles and Populations

Literature suggests that the strike surface of a matchbox can contain sand or glass as the friction-
producing agent [238]. After lighting a whole box of matches, the strike surface of the matchbox was
stubbed. The stub, when analysed via SEM-EDS, showed very few particles composed primarily of Si.
This may indicate that they are not easily removed from the strike surface. Particles containing Si with
other elements were few, but one such particle is shown in Figure 16. From the elemental map, it can
be seen that P, K, and Cl are co-located in the deposit encrusting the Si. Al and other elements
commonly associated with glass (especially Na, Mg, and Ca) were not detected in the Si-rich regions
of the particle, indicating that the Si was not from a glass but may have been from a mineral such as
quartz. However, even if some match brands other than those used in this study include glass in their
products, the lack of Pb, Ba and Sb in matches means that the glass-containing particles would not be

mistaken for gGSR arising from conventional Pb-containing primers and the abundance of elements
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such as K and Cl in the particle population would not suggest the involvement of Pb-containing and

Pb-free ammunition sources.

No characteristic particles were observed from the investigation of match residues as shown in Table
10. Twenty-four ‘consistent’ particles were observed, twenty-three of which contained Ti and Zn,
which is a consistent particle type from Sintox ammunition [3]. However, this represented a very small

percentage of the total particle population (0.12%). As expected, particles from hands resembled

those collected by direct sampling, but fewer and smaller particles were collected.

0 3% AIK
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10% PK

B 3% cik

Figure 16: SEM image and an elemental map of a Si containing particle (presumably SiO,) from matches,
encrusted with Al, P, K and CI.

Morphologically, the particles produced from matches were similar to GSR particles, which can be
seen in Figure 17. There tended to be a majority of round and globular particles and fewer angular or
flaky particles than produced by the residues arising from the other sources. Therefore, in GSR case
investigations it is possible that match particles on a person’s hands may be confused with HMF GSR,
but these particles are likely to be associated with much larger numbers of particles containing K, Cl,
Ca, Fe, Ti, Zn and Zr, all of which would alert the examiner to the possibility that the source of these

particles is not a firearm.
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Table 10: Absolute number (n) and frequency (%) of selected particle types automatically categorised by Magnum
software for particles from matches with average 30 < Z < 82 by BSE-SEM-EDS.

Hands of people after striking matches

n = 3, (average number per stub)

Surfaces associated with match lighting

n =5, (average number per stub)

Characteristic of GSR

Pb/Ba/Sb 0(0) 0(0)
Pb/Ba/Ca/si/Sn 0(0) 0(0)

Total characteristic 0(0) 0(0)
Consistent with GSR

Pb/Ba 0(0) 0(0)

Ba/Sb 0(0) 1(0.2)
Pb/Sb 0(0) 0(0)
Ba/Ca/Si 0(0) 0(0)

Ba/Al 0(0) 0(0)

Ti/Zn 0(0) 23 (4.6)
Total consistent 0(0) 24 (4.8)
Commonly associated with GSR (Single

Element)

Sb 2(0.7) 0(0)

Ba 1(0.3) 2 (0.4)

Pb 1(0.3) 1(0.2)

Total commonly associated 4(1.3) 3(0.6)
Other Particles

Ba/S 25(8.3) 9(1.8)
Cu/Zn 13 (4.3) 0(0)

Fe 19 (6.3) 146 (29.2)
Ni 3(1) 0(0)

Cu 11 (3.7) 0(0)

K/cCl 172 (57.3) 11531 (2306.2)
La/Ce 0(0) 0 (0)

Ti 0(0) 13 (2.6)

Sn 8(2.7) 0(0)

Bi 3(1) 13 (2.6)

Zn 6(2) 1211 (242.2)
Zr 3(1) 2500 (500)
Sr 1(0.3) 0(0)
Unclassified 95 (31.7) 3344 (668.8)
Total 749 (149.8) 18930 (3786.0)
Classified 654 (130.8) 15586 (3117.2)
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Figure 17: SEM images showing round and globular particles sourced from matches

3.5.4. Examination of Brake Pad Particles and Populations

Several previous literature studies have highlighted the possibility for characteristic three-component
particles to be produced from brake pads [121, 123, 201, 224]. In this study, loose particles were
collected from 12 used brake pads found to contain Ba and Sb. The brake pads were stubbed to collect
residues off their surfaces, and the particles detected were manually reviewed and reacquired, to

determine whether there were particles present similar to GSR.

Particles observed were angular or flaky and not spheroidal or globular, meaning that they exhibited
morphological characteristics dissimilar to GSR. GSR particles are formed via condensation, from the
gasses produced due to the extreme temperatures and pressures during the discharge of a firearm
[22]. While automotive braking can generate temperatures in excess of 500 °C under extreme
conditions, usual temperatures are in the range of 40-250 °C, at atmospheric pressure [239]. The
observed morphology of the particles found from brake pads, and the distinct lack of spheroidal or
globular particles, suggest that temperatures and pressures attained during typical braking are

insufficient to replicate the formation of the characteristic morphology of particles seen in GSR.

An exemplar brake pad particle is shown in Figure 18, with the left image showing the crumbled
morphology seen from many brake pad particles, and the right side showing elemental distribution of
the particles. The morphology of the particles shown in Figure 18 are more consistent with particles
arising from abrasion rather than through random condensation of elements from a gaseous mixture,

as is thought to take place when GSR are produced.
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Figure 18: A SE image of a typical particle from a brake pad (left) and an elemental map showing the composition
of that particle (right)

Table 11 shows particles detected using SEM-EDS from brake pads, hands and wheel rims. The
automated particle screening software detected one ‘characteristic’ Pb/Ba/Sb particle from a direct
sample from a brake pad, but upon manual reacquisition, it was discovered that the result was caused
by a lead particle that was resting on a larger particle containing both Ba and Sb, amongst other

elements, rather than from a single particle containing all three elements.

No characteristic GSR particles were found during this survey of particles from brake pads. However,
particles containing Ba and Sb, or just one of those elements, were readily observed. Particles
observed from all braking-related sources had both compositional and morphological inconsistencies
with GSR; the particles instead being composed of many elements and in many particles classified as
Ba or Pb/Ba, elements not commonly associated with GSR were more abundant than the Ba and/or
Pb signal. Particle clusters were often found in brake pad samples, appearing to be conglomerates of
smaller particles. These particles were not rounded, and the compositional variation between

particles from the same pads and different pads was low.

There was a relatively low occurrence of Pb particles found on brake pads, with 0.12% of all particles
from direct sampling detected as Pb, and the combined frequency of all particle types containing lead
(Pb, Pb/Ba, Pb/Sb, Pb/Sn, Pb/Ti, Pb/Ca, Pb/Cl/Br and Pb/Sb/Sn) was 0.47% of all detected particle from
direct sampling. Pb-containing particles were slightly less frequent on hands, with 0.32% of all particles

classified as Pb-containing.
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Table 11: Total number of selected particle types automatically categorised by software for particles from n samples from
automotive/brake pad samples with average 30 < Z < 82 by BSE-SEM-EDS, and average number of particles per stub

(Total/n).
Direct sampling from used Sampling from hands of Sampling from wheel rims
brake pads (n=12) individuals who have of parked cars  (n=22)
(average number per stub)  recently removed brake (average number per stub)
pads (n=11)
(average number per stub)
Characteristic of GSR
Pb/Ba/Sh 0* (0) 0(0) 0(0)
Pb/Ba/Ca/Si/Sn 0(0) 0(0) 0(0)
Total characteristic 0* (0) 0(0) 0(0)
Consistent with GSR
Pb/Ba 566 (47.2) 8(0.7) 23 (1.0)
Ba/Sb 9374 (781.2) 210 (19.1) 3879 (176.3)
Pb/Sb 2(0.2) 19 (1.7) 0(0)
Ba/Ca/Si 977 (81.4) 1536 (139.6) 2358 (107.2)
Ba/Al 34 (2.8) 41 (3.7) 56 (2.5)
Ti/Zn 0(0) 0(0) 0(0)
Total consistent 10953 (912.8) 1814 (164.9) 6316 (287.1)
Commonly associated with
GSR (Single Element)
Sb 207 (17.3) 48 (4.4) 19 (0.9)
Ba 2530 (210.8) 1064 (96.7) 10722 (487.4)
Pb 10 (0.8) 352 (88.0) 61 (2.8)
Other Particles
Ba/s 9386 (782.1) 4399 (399.9) 9769 (444.0)
Cu/Zn 659 (54.9) 309 (28.1) 49 (2.2)
Fe 45458 (3788.2) 68064 (6187.6) 97594 (4436.1)
Ni 1(0.1) 194 (17.6) 2(0.1)
Cu 2429 (202.4) 1466 (133.3) 57 (2.6)
K/Cl 19 (1.6) 176 (16.0) 1(0.0)
La/Ce 2(0.2) 39 (3.5) 23 (1.0)
Ti 1060 (88.3) 679 (61.7) 293 (13.3)
Sh 1010 (84.2) 233(21.2) 51(2.3)
Bi 33(2.8) 10 (0.9) 629 (28.6)
Zn 78 (6.5) 1627 (147.9) 745 (33.9)
Zr 1751 (145.9) 458 (41.6) 585 (26.6)
Sr 2(0.2) 1(0.1) 2(0.1)
Unclassified 10618 (884.8) 26120 (2374.5) 18759 (852.7)
Total 89240 (7436.7) 115314 (10483) 148211 (6736.9)
Classified 78622 (6551.8) 89194 (8108.5) 129452 (5884.2)

* One sample registered a false positive, detecting a singular 3-component particle. On review, it was discovered to be a lead particle sitting

on a flake that contained antimony and barium, amongst other elements
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Torre et al. in their study in 2002 [123] detected Pb in many particles collected from automotive parts
and workers who handle them. In this study, very few particles containing Pb were found on either
component (brake pads and wheel rims), or the hands of individuals who had touched them. It would
appear that the environmental Pb-reduction initiatives introduced after the work of Torre et al. that
were aimed at minimizing the usage of lead in automotive components has had an impact on the
composition of dust derived from brake pads. This does not mean that Pb couldn’t be found on real-
world hand samples, as there are still numerous Pb sources associated with automotive. Lafleche et
al. in their more recent study [201] found no lead in currently commercially available brake pads in

Ontario, Ottawa, Canada, which is consistent with the findings from this work.

Particles identified as consistent with GSR by the software were all detected in low to very low
frequencies (<2% of detected particles), except for Ba/Sb particles, which were more frequently
observed, making up 10% of all detected particles from direct sampling, 2.6% of particles from wheels,
and 1.6% of all particles detected from hands. A manual review of a sample of the elemental data and
images collected indicated that the majority of Ba/Sb particles would not be classified as being of
firearm origin either based on morphology or the presence of elements not usually associated with
firearm discharge. For example, one of the particles flagged as “consistent — Ba/Sb” in this study was
found to contain Fe, Ti, K, S, Si, Cu, Al and Mg at similar or greater peak levels than Ba and Sb. These
data are comparable to the results reported by Torre et al. [123] and Garafano et al.[121], who also

frequently observed particles containing these elements.

Iron was a found on all sample stubs, with 50-70% of the particles detected containing Fe as a major
component. This result is comparable with what was observed by Torre et al. [123], who found Fe to
be present in all brake pad particles, frequently at a major level. The result observed in this study,
however, grossly under-represents the true Fe content in the samples, as the particle searching was
carried out under parameters that were intended to exclude Fe. Consequently, many particles
containing Fe as a major element were classified as other particle types. This quantity of Fe is not
generally observed in GSR particles, and in the absence of Pb/Ba/Sb particles, would be viewed with

suspicion.

These results indicate that while samples collected from brake pads may result in a few false positive
results through the software, a trained analyst would resolve the situation readily. This is in support

of the conclusions previously drawn by Garafano et al. [121].

Pb-containing particles no longer appear to be a common component of brake-related dust in

Australia, and any lead incorporated into the particles may originate from extraneous automotive
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sources. The results of this study re-emphasise the importance of both thorough manual review and
re-acquisition of EDS data produced by automated particle classification software, before evaluating
the overall population of particles recovered in connection with an investigation. If this is undertaken,
it is difficult to envisage scenarios in which brake dust could mistakenly be identified as GSR. On the
other hand, scenarios that might lead to a false negative result are more plausible. For example, if a
surface is sampled that contains a mixed deposit of brake pad dust and a few particles of GSR it is
possible that an analyst would identify the obvious presence of the brake pad dust and mistakenly

dismiss the GSR particles.

3.5.5. Comparison of Particles from Different Sources

Various automotive sources associated with brake linings were investigated for their potential to
produce particles or particle populations that could not be reliably differentiated from particles
sourced from firearm discharge. In this study, no characteristic particles were observed, and less than
5% of particles were classified as consistent with GSR. As part of the research described in this thesis,
the data were analysed to search for glass-containing particles, and it was determined that neither
glass nor glass-containing particles originated from brake linings and are therefore they not a source

of particles that can be confused with gGSR.

It is important in the comparison of data to minimise the effects of extraneous variables; for the
research described here comparing samples collected in a like manner is ideal. For most common GSR
analyses, samples are taken from the hands of suspects or people who were alleged to be present
during an incident. Therefore, a comparison of particle distribution from samples from hands for each

of the four non-firearm sources examined in Tables 2, 4 and 5 and 7 is shown in Figure 19.

Results for a sample of GSR stubs, which were taken from the hands of police officers who had recently
fired traditional three-component primed ammunitions, are shown for comparison (Figure 20). The Sr
value of 6.1% is most likely an artefact of the weapon memory effect; the guns used in this research
are used to fire lead-free ammunition from time to time. In the study of brake pads, it was found that
samples taken from the hands of automotive workers have high proportions of particles primarily
containing iron, and many particles containing sulfur, which are both usually associated with particle
sources other than firearm discharges. Fewer Ba/S and Sb/S particles were observed in samples from
nail guns and matches, and Sb/S was very rarely detected in firework samples. Ba can be used to
produce a green colour [122, 240], and was found in significant amounts in the firework residues

assessed in this study.
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Matches did not appear to be capable of producing particles like traditional GSR and produced very

few particles that could be considered compositionally like primer residue from non-toxic ammunition.

3.5.6. Review of real-world casework data for GSR and gGSR
Twenty-six stubs from 10 cases were examined as a part of this review. Figures of interest for Si-
containing particles are shown in Table 12. Ba/Si was found on 25 out of the 26 stubs, and Pb/Si was

found on all 26 stubs. Pb/Ba/Si was found on 18 of the 26 stubs.

Of the 18 stubs that contained Pb/Ba/Si particles, at least 1 particle on each was consistent with what
we would see if the particle contained glass. It must be noted though, that there were possibly more
glass containing particles, as most Si-containing particles were not able to be classified as ‘consistent
with gGSR’ but would be most appropriately considered ‘inconclusive’ from the reviewed data. The
conditions used routinely for the identification of GSR are not optimal for the collection of X-rays from
Si, Na and Al. For the purposes of this investigation, particles that were inconclusive were considered

inconsistent, in favour of presenting a conservative estimate in the results discussed below.

shows an exemplar of each type of relevant particle: ‘consistent with gGSR’, ‘inconsistent with gGSR’
and ‘inconclusive’. It should be noted, however, that in the samples analysed in this work many
particles found to be ‘consistent with gGSR’ using a 30 or 60 second scan during manual reacquisition
were ‘inconclusive’ using the conditions used for general GSR screening, and thus it follows that if

each of the Si-containing particles were re-acquired more glass-containing particles could be identified.

In total, approximately 1% of all particles detected across the 26 stubs were ‘characteristic’ Pb/Ba/Sb
particles and 0.24% of particles were consistent with (Pb/Ba/glass) gGSR. Comparatively, in the ‘ideal’
samples collected from police officers in this study, approximately 4% of particles detected were
‘characteristic’ Pb/Ba/Sh. Particles consistent with glass were found on 25 of the 26 stubs, although
on the remaining 7 the glass was only encrusted with Pb or Ba and these may have a lower probative

value than glass encrusted with both Pb and Ba.
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Figure 20: Images of exemplar spectra of silicon-containing gunshot residue particles, labelled A-C (top to bottom), A showing
a spectrum that was considered consistent with what would be expected from a glass-containing particle, B is a spectrum that
was inconsistent with what would be expected from a glass-containing particle, and C shows a spectrum that was inconclusive,
as it was unable to be classified into either category from this data.
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3.6. Conclusions
This study examined samples sourced from several thermo-chemical processes that may produce
particles similar to what are observed from the discharge of firearms. The thermo-chemical processes
chosen for examination in this study were fireworks, brake pads, nail guns, and matches. Residues
from these non-firearm sources were examined for the presence of glass and particles resembling
gGSR. In addition, particles from these non-firearm sources, were assessed to determine the likelihood

that they may be mistaken for GSR.

As cartridges for nail guns contain primers with conventional firearm cartridge composition, including
the presence of glass frictionator, particles from the discharge of cartridge actuated nails guns are
practically indistinguishable from particles of GSR and gGSR. It is only when residues are evaluated on
the basis of their entire particle population characteristics that their origin may be determined as
being either firearm or nail gun. However, the prevalence of nail guns in the community is low, and
only a small proportion of those are of the cartridge actuated variety, so all traces should be
considered on a case-to-case basis. When relevant, nail gun particles could be a significant contributor
to the value of the node Ag, contributing to the background level of GSR like particles, if using a
Bayesian network in the likelihood ratio evaluation for that case. However, a recent study of the
Australian population has shown that the background rate of particles similar to GSR on hands is very

low [198].

One particle with composition ‘characteristic’ of GSR was identified in this study and it was from the
hands of a volunteer who had fired a nail gun. This particle was morphologically inconsistent with GSR
and the nail gun cartridge primer used did not contain antimony, as is the case with all modern nail
gun cartridges. The origin of the particle is unknown but was not from the components of the nail gun.
The volunteers were asked to wash their hands immediately before the test firing, so it is unlikely that
the particle arose through contact with an object other than the nail gun. This demonstrates that even
‘characteristic’ particles from obscure origins can be detected on hands and demonstrates the dangers
of attributing too much significance to the detection of single particles and the importance of

considering particle morphology together with compositional information.

Whilst it is the case that nail gun cartridges and rimfire firearm cartridges share similarities with
regards to manufacture, firearms and nail guns are designed for different purposes. The chamberin a
nail gun is much larger than in a firearm, meaning that a given quantity of propellant would produce
lower pressures and temperatures in a nail gun. Additionally, in the nail gun used in this study, the

gases from the primer/propellant were not applying direct force to the projectile. Instead, a piston
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propelled by the cartridge pressed the nail into the surface. Therefore, although a certain level of
qualitative compositional similarity between the residues from firearms and nail guns can be expected,
the high pressures and temperatures involved in the discharge of a gun could rationally explain the
differences in morphology observed between particles from the two sources in this study. This subject
would appear to warrant further exploration. Depending upon the circumstances surrounding a
shooting investigation, it may be very difficult to distinguish between particles from nail gun cartridges
and firearm cartridges; as was illustrated in this study by the detection of a three-component particle
and a population of two-component particles in the residues from the hands of someone that had

operated a nail gun.

Samples from fireworks in Australia were observed to contain minor concentrations of Pb and Ba and
trace amounts of Sb and therefore fireworks have at least the potential to produce GSR-Like particles.
However, fireworks do not appear to contain glass powder and particles containing glass were not
observed within firework residues. Therefore, it appears reasonable to conclude that fireworks cannot
produce particles resembling gGSR. Compounds containing Pb and Ba have differing effects in
fireworks but do not appear to have combined to produce GSR-like particles when fireworks were
discharged. Therefore, the probability of a singular random particle in a firework residue in Australia
being characteristic of GSR or resembling gGSR is very low, possibly 0 for gGSR-like particles. The
probability of finding a larger population of these particles sourced from firework residues would be
even lower. In most cases, the probability of observing a firework particle containing characteristic
Pb/Ba/Sb composition is likely to have a zero or insignificant contribution to Az and thus M (Figure 7)
compared to the probability of someone being contaminated with particles from another source, such

as from a nail gun, an alternate firearm incident, or contact with law enforcement.

Safety matches available in Australia were found to be incapable of producing particles containing
glass. Furthermore, safety matches do not seem to be capable of producing characteristic particles of

either GSR or non-toxic GSR and are not likely to be confused with GSR in casework.

No glass containing particles were found from automotive sources associated with brake pads, and
this work has indicated that these are also not likely to contribute to the background level of

characteristic Pb/Ba/Sb particles on a suspect.

The relevance of gGSR to casework is becoming clearer because of the results presented here. The
only sources found so far for particles containing glass encrusted with Pb, Ba and Sb or any
combination thereof are firearms cartridges or explosive nail gun cartridges. Given the current rarity

of cartridge-operated tools in the community, these are unlikely to be a significant source of residues
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in casework but nevertheless the possibility should be considered when evaluating GSR traces on a

case-by-case basis.

Under certain circumstances an examination of the elemental composition of the glass present in
guestioned particles could be informative. For example, glass-containing particles originating from
Hilti nail gun cartridges have a borosilicate composition, which does not include Ca. Several
ammunition manufacturers use soda lime glass frictionators, which do contain Ca. Therefore, in a
shooting involving ammunition with a soda lime glass frictionator, differentiation between nail gun
cartridge residue and the firearm cartridge residue would be simple, even using SEM-EDS [202]. On
the other hand, if a case involved residue from ammunition that uses borosilicate glass frictionator, a
comparison of the elemental composition of the glass in the residue with glass from the putative
sources (i.e., nail gun cartridge or the ammunition) would be required. As will be shown in Chapter 4,
this can be accomplished using SEM-EDS or, at a higher level of discriminating power, by the use of

time of flight-secondary ion mass spectrometry (ToF-SIMS) [158, 159, 202].
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4. Analysis of elemental and isotopic
variation in glass frictionators from

0.22 rimfire primers

4.1. Preface
In this chapter, the second strand of research contributing to the overall aims is investigated. The

original contributions of this chapter are as follows:

Firstly, data were generated to provide lithium and boron isotopic compositions for two borosilicate
reference materials, because there were found to be no certified reference materials for boron or
lithium isotopic composition for use in high-boron borosilicate glasses. The second contribution
concerns the investigation of a new technique sensitive high-resolution ion microprobe (SHRIMP), for
the forensic analysis of glass frictionator samples. This work also represents the first examination of
the discrimination power of various techniques for the analysis of glass frictionator samples for
different ammunition samples, batches and brands, and the creation of the first large database of the

elemental composition of frictionator samples from various 0.22 rimfire ammunition brands.

This work is based on and substantially similar to a journal article published from this work [202]. Some
methodology sections, as noted within the chapter, are as supplied by Drs. Simone A Kasemann,

Anette Meixner, and Charles W Magee, Jr.

4.2. Chapter Summary
The majority of 0.22 calibre rimfire ammunition available in Australia, and overseas, tends to use glass
powder rather than antimony sulfide frictionator in the primer. This glass can be the nucleus of a GSR
particle with other primer components condensing around and onto the glass structure. As the
composition of glass frictionator remains largely unaltered during ammunition discharge [159] there
is the possibility that frictionator composition could be used in GSR examinations to either correlate

or discriminate between samples, thereby providing valuable information to an investigation.

The small particle size (~100 um) of glass frictionator samples mean that it is necessary to use in situ
microanalysis techniques for the analysis of the elemental or isotopic composition of single particles.
There are currently no appropriate certified reference materials for boron (B) and lithium (Li) isotopic

composition available with a similar composition to the high boron borosilicate frictionator samples.
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Therefore, two samples of borosilicate glass, NIST SRM 93a and NCS DC61104 were obtained, data
were produced using multi-collector inductively coupled plasma mass spectrometry (MC-ICPMS) and
sample heterogeneity was assessed using secondary ion mass spectrometry (SIMS) for both Li and B

composition.

The recommended 8!B values of borosilicate standards NIST SRM 93a and NCS DC61104 determined
in this study are 0.03 + 0.08%o and -6.74 + 0.12%o (2 o) respectively. Recommended &’Li values for the

same glasses were determined to be -21.05 + 0.32%o0 and -3.22 + 0.25%. respectively.

In this study, the composition of glass frictionator from a wide variety of 0.22 rimfire ammunition was
analysed by time-of-flight — secondary ion mass spectrometry (ToF-SIMS), sensitive high-resolution
ion microprobe (SHRIMP) and scanning electron microscopy — energy dispersive X-ray spectrometry

(SEM-EDS). Refractive index (RI) was measured using glass refractive index measurement (GRIM).

Across the population of ammunition studied, it was found that the elemental and isotopic
composition of frictionator varied. ToF-SIMS was able to discriminate 94.1% of brands in a pairwise
comparison and SEM-EDS achieved a pairwise discrimination power of 79.4%. If SHRIMP was
combined with the other two techniques, 95.6% of brands could be discriminated. This could be
increased to 97.0% discrimination if macro-characteristics of the primer (e.g. 2-component, 3-
component) were included. Refractive index measurements supported the elemental data showing

that there appeared, in most cases, to be only one population of glass within a cartridge.

The results suggest that there is scope for frictionator analysis to contribute valuable, new capability

to forensic GSR examinations.
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4.3. Introduction
Gunshot residue (GSR) originates both from organic and inorganic substances present in the primer,
propellant, projectile, cartridge and the interior of the barrel [19], including the barrel surface itself
[19]. Inorganic compounds found in GSR are sourced from the primer, with additions from the

cartridge case, projectile and the gun [8, 35].

Primer composition is variable between manufacturer and calibre of ammunitions; however, the
primers will contain compounds to fulfil specific, critical functions [8, 35], including fuel, oxidiser and
frictionator. A frictionator is a substance that increases the sensitivity of the primer mixture to
percussion thereby reducing the chance that the primer will misfire. Some components perform dual
functions, for example antimony sulfide and calcium silicide function as fuel and frictionator. Whilst
centrefire ammunition predominately contains antimony sulfide and/or calcium silicide, the majority
of 0.22 calibre rimfire ammunition does not. Instead, rimfire ammunition usually contains glass
powder as frictionator [4], although other materials such as "granular amorphous carbon which
exhibits conchoidal fracture” [241, 242] or metal powders such as bismuth or titanium have been

reported in the patent literature [24, 243, 244].

The absence of antimony sulfide in rimfire ammunition primer is relevant during the evaluation of the
weight and significance of GSR evidence. The ASTM Standard Guide for Gunshot Residue Analysis by
Scanning Electron Microscopy — Energy Dispersive X-ray Spectrometry [32], a document used for
guidance by many forensic laboratories around the world, involves a hierarchy whereby particles
containing the elements lead (Pb), barium (Ba) and antimony (Sb) carry higher probative value than
particles that contain only Pb and Ba. Therefore, primer residues arising from rimfire ammunition can
only be assigned a relatively low probative value, unless they have incorporated some Sb from the

projectile or via the weapon-memory effect [131, 233, 245].

The foregoing discussion has relevance in Australia where, due to the strong jurisdictional gun
legislation, most of the three million firearms registered are small calibre rifles or shotguns [5]. This is
different to the situation in other countries, where crimes or deaths more often involve revolvers,
pistols and automatic weapons. A comparison of firearm deaths by weapon type between Australia
and the USA (See Thesis Introduction) demonstrated that long rifles and shotguns are involved in more
than 70% of cases in Australia, but only 11% of cases of cases in the USA [6, 9]. In the UK, rifles were
only used in 0.8% of crimes involving a firearm, and shotguns in 7.3%. This prevalence of small calibre,
long-arm rifles means that Australian jurisdictions usually deal with GSR evidence with different

characteristics compared to other jurisdictions.
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A theme in the literature has been a search for a way to discriminate between GSR particles arising
from different ammunition. For the most part, success has only been achieved when small populations
of ammunition have been considered or where the population includes a major difference in

formulation (e.g. standard vs heavy metal free (HMF) ammunitions) [135, 140, 161, 246, 247].

However, some previous research indicated that glass frictionator present in rimfire primer can be
incorporated into GSR and a small pilot survey of 0.22 calibre ammunition was carried out in order to
establish whether the composition of frictionator varied sufficiently between ammunition sources to
allow discrimination between GSR particles arising from different ammunition [158-160]. In each of
these works, glass frictionator was extracted for analysis from cartridges using an extension of the
method developed by Wallace and McQuillan [119] for desensitisation of primer. In one of these
works [159], it was shown that glass composition is preserved through firing process, thus confirming
that examination of frictionator composition offers potential to link GSR to unfired ammunition or to
demonstrate similarity (or difference) between GSR deposits. That work used a small population of
ammunition and was limited to particles with exposed glass. Henderson [160], using inductively
coupled plasma — optical emission spectroscopy (ICP-OES), carried out another survey of extracted
frictionator and showed that cleaned, bulk samples of frictionator from different brands of
ammunition had elemental compositions that could be discriminated and that some brands used
different glasses in different batches. The work of Coumbaros showed that soda lime glass (commonly
used in windows or containers) and borosilicate glass (commonly used in laboratory glassware or in

kitchenware such as Pyrex®) both have been used as frictionators [158, 159].

The present research extends the earlier work [158-160]. It describes work driven by two key
hypotheses: 1) if it is the case that minute particles containing glass and Ba and/or Pb are quite rare
in the community but relatively frequent in GSR then the evidential value that can be attributed to
these particles would be greater than that attributed to simple Pb and/or Ba particles; and 2) if the
composition of frictionator varies between manufacturers, or between ammunition from a particular
manufacturer, then frictionator composition might provide a basis for linking GSR to a particular
source of ammunition or to another deposit of glass-containing GSR. This chapter presents a survey
of glass frictionators extracted from a wide population of 0.22 calibre ammunition, which provides
data directly relevant to hypothesis 2. This chapter also describes an evaluation of time-of-flight —
secondary ion mass spectrometry (ToF-SIMS) and sensitive high-resolution ion microprobe (SHRIMP)
as techniques applicable to the analysis of raw glass frictionator particles and the strengths and

weakness of the techniques if they were to be applied to the analysis of frictionator present in GSR
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case samples. These techniques were compared to scanning electron microscopy — energy dispersive

X-ray spectrometry (SEM-EDS), as this technique is already used routinely in glass and GSR analyses.

ToF-SIMS has been applied to both glass and GSR in the past [18, 157, 174, 248], and work has
previously been done to characterise the glass frictionator samples using this technique [158]. In ToF-
SIMS, an ion beam from a liquid metal ion gun causes secondary ionisation of atoms from the surface
of the sample (within a few tens of angstroms), meaning that it is very surface-sensitive. When the
liquid metal ion source is run in DC mode, it can be used to sputter away layers and mill a surface, thus
allowing depth-profiling of a specimen. Another advantage of ToF-SIMS is that the ion separation and
detection method used means that all the positively charged ions are collected simultaneously, so that
the operator does not need to know which elements will be of interest prior to analysing the sample.
ToF-SIMS has many desirable attributes for the analysis of extracted frictionator. These include high
spatial resolution (down to about 5 x 5 um?on the instrument used), low detection limits, high mass
resolution, and negligible destruction even in the micro-domain. It can also be used on samples of

glass in GSR particles of the size encountered in casework [158, 159].

A technique that was applied during this project, one that has not previously been used for analysis of
GSR or trace evidence, is sensitive high-resolution ion micro-probe (SHRIMP). Similar to ToF-SIMS,
SHRIMP is a secondary ion mass spectrometry technique, but it uses an oxygen ion gun to ionise
material sputtered from the sample and a high-resolution double-focussing mass analyser equipped
with multiple detection systems. Previous work using SHRIMP has included the analysis of zircons and
other geological samples [249-258]. SHRIMP offers possible advantages for the analysis of GSR and
glass in GSR such as the capability to carry out stable isotope ratio measurements to high precision
and accuracy (including on B and Pb) and an ability to analyse elements that are difficult to detect
using other techniques, such as F, Be, B, and Li [258]. It also has the capability for analysis of particles

of the size encountered as glass in GSR [190].

Initial analysis of frictionators using ToF-SIMS indicated that the majority of ammunition
manufacturers use high-boron ([B] = 2-5 wt. %) borosilicate glass; therefore, it appeared reasonable
to explore whether B isotope measurements offer any potential for forensic examination of
frictionators. In addition, Li was found to be present in all types of frictionator. Although the lithium
concentrations are low and are probably a result of natural impurities in the glass feedstock, the high
instrumental sensitivity of SHRIMP to Li and the similarity in analytical procedures for B and Li analysis

made Li isotopic variation a target of opportunity.

Examination of the potential for glass-containing gunshot residues to improve forensic gunshot
residue interpretation - December 2019
76



The high B content of borosilicate glass requires it to be manufactured from either raw or processed
borate products, which are either mined from borate minerals or extracted from boron-rich brines.
There is a large range in the boron isotopic composition of borate minerals and brines, with Swihart
et al. reporting marine evaporate borates having a range of 25 + 4 %o, while non-marine deposits have
substantially lower isotopic ratios, in the range of -7 + 10 %o [259]. Kasemann et al. report even lower
boron isotopic compositions from the salar deposits of Argentina, with minerals ranging from -29.5 to
-0.3%,, and fluids ranging from -18.3 to 0.7%o [260]. This represents a range of over 50%o, and the
boron in borosilicate glass could be included from any variety of these sources. Therefore, it is possible
that there are differences in 6B composition between frictionators from different brands or between

regions of manufacture that could be detected using SHRIMP.

Like B, Li is mined from either minerals or brines. However, none of the glasses analysed aside from
NIST SRM 612 intentionally contain Li. Rather, it is a contaminant in the feedstock for the glasses, most
likely coming in with the source of Na, Mg, or B. As a result, the entire terrestrial range of Li isotopic
compositions, up to 80%o, is possible [261]. Additionally, because Li is a contaminant, it is present in
both borosilicate and soda lime glasses, so the isotopic analysis can be used on either type of
frictionator. Similar to B, it is expected that there will be isotopic variation between the glass
frictionators from various sources, and that the stable isotope ratio analysis of Li composition possible

using SHRIMP will generate additional and complementary information.

To collect absolute values for B and Li isotope data using microanalytical in situ analyses by secondary
ion mass spectrometry (specifically relevant to Sensitive High-Resolution lon Microprobe (SHRIMP) in

this study) it was necessary to source suitable, matrix-matched reference materials to act as calibrants.

This chapter presents the first characterization of NIST SRM 93a and NCS DC1104 with regards to B
and Li isotope ratios and Li concentrations. These data are provided to assist calibration of bulk and in
situ microanalytical measurements for forensic research and analysis. In addition, the data can also
serve as initial recommended values to develop these borosilicate glasses as suitable reference

materials for routine analysis of the light elements in high B and high Li geological materials.

After determining appropriate methodologies and requirements, ToF-SIMS, SHRIMP and SEM-EDS
have been examined in this study to advance the overall aims, which were to gain understanding of
the composition and variation amongst glass from frictionators used in 0.22 rimfire ammunitions, and
to assess the potential of these techniques for application in future studies and forensic examination

of glass frictionators and glass in GSR.
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4.3.1. Samples and Reference Materials

Due to the increasing interest in B and Li isotope measurement, a range of reference materials for
both microanalytical and bulk analytical techniques have been produced, covering a wide range of
isotope compositions. In addition, substantial effort has been expended to integrate bulk analytical
and microanalytical, in situ techniques. This has included the NIST SRM 61x series glasses [261-264]
and geological glasses [265]. However, in these previous works, B was invariably present in trace levels
in the standards used, with the maximum B concentration being 351 pg g [263], which is far below
the level required (2-5 wt. % B) for this purpose. High B- and Li-bearing minerals such as tourmaline
have been analysed for their light element content and B isotopic composition, but these are
crystalline substances (Dyar et al. 2001) and not sufficiently close in matrix (composition and

structure) to the borosilicate glass fragments employed as frictionator.

The National Institute of Standards and Technology (NIST) provides a range of different borosilicate
glasses, but most of them are intended to serve as calibrants for viscosity (NIST SRM 717a), chemical
resistance (NIST SRM 623) or thermal expansion (NIST SRM 731), and only nominal composition values
are available. For NIST SRM 1411 a certified chemical composition for 12 elements is available, but it
is a high-sodium “soft borosilicate glass”, which did not appear to match the approximate composition

of frictionator glass.

Previous work involving analysis of frictionator glass samples using scanning electron microscopy-
energy dispersive X-ray spectrometry [158] made use of a borosilicate glass NIST SRM 93a, and this
standard proved appropriate for ToF-SIMS analysis. One sample studied was a borosilicate glass with
high concentrations of Ti and Al. A borosilicate glass reference material, NCS DC 61104 provided by
the National Analysis Centre for Iron and Steel (NCS) was found, which is sold as an industrial reference
material according to the supplier’s websites [266], and this material was enriched in both Ti and Al
compared to NIST SRM 93a [266]. Both NIST SRM 93a and NCS DC 61104 have certified information
on elemental concentrations and are characterized by high-boron concentration [266, 267]. NIST SRM
93a has an elemental composition close to the majority of frictionator samples available to us whereas
NCS DC 61104 has higher Ca and Al concentrations (Table 16) that offer a closer matrix match to high
Al borosilicate glass frictionator. As can be seen from Table 16, lithium concentrations have not

previously been published for NIST SRM 93a or NCS DC61104.

As the compositions of these two borosilicate glasses are close to the typical high-boron borosilicate
glass used as frictionator, they appeared to the best available materials that could function as

reference materials for this research. Therefore, they were characterised by multi-collector
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inductively coupled plasma mass spectrometry (MC-ICP-MS) to determine their B and Li isotopic ratios
as well as their lithium concentrations. Homogeneity of the glasses and evidence of isotope

fractionation was then evaluated using a Sensitive High-Resolution lon Microprobe (SHRIMP).

However, not all the glass frictionator samples sourced were borosilicate. NIST SRM 612 was used as
a comparative standard for the soda lime glasses, and FGS1 and FGS2 were used as control samples
for SEM-EDS and ToF-SIMS.

In total, 37 0.22 calibre rimfire ammunition products and five standard reference glasses were
involved in this study. The ammunition products were sourced from the South Australian Police
reference collection, and some were manufactured several decades ago. Samples were included from
11 different countries and 25 manufacturers. Glass was recovered from most of the ammunition. The
full list of reference materials used is shown in Table 14 and ammunitions examined is shown in Table
15. Table 15 shows each of the ammunition’s information, whether glass was found to be present and

successfully extracted, and other elements present in the primer.

The elemental concentrations for NIST SRM 612, FGS1 and a typical soda lime frictionator sample are

shown in Table 16, along with NIST SRM 93a, NCS DC 61104 and a typical borosilicate frictionator.

Table 14: Collected standards for glass analysis, detailing name, source, and variant of glass.

Standard Standard Name Source Country of Type
Origin
N612 NIST SRM 612 NIST USA Soda lime Standard
93a NIST SRM 93a NIST USA Borosilicate Standard
LGC NCS CRM DC61104 National Testing Co  China Borosilicate Standard
FGS1 Float Glass Standard Bundeskriminalamt  Germany Soda lime Standard
1
FGS2 Float Glass Standard Bundeskriminalamt  Germany Soda lime Standard

2
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Table 15: Collected samples of glass frictionator, with elements from the primer for each as determined by SEM

Sample # Sample Name Glass Country of Origin Primer Elements
Present & (per packaging)
Recovered
(yes/no)
1 Remington sub-sonic LR N11P1R Yes USA Pb, Ba (Si, Ca, Na, Mg)
2 CIL LR Pistol Match CACU8P9 Yes Canada Pb, Ba (Si, Ca, Na, Mg, Al)
3 Federal Champion LR 2BW667 Yes USA Pb, Ba (Si, Na, Al)
4 Sellier Bellot (unknown) No Czechoslovakia Pb, Ba, Sb (Si)
5 CCI LR Standard Velocity Target MRP8200003 Yes USA Pb, Ba (Si, Na, Al)
6 Aguilla SE Super Extra LR, Remington subsidiary, Yes Mexico (USA subsidiary) Pb (Si, Na, Mg, Ca, K)
31VA
7 Eley Club LR WY6422 Yes UK Pb, Ba (Si, Ca, Na, Al)
8 RWS subsonic 59MFI Yes Germany Pb, Ba (Si, K, Na, Al, Ca)
9 Browning HP LR Winchester subsidiary, EDPK62 Yes Australia Pb, Ba (Si, Na)
10 Stirling High Impact LR for Fuller Firearms, Yes Philippines (AUS subsidiary) Pb, Ba (Si, Al, Na, K)
Australia, 091819
11 Winchester XTRLR Pistol 1DTM62 Yes Australia* Pb, Ba (Si, Na, Al)
12 PMC Zapper 22LR 22-D-446 Yes Korea Pb, Ba (Si, Na, Mg, K, Ca)
13 Lapua Midas M 22LR 2328040 No Finland Pb, Ba, Sb
14 Mauser KK80 22LR 100205 Yes Germany Pb, Ba (Si, Na, Al)
15 Fiocchi Maxac 22LR 0135003 No Italy Pb, Ba (Si)
16 Nitron Naboje 22LR P-714/TLS No Poland Pb, Ba, Sb
17 Swartklip 22LR 231514 Yes South Africa Pb, Ba (Si, Ca, Na, Mg)
18 Imperial (CIC) Hollow Point 22LR No Australia Pb, Ba
19 CBC Super Velox 22LR C-BD AA0116 Yes Brazil Pb, Ba (Si, Ca, Na, Mg)
20 Gevelot 22 Long Yes France Pb, Hg, Sb (Si Al Mg)
21 Nicorro Hollow Point 22LR 10KCCARLIM No Germany Pb, Hg, Sb (Si Al)
22 Vostok Target 22LR <2> M45 No USSR Pb, Ba (Ca, Al)
23 Dominion 22LR Yes Canada Pb, Ba (Si, Ca, Na, Mg, Al)
24 Valor Ultrasonic 22LR No Yugoslavia Pb, Ba (Sb)
25 Hornady 30GR VMAX 22WMR 22MAG A25503 Yes USA Pb, Ba (Si, Ca, Na)
26 Winchester Bushman 22LR ADD1HG7 Yes Australia*, Pb, Ba (Si, Na, Al)
27 Winchester Powerpoint 22LR 1DMH6 Box 1 Yes Australia*, Pb, Ba (Si, Na, Al)
28 Winchester Bushman (2) 22LR ACD1HN1 Yes Australia*, Pb, Ba (Si, Na, Al)
29 Winchester Rapidfire 22LR ADD1VL13 Yes Australia* Pb, Ba (Si, Na, Al)
30 Winchester Powerpoint (2) 22LR 1DMH6 Box 2 Yes Australia*, Pb, Ba (Si, Na, Al)
31 Winchester Powerpoint (3) 22LR ADD1EM31 Yes Australia*, Pb, Ba (Si, Na, Al)
32 Winchester Superspeed 22SHORT ADD1CM61 Yes Australia*, Pb, Ba (Si, Na, Al)
33 Winchester T225 22SHORT AEDICF1 Yes Australia*, Pb, Ba (Si, Na, Al)
34 Winchester Sub-Sonic 22LR 2DAF72 Yes Australia*, Pb, Ba (Si, Na, Al)
35 Winchester Powerpoint (4) 22LR AEDIDN5S Box 2 Yes Australia*, Pb, Ba (Si, Na, Al)
36 Winchester Powerpoint (5) 22LR 1DBA71 (old) Yes Australia*, Pb, Ba (Si, Na, Al)
37 Winchester Powerpoint (6) 22LR 2DWG31 (old) Yes Australia*, (old) Pb, Ba (Si, Na, Al)

*Although this ammunition is assembled in Australia, the cartridge cases are received ready-primed from the USA.
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Table 16: Certified concentrations of constituents in CRMs NIST 93a and NCS DC61104, and approximate concentrations
of constituents in typical frictionator samples.

% by weight from Certificate Approximate % % by weight from literature Approximate % by
of Analysis by weight* values in italics are mg/kg of weight*
the element (not the oxide)
Constituent NIST SRM NCS Typical SRM NIST 612 FGS1 [170] Typical Soda Lime
93at DC61104 Borosilicate [268] Glass
[266] Frictionators
Sio; 80.8 53.98 70-75 72 73.3 60-70
B,03 12.56 8.87 8-12 32 Not measured <0.1
Na;O 3.98 0.096 2-4 14 13.9 10-14
MgO 0.005 4.40 <0.2 Not measured 3.9 1-3
Al,03 2.28 14.50 1-3 2 0.3 0.5-3
K20 0.014 0.59 <0.2 64 0.1 <1
Cao 0.01 16.54 <0.2 12 8.5 6-10
TiO, 0.014 0.19 <0.2 50.1 69 <LOD
Fe,03 0.028 (total 0.34 <0.2 51 (total Fe) 580 (total Fe) <LOD
iron as)
FeO 0.016 Not <LOD
measured
ZrO, 0.042 Not <0.1 Not measured 49 <LOD
measured
F Not 0.54 <0.1 Not measured  Not measured <LOD
measured
Cl 0.060 Not <0.1 Not measured  Not measured <LOD
measured
Li Not Not Not measured 40 6 Not measured
measured measured

*Measured using scanning electron microscopy-energy dispersive X-ray spectrometry

t[267]
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44. Methods

4.4.1. ldentification of glass in frictionator and gGSR

For identifying glass frictionators from the unfired cartridge, the process of identifying glass particles
was relatively simple. Reviews of patents and MSDS documentation from several of the ammunition
brands showed that rimfire ammunition, both standard and non-toxic can contain glass as a
component. The glass was extracted by removing other primer components using a series of solvent
washes (as described in 4.4.3 Frictionator Extraction Process). Glass fragments were examined under
a microscope, were found to be colourless, transparent, they showed no birefringence when exposed
to polarised light, and when analysed by Rl measurements, each particle and particle population,
except Gevelot, showed RIs within expected values for glass. Additionally, elemental analyses and
mapping showed no heterogeneity within the samples. Using the combination of this evidence,
identifying a particle as glass, beyond reasonable doubt, is an achievable challenge, even for the

frictionator samples, which are often about 200 um in diameter.

However, casework samples of glass-containing GSR are usually 5-20 um in diameter, which is below
the range for RI determination by the oil-immersion/temperature-variation methodology offered by
commercial instrumentation. For glass-containing GSR, the focus was on comparing elemental profiles
of post-firing discharge to the profiles from unfired frictionator samples from the same ammunition
and using elemental mapping and birefringence to give an indication of whether the sample is

homogeneous and/or demonstrating signs of crystallinity.

In some glass-containing GSR samples, especially where slices were taken, or the encrustation and
incorporation of lead (Pb) and barium (Ba) is light, the colourless, transparent nature of the glass can
be observed by light microscopy. At the spatial resolution capable by SEM-EDS mapping, the substrate
of both the unfired frictionator particles, and the post-discharge gGSR particles appears to be

elementally homogeneous, with the exception of various quantities of Pb and Ba incorporation.
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4.4.2. lIsotopic Composition of Li and B in CRMs

4.4.2.1. Sample Preparation
As discussed above, two glasses (NIST SRM 93a and NCS DC1104) were identified as suitable reference
materials for this gunshot residue research. Two samples of NIST SRM 93a were obtained in different
years (2014 and 2015), one directly from NIST (National Institute of Standards and Technology,
Gaithersburg, USA) and one via SPI Supplies (Westchester, USA). A unit of NIST SRM 93a sourced from
NIST consists of one disc of glass, 6 mm thick and 32 mm in diameter whereas a unit of NIST SRM 93a
sourced from SPI Supplies consisted of 2 cubes, with edge-lengths of approximately 2.5 mm.
Documents provided with the latter indicated that it was sourced from NIST despite the difference in
presentation. As of the date of this thesis NIST SRM 93a is no longer available from SPI Supplies in this
form. NCS DC61104 was sourced from LGC Standards (Teddington, Middlesex, UK) and was delivered

as 50 g of small chips/powder (approximately 50-150 um particle size).

The sample of NIST SRM 93a sourced directly from NIST was placed into a press-seal plastic bag and
chips were broken from its periphery over an arc of approximately 55 mm using a small pair of wire
side-cutters. Several of the smaller pieces were selected at random from the collection of chips and
placed into a polypropylene Eppendorf tube (2 mL capacity). The glass pieces in the tube were reduced
to a coarse powder by repeatedly tapping them with the tip of a “spear-point” tungsten carbide
electric drill bit (6 mm). Cubes of NIST SRM 93a sourced from SPI Supplies were not sub-sampled
further but directly reduced to a coarse powder using the same approach as that used to treat the
glass sourced from NIST. For MC-ICP-MS analyses the coarse powders were finely ground in an agate
mortar and wet sieved to obtain a homogenous grain-size fraction between 50 and 100 um. NCS
DC61104 was not crushed but used as supplied. For SHRIMP analysis, particles of glass were selected
from the coarse powder samples, mounted in rows in an epoxy resin, polished with diamond paste

(final polish using 0.3 um grit) and gold-coated.
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4.4.2.2, Boron Isotope Analysis

This section is as supplied by Kasemann and Meixner, who undertook the analysis.

Boron isotope ratios and concentrations of borosilicate glass samples were analysed on a Thermo
Scientific NEPTUNE Plus MC-ICP-MS in the Isotope Geochemistry Laboratory at MARUM — Centre for
Marine Environmental Sciences, University of Bremen following a method specially set up for high
boron concentration samples. Sample dissolution and separation were performed as described
previously in Romer et al. [269], Kasemann et al. [260, 262, 263, 270][260, 262, 263, 270][260, 262,
263, 270][260, 262, 263] and Tonarini et al. [271].

Aliquots of up to 6 mg of powdered sample were fused with K,COs (1:200) in Pt-crucibles, rapidly
cooled to room temperature, dissolved in H,O and stored overnight at 50 °C. The sample slurry was
completely transferred into a Savillex beaker and tempered for 2 hours at 70 °C. Boron is highly soluble
under alkaline conditions, so it can be quantitatively extracted from the slurry by repeated
centrifugation and washing of the insoluble residue. All supernatant was collected in a Savillex beaker.
The sample solution was homogenised and an aliquot containing about 5 pg of B was used to perform
a two-step anion-cation separation procedure. First, approximately 300 pl of cleaned and conditioned
B-specific resin (AMBERLITE™ IRA743, 20-50 mesh, Sigma Aldrich) was added to the sample aliquot,
which was stirred overnight. The sample-resin mixture was filled in pre-cleaned Bio-Rad Poly-Prep
columns. Under basic to neutral conditions, B becomes fixed on the resin. Matrix elements, including
K, were washed out with 2 ml H,0 followed by 2 ml 2 M NH4OH and 4 ml H,O before B was eluted with
12 ml of 0.5 M HCI. The potential B loss was monitored by collecting an additional 2 ml of eluate (“tail
fractions”). The B concentration of 50 pl sample aliquots and of the 2 ml tail fractions were determined
using 100 ppb NIST SRM 951 and 0.5 N HCI for standardization. In all cases >99.9 % of the total B was

collected in the main fraction.

Mannitol was added to the remaining eluant (B:mannitol=1:40 weight proportion) to avoid B loss
during drying. The eluants were dried at <65 °C and immediately dissolved in dilute HCI (1 ml, 0.02 N).
Cation separation was performed using 1.9 ml AG50W-X8 resin and Bio-Rad Poly-Prep columns. The
B-mannitol complex is stable in acidic conditions below 70 °C and behaves like an anion, so that all
cations remain on the resin and B can be eluted with diluted HCI (8 ml, 0.02 N). The samples were
dried at <65 °C and dissolved in 5 ml 2% HNOs for concentration and isotope analyses. The tail fraction
(2 mL) was also dried, dissolved in 0.5 ml 2% HNOs and scanned for B loss. In all main sample fractions,
more than 99. 9% of the total B was recovered. Certified reference material boric acid NIST SRM 951

and reference tourmaline IAEA-B-4 were processed with the samples to monitor the precision and
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accuracy of the analytical procedure. The procedural blank was <4.2 ng B with a §''B of ~-3 %o and

thus a negligible influence on the isotope composition of samples and reference materials.

Samples and reference materials were matched within 5 % to a 100 ppb NIST SRM 951 reference
standard solution and measured repeatedly using the sample-standard bracketing technique. Diluted
nitric acid (2 %) was measured directly before and after a sample and standard. The average
represents the analytical baseline and was used for correction. Boron isotope compositions are
reported relative to NIST SRM 951 primary standard in the conventional 8B (%0) notation [86!B =
([(**B/*B)sampie/ (*'B/*°B)wist srm 951] —=1)*1000].

The precision of repeatedly analysed reference materials is better than 0.2 %o (2 o) and of B
concentrations is better than 6 % (2 o). Long term &'B reproducibility for NIST SRM 951 and IAEA-B4
are-0.1+0.08 %o (2 0, n=11) and -8.95 + 0.13 %o (2 0, n=6), respectively. During this study, the treated
boric acid NIST SRM 951 produced a 6B of -0.09 + 0.1 2%o (2 o). Processed tourmaline IAEA-B4
produced a 6B value of -8.91 + 0.08%o (2 O mean), Which agrees well with published data [-8.97
0.13%0 (2 0) [272], - 8.86 £ 0.56%0 (2 0) [273], and -8.71 + 0.36%o (2 o) [274]]. All analysed borosilicate
samples were fully processed at least twice, each sample solution was repeatedly analysed with an

internal and external reproducibility of better than 0.2%e. (2 o, see Table 20).

4.4.2.3. Lithium Isotope Analysis

This section is as supplied by Kasemann and Meixner, who undertook the analysis.

Lithium concentration and isotope ratios of borosilicate-glass samples were analyzed in the Isotope
Geochemistry Laboratory at the MARUM - Center for Marine Environmental Sciences, University of
Bremen. Sample digestion, separation and purification of lithium were modified after Moriguti and
Nakamura [275] and is described in detail in Hansen, Meixner, Kasemann and Bach [276]. Between 8-
12 mg of powdered sample were dissolved at 150 C for 48 hours in 3 ml HF/HNO3 mixture (5:1), dried
at 80 °C, repeatedly re-dissolved in 2 ml 2 M HNOs (at least 3 times) and dried to convert all fluorides
into nitrates. The decomposed samples were dissolved in 0.15 M HCl and a sample aliquot of 25 — 290
ng Li was taken to perform a two-step purification procedure using Bio-Rad® AG 50WX8 (200-400
mesh) resin. Lithium must be quantitatively separated from the sample matrix, since the loss of only
1 % of Li during column separation as well as the presence of Na can result in significant shifts in the
Li isotope composition [275, 277-279]. The first step removes most matrix elements (e.g. Ca, Mg and

rare earth elements) using Bio-Rad” Poly-Prep columns with 1.4 ml of the cation-exchange resin and
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0.15 M HCl as reagent. In a second step Na was separated using Bio-Rad” Bio-Spin columns with 1 ml
resin and a combination of 0.15 M HCl and 0.5 M HCI both in 50 % ethanol as reagents. The total Li
loss during column separation was always < 0.1 % of collected head and the tail fraction and thus did
not cause significant offset on the isotopic composition of analyzed materials. Reference materials
NIST RM 8545 (LSVEC, Li carbonate standard, Flesch et al. (1973), clay shale ZGI-TB and tourmaline
IAEA-B-4 as well as the USGS candidate reference material G-3 (granite) were separated and analyzed
together with the samples in order to control the analytical procedure. The Li blank input during the
whole analytical procedure was always less than 6 pg Li and had no influence on the isotopic

composition of the processed materials.

Lithium concentration and isotope analyses were performed on a MC-ICP-MS Neptune Plus
(ThermoFisher Scientific) using the SIS (stable introduction system: low flow PFA nebulizer (50 ul) and
a double pass quartz spray chamber) together with a high- efficiency x-cone. Processed samples and
reference materials as well as the unprocessed NIST RM 8545 were dissolved in 2% HNOs, closely
adjusted to 25 ppb Li content and repeatedly analyzed in the standard-sample bracketing mode using
the unprocessed NIST RM 8545 as the standard. The 2% HNO; used for sample dissolution was
measured directly before and after each sample and standard and used as analytical baseline for
correction. Isotope compositions are reported as delta-notation (%) relative to NIST RM 8545 [67Li =
([("Li/®Li)sample/ ("Li/®Li)nistrRm8545] —1)*1000]. The processed NIST RM 8545 shows a 6’Li of 0.04 + 0.02 %o
(2 0, n=2) indicating no isotope fractionation during the analytical procedure. Li concentration and &’Li
values of ZGI-TB (-3.2 + 0.3 %o (2 o), 104 ug g* Li) reproduced published values (-3.3 + 0.4 %o, 104 + 5
ug g Li; [269]; 111 pg g* recommended value, [280]). The USGS G-3 shows &’Li values of 0.6 + 0.3 %o
(2 o) and Li concentration of 31 pg g (32 + 2 pug g Li, [281]) and IAEA-B4 615 pg g* Li with a §’Li of
4.1£0.5 %o (Table 21).

4.4.2.4. Notes on interpretation of 6 notation of isotope ratio values

By international convention, stable isotope ratios are generally presented as relative deviation from a
standard., and are reported in units of %o [193]. They are generally reported relative to an
internationally recognised standard that has been designated as 0%o [261], but may be measured
against a different reference material with a known value and then recalibrated to the 0%o standard

value.
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When a sample and standard are analysed under the same conditions at the same time, and the results
are reported as relative values, there are fewer sources of error to take into account, and a better

precision can be reported [193].

Delta notation values can be calculated by the following formula [193], where Ryis the ratio of the

heavy to the light isotope measured for x.

1000(R;ampie — Rstandara)

Rstandard
Equation 2: Formula for the calculation of delta notations for isotopic ratios

6%o0 =

4.4.2.5. Material Homogeneity
This section is as supplied by Magee, who undertook this work with me.
All SHRIMP analyses were performed on the SHRIMP lle instrument at Geoscience Australia using
positive secondary ions produced by bombardment of the sample with O, ions at an impact energy
of 10.68 keV. The primary ions were Kohler projected through a variety of aperture sizes depending
on the analytical session, giving sputter crater diameters from 40 to 10 microns. Primary Beam
Monitor currents (which measure net sample current and are proportional to primary beam current)

varied from 0.5 to 10 nA.

Secondary ions were extracted and focussed through the mass spectrometer into a single collector,
with stepping of the analyser magnet used to peak hop between mass stations. The source slit was set
to 200 um and the collector slit was set to 250 um, giving a nominal mass resolution of approximately

2050 (M/dM).

Helmholtz coils surrounding the source chamber set to 700 mA were used to minimize mass-based
secondary beam separation between the sample surface and the source slit caused by ambient
magnetic fields. This value was set before the commencement of each analytical session. Six small
permanent Nd magnets placed around the mass spectrometer were used to correct for ambient field
aberrations beyond the source slit. Magnets were chosen and positioned such that the °Li* and
238160* jons traversed the mass spectrometer on the same trajectory from the source slit to the mass

analyser.

Lithium ions were detected with an electron multiplier. Two backgrounds peaks close to each Li
isotope were used to account for a mass-dependent background caused by matrix ions scattered by

the flight tube. Boron was measured in the same manner, except that the secondary ions were
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collected in an electron-suppressed Faraday Cup. Total secondary beam current was measured using
an Australian Scientific Instruments e7600 electrometer. The 1!B* voltage across a 10! Q resistor was

about 1 volt, implying a count rate of approximately 62 million cps.

Data were collected in four, five, or six scans of the analyser magnet. Data were deadtime-corrected
in the case of electron multiplier data. The closest background to each mass station was then
subtracted, and the mean of the four, five, or six isotopic ratios was determined for each spot. At least

10 spots were collected for each reference material in each session where it was used.

4.4.3. Frictionator Extraction Process

The projectile and propellant were removed from each round of ammunition. Glass particles were
separated from the other primer components using solvent washes and spin filtration, as adapted
from Wallace and McQuillan [119]. Firstly, approximately 1 mL of 2:1 acetone:water was placed with

a cartridge into a 5 mL screw-capped glass test tube to soften the gum base.

The tube was left, capped, for at least three hours then its contents were mixed with a vortex mixer
for several seconds. The cartridge was removed from the tube and the inside-bottom of the cartridge
was scraped using a thin, sharp wire probe with a bent tip that could reach into the rim of the cartridge.

This was undertaken while the cartridge was about two-thirds full of the acetone/water mixture.

The cartridge was returned to its tube and a fresh aliquot of solvent (1 mL) was added and used to
‘wash’ the interior of the cartridge by pumping liquid into its base using a plastic pipette (separate

pipettes were used for each round of ammunition).

The tube was allowed to stand for about ten minutes and the plastic pipette was used to draw 1 mL
of a liquid and insoluble matter suspension from the bottom of the tube. The suspension was then
placed into a spin-filter cup (Costar, 0.45 um Nylon membrane) and filtered using a centrifuge (Sigma

1-14, at 14,000 rpm for 60 seconds).

This process was repeated until all the liquid and insoluble material in the tube and cartridge had been
spin-filtered. After this process, a few mg of glass powder residue was collected in the spin filter cups,
and the filtrate was discarded. The residue was washed three times with neat acetone, three times
with 5% nitric acid and three times with methanol before being prepared further for analysis. A typical

glass frictionator residue is shown in Figure 21.
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Figure 21: Typical optical microscopy image (with reflected light) of glass frictionator collected after solvent extraction
and spin-filtration, specifically showing residue from Swartklip ammunition. Scale bar represents 500 pm

One cartridge (sample no. 4, Table 15) initiated during above solvent extraction procedure, ejecting
solvent and primer constituents from the cartridge. This occurred frequently (in five of six cartridges
attempted for this particular ammunition), and glass was unable to be recovered from sample no. 4
using this method. The different composition of the primer may be responsible for the lack of

softening of the gum base and desensitisation of the primer.

Glass samples and reference materials were mounted in an epoxy resin disc and polished according
to the method used by Geoscience Australia [282]. Approximately 30 large grains (>50 um diameter)
were mounted per sample (or reference material). After the disc was polished it was coated with 15
nm of gold prior to SHRIMP and ToF-SIMS analysis. For SEM analysis the gold coating was removed by
rubbing the disc with a paper tissue moistened with acetone. The disc was then attached to an SEM
pin stub, coated with carbon and the surface of the disc was “earthed” to the pin stub using carbon

ink (Pasco Scientific Conductive Ink PK—9031).
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4.4.4. ToF-SIMS

4.4.4.1. Analysis

ToF-SIMS analyses were performed using a Physical Electronics Inc. PHI TRIFT V nanoToF instrument
equipped with a pulsed °* Au liquid metal ion gun (LMIG), operating at 30 keV energy. Experiments
were performed under a vacuum of 5x107°Pa or better. “Bunched” Au; settings were used to optimise
mass resolution for the collection of positive ion SIMS spectra. The raw frictionator samples were very
large (at least 100 by 100 um) compared to the beam size used (10 x 10 um) and glass is generally
relatively homogeneous, so it was more important to optimise the mass resolution (allowing
differentiation between peaks of the same nominal mass) than the spatial resolution of the spectra

collected.

4.4.4.2. Statistical Analysis
When the data were interrogated offline, 66 ions were identified in the SIMS spectra. These were
selected as peaks in WINCadenceN (Software from Physical Electronics (PHI), USA) and the counts
were aggregated for all samples. Peaks below 50 counts were not treated, as this represents less than
1 cps, and a signal to noise ratio of less than 3:1, which is insufficient for quantitative, or in this case
semi-quantitative analysis. The peaks for Au, In, and Ge were also not treated, as their signal is
confounded by sputter coatings, ion guns, and the indium foil which is usually used to mount
specimens, leading to a small background value. The remaining 52 peaks were normalised to the 2Si*
signal as total number of counts per analysis can vary across a sample set, (increasing as vacuum

increases) and the counts for artefact peaks (Au etc.) observed can change sample to sample.

For each variable, the mean (from the counts per 100 counts of ?Si*) with 99% (+ 3 standard
deviations) confidence intervals were compared between all brand pairs, and individual elemental
discrimination powers determined. The ion with the highest discrimination power was determined
and the glass samples that could be discriminated by that element were removed from the dataset.
Then, for the remaining un-discriminated glass samples, the ion with the next highest discrimination
power was determined and all samples discriminated on the basis of that element were removed from

the set. This process was continued until no glass samples could be discriminated.
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4.4.5. SHRIMP

4.4.5.1. Analysis

The SHRIMP lle at Geoscience Australia was used to determine the relative abundance of the following
isotopes in each sample and standard, "Li*:°Li*, 2%*Pb*, 2°°Pb*, 297Pb*, 208pPb*, 232Th* and 233U*. In addition,
the relative concentrations for the major isotopes of Be*, Li*, Si**, O*, Mg*™ and F* ions were determined,
presented as per 100 counts of O*. 1'B:1°B isotopes were also determined for the borosilicate samples
only. Each ion in a run required different parameters, and the typical run parameters for each ion are
shown in Table 17. Background values were taken and subtracted, as the contributions to the
background signal in SIMS techniques can vary according to time, and at different locations within the

sample chamber [283].

Table 17: Typical run parameters for SHRIMP analysis

Analytical Run Isotope Mass (amu) Time (s) Delay (s)
1 Bkgd1 204.02563 20 1.0
1 204ppy 203.96402 20 2.0
1 206pfy 205.95599 15 2.0
1 207pp 206.95593 40 2.0
1 208pp 207.95183 5 1.0
1 28ThO 248.01283 2 3.0
1 aVle} 254.03274 2 3.0
2 Bkgd2 5.52000 5 5.0
2 5Li 6.00547 25 3.0
2 Bkgd3 6.95017 5 2.0
2 Li 7.00472 2 1.0
3 Bkgd4 5.52000 5 5.0
3 Li 6.99597 2 1.0
3 Bkgd5 8.89899 5 2.0
3 °Be 9.00794 2 2.0
3 Mgt 11.99508 2 2.0
3 Bkgd6 13.84982 5 2.0
3 285j+* 13.99301 2 1.0
3 %0 16.01132 2 2.0
3 Bkgd7 17.38891 5 2.0
3 19¢ 19.01525 2 2.0
4 Bkgd8 9.52000 5 5.0
4 10 10.01979 10 1.0
4 Bkgd9 10.50020 5 2.0
4 11 11.01697 10 1.0
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Instrumental conditions were mostly the same as described in Section 4.4.2.5 - Material Homogeneity.
Additionally, the secondary ions for 'B*:1°B* were collected in an electron-suppressed Faraday Cup.
Total secondary beam current was measured using an Australian Scientific Instruments 7600
electrometer. The !B* voltage across a 10! Q resistor was about 1 volt, implying a count rate of
approximately 62 million cps. The other ions were detected with an electron multiplier. Two
backgrounds peaks close to each isotope were used to account for a mass-dependent background

caused by matrix ions scattered by the flight tube.

4.4.5.2. Statistical Analysis

For the elemental analyses, in each replicate every element signal was normalised to the *0* signal
and presented as ‘counts per 100 counts of 0", The replicates were then averaged, and the mean
130 (99% confidence) was presented for every brand. Brand pairs for which the 99% confidence
intervals did not overlap for the element were considered to be discriminated based on the element.
The individual element discriminations were successively compiled, from most discriminating to least,

to give an overall discrimination factor for the technique.

For the isotopic data, each isotope was considered individually, the mean and standard deviation for
each brand was determined, all the brands were compared pair-wise via 95% confidence intervals
(x20). Any pair combination that did not have overlapping intervals was considered to have been
discriminated based on their isotope measurements. The 2%4Pb*, 2°6ph*, 207ph*, 208pp* 232Th* gnd 238y*
isotope compositions were not sufficiently variable to allow discrimination based on the ratios and

were not used further. SHRIMP isotopic discrimination power was based on B and Li data only.

4.4.6. SEM-EDS

4.4.6.1. Analysis
Samples were analysed using a FEI Inspect F50 Scanning Electron Microscope, fitted with an AMETEK
EDAX detector, and using the xT microscope and TEAM EDS software. Ten grains of each sample were
analysed to ensure that the results were representative of the entire sample. The elements detected
were quantified (technique is standard-less and semi-quantitative) using the eZAF method, by oxide

ratios. Optimal settings/conditions were determined to be as per Table 18.
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Table 18: Parameters for final SEM-EDS analyses

Parameter Setting
Vacuum ~107™ Pa
Working Distance 10 mm
Take off Angle 34.2°
Accelerating Voltage 15 keV
Aperture Size 20 mm
Emission Current 110 pA
Count time 50 sec
Spot size 6
Dead time 33-34 %
Resolution 123.1eV
Counts per second 23000-26000 cps

4.4.6.2. Statistical Analysis
The semi-quantitative measurements for the selected elements for the ten particles analysed for each
sample of frictionator were averaged and standard deviations and relative standard deviations were
determined. The average elemental concentrations were compared to those measured for NIST SRM
93a and NIST SRM 612, which were treated as exemplars of borosilicate and soda lime glass,
respectively, to determine the type of glass found in the ammunition. Confidence intervals (30,
representing a 99% interval) were determined for every brand of ammunition. The mean +3c intervals
were compared for each combination of brands pairwise in order to determine the percentage of
brands that could be discriminated. This was presented in a pairwise plot, and from that comparison,

the discrimination power of the technique for these samples was determined.

4.4.6.3. SEM-EDS for Determination of Primer Components

A sample of the neat primer was analysed by bulk EDS analysis to determine primer components of
the ammunition, to determine whether the additional primer components, other than the glass
frictionator, could provide additional discrimination. Spectra were collected using a FEI Inspect F50
Scanning Electron Microscope, fitted with an AMETEK EDAX detector, and using the xT microscope
and TEAM EDS software. Spectra were collected as above, except with an accelerating voltage of 30

keV, and the analysis was qualitative only. Results are as per Table 15.
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4.4.7. GRIM
The refractive indices of the frictionator samples were determined to identify whether they had RI

values typical of common window soda lime glasses or borosilicate glasses.

4.4.7.1. Analysis

A Foster and Freeman GRIM 3 instrument, with a Mettler Toledo hotstage model FP82HT and a phase
contrast stereomicroscope set up for Kohler illumination was optimised for phase contrast
measurements. The GRIM was calibrated using standard methods for the A and B oils (Foster and
Freeman). As there are only two calibration standards for the C oil, the RI of NIST SRM 93a was used
to verify the adequacy of the two-point calibration. This was achieved by comparing the RI measured
for NIST SRM 93a with a separate measurement of the same glass carried out using another GRIM 3
instrument and using different calibration oil (Locke Scientific). As the two RIs matched within +1 ¢
(Table 19), it was determined that the calibration was valid. The A oil covers a calibrated range of
1.5521-1.5290, the B oil covers a calibrated range of 1.5291 —1.5023 and the C oil covers a calibrated
range of 1.4865 — 1.4641.

Frictionator particles were placed onto slides, covered with B Qil, and the refractive index of each
sample was determined, by determining the ‘null point’, that is, the temperature when the refractive
index of the oil reaches that of the glass. Glasses that did not have a null temperature in the B oil were

analysed in the C oil, and any that had no null point in either B or C were analysed in A.

Table 19: Mean null temperature, refractive index and standard deviation of NIST 93a, as measured by two independent
GRIM3 systems, identified by location.

Forensic Science SA Flinders University
Number of measurements 20 8
Range of temperatures 88.47-89.04 92.96-93.4
Mean RI 1.47025 1.47014
Standard deviation (o) 0.0000624 0.0000638
Range of Rls 1.47019 - 1.47044 1.47005 - 1.47024
Discrepancy 1 o overlaps 1 o overlaps
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4.4.7.2. Statistical Analysis
Samples were compared using 99% confidence intervals, as the quality of edge matches were variable

and the relatively large RSDs for some samples made t-tests or ANOVAs of the matches invalid.

4.5. Results and Discussion

4.5.1. Isotopic Composition of Li and B in CRMs

Table 20 presents the mean B isotope composition for the CRMs examined in this study. As can be
observed, the 8B (%o) values determined for NIST SRM 951 and IAEA-B-4 are identical to the known
reference values, confirming the accuracy of the method used in this study. The NIST SRM 93a samples
from the two suppliers were indistinguishable from each other, as was expected (separate samples:
0.02 + 0.1%o, 0.04 * 0.04%o). The values recommended for 6'B for NIST SRM 93a and NCS DC61104

are, therefore, 0.03 + 0.08%o and -6.74 + 0.12%., respectively, at the 95% confidence level.
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Table 21 presents the mean Li concentrations and isotope composition of the standards and reference
materials examined by the Isotope Geochemistry Laboratory at University of Bremen in this study. As
can be seen, the Li isotope compositions and concentrations determined for the RMs TB and G3, and

the &8’Li value determined for RM TB are consistent with the known reference values.

The concentration for Li in NIST SRM 93a was measured to be 30 + 3 pug/g with 95% confidence
(separate samples: 29 * 2.1 ug/g, 30.6 + 0.3 pg/g) and the concentration of Li in NCS DC61104 was

measured to be 105.5 + 0.6 pg/g.

From the calculated averages and uncertainties, the values recommended for &’Li for NIST SRM 93a
and NCS DC61104 are, therefore, -21.0 + 0.3%0 and -3.2 + 0.08%o, respectively at the 95% confidence

level. These data are the recommended values for future use.
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Results for repeat inter-fragment B isotope ratio analyses by SHRIMP for glass fragments from NIST
SRM 93a and NCS DC61104 are provided in Table 22. For these analyses, no glass CRM with equivalent
boron concentration and known homogeneity or a known 8B ratio exists. Thus, these CRMs can only
be compared to each other. The standard deviation values of the mean ranged between 0.33 and
0.53 %o for NIST SRM 93a, and the standard deviation value of the mean for NCS DC61104 fit within
this window (0.48 %o). From these data, it can only be indicated that the CRMs are as homogenous as
each other and are unlikely to contain grain-to-grain or cross-grain heterogeneities substantially larger
than 1 %.. As the work detailed later in this chapter is not particularly interested in the exact value for
8B, rather whether differences in isotopic composition of the frictionators exist, these values were
determined to be fit for purpose, although in future, more CRMs should be analysed for absolute

heterogeneity to be further assessed.

Results for repeat inter-fragment Li isotope ratio analyses by SHRIMP for glass fragments from NIST
SRM 93a, NIST SRM 612 and NCS DC61104 are provided in Table 23. NIST SRM 93a and NIST SRM 612
were analysed in two separate sessions. The standard deviations of the mean for NIST SRM 93a, and
for NCS DC61104 were lower than NIST SRM 612 in session 150098, although it should be noted that
only NIST SRM 93a from NIST was analysed in this session. Each source of NIST SRM 93a was measured
independently in session 150096, and then the two datasets were averaged together to give a
combined average. When comparing either or both sources of NIST SRM 93a to NIST SRM 612, NIST
SRM 93a had the lower standard deviation of the mean. Therefore, these glasses were considered fit

for purpose for Li isotope determination.
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4.5.2. ToF-SIMS Analysis

The 29 samples of frictionator from 17 brands were analysed via ToF-SIMS, along with three soda lime
glass standards and two borosilicate glass standards. This technique was able to differentiate easily
between samples that were borosilicate and those that were soda lime based on the relative size of
the 11B* signal (see Figure 3). Previous work had indicated that the PMC ammunition could contain
either borosilicate or soda lime glass frictionator [159]. In this work, the soda lime variant was
observed. The RWS sample had a relatively high B* concentration compared to the soda lime glasses,
indicating that it was likely to be a borosilicate glass, but the high K*, Ti* and Zn* in this sample were
not typical of the other borosilicate glasses seen, and in analyses by all of the techniques in this study

it sat apart.
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Figure 22: Mean boron (1!B*) signal as a percent of silicon (28Si*) signal for the 17 brands of ammunition examined, with
99% confidence intervals

Although 13 separate Winchester frictionator samples were analysed from various Winchester brands,
most pairs of Winchester samples were not readily distinguishable. Therefore, a single, averaged value
of the entire group of samples is presented, and this is the reason for large standard deviations for
measurements of Winchester frictionator. The standard deviations achieved for analysis of individual
cartridges of Winchester ammunition were generally smaller than presented in this work, which could

increase the discrimination powers discussed.

lon signals were plotted as counts normalised to ?Si* (per 100 counts), as mean *30. 52 of the ions
identified were plotted in this way. For example, Figure 23 shows the plot for the ion identified as 4*K*.

The statistical approach used to analyse the data was based on one devised by Trejos et al. [164],
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where each pair of samples is compared for every element using 3o for each element; if any element

does not match within that criterion, then the samples are considered to not match.

From this, a discrimination plot was created for each ion. The discrimination plot for **K* is shown in
Figure 24, where 95 pairs out of 136, or 69.9% of the brands can be discriminated by the *’K*ion alone.
This was the most discriminating ion, followed by boron (*!B*), and aluminium (*Al*). The ions
detected in the frictionator set were ranked from most discriminating down, and ions added to the
total discrimination plot until no more pairs could be discriminated. The result of this, showing a

discrimination power of 94.1% is shown in Figure 25, as is the successive contribution of each ion.
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Figure 23: Plot showing mean counts of 41K* per 100 counts of 28Si* +3¢ for all brands
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Figure 24: 99% discrimination plot for ToF-SIMS analysis of the 4'K* ion
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Figure 25: Discrimination plot of frictionator brands showing successively compiled ToF-SIMS ions
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Table 24: Successive discrimination pairs of frictionator brands added by ToF-SIMS ions

lons Added discrimination Percent discriminated ~ Cumulative total Cumulative percent

A+ 95 69.9 95 69.9
g+ 17 12.5 112 82.4
L\ 6 4.49 118 86.8
el 2 1.47 120 88.2
BNa* 2 1.47 122 89.7
40ca* 2 1.47 124 91.2
a8Tj 1 0.74 125 91.9
9azp 1 0.74 126 92.6
BGiH* 1 0.74 127 93.4
30SjOH* 1 0.74 128 94.1
TOTAL (136)

Discriminated 128 94.1

Un-discriminated 8 5.9

After determining the inter-brand discrimination power, the intra-brand discrimination power was
also investigated for the 13 Winchester samples. These included several variants, with the details of
each sample shown in Table 15. A plot showing the Winchester intra-band discrimination achieved is
shown in Figure 26. From this plot, it can be determined that 40/78, or approximately 51% of the pairs
could be discriminated. However, when compared to the inter-brand results, the differences
examined are far subtler. Whilst most of the pairs that were classed as ‘discriminated’ in the inter-
brand comparison had differences in the abundance of several ions, most ‘discriminated’ samples of
Winchester had only one or two ions with abundances outside the 99% confidence intervals.
Additionally, the variation for each element was also significantly smaller. For example, Figure 27,
showing the #K* abundance for the 13 Winchester samples has a range approximately 14x smaller
than that of the #*K* abundance for the 17 brands examined earlier (Figure 23). Additionally, it should
be noted that from the analysis of the Winchester samples appeared to be no correlation between

similarities or combinations that could be discriminated and the Winchester variant or headstamp.
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Figure 26: 99% confidence plot showing pair-wise discrimination of ToF-SIMS for Winchester Samples (by sample number
from Table 15)
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Figure 27 Mean boron (*1K*) signal as a percent of silicon (28Si*) signal for the 13 Winchester items examined, with 99%
confidence intervals
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4.5.1. SHRIMP Elemental Composition Analysis

The mounted frictionator samples were analysed by SHRIMP for “Li*, °Be*, 1°F*, 8Si**, ®0* and 2*Mg**
concentrations. The concentrations of these ions, presented in counts relative to *0*, were plotted
with 99% confidence intervals. The plot for “Li* is seen in Figure 28, which shows that there are some
differences that allow differentiation. From the successive layering of these plots, a 99% confidence
discrimination plot was created, and as can be seen in Figure 29, 95 out of 136 or 69.9% of pairs of

brands could be discriminated by this method.
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Figure 28: ’Li* elements analysed by SHRIMP, presented as counts relative to oxygen (150+)
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Figure 29: 99% discrimination plot compiled from SHRIMP elemental composition analyses
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4.5.2. SHRIMP Isotope Analysis

In the first instance, the boron isotopic (8'!B) composition was determined for each of the samples
where B was a major or minor element. The results, seen in Figure 30, indicate that although SHRIMP
is a very powerful technique, and small differences in isotopic composition can be detected through
this method, the isotopic variation in the borosilicate glass samples is very small. However, some

variation exists, and it was found that 7 out of 28 borosilicate pairs can be distinguished (25%).

The lithium isotopic (8 ’Li) composition was also examined. This analysis, shown in Figure 31, also
showed that most samples are not distinguishable from each other. The discrimination plot for Li
indicated that only 3 out of 120 pairs (2.5%) could be discriminated, leaving 117 pairs that could not.

The Swartklip sample was missing from this dataset due to instrumental difficulty.

When the Li and B discrimination factors are compiled, with 95% confidence, 10 out of 136 pairs, or
7.3% can be discriminated. The isotopic compositions of both Li and B were more restricted in the
frictionator glasses than had been anticipated. As a result, they were less useful as discriminants for
differentiating these particular glass samples. This may indicate glass feedstock sourced from a

relatively small number of mineral suppliers.
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Figure 30: Average 6!B * 20 for borosilicate glass frictionators (relative to LSVEC)
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Figure 31: Average 6Li [%o], + 20 for glass frictionators (relative to LSVEC)

204ppy* 206ppy* 207ppy+ 208ppyt 232Th* gnd 238U* jsotopes were additionally analysed via SHRIMP. Various
ratios were calculated between these isotopes, but the concentrations of these elements were low
ppb to ppt range, and therefore the precision of the measurements was low, which lead to the intra-
sample variation eclipsing any inter-sample variation. The lead, thorium and uranium isotopic

compositions were not considered to have useful discrimination power for these samples.

When the data obtained from SHRIMP elemental analyses are combined with the isotopic composition
results, the total discrimination power gained from SHRIMP analyses can be calculated. The isotopic
data (6B and &7Li) were less discriminating than the elemental measurements and did not provide
further discrimination compared to the elemental measurements. The final discrimination power for
SHRIMP was therefore 69.9%. A consideration when SHRIMP is used is that for each elemental run or
isotopic measurement a volume of approximately 30 um in diameter and 10 um in depth is ablated
from the sample. In casework, the small size of GSR particles could limit the number of analytical

replicates per particle, thus diminishing measurement precision.
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4.5.3. SEM-EDS Analysis

Elements in ten individual grains for each sample were quantified; concentrations and standard
deviations were determined. B,Os; was detected in inflated concentrations compared to the true
values. It appeared that the quantification software over-compensated for the instrumental
difficulties in detecting B,0s;, and B,0; was detected in all standards and samples, regardless of
whether it was present in levels detectable by SEM-EDS or not. By comparing the relative
‘concentrations’ determined by the SEM-EDS to the NIST SRM 612 values where the true
concentration B is below the detection limit of EDS analysis, and then to NIST SRM 93a, where the true
concentration is above the detection limit of EDS, B was classified as either detected or not detected
for each sample. From this, it was possible to re-affirm which of the glasses were borosilicate, and

which were soda lime glasses.

The relative concentrations determined for each of the elements appeared to be both consistent and

effective as a means of classification; as such semi-quantitative results are presented in Table 25.

For each element, the mean and 99% confidence intervals (+30) were plotted for all brands, in the
manner seen in Figure 32. From this, a discrimination plot for each element (99% confidence) was
created to show whether each pair could or could not be discriminated by the element. Concentration
and discrimination plots were created for Na,O, B,0s;, MgO, Al,03, K;0, and CaO. The individual
element discrimination plots were layered, so that in the final plot (Figure 33) tiles with ticks show
pairs that can be discriminated by one or more elements and grey tiles show pairs that cannot be
discriminated by any element. After the consideration of all the elements, 108 of the 136 pairs (79.4%)

could be discriminated.

When this work was extended to intra-brand analysis of samples from Winchester ammunition, it was
found that none of the Winchester frictionator samples could be discriminated from any other using

SEM-EDS analysis.
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Figure 32: Mean NaO concentrations with 99% confidence intervals showing which pairs can be discriminated by Na,O
concentration
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Figure 33: 99% discrimination plot for SEM-EDS analysis created by successively layering individual discrimination factors

4.5.4. Comparison and Contrast of Techniques.

The techniques applied to the analysis of frictionators shows that there is variance in the glass used
across the ammunition market. However, the variation was not as large as expected and even stable
isotope analyses using SHRIMP, a technique expected to provide significant further discrimination
between frictionators, was not as powerful as anticipated. A summary of the discrimination power of

each technique is shown in Table 26.

ToF-SIMS has the highest individual discrimination power, measures the widest range of elements,
measures all elements simultaneously, has very low detection limits (low ppm) and affects only the
top tens of angstroms of the sample’s surface. It is thus a very effective approach even when used

without combination with another technique.

SHRIMP features a high-resolution mass analyser, which can resolve peaks that would interfere on
most mass spectrometers. It can measure isotope ratios and it has the lowest detection limit of all the
techniques (less than ppb for some elements, in optimum setup [190]). However, it can only measure
a few ions in a limited mass range at any time, and is the most time-consuming technique, especially
regarding locating GSR particles on SEM stubs. This technique is also more destructive than ToF-SIMS
and is possibly unsuitable for analysis of typical small particles encountered in casework. Furthermore,
the precision observed for measurement of B and Li isotope ratios was relatively low, so much so that

discrimination between samples difficult, even when 95% confidence intervals were applied.
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Comparatively, SEM-EDS has a high limit of detection (~0.1%), has relatively low elemental resolution
(especially regarding resolution of B from C) and it cannot easily detect elements with low atomic
number. However, it also is the fastest and cheapest technique examined and the one most widely
available to forensic laboratories. As a stand-alone technique for the analysis of frictionators it
achieved a discrimination power of over 79%, which was surprising as only seven oxides were used for

the discrimination.

The discrimination power within the dataset examined could be increased by combining two or more
of these techniques. For example, SEM-EDS and SHRIMP results each discriminated one pair that ToF-
SIMS did not, and SHRIMP results discriminated eight pairs that SEM-EDS did not. The discrimination
power for all combinations is shown in Table 27, which shows that the use of all 3 techniques provides
the highest discrimination power, however the combination of ToF-SIMS and SEM-EDS would most
likely be the most efficient use of resources in casework. It would allow an independent analysis via
two techniques, one of which is a standard technique that most likely would have already been applied
in a typical GSR examination. The approach would preserve the sample for re-examination and these
techniques are quicker and require less sample preparation than SHRIMP. Although both SHRIMP and

ToF-SIMS are specialized techniques, ToF-SIMS is more widely available.

LA-ICP-MS, although a commonly used technique in the forensic analysis of glass, was not used in this
survey. This was because the particle sizes for extracted frictionator were barely large enough for
effective LA-ICP-MS analysis and for the analysis of genuine glass-containing GSR, the particles are

even smaller, and the technique would therefore not be suitable.

Table 26: Summary of discrimination power of each analytical technique

Techniques Pairs Discriminated Discrimination Power
ToF-SIMS 128/136 94.1%
SEM-EDS 108/136 79.4%
SHRIMP 95/136 69.9%

Table 27: Discrimination power of various combinations of the techniques used in this study, compared to ToF-SIMS

Techniques Pairs Discriminated Discrimination Power
ToF-SIMS 128/136 94.1%
ToF-SIMS & SHRIMP 129/136 94.9%
ToF-SIMS & SEM-EDS 129/136 94.9%
SEM-EDS & SHRIMP 116/136 85.3%
Total (3 techniques) 130/136 95.6%
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4.5.5. Refractive Index Measurement

Refractive index measurements were carried out to characterise the frictionator samples further.
Frictionator samples that had a refractive index null point in the B oil are shown in Figure 34, and those
that had a refractive index null point in the C oil are shown in Figure 36. The glass standard reference
materials and 29 frictionator samples were measured by GRIM analysis. NIST SRM 93a had a null point
in oil C and NIST SRM 612 had a null point in oil B, which is to be expected for borosilicate and soda
lime glasses, respectively [285]. One frictionator sample, which was extracted from Gevelot
ammunition (no. 20), did not have a Rl matching in any of the oils, despite its elemental profile
suggesting that it is made from soda lime glass. Frictionator extracted from Swartklip ammunition (no.
17) had many different null points at across the Rl range of the B Oil, and an average Rl or range of Rls
was unable to be determined. Frictionator from RWS and PMC Zapper ammunition were quite
interesting in that they achieved the highest Rl of all the samples tested, which would indicate that
they were made from soda lime glass, but each contained low levels of Ca and Na. Conversely, glass
from Mauser ammunition returned an Rl value consistent with borosilicate glass yet it also contained
high-levels of Ca and Na. The pertinent figures summarising the refractive index measurements are

found in Table 28.

It was observed that the frictionator grains from most samples were already in the correct size domain
for GRIM analysis, and if they were to be crushed to produce clean, sharp edges they would be too
small for analysis. Due to this, there were few edges of high enough quality to allow the measurement

at the level of precision typical for forensic examination of glass evidence.

ANOVA was the first, logical choice considered for the comparison of Rl values, and the data obtained
were evaluated for analysis by ANOVA. The validity of results from any statistical test depends on
whether the dataset meets the assumptions that underlie that test. The assumptions about a dataset
used for ANOVA are: independence of cases, normality of the population and homoscedasticity of the
population. As the differences in standard deviations between samples was large, with some samples
having a much higher intrasample variability than others, statistical comparison analyses via ANOVA
was not possible for the frictionator samples. Therefore, frictionator samples were analysed by

comparing 99% confidence intervals instead.

The GRIM results from this survey indicate that for most ammunition products examined, the glass
frictionator present has low intra-sample variability, with Swartklip ammunition being a notable
exception. The use of borosilicate glass or soda lime glass, and the narrow range of Rls in both the

borosilicate and soda lime glass samples is a curiosity, as controlling the glass in ammunition would
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not be the cheapest option for ammunition manufacturers. Prior to research it was expected that a
wide range of soda lime glass, possibly obtained from glass recycled from many sources, may have

been used as a frictionator, but this does not seem to be borne-out in this study.

The data acquired regarding Winchester frictionator is particularly interesting. Although ammunition
from twelve different batches produced over many decades was examined (as indicated by the head
stamps logos of the cartridges, known to have been used during different eras) all the frictionators
examined were of the borosilicate type and for practical purposes exhibited identical RI, elemental
and isotopic composition. As an example, Figure 35 shows that the refractive indices of the Winchester
samples are very similar. The consistent nature of the borosilicate glass observed within and across
brands may indicate some control or optimisation of the glass used as frictionators in 0.22 calibre

rimfire ammunitions.
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Figure 36: Mean refractive indices +30 of frictionator samples (by brand) which had a null temperature in the C oil. The
Winchester value indicates an average of all the samples measured

4.6. Comparison to Previous Results
In the previous work conducted by ChemCentre and Coumbaros [159], various glass-containing GSR
(gGSR) samples from 11 brands of ammunition were identified as two or three-component primers,
and for the presence and identity of any glass. From this study, they found 2/11 brands to not contain
glass, 1/9 glass containing brands to contain solely soda lime glass, 2/9 containing a mix of borosilicate
and soda lime glass, and 6/9 brands to contain only borosilicate glass. Of the ammunition primers that
did not contain glass, one contained a three-component Pb/Ba/Sb primer, and one contained only a
two-component primer (Pb/Ba). Most of the glass-containing samples contained only a two-

component primer, except for 2 of the 6 Federal variants, and the Stirling Sample.

In this work, 25 brands of ammunition, and 13 exhibits from Winchester were studied. Of those brands
8 brands contained borosilicate glass, and 9 brands appeared to contain soda lime glass, with a further
brand (no. 4 Sellier Bellot) containing glass of unknown identity, and 7 brands appearing not to contain

glass.

At first glance, this would seem to disagree with the previous work, with most brands not containing
borosilicate glass. However, the samples used in this study were collected from the South Australia
Police ammunition library, representing ammunitions that have been of interest in at least one case

in the past — and it should be noted that the SA Police have been operating 180 years — but not
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necessarily everything on the ammunition market. It should also be noted that the existence of the 25
brands in no way implies an equal likelihood of observing samples using each of their brands, or that

these brands represent all ammunition possibilities in Australia.

A survey of ammunitions from 10 Australian-based online retailers (see Table 29) showed that
Winchester (8), CCI (8) and Federal (7) are the brands most commonly offered on the market in 2018.
Of the brands that were available on the market, only 2 were not looked at in this study- SK and Norma
are additionally available from 5 and 3 retailers, respectively. SK is owned and manufactured by the
same company as Lapua, which did not contain glass. However, the SDS for SK does indicate that the
primer includes ground glass, so future work should incorporate this brand. Norma is owned by Ruag
(the manufacturers of RWS), and its 0.22 LR SDS indicates that it contains both antimony sulfide and
calcium silicide, both of which are known to act as frictionators, and so it is unlikely that this

formulation contains glass.

Table 29: Ammunitions available from nine online retailers based in Australia

Brand\Retailer 1 2 3* 4 5 6 7 8 9 10 Total
Browning X X X 3
CcCl X X X X X X X 8
Eley X X X 5
Federal X X X X X X 7
Fiocchi X X X 3
Highland X X X 3
Hornady X X X X X 5
Lapua X X X X 4
Remington X X X X X 5
RWS X X X X 4
S&B X X X 3
Winchester X X X X X X X 8
Others SK SK SK SK SK SK'5
Norma Norma Norma Norma Norma Norma 3

*This brand additionally sold several other ammunitions that weren’t available anywhere else
“this is a site for 2"* hand sales

In the Coumbaros work, a combination of glass identity and other primer residues was investigated.
It was considered, that in examinations of gGSR, as will be discussed in Chapter 5, that examining the
primer residues and the glass identity could potentially improve the power of discrimination provided

by this analysis. When the discrimination power provided by the elemental composition of the glasses
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were supplemented by the primer composition information, 2 extra pairs (added 1.5%, or a total of
~95.6%) were added to the ToF-SIMS discrimination power, bringing the total discrimination power of
this study to 97.0%. When extending this work to genuine gGSR samples, incorporating analysis of

primer elements could be helpful.
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Figure 37: Total power of discrimination including macro-characteristics of primer (i.e. one-, two-, or three-component, or
Hg-based) as an added variable

4.7. Summary and Conclusions
The B and Li isotopic compositions of two standard borosilicate glasses were investigated to be used
as reference materials isotopic composition for SHRIMP analyses. Recommended B isotope values of
borosilicate standards NIST SRM 93a and NCS DC61104 have been determined via MC-ICP-MS to be
0.03 £ 0.08%0 and -6.74 + 0.12%o (20) respectively. Recommended Li isotope ratios for the same

glasses were determined to be -21.05 + 0.32%o and -3.22 + 0.25%o. respectively, also via MC-ICP-MS.

The Li distribution within the two glasses, as assessed using SHRIMP, appears at least as homogenous
as the Li distribution within NIST SRM 612. There was no CRM available that was a borosilicate glass
that had previously been assessed for homogeneity for B, but when assessed by SHRIMP NIST SRM
93a and NCS DC61104 appear to be approximately as homogenous as each other.
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A survey of the elemental and isotopic composition of frictionator samples taken from 0.22 calibre
ammunition from a wide range of manufacturers has been conducted using the analytical techniques
SEM-EDS, ToF-SIMS, and SHRIMP. No survey like this study has been undertaken previously on glass
frictionator samples, and the information generated by this work represents an original contribution
to forensic science. It was found that the elemental variation across the population examined is

sufficient to allow discrimination between frictionators from most of the manufacturers.

More than 95% of samples could be discriminated using ToF-SIMS alone, or at least 83% using SEM-
EDS could be discriminated when using the macro primer composition (i.e. one, two or three
components, or Hg-based) as another variable. Together, these two techniques could discriminate
96.3% of the population studied (including primer composition). This technique is not currently used
in casework in South Australia, but is available at universities in both South Australia and Western
Australia. Some Australian operational forensic laboratories already have agreements with
universities to use instruments for casework (such as LA-ICPMS for glass analysis) and similar
arrangements could potentially be organised in the future to allow use of techniques such as ToF-SIMS

(or other relevant techniques) for frictionator analysis.

Although most rounds of ammunition studied were drawn from single boxes, the Winchester
ammunition sampled covered many batches and covered a wide time span of production. Thus, some
data with regards to inter-batch variation were collected and this variation was small, which may
indicate some control exerted by Winchester over the glass’ properties. More work should be

conducted in future to look at intra-batch variation of other brands.

SHRIMP was evaluated as a technique for analysis of frictionators because it offers the capability for
carrying out measurement of stable isotope ratios of elements in particles of 20 um or less. However,
it was found that the isotopes of B, Li, Pb, U and Th exhibited very little variation across the frictionator
samples examined, even that sourced from the numerous batches of Winchester ammunition.
Although SHRIMP can also be used to measure trace element concentrations as well as stable isotope
ratios, the precision of the analytical results in this case was not high enough, due to the low amounts
of isotopic variation observed. There would also be difficulties accessing an instrument for many
laboratories undertaking GSR casework. Although it was not a useful technique for the samples used

in this study, it could be considered for use on other samples of forensic interest in future.

Refractive index measurements, supported by elemental analysis of frictionator samples was
undertaken, confirming that borosilicate and soda lime glasses are used as frictionators. These

analyses also indicated that the glass frictionators have a low intra-sample variability.
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The elemental variation between frictionators suggests that there is scope for frictionator analysis to
add value to forensic casework examinations by linking GSR to unfired ammunition or in
demonstrating similarity (or difference) between GSR samples. Therefore, in the next chapter research
is presented that evaluates the extension of SEM-EDS and ToF-SIMS from the analysis of raw
frictionator to the analysis of frictionator present in typical GSR. Glass has been observed in GSR arising

from other ammunition calibres, and thus a wider survey of ammunition is warranted.
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5.Methods for Analysis of Glass in Glass-
Containing Gunshot Residue (gGSR)

Particles

5.1. Preface
This chapter represents the third and final strand of research contributing to the development of new
capabilities for GSR analysis through the incorporation of gGSR particles. This chapter presents an
investigation into original methodologies for the sectioning and remounting of gGSR particles for
subsequent analysis, and the comparison of gGSR particles to their unfired frictionator counterparts.
This method is unlike any other that has been considered for the analysis of gGSR, and supports the
research presented in Chapters 3 and 4, providing a promising proof of concept for the incorporation

of the analysis of gGSR into casework.

This chapter is substantially the same as a paper published in Forensic Science International [286].

5.2. Chapter Summary
When lead (Pb), barium (Ba) and antimony (Sb), or Pb, Ba, calcium (Ca), silicon (Si) and tin (Sn) are
found together in particles associated with a shooting investigation they are considered characteristic
of gunshot residue (GSR). Antimony and tin are often absent from the primer of many low calibre
rimfire ammunitions, which are the type most commonly used in Australia. Therefore, the likelihood
of characteristic particles forming during the firing process of such rimfire ammunition is significantly
less than the likelihood of these particles arising from higher calibre ammunition. This means that it
can be more difficult to positively identify or interpret GSR from these lower calibre rimfire
ammunitions. The majority of rimfire ammunition examined in this research contains ground glass in
the primer, which functions as a frictionator. These ammunitions produce a small number of gunshot
residue particles containing glass coated with other primer components, which we refer to as glass-
containing GSR (gGSR). If these particles are observed in an investigation, they have the potential to
add a new dimension to gunshot residue analysis because they are not common in the environment.
Furthermore, the composition of glass frictionator is stable during firing, which raises the possibility
that chemical testing of the glass in gGSR may be used to identify the ammunition from which the

residue was derived or to link deposits of GSR.
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This chapter examines the application of scanning electron microscopy — energy dispersive X-ray
spectrometry (SEM-EDS), focussed ion beam (FIB) techniques and time of flight—secondary ion mass
spectrometry (ToF-SIMS) to the semi-quantitative analysis of gGSR and frictionator extracted from
unfired cartridges. SEM-EDS is effective for comparing gGSR with unfired frictionator, but the use of
FIB to expose clean glass from the centre of gGSR followed by ToF-SIMS, or ToF-SIMS using ion

sputtering to expose clean glass, offers more power for glass discrimination.
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5.3. Introduction
There are approximately three million legally owned firearms in Australia, and a further 260 thousand
suspected to be owned illegally [5]. Of these, small calibre long rifles and shotguns are subject to the
least regulation, and make up a large majority of the firearms in the country, even on the illicit market
[5]. Small calibre long rifles and shotguns are also the most commonly associated with crime and death
in Australia [9]. This represents a significant difference to other jurisdictions, such as the UK or USA,
where handguns and other types of weapons are much more commonly associated with crime and/or
deaths [6, 7, 10]. This regional divergence is noteworthy, because while many centrefire ammunition
primers contain lead styphnate, barium nitrate, and antimony trisulfide as the major ingredients
(Table 1) [17, 156], the majority of rimfire ammunitions (including those available in Australia) do not
contain any antimony compounds in their primer formulation [8, 158]. Therefore in typical Australian
shooting investigations the majority of particles present in gunshot residues (GSR), and on occasions
the only type of particles present, have a composition that only allows them to be classified as
‘consistent’” with firearm origin under the ASTM guidelines [32]. This terminology is intended to
indicate that the residue is of comparatively low probative value compared to residues containing lead
(Pb), barium (Ba), and antimony (Sb), which are classified as ‘characteristic’ of firearm origin. As all
rimfire ammunition available in Australia is either fully imported or assembled using imported, ready-
primed cartridge cases, the comments above are relevant overseas as well. This situation led us to
seek new attributes of rimfire residues that may be used enhance the relatively low significance

currently attached to them.

In the majority of rimfire ammunition, ground glass is used as a frictionator, instead of the more
traditional antimony sulfide or calcium silicide [158] present in high calibre ammunition. In early work
[158] a combination of SEM-EDS and time of flight — secondary ion mass spectrometry (ToF-SIMS)
demonstrated the presence of glass particles with Pb and Ba fused to the surface in GSR residues from
0.22-calibre rimfire ammunition. Further research has indicated that other primers, including those
for larger calibre and heavy metal free ammunitions can also contain glass as a frictionator [23, 24,

29-31, 243, 287].

Examination of the potential for glass-containing gunshot residues to improve forensic gunshot
residue interpretation - December 2019
126



Table 30: Inorganic compounds associated with primer GSR and their functions, with compounds in bold being reported

as the most common for 0.22 calibre [17, 35]

Function Compound
Barium nitrate Barium peroxide
Oxidizer
Lead nitrate Lead peroxide
. Lead styphnate  Lead azide*
Initiator
Mercury fulminate*
Calcium silicide Lead thiocyanate
Fuel Powdered zirconium Powdered aluminium
ue
Antimony sulfide®
. Tetrazene Pentaerythritol tetranitrate
Sensitisers

Trinitrotoluene

L Antimony sulfide Calcium silicide
Frictionator

Ground glass

*historical * common for ammunitions other than 0.22

It was proposed that this glass-containing gunshot residue (gGSR) may have a higher probative value
than the usual rimfire GSR evidence if it can be established that particles of this nature do not originate
from industrial or non-firearm sources. Additionally, if it could be shown that glass frictionators are
elementally stable during firearm discharge, and that glass frictionators are elementally variable
between manufactures or samples, glass analysis could be used to associate GSR with a putative
source ammunition or spent cartridge case, allow discrimination between GSR deposits, or to show
associations between GSR deposits. Chapters 3 and 4 have shown that frictionator composition varies
across different ammunition sources and that particles resembling gGSR are rare in the community.
However, in order to advance the field, robust methodology for analysing glass in gGSR particles and
comparing it to unfired frictionator or glass in other gGSR is required; the present article deals with

the development of such methodology.

As gGSR is usually encrusted with residues arising from the other primer components, the biggest
operational hurdle to exploiting the value of these particles is finding or exposing a clean surface of
glass to analyse. A dual beam SEM-EDS with a focussed ion beam (FIB) system allows particles of gGSR

to be dissected, revealing their interior morphology and composition.

A focussed ion beam (FIB) system is similar to an SEM system, except that instead of, or in addition to

an electron source, it has a liquid metal ion source (LMIS), often using a Ga* beam. The benefits and
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mechanics of this system have been described elsewhere [186, 187, 288, 289] as this technique is
routinely used by the semi-conductor industry, for TEM sample preparation, and for nano-etching.
However, this technique has undergone rapid improvement and expansion of applications in the last
two decades. The LMIS makes highly site-specific ion sputtering possible, which allows sectioning of
‘casework-size’ GSR particles [186]. The instrument used for this investigation was a dual beam
instrument, equipped with a platinum gas injection system (GIS) and a nano-manipulation system,

which allowed in situ lift out (INLO) of slices of glass.

FIB has only occasionally been utilised for forensic applications. In 1999, Niewdhner and Wenz [141]
used a FIB instrument to ablate the edges of GSR particles from ammunitions of different composition,
focussing on heavy metal free (HMF) brands, and assessing their internal morphologies. They
examined one type of 3-component primer, and three different HMF brands with differing
formulations. Their investigation focussed on particle morphology, and in attempts to look at
composition, they noted a limitation in that the instrument they used for SEM-EDS mapping could not
‘resolve’ or perceive elemental differences in the separate phases visible in the backscatter images.
Sarvas et al. and Wuhrer et al. [142, 143] also used FIB to investigate internal particle morphologies
and composition, and to examine possible distinguishing features of GSR compared to environmental

particles.

A similar assessment of sub-surface morphology was attempted by Basu [22] by using a microtome to
section particles prior to analysis. However, the morphologies observed by Basu were quite different
to what was observed by Niewdhner and Wenz [141], and many of the particles had a scratched
interior morphology, which were potentially artefacts of the microtome process used to section the
particles. An advantage of using FIB for this application is that the ion milling process is “essentially
stress free” [187] and does not usually affect the morphology of the exposed surface, meaning that it

potentially gives a much clearer picture of the true internal morphology of the particle [187, 289].

Another approach is to use an ion beam in a ToF-SIMS to sputter away the encrustation on gGSR prior
to analysis of the exposed glass. This approach was used in the initial exploration of the utility of gGSR
[159] and was re-examined in the work described here and compared to methods involving FIB

sectioning of particles.
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5.4. Materials and Methods

5.4.1. Sample Collection

5.4.1.1. Sample Collection of gGSR Parlicles using Manual Discharge of
Cartridge Cases

Exemplar ammunition cartridges were collected from commercially obtained 0.22 Winchester
Powerpoint (batch 1DMH6) and PMC Zapper (batch 22-D-446) rimfire ammunition. Projectiles were
removed from cartridge case with pliers. The propellant was decanted. The cartridges containing only
primer were then placed into a machined aluminium holder. When placed in the holder, the cartridge
extended through a hole leading down onto the bench, but ‘legs’ on the holder ensured that the
mouth the cartridge was held just above the bench, which was covered with a piece of clean
waterproof parchment paper. The primer was then manually discharged using a punch and mallet.
Residues were collected off the paper with a GSR stub. A diagram of the holder is shown in Figure 38,
together with a photomicrograph showing typical particles collected using this approach. Glass-

containing gunshot residue particles (gGSR) were located using BSE SEM imaging to find Pb- or Ba-

containing particles and then EDS analysis was used to determine whether any of these particles

Figure 38: Left. Diagram of the aluminium holder designed to safely discharge disassembled ammunition cartridges, with a cartridge
placed in the holder. The diameter of the hole through which the cartridge is place is smaller than the diameter of the cartridge
case base but sufficient to allow cases to be inserted easily and removed after discharge. Right. Typical particles of Winchester
Powerpoint GSR, the arrow indicates a particle that was later sectioned using the FIB.

displayed co-located Si, Na, Al and O signals, which indicates the presence of glass.
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5.4.1.2. PMC Zapper gGSR Particles using Muzzle-Discharge Collection
A model 10/22 Ruger firearm was cleaned, conditioned with 20 rounds, and then fired once through
a PET catcher, following the method described in Seyfang et al. [195], and Chapter 3. The inside of the
catcher was stubbed with a GSR stub. The samples were analysed, and gGSR particles were located
using BSE-SEM and SEM-EDS as described above; images of typical particles collected using this

method are provided in Figure 39.
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Figure 39: Particles collected from PMC Zapper ammunition that were chosen for sectioning by FIB, intended for
further analysis. The left particle is the one for which analytical results are presented in this chapter.

5.4.1.3. Collection and Preparation of Unfired (Rimfire) Frictionator Samples for
Comparison

For the comparison between Winchester gGSR and unfired frictionator, a cartridge taken from a
Winchester Powerpoint rimfire ammunition (batch 1DMH6, not the same box as above) was
disassembled and emptied as described above. The cartridge was filled with a mixture of 3:1 acetone:
water and left overnight. A fine, curved metal probe was used to dislodge primer particles from within
the rim of the cartridge, and the acetone: water solution was emptied into the cup of a spin filter using
a disposable plastic pipette. The spin filter was centrifuged at 13 krpm for one minute to remove any
solvent. The filtrate was discarded, and the cartridge was then rinsed a further two times with
acetone: water, with each rinse transferred into the spin filter and centrifuged. The spin filter was
then rinsed with acetone three times - each time the tube was half-filled, agitated with a vortex mixer
for ten seconds, and centrifuged for one minute. The residues were then rinsed three times with nitric

acid (5%) and then three final times with methanol.
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Forthe PMC Zapper samples, each cartridge was dismantled and manually discharged onto parchment
paper as described above. The residues were transferred from the paper into a spin filter, any residues
left inside the cartridge were rinsed with acetone and added to the spin filter. After centrifugation the
contents of the spin filter were washed with nitric acid and methanol, as described above. A cartridge
from one of the PMC Zapper samples was also prepared by the first method (sample Korean batch 22-
D-446 (1) in Figure 52) and analysed against the samples prepared by the second method, to discern
whether the two methods appeared to clean the glass for analysis equally. Both methods removed
traces of Pb and Ba to below the detection limit of SEM-EDS, and the frictionator from the other

cartridge appeared to have an elemental profile that was indistinguishable by SEM-EDS.

54.14. Collection of Federal (centrefire) Premium Particles using Hand-
Stubbing

A volunteer SAPOL officer’s hands were washed and blank hand stubs were collected from the backs
of hands, trigger finger and webbing between thumb and forefinger using GSR stubs, stubbing
approximately 50 times or until stubs were no longer sticky. The officer fired 20 shots of .40 Smith and
Wesson (centrefire) Federal Premium Law Enforcement HST Ammunition from a Smith and Wesson
Military and Police (M&P) .40 Semi-automatic pistol over a 30-minute period of drills. Immediately
after the end of the session, the officer’s hands were stubbed again. The collected stubs were analysed
and gGSR particles were located using BSE-SEM and EDS analyses, as above. This ammunition was

used because it has been found by us to contain glass frictionator within the primer mixture.

Figure 40: gGSR particle collected from Federal Premium (centrefire) particle from hands that was sectioned by FIB
for further analysis
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Compared to rimfire ammunition the .40 calibre ammunition would subject GSR particles to higher
temperatures and pressures within the cartridge and chamber during the firing process. The aim of
this exercise was to recover gGSR particles consistent with what would be encountered in firearms
casework, albeit a relatively extreme example, and consistent with particles on hands, as distinct from
those collected via manual discharge or muzzle discharge. The particle selected for further analysis is

shown in Figure 40.

5.4.2. SEM EDS Identification of GSR particles
All GSR samples collected in this study were collected using an aluminium pin stub covered in carbon

adhesive (Tri-Tech Forensics Inc. North Carolina, USA.)

SEM EDS analysis of all samples was completed using a FEI Inspect F50 SEM-EDS system (FEI Inc.,

Oregon, USA), operating in Backscattered Electron Mode (BSE).

Particles were initially identified using GSR Magnum particle analysis system (FEI Inc., Oregon, USA).
Exemplar spectra and elemental maps collected using TEAM Analysis Software (EDAX Inc., New Jersey,
USA). Pre-FIB and post-FIB elemental and phase maps were collected using an accelerating voltage of
20 keV, a 30 um aperture, a spot size of 6, an emission current of approximately 110 pA and a
resolution of 128 eV. Analyses of regions of interest or ‘spots’ were initially undertaken on all samples;

the samples were also mapped to check whether the glassy areas were reasonably homogeneous.

5.4.3. Sample Preparation by Focussed lon Beam (FIB)

The instrument used for FIB was a FEI Helios Dual beam Nanolab 600. Particles previously identified
using the Inspect SEM were found using the SE or BSE SEM functionality on the Helios microscope. A
backscattered electron top-down view (Figure 42, left), and a secondary electron view from a 52° stage
tilt (Figure 42, right) is shown of a particle collected from the PMC Zapper ammunition in Figure 41. It

should be noted that the particle is shown from two angles here.
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Figure 41: Top-down view (left) of gGSR particle from PMC Zapper taken using BSE-SEM-EDS on the FEI F50 instrument (note
the typical glass choncoidal fracture evident), and an SE-SEM-EDS (right) image of the same particle taken at a 52° stage tilt
and a clockwise rotation of about 45° on the FEI helios dualbeam nanolab 600 instrument.
n.b. The white arrow on the BSE image (Left) indicates the viewpoint for the SE image (Right). The view of the exposed glass
is obscured by the bulk of the particle in the view on the right

A 2 um thick layer of platinum was deposited over the region where the FIB was to operate with a
platinum GIS. This serves to protect the sample, provide a conductive layer close to the milled area in
order to minimise the ‘theatre curtain’ or ‘waterfall’ effect, which is a known FIB artefact, and it also
provides a surface to which a probe can be welded for subsequent in situ manipulation [186]. After
the platinum was deposited, troughs were sputtered around three sides of the region of interest using

a Ga* LMIS at a beam current of up to 21 nA. An example of the troughs is shown in Figure 42.

Figure 42: Troughs milled around the slice in the region of interest in a PMC Zapper gGSR particle (left) and needle from the
nanomanipulator welded to top of the slice, to allow in situ transfer of it to a holder (right)
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Following this initial sputtering, lower current beams of 6.5 nA and then 2.8 nA were used to clean the
surface of the slice. The bottom of the slice was milled in the same way, but at a 7° stage tilt, so that

the milling was almost directly across the base.

The next step of the process involved welding a tungsten needle to the slice using the platinum GIS
and a Kleindiek Nanotechnik Nano-manipulator. This was accomplished by aligning the tungsten
needle with the slice, controlled by the nano-manipulator, using the two angles (ion image and SE
image), and moving it into position so that it barely touched the deposited platinum layer on top of
the slice. The GIS was then used to deposit a 1.5 um thick layer joining the needle to the platinum
layer. Finally, the last side of the slice (right side of slices in Figure 42, left) was sputtered, freeing the
slice from rest of the particle. The slice was reviewed to verify that all sides had been milled clear, and
then the stage was moved away from the needle. The slice was then welded to a copper holder, and
the platinum attaching the needle to the slice was removed by sputtering with the GIS. The slice can
be seen welded to the copper holder in Figure 43. When the specimen was placed under a transmitted
light microscope it was possible to see through the central part of the thin slice that was excised, as is
expected if it is a glass frictionator residue. For each slice prepared, optical microscopy was used to
confirm that the particles were retained on the copper holder and had not been dislodged during the

venting of the vacuum chamber or the inter-institutional travel.
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Figure 43: A slice of GSR welded to the copper peg (above the “B”) of a sample holder. Inset is an electron
photomicrograph image of the slice at 2,500 x magnification. Note that the specimen on the right is rotated about its
vertical axis compared to the one on the left.

5.4.4. Preparation for X-ray Spot Analyses and Mapping and SEM-EDS Analysis of FIB
Slices

After optical examination using a light microscope, samples were prepared for further analysis by

attaching the slice-holder to bare aluminium pin stubs using conductive carbon ink (Pasco Scientific

Conductive Ink Dispenser PK—9031). Post-FIB SEM-EDS analyses were undertaken using the FEIl Inspect

F50 as detailed above.

The FIB-prepared particles were analysed by semi-quantitative EDS analysis and the results were
compared to analysis of particles which had been prepared by solvent washes and mounting as

described in [202].

A key question for research is whether the approach involving FIB sectioning of particles followed by
elemental analysis is fit and practical for the forensic comparison purpose. In order to explore this
question, glass frictionator fragments extracted from two cartridges taken from one box of Mexican
Zapper and from 4 cartridges taken from three boxes of South Korean Zapper cartridges covering 3
batches (a duplicate selection was taken from one box chosen at random) were compared using SEM-
EDX to a FIB-prepared slice of a gGSR fragment from a sample of PMC Zapper ammunition of origin

unknown to the analyst.
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5.4.5. ToF-SIMS Analysis of FIB-prepared slices of gGSR

ToF-SIMS experiments were performed using a Physical Electronics Inc. PHI TRIFT V nanoToF
instrument equipped with a pulsed liquid metal 7 Au* primary ion gun (LMIG), operating at 30 keV
energy. Experiments were performed under a vacuum of 5x 107° Pa or better. ‘Bunched’ Au; settings
were used to optimise mass resolution for the collection of SIMS spectra. ‘Un-bunched’ Au, settings

were used were used to optimise the collection of image resolution.

The sample surface was sputtered for one minute, where required, to help dislodge surface

contamination, and mass spectra were collected for two minutes.

ToF-SIMS was used to semi-quantitatively analyse the glassy region of each of the FIB-prepared slices
of gGSR and extracted, polished frictionator specimens. Several measurements of each specimen were

made, rastering 5 x 5 um areas.

5.5. Results and Discussion

5.5.1. SEM-EDS analysis of FIB Slice — X-ray Spot Analyses and Mapping

SEM-EDS analysis was undertaken for all of the slices collected. Figure 44 shows a SE image of the
particle from Winchester Power Point ammunition, and the regions that were analysed using EDS.
From this figure, several distinct regions can be observed. On the left of each region is the copper
holder to which the particle is attached (incorporating selected area 8), and then a platinum welding
region which attaches the particle to the holder and protects the top of the slice (incorporating
selected area 7, and the layer above area 2). A Pb and Ba crust from the outside of the particle is
shown in selected areas 6, 2 and 3, and the glassy region is represented in areas 1, 4 and 5. The spectra
generated in the regions were collated into Table 31, which shows that the different regions have
specific compositions. Of particular note, is that calcium is not detected in the glass region, which

suggests that it is a borosilicate.
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Figure 44: SE-SEM Image of a sliced Winchester Powerpoint particle showing clearly the glassy interior, and crusted exterior
(left), and the 9 selected regions analysed by electron dispersive X-ray spectroscopy (right).
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Following this, SEM-EDS mapping of the specimen was undertaken. The map (Figure 45) shows that
the elemental composition of the glassy region was homogeneous, with neither Si, O, Al nor Na traces
showing areas of varied intensity across the slice. Some elements observed in the slices are present
due to the FIB process, and would not have been present in the original particle: Ga is an artefact from
implantation from the LMIS; Pt was deposited to protect the particle and allow manipulation within
the vacuum chamber; Cu was from the holder to which the particle is welded; and Al in regions 2, 3, 6

and 9 arises from the stub to which the holder is attached.

Table 31: Elements present in a Winchester Powerpoint ammunition slice, by region, organised by intensity.

Region Elements Present (in approximately descending order of intensity)
1. Glass Region (1) Si O Al Na

2. Crust Al Pt Si Pb O Ga Ba

3. Thin Crust Region Al Pb Ba O Si Cu

4. Glass Region (2) Si O Al Na

5. Glass Region (3) Si O Al Na

6. Crust-Glass Interface Al Pb Si Pt O Ga Ba Cu

7. Platinum Cap Pt Ga Cu (trace)

8. Sample Holder Cu

9. Background (Al pin stub) Al Cu (trace)
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Figure 45: SEM-EDS mapping of particle sliced with a FIB. Overlay of elements showing Cu (lightest green,

sample holder), Pt (dark green, weld and coating), Pb (brown-yellow, primer residue) and Si (pink, glass,
area also contained significant O, Na), and Al (blue, stub surface)

particles of PMC Zapper ammunition were similarly prepared from the PMC Zapper sample for which
the country of origin was unknown to the researcher. The left panel of Figure 46 shows the BSE-SEM

image of one of the slices, and the right panel shows the regions analysed.

The elements identified in each of these regions are shown in Table 32; the detection of calcium in the
glass suggests that it is of the soda lime type. The BSE image (Figure 46) shows variation in the glassy
region of the particle slice, and this was largely supported by the observed elemental intensities.

Unlike the previously sectioned particle, this example has a number of voids visible.

Field of View

Figure 46: Left BSE image showing the various regions and voids in the PMC Zapper particle, and right, the regions examined
via EDS analysis.
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Table 32: Elements present in the particle of PMC Zapper ammunition, divided by region and then ordered approximately

in decreasing intensity

Regions Elements Present (in approximate order of decreasing intensity)
1. Platinum Cap Al Pt Ga

2. Glassy region (1) Si O Al Na K Ba Cu Ca Mg

3. Glassy region (2) Si Al O Na Ba K Ca Cu Mg Pb

4. Glassy region (3) Si O Ba Al Na K Pb Ca Mg Cu

This particle was mapped using EDS to further investigate the homogeneity and composition of the
particle interior. The map is seen in Figure 47, and shows various regions of compositional
heterogeneity, including in the glassy region. There are two distinct phases visible in the glass structure
via BSE, which was confirmed by the mapping. The lighter regions by BSE imaging, which corresponded
to the pink phase in the map in Figure 47, indicate a higher incorporation of the heavy elements Pb

and Ba. Similarly, the darker regions, which correspond with the blue phase, indicate a lower level of

Pb and Ba incorporation (see Figure 48).

- 26% AIK/CK (215253 Pixels)

5% CuK (40972 Pixels)
1% CK/CuK/AIK (9082 Pixels)
6% CK/AK (51097 Pixels)
. 2% AIK/C K/O K/SiK (18675 Pixels)
36% CuK (291248 Pixels)
. 0% Unallocated (7 Pixels)
. 4% SiK/Bal/O K/C K/K K/AIK (31663 Pixels)

. 1% CuK/PH/GaK (7774 Pixels)

. 2% PtL/GaK/CuK/SiK/NaK (18147 Pixels)

. 39 SiK/C K/AIK/Bal/O K/K K (25305 Pixels)
. 4% SiK/C K/AIK/O K/Bal/K K (35349 Pixels)

8% AIK/C K (66733 Pixels)

. 1% PH/SIK/C K/GaK/AIK/CuK/Bal/O K/NaK (7895 Pixels)

Figure 47: Map showing overlay of phases found by SEM-EDS mapping of a particle of PMC Zapper sliced open using FIB
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Figure 48: EDS spectra of the 2 glassy phases from the slice of PMC Zapper, the blue region showing less incorporation of Pb and barium,
and the pink region showing a greater incorporation of Pb and Ba into the glass

Finally, Figure 49 shows a SE image and a BSE image of the slice of the particle from Federal Premium
centrefire ammunition (top-left and top-right). Of note is a particle embedded in the glassy region

visible by both SE- and BSE-SEM. Three other phases are also clearly visible in the BSE image.

The elements present in each region, in approximate order of decreasing intensity, are shown in Table
33. The darkest region (Figure 49 - region 1) contained the glass elements Si O Al Na (which are
indicative of borosilicate glass) and contained a small Cu-rich inclusion. The other regions contained
Pb and Ba, with the Ba having higher intensities in region 3, and Pb having higher intensities in regions

2 and 4.
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Figure 49: SE-SEM image showing the sliced particle from the Federal Premium (centrefire) particle (top left), showing two
regions, a core and a crust. BSE image (top right) showing four distinct regions in the core, and an outer rim with Pb and Ba
incorporated, Diagram (bottom) labelling the various regions of the particle examined corresponding to the compositions
listed in Table 33.

Table 33: Elements present in the various regions of the particle slice from Federal Premium centrefire ammunition

Regions Elements Present (in approximate order of decreasing intensity)
1. Glassy region (1) AlSi O Cu Na

2. Glassy region (2) Al Si O Pb Cu Ba Na

3. Glassy region (3) Al Si O Ba Pb Cu Na

4. Platinum Cap Pt Al Ga Cu

5. White spot in glassy region 2 Al'Si O Pb Ba Cu Na

The single element maps shown in Figure 50 indicate that the particle is mainly glass, with a Pb/Ba
enriched outer zone. It also shows that the silicon signal is fairly consistent across the core. The two
inclusions observed in the glass from the BSE image exhibit higher concentrations of Pb, and the outer

region of the glass shows that the Pb and Ba in the outer zone has implanted approximately 3-4 um
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from every angle. The phase diagram shown in Figure 51, although not clearly showing the Pb nodules,

does appear to highlight the homogeneity of the glass matrix in the particle.

Figure 50: Single element maps of particle of Federal Premium (centrefire), showing a silicon containing glassy core (right), with
incorporated Pb nodules (left), and a Pb/Ba incorporation on the outer rim of the particle (Ba, centre).

It can be observed that in the first particle (the Winchester rimfire), only a very minor rim of the glass
has had element (Pb/Ba) migration, in the Federal Premium (centrefire) particle, there has been
migration of elements up to 2-3 um into the glass, and in the PMC Zapper (rimfire) particle the
migration has progressed into the centre of the particle. We hypothesise that during firing, the glass
particles are present in a solid or semi-solid state while the other elements from the primer coalesce
and cool around their outside to form gGSR. As the pressures generated during discharge may be very
3% AIK/SIK/BaL (28028 Pixels)

1% Cuk/AIK (4653 Pixels)

. 38% CuK (309745 Pixels)
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Figure 51: Phase overlay diagram of SEM-EDS map of Federal Premium centrefire ammunition sliced open using FIB
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high (estimated to be approximately 35,000 psig for .40 Smith and Wesson cartridges [290]and
approximately 24,000 psig for 0.22 calibre cartridges [291] ) it is not surprising that migration of heavy

metal primer residues into frictionator fragments takes place.

Particles showing these morphological/chemical characteristics are not likely to be produced by
common environmental or industrial processes [158]. If such sources are rare then the detection of
these particles could provide a valuable new capability for GSR examination, especially in shootings
involving rimfire ammunition or when a residue collected involves a small number of particles that do
not include the three key elements. Further work has been carried out in Chapter 3 to identify whether
non-cartridge sources can produce particles resembling gGSR, and no such sources have been

identified as yet.

5.5.2. Comparison of gGSR to exitracted frictionator using SEM-EDS

After characterising these particles by SEM-EDS, it was of interest to investigate whether the pre- and
post- firing residues could be linked, and whether particles from different sources could be
differentiated. In Chapter 4, it was noted that frictionator particles from different brands of
ammunition could be differentiated based on their elemental composition, but surprisingly,
differentiation within the Winchester brand was not possible despite a large time-span (decades) in

the manufacturing date of the cartridges sampled.

Unlike Winchester ammunition, PMC Zapper has previously been identified as having frictionator
compositional variance within the brand [159], even to the extent that some batches contained
borosilicate glass whereas other contained soda lime glass. Therefore, there is the potential to
demonstrate a link, or not, between gGSR and a putative source ammunition or between two deposits
of gGSR, for example between deposits at two crime scenes or between deposits on a victim and

deposits on a suspect.

The newer (Mexican) cartridges had at least two glass fragment populations within the individual
cartridge (Figure 52), but as only one box was available it was not possible to determine the generality
of this finding. Only one frictionator composition was observed within each cartridge of the South
Korean variant and these compositions could not be distinguished using SEM-EDS (Figure 52). For this

comparison, the mean 130 are presented and at least 10 gGSR particles per stub were analysed.

This Figure also displays the composition of the glass present in the FIB-prepared Zapper gGSR sample
(the country of origin for which was not known to the researchers at the time) and it can be seen that

its composition is different from both populations present in the Mexican examples of PMC Zapper.
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This difference can be established from the sodium, magnesium, potassium, calcium and tin

concentrations.

However, the FIB-prepared sample could not be distinguished from any of the South Korean samples
using SEM-EDS, indicating that it may have been made in South Korea. After testing was complete, the
origin of the FIB-prepared sample was revealed as South Korea, thus confirming the test indications.
From the limited number of cartridges examined it appears to be the case that the composition of
frictionator from the Mexican Zapper cartridges has greater variety than the frictionator from South

Korean Zapper.
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Figure 52: SEM-EDS comparison of glass frictionator fragment populations from PMC Zapper samples of various manufacture
and a gGSR particle from a PMC Zapper particle of unknown manufacture. It is important to note that the two populations of
Mexican frictionator present originated from one cartridge, where all other samples represent separate cartridges. Inset: a
close-up of the low concentration elements. X-axis shows the X-ray lines for each element used for quantitation.

5.5.3. Comparison of gGSR to extracted frictionator using ToF-SIMS

The comparison of composition between gGSR collected from muzzle discharge and extracted
frictionator samples for Winchester and PMC Zapper using ToF-SIMS are shown in Figure 53 and Figure
54, respectively. Figure 53 shows that the 99% confidence intervals for the relative intensities of the
extracted and the FIB-prepared gGSR from Winchester ammunition overlap for every element, with

the exception of Pb, which is present only in the FIB-prepared sample, indicating that it was most likely

not incorporated during the firing process. Glass from Winchester ammunition has previously been
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observed to exhibit no significant variation between different batches, factories and ammunition
types over the past several decades [159, 202]. The relatively low abundance of K and Ca indicate that

the glass is of the borosilicate type.

Figure 54 shows a comparison of the compositions (mean *3c) of the PMC Zapper gGSR slice and one
of the South Korean PMC Zapper samples that were shown to be indistinguishable by SEM-EDS. The
higher analytical power of ToF-SIMS allowed minor differences (assessed by 99% confidence intervals
not overlapping) between the two glass samples to be observed with regards to Mg, Al, K and Na
concentrations. Differences between the samples with regards to Cu and Pb were also observed, but
these elements were only detected in the FIB-section. As this phenomenon was also noted in the
Winchester FIB slice, the abundance of these elements is most likely connected to the deposition of
other primer components onto the surface of the glass during discharge and/or FIB process and these

elements were not used as a basis for discrimination.

Our previous work indicated that ToF-SIMS had a greater power of discrimination than SEM-EDS for
comparing clean, extracted frictionator samples [202]. The results presented here support the relative

powers regarding comparing sectioned gGSR particles with frictionator extracted from putative source

ammunition.
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Figure 53: Mean intensities of fragments +30, as a percentage of total counts of, comparing extracted frictionator and FIB-

prepared gGSR samples from Winchester
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Figure 54: Mean intensities of fragments 30, as a percentage of total counts, comparing extracted frictionator and FIB-

prepared gGSR samples from PMC Zapper
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5.6. Conclusions
gGSR particles are fragments of glass frictionator partially or completely covered with a heavy-metal
crust derived mainly from other components of the primer. In other studies, we have not been able
to find environmental sources of particles resembling gGSR. Therefore, the detection of gGSR in a case
is potentially valuable evidence, especially in shootings involving 0.22 rimfire ammunition, which
frequently contains glass frictionator but does not contain residues of antimony trisulfide. The
purpose of the investigation described here was to explore methodologies for obtaining elemental
profiles of the glass in gGSR as a means of associating particles with putative source ammunition or
with other deposits of GSR (such as those arising from a different shooting). This chapter shows that
it is feasible to obtain such profiles and thus presents an insight into the possibilities for a new forensic

capability.

In order to obtain pristine samples of the frictionator core of gGSR particles for analysis, the particles
were sectioned using a focussed ion beam (FIB) to expose a clean glass surface for examination. ToF-
SIMS and SEM-EDS were used to generate semi-quantitative elemental profiles of glass from FIB-
prepared slices for comparison with profiles generated from frictionator particles extracted from
unfired cartridges. The particles examined in this study were larger than particles generally
encountered in case work, and were chosen for convenience for re-locating the particles, for trialling
the methodologies used and to allow replicate elemental analyses on non-overlapping points of the
sample, but the techniques used, FIB, SEM-EDS and ToF-SIMS are capable of analysing case-sized

particles, and sectioning particles using FIB is faster and simpler for smaller particles.

The elemental profile of a FIB-sectioned gGSR particle from Winchester ammunition was found to be
similar to previously obtained profiles for Winchester frictionator. This demonstrates the concept that

gGSR can be compared to frictionator extracted from unfired ammunition.

An additional demonstration of the concept was carried out using PMC Zapper ammunition, using
both FIB-prepared samples and particles with exposed glass. Even across a few ammunition samples,
it was noted that frictionator from PMC Zapper ammunition manufactured in Korea showed more
variation than that from Winchester, but Mexican PMC frictionator showed more variation than the
Korean PMC Zapper. SEM-EDS was easily capable of discriminating elemental compositions of
frictionator and genuine particles obtained from Winchester and PMC ammunitions and between
Mexican PMC and Korean PMC. Using SEM-EDS the elemental profile of a FIB-section of a Zapper gGSR
particle (not known to be of South Korean origin at the time of analysis) was found to resemble closely

the profiles of frictionator extracted from a small population of South Korean PMC frictionator
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samples. ToF-SIMS was capable of achieving discrimination amongst all the extracted South Korean
Frictionator samples and the section of gGSR, which supports the earlier finding (Chapter 4) that ToF-

SIMS exhibits a higher discrimination power than SEM-EDS with regards to analysis of frictionator.

Processing of gGSR using a FIB is straightforward, if not a little slow, and as the unit is usually an
accessory in an SEM; finding particles already detected by a traditional GSR search is quite simple.
However, the equipment is not commonly available in forensic laboratories. The earlier works [158]
used the ion beam in the ToF-SIMS to expose the glass core of particles by sputtering away primer
encrustations prior to glass elemental profiling. Finding GSR particles using ToF-SIMS is more difficult
than in a FIB-SEM, the ToF-SIM beam sputtered more slowly through the glass than using the FIB
preparation method, and it did not allow particles to be lifted off of the stub. However, it was capable
of sputtering sufficiently to obtain mass spectra of the glass without major Pb and Ba contamination

so as to be comparable to pre-fired samples and could be used in casework.

Hundreds of glass-containing gunshot residue particles have now been observed and it has been
noticed that a considerable proportion of particles have only a small fraction of their surface encrusted
with heavy metal deposits. In particles such as these it is possible to acquire an elemental profile of
the glass present very simply using SEM-EDS. Even though ToF-SIMS offers better discrimination than
SEM-EDS, the latter can achieve a discrimination power of about 79%, which suggests that SEM-EDS
may be the best initial test for rapid evaluation of whether a sample of gGSR may be associated with

a particular source of ammunition or another deposit of gGSR.

SEM-EDS X-ray mapping was used to investigate elemental homogeneity within slices of gGSR and to
determine whether primer-derived heavy metals migrate into the glassy matrix during firing. It was
found that the frictionator samples can be compositionally stable during firing, but it was also found
that elements from the primer can migrate into the glass core of gGSR particles, which could affect
the elemental profiles, but also be an indicator of the route of formation. This may indicate some
mixing between molten metals, and glass during discharge of a firearm. Other than through the
discharge of primer from a firearm or cartridge tool, such as a cartridge-operated nail gun, it is

expected that sources of gGSR particles would be rare.

Although HMF ammunition was not specifically examined in this study, gGSR has been observed
originating from a few brands in related work. Therefore, a separate study is needed to determine
whether there are environmental sources of glass-containing particles that resemble gGSR from HMF
ammunition, such as glass with strontium-containing deposits on their surface, and whether there is

compositional variance amongst the glass frictionators used in various brands of HMF ammunition.
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This chapter has assessed and compared several methods of analysing gGSR particles in order to add
new information and capabilities to GSR analysis in forensic casework, and to further the fundamental

understanding about the presence, formation, morphology and composition, and the potential use of

these particles.
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6. Conclusions and Future Works

The research described in this thesis has investigated gunshot residue particles that include glass cores
derived from frictionators. It has been conducted as part of a larger collaboration aimed at
transforming the analysis and interpretation of GSR evidence, with a specific emphasis placed on the

relatively unusual casework conditions present in Australia and locally in South Australia.

In the first stream of the project, glass-containing residues, such as Pb/glass, Ba/glass or Pb/Ba/glass,
were assessed to determine whether they have the ability to add value to forensic GSR investigation.
GSR, including glass-containing GSR, has been compared to other sources of particulate matter in
order to determine whether automotive sources, fireworks, matches or nail guns could produce

residues similar to glass-containing GSR or residues characteristic of GSR.

The second element of the project investigated prevalence of frictionators in 0.22 rimfire cartridges,
the variation of elemental composition of the glass frictionators across different brands on the market,
and the possibility of using SEM-EDS and SIMS techniques for differentiation between frictionators

from different sources.

In the third stream, glass-containing gunshot residues were examined to investigate whether the
elemental composition and variation seen in the frictionators was preserved through discharge of the
ammunition in a firearm. Methods were then investigated to locate, section, analyse and compare the

morphological and compositional characteristics of glass-containing GSR particles.

These projects were undertaken in order to investigate whether glass-containing GSR particles could
be exploited to enhance GSR analyses in casework. The results of the above projects will be explored

here to address that question.

6.1.1.0ccupational residue sources and gunshot residues

Several sources of particles that had the potential to produce particles resembling GSR, or have
previously been reported to do so, were examined. This survey included particles collected from
fireworks, matches, nail guns and brake pads. None of these sources were found to be a source of
particles characteristic of GSR, but nail guns produced 2-component particles and glass containing

particles similar to those from a firearm discharge.
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A key result presented in this thesis is that only two sources — firearm cartridges and cartridge-
actuated nail gun cartridges (such as those produced by Hilti) — were found to be capable of producing

residues containing glass mixed with Pb, Ba or Sb or any combination of these elements.

6.1.2. Concluding comments concerning Glass-containing residues

It is described in this thesis and a published article arising therefrom that consistent GSR particles,
glass, and particles similar to gGSR, have also been observed from nail gun discharge. Therefore, they
could potentially appear similar to residues from ammunitions that do not contain antimony. In a
further complication, it was found that the piston design of the nail gun, where the charge doesn’t
directly contact the nail, seemed to prevent the formation of the Zn- and Fe-containing particles that
have been previously reported [224] to disqualify a residue as GSR, making it very similar to GSR from

2-component primers.

Although there was no reason to exclude the known nail gun residues as being consistent with GSR
using the classification system as per the ASTM guidelines, one difference was noted between the nail
gun particle population and that of the GSR. In GSR from hands and surfaces, the ratio of Pb : Pb/Ba
was found to be between 5:1 and 10:1, but in nail gun residues, the ratio was roughly reversed, with
a 5-10 times excess of Pb/Ba particles. It is unclear whether this was a product of the temperature and
pressure differences between the nail gun and the firearm, or whether it was a function of the
composition used in the cartridges. More research may illuminate whether this trend tends to be true
from other cartridges (both for nail guns and firearms), and if this ratio persists, the Pb : Pb/Ba ratio

may be a way to differentiate firearm residues from nail gun residues.

Additionally, the popularity of battery-powered and/or pneumatic nail guns has meant that cartridge-
actuated nail guns are no longer widely available to buy or rent in South Australia and may soon be
rare in the community. Therefore, if considered as a possible source of a residue, on a case-by-case
scenario, nail guns are not likely to impact the interpretation of GSR in casework, as very few people

would be exposed to nail guns on a regular basis.

It is also possible, that by examining the glass composition, that nail gun and GSR residues could be

distinguished in many cases in the future. The nail gun cartridges examined in this study contained
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only borosilicate glass, meaning that some brands of ammunition, containing soda-lime glass, would
be easily distinguished. A technique with a higher discrimination power than SEM-EDS, such as ToF-

SIMS, could be applied to detect smaller differences in elemental composition of the glass.

Although they did not produce particles containing glass, fireworks produced small amounts of Pb, Ba
or Sb particles (0.3-3.5%), and Pb/Ba or other ‘consistent’ particles at up to 1% of the total particle
population collected. Although Sb, Ba and Pb can all be present in fireworks, and despite international
evidence suggesting that characteristic particles can be produced by fireworks, none was detected in
the particles collected from fireworks in this study. This may indicate that the different elements (Pb,
Ba, Sb) were kept separate by location or timing in the fireworks used in this study, which may
minimise mixing potential. Numerous K/Cl and Fe containing particles, in addition to Sr and Zr, were
observed from firework samples, the presence of which allows differentiation between GSR and

firework particles.

Matches create particles with morphologies typical of GSR, but do not contain glass or any elements
that are considered to characteristic to either traditional or HMF ammunitions. Similar to fireworks, a
number of elongated, K/Cl particles were observed, probably originating from potassium perchlorate,
as well as Zr, and Ti/Zn and Zn in some match variants. Matches contained some silicon-containing

particles, but these appear to be from a silicate such as SiO,, or similar.

6.1.3. Concluding comments regarding particles characteristic of GSR

Particles from brake pads, mechanics’ hands, and other automotive sources were considered for their
potential to provide evidence that would be indistinguishable from GSR. One false-positive 3
component particle was observed, but no true characteristic particles and no particles containing glass

were observed out of over 148 000 particles.

From the analysis of approximately 98 000 particles from nail guns, one three-component Pb/Ba/Sb
particle was observed. Only four of the other particles found on hands, from three different individuals,
contained Sb and these particles do not appear to be sourced from the nail, primer mix, or the nail
gun assembly. It is possible that the Sb incorporated into the observed Pb/Ba/Sb particle is not
relevant to the nail gun but was incorporated into the particle from hands from a secondary or
background source. A similarly low level of Sb-containing particles was found when hands were
stubbed after being used to strike matches; 0.3% of particles collected were found to contain Sh.
Matches do not contain Sb according to their safety data sheets or according to any of the previous

literature. Furthermore, when matches were struck over surfaces, residues showed no Sb. A study by
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Lucas et al. [198] into GSR on the random population indicated that approximately one-third (32%) of
subjects sampled had Sb on their hands, and could have between one and seventy particles thereof.
Therefore, the possibility that this three-component particle, was created by the mixing of
components from multiple sources and is a highly unlikely outcome from the discharge of a nail gun

must be considered.

Although brake pads, fireworks and match samples do not appear likely to cause a trained GSR analyst
to incorrectly designate a sample as GSR, high numbers of particles sourced from brake pads or

fireworks could conceivably mask a small GSR population.

6.2. Analysis of Glass Frictionators
To determine whether glass frictionators could provide information to connect GSR deposits from the
same source, several requirements must be met. Firstly, the glass from within a singular source, i.e. a
cartridge case, or two cartridge cases from the same box, needs to match. Secondly, the glass from
pre-fired cartridges needs to be able to be linked to post-fired particles. And finally, sufficient variation
needs to exist between samples — i.e. brands, types of ammunition, batches, etc., to allow

discrimination between samples from different sources.

In order to examine whether linking deposits is feasible, and to settle on an appropriate analysis
method for glass particles which may be incorporated in GSR residues, several analytical techniques
which are capable of chemical profiling of glass particles smaller than ~50 um in diameter were

examined. The techniques examined were SEM-EDS, ToF-SIMS, and SHRIMP.

SHRIMP was chosen although it may not be capable of examining casework-size samples (<20 um
diameter) and it is technique that is not widely available. However, it has the capability to provide
information about elemental composition and isotopic composition and it was felt that the latter
capability offered the promise of extremely high specificity. The elemental analysis provided 69.9%
inter-brand discrimination (assessed by comparing brands mean + 3 ¢ pairwise). It was found that
there was not sufficient isotopic variation to differentiate between different brands of frictionator
using B, Li, or Pb, Th and U isotopes. The isotopic analyses did not add the further discrimination

expected, therefore SHRIMP was not used in further work.

SEM-EDS was selected as it is fast, inexpensive and widely available to forensic scientists. In casework
involving genuine GSR samples, the frictionator-containing particles would be initially detected and

identified by SEM-EDS. This technique had a pairwise brand power of discrimination of approximately
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79%, using the seven oxides that were detected in most samples. Using SEM-EDS boron could be

detected but could not be quantified.

The final technique chosen, and the one with the highest pairwise brand power of discrimination was
ToF-SIMS. This technique was used because it has high sensitivity, high spatial resolution and has the
capability for depth-profiling. Data for more than fifty ions can be collected from glass down to a 5 x
5 um region, and the power of discrimination for this technique was determined to be 94.1%, based

on frictionator composition.

From this work, it was found that there are elemental composition differences between brands of
manufacture that can be exploited. It was demonstrated that different brands of frictionator, could
be discerned with more than 99% confidence approximately 94% of the time using ToF-SIMS, or that
with 99% confidence, non-matching samples could be discriminated by SEM-EDS with approximately
80% power of discrimination. These results show that any intra-source variation, such as within a
cartridge or box, or, in the case of Winchester, within the brand, tends to be smaller than the inter-
source variation, such as between samples. This means that differentiation of gunshot residues using

glass from frictionators in casework samples is theoretically possible.

6.3. Glass-Containing Gunshot Residues
After showing that the possibility exists to tie two exhibits of GSR together, or potentially a fired and
unfired sample, it was necessary to show empirical evidence that pre-fired and post-fired samples
could be linked. Genuine GSR samples were collected from 0.22 rimfire ammunitions from Winchester

and PMC Zapper, as was a sample of 0.40 calibre police ammunition.

SEM-EDS mapping was used to show that the glass structure was relatively homogenous, even after
firing. It showed that there were different levels of metal encrustation and incorporation into the glass
structure in different particles. One of the particles had mostly encrustation, and less than 1 pm of
migration of the metals into the glass structure. A second particle had some metal incorporation, with
the lead and barium migrating 2-3 um into the glass matrix. Another particle showed that the
incorporation had proceeded into the bulk glass matrix proper and had created a glass-GSR
conglomerate. The crusted coating onto, or the incorporation of lead and barium into the glass matrix,
especially in a heterogeneous manner could be considered a highly probative indicator of association
with a firearm or cartridge discharge source, as the occurrence of molten glass, lead and barium has

not been found from any other source.
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The particle from Winchester, which had only a small depth of metal incorporation, was able to be
linked using ToF-SIMS to unfired Winchester frictionator particles. The PMC Zapper particle, which
showed more metal incorporation, did not appear to match unfired PMC Zapper frictionator particles.
However, unfired frictionators from the same box were unable to be obtained, and this ammunition
has previously been reported to have intra-brand variance. It was also considered that the
incorporation of the lead and barium may have caused matrix effects. It was unclear why the larger
glass particle from PMC Zapper had much more metal penetration than the smaller Winchester
particle. It could be due to random effects or may be because the PMC Zapper particle is soda-lime,

as soda lime glasses tend to soften at a lower temperature than borosilicate glasses.

During this work, it was noted that gGSR particles observed from ammunition tended to be smaller
and have more lead and barium incorporation than those seen from the nail gun experiments
discussed previously. The nail gun particles tended to have more angular morphology and more
regions of exposed glass than the gGSR particles, which may indicate that the pressure inside the nail
gun was lower than would be expected in a firearm. However, as only a single nail gun and brand of

cartridge was used, this may not be representative of all nail gun particles.

6.4. Recommendations and Future Works
From the work that has been discussed in this thesis, there are a number of recommendations to be

made.

Pb/Ba/Si, Pb/Si and Ba/Si should be incorporated into particle searching lists for GSR analysis, to allow
detection of gGSR. If Pb/Ba/Si particles are detected and are shown to contain ratios of Na and Al to
Si consistent with glass, this would indicate the presence of glass, and that the likelihood of the source
of the sample being firearm related is very high, although the possibility that nail guns could also be

the source should be considered during evidence interpretation.

A comprehensive ‘random man’ study should be conducted, or existing data reviewed, to determine
the probability that someone who has not recently had contact with a firearm would have Pb/Ba/glass
particles on their hands. If that value is found to be sufficiently low, that finding together with the
targeted study of firework and match particles would demonstrate that particles containing Pb, Ba

and glass should be considered for inclusion into the ASTM guidelines for particles that are
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characteristic of firearms origin rather than consistent with firearms origin. This would have the

greatest impact in cases where rimfire ammunition is involved.

The last recommendation from this study is that any forensic laboratories interested in developing the
capability to use elemental composition of gGSR particles to distinguish between samples from
different sources should develop internal casework-based databases of gGSR and frictionator

compositions.

There were several other avenues for future work arising from the research undertaken. In some
critical cases, using a technique such as ToF-SIMS may be beneficial to compare residues which contain
gGSR particles, to determine whether two residues match or to suggest a brand. More research would
be required to determine whether this could be extended to other ammunition calibres. However, in
the course of this project preliminary research was undertaken indicating that Federal Premium 0.40
centrefire ammunition and several .308 ammunitions may be glass-containing, and therefore it is
probable that glass frictionator is used in other, similar ammunitions, which should be further

investigated.

In reviewing patent literature concerning glass frictionators, it was found that several low
toxicity/heavy metal free (HMF) primer formulation patents include glass as a frictionator, either alone,
or in addition to boron particles or calcium silicide [24, 29-31, 243, 287]. In continuing work in this
field, research into the possibility to use glass to enhance the probative value of HMF ammunitions
should be considered, and a survey could be undertaken to examine if, and how many, HMF
formulations include glass as a frictionator. If a number of formulations include glass, there is the
possibility that particles such as glass/Sr/Al, or glass/Ti/Zn may be discovered, and these may be found

to have a high probative value.

During analysis of the gGSR, it was noted that there were different levels of incorporation of Pb and
Ba into the glass structure in different particles. It was initially assumed that the incorporation would
be higher in smaller particles, as they would melt faster, but evidence was found that this may not be
the case. The three particles that were examined were each between 20 -60 um in diameter, with the
particle having the most encrustation, and least permeation of Pb and Ba, being the largest of the
particles, and borosilicate. The slice from the smaller particle of borosilicate had a greater permeation
depth of Pb and Ba than the larger particle. The particle that had the most incorporation, where the
metals permeated into the centre of the particle, was the particle from PMC Zapper, which notably,
was the only soda-lime glass containing ammunition examined and was the mid-sized particle. Further

research may illuminate the main influences for lead and barium incorporation and whether particle
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size, glass composition, external or environmental (pressure and temperature) factors within the
firearm during discharge are the most important factors in determining the degree of metal

incorporation.

However, other explanations for the differing levels of metal incorporation into the particles could be
due to the metals themselves. SEM-EDS alone is not able to determine the form of the elements
detected. In the literature review it was discussed that in the primer, the Pb, Ba and Sb are usually
present as salts, such as lead styphnate, barium nitrate and antimony sulfide. However, there are
other salts used, such as lead nitrate and lead or barium peroxide, and it is possible that the identity
of the salt used has an effect on GSR or gGSR morphology. Additionally, projectiles are made of
metallic alloys, usually including Pb and Sb metals. It is possible that these metals could also be
incorporated in gGSR particles, and that the inclusion of metallic Pb may have an effect on morphology

and composition, and this area is worthy of further investigation.

FIB, as was used in Chapter 5 to expose clean glass surfaces for SEM-EDS and ToF-SIMS analysis, is a
technique commonly used for TEM sample preparation, and could be used to further thin the slices of
particles for analysis using TEM. Further investigation into the formation of gGSR, and the differences
in morphologies observed could therefore be undertaken using FIB and TEM and is an avenue worth

exploration in future.

Further, this combination of FIB and TEM could be used to investigate other GSR particles.
Investigation into the forms of metals in other GSR particles could contribute positively to the current
conversation about the formation of three-component particles from two-component primers. This
may help to inform the current discussion regarding the relative magnitude of the effects from

weapon memory or projectile inclusion.

Another technique that may be of interest for future work is pu-XRF. Although p-XRF was not available
for this project, it has many attributes that could make it a preferred technique in future. Many
operational forensic laboratories have access to pu-XRF, it has lower limits of detection than EDS
analysis, it can be used for quantitative or semi-quantitative analysis, and it can be used for elemental
mapping. Additionally, u-XRF is sometimes found as a secondary beam on an SEM-EDS instrument,
which would be very convenient for incorporation of gGSR analysis into current processes. Current
commercially available u-XRF instruments can use spot sizes below 20 um in diameter, and therefore
may be suitable for case-sized particles [292]. Some newer instruments can analyse elements down
to carbon (Z=6) [292] and synchrotron source pu-XRF can use sub-micron spot sizes [293]. An important

forensic consideration is admissibility in court. SEM-EDS and p-XRF are already well accepted in the
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courtroom as established scientific techniques (XRF for other evidence types), and because they are
non-destructive to the samples, any sample analysed by SEM-EDS or pu-XRF can be re-analysed in
future, which makes the results obtained easier to defend, because they could be independently

verified.

6.5. Impacts of this Research
The impacts of this research could be far-reaching if they are successfully transitioned into capabilities
for casework. The research described in this thesis addressed several areas of original contribution.
The first assessed the probative value of glass-containing GSR particles, to determine whether the

presence of these particles could improve GSR identification or interpretation.

It was the first survey to investigate glass-containing particles, and the results of this survey indicate
that sources thought to have the potential to produce particles ‘similar to GSR’ do not produce
particles similar to gGSR, with the exception of explosive nail gun cartridges. Consequently, this
indicates that detection of particles such as Pb/Ba/glass or Pb/Ba/Sb/glass could improve the

probative value of GSR evidence.

For example, the detection of gGSR particles would strongly support a hypothesis that a firearm was
the source of the particles. This could be important in casework, as it may allow greater certainty that
a firearm was involved in case, especially when there are no, or limited amounts of primer-sourced
antimony contributing to the GSR deposit, such as may be the case when many 0.22 rimfire variants

are used, which is of great relevance in South Australia and Australia in general.

This research also involved an attempt to develop a novel capability in forensic GSR analysis; the ability
to discriminate between two or more samples of GSR from different source ammunition. This aim was
investigated by exploiting gGSR particles, showing that glass appears to be elementally stable during
firing, even though it shows evidence of melting and re-forming. The particles were characterised
using FIB, SEM-EDS and ToF-SIMS, which had not previously been attempted on glass-containing GSR,
and very rarely applied to any form of GSR. ToF-SIMS and SEM-EDS both showed a promising ability
to be able to link samples from a single-source and discriminate samples from different sources, in

both unfired and fired samples.

This new capability could help to connect residues more specifically then possible using current
techniques, thereby increasing the evidentiary value of a positive result, and excluding samples from

alternate sources.
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8. Appendices

The following pages contain data summaries that may be read for further information, and which
support the assertions made in this thesis, but are not essential reading, copies of published
manuscripts upon which several chapters in this are based and plots of data that would be too

numerous to include in the body of the thesis, but which support certain chapters.

8.1. Plots of ToF-SIMS data with Average Abundance and 99%

Confidence Intervals
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8.2. Plots of SEM-EDS data with Average Abundance and 99%

Confidence Intervals
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8.3. Particle Count Data from stubs from GSR, automotive

sources, nail guns, fireworks and matches
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