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Preface

The triennial INTERPOL Forensic Sciences Managers Symposium serves as an
unparalleled opportunity for forensic science managers from across the Globe to spend a
few precious days together, sharing and exchanging experiences and knowledge and
discussing the challenges they face in an increasingly complicated world. The 18" IFSMS
meeting represents a continuous engagement and support by INTERPOL in the forensic
science domain of over 50 years.

The purpose of the symposium is to create a forum that facilitates:

« the presentation of advances made in scientific methods over the previous three (3)
years and to provide a perspective of future developments in forensic science;

 the exchange of information which will enhance scientific methods in criminal
investigation and the administration of justice at a national and international level,

« the discussion of challenges encountered by member states and the possible provision
of solutions; and

 the exchange and pooling of ideas for future progress.

We live in a rapidly developing world where the delivery of justice is complex and
challenging. The need for both a validity of process and procedure, and a confidence in the
competence and performance of forensic science staff has led to a global and welcome
desire to move forensic science onto an accredited footing in alignment with many other
industries worldwide.

In recent years, the analysis and interpretation of many types of scientific evidence have
come under scrutiny and the robustness of the scientific underpinning of some evidence
types is increasingly being questioned. The needs of the judiciary to have an understanding
of the scientific validity of the evidence presented is acute and critically important if they are
to make confident decisions on admissibility of that evidence in the service of justice. This
provides both challenges and opportunities to assess and address the scientific validity of
the current means of analysis of different evidence types, to develop ground truth databases
and to determine appropriate means of expressing evaluative interpretations of forensic
evidence within differing case contexts. These proceedings provide one gateway to
disseminating these important research activities.

The 18 IFSMS has only been possible with the support of INTERPOL and the General
Secretary. INTERPOL staff coordinated all aspects of the organisation’s involvement
including distributing the meeting announcements; organizing registration; arranging the
meeting venue, and publishing the meeting proceedings. In particular, the Organizing
Committee is extremely grateful for the continuing efforts and support of Serge Eko, Kim
Legg and Eileen O’Reilly. IFSMS would not be possible without the significant work of the
Organizing Committee, each Coordinating Laboratory and the review paper authors and |
am inordinately grateful for their support and efforts throughout the past three years.

PROFESSOR NIAMH NIC DAEID

CHAIR, 18™ I[FSMS ORGANIZING COMMITTEE
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Introduction
This review paper covers the advances in scientific methods and general discussions
applied to firearms examination, published from 2013 until and including 2015. A literature
search was conducted covering articles on this subject published in the main forensic
journals:

« AFTE Journal

« American Journal of Forensic Medicine and Pathology

« Forensic Science International

« International Journal of Legal Medicine

« Journal of Forensic Identification

 Journal of Forensic Sciences

« Science and Justice

« The Australian Journal of Forensic Sciences

1. Firearms identification

Following the recommendations made in the National Academy of Science’s 2009 report to
strengthen the scientific foundations of firearms identification [1] several articles have been
published.

1.1. Current topics
In respect to forensic examinations, including firearms examination, two main topics have
received specific attention over the last 3 years:

1. Implementing the likelihood ratio approach in forensic casework

2. Implementing context information management in forensic casework.

1.1.1. Implementing the likelihood ratio approach

Two articles have provided a practical introduction to the use of the likelihood ratio (LR)
approach in forensic firearms examination. Bunch and Wevers (2013) discuss that a
provided categorical conclusion provides a form of a posterior odds, which is not ideal for
reports and testimony and is mathematically incorrect as these posterior odds can never
equal infinity (probability of 1). They propose three possible solutions to the overall current
state of affairs [2]:

1. Continue with the current paradigm, but provide more transparency in reports and
testimonies by refraining from concluding in absolute certainties and use phrases
such as “practical certainty” and by disclosing the assumption that contextual
information is embedded in the prior odds, which are a part of the final conclusion.
They view this solution as a less desirable solution.



2. Examiners could provide a report detailing a conclusion based on the complete
Bayes’ rule, providing posterior odds where the examiner both calculates and
assigns the LR and the prior odds. They say that this is neither a desirable solution
as examiners are generally not regarded to be the appropriate persons to assign the
prior odds.

3. Examines should only report the LR and could provide some guidance to the trier-of-
fact how the posterior odds will be influence based on the prior odds. This could be
done by providing e.g. a sensitivity table.

Bunch and Wevers (2013) provide some detailed examples of how the LR can be assigned
in forensic firearms examination. While doing this, they make the distinction between the LR
based on the class-characteristics evidence and based on the microscopic comparison
evidence, which they argue to be independent from each other. The final LR of a comparison
between e.g. a bullet and a firearm would consist of the LR based on the calibre and class-
characteristics of the bullet and firearm and their frequency of occurrence in e.g. firearms
casework and of the LR based on the comparison of striations and impressions which can
be multiplied with each other. This explanation of the way the final LR should be assigned
corresponds to what is also argued by Hicks, Biederman, de Koeijer, Taroni, Champod and
Evett (2015). They have provided a few examples how the LR can be assigned for different
types of forensic examinations [3].

Kerkhoff, Stoel, Mattijssen and Hermsen (2013) have also written a plea, with a step to step
discussion, to report the results of firearms examinations as an LR. They first argue that the
examiner is supposed to inform the trier-of-fact about the strength of the evidence (which is
fundamentally probabilistic in nature) in a scientifically sound way after which the trier-of-fact
is responsible to assess the weight of the provided evidence for the particular case. By going
through the different possibilities of reporting firearms evidence, from a categorical
conclusion, a probabilistic conclusion, an expert opinion and an LR, they provide an
accessible discussion on the merits of reporting an LR. They conclude by stating that
although reporting an LR is the best approach, it seems harder to explain and understand
than most logically flawed formats. Although this is not optimal, the problems which are
solved by reporting an LR outweigh this difficulty [4].

Agreeing with each other and with the authors of the former articles [2,4] that reporting an
LR is the best method to evaluate forensic evidence Taroni, Bozza, Biedermann and Aitken
(in press) and Sjerps, Alberink, Bolck, Stoel, Vergeer and Zanten (in press) disagree with
how this should be reported. The former argue that an LR should be reported as a single
value based on a “full-Bayesian” approach without additionally considering the uncertainty of
the LR [5], while the latter argue that not only an LR value should be reported, but that its
uncertainty should also be addressed to inform the trier-of-fact about the essential
information needed to assess the reliability of the evidence [6].

1.1.2. Implementing context information management

Part of the criticism towards the traditional forensic sciences, including firearms examination,
focuses on the biasing effect of task-irrelevant information on the judgements of examiners
in forensic casework [1,7-10]. It has been argued that forensic examiners should
acknowledge the risk of contextual and other biases, and minimise their effects by
implementing appropriate procedure [9,11-14]. With the growing acceptance that these
issues exist and are relevant for forensic casework several procedures have been proposed
for various forensic disciplines, including (linear) sequential unmasking [11,15,16], evidence
line-ups [14], and the ‘case managers’ model [9,13]. For firearm examination, an
implemented context information management procedure has been published [17]. In this
article the design and implementation of the procedure is described guided by a taxonomy of



different sources of context information [18]. After showing that removing all context
information, except for the information that is necessary for the examiner to do his/her work,
seems to work best, they conclude with a flow-chart of their implemented procedure. Based
on the same procedure some of the authors have also written an article which focuses more
on the potential influence of bias through a step-by-step discussion of a case. Through this
article they show under which circumstances bias might influence the examination and how
context information management can help to minimise this possibility [19].

1.2. Validation studies and statistical foundations
Traditionally, validation studies within the field of forensic firearms examination have been
based on:

1. Reproducibility of marks

2. Individuality of marks

1.2.1. Reproducibility of marks

Reproducibility has been studied by shooting large amounts of ammunition through one
firearm or barrel and by then comparing the marks (seen in the ammunition parts fired over
time) to check whether they change over time or are still sufficient to reach a conclusion
pointing in the direction of a similar source.

As a follow-up on their previous study [20], Mikko and Miller (2013) fired thirty additional
bullets with the same firearm and thirty bullets using a second M240 machine gun with a
different barrel. Four examiners were asked to compare the marks in these newly fired
bullets with those in some of the bullets fired throughout the earlier reproducibility study
consisting of 20,000 shots. In total 164 questioned high velocity bullets were examined,
resulting in 164 correct answer and an error rate of zero [21].

Wong (2013) studied the reproducibility of marking in a 1,000 bullets’ land engraved areas
and cartridge cases’ firing pin aperture shear marks from a Ruger P89 pistol, by using both
pattern matching and QCMS. They compared every 25t fired bullet and cartridge case to
the first fired bullet and cartridge case and to the previously and subsequently collected 25t
bullet and cartridge case. For the bullets some differences in the striations were seen,
especially in the trailing edge of the land engraved areas. Striations became less well
defined over time but each collected bullet could be identified to the first fired bullet. Bullets
fired closer in sequence to each other resulted in higher CMS runs. The degree of shearing
and the overall quality of the marks were inconsistent for the firing pin aperture shear marks.
Even though this was the case nearly all cartridge cases could be identified to the first fired
cartridge case [22].

A study based on three 9mm Luger Walther P99 pistols showed that after at least a 1,000
shots the breechface recess, firing pin impression and firing pin aperture shear marks
showed reproducibility and that the marks held sufficient individual characteristics for
identification [23].

1.2.2. Individuality of marks

Individuality has been studied by comparing the marks in cartridges cases and bullets fired
by consecutively manufacture firearm components and by looking into the manufacturing
process.

A study [24] consisting of five consecutively manufactured slides from a 9mm Luger Hi-Point
model C-9 pistol showed that it was possible to distinguish between these slides based on
the breechface impressions. 68 trained examiners received 2 reference fires from each of
the slides and 8 questioned cartridge cases. All conclusions were correct and no



inconclusives have been called by the examiners. The authors add that differences in the
locations of the firing pin aperture were seen between the shots fired from different slides.
This might have unintentionally helped the examiners during the comparison phase.

A study [25] utilising 10 consecutively manufactured slides from a 9mm Luger Ruger
resulted in an error rate of less than 0.1%. 217 firearms examiners with at least 2 years of
training received 2 reference fires from each of the slides and 15 questioned cartridges
cases. From the 3255 breechface comparisons, 3239 were correct, 2 incorrect and 14
inconclusive, which resulted in an error rate of 0.0006363 (SE = 0.006617). In the same
article reproducibility of the breechface marks is also tested. Additional test fires were
compared by 114 participants, which resulted in 570 breechface comparisons, from which
564 were correct, 1 was incorrect and 5 were inconclusive. Overall the results showed that
(with a significance level of 5%) firearms examiners were able to correctly identify fired
cartridge cases, to correctly identify fired cartridge cases fired at different intervals from each
other, there was no significant difference between examiners with less or more than 10
years of experience, and that there was no significant difference between lighting methods,
utilised microscopes, or used methods in regard of correct/incorrect conclusions.

When comparing the marks in the firing pin, ejector and breechface marks of 10
consecutively manufactured pistols of two different makes of .32 Auto Turkish pistols it was
deemed possible to differentiate between the firearms [26].

When examining and comparing the extractor marks of two sets of six Remington 870
shotguns with either metal injection molded (commercial) or milled (law enforcement)
extractors some similarities in marks within each group were seen, but the extractor marks
could still be identified back to their corresponding extractor [27].

Based on information from a study, Metal Injection Molding has the potential to introduced
subclass characteristics in the resulting components. Comparisons of the marks of five
extractors from a calibre .40 S&W M&P pistols illustrated that there was some presence of
subclass. The electropolish finish or the melonite process after production of components
(used for the firing pins) seemed to diminish the possibility of subclass [28].

The Metal Injection Molded breeachface of a .357 Magnum Taurus model Protector Poly
was examined. Based on the manufacturing process information that the breechface
receives additional machining and is glass microspheres blasted the marks were interpreted
as being individual in nature [29].

Vibratory finishing of broaching marks showed that more of the finer striations were removed
as finishing time increased. As a result the grosser marks became more pronounced, which
could happen for both gross individual and gross subclass marks [30].

1.3. Parameters that affect the identification process

Studying the marks left by modified or re-activated firearms in firearm crime, the authors
show that even though some parameters seem suboptimal for identification purposes (e.g.
large bore, no rifling, choke that distorts the bullet marks) there are still marks that can be
used for identification of the fired bullets and cartridge cases [31].

While discussing the design and components of the Winchester PDX1 410 Defender
shotshells the authors also show that marks useful for identification purposes can be found
on these fired cartridge cases [32].

Explaining how frangible bullets are constructed and performing test fires, the authors state
that the striations resulting from shooting through a barrel changed for one of the used



firearms. While the frangible bullets usually break-up upon impact there were still some
intact and potentially identifiable bullets after being fired through the target materials
(plywood, drywall, sheet metal) [33].

Firing .45 GAP calibre cartridges with several .45 ACP pistols showed that there was a high
tendency for the primers to be pierced by the firing pin. Although this happened there were
still sufficient marks available on the fired cartridge cases to be identified to the used firearm
[34].

Rusted firearms are sometimes submitted for examination. Different methods of rust removal
and restoration of firearms are examined. The marks on fired bullets and cartridge cases
before rusting and after de-rusting were compared. The tested soda blasting and Rust
Release™ seems to provide the best results [35].

A reprint of “Forensic Ballistics” by Goddard, first published in 1925, was made available in
the AFTE journal [36].

When the spring controlling the movement of the firing pin is absent, damaged or otherwise
lost its control over the firing pin in top break (hinge frame) firearm, the firing pin can move
freely. During opening and closing of the firearm the firing pin can now be damaged and thus
altered, which could deceive the examiner [37].

1.4. Identification based on unusual marking

Dutton (2014) discusses a case where a .22 calibre bullet proved to be fatal. While showing
marks from the barrel there were also marks resulting from other sources. These marks
resulted from separate processes during loading by the use of an aftermarket magazine in
conjunction with the exhibit sawn-off rifle. The main focus lies on the interpretation of these
extraordinary marks [38].

Breechface recess marks of 20 Beretta model Px4 Storm, calibre 9mm Luger were
compared. The marks are visible on the rim of the cartridge cases but demonstrate poor to
excellent reproducibility. When they do reproduce they can be used for identification
purposes [39].

Reproducible cycling marks were seen on the nose of cycled cartridges or fired bullets
resulting from contact with the feed ramp and frame of the .380 Auto, Ruger model LCP
pistol [40].

An identification between a fired cartridge case and a highly corroded firearm recovered
from a chemical toilet was still possible using the chamber marks. This was probably
possible because the chamber had been preserved by the live cartridge that was present in
the chamber [41].

A 9mm Luger Hi-Point model C9 pistol was submitted for comparison to a questioned bullet.
During examination the breechface showed features not seen in other Hi-Point C9 pistols. It
is hypothesised that the relative softness of the alloy allowed the heads of the cartridges to
displace material during firing and thus led to the obliteration of the factory-made breechface
marks over time [42].

When comparing test fired cartridge cases and crime scene cartridge cases unusual marks
were observed. Examination of the firearm showed that these resulted from tampering with
the bolt face, extractor and ejector of the firearm, a possible attempt to avoid firearm
identification [43].



Arifled slug was identified to the smooth bore of a Baford Arms model Thunder, calibre .410
Derringer [44].

1.5. Class characteristics

Adding to the earlier publications [45-48] on the difference in class characteristics between
Glock and Smith & Wesson Sigma pistols the authors introduce an additional mark that may
help to differentiate. A mark on the rim at 3 o’clock can result from the trigger bar tip of Glock
and S&W Sigma pistols. The marks on the rim can be found in cartridge cases fired from
both brands, but an additional scratch on the wall of the cartridge cases was only observed
on the cartridge cases fired from Glock pistols [49].

The class characteristics of the Czechoslovakian CZ model 83, calibre .32 Auto pistols are
discussed. The firing pin impression is round, with a round base including circular detail and
located off-centre, approximately at the 4-5 o’clock position. The breech face impression
shows vertical lines and the ejector mark is triangular with a rounded edge located at 7-8
o’clock. The extractor mark is located at 2-3 o’clock in the extractor groove [50].

Based on two types of homemade submachine guns, resembling Carl Gustav and UZI
submachine guns, it was shown that they might be distinguished using the ejector cut-out
shapes [51].

1.6. Subclass characteristics

Two articles showing subclass characteristics have been published. One of these provides
an example of subclass visible in the 12 land engraved areas of the pellet and the respective
lands in the barrel of a Gamo .22 air rifle. Similar striations are seen in each of the lands
[52].

A second article shows subclass characteristics to be present on the breechface marks of
Jiminez Arms JA Nine pistols. The article also provides details about the manufacturing
process of these firearms [53].

1.7. Proficiency testing

The ENFSI Expert Working group Firearms/GSR sent out the 2009 edition of their
proficiency test. The test consisted of ten sets of castings, from which five contained bullets
and five contained cartridge cases. Each set consisted of one questioned item and two
known items from the same firearm. Sixty-four laboratories (mostly European) returned the
answer form, giving a total of 637 conclusions (the three missing conclusions were from
examiners who submitted the specific test sets). In total twenty-six conclusions (4%) were
false identifications and thirteen conclusion (2%) were false exclusions [54].

With the help of external parties an exploratory double blind testing programme was
designed. The external parties mixed fake cases disguised as regular cases in the main
case flow. From the total of 29 conclusions no misleading evidence was reported (all
conclusions supported the true hypothesis). The article discusses the design considerations
of the programme, the details of the tests and described various ways to analyse the test
results [55].

Stroman (2014) discusses the criticism from scientific and legal experts over the past years
regarding the lack of empirical research and blind testing. A literature search revealed two
studies that involved declared double-blind testing. Setting up a study with realistic samples
using a declared double-blind testing format the author tried to determine the error rate in
firearms identification. Apart from this, the evidential strengths of the different components of
the Smith & Wesson model 4006 TSW, calibre .40 S&W are discussed [56].



1.8. Instrumental methods

Forensic firearms examinations are traditionally based on examiner based judgments.
Although these examiners are highly trained, the call for more objective methods is often
heard. Different approaches to objectify the firearm comparisons through the use of 2D and
3D instruments have been studied in the past years.

An imaging technique that is capable of reducing glare, reflection and shadows is said to
greatly assist the process of toolmarks comparison. This situation could be reached using
the expensive ‘far-IR’. Visual comparison resulting from the cheaper ‘near-IR’ are compared
with visual light images. The use of near-IR photography did not reveal more details and
could not effectively eliminate reflections and glare, thus showing little advantage when
compared to regular visible light photography [57].

Three types of microscopy were addressed for the comparison of the markings in a 9mm
Luger bullet fired from the polygonal rifled barrel of a Glock 17 pistol: optical microscopy,
comparison scanning electron microscopy (CSEM) and virtual (confocal) microscopy. Optical
microscopy resulted in an ‘inconclusive opinion’, CSEM in a positive identification and virtual
microscopy in the conclusion that ‘regions of interest and commonality’ were found. The
authors conclude that optical microscopy is the most efficient, CSEM the most advanced but
hardly ever necessary and that virtual microscopy is promising but needs more development
[58].

Scanning electron microscopy (SEM) is also addressed as a possible supplement for the
traditional optical microscopy. The high magnification, the large depth of field and the
independence from oblique lighting issues might make it possible to perform better
comparisons. A downside is the risk of contamination if the SEM is also used for gunshot
residue examination [59].

Utilising the IBIS® BULLETTRAX-3D™ the authors examined the usefulness of this
technique to determine the order of placement of different toolmarks. The 3D technique
provides more detail to address the order of creation and to examine the directionality of
engraved marks [60].

Several automated techniques for the comparison of marks have been proposed where
some focus on finding matches between spent ammunition and some also focus on the
resulting evidential strength associated with these matches.

As a proposed objective method to support the subjective conclusion of an examiner the
striations present in the matched land engraved areas from bullets were translated to a
barcode. The barcode was based on the distance of the striations from one shoulder of the
land engraved area. Through Principle Component Analysis and Support Vector Machine
error rates varied between 19.444% and 1.149%. The second result generated by the
majority of the analysed bullets indicates the correct grouping based on barcodes was
possible, supporting the examiner’s subjective identifications [61].

Using 3D-topography images the striations in the bullets’ land engraved areas are
represented by a feature profile which is used for determining the consecutive matching
striations (CMS) automatically. The method might 1) be used for database searches, 2) it will
increase the objectivity, as the subjectivity in defining matching striations is decreased, and
3) it provides a means to create an abundance of data for statistical analysis of the CMS
method [62].
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An automated technique to compare impressions in cartridge cases based on 3D technology
has been developed. By coupling the system to a bivariate evaluative model, the assignment
of likelihood ratios was allowed. Based on a dataset of 79 pistols (Sig Sauer 9mm Luger) the
system showed high discriminative power (LRs exceeding a billion were predominantly
obtained for same source comparison) as well as relatively low rates (=1%) of misleading
evidence depending on the considered firearm [63].

Using a database of 3D striation patterns, generated by standard tip screwdrivers and 9mm
Luger, Glock firing pin apertures, the error rate using algorithmic methods was studied. The
marks were recorded by white light confocal microscopy and multivariate algorithmic
methods, such as principle component analysis and support vector machine methodology,
were exploited to associate striation patterns with their respective sources. When sufficient
data is used to train the algorithm, identification error rates of <1% were seen [64].

The striations present in fired bullets have been acquired using confocal microscopy to
create known match and known non match databases of maximum cross correlation
function (CCFmax) scores. The authors suggest that when the size of the database is
increased (both in numbers and in e.g. used calibres) a cut-off value or threshold could be
set to conclude whether bullets came from either the same or different sources [65].

A novel 3D imaging and analysis system for cartridge cases is introduced, TopMatch. This
system used the GelSight photometric stereo sensor to measure micron scale surface
geometry and a novel feature-based matching algorithm. The algorithm separately takes into
account the breechface impression and the firing pin aperture shear mark and then
combines their similarity into one confidence score. Based on an experiment using 290
firearms and 700 cartridge cases from 24 firearm manufacturers the system demonstrates
different performances based on the quality of the available marks. Tests on clean, well-
marked datasets score with a 100% accuracy and no false positives, while for less marked
cartridge cases the system correctly identifies approximately 75% of the known matches
with no false positives [66].

Applying surface metrology to firearm identification is discussed. Objectivity of firearms
identification is improved through measurements of surface topography and the application
of unambiguous surface similarity metrics, such as the maximum value of the areal cross
correlation (ACCFmax). Case studies on consecutively manufactured tools (barrels and
breechfaces) were performed and demonstrated that all tools could be distinguished from
each other using this technique. It is explained that the method is as of now not capable of
automatically distinguishing between individual marks and (sub)class marks, making proper
pre-processing very important. Through the case studies it is shown that there is a good
separation between the scores resulting from known matches and known non matches [67].

The National Institute of Standards and Technology (NIST) proposed the NIST Ballistics
Identification System (NBIS) to facilitate accurate ballistics identifications and fast evidence
searches. The system will use 3D topography measurements. The marks to be compared
will be subdivided in correlation cells and the ‘valid’ and ‘invalid’ correlation areas will be
identified. Based on the concept of correlation cells a ‘contiguous matching cells (CMC)’
method using three identification parameters of the paired correlation cells (cross correlation
function maximum CCFmax, spatial registration position in x-y and registration angle 0) is
proposed. The number of matching cells could be used to differentiate between same source
and different source comparisons, where an identification threshold of 6 cells is mentioned
[68].
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Developing NBIS, NIST has performed a study on the breechfaces of 40 cartridge cases
fired with 10 consecutively manufactured slides. These initial tests show a significant
separation between the known match and known non match distributions of ‘congruent
matching cells (CMC)’ cell counts, without any false positive or false negative identifications,
verifying their proposed numerical identification criterion [69].

NIST also proposes an error rate procedure based on the CMC method to establish a
statistical foundation to support ballistics identifications, and to provide an error rate report
for court proceedings. This error rate report could be similar to reporting the random match
probability for DNA evidence. Based on the study using 40 cartridge cases fired with 10
consecutively manufactured slides all the error rate values are within the ‘extremely strong
level’ of likelihood ratios (10-¢ or less) [70].

1.9. Ballistic imaging database

It is suggested that using spatial, temporal and evidence-status data will improve the ballistic
imaging performance of NIBIN. Taking into account both locations of shooting incidents and
time between shooting incidents increased matching accuracy [71].

While discussing the performance of BALISTIKA 2010, the authors also discuss that
computerised ballistic identification systems should implement algorithms to take into
account overall differences in class characteristics between manufacturers of firearms to
increase accuracy and decrease search duration [72].

The possibility of a reference ballistic image database, containing images of cartridge cases
fired by all firearms in legal circulation, is studied using Evofinder®. The results indicate that,
although clear improvements were seen in comparison to a similar earlier study [73], the
implementation of such a database should not be considered nowadays because at least
43% of the items in the database need to be compared on screen to find at least 90% of all
potentials matches. This is still necessary because of the variable character of marks and of
differences between types of used ammunition [74].

Using the LUCIA-BalScan™, the use of the Marks Step Integration method is tested for
automatic ballistic imaging searches. The method combines the marks in several (partial or
damaged) bullets and creates one Virtual Bullet to increase the performance of ballistic
database searches. The method is also applicable to cartridge cases, toolmark examination
and shoeprint analysis [75].

By implementing a new protocol at the Denver Police Department Crime Laboratory, the
firearm evidence is located and entered much faster into NIBIN, increasing its use towards a
forensic intelligence tool [76].

2. Firearms and ammunition miscellaneous reports

2.1. Firearms (and ammunition)

2.1.1. Sound of shots

Tests were performed to investigate a shooting incident and the question how quickly a pistol
could be fired by one shooter and then handed off to and fired by another shooter. The
results were compared with an eye-witness account, claiming that two shooters passed
along one firearm, and with the time lapse between shots from the 911 call. Additionally the
video recording capabilities of common smartphones were tested and they seem to be able
to make useful recordings of firearm shots [77].

2.1.2. Serial number restoration
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A simulated serial number was stamped into samples of stainless steel by hand-hammering,
after which they were polished until no trace of the serial number was visible. A method
using electron backspatter diffraction (EBSD) in a scanning electron microscope (SEM) is
used which allowed for clear visualisation of the erased serial number up until a depth of 760
Km below the surface [78]. This method has not yet been tested on obliterated serial
numbers from real firearms.

2.1.3. Microstamping

Grieve (2013) studied whether SEM could be utilised to distinguish more of the six digit
alpha-numerical identifiers stamped into the primer by firing pins modified with a gear code.
SEM allowed more of the alpha-numerical identifiers and the gear code structure to be
distinguished than standard optical microscopy, but complete recognition was still not
possible in all cases [79].

Nedivi (2014) questions the added value of microstamping to help solve firearm-related
crimes and/or prevent them. Different arguments for this scepticism are explained such as,
1) that law abiding citizens, who will be the ones to buy these firearms, are not usually
involved in crimes, 2) that awareness of this identification system would bring owners of
these guns to remove the code from the firing pin, and 3) clogging of the gear code will
inhibit good reproducibility [80].

2.1.4. Time since discharge

Factors determining local atmospheric corrosivety and the assessment of corrosivity
according to ISO standards 9223, 9224, 9226, 8407 and 8565 are explained. Coupled with
the visual results from an 18 month atmospheric corrosion study of six different ammunition
samples this can serve as a reference for rough estimations of time since discharge [81].
For the examination of shorter times since discharge modern thermal imaging cameras
might be useful. A study showed that it was possible to detect residual elevated
temperatures of recently discharged rifles and handguns out to at least one hour after firing.
Also movement of firearms, which were in thermal equilibrium with their environment, from
colder to warmer environments and vice versa could be distinguished [82].

2.1.5. Firearms and pregnancy

The influence of exposure of pregnant women to lead and loud noise during e.g. test firing
on the developing foetus is studied through a literature review. The results of previous
studies seem to be contradicting each other. The author recommends additional studies and
precautionary safety regulation until the risks are clear, stating “is it worth the risk?” [83].

2.1.6. Firearms and ammunition (mis)match

Although in most casework the calibre of the used ammunition corresponds with that of the
used firearm this is not always necessary. One such an example is shown for a case where
9mm Luger cartridges where loaded in a pistol chambered for .357 SIG. Test firing was
conducted and did not result in failure of the cartridge case wall, and produced bullets with a
relatively high, consistent muzzle velocity when compared to other large bore / small bullet
mismatches such as 9mm Luger in .40 S&W pistols or .40 S&W in .45 ACP pistols [84].

Another example is where .38 Smith & Wesson cartridges were loaded in the magazine of
a .357 Sig pistol. These cartridges were found to feed and chamber but required manual
extraction and ejection. The cartridge cases showed extreme expansion due to the larger
chambers [85].
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Instead of combining smaller calibre ammunition with larger calibre firearms, a case report
on an examination on a 12-gauge shotshell shows that it is also possible to replace the load
of the shotshell with dimes (US 10 cent coins) and fire these with lethal consequences [86].

In a case where a Florida panther was shot with 000 Buckshot the question was whether
these were fired with a rifled or smoothbore barrel. Several .410 bore 000 buckshot shells
were examined and fired through a shotgun and a Taurus Judge® revolver. The conclusion
was that the pellets were fired through a smoothbore barrel [87].

2.2. Ammunition

2.2.1. Manufacturing marks

Winchester Australia (Limited) is producing a line of 9mm Luger remanufactured cartridges
marked as “recycled centrefire cartridges”. These are reloaded cartridges from the Australian
Federal Police utilising Glocks. The cartridges show cycling/firing marks from these Glocks
but also reloading marks. On the case walls fine striations running parallel to the length of
the case from the mouth were seen, circumferential marks below these and what appeared
like a shallow channel that was aligned with the long axis of the cartridge case. The cartridge
cases also displayed shell holder marks within the extractor groove. The primers also
showed impressions marks [88].

Manufacturer marks are also seen on Remington 380 Auto calibre cartridge primers [89].
These types of marks should not be confused with firearm related marks.

2.2.2. Trace analysis

Lead isotope ratios in bullets or bullet fragments can be used to distinguish between
different sources of bullets. This has been tested using multicollector inductive coupled mass
spectrometry. To be able to assess the evidential strength it is imperative to study the
variability within and between boxes of ammunition [90].

Another approach to analyse bullets or bullet fragments is by using X-ray fluorescence
spectrometry, as has been shown for fragments of possible lead-free bullets manufactured
by Hornady Manufacturing Company [91].

An article reviewing the more common constructions and compositions of modern tracer
bullets also addresses how bullet holes in clothing and other object can be recognised to
have resulted from tracer bullets with the use of scanning electron microscopy-energy
dispersive spectroscopy and elemental mapping [92].

Using qualitative and quantitative X-ray fluorescence spectroscopy the elemental
compositions and ratios of copper and zinc from commercially loaded ammunition were
compared. Some ratios where specific to a particular manufacturer while others were more
generic [93].

Environmental scanning electron microscope with energy dispersive X-ray spectroscopy was
used to study the composition of pellets sold as lead free metal .177 (4.5 mm) calibre air gun
pellets. These pellets proved to be lead-free. The authors state that a weight difference was
observed between lead and lead free pellets which could be used for presumptive
identification of diabolo styled lead free pellets. Apart from this, the article describes some
references to wound ballistic case reports [94].

2.2.3. Frangible and disintegrating ammunition
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Describing a case study involving the use of a 12-gauge breaching round and subsequent
injury to a suspect the author also provides information on the manufacturer, the breaching
rounds and the shotguns used for door breaching [95].

The Barnes Varmint Grenade rifle bullets are described. These bullets contain no lead and
rapidly disintegrate upon entry in soft tissue. They are designed for varmint hunters to be
used in high velocity rifles. Shooting larger animals will result in non-perforating wounds with
short wound paths. The small copper disc that represents the base of the bullet’ jacket can
be used for identification purposes [96].

2.2.4. Manufacturer identification

Based on the results of a blind study it was shown that the deformation characteristics of air
gun pellets could be used to successfully identify the manufacturer of the fired and deformed
pellets [97].

2.3. Replicas and casts

McVeigh (2015) demonstrates that it might be possible to make decent replicas of marks by
first creating a mold using AccuTrans® AB and then casting these with coloured glue sticks
using a hot glue gun [98]. Although cheap and fast the level of detail based on visual
assessment of the published photographs seems to be less than that of the more complex
replication techniques utilising polymer molds and polyurethane.

Using AccuTrans® AB casts of bullets is proposed to compare the marks in the bullets. The
casts will ensure one overall colour, without too much reflection and by cutting open the
casts, the marks in the bullets can be compared in a flat surface. Especially when marks are
hard to compare, for e.g highly deformed bullets, this might by a practical solution to be able
to compare the marks [99].

Taylor (2015) shows the use of casting material and of soft sheet metal to enable the
examiner to produce test marks when a firearm cannot be used for test firing. He also shows
that hammering a bullet through the barrel of a firearm can create marks to compare to a
fired bullet [100].

2.4. Statistics

Through a descriptive retrospective cross-sectional study, carried out on the victims of
firearm injuries referred to the mortuary from August 2008 until July 2010 in the Kanpur
region of central India, 3154 fatalities were registered. From these 66 resulted from firearm
injuries (2.09%), of which 92.42% were males. Homicidal attacks were most often
encountered, where unlicensed, illegal country-made firearms were the preferred choice
[101]. Apart from the results from this specific study the article provides an overview of
comparable studies worldwide and compares some of the main results, e.g. firearm related
fatalities in the US vs. those in Europe.

Also in India, it is observed that about 30% of the total firearms submitted for examination
consists of country-made firearms. These country-made firearms are reported to be more
common in the rural areas and are usually devoid of marks or registration numbers, they
look crude and unfinished, their barrels are manufactured from crude iron, they do not have
standard specifications and calibrations, are smooth bores and are most often muzzle-
loading firearms [102].

Based on a national database of all offenders arrested in the US, the Supplementary

Homicide Reports database, it turns out that in 18% of the homicides which occur in
conjunction with rape or other sexual offences a firearm is used [103].
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2.5. Quality assurance documents

The National Commission on Forensic Science (NCFS, US) posted a few documents
proposing policies and positions regarding various aspects of forensic science and practice.
One of these documents is entitled “Scientific Literature in Support of Forensic Science and
Practice” and provides six criteria for foundational, scientific literature supportive of forensic
practice [104].

1. Peer-reviewed in the form of original research, substantive reviews of the original
research, clinical trial reports, or reports of consensus development conferences.

2. Published in a journal or book that has an International Standard Number (ISSN for
journals; ISBN for books) and recognized expert(s) as authors (for books) or on its
Editorial Board (for journals).

3. Published in a journal that maintains a clear and publicly available statement of
purpose that encourages ethical conduct such as disclosure of potential conflicts of
interest integral to the peer review process.

4. Published in a journal that utilizes rigorous peer review with independent external
reviewers to validate the accuracy in its publications and their overall consistency
with scientific norms of practice.

5. Published in a journal that is searchable using free, publicly available search engines
(e.g. PubMed, Google Scholar, National Criminal Justice Reference Service) that
search major databases of scientific literature (e.g. Medline, National Criminal Justice
Reference Service Abstracts Database, and Xplore).

6. Published in a journal that is indexed in databases that are available through
academic libraries and other services (e.g. JSTOR, Web of Science, Academic
Search Complete, and SciFinder Scholar).

The AFTE Board of Directors and Editorial Committee has written down their comments
regarding each of the criteria in a document during its public comment stage. This was done
due to the document’s potentially far-reaching influence regarding the perceived propriety
and academic soundness of the AFTE Journal and articles published therein [105].

In the NCFS’ summary of the public comments they responded to these comments with the
following words: “What is considered foundational literature in forensic science must be the
same as what is considered foundational literature in in any science. This does not mean
that other journals are not of value to a given discipline. Conflict-of-interest policies are
integral to the definition of foundational literature and goes beyond financial and business
considerations. Indexing is critical to ensure accessibility of scientific work to any and all
interested parties, as this opens the work to review, replication, evaluation, testing,
confirming extension, and application through the normal process of the scientific

method.” [106].

The AFTE Certification Committee have published the recently-revised certification and
recertification policies and procedures [107].

A recent poll amongst the members of the Association of Firearm and Tool Mark Examiners
found that a vast majority of the examiners (94%) use metaphors to clarify of simplify
complex portions of their testimony either ‘often’ or ‘occasionally’. McVeigh has written down
a list of these metaphors based on the information in the AFTE forums [108].

The Scientific Working Group for Firearms and Toolmarks (SWGGUN) have published a few
documents to provide a framework of standards:
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1. SWGGUN Minimum Qualifications (Entry Level), SWGGUN Minimum Qualifications
(Experienced Level) [109]

2. SWGGUN Quality Assurance Guidelines [110]

3. SWGGUN Guidelines: Projectile Path Reconstruction [111]

4. SWGGUN Guidelines: Criteria for Identification [112]

3. Legislation

Sound suppressors have been devices which, based on design and construction
characteristic, have been readily identifiable as such under federal and state laws. With
technological and manufacturing advancements air guns have become a rapidly growing
commercial segment internationally. With increasing calibres, projectile velocities and
accuracy their performance is sometimes indistinguishable from that of traditional firearms.
Accessory items, such as suppressors are now commonly marketed and used on air guns.
As a result international regulation is altering the traditional thinking of what a sound
suppressor is and how they are evaluated [113].

4. Technical examination

Technical examination of a firearm can be useful to be able to assess the evidential values
of marks on spent bullets or cartridge cases. But apart from this it might also be very useful
for the assessment of statements made by victims, eye-withesses or suspects about the
functioning of the firearm. Different articles were published on modified or homemade
firearms and on the reconstruction of possible events.

4.1. Modified or homemade firearms

Yasin (2013) discusses the various features (class-characteristics) of the obsolete calibre
7.92x33mm rifles which are being locally manufactured in Pakistan. Also the chambers of
AK47 rifles are modified to be able to fire these cartridges. Most of these rifles can now fire
both 7.62x39mm and 7.92x33mm cartridges. Especially the addition ring visible on the
shoulder of the cartridge case is a useful characteristic to recognise the use of such a
converted firearm [114].

A Mossberg 702 Plinkster semi-automatic rifle was examined from which the firing pin was
modified in such a way that the rifle could now be fired by slam firing. Feeding a live
cartridge in the chamber and releasing the bolt would consistently result in a discharge
without a need to pull the trigger [115].

Another such a slam firing firearm was examined. A Bulgarian manufactured Arsenal model
SLR-100H was found to fire fully automatically upon closing the bolt due to improper
placement of one of the hammer springs [116].

A Mosin-Nagant bolt action rifle was submitted for function testing with a missing bolt head
assembly. It turned out that it was possible to fire a primed cartridge case in this state and it
was even possible to fire a bullet through the barrel with potentially lethal consequences
[117].

The way in which a Japanese type 99 Light Machine Gun can be disassembled is discussed
after an examination of such a firearm with a missing firing pin [118].

Apart from changes to firearms, silencers are also commonly found to be homemade. The
effectiveness of the homemade silencers was compared to that of commercially available
silencers, where the commercial silencers performed better at supressing sound. In this
article the operation of silencers is also explained as well as some advantages of using a
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silencers apart from supressing sound, such as increased precision by stripping away hot
gases from around the bullet and a reduction of recoil through added weight [119].

Pal and Pratihari (2014) provide an overview of homemade firearms examined at their
ballistics division in India. About 50% of the firearms they examine are homemade. Most of
the homemade firearms are manufactured from crude and cheap materials and can vary a
lot in quality [120].

An example of a homemade firearm manufactured from hardware material (copper pipe,
copper by copper coupling, a copper nipple pipe and plaster casting) is described [121].
Another such a homemade firearm was found to be disguised as a Super Soaker® water gun
[122].

Instead of manufacturing a homemade firearm from hardware material it is shown that a
World War Il flare gun can be modified to chamber a 45-70 Government cartridge and is
capable of firing these [123].

4.2. Reconstruction of events

Although most firearms are designed to be safe to use some firearms can be fired under
unintended conditions. One such an example is given for the FN model High Power 35. The
magazine safety can be annulled by manually pushing the safety lever inside the pistol.
Additionally, by manually pressing in the hammer sear a shot can be fired without pulling the
trigger [124].

Glock pistols without a trigger spring appear to be inoperable if loaded and attempted to fire
by pulling the trigger, however it is possible to fire them when the trigger is held to the rear
prior and during loading, after which the trigger can be released and pulled again [125].

Drop tests with Raven Arms P-25 and MP25 .25 Auto calibre pistols showed that these can
be discharge in that way. Especially the firearms with a thinner cam, discharge more easily
than those with a thicker cam [126].

It is shown that when feeding short 12-gauge cartridges (not intended for the firearm) in a
Winchester Model 1300 pump action shotgun it is possible to create a potentially unsafe
firing condition. Under certain conditions the trigger and safety button can retain the hammer
in a partially-cocked position, not captured by the sear. Releasing the safety will release the
hammer resulting in an unintended firing of the firearm [127].

4.3. Firearms background

Detailed information about the history and the manufacturing process of the Jennings /
Bryco / Jiminez Arms pistols is discussed [128] as well as the historical background,
principle variants and manufacturer marks from the AK-47 and its AK variants [129].

The characteristics (design, performance, marks and GSR production) are discussed from
the unique Russian 5.45mm PSM pistol and its ammunition [130].

5. Shooting incident reconstruction

5.1. Research

While reconstructing a shooting incident a lot of factors have to be taken into account.
Research within this field has especially focused on reconstructing bullet trajectories, bullet
ricochet behaviour, bullet behaviour and shot patterns from shotguns used to estimate
shooting distances.
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5.1.1. Bullet trajectory reconstruction

Based on test fires at known angles of incidence on sheetrock, wood pressboard and sheet
metal, using a Walther P4, 9mm Luger pistol with full copper-jacketed bullets the accuracy
and precision of the ellipse method has been studied. Both an ellipse template and callipers
have been used to measure the dimensions of the primary bullet hole. The results show that
the calculated angles of incidence were approximately within 10° of the known angle of
incidence for angles of incidence up to approximately 60°. For higher angles of incidence the
accuracy further decreased [131].

Based on shots fired with multiple calibres on laminated glass windshields, the deflection of
most calibre bullets (except two from .45 ACP) when perforating the glass was lower than
the generally proposed range of -5° to +5°. For these test the windshield was placed under
an angle of 30° and the firearm at a downward slope of 5° [132].

5.1.2. Ricochet behaviour

The critical ricochet angle (the angle of incidence at which 50% of the fired bullets of a given
ammunition type ricochet from a given object) was studied for .32 Auto and 9mm Luger FMJ
bullets on different types of wooden boards. The critical ricochet angle is higher for .32 Auto
bullets than for 9mm Luger bullets and increases with increasing wood density and Janka
hardness. The results indicate that there is a strong linear relationship between both wood
density and Janka hardness and the critical ricochet angle [133].

Instead of the more cumbersome Janka hardness test (the force in Newton required to push
a 11.28 mm steel ball into wood to half the ball’s diameter) another method to determine
wood hardness is proposed, using steel BBs. Using this simple and inexpensive method it
can be tested whether the hardness of wood found at the crime scene is the same as that
used for reference testing [134].

Empirical test shots on asphalt using a Keltec model P-11, 9mm Luger pistol and FMJ
bullets showed that at angles of incidence of 20°, 30° and 45° the bullet was destabilised
upon impact and tumbled post ricochet. All bullets were fragmented to varying degrees,
increasing with increasing angles of incidence. Ricochet angles seemed fairly consistent for
different angles of incidence and were lower than the respective angles of incidence [135].

5.1.3. Bullet behaviour

The penetration depth of bullets in solid material, including bodies of firearm victims, wood of
trees, and certain construction materials or objects, can be used to assess the impact
velocity of the bullet. By performing empirical tests with downloaded cartridges this
assessment of the impact velocity can be used to assess the shooting distance [136].

While most studies on bullet behaviour during flight focus on stable bullets there is
essentially no data available on instable bullets. Haag (2013) studied the behaviour of
ricocheted, destabilised or instable bullets. These bullets showed to have a very high
aerodynamic drag due to their yawing and/or tumbling in the air, where deformation of the
bullet only added to this drag. Ricochet, deflection and perforation events and shooting
bullets through oversized bores reduced the bullet’s velocity. The differences in calibre,
bullet weights and designs had no major influence on the bullet’s effective ballistic coefficient
(BC) when they were destabilised or tumbling in flight. The BCs of destabilised and/or
tumbling bullets are many times lower than those from stable flying bullets (example shows
a factor 10), in the order of 0.02 to 0.03, regardless of calibre and bullet weight and design
[137].
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The so-called 1 pound and 1 inch diameter “standard bullet” served as the basis for the
development of the ballistics coefficient (BC). While weights of modern bullets deviate highly
from this standard bullet it is still widely used. A scaled down, proportionally correct reduced
standard bullet (RSB) is studied and the use of ballistic radar tracking to assess the BC is
shown [138].

5.1.4. Shot patterns

A literature search on the relation between shotgun barrel length and shot patterns size
revealed discrepancies in the results. Additional tests were performed which were unable to
identify a specific relationship. When cutting down the barrel down past the choke
construction, the diameter of the resulting shot patterns varied depending on the used
ammunition and from test shot to test shot [139].

Apart from the length of the barrel, intermediate target materials can also have an influence
on shot pattern distributions, affecting shooting distance determinations. Test with an 12-
gauge shotgun and number 0 and 9 pellet cartridges showed that the spread of pellets was
significantly larger in the presence of all intermediate target materials (glass, mica auto
glass, tempered auto glass, fibreboard, flat iron, aluminium and grey cotton fabric) for pellet
number 9 (p < 0.05), but not for grey cotton fabric with pellet number 0 (p = 0.33) [140].

5.2. Methods

A method is explained where for the bullet trajectory reconstruction of e.g. a car no setting
up of a “box” around the car, using tripods and strings, is necessary. Taping paper to the
ground, running parallel with the car is suggested as a method to overcome minor problems
with strings that might impede easy access to the car. Using plumb bobs, the determined
trajectories can be projected on the paper [141].

Especially when evidence is not abundant on a crime scene even casts from bullet holes in
e.g. sheet metal can provide valuable information for the examiner. Bullet calibre might
sometimes be assessed, but also class characteristics and sometimes even individual
characteristics, sufficient in detail for comparison with test fires [142].

5.3. Case reports
Apart from studies on different parameters that influence reconstruction work some
casework examinations show how the results from such studies can be used in practice.

New York City’s notorious Son of Sam shootings are presented including the microscopic
comparison of the marks [143].

Based on a bullet trajectory reconstruction a likely scenario of events could be built around
the conclusions in a case regarding a self-defence claim [144].

Approximately 50 years after the assassination of the 35t President of the United States,
John F. Kennedy, multiple publications have been written about this event. The content of
these publications varies, and some discuss the proposed second shooter known as the
grassy knoll, resulting from discussions about the large wound in the upper right of the
President’s forehead and the sudden rearward movement of the head [145].

Haag (2014) studied the merits of this claim and concluded that the rearward movement of
the head could have resulted from the acceleration and propelling of the brain matter and
skull fragments forward and upward from the head. As a consequence an immediate
rearward propulsion of the head is expected [146].
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Focusing on the Western Cartridge Company 6.5mm Carcano bullets used for the
assassination, the difference in fragmentation behaviour of the first and second gunshots are
discussed [147].

Although President John F. Kennedy was hit by two bullets the unaccounted for third bullet
has also been studied. Through a step-by-step review and analysis of the assassination and
going into the exterior and terminal ballistics of the 6.5mm WCC Carcano bullet the author
concluded that the missing shot was the first shot fired and must have hit the asphalt of EIm
Street at a relatively steep angle of incidence and subsequently self-destructed [148].

The so-called “Magic” bullet in the JFK assassination that passed through two individuals
and remained intact is discussed. Taking into account the exterior, terminal and wound
ballistics of the novel 6.5mm WCC Carcano bullet the author explains through a step-by-step
analysis of the bullet and its journey that there is nothing “magical” about the bullet [149].

The articles about the JFK assassination [146,147,149] triggered an additional letter to the
editor [150], a subsequent response from the author [151] and a separate response [152].

6. Wound ballistics

During the examination of firearm related incidents multiple factors can be taken into
account. The field of terminal ballistics is of importance when reconstructing the trajectories
of bullets through the examination of the evidence, but there is also another source of
information: wound ballistics. As a specific topic within the field of terminal ballistics the
results from examinations might provide more insight into the occurred events.

6.1. Research

When the parameters of a case, including the injuries, are taken into account to formulate a
conclusion about the question whether it was a homicide or a suicide, Bayesian analysis,
using pooled data from a systematic review, can be used to provide information about the
strength of the evidence [153].

To study the effect of the damage from direct shots or from bullet fragments on military
helmets to the head, an anatomically correct skull/brain model has been developed. When
using a ballistic gelatine brain or when completely filling the polyurethane skull with ballistic
gelatine, the obtained fracture patterns compared favourable to the report of actual high
velocity rifle wounds to heads [154].

Another study with ballistic helmets shows that there is a high risk that the deformation of
these helmets upon bullet impact will cause severe injury to the head, called “behind armour
blunt trauma”. The authors make a plea that this should be taking into account when
designing these helmets [155].

Studying bullet hole shape after ricochet, fabric and human tissue were used. Four
classifications of shape were distinguished: nearly round, polygonal, slit-like and letter-like.
Shot were fired on different target materials at angles of incidence of 10°, 20°, 30°, 40° and
50°. The shape of the gunshot wound seems to be dependent on the angle of incidence
[156].

Test were performed to study the lethality of unconventional projectiles (tree branches,

stones, disposable foam earplugs, cotton applicator swabs and chewing gum) fired by a
M-16 assault rifle using 5.56mm blank cartridges. The respective energy per unit area J/cm?
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was calculated and the pieces of tree branches, stones, disposable foam plugs, cotton
applicator swabs and un-used chewing gum were found to be potentially lethal [142].

Adding to the discussion about the lethality of air guns a study has been performed using a
4.5 mm air pistol and a 5.5 mm air rifle. Test shots on 15% transparent ballistic candle blocks
at 1 m and 10 m shooting distance showed that especially shots at the neck, eyes and
thorax region can cause fatal injuries based on the penetration depths. The authors
recommend that kinetic energy limits should be the main point of air gun regulations [157].

Another study also looked at the injury potential of fired air pellets. Test shots were fired on
different combinations of ballistic gelatine and on ballistic gelatine with embedded animal
organs and/or applied animal skin. Some of the possible physical parameters are discussed
that might help to predict the degree of damage, but from the study it was not possible to
define a limit which could be proposed as safe [158].

According to the Polish Weapons and Ammunitions Law air guns with a kinetic energy of the
fired pellet below 17 J are not regarded as firearms. Test using 20% ballistic gelatine were
performed at various shooting distances and the results were compared to autopsy findings.
The findings demonstrated that these air guns can cause serious injuries and that the
gelatine blocks do not fully reflect the properties of the human body [159].

Using ballistic gelatine blocks the injury potential of air gun pellets was studied. Loosely
applying different items of clothing on the gelatine blocks decreased the injury potential
[160].

An uncommon sabot air gun projectile was studied. The results showed that the plastic
sabot cup surrounding the sub-calibre copper-coated lead projectile discarded well in flight
for high energy air guns (E > 17 J). Separation was also observed for low-energy air guns (E
< 7.5 J). While the velocity was similar to that of a diabolo type reference pellet (RWS
Meisterkugel) the energy density of the pellets was up to 60% higher [161].

A study on the effects of a 9mm Luger bullet’s penetration was done by comparing the
behaviour seen in ballistic gelatine with that in a numerical simulation model that was built
using the finite element method (validated through the test shots). The response of the
ballistic gelatine in the process of bullet penetration can be divided into four stages: 1) the
smooth attenuation, when there is no bullet instability, 2) the bullet’s rolling stage, when the
bullet rolls due to instability, its velocity drops sharply, and the kinetic energy is rapidly
transferred to the gelatine, 3) the full penetration stage, when the bullet penetrates through
the gelatine in a relatively stable backswing position and 4) the expansion and contraction
stage, when the temporal cavity in gelatine continues to expand and then contracts. The
effect of the bullet’s impact velocity and angle of incidence on the temporal wound cavity, its
velocity attenuation, its rolling angle, its resistance and energy variation were investigated
[162].

The relation between the kinetic energy of contact shots to the head and bursting of the
head was studied. 35 cases were examined and compared with respect to firearm,
ammunition, entry site and projectile energy. Bursting, disruption of at least 50% of the head,
was associated with energies <2700 ft-lbs in 12/22 cases and energies >2700 ft-lbs in 13/13
cases. No relation between bursting and either wound site, ammunition type or projectile
fragmentation was found [163].

Studying the wounding potential of number 8 shotgun pellets fired by a 12-gauge shotgun it
is shown that fabrics reduce the penetration of pellets into tissue. This effect was greater at
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increasing shooting distance (beyond 40 yd (36.6 m) and for thicker denim and cotton
fabrics [164].

To investigate the trauma potential of pistol crossbows different tests were performed on
these crossbows which operate on remarkable low energy levels [165].

A study on the impact parameters and efficiency of 6.8/15 calibre captive bolt guns shows
that the bolt velocity ranges from v = 42 to 54 m/s and that the kinetic energy values range
from E = 224 to 369 J. The efficiency of the captive bolt stunner (ratio of the kinetic energy of
the stunner’s bolt to the potential energy of the industrial blank cartridge) was found to vary
between 36 and 46% [166].

An experimental and numerical study on the indirect effect of rifle bullets on bones shows
that when the velocity of bullets increases, the stress on bones also increases. Depending
on the distance between the bullet and the bone, the bone will or will not fracture, but is in
both situations affected by the stress wave [167].

Examining contact shots has shown that muzzle imprint marks can be seen on the entrance
wound of victims. It has been accepted that these result from inrushing powder gasses
expanding under the skin which as a results balloons back against the muzzle. The current
study shows that in a considerable number of cases not only excoriations (abrading or
wearing off the skin) but also intradermal haemorrhages may cause an imprint pattern
reflecting the muzzle, its relief and/or contours [168].

Full metal-jacketed rifle bullets with lead cores and open bases can experience deformation
as they jaw during soft tissue penetration. The amount of deformation depends upon the
strength of the bullet and the velocity upon penetration when it goes into jaw. The jaw
behaviour of the bullet depends upon its design (length, ogive shape, ogive length, centre of
gravity, and pre-impact stability) when it penetrates soft tissue. The specific relationship
between bullet deformation and bullet velocity must be worked out through empirical testing
[169].

A database search through the Miami-Dade Medical Examiner Department’s computer
database for homicides from 1997-2011 resulted in a total of 2647 homicides from firearm
injuries. Two of these cases (both on January 1s!) fit the criteria for fatal injuries from
celebratory gunfire, “falling bullets” [170].

6.2. Case reports

Two fatal cases involving discharged spherical lead projectiles fired from muzzle-loading
blank powder firearms are discussed. In contact and close-range shots the deposition of
GSR is greater than for similar shots with smokeless powder. The wad might be found in the
wound channel. Apart from this the mostly spherical shape of the projectiles cause maximum
tissue damage at the entrance side. Similar results with penetration depths up to 25 cm were
seen in ballistic soap covered with pig skin [171].

To be able to compare the injuries found during autopsy to those of the suspected black
powder replica of a Colt Navy of 1851, test fires were made while shooting at 20% ballistic
gelatine blocks. Solid spherical projectiles caused extensive injuries, especially in the initial
segment of the wound canal. Based on the presence and location of the wad in the wound
channel the shooting distance could be also determined [172].
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Tests using ballistic gelatine and the suicide victim’s blank firing pistol showed that the extent
of the temporary cavity after firing 5 g of black powder roughly corresponded to the wound
cavity in the precordial region of the deceased [173].

The lethality of air rifles is demonstrated by a fatal victim following a shot through the heart
by a 0.177 (4.5 mm) calibre pellet. The pellet, with an energy density of 1.9 J/mm?2
penetrated through two layers of cotton fabric and several layers of tissue [174].

The distance of 60 ft. (18 m) between a shotgun and a suspected suicide victim, by a head
shot, triggered a literature search [175]. Multiple publications were found reporting cases of
victims who were able to act following penetrating ballistic head injury. The authors discuss
that three conditions seem to be necessary to support the hypothesis of delayed
incapacitation: 1) the use of a slow and lightweight projectile with low velocity, 2) absence of
injuries of vital and motor areas, and 3) absence of evidence of overpressure injuries.

A case is described where a man was killed by a 9mm calibre gunshot wound to the head.
The skull showed a “keyhole” defect which occurs when a bullet strikes the skull tangentially,
usually fragmenting the bullet [176].

7. Training material and books

Since 2008, the NFSTC has put a firearms examiner training course online [177]. This
course was made in collaboration with AFTE members and is based on the AFTE training
manual.

The book Their Arrows will Darken the Sun: The Evolution and Science of Ballistics by Mark
Denny [178] has been reviewed by James L. Roberts [179]. In his review he states that the
book is easy to read and covers the subject well. Apart from this he says that it is written
from the perspective of an physicist, which might sometimes be confusing for an examiner
because of the use of different nomenclature. The review responds to some errors in the
book and appeals for a second edition.
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1. Introduction

The objective of this review is to provide peer reviewed publications, books and other
activities on forensic geoscience (geology, geosciences and soil science) since the previous
review carried out in 2013 (1). This review is based on articles in academic journals, books
and book chapters, reliable internet resources, academic societies’ web pages and
publications, police and forensic magazines and mainstream publications. The number of
cited peer reviewed journal articles was over 250. This review will refer only to related
conference proceedings. It covers the period from the date of completion of the last review
from 1st January 2013 to 1st June 2016.

This field of study is experiencing a period of expansion. Published articles alone would not
cover all of the advances in forensic geology that have been achieved over this time. In the
20t century, it was rare to find forensic geology papers and presentations in any media, but
it is now easier to find them as the numbers and access to them through the internet have
increased significantly. One of the reasons for this rapid expansion in the development of
forensic geology/soil science is due to the establishment of global organizations such as the
International Union of Geological Sciences (IUGS) (2), Initiative on Forensic Geology (IFG)
(3). This group was established specifically to promote and develop forensic geology
globally.

The term ‘forensic geology’, also referred to as ‘geoforensics’ and ‘forensic geoscience’ and
their definition is still subject to some debate. Ruffell (4) has reviewed these definitions and
pointed out that forensic geology now includes a range of sciences related and/or applied to
the forensic discipline. This review includes the allied disciplines of geology (mineralogy,
sedimentology, microscopy), geophysics, geomorphology, soil science, microbiology,
anthropology, and taphonomy, all which have been used successfully as tools to aid forensic
(domestic, serious, terrorist and international) crime investigation. ‘Forensic’ means
pertaining to the law.

The main areas where the geosciences contribute to forensic provision are as trace
evidence, and also in crime reconstruction and search, aiding the police and criminal justice
systems, while also delivering on aspects such as environmental forensics (e.g. 5), wildlife
crime, and counter terrorism.
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This review is divided into several sections, broken down into specific topic areas, which
relate to forensic geoscience. Evidence, Geophysics, Soil DNA, Search, Environmental
Forensics, Method Development and Taphonomy will be featured, as these are the areas
that have contributed most of the scientific papers over the period of this review. In addition,
a review of developments and activities globally in forensic geoscience will be outlined.
Papers which were not linked to geology or soil science were not included. The first section
predominantly covers refereed publications, while the second section of the review
predominantly outlines the related books and book chapters.

2. Refereed Publications

2.1 Evidence

Over 10% of the published papers had a focus on evidence (6 to 22). These consider both
inorganic analysis (16) and organic approaches (e.g. numbers 7, 12), with several focussing
on Soil DNA, an area of growing research interest (e.g. 13 and see separate section). Some
papers have also proposed forensic lab approaches for the provision of evidence for
Australian soils (20 to 22).

Some papers have explicitly looked at evidence in relation to transfer and persistence (e.g.
23 and 24). Others have focused on transfer in relation to pollen; these papers can be found
in the forensic botany section below (e.g. 25, 26).

2.2 Method Development

Over 15% of the peer-reviewed papers have covered new developments. New method
development has spanned the areas of organics (e.g. 27), isotope chemistry (e.g. 28) and
soil microbiology/DNA (e.g. 29), sample handling approaches (e.g. 22, 23 and 30) and in
relation to infestation estimates (31) and search (32, 33). There has been interest in
inorganic characterisation (e.g. 34 to 35 and 39), with application of synchrotron radiation as
a tool being tested in Japan (36).

2.3 Soil DNA

Interest has risen recently in the use of soil DNA in the context of its use as soil trace
comparisons and as potential evidence, including consideration of a wide range of taxa (29,
30, 37 and 42 to 51 and 211); with over 20% of the refereed publications in this area. The
use of specific groups of organisms such as testate amoebae for time after death
estimations (40) and soil fungi in the understanding of decomposition (41) and mites (59)
has been investigated. Research on tools and techniques has been carried out (e.g. 43, 44,
and 45) and some validation work (46 to 58). More research is required in this interesting
area before it can be used safely in court; there are still concerns over extraction effects and
temporal and spatial effects.

2.4 Botany

Papers which have focussed on forensic botany and palynology comprise less than 5% of
the total number of papers in forensic geosciences. Protocols and case examples have been
described (61 and 62), and papers on the use of palynology for use in indoor crime scenes
has been developing (25, 26 and 60). The role of forensic botany in crime scene
investigation has been reviewed (63).

2.5 Environmental Forensics

Over 12 % of the papers were in the area of environmental forensics (e.g. 67 to 82).
Environmental (as well as criminal) case work and related research has benefitted from
advancement in forensic geoscience. A review of environmental versus criminal application

38



can be found (5). Some papers, focusing on inorganic analysis (11, 12 and 16), have
considered the use of inorganic databases relevant to environmental forensics (1 and 2).

Unfortunately environmental crime is still a major problem in nations where waste has been
buried (e.g. Ireland, UK, Italy), and is an increasing problem with surface dumping of waste.
A recent report was published by UNEP-INTERPOL concerning the rise of environmental
crime (64), and networks have focussed on the topic (e.g. 65, 66). Organisations such as
SEPA (Scotland) and EA (England) help police and legislate such issues.

2.6 Search

The numbers of publications in the area of search increased significantly. The application of
geology to search has taken place since the 1990s, when Laurance Donnelly and Mark
Harrison applied geological methods to search for burials in the United Kingdom. As a result,
this work has significantly advanced police and law enforcement ground searches for graves
and other buried items. Considerable advancement has been made in method development
to improve search capabilities, from work on source location using databases (83), VOC
detection (e.g. 84 to 96 and 106) to elemental profiling (66). Over 10 % of the papers
focussed on such developments.

2.7 Geophysics

Over 15% of the papers spanned the subject of geophysics. Controlled studies using
geophysics have advanced considerably over the period 2013 to present, with long-term
monitoring of controlled sites having taken place (112 to 116), chiefly by Keele University
research groups led by Jamie Pringle in the UK. Ground Penetrating Radar (GPR) and
electrical resistivity (ER) appear to be suitable, with winter surveys optimal for such
resistivity surveys. Conductivity of Leachate plumes show that values return to normal water
levels after 5 years (38). Burial style, soil type and local depositional environment are all key
variables needing further consideration (107, 108, 109 and 111). In addition, book chapters
also covered this subject area (117 and 118) in addition to a range of related journal papers
(119 to 125). Two papers were published on the subject of geomorphology (126 and 127).

In addition to the ongoing research, which is predominantly in the UK, geophysics has
successfully been used over this period 2013 to 2016 in case work in the UK police (mainly
through Jamie Pringle and Alastair Ruffell). Results from some casework have been
published, notably from indoor surveys (98). There have been a few publications on
graveyard investigations (with unmarked burials still being difficult to spot) and potential
detection techniques (thermal imaging for surface remains, side-scan sonar for water
searches, magnetic susceptibility as a complementary technique) (128 to 141).

Geophysical casework continues with police forces, military geophysical and remotely
sensed systems and private consultants throughout the world in the UK, ltaly, France, Brazil,
Argentina and the Philippines. New developments involve unmanned vehicles, both
Unexploded Ordnance (UXO) detection (combined EM GPR platforms in remote vehicles
linked by bluetooth and or radio with cameras at front and end, currently in Syria.
Geophysics continues to be placed on drones with gamma detectors for nuclear waste/old
arms dumps. Spatial location remains at the forefront with increasing accuracy of Global
Navigation Satellite System (GNSS), making all geophysics linked in XY space. Underwater
imaging advances in similar ways with the development of unmanned seabed and sidescan
sonar for side-looking imaging in zero visibility such as the Codaoctopu.

Two recent conferences which featured forensic geophysics were: the European Meeting of

Forensic Archaeologists at the new Gendarmie Headquarters (Pontoise, Paris, France,
August 2015), and the Geological Society of London meeting held on 34 December 2014,
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entitled ‘Forensic Geoscience: Future Horizons’. Other recent conferences on forensic
science have included talks on the use of geophysics, e.g. at the Australian New Zealand
Forensic Science Society. In addition, geo archaeology was the specific topic of a meeting
held in ltaly (232).

2.8 Taphonomy

An aligned area to forensic geoscience is taphonomy, which crosses also the boundaries
with pathology, anatomy, biology, anthropology and archaeology. There are an increasing
number of papers in this area, and one major advancement in this is the setting up of the
new human decomposition facility in Australia led by Shari Forbes — the Australian Facility
for Taphonomic Experimental Research (AFTER) (142, 143). Already this group are
providing new expertise for helping to locate and recover buried evidence, including human
remains, drugs, weapons, and currency (see training section below). 30% of the papers
could be categorized as relating to assisting with understanding the taphonomic processes
(144 to 183).

2.9 Other related publications

Other areas of interest to forensic geoscience which have been published in this period
relate to: blast residue in soil (184), statistics (185), plant and animal provenance (186), use
of fungi in dust tracking (187), engineering (188) and ballistics (189).

3. Book publications

Several key books and book chapters were published over the period 2013 to 2016 (191 to
229). PhD theses are not included in this review. In 2013, a seminal text was produced
covering the wide range of topics relevant to the subject (191). Other books touched on the
topic (192 and 193), others featured environmental forensics (e.g. 210) forensic chemistry
(e.g. 220) while others featured aspects of taphonomy (e.g. 196, 200, 212) and specialist
areas such as diatomology (e.g. 218). In 2016 a book on forensic geoscience, aimed at
university students was published in the USA (233). A book on forensic geoscience was
published in ltalian (230) and one in Chinese (245).

4. Education, Communication and Global training

Communication of forensic geoscience is vitally important. This can be in relation to
educating the next generation of forensic geoscientists (e.g. 17) or to the general public (221
and 231). Training in the topic area of forensic geoscience has taken place in many
countries across the world, carried out by a few key groups, in particular with a global
emphasis, by the International Union of Geological Sciences (IUGS) (2), Initiative on
Forensic Geology (IFG) (3). Some examples of activities, events and meetings where
forensic geoscience played a main part are listed below.

The numbers of presentations and conferences have increased more rapidly than the
previous review period. The success of each event was due to the hard work and
commitment of the hosts and organizers. These events have also benefited from the
increasing interest in forensic geology and related sciences. A brief summary of meetings,
which included sessions on forensic geology, is presented in Table 1.

The number of presentations also introduced in this review illustrate the scope of forensic
geology in terms of the techniques, discussions, and internationally growing recognition of
the importance of forensic geology. Most of the presentations were presented in English in
the previous review; the number of non-English language reports/papers/books has
increased significantly.

40



Year Date Conference Title Conference Link Venue Country
2013 | 18-23 February 65th Annual Meeting of the  http://www.aafs.org/ = Washington, DC USA
2013 American-Academy-of- meetings/future-
Forensic-Sciences past-aafs-meetings/
2013 | 07-12 April 2013 Soils and Human Health, http:/ Vienna Austria
European Geosciences www.egu2013.eu/
Union General Assembly
2013 | 15-18 May 2013  Third International St Petersburg Legal Forum St Petersburg, Russia
2013 | 10-12 June 2013  INEF Penn State http:/ The Pennsylvania State USA
Conference 2013. A forensics.psu.edu/ University, University
conference for the news-events/events/ Park
Environmental Forensics 2013/inef-penn-
Community state-
conference-2013
2013 | 16-Jul-13 International Crime Science https:/ The British Library, UK
Conference www.ucl.ac.uk/jdi/ London
events/crime-
science-conf/
icsc-2013
2013 | 2-7 September 25th Congress of the http://www.isfg.org/  Melbourne Convention Australia
2013 International Society for Meeting and Exhibition Centre
Forensic Genetics, (ISFG)
2013 | 16-Sep-13 Workshop - Improving the Death scene Universita di Pavia Italy
Investigation: Advanced Multidisciplinary
Approaches and their Use in court
2013 | 27-Sep-13 Northeastern Association of Forensic Scientists Cromwell, Connecticut USA
(NEAFS), 39th Annual Meeting.
2013 | 7-9 October 2013 = 2nd International http:/ Jampton Inn Tropicana, USA
Conference on Forensic forensicresearch.co = Las Vegas, Nevada
Research and Technology.  nferenceseries.com/
Forensic Research - 2013  pdfs/forensic-
research-2013-3567
-scientific-
program.pdf
2013 | 08-10 October 17th Interpol International http:// INTERPOL General France
2013 Forensic Science www.interpol.int/ Secretariat
Managers Symposium. INTERPOL- Headquarters, Lyon
Interpol General Secretariat expertise/Forensics/
Forensic-
Symposium
2013 | 14-15 October Biometric Technologies in http://www.ru.nl/clst/  Nijmegen The
2013 Forensic Science btfs/btfs-2013/ Netherlands
2013 | 21-25 October The Russian Federal http:// Moscow Russia

2013

Centre of Forensic Science
(RFCFS) of the Ministry of
Justice of Russia and IUGS

IFG Soil Forensics and
Forensic Geology’

Knowledge Transfer event

www.forensicgeolog
yinternational.com/
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Year Date Conference Title Conference Link Venue Country
2013 | 06-08 November = The Forensic Science http://ialm.apf.it/ The Mercure, UK
2013 Society and California component/kunena/ = Manchester Piccadilly
Association of Criminalists  61-international-
Joint Autumn Conference.  meetings/492-the-
Forensic Horizons 2013 forensic-science-
society-a-california-
association-of-
criminalists-joint-
autumn-
conference.html
2013 | 24-27 November  2nd International https:// United Arab Emirates United Arab
2013 Conference on Engineering www.eage.org/ University, Al Ain Emirates
Geophysics and Forensic events/index.php?
Geology eventid=898&0Opend
ivs=s3
2013 | 09-10 December = 1st Annual International Conference on Forensic Hotel Fort Canning, Singapore,
2013 Science Criminalistic Research (FCSR 2013) Singapore Southeast
Asia
2014 | 17-22 February 66th Annual meeting of the  http://www.aafs.org/  Seattle USA
2014 American Academy of meetings/future-
Forensic Sciences past-aafs-meetings/
2014 | 01-03 April 2014  The Annual Conference of  http://www.ialfs.org/  Ibis World Trade centre,  United Arab
the International ialfs2014/index.php  Dubai Emirates
Association of Law and
Forensic Science (IALFS).
The 1st International
association of forensic
Toxicologists (T.I.A.F.T.)
Middle East Congress
2014 | 08-13 June 2014  20th World Congress of http://www. Jeju Korea
Soil Science 20wcss.org/
2014 | 09-11 July 2014 GeoEnv 2014, 10th http:/ Paris France
Conference on 2014.geoenvia.org/
Geostatistics for
Environmental Applications
2014 | 16th July 2014 8th International Crime https:// British Library, London UK
Science Conference www.ucl.ac.uk/jdi/
events/crime-
science-conf/
icsc-2014
2014 | 18-24 July 2014 IX National http://www.icog.es/ Faculdade de Ciéncias Portugal
Congress of Geology (IX iageth/index.php/ da Universidade do Porto
CNG) and 2 Geology p3loki-by/
Congress of Portuguese
Speaking Countries (2nd
CoGePLiP)
2014 | 04-06 August International Network of http://www.rsc.org/ St John's College, UK
2014 Environmental Forensics, events/detail/11468/ Cambridge
INEF INEF%20Cambridge
%202014
2014 | 31 August - 4 22nd International http:/ Adelaide Convention Australia
September 2014  Symposium of the Forensic www.aomevents.co  Centre, Adelaide
Sciences of the Australian ~ m/ANZFSS2014

and New Zealand Forensic
Society (ANZFSS 2014)
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Year Date Conference Title Conference Link Venue Country
2014 | 6-8 October 2014 = 3rd International Conference on Forensic San Antonio, Texas USA
Research and Technology. Forensic Research
2014
2014 | 13-18 October 20th Meeting of http:/ COEX, Seoul South Korea
2014 International-Association- www.wff2014korea.
of-Forensic-Sciences org/s
(IAFS) part of World
Forensic Festival
(WFF2014)
2014 | 24-26 October The British Diatom Meeting http://www.isdr.org/  Baskerville Hall, Hay-on- UK
2014 meetings/british- Wye, Wales
diatom-meeting
2014 | 07-08 November = UK Chartered Society of http:/ University of Leicester UK
2014 Forensic Sciences Annual  www.bafs.org.uk/
Autumn Conference: The index.php/events/
changing face and pace of  upcoming-external-
trace evidence events/351-
chartered-society-of-
forensic-sciences-
events
2014 | 02-04 December = Forensic Geoscience https:// Geological Society of UK
2014 Group and the International www.geolsoc.org.uk/ London, Burlington
Union of Geological expired/NSGG- House, London
Sciences-Initiative on FGG-Forensic-
Forensic Geology Geoscience-Future-
Horizons
2015 | 02-03 February The Paradigm Shift for UK https:/ The Royal society, UK
2015 forensic Science royalsociety.org/ London
science-events-and-
lectures/2015/02/
forensic-science/
2015 | 16-21 February 67th Annual Meeting of the  http://www.aafs.org/  Seattle USA
2015 American-Academy-of- meetings/future-
Forensic-Sciences past-aafs-meetings/
2015 | 21-22 May 2015 ENFSI Annual Meeting http://www.enfsi.eu/  Pontoise France
2015 agenda/enfsi-
annual-
meeting-2015
2015 | 30 June -2 July FORensic RESearch and http:// Glasgow UK
2015 Teaching , FORREST 2015 www.theforensicinsti
tute.com/
2015 | 3-6 August 2015  5th International Network of Environmental University of Toronto, Canada
Forensics (INEF) Conference Ontario
2015 | 19-20 August International Conference on Environmental Putrajaya Malaysia
2015 Forensics 2015 (iIENFORCE2015)
2015 | 25-27 August National Institute of Justice  https:// San Antonio, Texas USA
2015 Impression pattern and www.forensiccoe.or
Trace Evidence g/Community-
Symposium Involvement/NIJ-
IPTE-
Symposium-2015
2015 | 28-29 August 4th European Meeting on http://www.enfsi.eu/  Pontoise France

2015

Forensic Archaeology
(EMFA) 2015

agenda/european-
meeting-forensic-
archaeology-
emfa-2015
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Year Date Conference Title Conference Link Venue Country

2015 | 31 August -5 26th Congress of the http://www.isfg.org/  Krakow Poland
September 2015  International Society for Meeting
Forensic Genetics, (ISFG)

2015 | 06-11 September = 7th European Academy of  http:// Prague Congress Centre, Czech
2015 Forensic Science www.eafs2015.eu/ Prague Republic
Conference, (EAFS 2015)  invited-
Pushing boundaries, speakers.htm

working beyond borders

2015 | 28-30 September = 4th International http:/ Hilton Atlanta Airport, USA
2015 Conference on Forensic forensicresearch.co  Atlanta

Research and Technology  nferenceseries.com/

2015. From Evidence to

Verdict

2015 | 15-18 November  International Conference http:// Crescent Building, UAE UAE
on Engineering conferences.uaeu.a  University
Geophysics: c.aeliceg/en/

2015 Leading through Creativity, Innovation, and Sustainability

2016 | 22-27 February American Academy of http://www.aafs.org/  Las Vegas, Nevada USA
2016 Forensic Sciences, 68th meetings/aafs-68th-

Annual Scientific Meeting.  annual-scientific-

Transformation: Embracing meeting-las-vegas-

change. nv-2016/
2016 | 19-20 April 2016 = Forensic Expo 2016 http:/ Olympia, London UK
www.csofs.org/
Events/Forensics-
Europe-Expo/
28510s
2016 | 17-22 April 2016  European Geosciences http:// Vienna Austria
Union General Assembly www.egu2016.eu/
2016
2016 | 12-13 May 2016  The Forensic and Policing  http:// College Court, Leicester UK
Services Association www.fapsa.org.uk/

Conference (FAPSA) 2016. fapsa-
Collaboration, Innovation conference-2016/
and Identification: The

Future of Forensics

2016 | 5-7 July FORensic RESearch and http:// The Lighthouse, Glasgow UK
Teaching, FORREST 2016  www.theforensicinsti

tute.com/training/

forrest-conference/

forrest-2016

Table 1. Summary of meetings that included sessions on forensic geology (accessed
11 AUG 2016).

The International Union of Geological Science (IUGS) - Initiative on Forensic Geology (IFG)
held various training and education events. The IUGS-IFG aim is to develop forensic
geology internationally and promote its applications. The specific objectives of IUGS-IFG are
to: 1) Collate and disseminate data and information on forensic geology applied to policing
and law enforcement, criminal, environmental and civil investigations. 2) Promote
international meetings, seminars, conferences and training. 3) Develop a 'Committee' to act
as principal advisers, collaborators and active participants. 4) Develop an international
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network whereby each 'member' will act as a principal contact in their respective country for
the collation and dissemination of information on forensic geology. 5) Collate, make available
and where appropriate review any existing documentation and publications in forensic
geology. 6) Produce a document endorsed by the Committee to be called ‘A Guide to
Forensic Geology’. IUGS-IFG achieves the aim and objectives by various activities. These
include for example the delivery of knowledge transfer, training and outreach events
throughout the world, by publications and by the provision of information on the IUGS-IFG
web site (3).

5. Australia

Shari Forbes in Australia, in addition to establishing the AFTER facility, has focused on
developing improved search techniques (85 to 105). This group has worked with the NSW
Police Force (Dog Unit, Homicide Investigation Unit, Criminal Investigations Unit, Expert
Referral Team), the Queensland Police Services (Homicide Investigation Unit), the South
Australia Police (Major Crime Investigation Branch), the Australian Federal Police (Imagery
and Geomatics Unit), the US Department of Homeland Security (Laboratories and Scientific
Services Directorate, Customs and Border Protection), the Belgium Federal Police (Institut
National de Criminalistique et de Criminologie), and the Brazilian Federal Police. Many of
the above events were held in conjunction with the International Union of Geological
Sciences, Initiative on Forensic Geology (IUGS-IFG).

Research has been carried out by Rob Fitzpatrick and his team (229, 230, 234), at the
Centre for Australian Forensic Soil Science (CAFSS), and by Brenda Woods (AFP) (21, 22
and 23) developing an approach for use by criminalistics experts for the first line
examination of soils. The key purpose of the work by AFP has been to raise awareness of
the potential for soil examination, and to have a working protocol for the initial examination
and triage of soils to make better use of subject specialists down the line. This work is now
being applied in the AFP forensic laboratories, the suggested protocol having been validated
for Australia through their quality system.

6. Europe

In Europe, forensic geoscience is a very vital area of application in both search and in the
provision of evidence.

Listed below in chronological order are examples of forensic geoscience events and
activities. Only those with sessions on forensic geoscience are listed and it is not meant to
be fully comprehensive.

Search training, for the Serious Organised Crime Agency, SOCA, was held in Leicestershire,
UK, March 2013. The objective for the conference was to raise awareness regarding the
support and guidance available from experts operating within a range of academic
disciplines, in the search for missing persons and ‘no-body’ murder victims. This event was
intended for UK Police Search Adviser (PolSA) and the search community. It provided
specific information regarding the contribution that forensic geology, enviro-archaeological
profiling, archaeology, anthropology and biology, can make in the development of search
strategies and tactics. Additional expert advice and display materials were available to
describe the application and use of geophysical search equipment, victim recovery dogs,
and the support available from the National Missing Person Bureau and National Missing
Person Adviser. (See 224, 226 and 229).
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In 2013, the International School Science Fair (ISSF) came to the United Kingdom (UK) for
the first time, being hosted at Camborne Science and International Academy, Cornwall. A
workshop was held which comprised three main events: (a) the World Soil Map 2013
project; (b) a simulated crime scene and geological trace evidence recovery and analysis
exercise and (c) a geological ground search for burials, such as weapons and items
commonly used in crime, using geophysics.

Forensic geoscientists participated in the European Geosciences Union (EGU) General
Assembly meeting in Vienna (Austria, April 2013), and at the 1st Heavy Mineral School,
University of Milan, Italy, May 2013. On 1st and 2 May 2013, Skip Palenik, USA, visited the
University of Milan and delivered a series of training lectures and practical sessions on the
subject of forensic geology. An MSc course was established in Forensic Geology in Messina,
Sicily in 2015, and ran in 2016, supported by the IUGS-IFG.

From 15t-18th May 2013, the Ministry of Justice of the Russian Federation organized a
session devoted to the way forensic science is presented in different countries. The session
was chaired by the Director of the Russian Federal Centre for Forensic Science, and was
attended by the Ministry of the Interior of Russia, the Police Service, Investigative
Committee of Russia, Federal Drug Control Service of Russia and the Federal Security
Service of Russia. Delegates were invited from Armenia, Australia, Azerbaijan, Belarus,
Israel, Italy, Kazakhstan, Kyrgyzstan, Latvia, Netherlands, Northern Ireland, UK, Ukraine and
USA.

The International Forensic Laboratory Managers meeting is held every three years, and in
2013 it took place from the 8th-10t October 2013 in Lyon France (1). This important forum
brings together laboratory managers from INTERPOL countries across the world. At this
meeting, Ritsuko Sugita presented an overview of forensic geoscience around the world as
part of an international review on forensic science. There was also a keynote talk on ‘State
of the Art Forensics’ in forensic science, featuring forensic geology and forensic soil science
by Lorna Dawson. Both members of IUGS IFG outlined the extensive work of the IUGS-IFG.
Discussion with crime scene managers was held and an exchange of methods applied in
different countries was carried out.

As part of the European Researchers' Night, an event was held on 27t September 2013, at
University of Roma Tre, on forensic geology ‘The scientific investigation at crime scene: from
CSl to forensic geosciences’. On 16t to 19t September 2013, the University of Pavia
organized a workshop ‘Improving the death scene investigation: advanced multidisciplinary
approaches and their use in court’ which included a presentation on geological materials as
useful tools for search and localization. In November 2013, a meeting was held at the
Servicio de Criminalistica of Guardia Civil, Madrid, where there was a session on soil as
evidence at the Seminary ‘Analisis Criminalistico de Suelos II'.

Forensic geosciences was represented at the ‘International Workshop on Forensic Science
and Archaeology" held on 22nd and 23 November 2013 at the American University of Rome
by Alastair Ruffell and Rosa Maria Di Maggio. In Italy in February, 2014, the Italian Society of
Environmental Geology (SIGeA), the Register of Chartered Geologist of Molise and the
Register of Chartered Attorney of Campobasso, organized a conference where the first
Italian book on forensic geology, written by Rosa Maria Di Maggio, Pier Matteo Barone and
others was published (230).

ENFSI (European Network of Forensic Science Institutes) Animal, Plant and Soil Traces

Working Group is a European working group, founded in 2010, to look at Animals, Plants, &
Soils Traces in forensic science. It was established from 13 ENFSI-member institutes (from
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9 different countries and 5 associate members). A meeting is held every year and Irene
Kuiper (Netherlands Forensic Institute) is currently the group chair. It covers the areas of
non-human DNA and includes members of forensic science laboratories. On 2nd and 4t April
2014 the Dipartimento of Earth Science of University Sapienza, of Rome, in collaboration
with Forensic Science Dept. of Carabinieri organized the 3rd Working Group Meeting of
ENFSI Animal, Plant and Soil Traces. The James Hutton Institute, in association with ENFSI-
APST, MiSAFE: (http://cordis.europa.eu/project/rcn/108678 en.html) organized a ‘2014/15
Inter-Lab: Soil Forensic Intelligence and Evidence Quality Assurance Test’. The collaborative
exercise was organized in order to build up a picture of the strengths of various soil forensic
analytical capabilities across a wide range of participating European laboratories and to
compare approaches in intelligence in the provision to investigating authorities. ENFSI-
APST is now working to produce some basic guidelines to develop common standards
within European laboratories.

A one-day conference focussed on ‘communication’, entitted Communicating Contested
Geoscience, New Strategies for Public Engagement’, was held at the Geological Society of
London on 20t June 2014. Communicating forensic geology to fellow geologists, the public,
media, other forensic scientists and the media can be challenging. This event provided
examples of how clear and effective communication takes place between forensic geologists
and the police. On 19th — 21st June 2014 the Italian Geological Society held its IV National
Congress, where a session on forensic geology was organised by the Section Young
Geologists in cooperation with Rosa Maria Di Maggio. The event had the aim of showing
young freelance geologists the application of earth science to forensics and the related job
opportunities. In May 2014, Roberta Somma, Rosa Maria Di Maggio, Laurance Donnelly and
Lorna Dawson developed the ‘First Level Postgraduate Master Specialisation Course in
Forensic Geology . This was the first course of its kind in Italy and has the support of the
Italian Police/Carabinieri. This course was endorsed and supported by IUGS-IFG. On 28t
October 2014, the Department of Science and Technology of University of Sannio, organised
the workshop ‘Mineralogical and petrographic techniques applied to judicial investigations’in
cooperation with Rosa Maria Di Maggio and ‘Team Geo Forense’. The event was aimed at
introducing the application of forensic geology to academics and students.

On 2nd December 2014, The Geological Society of London, Near Surface Geophysics
Group, Forensic Geosciences Group, in association with English Heritage, and supported by
IUGS-IFG, held a one day conference on the applications of near surface geophysical
techniques. Near surface geophysical techniques have become increasingly established in
archaeological research and forensic geology and are now routinely applied in
archaeological and geoforensic investigations. This multidisciplinary conference entitled,
‘Future Horizons’ captured shared interests between; the geological, environmental science,
forensic science, geophysics, engineering, geotechnical, mining and archaeological
communities for the assessment of forensic geoscience in the future. The sessions included:
quality assurance in forensic geoscience, geoforensic applications in serious crime and
terrorism investigations, techniques at crime scenes, environmental crime, and the issues of
interpretation of geological forensic evidence.

On 19t February 2015, IUGS-IFG took part in the Geological Society of London themed
events, The Year of Mud’. Two sessions were held entitled, ‘How can Volcanoes Help Solve
Crime? The venue was the Ulster Museum in Belfast. This attracted 75 attendees who
participated in soil examination and footwear. A Forensic Geology session was held at the
Northern Ireland Science Festival. This event was organized by the Ulster Museum in
collaboration with Queen’s University Belfast (QUB), Geological Survey Northern Ireland
(GSNI) and Northern Ireland Regional Group of the Geological Society of London. This
included an overview of, ‘What is forensic geology and how has geology helped to solve
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several high profile criminal cases in the UK and internationally?’ For example, how can soil
found on a shoe help to solve a crime? A series of interactive talks was followed by a
treasure hunt for forensic geological clues using exhibition material in the Ulster Museum
which revealed how a forensic geologist thinks and shows how an understanding of
geological processes and environments can assist the crime.

The 4th ENFSI annual meeting was held on 16t to 17t April 2015, at Riga, in Latvia. There
were three sessions on; ‘Wildlife and Non-human DNA’, ‘Soil’ and ‘Morphology’. In addition,
there was a ‘bring an unsolved case to the group’ session, which was useful for sharing
innovative ideas and best practice. On 22nd to 27th May 2015, a training course was
delivered in Namur, Belgium, organized from the ENFSI (ASPT). The course included pollen
and mineral extraction and characterization, focusing on microscopy when samples are very
small.

On 10t to 11t June 2015 the University of Messina, Sicily, hosted a new MSc course in
Forensic Geology, the first of its kind in Italy. The Master is a specialization, higher
educational, cyclical, and long-term course with a final First Level Postgraduate Master
degree, after a final exam. The course aimed to provide the delegates with training in
Forensic Geology and a basic knowledge in the legal field and a focus on technical and
scientific matters, to deal with professional reports and consultations, as ex officio technical
consultant in civil trials, or as expert withess/consultant in criminal trials, having a certified
training and education. On 25t and 27t June, 2015 the ltalian Geological Society held its
National Congress, where a session on forensic geology was organized by the Section
Young Geologists in cooperation with Rosa Maria Di Maggio. The event Forensic geology:
application had the aim to show to young freelance geologists the application of earth
science to forensic and the related professional perspectives.

On 16th - 17th September 2015, the University of Messina, the Master course in Forensic
Geology and the Master course on Forensic Science, with the patronage of RIS of Messina,
the IUGS International Union of Geological Sciences — Initiative on Forensic Geology (IFG),
the National Council of Chartered Geologist and the Register of Chartered Attorney of
Messina organised the two events ‘Days on Forensic Geology’ and ‘Field training on
forensic geology for the search of buried objects in test sites’. The course was attended by
approximately 50 delegates, and the content included a series of formal lectures followed by
knowledge transfer events and field training.

The 4th European Meeting on Forensic Archaeology (EMFA) was held on 28th to 29th
August, 2015 in Pontoise, France. EMFA is a joint venture between the Forensic Science
Institute of the French Gendarmerie (IRCGN) and the ENFSI project group Forensic
Archaeology. The theme of the conference was, ‘Crime Scene: Role of the Forensic
Archaeologist in a Multidisciplinary Team’ and has a stated purpose of discussing the
present and future state of forensic archaeology in European countries, to present relevant
case studies, research and development. The 7th European Academy of Forensic Science
Conference, Prague, Czech Republic, was held on 6t to 11t September 2015. The
conference focused on, ‘Pushing Boundaries and Working Beyond Borders.’

Laurance Donnelly and Martin Grime (former British Police and FBI canine trainer), with
support from Alastair Ruffell and Mark Harrison explored research opportunities aimed at
better understanding the deployment of victim detector dogs to locate homicide graves and
to explain the generation of false-positive indications.

In June 2016 the Institute of Geologists of Ireland and Geological Survey of Ireland
organized a seminar on the Applications of Geology to Crime, Police and Law Enforcement
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where Alastair Ruffell, Lorna Dawson, Duncan Pirrie, Jennifer McKinley, and Laurance
Donnelly, held a knowledge transfer session with the Irish Police (Garda).

In Russia, forensic soil science is used regularly in casework. The Russian Federal Centre
of Forensic Science (RFCFS) of the Ministry of Justice of the Russian Federation, - Moscow,
has a laboratory dedicated to examination of soil and biological trace forensics , with Olga
Gradusova — the head of the laboratory, and Ekaterina Nesterina — leading state soil forensic
expert (235, 236 and 237). They carry out around 20-30 soil forensic examinations annually,
with almost all cases of a criminal nature.

7. Latin America

In Argentina and Brazil several meetings were held (e.g. 238), driven by Carlos Molina.
Scientific papers were produced (126, 143, 244) and interviews were given (e.g. to the
Discovery Planet (September 12th, 2013)) and popular press articles were published (e.g.
238, 239, 240, 241, 242, 243).

8. United States

The Scientific Working Group for Geological Materials (SWGGEO) chaired by Bill Schneck,
was started in 2011. In 2014, the Scientific Working Group for Geological Materials
(SWGGEO) was dissolved, along with most of the other scientific working groups (SWGs) in
the United States. A new organization was established under the National Institute of
Standards and Technology (NIST) called the Organization of Scientific Area Committees
(OSAC). This new organization largely replaced the various forensic science SWGs with a
single organization. The result is that the many autonomous groups that used to operate
independently of each other, and with very different processes and standards, now operate
under a single umbrella organization with much greater consistency. One of subcommittees
in the OSAC is the Geological Materials Subcommittee, and this group is continuing much of
the work that was started by SWGGEO. The new subcommittee has met in person on two
occasions, in January 2015 and January 2016. Additional meetings are planned for late
2016 and April 2017.

In its first year, the subcommittee created a draft guideline on collection of soil in the field (for
use at crime scenes, for example). There are two workshops scheduled to take place late in
2016 to test the fitness for purpose of this draft document. Based on feedback from the
workshops, the subcommittee intends to modify the guideline and then submit it to ASTM
International, a standards development organization. The subcommittee is currently in the
early stages of preparing new standards and guidelines related to forensic soil examination
in the laboratory. Information about the OSAC, the Geological Materials Subcommittee can
be found on NIST’s website (http://www.nist.gov/forensics/osac/sub-geo.cfm).

The American Academy of Forensic Sciences (AAFS) hosted a two-day workshop ‘What Did
You Just Step In?! Use Forensic Soil Examinations to Find Out’ and the Geological Society
of America (GSA) Annual Meeting had a ‘Progress in Forensic Geochemistry’ session with
12 presentations. The GAC-MAC-AGC-AMC Joint Annual Meeting held a Forensic Geology
session with 7 presentations.

10. Activities in other countries
‘Evidence from the Earth’ the seminal book by Ray Murray was translated into Chinese by

the Ministry of State Security, PRC (245). Murray was then invited to China to present on the
subject of the forensic geosciences. It was then arranged for GuoHongling, a forensic
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geologist with the Institute for Forensic Science, China, to make a presentation at the IUGS-
IFG meeting in Cape Town and become a member of this international body.

In addition, forensic geoscience is still active in Japan, largely through Ritsuko Sugita, (1),
who held a session on forensic geoscience on 11th to 13t September 2015 in Japan, and
with interest now growing in the middle East (Table 1, 15t to 18t November 2015).

11. The Future

As mentioned in the introduction, the development of forensic geology is advancing very
rapidly, and it is likely that this situation will continue with great examples of the effectiveness
of the approaches developed in this field for intelligence, investigation and as evidence in
court. It is pleasing to see so many organizations with an international cooperation focus,
and a drive to improve the quality standards globally.

However, geological setting, soil type, availability of equipment and/or availability and
resolution of the available databases in each nation are different, and therefore optimization
of developed techniques and the application of that knowledge depend on that individual
national context. Increasingly collaboration between nations is vitally important, as crimes do
not recognize national boundaries. Forensic geoscientists, working with partners, such as
the wider forensic disciplines, legal practitioners, police officers and wider research
groupings, along with continued international cooperation should help deliver safer
outcomes in the fight for justice.
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1. Introduction

This review paper covers advances in scientific methods applied to Gunshot Residues
reported since the 16t Interpol Forensic Science Symposium in October 2013.

A literature search was conducted covering articles published in the main forensic journals in
2013, 2014 and 2015.

During discharge of a firearm, primer and gunpowder residues as well as metal particles
from the projectile and the cartridge case are expelled from the muzzle and from other
openings of the firearm. These residues are referred as primer residues, firearm discharge
residues or gunshot residues (GSR). During the last three years, a review has been
published on this topic by Chang et al [1]. The basic principles and fundamentals are
discussed in this article: ammunition, GSR, evidential value, inorganic and organic detection,
estimation of the firing distance, bullet hole identification, estimation of the time after
discharge and determination of ammunition type.

Scanning electron microscopy coupled to energy dispersive X-ray microanalysis (SEM-EDX)
still is the method of choice for the identification of inorganic GSR on samples. This
technique is well suited for the detection of small particles (down to 0.5 ym) containing
heavy metals such as lead (Pb), barium (Ba) and antimony (Sb) originating from primers
with a classic composition (e.g. sinoxid primers). Moreover, it allows for the determination of
the correlation between the morphology and the chemical composition of individual particles,
composed of Pb, Ba and Sb, considered as characteristic of GSR. However techniques such
as GF-AAS, ICP-OES, ICP-AAS and ICP-MS are still used in some forensic laboratories,
because of their high sensitivity, their speed and their ease of use, despite the fact that
morphological information of the particles is absent. Vanini et al. published two articles about
the use of ICP-OES to detect GSR on samples taken from hands [2, 3]. They showed that
the concentration of the elements is correlated to the number of shots, and in some
favourable circumstances, it should be possible to predict the number of shots with a good
accuracy.

2. Inorganic GSR

2.1 Fundamentals of GSR formation

Using particle-induced X-ray emission, Duarte et al. examined the heavy metal elemental
ratios found in primers and compared these ratios to the ratios obtained from large particles
(50 to 150 pym) recovered on targets [4]. These authors showed that these ratios do not
correlate with each other, especially for Ba/Pb. This study confirms results in a previous
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publication [5]: GSR particles found in cartridge cases do not always correlate with GSR
particles coming from other samples (hands, target).

Melo et al. characterized submicron GSR particles by transmission electron microscopy [6].
For the brand examined in this study (CBC ammunition), they showed that the majority of
the particles produced consist of crystallite agglomerates. Moreover, the diffraction patterns
indicate the presence of metals and metallic oxides of lead and antimony. Following these
observations, the authors assumed that a cloud of metallic atoms is immediately generated
after the shot; these atoms condensate into metals and metallic oxide crystals, which then
agglomerate around each other. Based on these observations and according to the authors,
crystallinity seems to be a characteristic feature for most of the nanopatrticles, and, as a
consequence, GSR particles are not entirely amorphous, as claimed before.

2.2. Non-GSR sources of GSR-like particles

Since the beginning of GSR-expertise, concern has been expressed about GSR-like
particles originating from a non-ballistic origin, which could lead to false-positive
interpretation of the results at the source level; these particles are similar to GSR but do not
originate from the use of primers. Numerous publications have already described particles
produced by environmental and industrial sources. Especially, many researches have
focused until now on potential sources of Pb, Ba and Sb from the environment. However,
with the introduction of ammunition containing metal free primers, research nowadays has to
be conducted to determine which are the potential sources of particles having the same
composition as the new types of primers and presenting a typical GSR-morphology.
Concerning this topic, Brozek-Mucha examined particles coming from welding fumes [7], for
which one can expect a typical GSR-morphology. These particles indeed look similar to GSR
particles and according to the author, the distinction is not trivial and can only be done by
trained analysts. However, these particles are registered with a great number of particles of
iron and iron oxides; taking these particles into account can prevent false positives in real
cases.

As written before, GF-AAS is still used in some forensic laboratories, even if this technique
does not offer any morphological nor any chemical information of individual particles; this
leads to a greater risk of false positives. Therefore it is crucial to monitor levels of Pb, Ba
and Sb in different environments, in order to set a threshold value of environmental
contamination. In this way, and because there was a need in some reals cases, Aksoy et al.
[8] examined the level of Sb in different fabrics used to cover vehicle seats. They showed
that polyester covers are a potential source of Sb. The presence of this element, uniformly
distributed in the fibers, is due to the use of Sb compounds as catalysts during the
production process. The authors conclude that in cases for which polyester material is used
to cover the seats, GF-AAS should not be used to detect the presence of GSR in vehicles.

2.3. Interpretation of analysis results and the application of Bayesian principles
Applying the well-known case-by-case approach previously suggested by Romolo and
Margot previously [9] in her daily work, Brozek-Mucha published a review [10] of selected
problems dealing with the chemical and morphological properties of populations of GSR as a
function of different factors, such as the type of ammunition, the distance from the muzzle to
the target, the type of substrate the particles sediment on and the time between shooting
and collection. Using this approach, the author demonstrated the possibility to get additional
information on the modus operandi, by analysing the chemical and morphological properties
of the particles of interest in details, and by performing reference shootings. This leads to an
accurate characterization of the type of particles produced during the shooting incident.
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In 2009 and 2011, Biedermann et al. proposed the implementation of the evaluative
approaches and the Baeysian networks in the GSR field [11, 12]. The networks were based
on statistical models developed by Cardinetti et al. previously [13]. They demonstrated how
Bayesian networks may be used to model numerous factors involved in the calculation of the
likelihood ratio. Based on own experimental GSR persistence data, Gauriot et al. developed
a more complex Bayesian network [14]. According to them, this network was able to take
into account more accurately the different scenarios and conditions related to a shooting
incident. However, using two examples from real cases, they showed that even by applying
this approach, the likelihood ratio strongly depends on various factors, such as the level of
background of contamination. Since these factors can be assessed quite differently
depending on the expert’s personal opinion, the authors conclude that serious caution
should be exercised when statistical approach is used, in particular Bayesian approach, is
used for the interpretation of GSR results. The opportunity to comment this article was taken
by Gallidabino et al. [15]. According to them, the weakness of the interpretation is due to the
nature of the evidence (i.e. GSR) and not to the models proposed. These models only point
out the complexity of interpretation in forensic science, and particularly in GSR.

Applying an evaluative approach in their routine casework, Hannigan et al. examined the
background levels of GSR on clothing from arrested suspects who were not related to
firearms cases [16]. These evidences are optimally suited for background level estimation
since these suspects, unlike other people, follow the same path than suspects related to
firearms (arrest, body search, transfer to police facilities etc...). Out of 100 garments
analysed, 98 did not show any GSR particle; one garment had 1 GSR particle, another one
had 2. These results give an excellent indication on the contamination risk of arrested
suspects, and can be used as valuable data to calculate likelihood ratios. The frequency of
occurrence of various cartridge case compositions from real cases was also reported in this
article.

As for other trace particulates, secondary transfer of GSR is an important issue, since an
innocent person could falsely be accused to have been present in a shooting environment,
or even to have been the shooter because of the presence of GSR on him. French et al. [17]
studied three scenarios: sampling a shooter, sampling an individual having shaken the
hands of a shooter, and sampling an individual having handled a pistol that had recently
been used. However, one should note that in this study, no (or very short) delays were
observed between the shots, the actions and the sampling; this is not like in real cases. If
the first scenario led to the detection of the highest quantity of GSR, the two other scenarios
showed that relatively large numbers of GSR particles were transferred during the
secondary transfer process. Moreover, no significant differences were observed in terms of
size: secondary transfers of small and large particles were observed in both scenarios. This
study confirms the risk of misinterpretation of results, and possibly misidentification of the
shooter. In a second paper [18], French and Morgan examined two additional scenarios:
sampling an individual at the end of a chain of two handshakes with a shooter, exploring the
potential for GSR to undergo tertiary transfer; and sampling the bystander of a shooter.
Significant GSR particles have also been recovered for both scenarios. Moreover, the
efficiency of the transfer was found to be as high for the third transfer (40-50%), as for the
second one (5-10%). This study highlights the need to prevent unwanted transfer during
collection phase; some recommendations are given to prevent this risk.

Brozek-Mucha [19] examined the prevalence of GSR in selected populations. For 100
people who were not related to firearms, only one GSR particle was identified on one
individual. For people coming into contact with firearms, the number of particles identified
strongly correlates with the time interval between last shooting and sampling. And not
surprisingly, frequent shooters (on a daily basis) are highly contaminated. Similar to studies
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conducted by French et al., Brozek-Mucha also examined different scenarios involving
primary and secondary transfer of GSR. A particular case of secondary transfer was also
examined, i.e. the potential contamination of hunter’s relatives. For this population, living in
the same environment as a shooter, this situation does not represent a great source of
contamination. In her conclusion, the author claims that the number of GSR particles found
on a suspect should always be put in relation to the circumstances/context of the case.

Charles et al. examined the collection efficiency of GSR as a function of the type of fabric
(cotton, leather and wool) [20]. They showed that the sheddability of the fabrics plays a
crucial role in the collection efficiency of GSR, since the efficiency is about five-fold higher
for leather (low sheddability) compared to wool (high sheddability); the main reason
explaining this difference being the rate of saturation of the stubs.

2.4. Quality

In the domain of GSR analysis, the reference norm is the ASTM 1588 which was recently
revised (March 2016) [21]. Compared to the previous version, the novelty is the introduction
of the definition of major, minor and trace elements in particles of interest. Beside this norm,
two guides exist: the ENFSI guide (more or less the same as the ASTM norm) [22] and the
SWGGSR guide (more detailed, in terms of interpretation) [23].

Proficiency tests are conducted every year. They are organised by commercial provider
QuoData (Germany) in collaboration with the ENFSI Expert Working Group "Firearms and
GSR", and consist in the detection by SEM-EDX of 150 to 200 three-element particles (lead,
barium and antimony) distributed in 4 size classes (0.5 to 2.5 ym). Three proficiency tests
were conducted during the period of interest (GSR2013, GSR2014 and GSR2015).

White from the Texas DPS Crime Laboratory Service reported a specific aspect of Quality
Insurance, i.e. negative and positive controls [24]. Because his laboratory uses three
different SEM/EDX systems, he used the youngest to adjust the different parameters of
these systems, in order to obtain the same analytical performances. For these positive
controls, one can use the ENFSI proficiency tests described earlier. However these
standards are quite expensive and according to the author, can suffer from beam
degradation over time. Therefore he prefers to use his own in-house positive samples,
obtained from shooter’s hand.

However, because of potential cross-contamination, reservations can be expressed to
introduce positive controls into the laboratory. Therefore Hearns et al. introduced ytterbium-
tagged positive controls [25]. Tagging positive controls can indeed monitor potential cross-
contamination of pieces of evidence. The method of tagging consisted in spiking sinoxid
based primers (containing Pb, Ba and Sb) with ytterbium prior to discharge. With this
procedure, the majority of the PbBaSb particles produced were successfully tagged with the
marker. Ytterbium was chosen because its oxide should have little effect on the combustion
properties of the primer. Moreover, none of its X-ray peaks overlap with any of the elements
Pb, Ba or Sb.

Following the acquisition of a new field-emission SEM/EDX, Izraeli et al. optimized several
parameters of the device in order to detect a maximum of particles within a minimum
analysis time [26]. The samples used for the optimization process were taken from real
cases. The ENFSI proficiency test was also used at the end of the validation. The
parameters optimized were the accelerating voltage, the backscattered electron emission
acquisition time, the backscattered electron image threshold, the magnification and the
number of pixels per backscattered electron image. According to the authors, 20 kV is the
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best accelerating voltage. They suggest to use the highest magnification possible together
with the lowest image resolution possible.

Using a multivariate optimisation, Vanini et al. established the best operating conditions for
detecting Pb, Ba and Sb by ICP-OES [27]. Three variables were studied: radio frequency
power, nebuliser gas flow and aspiration rate. They showed that nebuliser gas flow was the
most important parameter in the optimization of the signal intensities.

3. Instrumentation and methods
A number of new instrumental methods were introduced, which consisted mostly of
adaptations of existing element analysis.

In [28] Goudsmits et al. present a comprehensive review of the recent trends in the analysis
of organic gunshot residue. They cover inorganic as well as organic GSR analysis, sampling
techniques, GSR markers and give a short overview of more recent developments using
techniques such as Raman/FT-IR and electrochemical analysis.

In [29] Cid et al. report on a new technique they have developed to improve the limit of
detection for tin in aqueous solutions with Flame Furnace Atomic Absorption Spectrometry.
They describe the use of a subcritical fluid nebulizer that operates with liquid CO2 to pre-
concentrate the tin-ADPC complex in solutions, which yields a 240-fold increase in
sensitivity and 325-fold improvement in detection limits. Such marked improvements can be
well used in the detection of tin on hand samples from shooters, where tin, lead, barium and
antimony are still used as indicators for the presence of GSR in cases where the analysts
have only access to AAS techniques for their investigation. The authors illustrate the
application of their method by using test shots with four types of 9mm ammunition.

3.1 Use of Raman Spectroscopic techniques in GSR analysis
There is a marked increase of publications in which Raman spectroscopic techniques are
used, sometimes in combination with other instrumental methods.

In [30] Abrego et al. introduce their method combining Scanning Laser Ablation-ICPMS and
Raman Spectroscopy for the detection and characterization of GSR particles from lead-free
ammunitions. They describe their development of an adapted sampling stub, based on the
commercially available carbon adhesive-covered SEM stubs, which they have covered partly
by a polytetrafluoroethylene (PTFE) layer. This PTFE layer is used as a background for the
Raman spectroscopy of organic GSR particles, while the adhesive layer is used for the
search for inorganic particles by the SLA-ICPMS system. Using this very sensitive and
quantitative elemental analysis system, they can automatically scan and characterize the
composition of the inorganic GSR particles based on 20 elements commonly found in lead-
free GSR and compare this to cartridge information in a case-by-case approach (since the
inorganic GSR particles expelled by lead-free ammunition are ill-defined). The search for N-
DPA and other known organic GSR particles is, on the other hand, still based on a manual
search. In their future developments the authors will work to further automate the Raman
search process, yielding instrument throughput times under two hours per stub.

In [31] Bueno and Lednev describe how they use data from complementary Raman and FT-
IR analysis to improve the statistical discrimination of GSR. Using particles from .38 and
9mm ammunition they acquired both FT-IR and Raman spectra. Both types of spectra were
shifted a small amount, indicating that they probe different vibrational modes of the
molecules. By using statistical data analysis on combined spectra of only 46 patrticles, the
authors show that it is possible to discriminate GSR particles as coming from one or the
other firearm/ammunition combination. This information could be used by investigators to
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assign or rule out a weapon/munition combination to have discharged a crime scene GSR
sample.

Lopez-Lopez et al report in [32] on their study of a memory effect when using two types of
ammunition (one containing DPA and the other ethyl centralite) through the study of the
Raman spectra of the macroscopic particles. They do remark that the intra-batch variability
(that is the variation between the spectra of particles within one batch) can be rather large.
Moreover, the variability of the memory effect could vary depending on the sampling
location. Their findings should therefore be limited to the analysis of macroscopic particles
found on tan-coloured targets, where they can be easily visualized.

In [33] Zeng et al. discuss the fundamental work they have performed to elucidate the
vibrational landscape of ethyl and methyl centralite visible in Raman scattering spectroscopy
using Density Functional theory (DFT) simulations. They show that there is a good
agreement between the theoretical predictions and the spectra they acquired on real
samples using a home-built Line-scan Raman (LSRM) unit. The authors claim that their work
is a step forward for the detection of GSR containing centralites using Surface Enhanced
Raman Scattering (SERS) technique.

In [34] Bueno and Lednev report on their experiments to acquire automated chemical
mappings of Raman data from adhesive tape samples of organic and inorganic GSR. The
laser beam of the Raman microscope was scanned over the surface area of the samples,
collecting Raman spectra from each point. The chemical mappings corresponding to the
previously acquired GSR standards particles were used in a chemometric treatment (PLS-
DA) to reveal the presence of particles which were subsequently automatically classified as
organic or inorganic GSR. The authors claim that, when fully developed, their method will be
able to find GSR particles and classify them without expert intervention. The method works
irrespective of the composition of the GSR (classic or heavy-metal free) and detects
particles larger than 3.4 ym. Work is still underway to improve on the size limit for detected
particles, to establish precise vibrational mode assignments of the particles and to speed up
the scanning process.

3.2 Use of ATR-FT-IR imaging in GSR analysis

Also ATR attachments to FT-IR instruments have been used for the characterization of
individual particles as GSR. In [35] and [36] J. Bueno and I. Lednev describe their use of
Attenuated Total Reflectance(ATR) imaging and FT-IR spectroscopy in the application of
finding and characterizing GSR particles on a cloth substrate. Both organic and inorganic
GSR particles show a characteristic vibrational fingerprint, allowing them to be identified on
a sample. Using statistical analysis methods, the authors were able to discern between GSR
particles expelled by several types of ammunition. In order to determine the applicability of
the method to detect both organic and inorganic GSR, the authors fired two weapons at a
cloth and collected the GSR particles on adhesive tapes. Analysis of these samples shows
that particles of sizes down to about 5 ym can be positively identified as GSR, based on
their vibrational fingerprint. As this was a proof of concept study, the authors will expand their
future experiments to include more types of firearms-ammunitions combinations in order to
obtain a larger collection of vibrational fingerprint spectra and so minimize the risks of false
positive assignments.

3.3 Use of Mass-spectrometric analysis techniques in GSR analysis

Mass spectrometry continues to gain momentum in the analysis of GSR, both for inorganic
and organic types of particles. A lot of this effort is guided by the need to find alternative
analysis procedures for the lead-free and metal-free primers which are starting to appear in
general casework. In [37] Thomas et al. report on their study of unburned smokeless
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powders by using UPLC/MS/MS techniques. Various powder samples of single and double
base composition were analyzed to determine the relative composition of their additives.
With this information it was easy to make a distinction between different brands and even
production lots per brand. Further testing is necessary to validate this method for application
on recovered GSR samples after firing or post blast explosives residues.

In [38] Szynkowska et al. report on their work on detecting and characterizing GSR particles
using Time of Flight - Secondary lon Mass Spectrometry (ToF-SIMS). Using fired cartridge
cases of shotgun shells, they were able to sample, visualize and analyze the characteristic
GSR particles - even from different types of surfaces (eg wood, metal, plastic) after a
secondary transfer had been performed by touching them with contaminated fingers. The
particles were lifted from the secondary transfer surface using different types of adhesive
tapes. Moreover, by correlating the images of Na+ and K+ ions, naturally found in the
excretion of sweat, and with the elements of the characteristic particles, they could show that
the GSR particles were transferred to the surfaces on the fingerprint ridges of the
contaminating person. The composition of the GSR particles was finally confirmed by classic
SEM/EDX analysis of particles from the cartridge cases.

The usability and advantages of lon Beam Analysis for GSR forensics was tested by Romolo
et al. in [39] and compared to the widely accepted technique of choice SEM/EDX. Because
of a number of fundamental effects, Proton Induced X-ray Emission (PIXE) and Proton
Induced Gamma-ray Emission (PIGE), offer a number of advantages in the analysis of
ammunition types that contain no heavy elements. These advantages enable the detection
and quantitative characterization of GSR particles containing only nonmetals, light metals
and other typical lead-free primer elements such as Sr and Zr. Notably, authors successfully
detect B in a lead-free primer with PIGE, through the use of a proton-induced nuclear
reaction. Finally, the PIXE technique allows distinguishing between overlapping Ti and Ba
lines, which often cause problems in correctly classifying potential GSR patrticles. Although
the authors acknowledge the fact that the prohibitive cost of the IBA equipment make it
impossible for forensic labs to invest in this technology on an individual basis, they point out
that ample research facilities in Europe exist which can provide analytical services through
international cooperation in selected high-impact cases.

In [40] the same research group takes the principle of IBA a step closer to the forensic
practice by developing and testing a protocol to manually relocate particles on a previously
analyzed SEM/EDX sample and performing multivariate statistical analysis on the PIXE data
acquired from these GSR particles. The authors show that the protocol can successfully
relocate the particles larger than 1 ym and quantitatively characterize them. Radiation stress
tests show that the particles are not altered by the analysis so that a subsequent analysis is
possible. Multivariate data analysis shows that samples of classic lead-primer ammunition of
different brands can be discerned and ordered into groups. The characterization and
grouping was performed on samples from both cartridge cases and shooters’ hands.
Furthermore, the known variability of composition between cartridge case particles and hand
samples, nor possible memory effects on hand samples had a significant influence on the
classification and grouping of the particles in distinct brands.

In [41] Taudte et al. present an extensive review of the work already performed in the
analysis of inorganic and organic GSR using mass spectrometric techniques.

In [42] Benito et al. propose a rapid and sensitive method to sample and analyze 18 different
species of organic compounds found in organic GSR by LC-QToF. In order to enable also
the analysis of inorganic GSR components, a home-modified tape lifting technique was
developed and compared to the classic swab sampling method. In their studies, both “lead-
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free” and “heavy-metal free” ammunition types from Fiocchi and Remington were used. Their
results show that, for most of the tested analytes, the modified tape lifter equipped with a
partial PTFE layer outperforms the classic methanol swabs, while it still enables for the
simultaneous analysis of inorganic GSR particles by SEM/EDX. The authors state therefore
that their proposed method is an ideal analytical combination in case lead-free ammunition is
used in a firing incident.

In [43] Tarifa and Almirall demonstrate yet another technique for the detection and
characterization of both organic and inorganic GSR on the hands of a suspect. As the
current method of choice for GSR detection relies on the time-consuming SEM/EDX
technique, which only detects the inorganic components of GSR, a novel and fast method is
proposed by the authors, which can detect both the inorganic elemental components and the
organic compounds indicative for GSR from one single swab sample applied to the
suspect’s hands. The proposed technique employs headspace analysis of volatile
components present in the swabs by GC-MS - focusing on the N-DPA additives and powder
compounds - and a Laser Induced Breakdown Spectroscopy (LIBS) analysis of the inorganic
elements - specifically lead, barium and antimony. Although further work is necessary to
confirm the results, the authors see advantages for this method as only one swab sample is
required to quickly provide both organic and inorganic data in the search for GSR
components.

In [44] Taudte et al. report on the use of Artificial Neural Network (ANN) software to
automatically optimize the parameters for the quantitative analysis of 32 components they
defined in organic GSR by gradient UHPLC. The method is able to analyze a mixture of
components in under 27 minutes with detection limits below 0.2 ng, yielding LODs lower
than previously reported organic GSR concentrations in simulations. Further work now
needs to focus on the sampling protocols and treatment of samples for GSR collection of
both organic and inorganic components in real-life shooting situations.

3.4 Field testing and field-deployable equipment for GSR analysis

There is a clear tendency to try to introduce GSR analysis tests already at the crime scene,
for use by the police forces in tactical investigations. An example of this is the visualisation of
contact of suspects with the butt or other parts of a firearm. A few years ago the PDT
technique was introduced by the Israel police to visualise Fe(ll) on the hand palms of
shooters in the field or police station. In [45] and [46] Bar-Or et al. discuss their efforts to
improve the results of the use of the PDT reagent (commercialised under the name
Ferrotrace™ and Ferroprint™) to detect the presence of Fe(ll). The sensitivity of the method
can be enhanced by increasing the skin humidity after the PDT has been sprayed. Two
methods are tested for this purpose: holding the hand in the vapor of a boiling water kettle,
and covering the subject’s hand by a plastic bag to induce sweating. The first method is
proven to be superior over the plastic bag. Furthermore, the authors test the effectiveness of
the PDT method on the hands of children, a test that has not before been undertaken but is
forensically relevant, as children in the United States often come into contact with firearms in
their home and are sometimes involved in accidental or juvenile shootings. In comparison
with adult test subjects, the test tends to give better results with the children, probably due to
the elevated acidity of their sweat when compared with that of adults.

Another example of tests that can be used by police forces is presented by Robberts et al. in
[47]. They describe the use of p-dmac as a presumptive color test for nitroglycerin. This color
test may therefore be used as a simple field test regarding the nature of unburned powder
pellets as originating from single or double-based powder. The authors show that the color
reagent works by confirmation studies using GC-MS as an independent lab analysis
technique on twenty five different brands of smokeless double-base powders.
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Although presumptive color tests have been used by police forces in the field for a number
of years, there is now a recent tendency to introduce more complicated equipment in the
crime scene or police station environment. In [48] Hondrogiannis et al. show the application
of a man-portable Laser Induced Breakdown Spectroscopy (LIBS) instrument for the
analysis and discrimination of inorganic GSR on the crime scene. They show that it is
possible to analyse, discriminate and produce a clustering model for three wide-spread
ammunition brands based on the elemental distribution of twelve elements found in the GSR
recovered from cartridge cases on the scene. Using this small dataset it is possible to
attribute an unknown sample to the correct munition brand with a 66% probability. The
findings of this field-applicable instrument have subsequently been confirmed using a
laboratory benchtop instrument. The lab tests revealed the presence of two more elements
in the mix which may be used to improve the discriminator efficiency. Although the big
advantage of the portable system is that it is deployable in the field, the sampling technique
may be improved to yield more constant quality spectra, an issue which will be addressed in
the future research efforts of the authors.

In [49] Yeager et al. test the use of lon Mobility Spectrometers as field-operable presumptive
test instruments. Two commercial instruments - one hand-held and a benchtop unit - were
tested in positive ionization mode for detection of DMT, DPA, EC and MC on swab samples
acquired from the hands of shooters. Various QA aspects were taken into account in order to
avoid false positive/negative results and control charts were setup for both instruments to
validate the measurements. The authors conclude that IMS is indeed a viable technique for
on-site testing on suspects’ skin for recent firing of a firearm, but careful QA validation and
pattern-based data analysis procedures need to be adopted. Finally, sample storage times
and conditions will need to be strictly controlled in order for reliable control measurements to
be possible in the lab afterwards.

Toal et al. from RedXDefense LLC have developed a field testing named XCAT based on a
modified sodium rhodizonate test in order to screen potential shooters [50]. According to the
authors, this test can then be analyzed by SEM/EDX for confirmation in case of positive
results. Due to the use of sodium rhodizonate in acidic medium, the authors observes a
decrease of the amount of lead in the particles. This necessitates careful review of particles
of interest automatically detected by the SEM/EDX, especially the BaSb patrticles. This
article do not mention/study the problem of false-positives (presence of lead due to a source
different than a shooting incident).

3.5 Separation and Identification of gunpowder and additives using electrochemical
methods

Although mass spectrometry is a modern and new instrumental technique to be introduced
at the crime scene, other analytical techniques exist that can now be successfully used
outside the lab environment. A branch of analytical chemistry that lends itself well to
miniaturization and field-use is electrochemistry. Although in former years the techniques
required the use of chemicals in a controlled (lab) environment, developments in sensor
technology have made it possible for non-specialists to use the instruments outside the lab.
In [51] O’Mahony and Wang present a review of the literature on the detection of both
inorganic and organic GSR components. After discussing the classic techniques historically
developed and used in large centralized lab facilities, they go on discussing the historic
development of electrochemical analysis tools and protocols for GSR components. The
authors see a large potential and a bright future for small hand-held instruments that are
operated in the field, offering very rapid, specific and portable analysis capabilities at very
low cost.
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In [52] Bandodkar et al. discuss and demonstrate the development of a wearable
electroanalytical device or ‘forensic finger’ which is built into a nitrile glove. The device
consists of two components: a screen-printed carbon electrode, worn on the index finger cot
of the glove, and a solid ionogel dot, cured onto the thumb cot of the glove. By rubbing over
a contaminated surface with the index finger, the GSR particles present will transfer to the
electrode of the glove. By subsequently pressing the index finger and thumb together the
ionogel dot and electrode will complete the electric circuit and a Square Wave Voltammetric
Scan can be performed in-situ. As the electrochemical analyzer is coupled to a notebook
computer, the results can readily be displayed on the screen. The authors demonstrate this
technique to work both on GSR (Pb, Sb and Cu metals) and explosives residue (reduction of
DNT nitro-groups) without modification of the gloves’ sensor electrode. Authors furthermore
demonstrate through some limited testing of the forensic finger with regards to shelf-life of
the ionogel and mechanical stress tests exerted on the electrode finger, that the system is
relatively robust and operable in realistic field conditions. The usability of the forensic finger
in the field is demonstrated by some sampling tests inside and outside of a firing range. The
authors conclude that this technology demonstrates to be promising as a fast, portable, field-
deployable screening method for rapid detection of security threats or firearms contacts.
Future developments will follow in the incorporation of this technology in other wearable
instruments and wireless transmission of results to smartphones and centralized databases.

Square Wave Voltammetry is a rapid and selective technique to detect metals such as Pb,
Sb and Cu on a surface. However, the signals of Sb and Cu partially overlap and Ba is
difficult to detect, as it strips at very negative potentials which will also hydrolyse aqueous
solutions in which the reaction takes place. The use of the standard SEM/EDX technique is,
however, cumbersome, time consuming, expensive and can only be performed in a central
laboratory by highly-trained staff. In [53] O’Mahony et al. focus on the combination of rapid
electrochemical screening on-site and a subsequent confirmation by standard SEM/EDX
analysis of the particles in the laboratory, based on the same sample taken on the crime
scene. This combined procedure allows for a field-deployable screening test to be performed
by a CSI police operator, which is then officially confirmed by a forensic expert in the central
laboratory. In order to sample the particles and perform in-situ SWV analysis, carbon
electrodes were screen printed on Ag/AgClI substrate-electrodes and mounted on double-
sided adhesive tape. This sampler allows for the stubbing of surfaces and the shooter’s
hand, directly followed by an SWV scan for elevated Pb, Sb and Cu concentrations. The
sampler can then be loaded into the SEM for standard SEM/EDX patrticle analysis without
prior modification. Tests by the authors revealed that the two methods did not interfere with
the sample: SWV was still possible after the sample had been analysed with SEM/EDX and
vice-versa. Finally, tests using a bare Carbon Screen-Printed Electrode without adhesive
tape revealed that the adhesive tape is indeed necessary to lift and contain the particles
from the sampled surface, as no SWV signal nor GSR particles were detected from the bare
electrode without adhesive tape.

4. Shooting distance estimation and bullet hole characterization

4.1 General considerations

The largest part of GSR produced by a shooting is projected on the target (object or victim),
if this target is close enough to the shooter. The diameter and the density of the GSR
particles deposition pattern will help to determine the firing distance. This deposition pattern
is usually revealed by colour tests; the most popular colour tests being the Sodium
Rhodizonate test (for lead and barium) and the Modified Griess test (for nitrites).

However, other analytical strategies exist to estimate shooting distances. As further
development of previous researches, ICP-MS and ICP-AES techniques have recently been
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reported as valuable techniques for shooting distance estimation and bullet hole
characterization. For instance Santos et al [54] tried to estimate firing distance based on a
mathematical model that was obtained after correlating the firing distance to the amounts of
Pb, Ba and Sb (measured with the ICP-MS technique on radial distances). The best results
were obtained at radial distances of 2 to 3 cm from the bullet hole. Using this approach, it
was possible to accurately estimate the firing distance between 20 and 90 cm using Pb or
Ba, with an accuracy of +/- 6 cm; the results being less accurate with Sb. In another study,
Turillazzi et al. used ICP-AES for the elemental analysis of GSR deposited on skin samples
[55]. They logically observed an evident decrease in quantity of GSR with increasing firing
distance: the concentration of GSR at 0.2 and 5 cm is much higher than at 50, 100 and 150
cm, distances for which the differences in concentration of GSR become less clear, although
still detectable.

4.2. Bullet hole characterization

The rotating bullet will usually produce a wipe ring around the entrance hole. The presence
or absence of a wipe ring will help to determine the nature of the bullet hole (entrance or
exit).

Usually a visual examination of the morphology of the holes can already give valuable
information about their nature. However, Jason and Haag warn to be cautious when in
absence of a wipe ring, visually determination of the entrance and exit holes on victims
clothing is performed by examining the direction of the fibres [56]. They have shown with
high speed video frame series that when fabric is shored with tissue simulant, the collapsed
temporary cavity forces the fabric fibres to puff outwards instead of inward, as expected with
an entrance hole.

Fais et al. have analysed by means of micro-computed tomography intermediate gunshot
wounds produced on human skin under different experimental conditions (fresh, covered
with textile, submerged, decomposed, charred) [57]. They have detected radiopaque
particles only in entrance wounds, demonstrating the possibility to perform a differential
diagnosis between entrance wounds and exit wounds in all tested conditions, as the 3D
mapping of the GSR distribution clearly demonstrates.

Two components (fatty acid and its ethyl ester) of gun cleaning oil survive the elevated
temperatures from the gunshot, and therefore can be detected in the bullet wipe using gas
chromatography, even after 5 rounds [58]. According to the authors of this study, this
approach could be particularly interesting in cases where multiple guns were used (e.g. in
cases for which police officers are involved and fatalities cannot be linked to the guns): to
determine which gun fired which projectile, the analysis of the nature of gun cleaning oil in
the bullet wipes could be performed. In order to enhance the discrimination between
different oils, the authors suggest the use of tagged oil by police forces for cleaning their
weapon.

4.3 Robustness tests of shooting distance estimation

It is well known that shooting distance estimations are prone to many uncontrollable factors,
forcing the use of large uncertainties when reporting distances. Logically, many researchers
and experts are interested in determining the extent of the effects of various factors on the
robustness of the techniques used.

For instance Vinokurov et al. have shown that an up to 50% reduced gunpowder load affects
the visual appearance of the targets and the chemically visualized GSR patterns [59].
However, according to the authors, this effect is not big enough to influence considerably the
estimated shooting distances.

79



In another study, the differences in smokeless propellant grain morphology on the distance
determination was examined [60]. The two tested propellant grain types were the ball/
flattened ball vs. the flake type, for which the production process differs significantly. The aim
of this study was to determine whether differences in propellant type would have an
influence on the GSR patterns (directly observed visually, and after chemical treatment with
the Modified Griess test). In a previous study by Ron Nichols [61], it was shown that
flattened ball propellant travels further than flake propellant, and makes patterns up to 150
cm, whereas flake propellant only makes patterns up to 90 cm. In the present study, two
calibers have been used (.45 and 9mm). Compared to the flake type, shooting with the ball/
flattened ball type of propellant resulted in more propellant (or partially unburnt) particles on
the target. Moreover, one can also observe a larger pattern diameter after chemical
treatment. These differences were more obvious using the .45 caliber, compared to the 9mm
caliber.

Nowadays, field kits are frequently used by police forces to perform screening tests of
subjects or objects present on a scene of crime. However one of the question is to know if
the use of these kits do influences the results of analysis performed afterwards. Concerning
this issue, a study [62] showed that the use of the field kit for bullet hole testing on crime
scenes does not influence the outcome of AAS analysis performed on the same bullet holes.

4.4 Quality Aspects

For the first time, a Best Practice Manual for chemographic methods was published in 2015
by ENFSI [63]. It provides a framework of procedures, quality principles, training processes
and approaches to the forensic examination in the domain of shooting distance estimation.
However, this manual presumes prior knowledge of the discipline, and is not a standard
operating procedure. There are requirements for the personnel such as the responsibilities,
the competence requirements, training and maintenance of competence. One can point out
the advice to record the colour reactions by digital scan or photography, in order to avoid
potential colour fading. Special care has also to be taken to avoid contamination, and to
make sure there is no deficiency in the packaging of the pieces of evidence which may
compromise the value of the examination. A complete bibliography is given at the end of the
manual; a table of chemographic methods is also provided, specifying the reagents to be
used for the different elements to be detected.

In the field of Quality Assurance, as a follow-up of a previous validation study published in
2005 [64], the validation of several other inkjet photographic papers (for the use in the
Modified Griess test) was performed [65]. The three papers which performed best were:
Epson Premium Glossy Photo Paper, Staples High Gloss Photo Supreme and HP Advanced
Glossy Photo Paper.

4.5 Non-destructive techniques

Beside the use of colour tests, it is also possible to estimate the shooting distance by using
non-chemical techniques. The development of non-destructive techniques for direct
observation of GSR patterns are regularly reported. For instance alternative light sources,
widely used in forensic laboratories for questioned documents, fingerprints etc..., can also
be used to visualize GSR patterns. Lopez-Lbépez and Garcia-Ruiz reviewed over the last 10
years these non-chemical approaches for shooting distance estimation on clothing and skin
[66]. Two visual methods are discussed: the video spectral comparator (VSC) and the digital
infrared imaging. Other techniques such as milli-XRF, atomic spectroscopy, FTIR, scanning
microscopies and computed tomography were also examined. According to the authors,
there is some progress with great potential for these techniques, but in most cases they
require additional studies such as determining the effect of the use of different arms and
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ammunitions, ascertaining the interferences of dirt and blood, or investigating the impact of
medical procedures such as debridement in skin specimens. In their opinion, Raman
spectroscopy and Attenuated Total Reflectance-FTIR may also be promising techniques, but
these have not yet been studied for this purpose.

Concerning bloodstain pattern analysis (not covered by the review proposed by Lopez-
Lépez and Garcia-Ruiz), it should be possible to distinguish between close-range shooting
and longer distance shooting, based on the presence or absence of blood on the shooting
hand and gun: in a recent study [67], Kunz et al. showed that from a distance of more than
40 cm, there were no blood spatters detected anymore. They also tried to link the
characteristic appearance of the bloodstains on the firearm and on the hand to the shooting
distance. Fine micro spatter spray combined with round and elongated droplets were found
on the gun and shooting hand at contact and at 2 cm distance shots. Within this range it was
still possible to identify exclamation mark and comma shaped bloodstains. According to the
authors, this technique would enable the reconstruction of the position of the gun, even if in
their study, the shots were all performed in the same setup position and direction.

The ability to quickly and efficiently detect possible traces of GSR on dark-colored clothing in
a non-destructive manner through the use of an alternative light source has recently been
reported [68]. Alternative light source is meant to provide an efficient method of gaining
preliminary data to aid in the establishment of an investigation. However, according to the
authors, it is not meant to replace chemical testing. The light source used is the Spex
Forensics Mini-Crimescope (model: MCS 400). The wavelength of 445 nm proved to be the
most successful in visualizing GSR patterns with the largest amount of contrast and the least
amount of background fluorescence. In this study, the particles from a full-load shot showed
neon green on a black background, and appeared to be the unburnt gunpowder particles.

X-ray techniques may also be valuable methods for direct observation of GSR patterns, as
described earlier [69]. Recently, additional investigations were reported by Knijnenberg et al.
who used 2D-milli-XRF as a tool for visualising elemental distributions around holes
produced by lead-free ammunitions [70]. Copper, potassium and strontium plots were
produced successfully, giving a clear distribution pattern up to 50 cm.

5. Time since discharge

Estimation of the time since discharge of a weapon or cartridge case is a question that
regularly pops up, but is not yet addressed in routine forensic work. Steps forward are being
taken however to make this process a practical possibility in future. In [71] Chang et al.
describe their study of the evaporation of five organic GSR compounds from 9mm caliber
cartridges which were exposed to different environmental conditions. The organic GSR
components are sampled from the cartridges using SPME fibers which were subsequently
extracted and analyzed using GC-FID. The authors not only study the influence of time, the
storage environment, atmospheric storage conditions (wind, surroundings, sunlight,
temperature) but also the place where the cartridges have fallen after discharge. Notably,
they remark no difference between the amount of recovered organic GSR between
cartridges that have fallen on a hard ground (such as concrete) and have bounced, and
those that have fallen on a soft support (like a curtain). They conclude that the ambient
temperature is the most influencing environmental factor which limits the maximum time
since discharge, ranging from several weeks to half a day.

6. Doped ammunition
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Since a few years the ammunition in use by the German and Dutch police has been doped
with identifying elements. Using these rare earth elements, the lead-free ammunition is
nonetheless easily detected and classified by both SEM/EDX as color tests. This idea has
been picked up for general application and a number of research groups are developing
technology to put this idea into practice for other ammunition types as well. They also
develop the detection technology to endure that the dopant particles can be easily detected
—even on the crime scene. In [72] Destefani et al. propose the use of a fluorescent dopant
marker which is added to the gunpowder to show the firing of a firearm on the clothing of a
shooter on-site. The marker they developed contains the Eu+ ion in an organic complex and
is easily rendered visible using UV irradiation on the barrel of the gun, the target and the arm
of the shooter. The authors furthermore characterize the marker complex using FTIR
spectroscopy, (differential) thermal analysis (TGA/DTA) and mass spectrometry.

In [73] Weber et al. describe the extensive tests they have carried out regarding the practical
use of doped ammunition in different forensic applications of in-situ GSR detection. They
used standard ammunition doped with the rare-earth complexes of Eu and Tb, yielding
green and red luminescent particles when illuminated with a UV lamp, as typically used by
crime scene investigating officers. Several realistic experimental setups included: the hands
of shooters (with and without washing of the hands), the distribution of the particles in a
shooting range and car, clothing and tissue of a victim. They also investigated the influence
of the dopant addition in several concentrations on the ballistic characteristics of the
ammunition such as the bullet speed and the misfire failure rate. The authors conclude that
the doped particles are easily visible under UV irradiation on all the tested surfaces, showing
a persistence on the hands of the shooters of around nine hours. The particles remain
detectable after up to sixteen hand washings. As long as dopant levels are kept low (2%
maximum), no influence on the ballistic characteristics of the ammunition are observed. As a
conclusion, the dopant rare-earth markers can be easily used on the crime scene to detect
GSR visually and the microscopic patrticles are furthermore readily found using the standard
particle analysis tools in the lab such as SEM/EDX and Raman spectroscopy.

7. Modeling of organic GSR deposition and persistence

The interpretation of GSR analysis results is still very much on a case-by-case approach and
on source level. In order to use organic GSR and progress the interpretation of its detection
into activity-related levels, a lot of study is needed to model specifically the organic GSR
particles’ persistence and deposition/contamination behavior. Moran and Bell report in [74]
on their study of the permeation of organic GSR components through skin, as well as the
evaporation of these compounds. These two processes have a profound influence on the
persistence of organic GSR on the hands of a shooter and thus should be taken into
consideration when taking samples from suspect’s hands and in the choice of the method of
analysis. As organic GSR components are not present as solid particles on the skin, they
don’t show the tendency of inorganic GSR to be lost because of secondary transfer
processes. As most organic GSR compounds are lipophilic, they tend to remain for a long
time on the skin of a shooter, enabling the detection of GSR even after several hours have
passed since the shooting incident. However, due to permeation of the organic GSR through
the skin barrier into the bloodstream of the shooter and the evaporation of the more volatile
components, a careful study is necessary to assess the rate at which these phenomena
influence the sampling efficiency and analysis results of GSR studies. The authors model
the behavior of several components often found in organic GSR such as EC, 2- and 4-
NDPA, DPA and DMP using Franz diffusion cells to simulate permeation of lipophilic
compounds through the skin and GC/MS and LC/MS as analytical techniques for high- and
low-volatile compounds respectively. The conclusions of the authors is that organic GSR
have the advantage over particulate GSR of being less easily lost due to secondary transfer
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and that a good choice of organic compounds and analytical techniques yields a good
detection even after nearly 24 hours after an incident. Ideally, by choosing the analytes and
combining GC/MS and LC/MS techniques, it may be possible to estimate the likelihood that
a person has discharged a weapon within a 12-24 h timeframe. In [75] these authors
continue their study of Diphenyl Amine (DPA) permeation through PDMS simulant
membranes, using this time lon Mobility Spectrometry (IMS) as a detector. They show that
they are able to monitor DPA permeation in a Franz Diffusion Cell using IMS and are able to
model the transdermal permeation parameters and that the majority of the DPA permeates
through the skin over the course of 3 to 4 hours.

In [76] Gallidabino et al. develop a logical simulation model based on likelihood ratio values
calculated for a case-specific pair of prosecutor and defense hypotheses, using realistic
measurements of naphthalene peak areas in chromatograms acquired from recently fired
cartridges. They show that this probabilistic model can be used to estimate the time since
discharge of the cartridge. The naphthalene peaks are obtained by ‘Solid Phase Micro
Extraction’ (SPME) of the vapor in the cartridge, which is subsequently analyzed by GC. The
authors show that, even with a limited number of comparison shots (a constraint often
encountered in real casework), a regression model can be proposed to use for
interpolations, so that different hypotheses about the time since discharge may successfully
be tested without the need for extra data acquisition and testing. In [33] the same authors
discuss the development of an enhanced technique to sample the evaporation of organic
powder components from cartridges in order to estimate the time since discharge. In their
‘HeadSpace Sorptive Extraction’ (HSSE) method, the classic SPME approach is taken a
step further in that the evaporated compounds are adsorbed on a magnetic stirrer, covered
with a large volume of sorbent phase (some 200 times the amount of the SPME method),
which is subsequently recovered through thermal desorption and analyzed by GC/MS. A
total of 55 previously identified compounds found in the cartridges of typical handgun
ammunition were used in these trials. Over a period of 31 hours after firing the evolution of
the evaporated target compounds was monitored by using the HSSE sampling method. This
test was performed for two .45 ACP munitions by Magtech (single-base powder) and Geco
(double-base powder). Aging rates were found to be a function of the tested individual
compounds and also slightly influenced by the type of cartridge. Slower decrease rates of
evaporation were obtained when concentration ratios of similar compounds were used as an
aging indicator, yielding much more reproducible and linear relationships of concentration
ratios versus time since discharge. The authors conclude that their newly developed HSSE
technique shows promising results for estimation of time since discharge of handgun
ammunition, but more study on the influence of real-life circumstances such as storage
conditions, the weather during and after discharge and the type and caliber of munition
needs to be conducted in order to validate their technique for forensic field work.

In their final contribution [77] Galidabino et al. report on testing of nine small handgun
ammunition types using the described HSSE/GC/MS method. They can identify 166 different
organic compounds, 141 of which were found in the GSR of every cartridge tested. Despite
this fact, the quantitative compositional characteristic of each residue is so different between
munition types, that in many cases a GSR type could be attributed to a specific source
(cartridge). Regarding the possibility of use for estimating time since discharge, most
additives to propellants are unsuitable because of poor reproducibility and slow evaporation
rates during the first 24 hours after discharge. However, naphthalene and 27 other
compounds show promises of being interesting analytes for forensic dating purposes. In
their future work the authors will focus on development of robust statistical tools to model the
aging process and further optimize their analytical technique.
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1. Towards more scientific and objective examination of marks

The traditional way of shoe- or toolmark examination includes subjectivity in the process.
This may lead to variation in the conclusions of different examiners. In recent years, the
demand for more scientifically based, objective approaches, which lead to less variability of
the outcome of an examination, has increased. In the United States this was expressed in a
report of the National Academy of Sciences (NAS), published in 2009 (2), that requests an
extensive assessment of the ‘variability, reliability and repeatability’ of methods used in
forensic examinations. In other works, there is a demand for a statistical underpinning of the
used methods. In addition, the report states that ‘forensic science examiners need to
understand the principles, practices, and contexts of scientific methodology, as well as the
distinctive features of their specialty. Ideally, training should move beyond apprentice-like
transmittal of practices to education based on scientifically valid principles’.

In the aftermath of the NAS report, a substantial amount of money was provided by the US
National Institute of Justice (NIJ) for funding research on more objective approaches for
examination of forensic evidence (3). In addition, at the beginning of 2015, the Organization
of Scientific Area Committees (OSAC) was initiated by the National Institute of Standards
and Technology (NIST) and the Department of Justice, ‘to strengthen forensic science in the
United States’. ‘The organization is a collaborative body of more than 500 forensic science
practitioners and other experts who represent local, state, and federal agencies; academia;
and industry. NIST has established OSAC to support the development and promulgation of
forensic science consensus documentary standards and guidelines, and to ensure that a
sufficient scientific basis exists for each discipline.” Previously, most scientific disciplines had
an own Scientific Working Group (SWG), like the SWGGUN for firearms and toolmarks
examiners (4), the SWGTREAD for shoe- and tiremark examiners (5) and the SWGMAT for
material analysts (including tape) (6). These provided practical guidelines but also
instructions for setting up research projects and they organized proficiency tests and regular
meetings. The SWGs will be discontinued (although the websites were still on air at the time
of writing in June 2016) and all the documentation available for each discipline will be
reviewed, extended where necessary and subsequently made available for the community.
The relevant OSACs for shoe-, tire- and toolmark examiners will be the OSAC Footwear and
Tire Subcommittee (7) and the OSAC Firearms and Toolmarks Subcommittee (8), which are
both part of the OSAC Physics/Pattern Interpretation (9) as well as the OSAC Materials
(Trace) Subcommittee (10), which is part of the OSAC Chemistry/Instrumental Analysis (9).
In principle everyone can participate in one of the subcommittees and by 2016, the OSAC
Firearms and Toolmarks Subcommittee had 20 members with more than 50 % forensic
firearms and/or toolmarks experts as well as academic and industrial members to make sure
that both, theoretical and practical aspects are taken into account. The OSAC Firearms and
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Toolmarks Subcommittee also has a newsletter, a statistics support group, a conclusion task
group and provides meetings online.

To ensure the high standard of forensic examination of shoe-, tire- and toolmarks in Europe,
the Expert Working Group Marks (EWGM) of the European Network of Forensic Science
Institutes (ENFSI) (11) frequently organizes expert meetings to exchange information on
best practices, organizes proficiency tests and provides standard procedures. Unfortunately,
at the time of writing (June 2016), the web presentation, seems to be discontinued and it is
not known to the author, if and when the page will be online again. To render forensic
examinations more objective, also several countries in Europe invest systematically into
research and contribute to the scientific underpinning of forensic sciences.

There are various ways to render a toolmark examination more objective, in each step of an
examination. Some of the possibilities might be more complicated to realize and may require
a substantial amount of financial investment for research or new data acquisition hardware,
but some are relatively easy and straightforward to realize and this review contains many
articles that describe possibilities to do so. In a recent review by Vorburger et al. (12) from
the NIST, many aspects of an objective examination of striated and impression marks are
described. The article mainly focuses on firearm marks, but the general principle also holds
for shoe- and toolmarks.

The following examples are specific for toolmark examination, but also generally hold for
examination of other types of marks. The most obvious way to increase objectivity is to set
up, document and follow guidelines for each step and share this information with other
examiners, as was done by the SWGs and will be done by the OSACs as well as the ENFSI
working groups, to standardize an examination as much as possible. Also fixed protocols for
data acquisition parameters and hardware (microscope) setting, light sources, data storage
etc. can help to reduce variability. Another possibility is using a jig or an automated toolmark
generation device, to generate highly reproducible experimental marks.

A measure that can lead to a significant improvement of the objectivity of the data is to rely
on true 3D depth data, instead of using conventional 2D photography data, as it has been
demonstrated (e.g. by Vorburger (13)) that using true 3D data yields more accurate results,
when comparing marks. Many articles in this review, particularly those concerned with the
examination of toolmarks, rely on 3D data and several techniques are used and
documented.

With respect to the actual comparison of toolmarks, it is very important to know the variability
of marks of a reference set and the individuality of mark characteristics, to be able to judge
the amount of similarity or dissimilarity of two marks under investigation. If for example a
relatively rare type of toolmark has to be assessed, small case related experiments should
be performed to determine the statistical properties of the mark. Besides manual mark
comparison, also automated methods can be employed. These do not only have the
advantage of increasing the objectivity of the comparison, but also that they offer the
opportunity of batch processing, like e.g. searching large databases. For shoemark
examination for example, many different approaches were presented during the last years,
all focusing on searching for the best matching candidate in large databases of shoes. For
toolmark examination, the automated methods focus more on statistically quantifying the
variability and individuality of characteristics of known matching and known non-matching
marks at different conditions, with the goal to decide whether unknown marks stem from the
same tool or stem from different tools. An advantage of not only automated methods but
using analysis software in general is the additional functionality and information it can
provide, that cannot be obtained with conventional methods. For example, using software it
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is possible to apply certain filters for visualization purposes, to accentuate either only very
fine geometrical details in a mark or only coarse geometrical details. Also models of tools
can be acquired in combination with methods to predict which mark a tool would leave in a
particular substrate material.

Finally, the evaluation of the comparison results can be rendered more objective and
transparent. Within an identification framework for example, as it is used in the US among
others, identification and exclusion error rates should be reported alongside the conclusions
(an example is given in (14)). Some countries in Europe and Australia are working towards
using a Bayesian framework to evaluate the evidence and aim at presenting likelihood ratio
values (LRs), for example the probability of the found results of a comparison, given the
samples are of common origin vs. the samples are of different origin. In the Netherlands, at
this moment several disciplines are actively working on, or already implemented, using the
LR in official reports, however still accompanied by verbal conclusion ranges. Several
examples for how the LR can be used in casework are given in the literature (e.g. (15; 16;
17; 18)). For a more detailed explanation and discussion of the LR approach, please refer to
the article ‘Examination of Firearms’ by Erwin Mattijssen, in this collection of reviews.

To be able to determine meaningful statistical properties of toolmarks, databases should be
available, generally the larger the better. However, the presented automated methods in this
review are typically tested on self-made, limited databases. The main reason for this is that
there are no large databases publicly and centrally available for testing. This however will be
crucial to compare the performance of different methods. In addition, meaningful and
statistically founded evaluations should always be made based on extensive databases,
whether marks are examined manually or automatically. In fact, for a manual comparison the
expert uses a ‘mental’ database of cases seen so far. Thus, the larger the database, i.e. the
larger the experience, the more reliable the outcome is expected to be. For firearms and
toolmark data, recently a website was launched by the NIST (19), on which everybody can
share his or her own data and contribute to building up extensive databases. Hopefully a
similar initiative will also be started in the future for other disciplines.

Besides all the mentioned advantages, automation may also have some drawbacks and
although the traditional approaches should be adjusted by including new technologies, this
has to be done in the right way (20). In addition, new techniques require more dedicated
training and understanding. However, the body of available literature is increasing rapidly, as
demonstrated in this review. A good contribution is a book edited by Max Houck (21), a
collection of articles of the editor as well as various other authors, including an introduction
to forensic science, the classification and interpretation of evidence, the documentation of
the results and their presentation in court. In addition, the book includes a chapter on health
and safety and on measurement uncertainty. It is part of the Academic Press ‘Advanced
Forensic Science Series’, which has the goal to fill the gap between general introductions to
forensic sciences and contributions that are highly technically specific to a particular field.

2. Structure of this review article

The review is subdivided into sections covering tiremarks, shoemarks, physical matches and
striated and impression toolmarks. The latter was further split into publications about
conventional and invasive toolmarks respectively, as the latter is a fairly new but very
exciting branch of examination. Although it is still in its infancy, it has great potential.
Progress in the past was mainly hindered by the fact that invasive traumas are available to
the forensic pathologist/anthropologist and a certified toolmark examiner is often not on the
premises. Hopefully this will change in the future, as there might be much more information
hidden in invasive traumas that are perceived to date and thus a more close collaboration
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between examiners of different disciplines might yield very promising results. At the
Netherlands Forensic Institute (NFI), the section Weapons and Tools enriched its portfolio in
2005 with ‘Microanalyses of Invasive Traumas’ or MIT, and in close collaboration with the
forensic pathologists and anthropologists of the NFI as well as SEM (scanning electron
microscopy) based material analysts, has worked on many cases (roughly 20 per year) in
which the forensic toolmark experts contributed a major part to the outcome of the
examination.

The subsections follow the steps of toolmark examination in practice and, as the strategy of
assessing evidence is similar for different disciplines, the structure of the individual sections
is roughly the same. As there are many contributions describing methods for automatically
comparing shoe- and toolmarks, sections focusing on either of the two are given separately.
Alongside the development of automated methods, several groups integrated their
approaches into software in the form of graphical user interfaces (GUIs) during the last
years, which enable examiners to test the methods with their own data. These are presented
in a separate section as well.

3. Tiremarks

In the relevant period of this review, only one article could be found concerning tiremarks. In
the article, two databases called the ‘Tire Database’ and the ‘Car Database’ are presented
(23). The ‘Tire Database’ contains about 15.000 tires, which can be browsed using 7
different search criteria. The results of a query are a technical description of the tire, a figure
showing the tread pattern, its classification and information about the history. The ‘Car
Database’ is available in Microsoft Office Excel and contains information about the original
set of tires a car is delivered with. In addition, conversion tables to find corresponding tire
sizes are given. The database consists of approximately 12.000 passenger vehicles, SUVs
and light trucks, of more than 300 manufacturers. Search criteria include the wheel base,
front and rear track and the tire size of the original set of tires. The authors state, that the
‘Tire Database’ is also included in the ‘TreadMate’ database (24).

4. Shoemarks

Shoemarks are frequently found at crime scenes and often provide valuable evidence for an
investigation (22) as they can be the link between a suspect and a scene or between
different scenes. In addition, shoeprints can give information about the course of action at a
crimescene.

4.1. Detection

An article by Clutter et al. describes an experiment to find out, whether bloody shoeprints
can be recovered from a fire crime scene, as arson is often used to remove shoeprint
evidence (25). The authors place bloody shoeprints on eight types of common floor material,
blue rubber tiles, grey vinyl composite tiles, plywood, stone, porcelain tiles, pressboard,
wood and linoleum, and exposed the samples to heat and soot from a burning fire. For
cleaning, liquid latex was sprayed on the samples and removed after drying. Photographs
were taken before and after cleaning and analyzed by a shoeprint examiner, who rated the
samples after cleaning as being of better overall quality, yet not on the scale of individual
characteristics, in six out of eight cases. The authors remark, that the examiner could clearly
see which tiles were treated and which were not and that that could have influenced the
outcome of the study.

Shor and colleagues present a study on the possibility to recover shoe prints from victims
(26). To this end, the authors cleaned the soles of the shoes of a person and let him walking
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outside of the lab for approximately 50 meters. Subsequently, he was asked to step on the
lower leg of a live volunteer. The procedure was repeated several times and the prints were
removed in between with three different lifting methods: an electrostatic lifter, a black gelatin
lifter and a white adhesive lifter. The black gelatin lifter turned out to be the best method for
lifting dry origin shoeprints from a body, because the electrostatic lifter couldn’t be applied
easily and may cause electrostatic shock and the adhesive lifters causes a background
reaction that might conceal the print. The authors conclude that the experiments have to be
repeated with cadavers, as the skin properties of a dead body compared to a live body may
have an impact on the result.

4.2. Acquisition

The vast majority of publications are based on 2D scans or photographs of soles or marks,
but typically all information that is available is acquired. A new low-cost scanner that may be
used to determine relevant areas of a sole already during data acquisition was presented by
Needham and Sharp (27). It consists of a single piece of glass (or acrylic), strips of ultra-
bright LEDs and two web cams. It is based on ‘frustrated total internal reflection imaging’ and
in contract to conventional scanners, it only records the regions of the sole which in fact
make contact with the surface. In order to accurately measure these pressure points, the
person wearing the shoe is required to ‘rock backwards and forwards, to mimic the action of
walking’. The authors state that with this new scanner it is possible to determine the wear
patterns of soles. It is also possible to acquired white light images of the soles, for reference.

4.3. Casting and Preservation

Battiest and colleagues published an article studying the effect of various fixatives for
casting impression shoemarks in sand (28). They designed an experiment in which a
working boot was manipulated to include eight easily visible unique characteristics,
subsequently used to make six impressions in three different types of sand (play sand,
beach sand and construction sand) and fixated with five different types of fixative (no
fixative, aerosol hairspray, aerosol acrylic sand and dirt hardener, aerosol ‘Workable Fixatif’
and one pump-action hairspray). To ensure that good boot impressions could be obtained,
the sand was mixed with water. The resulting ninety impressions were cast (Evi-Paq
Traxtone casting kit) and examined by the same experienced footwear examiner for
presence of the unique characteristics. The experiments yielded that the most
characteristics could be recovered from play and construction sand if a pump-action
hairspray was used and for the beach sand, if no fixative was used. The authors note that in
a real case situation, the ratio between sand and water is difficult to duplicate and that more
data may be needed to confirm the results, as statistical significance could not be obtained.

4.4. Variability of shoemark characteristics

To determine the brand and class of a shoe can be important as a first step (29), as it often
can be done rapidly and can be important in cases where quick action is required. Several
databases exist, that can assist the examiner in this, SoleMate by Foster & Freeman (30)
and SoleSearcher by the Federal Bureau of Investigation (31). A forensic examination can
typically only provide strong support in a case however, if it is based on individual
characteristics.

4.4.1. Wear

Several publications were encountered, specifically focusing on the variability of marks
depending on wear and of real crime scene prints. The first article by Sheets et al. (32)
presents a study for which the authors took 11 pairs of Nike athletic shoes and created cut-
marks, 1-3 mm deep, into the outsoles. During a seven-week period, the authors monitored
the soles to check the potential loss of the cut-marks and appearance of new accidental
characteristics. To this end, an automated feature detector was implemented that measures
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the change in the structure of the sole quantitatively. The net rate of wear was determined to
be 0.1 %, mainly in the heel and ball area. The authors conclude that ‘accidental
characteristics can reasonably be expected to persist over time’, but also that ‘it appears that
the cut depths we used in creating the artificial characteristics were probably unrealistically
deep, most accidental characteristics are probably shallower than this, and might not last as
long’. An unexpected outcome of the experiment was the apparent lack of new accidental
characteristics.

4.4.2. Substrate materials

A similar approach was presented by Richetelli (33), who studied the difference between
high resolution scans of shoesoles and simulated crime-scene-like prints. To this end, 5
shoemark examiners were given 10 pairs of athletic shoes each and asked to walk 4 steps
on clear acetate sheets (200 crime-scene-like quality prints). After lifting, the marks were
scanned with high resolution. To assess the presence of randomly acquired characteristics
(RACs) in the original high resolution scans and the scans of the crime-scene-like print, a
method was developed to automatically detect circles, lines and curves, triangles and
irregular shapes. These shapes were at a microscopic scale. The results show that 33 —
100 % (85 % in average) of the random characteristics were not present in the crime-scene-
like prints. The loss of information can be drastic, but as demonstrated by Stone in 2006 in
his theoretical statistical assessment of the presence of random characteristics on
shoesoles, also relatively small numbers of random characteristics can have relatively high
evidential strength (34).

The variability of RACs in seven types of sandy soils that are often encountered in Florida,
USA, was presented by Snyder (35). The authors collected/purchased Astatula fine sand,
Immokalee sand, Cassia fine sand, yellow builders sand, fill dirt, crushed coquina and top
soil and created one impression mark in each soil type with two different athletic shoes. On
the soles, 18 and 19 (microscopic) RACs were selected beforehand and checked for
presence in dental stone casts of the impression marks. It appeared that the casts made
from fill dirt and the yellow builders sand showed the most RACs (71.6 % and 77.0 %
remaining) and the Astatula fine sand and the crushed coquina the least RACs (16.2 % and
13.5 %). The main focus of the article by Battiest et al. is on the effect of using fixatives
before casting (please refer to section 4.3 for details), but the preserved RACs in untreated
sand give an indication of their variability in play, beach and construction sand (60.4 %,
91.7 % and 18.8 °/o).

4.5. Individuality of shoemark characteristics

4.5.1. Automated analysis

A substantial part of literature during the last three years was focusing on automated
approaches for shoemark examination and in particular, the retrieval of best matching marks
from a database. Approaches were using global features of a sole, to classify whole
shoemarks (36; 37; 33) and local features, to classify whole and partial shoemarks (38; 39).
Besides testing their method using marks of similar quality, some authors also studied the
effect of wear (39) and real crime scene circumstances like marks in blood and dust, gel
lifters, digital and chemical enhancement methods and the substrates ceramic, vinyl and
paper (33) on their performance. By now there are many different approaches published for
automated shoemark classification and most authors tested their algorithms with their own
database, which makes it difficult to compare the methods. Therefore, Alimaadeed et al. (38)
tested their and three more algorithms with the same two databases and Luostarinen et al.
(40) implemented seven published methods and compared their performance with the same
database (created by the authors), including real crime scene marks and partial marks. They
conclude that while most methods work well with whole marks of equal quality, only few also

95



perform well for (partial) crime scene marks with varying quality. Finally, Alimaadeed et al.
(38) presents a prototype of a graphical user interface for their method.

In the following, more details are given on the specific methods. Two approaches that mainly
focus on the retrieval of shoeprints from a database using global features are presented in
Min and Qi (36) and Wei and Gwo (37). The first article uses a line and circle detector in the
frequency domain, for the front and the hind part of a shoeprint separately. The authors
mainly focus on lines and circles in the pattern in general. The method is tested against the
performance of a human examiner, using an author generated database of 73 marks. The
second article describes a database search algorithm based on binarized photography data
of shoeprints. First the outer contours and based on that a core point of a shoeprint are
determined. Subsequently the print is subdivided in circular regions and the Zernike
moments serve as features for the automated retrieval of potential matches in the database.
The approach is tested using an author generated database with 5 prints each of 246 shoes,
hence in total 1230 shoeprints. In her MSc thesis, Richetelli (33) presents an automated
shoemark comparison method based on Phase Only Correlation in the frequency domain,
earlier presented by Cervelli et al. (41). The main focus of the thesis was to study the
reduction in the number of RACs for crime scene prints (see section 4.4.2) and the
performance of the automated shoemark comparison, in case of degradation of shoeprints
as a result of blood and dust prints on the substrates ceramic, vinyl and paper. Experiments
were conducted by 6 analysts who each made 3 blood and 3 dust prints on the substrates.
In addition, gel lifters as well as digital and chemical enhancement methods were examined.
The results show that in most scenarios the performance of the automated classification is
getting significantly worse. Based on these results the author calls attention to the necessity
of using real crime scene data to get a realistic idea of how well automated shoeprint
classification methods work in practice.

A method that is based on local features is presented by Almaadeed et al. (38). The article
describes a system for automated comparison of possibly partial shoeprints with a database.
Their approach uses a multiscale Harris and Hessian corner and blob detector and the scale
invariant feature transform (SIFT) descriptor with a RANSAC feature vector matching, to
render the comparison robust with respect to rotation, scaling as well as moderate shear,
noise levels and wear. They test their method with hundreds of prints from the SoleMate
database (30) as well as the LSF database (42), which includes marks showing ‘wear, tear
and other real world degradations’. Using the latter, the probability of returning the correct
match within the first 15 was just above 80 % and 75 % for full and partial marks
respectively. In addition, they compare their approach with previously published methods,
applied to the same databases, and conclude that their method performs best. The authors
also present a graphical user interface to study shoeprints, select regions of interest and
automatically compare the prints with the algorithm they developed.

In his PhD thesis, Jones (39) focuses on automatically comparing shoeprints, in case of
degradation by wear. The author compares two different approaches, based on SIFT
descriptors in the spatial domain and on a ridge detection algorithm in the frequency domain.
To test the approaches, he builds up a database of 2 types of running shoes, by repeatedly
acquiring their prints over a period of 5 months in which they are used frequently. The SIFT
based approach seems to be not robust enough with respect to varying quality of the
captured images and the pattern variation over time, while the ridge detection algorithm
seems to work better for this. In the thesis, also a conceptual framework for integrating the
automated method into casework is described, by developing a shoe wear model for a
specific shoe or an individual person. With sufficient data available, shoe wear at any point
in time can be estimated and LR values be calculated.
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Luostarinen and Lehmussola (40) compared seven different automatic classification
algorithms with global and local support, including matching based on the Power Spectral
Density (PSD), Hu’'s moment invariants, Mahalanobis maps, Gabor transform, local interest
points with RANSAC, spectral correspondence of local interest points and Fourier-Mellin
transform (FMT). Three image sets with different quality impressions, including 499 pairs of
high resolution scans (‘the good’), photographs instead of scans of 367 prints in ‘the good’
set at different times (‘the bad’) and roughly 20 real crime scene marks, partial marks and
rotated prints (‘the ugly’). The authors observed that the algorithms based on FMT and local
interest points with RANSAC worked particularly well for the ‘good’ and the ‘bad’ set and
reasonably well for the ‘ugly’ set. In case of missing parts of the prints however, the FMT,
being a global method, did not perform well and the strength of relying on local features
became more evident. Altogether however, the authors conclude that low-quality shoeprints
are still a challenge for existing methods and that further improvements are required to
tackle those difficult cases.

4.6. Conclusion ranges

To study the variability in the conclusions of shoemark examiners, Raymond and Sheldon
set up two rounds of shoemark comparison exercises, each including 6 comparisons, which
were sent out to shoemark examiners in Australia and New Zealand. In the first round, the
examiners were asked to conclude using the current range of conclusions in their
jurisdiction. In the second round, the examiners were asked to conclude according to the
range of conclusions suggested by the SWGTREAD in the United States (5). A total of 11
and 17 responses respectively were received and the authors state that the conclusions in
the second round were more clear and that the variability decreased. They thus suggest
introducing the range of conclusions suggested by the SWGTREAD in Australia and New
Zealand.

4.7. Weighing the evidence

The knowledge of the frequency of occurrence of a type of shoe in a region can be useful
information for a court, to estimate the weight that should be assigned to the result of a
shoemark examination. This is particularly relevant in cases, in which the examination result
is only based on class characteristics. Benedict et al. (43) collected 1,511 shoeprints from
students in New Zealand and 500 shoeprints from students in Australia, and determined the
‘pattern group’ of each shoe (more general than class characteristics, as ‘the exact number
and placement of basic elements may differ between different moulds’). The aim of the study
was to determine the geographical and temporal variation of shoeprint class characteristics.
The results show that irrespective of time and location, a large variation of different patterns
exists. Even the most common patterns (Converse All Stars and Vans Canvas Era) only
comprised a small fraction of the total and many patterns occurred only once. Note that in
case an LR was provided to the court as the result of the forensic examination, the
frequency of occurrence of a type of shoe can be used to weigh the examination result
quantitatively.

5. Physical Match

In the relevant period, only one article was found including a physical match. Finkelstein et
al. (44) describe a case in which they could show that a metallic chip of dimensions 14.3 mm
x 1.3 mm x 0.9 mm, found on a bolt cutter of a suspect, originated from the cut shackle
padlock at the scene. The match was established by comparing the chip’s microscopic edge
and the fracture line of the padlock’s shackle. As otherwise only class characteristics were
encountered, the physical match of the metallic chip was crucial for the case.

6. Striated and impression toolmarks
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6.1. Detection

For restoring obliterated marks on metal surfaces with chemical etching techniques, it is
preferable to keep the affected layer as thin as possible. Therefore, Song (45) compared
different chemical etching reagents, made by different combinations of nitric acid and
hydrofluoric acid, with glacial acetic acid or acetone as a solvent, to recover engraved marks
from motorcycle and car frames. To this end, the author took two metal plates from two
vehicles, stamped numbers and simulated removal of the engraved numbers by filing and
manual grinding. Subsequently, three etching reagents were tested on the samples and it
turned out, that the combination 10 ml nitric acid (65 — 68 %), 0.5 ml hydrofluoric acid (40 %)
and 10 ml acetone yielded the best qualitative results.

6.2. Occurrence

Two articles study the presence of marks that might be useful for casework on vehicle keys
and label maker cut marks. Elek (46) published an introduction to the forensic mark
examination of vehicle keys. The article discusses manufacturing techniques, key
‘shabbiness’ by usage and mark creation by duplication of the key. Besides conventional 2D
light microscopy, scanning electron microscopy (SEM) is suggested as an alternative. Weber
(47) presented a case study with a label maker, which included a cutter to separate
consecutive labels. Two suspect labels were examined for characteristics that can be used
for identification and it turned out that the cutter leaves striated marks on the edge of the
labels, which are about 100 ym thick. The author concludes that based on the striated
marks, as well as class characteristics like label color, width and thickness, the labels in
question could be identified as created with the label maker.

6.3. Acquisition

Conventional optical 2D and stereo microscopy are frequently used in research and case
studies (45; 46; 48; 49; 50; 51; 52; 53) but in general, small microscopic marks might be
difficult to see because of the limited depth of field at high resolutions. In the last years,
many authors chose for imaging modalities that provide a better depth of field at large
magnifications like SEM (46; 54) and digital microscopy (47) or the true 3D measurement
techniques focus variation (55; 56; 57; 58; 59; 60; 61; 62; 63), confocal microscopy (64; 65;
66; 67; 68), structured light imaging (69) and photometric stereo (70). Scanning electron
microscopy was discussed for 3D surface acquisition as well by Tafti et al. (71). Though, the
sample size for 3D SEM imaging is typically under a millimeter (72). Stylus instruments are
also sometimes used (68).

6.4. Casting and Preservation

A best practice for bolt cutter casting was presented by Piper (49). Besides giving general
advantages of casts like easy manipulation and suitability for microscopic examinations, the
author notes that in particular for those bolt cutters ‘where there is an area of metal within
the cut surfaces that can be ascribed to the leading edge of the bolt cutter blade’, casting
can be advantageous for comparison. Wang (53) took two common materials for casting
toolmarks used in China, Elite H-D + Light body dental impression material (Zhermack SPA,
Rovigo, Italy) and LOO1 special elastomeric impression material (Beijing fenge science
limited company) and compared them qualitatively for dimensional accuracy, also over time
(up to 1 month), air bubbles, ease of use as well as ‘sharpness and quality of the individual
characteristics present on the casts’. The casts were made of hammer toolmarks in natural
and painted wood, lead, iron and aluminum. The conclusions of the study are that both
materials are suitable to copy individual characteristics, but that the dental impression
material is superior in practice as it produces less air bubbles and stays more stable over
time (about 0.25 % compared to about 1.75 % after one month).
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6.5. Variability of toolmark characteristics

The variability of marks of tools like screwdrivers or chisel may be very high, as it is
dependent on many parameters like the angle of attack, the substrate, the axial rotation
angle as well as the depth of the mark. Several authors studied the effect on some of these
parameters on toolmarks, namely the angle of attack (55; 56; 57; 63; 73), the substrate
material (56), the toolmark depth (56), the direction of tool movement (pushing vs. pulling)
(56) and tool wear (56). All experimental results in this section are based on automated
methods.

6.5.1. Angle of attack

Baiker et al. (55) present an experiment including 50 new flat head screwdrivers of the same
brand and type. These were used to make marks at five different angles of attack (measured
with respect to a plane perpendicular to the substrate), 15 °, 30 °, 45 °, 60 ° and 75 °, in
Cavex dental wax slabs (74). To reduce mark variability, an in-house developed motorized
mark generator was used. Subsequently, 3D surface data of toolmark casts was acquired,
the toolmarks were aligned automatically and compared using cross-correlation as the
similarity metric. Known match (KM) distributions of marks at 0 °, 15 ° and 30 ° difference in
the angle of attack were determined, as well as known non-match (KNM) distributions and it
could be shown, that the KM and KNM distributions are very well separated for 0 ° (FPR =
0.00 %, FNR: 0.00 %), well separated for 15 ° (FPR = 3.00 %, FNR: 0.78 %) and still
moderately separated for 30 ° (FPR = 36.67 %, FNR: 11.51 %) difference in the angle of
attack. The experiment was repeated using 2D photographs of the marks, made with a
subset of the tools. The results were slightly worse compared to the results obtained with the
3D surfaces. Larger differences are expected with used tools. Marks of another type of flat
head screwdriver were compared as well, again yielding similar results. Using the KM and
KNM distributions, a strategy is presented to calculate likelihood ratios (LR) to determine the
strength of the evidence for the result of a comparison of striated toolmarks.

The influence of the angle of attack was also studied by Lock and Morris (63; 73). The
authors modified the automated method for comparing striated toolmarks, previously
published by Chumbley and Morris (75), by explicitly modeling the difference in the angle of
attack between marks. To test the extended method, 6 screwdrivers from a batch of 50
sequentially manufactured screwdrivers were taken to create four marks in lead each for
different angles of attack (measured with respect to the substrate) 30 °, 45 °, 60 °, 75 ° and
85 °. During mark creation, the tool was fixed in a jig to reduce angle of attack variation.
Toolmark profiles for each of the marks were acquired using a profilometer and statistically
analyzed. The results suggest that including the difference in the angle of attack in the model
does have a positive effect on the ability to obtain separate KM and KNM distributions and in
addition allows to estimate the approximate angle of attack, as long as the two marks are
created at a difference in the angle of attack of <10 °. For angle of attack differences of >
10 °, KM profiles comparison results were similar to those of KNM profiles.

6.5.2. Substrate material and toolmark depth

Baiker et al. also assessed the influence of the substrate materials wax and lead, also over
time, the depth of a toolmark and the direction of tool movement (pushing vs. pulling) on
toolmarks (56). Recently, also toolmarks made at various angles in the substrates brass,
polyvinyl chloride (PVC) and aluminum were studies (76). The methods and experimental
setup were roughly the same as described above. The results show that the toolmarks in
lead are slightly less variable with respect to wax, and contain reliable details down to about
5 um. For larger details, the differences were only marginal. Marks are most reliable at small
angles of attack and as a consequence, pushing produced better marks for angles > 45 °
and pulling for angles <45 °. Shallow marks are more reliable than deep marks.

99



6.6. Individuality of toolmark characteristics

Several articles compare toolmarks manually to assess the individuality of characteristics.
Tools include lock pickers (51), bolt cutters (52), consecutively manufactured screwdrivers
(48), letter stamps (50) and diagonal cutters (66). In addition, a large body of literature is
available for automated comparison of marks made by screwdrivers (55; 57; 75; 63; 60),
crowbars (76), slip joint pliers (59; 62), chisels (61; 68; 76), punches (68), bronze age hand
tools (69) and lock picking tools (64; 65).

An article that may be interesting for judging the expected variation in a ground tool surface
as a result of wear of the grinding tool in the factory, is presented by Lipiriski et al. (77). The
authors are not focusing on a forensic context but on presenting an automated system for
measuring and analyzing the grinding tool surface over time. However, the results shown in
the article might be of interest, as they indicate that abrasive wear of a grinding tools surface
occurs if grains become blunt or if grains are missing, and that smearing can lead to
variation of the surface quality and the surface topography of the product. In addition,
particularly shaped dents can be present on the grinding tool surface over time, which may
manifest themselves on the surface of the product. As a result, tools made at a later stage
might e.g. contain relatively larger details, though being manufactured with the same
grinding tool.

6.6.1. Manual analysis

The Mul-T-Lock is a high security lock cylinder and very difficult to open with a traditional
picking tool (51). However, there exists a specific tool for picking this lock, the H&M Mul-T-
Lock picking tool. To study whether this tool leaves class characteristics on the cylinder pins
Volkov et al. set up an experiment with 15 new Mul-T-Locks, which were picked with 5 H&M
Mul-T-Lock picking tools, 5 with another lock picking tool and 5 were opened with a key.
Afterwards the locks were dismantled and compared qualitatively with a comparison
microscope. The authors conclude that the H&M Mul-T-Lock picking tool does leave specific
class characteristics. In a second article, the same authors assess whether a bolt cutter
leaves specific class characteristics, as this would allow performing a quick preliminary
examination with possibly excluding a tool without further time consuming detailed
examination. To this end, 10 bolt cutters of various sizes and brands (2 x HIT, 4 x MCC,
RECORD, SEIYO, TRUPER and one without a brand) were used to create cuts in a
padlock, a steel bar and a chain ring. Subsequently, a comparison microscope was
employed to measure the bolt cutter size and blade thickness and to compare it with the
surface widths of the marks in the cut specimen. Based on the assumption, that all tools of
the same batch share the same class characteristics, the authors conclude that the
examiner can exclude a tool, ‘if clear border lines are detected on the cut object and the
width measurement between these lines does not match the blade’s thickness (by a
tolerance of 0.1 mm)’.

Consecutively manufactured tools are the worst case scenario for determining individual
characteristics. King (48) presents an experiment with 10 consecutively manufactured flat
head screwdrivers, which were ground automatically during manufacturing by a computer
numerical control (CNC) machine. In total, 20 experimental marks were created manually at
about 15 °with each screwdriver in weathered lead and subsequently sets of 20 marks were
sent to 10 firearms and toolmark examiners for a blind test. Results of 7 examiners were
returned and showed correct ‘identification’ in 62 out of the 70 cases, and 8 ‘inconclusives’.
No false positives were encountered. Thompson (50) studied the characteristics of
consecutively manufactured letter stamps. Several sets of stamps were used to create two
impression marks of each stamp in lead and were cast. Subsequently the casts were
compared with a comparison microscope. For one set, sub-class characteristics were found,
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another showed individual characteristics and yet another was ‘practically devoid of
meaningful individual characteristics’.

Heikkinen et al. (66) used ‘three diagonal cutters from the same production batch’ and
produced 1050 cuts in copper wire (diameter 2 + 0.1 mm), which were then acquired in 2D
using a comparison microscope and in 3D using white light interferometry and confocal
microscopy. Marks created with different areas of the cutter, marks created at different points
in time and marks of different tools were subsequently compared using the consecutive
matching striae (CMS) criterion (78). How the 3D surfaces are converted to a striated pattern
is not specified in the article. The CMS matching resulted in 74 out of 80 being correctly
identified. No false positives were observed. Different areas on the same cutter turned out to
be as different as marks from another tool and the marks did only marginally very over time
(1000 cuts in between).

6.6.2. Automated analysis

Screwdriver marks were studied for individuality by Lock and Morris (63) and Baiker et al.
(55) and both studies revealed that toolmarks made in the same substrate material of known
matching tools could clearly be distinguished from marks of known non-matching tools. The
experimental details of these studies are presented in section 6.5. For the technical details
of the methods, please refer to the original articles. Baiker et al. (76) also compared marks
of a set of 20 different flat head screwdrivers and 10 crowbars and it could be shown that for
all tools the KM and KNM distributions were clearly separated.

Spotts et al. (61) and Grieve et al. (59) used the automated algorithm by Chumbley and
Morris (75) to compare striated marks, and assessed the individuality of shear cut marks
(‘quasi striated’) from slip joint pliers. This type of marks contains discontinuous groups of
striations and therefore is more challenging than regular striated marks. Therefore, several
parameters of the original method were determined empirically to be able to handle the new
type of mark. For the experiments, 50 sequentially manufactured pliers were used to create
1000 cuts in copper and lead wires, with a diameter of 4.11 mm and 4.76 mm respectively.
Subsequently, 3D surface data was acquired and profiles determined on two locations on
the mark. The authors conclude that ‘a high degree of separation in the data was observed
although sufficient statistical separation was not achieved’ and that ‘more work is needed to
increase the robustness of the identification process.’

Another contribution from Spotts and Chumbley (61) focuses on the individuality of striated
patterns in impression marks created by chisels. Again the method by Chumbley and Morris
(75) was used, after empirical determination of the parameters. The experiments consisted
of creating 10 marks each with 50 sequentially manufactured chisels. Surface data was
acquired and profiles determined on two planes, totaling 1000 profiles. The automated
comparison yielded that complete separation between KM and KNM distributions could be
achieved, in case outliers are not taken into account.

Zheng et al. (68) also focused on chisels, however on striated marks created with the tools
and not on impression marks as discussed above. Toolmarks were made with 20
consecutively manufactured chisels in copper plates, two each, at a 90 ° angle (with respect
to the substrate), controlled by a motorized toolmark rig. Profiles were determined using a
stylus instrument. For comparison of profiles, the cross correlation function was employed.
Twenty known profiles were compared with twenty unknown profiles and assigning the
highest cross correlation value between profiles to the most probable match resulted in

100 % correct identifications. The cross correlation distributions of KMs and KNMs were
clearly separated. A similar experiment was done with 20 consecutively manufactured
punches. As punch marks are impression marks and cannot be easily captured with a stylus,
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3D data was acquired using confocal microscopy. For comparison, the two-dimensional
cross correlation function, or areal cross correlation function, was used. The highest value
indicated the most probable match. As for the chisel profiles, the punch impressions could
be identified 100 % correctly and again, the KM and KNM distributions were clearly
separated.

An unusual application of toolmark identification was presented by Kovacs and Hanke (69),
who set up an experiment to automatically distinguish between replicas of 3 adzes, which
are bronze age hand tools. An experimental archaeologist made 10 marks with each replica
in wood and subsequently surface data of the tools and the marks were acquired with
structured light scanning. The distinction between different tools was made based on a set of
surface geometrical characteristics (slope and width values) at the working edge of a tool
using a Geographic Information System (GIS). The analysis revealed that different bronze
age woodworking tools show specific toolmark class characteristics.

How marks on locking cylinder pins can be segmented and analyzed automatically is
presented by Clausing and Vielhauer (64; 65). The goal of their studies was to find the best
way to distinguish between different methods of lock-picking: single pin picking, raking, pick
gun as well as normal key usage, by testing the performance of 15 classification methods.
To find out which classifier performs best, a 3D test set of 20 key pins from 4 locking
cylinders, all opened with one of the four methods, was acquired using confocal microscopy.
Each pin was subsequently pre-processed automatically to separate regions that include
toolmarks from regions that do not contain toolmarks (64) and to separate marks by usage
from production marks (65). Based on the results of the experiments, the tree based
classifiers like e.g. ‘Random Forest’ and ‘Rotation Forest’ perform best, with true positive
rates above 80 % and true negative rates above 70 % for almost all of the different methods
of lock-picking.

6.7. Virtual and simulated toolmarks

To determine statistically meaningful properties of toolmarks given certain conditions, e.g.
different angles of attack, the dataset should be as large as possible. However, creating and
acquiring a large set of experimental toolmarks is very time consuming. Several authors
therefore presented virtual toolmark generators that predict toolmarks using a 3D model of
the tool working surface (58; 57) and/or analyze a set of real marks, determine a
deterministic component and a stochastic component, and modify the latter in order to
simulate new toolmarks (79; 73; 57). In this way it is possible to generate a large number of
marks, for example at many different angles of attack, which can subsequently be compared
with a suspect mark. This can be done manually or by the computer, which can
automatically find the angle of attack producing the profile that best matches a suspect mark
(57; 60). This saves time and has the additional advantage, that the state of the tool is not
altered, as no experimental toolmarks have to be created. After the computer determined the
optimum angle of attack, one experimental toolmark can be generated at the given angle for
verification.

6.8. Software for automated analysis

Following the development of automated comparison methods for striated toolmarks (75; 55)
and breech faces (70), several groups by now also developed graphical user interfaces that
can be used for manually studying data, but also to test the methods that were developed by
the groups. All these packages were presented at the AFTE (The Association of Firearm and
Tool Mark Examiners) training seminar 2016 in New Orleans and are briefly demonstrated
here. MANTIS is short for Mark ANd Tool Inspection Suite (80), and was developed by the
group of Scott Chumbley from the lowa State University (for the details on the method,
please refer to Chumbley and Morris (75)). The software allows visualizing and manually

102



navigating through the data and automatically determine statistical measures that give an
indication of whether different toolmarks are a match or a non-match. In addition, it is
possible to load a surface model of a tool and calculate virtual marks. A system called the
Cadre Forensics Virtual Microscopy Viewer (81), was presented by Ryan Lilien from Cadre
Research Labs (82). As the name indicates, the software is simulating a conventional
comparison microscope and basically consists of a split screen viewer with which two pieces
of evidence can be compared. Full 3D manipulation like shifting, rotation and scaling are
available, as well as additional features like filtering and lighting options. In addition, the two
split screens can be linked together, for simultaneous data navigation. Finally, a graphical
user interfaces called ‘Scratch’ (83), developed at the Netherlands Forensic Institute (84),
was presented by Martin Baiker. It can be used to study and automatically compare striated
marks of tools and firearms (e.g. land engraved areas or LEAs and primer shear marks),
also with multiple LEAs simultaneously. In addition, the software can load surface models of
tools, determine virtual toolmarks and compare these to real toolmarks. In addition, the
software can automatically determine the actual angle of attack that leads to the best match
between virtual and real toolmark. Finally, a likelihood ratio for the current comparison result
can be determined, based on a known match and known non-match database.

7. Invasive striated and impression toolmarks

7.1. Acquisition

Most authors used conventional 2D microscopy or stereomicroscopy (85; 86; 87; 88; 89; 90;
91; 92; 93), but also scanning electron microscopy or SEM (90) to examine invasive
toolmarks. Epifluorescence macroscopy was presented by Capuani et al. (94), arguing that
the auto-fluorescent properties of bone can be exploited to improve the details of invasive
toolmarks. Generally, if using 2D techniques small microscopic marks might be difficult to
see, as a result of the reduction in the depth of field, particularly at very high resolutions. In
addition, 2D images do not allow exact geometrical (objective) measurements. Therefore,
some authors used digital microscopy (95; 96), for an increased depth of field and true 3D
approaches including focus variation microscopy (97) and photogrammetry (98). Errickson et
al. (99) discuss, how 3D datasets based on computed tomography (CT), magnetic
resonance imaging (MRI) and surface scanning can be used to better visualize invasive
traumas for the courtroom and to provide exact spatial measurements of traumas. Gonzalez
et al. (98) present a low cost solution for recording cut marks in bone using photogrammetry.
They manually create 15 cut marks in 3 lamb bones, acquired the bone surfaces,
automatically detect and align the marks and determine a number of real depth profiles
perpendicular to the cuts. Eight characteristics relevant for the morphology, depth, width and
angle are subsequently measured based on these profiles and the authors conclude, that
these could be measured accurately.

7.2. Casting and Preservation

In case of invasive traumas, bone and cartilage are the most frequently examined materials.
As bone might still emit fat until long after the victim passed away and cartilage can be
slightly transparent, sometimes traumas are cast and/or replicas are made. Besides being
more convenient to handle, casts can facilitate the detection of marks that are very hard to
see otherwise. Casts also offer a solution in cases, when samples are too big to be
measured conveniently. Clow and Langon published an article on collection, preservation
and examination of sharp force injuries (87). The article is mainly intended for forensic
pathologists but also contains useful information for the toolmark examiner like suggestions
for a casting material (red-brown MicroSil, no further details available) and creating
experimental stabbing marks (‘plastic/rubbery material’). Two articles (100; 101) describe
using alginate and silicone for casting and type 4 plaster for creating replicas of sharp and
blunt force traumas on skulls. It was noted that silicone casts better preserve fine details but
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that both were sufficient for the case at hand. One of the articles (101) in addition presents a
low-cost method to create a substrate for experimental stabbing marks, using a mixture of
gelatin, sodium benzoate (food preservative) and acetic acid (vinegar). Dittmar et al. (102)
present a comparison of three different materials, Xantopren L blue, MicroSil and Alec Tiranti
RTV putty silicone, for casting toolmarks on fresh (sheep femora) and well preserved
archaeological skeletal remains (animal bones). In total, 45 casts were analyzed with a
macroscope and with a SEM and all three materials turned out to accurately copy the
toolmarks. However, it was found that only the Alec Tirani RTV putty silicone could be
removed without leaving color stains and residue on the specimen. Despite the very long
setting time of 45-60 min (vs. several minutes for the others), the authors recommend using
this casting material.

As shrinkage of bone samples can occur if these are stored for a longer period, Bailey and
Bailey (85) studied 14 antimicrobial solutions for their potential to prevent bone shrinkage.
Toolmarks were created in 14 fresh porcine rib bones using a hack saw and stored for 6
months. Based on microscopic images taken prior to and after the storage period, the
authors then decided qualitatively, whether shrinkage occurred or not. They conclude that
buffered 10 % formalin, buffered 10 % formalin for 12 days with subsequent transfer to ethyl
alcohol, 70 % isopropyl alcohol, 93 % ethyl alcohol, 5 % and 10 % iodine solution as well as
6 % sodium hypochlorite did prevent bone shrinkage but that they prefer solutions without
formalin. Crystal and fungi growth respectively ruled out acetic acid and sodium chloride
solutions as a suitable means for storage.

7.3. Variability of invasive toolmark characteristics

Two article were found that study the variability of marks, one depending on burning (90)
and the other depending on decomposition (92). Kooi and Fairgrieve (90) took 5 racks of
domestic pig side ribs and inflicted more than 10 wounds on the dorsal and ventral part
respectively with two single edged knives, one smooth, one serrated. Subsequently the rib
racks were split and one part burned in an open fire pit for about 1 hour. Afterwards, the
toolmarks on the fresh and the burnt part were examined for differences with a
stereomicroscope and a SEM. The made observations include that linear cuts, V-shaped
cross sections and hinge fractures were all observable in fresh and burnt samples, but that
features such as mounding and wastage were often destroyed during burning. The overall
prevalence of features was estimated to be about 40 %. These results are based on
relatively coarse structures, as fine striations could not be observed on any of the samples.
Oblique faulting and bone lifts were only possible to see with the SEM.

Spagnoli et al. (92) studied the effect of decomposition in air on cuts and blunt force marks
on costal cartilage over a period of 4 months. The tools used were three different knives with
smooth edges, a scalpel, a cutter and a flick-knife, three knives with a serrated-edges blade,
a bread knife, a bowie knife and a steak knife, and a hammer. In addition, a force was
applied to some of the samples by manual bending. In total, 52 samples of human costal
cartilage were used to produce the marks and were compared frequently with a
stereomicroscope with casts from the fresh samples to check for signs of decomposition. It
turned out that after only one week of decomposition, the detection rate for striations fell
from 44-88 % to 17-33 % for non-serrated blades and from 77-88 % to 28— 39 % for
serrated blades. Blunt force marks didn’t show specific characteristics. The samples did not
contain any striations after 1,2 and 4 months.

7.4. Individuality of invasive toolmark characteristics

Many articles in the last years were published comparing various tools for differences in the
characteristics of the marks they leave in bone (97; 94; 86; 95; 88; 96; 91), cartilage (95) as
well as aortic tissue, kidney, skin, liver, cardiac and skeletal muscle (89). Tools of interest
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were knives (97; 86; 95; 89), usually comparing serrated and non-serrated models, heavy
bladed instruments like axe and machete (88) as well as hacksaws (94; 96) and chainsaws
(91). One author presents automated approaches to distinguish between different tools (97)
and three authors evaluate the performance of their approach quantitatively (97; 95; 96).

7.4.1. Manual analysis

A study involving serrated, semi-serrated and non-serrated knives was presented by
Crowder et al. (95). Three examiners with varying degrees of experience in sharp force
trauma analysis were studying the differences in knife class, knife edge bevel (left, right and
even), direct vs. indirect (using casts) mark assessment and using a standard dissection
microscope vs. using a digital microscope. To this end, in total 28 cuts were made in wax, 14
in deer bone and 14 in porcine cartilage and the marks were categorized into fine
(microscopic) and coarse (visible to the naked eye), as well as a combination of both and
none. The results show that generally marks from serrated knives could be distinguished
from non-serrated blades, but distinction between serrated and semi-serrated blades turned
out to be more difficult. If serrated and semi-serrated blades were grouped, classification
accuracy could be increased from 79 % to 96 %. Classification accuracy for edge bevel was
65 %. Casting the marks as well as using different microscopes did not have an influence on
the results, but the amount of experience in sharp force trauma examination did.

Jacques et al. (89) created experimental cutting marks with a serrated and a non-serrated
knife in a variety of human tissues, aorta, skin, liver, kidney as well as cardiac and skeletal
muscle and asked three forensic pathologists to assess the marks for the presence of
striations. The study yielded that only the aorta and skin marks made with the serrated knife
showed striations, which were labeled by the authors as class characteristics. All other
tissues as well as the non-serrated knife did not leave discernible marks.

In an attempt to relate the geometrical characteristics of a cut mark to the used tool, Cerutti
and colleagues (86) created 11 specifically forged ‘knives’ with varying properties such as
width and symmetry of the blade as well as shape and highness of the bevel. With these
tools, cuts in porcine femora were created, 110 perpendicular to the bone (10 cuts for each
tool) and 110 with an inclination, and analyzed using a stereomicroscope by two examiners.
The results show a large variation in the measured geometrical characteristics of the marks
and it was not possible to use them for relating a mark to a specific weapon. The authors
conclude that the physical properties of a bone like the geometry and the strength as well as
the speed of the hit during mark creation (which was not constant), might have too large of
an influence on the resulting mark to enable accurate cut mark classification. Inter-observer
variation was small.

In her MSc thesis, Highsmith (88) studied the possibility to classify toolmarks caused by
heavy bladed instruments. Two machetes, one serrated, and one axe were used by 4
volunteers to dismember 32 limbs of 8 wild hogs. In total, 141 discernible impact sites were
found for the machetes (grouped) and 121 for the axe. The author then macroscopically
assessed the traumas for kerf width and depth, frequency of kerves, incisive marks, lateral
fractures, shattering, cluttering, crushing and bone cut through. Based on the
measurements, statistically significant differences between the instrument types were found
for the kerf width and depth as well as the frequency for shattering, crushing and bone cut
through.

The individual characteristics of hacksaw marks were studied by Capuani et al. (94) and
Love et al. (96). In the first article, two hacksaws with different tooth appearances (pointed,
sharp and smooth, blunt) were selected to generate for each 10 false starts and 10 complete
sections on porcine bone. These marks were imaged with epifluorescence macroscopy and
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analyzed for 9 variables in case of a false start and 16 variables in case of a complete
section. Comparing the results for the two saws revealed that size, raker set and ripcut
shape were common to both and that it was possible to reconstruct the trauma. More
specific characteristics were related to the shape and profile of the kerf, the consistency of
cut and type of wall striations. While class and sub-class characteristics could be used to
determine the saw type, individualization was not possible. The second article (96)
compared the marks of four types of hacksaw, one electric, with alternating, wavy and raker
tooth sets based on a set of 15 variables. In total, 58 experimental marks were made in
human femurs, imaged using a digital microscope (Keyence VHX-1000 (103)) and studied
for differences by 3 doctoral anthropologists. Based on the analysis, decision trees were
implemented to test the discriminatory value of each variable using a subset of 4 variables,
floor and wall shape, minimum kerf width and average tooth hop and another one using 3
variables, wall shape, minimum kerf width, average tooth hop. Minimum kerf width, floor and
wall shape as well as average tooth hop turned out to be important variables and based on
these, the accuracy in saw type determination ranged between 83 % and 91 %

A contribution studying the individuality of various types of chains used for chainsaws was
found in the MSc thesis of Moore (91). Five types of chain (chisel and standard tooth with
standard skip, chisel tooth with full skip as well as semi-chisel tooth with semi- and full skip
respectively) were mounted on the same chainsaw and used to produce 20 complete
sections and 10 false starts each in deer long bones. The results show that chainsaws
marks can be distinguished from other types of saws based on kerf width, severity of
fragmentation and pitting in the kerf wall, but a clear distinction between the various chains
could not be reached in general. However, some trends were observed comparing the size
of exit chipping, the size of the breakaway notch in complete sections, the angling of the kerf
floor in false starts and the mass of bone wastage that might enable to distinguish between
standard teeth and chisel-/semi-chisel teeth chains.

7.4.2. Automated analysis

Bonney (97) published a study that aimed at automated classification of cut marks in bone
made by a serrated knife (steak knife), a non-serrated carving knife and a non-serrated knife
with a bamboo blade. In total, 10 cuts were made in the dorsal and ventral part of porcine rib
specimens respectively with each of the knives. Subsequently, 3D surface data was
acquired using a focus variation technique (Alicona IFM (104)). For data acquisition, casts
were made from the samples as they were too big for scanning and provided better contrast.
From the surfaces, profiles were taken perpendicular to the direction of the cuts and 8
geometrical features were measured. An automated discriminant analysis based on these
features then served to classify 86.7 % of the blades correctly (note that the same dataset
was used for building and testing the classifier). A sample set including cuts from unknown
origin was also analyzed.

7.5. Case studies for comparing invasive toolmarks

Three case studies, in which a suspect tool could be identified with high confidence as being
used in a murder, were presented by Weber et al. (93). In two cases, knife marks were found
in costal cartilage and in one case, hack marks were found in bone. The article describes the
steps that were taken during the examination including the generation of experimental marks
and casting and presents images with comparison results. The authors conclude that the
presented cases are encouraging, because they demonstrate that marks in human bone and
cartilage can be useful for tool identification.
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1. Introduction

This review paper covers advances in scientific methods applied to the forensic examination
of glass evidence since the publication of the 16th International Forensic Science
Symposium in October of 2010 (given that a review of the glass literature was not
undertaken in 2013) and advances in the forensic examination of paint evidence since the
publication of the 17th International Forensic Science Symposium in October of 2013. This
chapter covers a review on both of the subjects (glass and paint) using the peer-reviewed
literature, published reports, books and book chapters on the subjects as well as highlights
of presentations and proceedings from forensic science meetings and symposia. Forensic
examiners must also be aware of the publication of standard guidelines and test methods as
well as the developments within the manufacturing industries including production volumes,
production locations, and the current trends in the manufacture of these widely used
materials.

Glass is defined as an inorganic product of fusion that has been cooled to a rigid condition
without crystallization (1). This material is composed of a mixture of inorganic components
that are responsible for its different physical properties. Glass has been identified as a
“model trace evidence matrix” due to the following characteristics of this material (2):

1. Itis a commonly encountered as evidence due to its fragile nature.

2. ltis easily transferred from source to scene, victim, or suspect.

3. It does not degrade significantly over time, and once transferred, it can persist on
objects after transfer.

4. Fragments of sufficient size and nature are recovered, which make them suitable for
analysis by a number of different methods.

5. Standard methods have been developed to determine the optical and chemical
properties of glass.

6. Suitable reference materials are available from a variety of sources with known
ground truth property values that can be used for validation studies, calibration
procedures and to determine the analytical figures-of-merit for the examinations
including error rate determinations.

7. The optical and chemical properties are relatively homogeneous within a single pane
or sheet of glass and the differences among manufacturing sources of glass are
much greater than differences within a single manufacturing source.

1 Glass Review: 2010-2016; Paint Review: 2013-2016
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8. The physical-chemical measurements result in continuous, numerical values that can
be subjected to statistical analysis methods to aid the interpretation of the results.
These data can also be used to assess frequency of occurrence of Rl and/or
elemental composition, for a given population of glass.

9. The scientific literature describing glass analysis spans more than five (5) decades
and now includes four (4) international standard methods providing the scientific
foundation to the forensic examination of glass evidence.

2. Overview

The field of forensic glass examination has advanced considerably over the last six (6) years
since the publication of the previous INTERPOL review on the subject. In particular,
advances in the elemental analysis of glass have been reported in both the analytical
chemistry and the forensic science literature. Of notable importance, three (3) international
(ASTM) standards describing the elemental analysis of glass have been published and a
fourth international (ASTM) standard related to the measurement of refractive index has
been renewed. ENFSI-authored guidelines have also been developed and published.

2.1 Peer-reviewed literature

The main forensic science journals reviewed for this chapter were the Journal of Forensic
Sciences, Forensic Science International, Science and Justice, the Canadian Journal of
Forensic Sciences, the Australian Journal of Forensic Sciences, the Journal of the American
Society for Trace Evidence Examiners (ASTEE), the European Paint and Glass (EPG)
working group newsletter and a new Elsevier journal initiated in 2016, Forensic Chemistry. In
addition, more than ten (10) different analytical chemistry or other science journals have
published peer-reviewed communications on the advances of forensic glass examination. In
addition, the proceedings from several forensic and analytical chemistry conferences are
briefly cited here and links to World Wide Web links and resources are also provided.

2.2 Additional publications

Several books include book chapters devoted to the forensic examination of glass and paint
evidence. Of particular interest is the volume published in 2016 and edited by Jay Siegel,
Forensic Chemistry; Fundamentals and Applications (2). This volume contains updated
chapters on the subjects of “Analysis of Glass Evidence” by Almirall and Trejos and “Paint
and Coatings Examinations” by Kirkbride. The updated chapters cover, not only the current
and state-of-the-art examinations but also provide new information on the current state of
the interpretation for both types of evidence. The analysis of glass and paint was covered
within a recent overview of “Forensic Applications of Mass Spectrometry” chapter in the
Encyclopedia of Mass Spectrometry by Almirall and Trejos (3). A chapter discussing
materials analysis, including glass evidence using “Laser Ablation Inductively Coupled
Plasma Mass Spectrometry in Forensic Science” was published in the Encyclopedia of
Analytical Chemistry (4) by Trejos and Almirall. Paint and glass are also covered in an edited
volume (102).

Of particular significance to forensic glass examiners that conduct measurements for
comparing glass fragments, four (4) ASTM standards were published within the last six (6)
years. The “Standard Test Method for the Automated Determination of Refractive Index of
Glass Samples Using the Oil Immersion Method and a Phase Contrast

Microscope” (E1967-11a) was renewed for the third time in 2011 (5). The standard test
method for the “Determination of Trace Elements in Glass Samples Using Inductively
Coupled Plasma Mass Spectrometry” (E2330-12) was renewed in 2012 (6). A new standard
test method for the “Forensic Comparison of Glass Using Micro X-ray Fluorescence (u-XRF)
Spectrometry” (E2926-13) was published for the first time in 2013 (7) and a new standard
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test method for the Determination of Trace Elements in Soda-Lime Glass Samples Using
Laser Ablation Inductively Coupled Plasma Mass Spectrometry for Forensic

Comparisons” (E2927-13) was also published for the first time in 2013 (8). In addition to
these international documentary standards developed by ASTM, a “Guideline for Evaluative
Reporting in Forensic Science” was published in 2015 (9) by the European Network of
Forensic Science Institutes (ENFSI) under the “Strengthening the Evaluation of Forensic
Results across Europe (STEOFRAE) initiative. This guideline provides “all reporting forensic
practitioners with a recmommended framework for formulating evaluative reports and related
requirements for the case file”. The guideline is supportive of the use of likelihood ratios to
report forensic results and provides case examples, including an example for a glass case
comparison. The project core group involved with the creation of this ENFSI document
included scientists from Forensic Science Ireland, the INCC in Belgium, the NFC in Sweden,
the NFI in Netherlands, the Guardia Civil of Spain, the IRF of Poland, the University of
Edinburgh in Scotland, LGC Forensics in the UK and the University of Lausanne in
Switzerland. Interestingly, at the Annual Meeting of the Expert Working Group Paint & Glass
that took place at the end of September 2013, the majority of EPG members (31 of 37
ENFSI institutes) rejected the proposed guideline for several reasons including the need to
present alternative approaches to interpretation (Personal communication with Stefan
Becker, BKA).

2.3 Conferences and Symposia

The following scientific conferences and symposia contained presentations on either glass
or paint and coatings examinations and some of the following contained presentations on
both topics. The list of conferences below is provided in chronological order and includes the
name of the conference followed by the year the conference was held and then includes a
brief description of the glass and paint/coatings presentations. Finally, the web site that
contains the program and proceedings for the conference is also provided.

« American Academy of Forensic Sciences (2010-2016). Various poster and oral
presentations focusing on the analysis of glass have been included in the American
Academy of Forensic Sciences’ annual meeting. The link to each year’s proceedings is
as follows: http://www.aafs.org/resources/proceedings/.

« SciX (2010-2015) The annual SciX meetings have included several sessions focusing
on forensic science, including trace evidence analysis including a presentation on
chemometric analysis of glass evidence in 2015. The final program for each year can
be found in the archives: https://www.scixconference.org/program/archive.

« American Chemical Society (2010-2016) The annual American Chemical Society
meetings have included presentations focusing on forensics within the Analytical
Chemistry section®. The link to each year’s program is as follows:https://www.acs.org/
content/acs/en/meetings/nationalmeetings/programarchive.html. Glass was not
mentioned in any session, but paint was included.

« International Forensic Science Symposium (2010, 2013) Interpol hosts a Forensics
Symposium every three (3) years. The 16th International Forensic Science Symposium
in 2010 included a session focusing on glass and paint(http://www.interpol.int/
INTERPOL-expertise/Forensics/DVI-Pages/International-Forensic-Science-
Symposium). The 17th International Forensic Science Symposium in 2013 included
topics on paint analysis (http://www.interpol.int/INTERPOL-expertise/Forensics/
Forensic-Symposium).

« International Symposium on the Forensic Sciences (2010, 2012, 2014) The
International Symposium on the Forensic Sciences is hosted by the Australian and New
Zealand Forensic Science Society. The 22nd symposium in 2014 included
presentations focusing on paint analysis; the agenda can be found in:http://
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agenda for the 20th (2010) and 21st (2012) symposium could not be located online.

« European Academy of Forensic Science Conference (2012, 2015) The 7th symposium
(2015) included poster presentations discussing glass and paint analysis (http:/
www.eafs2015.eu/poster-sessions.htm). The agenda for the 6th symposium (2012)
could not be located online.

« Trace Evidence Symposium 2011: Science, Significance and Impact (2011) The
National Institute of Justice hosted a trace evidence symposium in which oral
presentations and/or posters on both glass and paint were presented. http:/
projects.nfstc.org/trace/2011/agenda.htm and http://projects.nfstc.org/trace/2011/
images/TES2011_Final Agenda.pdf

« Impression Pattern and Trace Evidence Symposium (2015) Hosted by the National
Institute of Justice and the Forensic Technology Center of Excellence, this symposium
included oral presentations and/or posters on both glass and paint. https://
rti.connectsolutions.com/p6psgg6hkpm/

» Trace Evidence Data Workshop: Improving Technology and Measurement in Forensic
Science (2016) The National Institute of Standards and Technology hosted a workshop
which included talks and discussions about the various databases, including those
pertaining to glass and paint, that have been established throughout the world. (Link to
website is not available at the time of this writing).

« Annual IFRI Forensic Science Symposium (2012-2016) The International Forensic
Science Research Institute hosts an annual symposium, which have included poster
and oral presentations focusing on the analysis of glass and paint.

e 2012 Annual IFRI Forensic Science Symposium Poster presentation on glass; http://
ifri.fiu.edu/news/2015/ifri-4th-annual-symposium-great-success/ifri-forensic-science-
symposium-2012-program.pdf

« 2013 Second Annual IFRI Forensic Science Symposium Oral presentation on glass;
https://issuu.com/fiupublications/docs/ifrisymposium

e 2014 Third Annual IFRI Forensic Science Symposium Oral presentation on glass and
paint; http://ifri.fiu.edu/events/2014/third-annual-forensic-science-symposium/
forensic-science-program-2014-1.pdf

« 2016 Fifth Annual IFRI Forensic Science Symposium Poster presentation on glass;
http://ifri.fiu.edu/news/2016/ifri-symposium-proceedings-available/2016_ifri-
symposium_program.pdf

2.4 Industry Information

The National Glass Association (www.glass.org) is an industry-supported clearinghouse of
information on the manufacture of glass including safety, education, and other types of
general communications. The official communication arm of the NGA is the online
publication Glass Magazine (www.glassmagazine.com). Many of the production statistics
quoted in this review are cited from this source. A recent (2014) IBISWorld report (10)
provides a succinct summary of the glass manufacturing industry: “Companies in this
industry produce a wide range of glass products by melting silica sand or cullet and
fabricating purchased glass. The industry includes four segments: flat glass manufacturing,
including laminated glass; pressed or blown glass and glassware; glass container
manufacturing, including bottles and jars; and product manufacturing from purchased glass,
which includes lighting, mirrors, architectural glass and electronic glassware” (10). The glass
manufacturing industry is expected to grow 5.5% from 2016-2021 due to an increase in new
building construction and a healthy rebound in the automotive industry, two main consumer
segments of glass manufacturing supply. The market segmentation of products and services
from US manufacturers, for example, is shown in figure 1 (source: IBISWorld) (10).
According to Glass Magazine, the publication sponsored by the National Glass Association,
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this future increase in production follows a sharp reduction in capacity in North American
glass production.

In Canada and the USA, there were forty-four (44) working float glass lines in thirty-seven
(37) plants in 2005, and in 2015, there were thirty-four (34) lines in twenty-five (25) plants in
operation (11). The two (2) plants that were operating in Canada in 2005 were shut down
and similar levels of capacity reduction took place in western Europe (11). The level of
activity in Europe is “far below” 2008 levels with the glass industry not yet recovered from
the global recession.

Figure 1. Market segments for glass manufacturing in the U.S.A. for 2016 (source:
www.ibisworld.com)

During the same period, China and the other BRIC countries (Brazil, Russia, India, and
China) experienced tremendous growth in the same decade (11). Chinese glass
manufacturing grew from twenty-five (25) glass plants in 2005 to sixty-four (64) plants (125
lines) in 2015 and currently represents close to 50% of glass volume production globally.
The other BRIC countries now have twenty-one (21) glass plants between them (up from
eleven (11) in 2005) (11). Globally, there are ~400 float glass lines (210 float glass plants)
currently operating and the total manufacturing output of all float glass plants in the world is
on the order of 1 M tons every week (11). In China, plants that do not meet western
manufacturing standards have closed recently so even though there has been consistent
and significant growth in that market over the last ten (10) years there have also been some
plant closures (12). An interactive map of all the current float lines including plant location
and number of lines can be found at worldofglassmap.com (13).

This information is relevant and important to glass examiners because glass composition
varies with the source of the raw materials as well as the formulations for end use. Some of
the unintended contaminants (trace elements) present within the glass melt as a result of the
geology from the raw materials and that do not affect the physical and optical properties of
glass are detectable. Standard test methods (see above) have been developed to determine
the chemical composition with sensitive instrumentation to provide a way of differentiating
between glass sources. The larger the variety of geological sources of contamination
producing trace signatures in glass, the greater the differences that can potentially be
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detected among the different manufacturing sources. Given that products that contain glass
such as vehicles are distributed and sold on a global market, there is an expected large
variability of glass composition in these globally distributed products.

This review covers three main sections within each evidence type; 1) examinations, 2)
transfer, persistence and databases and 3) interpretation.

3. Glass Examinations

A new automated procedure for the fast classification of glass fragments using differential
interference contrast developed by Buchholz et al was reported to reduce the time it takes to
classify glass fragments by their optical properties (14).

Tulleners et al developed a method for the determination of unique fracture patterns in glass
and glassy polymers as part of NIJ-sponsored research and the final report is published on
the NIJ web site: https://www.ncjrs.gov/pdffiles /nij/grants/241445.pdf (15). Similarly, Haag
et al examined the fracture of glass fragments during projectile penetration and perforation
of glass (16).

In 2011, Ryland reported the improved discrimination of flat glass samples measured by -
XRF with similar refractive index (17). In 2012, Ernst, et al reported the advantages of XRF
over SEM as being more sensitive (nominal LODs of ~ 100 ppm for XRF vs ~ 1000ppm for
SEM-EDS), especially for elements of higher atomic number. As a consequence, XRF is
reported as more discriminating than SEM, allowing not only the classification of glasses into
categories but also a better discrimination among glasses of the same type (18).

In 2014, Cheng et al (19) reported the use of portable X-ray Fluorescence (PXRF) for the
qualitative and semi-quantitative elemental analysis of glass. The major elements Si, O, Ca,
Al, and Na, as well as trace elements Sr, Rb, K, Fe, and Sn were measured in twenty-five
(25) glass samples by PXRF. The amounts of some elements, such as Fe, K, Zr, and Sr
were found to vary in different samples, while other elements, such as Th, were found to be
consistent in most tested glass samples. Discrimination of 98.31 % of 7,500 pair-wise
comparisons created from twenty-five (25) glass samples was found.

In 2013, the Elemental Analysis Working Group (EAWG) performed a series of inter-
laboratory tests that compared the analytical performance of y-XRF, ICP-MS and LA-ICP-
MS for the analysis of glass fragments manufactured in the same plant at short time
intervals (20). In the same year, the EAWG reported on the performance of different match
criteria for comparing elemental composition comparisons using the same techniques (21).
The foundational work described in these two (2) publications resulted in the drafting of
ASTM E2926-13 method for the use of XRF in glass examinations by the members of the
EAWG (7).

Cahoon and Almirall continued the evaluation of the utility of Laser Induced Breakdown
Spectroscopy (LIBS) for application in glass analysis by determining the wavelength
dependence of the irradiation laser on the forensic analysis of glass (22). These workers
concluded that the UV 266 nm laser couples better with clear, colorless glass and therefore
results in better analytical figures of merit than the IR 1064 nm laser. These results were not
unexpected as similar results have been previously reported not only for LIBS analysis but
also for laser ablation analysis.

Koch and Giinther produced a general review of the state-of-the-art of laser ablation

inductively coupled plasma mass spectrometry and included optimization of LA-ICP-MS
parameters for materials, including clear and colorless materials (23). LA-ICP-MS has been
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reported to have many advantages over the solution ICP methods (2) including minimum
sample consumption during the analysis (approximately 300ng) and the analysis of very
small fragments (as small as 0.2 to 0.4ug or ~0.1mm to 0.4mm can be analyzed in several
replicates using this method (7, 20, 21).

Weis et al (24) reported the utility of LA-ICP-MS analysis for the analysis of glass including
the reporting of figures of merit using “ground truth” reference materials and also
establishing a match criterion in forensic comparison analysis of float glass. This work,
elaborated at the BKA in Germany reported that the best performing match criteria is the use
of a “comparison interval” whereby the interval is +4 s (standard deviation with a minimum
3% RSD) is used. These workers report a maximum error rate of 2 out of 1891 false
inclusions (0.1% false inclusions). The BKA analysis incorporated sixty-two (62) samples
with six (6) replicates from each sample of survey glass from different glass plants. The
same match criteria (+4 s with a minimum 3% RSD) was used by the EAWG (20, 21) in the
USA for a collection of 104 samples (3 replicates) and a type 2 error rate (false inclusions)
was reported at a rate of 0.3% (36/10712 comparisons) and the population of the glass
samples was also survey samples from different manufacturing plants or samples from the
same plant but manufactured at different times. Dorn et al (25) separately reported the
discrimination of float glass by LA-ICP-MS and evaluated the match criteria using casework
samples and also determined that the use of a 4 s (with a minimum 3% RSD) performed
the best. This work is of particular importance because it reports the use of eighty-two (82)
casework glass samples to generate the LA-ICP-MS data (nine (9) replicates). The estimate
of the probability of false “matches”, or the Type Il error rate was ~ 0.1% (or 7/6642
comparisons). The agreement between the three different research groups in Germany,
Canada and the USA prompted the development of the ASTM E2927-13 method for glass
analysis using LA-ICP-MS and including the recommendation of the use of the +4 s (with a
minimum 3% RSD) as a match criteria when comparing glass data by LA-ICP-MS. It should
be noted that the EAWG reported a detailed comparison of a variety of match criteria for
comparing LA-ICP-MS and XRF data (21) with the +4 s (with a minimum 3% RSD) match
criteria as resulting in the best performing match criteria. Table 1 summarizes the results
from the three (3) different groups.

FIU Collection 104 samples, 3 replicates Type 2 Error Rate  Type 2 Error Rate  Type 2 Error Rate
(%) (%) (%)

BKA Collection 62 samples, 6 replicates False Inclusion False Inclusion False Inclusion

21 25
. FIU 24 CFS

CFS Collection - 82 samples from Florida International BKA . Centre of Forensic
casework, 9 replicates University Bundeskriminalamt Science
Comparison Interval 0.3 0.1 0.1*
14 * standard deviation (minimum 3% RSD) (36/10712) (2/1891) (7/6642)
T-Test (Welch’s Modification) 2.2
95% confidence, Bonferroni correction (117/5356)
T-Test (equal variance) 0.5 0
95% confidence, Bonferroni correction (29/5356) (0/1891)
Equivalence Test 1.9
0 calculated with known (206/10712)
Equivalence Test 0.02
0 calculated with Cardinal glass (2/10712)
Equivalence Test 2.6
0 calculated with FIU Database (277/10712)
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Table 1. Error rates for the comparison of glass samples in collections using LA-ICP-
MS data (Source: 24, 25 and Symposium of Trace Evidence Databases).

Jisonna, et al reported the use of particle induced X-ray emission (PIXE) in the forensic
analysis of tempered sheet glass (26). The elemental concentrations of five (5) trace
elements were determined using this technique. The trace element concentrations for Ca,
Fe, Mn, Sr, and Ti were compared to those obtained by inductively-coupled plasma-atomic
emission spectrometry (ICP-AES) following complete digestion by hydrofluoric acid with
good agreement between both techniques. The limits of detection for trace elements are
typically lower (better) for the ICP-AES method. However, these workers show that the
concentrations of these five (5) elements can be accurately measured by the PIXE method
and given the non-destructive nature of the analysis, PIXE can be used to complement ICP-
OES for the analysis of glass, according to these authors.

DeYoung, et al also used the PIXE technique to compare glass fragments (27). These
workers were able to “identify those glass fragments that originated from different sources
based on their elemental analyses”. The developed protocol includes specific approaches to
calculating uncertainties and handling measurements below the level of detection. The
results indicate that this approach has increased sensitivity for several elements with higher
atomic number compared with X-ray fluorescence methods. While not as sensitive as LA-
ICP-MS or ICP-MS methods of dissolved samples, these workers describe a simpler sample
preparation process that may be used to presort glass fragments for more comprehensive
elemental analysis at a later time.

Schenk and Almirall described a comprehensive comparison for the analysis of glass
between LA-ICP-OES (28) to LA-ICP-MS and uXRF/EDS. The development of a method for
the forensic analysis of glass coupling laser ablation to ICP-OES was presented for the first
time. LA-ICP-OES has demonstrated comparable analytical performance to LA-ICP-MS
based on the use of the element menu, Al (Al 1 396.15 nm), Ba (Ba Il 455.40 nm), Ca (Ca Il
315.88 nm), Fe (Fe 11 238.20 nm), Li (Li 1 670.78 nm), Mg (Mg | 285.21 nm), Sr (Sr Il 407.77
nm), Ti (Ti Il 368.51 nm), and Zr (Zr 1l 343.82 nm). The relevant figures of merit, such as
precision, accuracy and sensitivity, are presented and compared to LA-ICP-MS. A set of
forty-one (41) glass samples was used to assess the discrimination power of the LA-ICP-
OES method in comparison to other elemental analysis techniques. This sample set
consisted of several vehicle glass samples that originated from the same source (inside and
outside windshield panes) and several glass samples that originated from different vehicles.
Different match criteria were used and compared to determine the potential for Type | and
Type |l errors. It was determined that broader match criteria is more applicable to the
forensic comparison of glass analysis because it can reduce the affect that micro-
heterogeneity inherent in the glass fragments and a less than ideal sampling strategy can
have on the interpretation of the results. Based on the test set reported here, a plus or minus
four standard deviation (+4 s) match criterion yielded the lowest possibility of Type | and
Type Il errors. The developed LA-ICP-OES method has been shown to perform similarly to
LA-ICP-MS in the discrimination among different sources of glass while offering the
advantages of a lower cost of acquisition and operation of analytical instrumentation making
ICP-OES a possible alternative elemental analysis method for the forensic laboratory.

Grainger et al (29) reported on a classification and discrimination study of 243 automobile
glass samples in New Zealand using LA-ICP-MS. An intact side window (tempered pane)
and an intact windscreen (laminated pane) were analyzed to investigate the spatial trend of
elements in automotive glass. Most elements displayed no spatial variation over the panes.
Pb had the largest variation in the windscreen and was also found to have a large variation
in the database. Most samples were able to be classified into the vehicles' country of origin
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using a multiclass classifier. However, this was not possible for all samples, due to the origin
of glass differing from the origin of the vehicle in some cases. The elemental composition of
Australian and Northern Hemisphere samples differed greatly making them easy to
separate; however, there was little variation within the Australian samples, making it hard to
discriminate between different samples. A three-step method, which combined the use of
elemental composition, ARI and RI, was used to discriminate database samples. The
method distinguished 84% (172/204) of samples in the database. When Australian samples
were removed from the analysis, the discrimination increased to 95% (148/156).

In an Australian study using LIBS, El-Deftar et al (30) was able to discriminate 97% of
comparison pairs using fourteen (14) laminated and six (6) non-laminated glass samples,
but no attempt was made to determine the number of correct associations in a blind study as
would normally be conducted in this type of study. The Type Il error rate (false inclusions)
was not determined.

Sjastad et al (31) reported the use of Pb-isotopic ratios to discriminate glass samples. These
workers developed a method for analysis of Pb-isotope ratios using a Multi-Collector ICP-
MS instrument requiring digestion of the sample prior to solution analysis.

In a different study, Sjastad et al (32) presented the analytical protocol for optimizing isotopic
determination of Pb for comparison of glass by use of LA-ICP-MS to determine isotope
ratios. In a third study the following year, Sjastad et al (33) report the application of LA-
multicollector-ICP-MS in the determination of Pb-isotope ratios in common glass for forensic
purposes. Finally, the same research group reports in a paper by Martyna et al (34) the
application of likelihood ratios (LRs) for the comparison of data collected Pb-isotope ratios.
The assessment of the applied LR models performance was conducted by an Empirical
Cross Entropy (ECE) approach. Thirty-five (35) glass samples were subjected to IRMS
analysis and were described by Pb-isotope ratios: 208Pb/204Pb, 207Pb/204Pb, 206Pb/
204Pb, 208Pb/206Pb, and 207Pb/206Pb. Univariate and bivariate LR computations were
performed, assuming normally distributed data subjected or not to a logarithmic
transformation. Principal Component Analysis (PCA) was employed for creating orthogonal
variables to propose an alternative LR model. It was found that the application of variable
208Pb/204Pb seems to be promising as it delivers one of the lowest percentages of false
positive and false negative rates as well as being the only variable for which an ECE plot
gave satisfactory results.

Lee et al (35) report a discrimination study of side-window glass of Korean automobiles
using LA-ICP-MS. Thirty-five (35) samples from the side windows of cars produced and used
in South Korea were collected from the official agencies of five (5) car manufacturers and
from two (2) glassmakers. In addition, 120 samples from side mirrors were collected from
the same suppliers as well as from small businesses. Their chemical compositions (including
Pb-isotopes) were analyzed using LA-ICP-MS and linear discriminant analysis (LDA) was
performed. The percentages of major elements (Si, Ca, and Fe) in side-window glass varied
within narrow ranges (30.0 + 2.36%, 5.93 + 0.52%, and 0.33 + 0.05%, respectively), while
the differences among Pb-isotope ratios were not significant. The light rare earth elements
(LREEs) were different from each glassmaker. From the LDA, the types of side-window
glass were successfully discriminated according to car manufacturer, glassmaker, and even
glass thickness. However, glass from side mirrors were not determined as good forensic
identifiers.

Baidoo et al (36) used a radiochemical technique, an application of kO-method in

instrumental neutron activation analysis for glass analysis using a low power nuclear
research reactor. In this work kO-INAA was been applied on glass samples to determine
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major, minor and trace element concentration. As many as fifty (50) elements were detected
and quantified with 3—5 mg of 0.1 % AuAl comparator monitor (0.1 % gold—99.9 %
Alumimum wire). The average concentrations of SiO2, Na20, CaO, Al203 and MgO ranged
between 76-96 %, 11.15-12.66 %, 5.26—10.71 %, 1.13-2.73 % and 3.51-6.23 %
respectively. The relative concentrations of impurity elements; Cr, Fe, Mn, and Co
determined from the glass samples were used to match the physical appearance (color) of
the glass based on general knowledge of colored glass production. The analytical procedure
was validated using SRM 610 (glass matrix) and SRM GBW07106 (rock matrix) both as
control samples which indicated a relative uncertainty of 15 and 6 % respectively for SRM
610 and SRM GBWO07106. The authors opined that the relative sensitivity at which some of
the elements were detected in major, minor, and trace levels have indicated that the kO-
method in instrumental neutron activation analysis using low power research reactor could
be a useful technique in glass analysis for forensic and archeological applications.

Rushton et al (37) have reported on the effect of annealing on the variation of glass
refractive index values of non-tempered, float glass pane and a tempered, float glass pane.
The two (2) panes of colorless, float glass were cut into 150 5 cm x 5 cm squares. The pre-
and post-annealing Rl values from three random areas from each square were measured.
Bayesian statistical hierarchical modeling of the results showed that, for the non-tempered,
float glass pane annealing increased the variability in Rl by a factor of 1.29-1.58, with a
mean of 1.43 (with 95% probability); and for the tempered, float pane of glass annealing
decreased the variability in Rl by a factor of 0.63—0.76, with a mean of 0.69 (with 95%
probability). In addition, these workers found that although there were no systematic
differences in ARI across either pane of glass, there were observable differences across
both panes of glass. These results provide information regarding the expected Rl variation
over entire panes of both non-tempered and tempered float window glass for both pre- and
post-annealing Rl measurements.

Funatsuki et al reported (38) the forensic analysis of automobile glass from three different
manufacturers in Japan based on the RI, XRF, and X-ray absorption fine structure. The
samples were classified into the corresponding groups using XRF, which should be the first
step for identification. Samples having different manufacturing times showed differences in
the refractive index. Based on XAFS, the amplitude of the EXAFS spectra and the intensities
of Fourier transforms differed between manufacturers. In the scheme for manufacturer
identification proposed in this study, performing XRF and refractive index studies is the first
step. The concentrations of CeO2, MgO, Al203, and K20 allowed these workers to
distinguish among manufacturers. For samples containing Ce, discrimination between
manufacturer based on the amplitude of the EXAFS spectra and the intensities of Fourier
transforms was possible. The same group (Funatsuki et al), reported (39) the forensic
identification of automobile window glass manufacturers based on Ce chemical states. To
identify automobile window glass manufacturers, the chemical states of Ce in twenty-nine
(29) types of glass were analyzed using XAFS. These workers found that the amplitude of
EXAFS spectra and intensities of Fourier transforms differed between manufacturers.
Although the manufacturers for seven (7) out of twenty-nine (29) samples could not be
identified, twenty-two (22) out of twenty-nine (29) samples were identified correcily.

Eyring et al reported (40) the microspectral characterization of green glass fragments. This
study, published in Microscope, was a continuation of efforts to assist criminalists in sorting
glass fragments with similar colors that might have originated from different sources.
Microspectrophotometry (MSP)was used to address this problem and assist with fragment
color sorting. The irregular shapes of glass fragments and their large refractive index (RI)
differences relative to air makes an immersion mounting technique necessary prior to MSP
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analysis. Following this preparation, the MSP sorting technique was applied to a group of
twenty-five (25) green bottles.

Munger et al reported (41) on RI variations within panes of vehicle windshield glass
samples. Refractive indices of seven (7) double-paned vehicle windshields were measured
to assess the variation across the pane of glass and to evaluate collection techniques for
known glass standards by comparing false negative rates. Measurements were made using
a Foster and Freeman GRIMS instrument, and a minimum of 240 measurements collected
per pane. The mean SD of the windshields was 0.00004 RI units. It was further determined
that collecting a known sample from two (2) different sections of a shattered windshield gave
the lowest rate of false negatives when using + 2 standard deviations to estimate the Rl
variation of the known glass. Additionally, refractive indices often were highest in the center
of the windshield and decreased when sampled toward the edges, according to these
workers.

Alamilla et al reported (42) a validation of an analytical method for the refractive index
measurement of glass fragments. The validation was performed by studying analytical
features such as the working range, precision, robustness, and bias. Locke silicone oil type
B, glass standards type B and a sodium D source (589.3 nm) were selected for a working Rl
range from 1.50225 to 1.52381, according to the typical Rl values of glass samples of
forensic interest. The method was applied to eight validation samples (six (6) glass
fragments from different parts of an automobile, a glass container, and an architectural tinted
window), which were differentiated through their Rl values. Finally, the procedure was
applied to interpret the origin of glass evidence taken from a hit-and-run incident. A common
origin of recovered and control glass fragments was supposed on the basis of the Rl
determination of these samples, together with the application of a reported match criteria in
forensic pairwise comparisons of glass fragments. The results were confirmed by LA-ICP-
MS analysis.

Michalska et al recently reported (43) an optimized sample preparation procedure for glass
fragments for analysis by SEM-EDS. These workers report quantitative analysis using SEM-
EDS by requiring a flat and smooth sample surface. To meet these requirements, instead of
the typical embedding procedure, which is not always practical for minute fragments, these
workers used optical microscopy for selecting glass fragments that are smooth and flat as
possible and directly placing them on a scanning electron microscopy stub. The results
using two (2) SEM-EDSs were compared for embedded and nonembedded glass
standards. No significant differences in accuracy, precision, reproducibility, and false answer
rates were observed using likelihood ratio models suggesting that the reported method of
sample preparation is suitable for forensic analysis.

4. Glass Transfer, Persistence and Databases

O’Sullivan, Geddes and Lovelock (44) reported the migration of glass fragments from the
pockets to surfaces of clothing garments in the United Kingdom. The aim of this study was to
investigate the possibility that fragments of glass migrate from a pocket of a garment to its
surfaces during police and laboratory handling after a person is suspected of breaking glass.
Sixty (60) fragments of glass were seeded into a pocket of a fleece jacket and a pair of
denim jeans. Three (3) experiments were performed; one examined a searching, recovery
and blanking procedure, another examined the pre-laboratory ‘handling’ process of an item
in an evidence bag, and the third experiment looked at the removal of an object from a
pocket laden with glass and subsequent removal and packaging of the garment. Up to two
(2) fragments were recovered from the surfaces of the fleece jacket and the denim jeans via
the searching, recovery and blanking procedure. Similar numbers were also recovered from
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the insides of the evidence bags. Up to four (4) fragments were recovered from the surface
of the fleece jacket and up to five (5) fragments were recovered from the surface of the
denim jeans after pre-laboratory ‘handling’. Similar numbers were recovered from the insides
of the evidence bags. Comparable numbers to those from searching/recovery experiments
were observed when garments were removed after taking an object from a pocket. Their
findings show that some migration can occur.

Irwin (45) reported on the transfer of glass fragments when bottles and drinking glasses are
broken. These workers carried out experiments to determine if and how many glass
fragments are transferred onto upper garments following breakage of bottles and drinking
glasses. In all instances used in the study, glass was transferred. These workers report the
number of transferred fragments after a bottle is broken ranges between 3-25 fragments and
the number of fragments transferred following the breaking of a drinking glass ranges
between 3-125 fragments.

Cooper (46) reported on the indirect transfer of glass fragments to a jacket and their
subsequent persistence. This author conducted experiments to investigate the indirect,
perhaps innocent, transfer of glass evidence. The experiments involved the transfer of glass
fragments from a surface scattered with broken glass to a hand, and then from the hand to
the sleeve of a poorly retaining jacket. The persistence of the transferred fragments was
studied by collecting the glass fragments as they fell off the jacket while the wearer was
walking on the spot. The results showed that large numbers of glass fragments can be
picked up on a hand from a suitable surface and transferred from the hand to the jacket. In
seven (7) of nine (9) tests performed, ten (10) or more glass fragments were recovered from
the jacket sixty (60) minutes after the original contact between the hand and the broken
glass. More than twenty (20) fragments were recovered in three (3) of these tests. These
results call attention to the need to avoid secondary (or indirect) transfer of glass evidence
given the possibility that “matching” glass from the scene or actual known sample is
sometimes available for transfer.

Seyfang et al report (47) on the characterization of glass fragments originating from portable
electronic devices (PEDs). PED glass is reported as easily recognized using SEM-EDS and
RI measurements and is easily distinguished from domestic and automotive soda-lime glass
using these methods.

Jackson et al reported (48) on a survey of glass found on the headwear and head hair of a
random population vs. people working with glass. The study investigated the prevalence of
glass particles on the headwear and head hair of two (2) different population groups; the
general public who do not work with glass, and from glaziers who are people that work with
glass and have regular contact with broken glass. The 232 samples collected from the head
hair and headwear from the random population resulted in the recovery of six (6) glass
fragments in total on six (6) individuals (i.e. one fragment each). All of these fragments were
from head hair samples with no multiple fragments recovered. The two (2) headwear
samples that were taken revealed no glass fragments. The head hair and headwear of
twenty-five (25) glaziers from the glass workers produced 138 glass fragments found in total
on twenty-four (24) of the twenty-five (25) glaziers. The size and number of fragments found
in each sample were also generally larger for the glaziers group. The results from this study
indicate that the prevalence of glass on the head hair and head wear of the random
population is very low in comparison to the head hair and headwear of those who have
regular contact with breaking glass. The significance of this finding with respect to the
interpretation of glass evidence was also discussed.
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Almirall, Corzo and Hoffman recently reported at a NIST Trace Evidence Database
Conference on the existing, public databases containing forensic glass data such as Rl and
elemental composition. A survey was emailed out to a large number of laboratories known to
conduct glass analysis and (6) six laboratories reported maintaining and using databases
containing RI, elemental analysis or both types of data. Table 2 below summarizes the list of
the existing databases including the number of samples, the types of samples in each
database, the data that is collected (RI or elemental) as well as how the database is used in
forensic casework or for research purposes.

Table 2. Existing databases from six (6) different laboratories and their reported uses of the
databases (Source: Invited presentation by Almirall during the NIST Sponsored Trace
Evidence Databases Conference in Gaithersburg, July 2016).

5. Glass Interpretation

Zadora and Ramos (49) reported the use of likelihood ratios (LRs) and an “information-
theoretical approach” to evaluate the forensic comparisons of glass samples. The paper
presents the influence of database selection for the analysis of chemical profiles determined
by SEM-EDS. The use of empirical cross-entropy (ECE) plots is discussed and these
authors conclude that the oxides of the major elements Ca, Si, and Na provide good
discrimination between samples.

Zadora and Neocleous (50) report LRs to compare refractive index data with SEM-EDS data
for glass comparisons concluding that the Rl data with SEM-EDS data is “appropriate” for
database comparisons.

Zadora, Neocleous and Aitken (51) report the use of a “two-level model” for the evaluation of
glass evidence in the presence of zeros. These workers report that LRs provide a natural
way of computing the value of evidence under competing propositions and propose LR
models for classification and comparison that extend the ideas of Aitken, Zadora, and Lucy
and Aitken and Lucy to include consideration of zeros. These authors view the presence of
zeros as informative and model it using Bernoulli distributions. The proposed models are
used for both the evaluation of forensic glass (comparison and classification problem) and
paint data (comparison problem). Two hundred and sixty-four glass samples were analyzed
by SEM-EDS and thirty-six (36) acrylic topcoat paint samples were analyzed by pyrolysis
gas chromatography mass spectrometry. The results for glass comparisons was reported as
“highly satisfactory” and the comparison of paints resulted in 3.0% false positives and 2.8%
false negatives.

Neocleous, Aitken and Zadora (52) report on the transformations for compositional data with
zeros with an application to forensic evidence evaluation. The authors here used a two-level
multivariate likelihood ratio model for comparison of forensic glass evidence in the form of
elemental composition data under three data transformations: the logratio transformation, a
complementary log—log type transformation and a hyperspherical transformation. The
performances of the three transformations in the evaluation of evidence were assessed in
simulation experiments through use of the proportions of false negatives and false positives.

Lucy and Zadora reported (53) on the mixed effects modeling for glass category estimation
from glass refractive indicies. For this study, 520 glass fragments were taken from 105 glass
items (container, window, or automotive). Each of these three (3) classes were defined as
glass categories. Refractive indexes were measured both before, and after a programme of
re- annealing. Because the refractive index of each fragment could not in itself be observed
before and after re-annealing, a model-based approach was used to estimate the change in
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refractive index for each glass category. The change in refractive index was then used to
calculate a measure of the evidential value for each item belonging to each glass category.
The distributions of refractive index change were considered for each glass category, and it
was found that, possibly due to small samples, members of the normal family would not
adequately model the refractive index changes within two (2) of the use types considered.
Two (2) alternative approaches to modeling the change in refractive index were used, one
employed more established kernel density estimates, the other a newer approach called log-
concave estimation. Either method when applied to the change in refractive index was found
to give good estimates of glass category, however, on all performance metrics kernel density
estimates were found to be slightly better than log-concave estimates. These results and
implications of these two (2) methods of estimating probability densities for glass refractive
indexes were also discussed.

Ramos and Zadora (54) used an information-theoretical feature selection using data
obtained by SEM-EDS for classification of glass fragments. The database used for this work
consisted of 278 glass objects (automobile and architectural windows and containers) for
which seven (7) variables based on SEM—-EDS data are available. A multivariate model was
described for the computation of the likelihood ratios with an Empirical Cross-Entropy (ECE)
objective function used for feature selection. The model is applied to all the sixty-three (63)
possible univariate, bivariate and trivariate combinations taken from the seven (7) variables
in the database, and its performance is ranked by its ECE. The results are reported as
“nearly perfect” discrimination between glass sources.

Napier et al reported (55) a composite Bayesian hierarchical model of compositional data
with zeros. These workers present an approach for modeling compositional data with large
concentrations of zeros and several levels of variation, applied to a database of elemental
compositions of forensic glass of various use types. The procedure consists of partitioning
the data set in subsets characterized by the same pattern of presence/absence of chemical
elements and then fitting a Bayesian hierarchical model to the transformed compositions in
each data subset. The model is assessed using cross-validation, and is reported to perform
well in both the classification and evidence evaluation tasks.

In a separate communication, Napier et al report (56) an easy-to-use and freely accessible
online application for the analysis of forensic glass fragments. The application is browser
based and takes as input .csv or .txt files containing measurements from glass fragments
obtained using SEM-EDS. The application was developed to (i) classify glass fragments into
use-type categories (classification), and (ii) compute the evidential strength of two (2) sets of
fragments under competing propositions (evidence evaluation). Detailed examples of how to
use the application for both tasks are described. The suitability of the statistical methods
used by the application was validated using simulation studies, and improvements upon
previous methods were found in both tasks, according to these authors.

Garvin and Koons (57) reported an evaluation of match criteria used for the comparison of
refractive index of glass fragments. Rl measurements from five (5) float glasses were used
via resampling to assess the frequencies of false exclusion errors for eight (8) comparison
criteria as functions of the number of measurements. The comparison criteria were based
on ranges, fixed intervals, and multiples of standard deviations of the known source
measurements. The observed error rates for the eight (8) tests studied are between zero
and ~ 35%, depending upon the match criteria, the number of measurements, and the RI
distribution for a glass source. The authors state that the results of this study can be used to
predict the false exclusion rate for a test criterion under a given set of conditions or to select
test criteria that result in a desired error rate for these typical sheet glasses.
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Weise recently reported (58) a comparison between a frequentist and a Bayesian approach
to interpret glass refractive index univariate data. The author compares the use of
probabilities (in a frequentist approach) to the use of probability densities in the Bayesian
approach, using a casework as a database source. This effort caused the author to conclude
that “nothing substantial new is gained by calculating likelihood ratios at the source level”.

Newton recently reported (59) an investigation into the variability of the refractive index of
glass focusing on the effect of debris contamination on the Rl variability. Not surprisingly the
results suggest that the variability of refractive index measurements is increased when
debris contamination is present on glass fragments.

Finally, Howes et al reported (60) on the readability of expert reports for forensic glass
comparisons for non-scientist report-users. The authors argue that scientific language
contains features that may impede understanding for non-scientists. These workers
assessed the readability of expert reports (n = 78) of forensic glass comparison from seven
(7) Australian jurisdictions. Two (2) main audiences for reports were evaluated: police and
the courts. Reports for police were presented either as a completed form or as a brief legal-
style report. Reports for court were less brief and used either legal or scientific styles, with
content and formatting features supporting these distinctions. Simple suggestions, based on
theory and past research, are provided to assist scientists to enhance the readability of
expert reports for non-scientists.

6. Paint and Coatings Examinations

Wright et al reported (61) on the analysis and discrimination of single-layer white
architectural paint samples using a variety of instrumental methods. Fifty (50) single-layer
white architectural paints were compared to determine the discrimination power using FTIR
with 68 undifferentiated pairs resulting, yielding a discrimination of 94.45%. After adding
stereomicroscopy, SEM-EDS) and backscatter electron (BSE) imaging, and Py-GC/MS, the
overall discrimination was 99.35%. The blind verification replicates were also correctly
associated demonstrating a high degree of discrimination of single-layer white architectural
paints using methods of analysis often encountered in forensic science laboratories.

Roberts et al reported (62) on the use of paint evidence to investigate fires. ATR-IR
measurements were used to study the degradation of paint samples upon heating. Five
paint samples (one clay paint, two car paints, one metallic paint, and one matt emulsion)
were characterized by a combination of ATR-IR, Raman, X-ray fluorescence spectroscopy
and powder X-ray diffraction. The thermal decomposition of these paints was investigated by
means of ATR-IR and thermal gravimetric analysis. Clear temperature markers were
observed in the ATR-IR spectra namely: loss of v(C = O) band, >300°C; appearance of
water bands on cooling, >500°C; alterations to v(Si—O) bands due to dehydration of silicate
clays, >700°C; diminution of v(CO3) and 8(CO3) modes of CaCO3, >950°C. The results
from this study suggest the possible use of portable ATR-IR for nondestructive, in situ
analysis of paints to gain information about the fire.

Zigba-Palus and Trzciriska reported (63) on the application of IR and Raman Spectroscopy
in paint examinations. A micro-Raman spectrometer equipped with several excitation lasers
was used for the identification of pigments. Three cases comparing car paint are discussed
in detail. The comparison of Raman spectra of paint chips found on clothing of a victim or
smears found on body of a damaged car to those of paint chips originating from the suspect
car enabled the identification the car involved. The authors state that this method can be
useful in establishing the color and make of the car even when no comparative material is
available.
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Hutanu et al reported (64) on recent applications of mass spectrometry in paint analysis. A
general review on several applications of MS in the analysis of paint, artist’s paints, and
powder coatings components recently reported in the literature were presented.

Defeyta et al recently reported (65) on the use of Micro-Raman spectroscopy and
chemometrical analysis for the distinction of copper phthalocyanine polymorphs in paint
layers. In art analysis, copper phthalocyanine (CuPc) is often identified as an important
pigment (PB15) in 20th century artworks. Given that PB15 is used in different polymorphic
forms, the identification of the polymorph could provide information on the production
process of the pigment. Raman spectroscopy, combined with chemometrics, was used to
discriminate between polymorphs of pigment crystals in art works. The results obtained by
Linear Discriminant Analysis (LDA), using intensity ratios as variables, demonstrated the
ability of this procedure to predict the crystalline structure of a PB15 pigment in unknown
paint samples.

He et al reported (66) on the characterization of automotive coatings. FTIR and Raman were
used to characterize the organic components and SEM-EDS and ICP-MS were used to
characterize the inorganic components. Two four-layered samples from a case were
compared layer by layer as an example. FTIR, Raman, SEM-EDS, and ICP-MS provided
similar results on the two samples.

Lavine et al reported (67) on the simulation of ATR-FTIR using a correction algorithm to
allow ATR spectra to be searched using IR transmission spectra of the paint data query
(PDQ) automotive database was presented. The reported correction algorithm to convert
transmission spectra from the PDQ library to ATR spectra is able to address distortion issues
such as the relative intensities and broadening of the bands, and the introduction of
wavelength shifts at lower frequencies, which prevent library searching of ATR spectra using
archived IR transmission data according to these workers.

Maric et al reported (68) on the use of synchrotron infrared imaging to assess the extent of
interlayer component migration within multilayer automotive paint samples, with a particular
emphasis on the cross-linking additive melamine. Two- dimensional infrared chemical
images revealed that melamine consistently diffuses in select paint samples from the
underlying basecoat into the outermost clear coat layer. Pigments from the basecoat were
also found to migrate into the adjoining layers. This is significant as the relative abundance
of both melamine and pigments will vary greatly depending upon the region of the layer
analyzed. This component migration will may impact the information gleaned from a
questioned sample via library searching software or multivariate statistics.

In 2014, Maric et al reported (69) on the use of synchrotron FTIR for the characterization of
automotive primer surfacer paint coatings. The chemical diversity of electrocoat primer,
primer surfacer and basecoats of automotive paint samples from 75 vehicles of international
origin were examined. Significant diversity was found in the synchrotron FTIR data from the
primer surfacer coats. Fourteen (14) discrete groups associated by manufacturing country
and specific manufacturers (and even individual plants) were differentiatted. The model
generated from the primer surfacer was significantly more discriminating than a previous
model generated from FTIR analysis of clear coats of the same vehicles. Analyses of the
primer surfacer also avoids issues of possible environmental degradation and component
migration observed with FTIR of clear coats.

Trzcinska et al reported (70) on the examination of car paint samples using visible
microspectrometry for more objective measurement of color. Sixteen (16) samples of solid
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and metallic bright and dark red paints taken from different cars were examined. Raman
spectra were also produced in order to detect the pigment composition of the samples.
Different criteria were used to develop a discrimination strategy between the samples.

Lavine et al reported (71) on the use of search prefilters for mid-infrared absorbance spectra
of clear coat automotive paint smears using stacked and linear classifiers. By using stacked
partial least squares classifiers and genetic algorithms for feature selection and
classification, it was demonstrated that search prefilters can be developed to provide
information from clear coat paint smears. Search prefilters developed using specific
wavelengths or wavelet coefficients outperformed search prefilters that utilized spectral
regions. Clear coat paint spectra from the PDQ database may not be well suited for
stacking as there are few spectral intervals that can reliably distinguish the different sample
groups (i.e., assembly plants) in the data. These workers report that, the similarity of the IR
spectra within a plant group and the noise present in the IR spectra may be obscuring
information present in spectral intervals.

Lavine et al followed this work with two additional studies (72,73) on the use of search
prefilters for infrared library searching. Clear coat paint smears were analyzed using IR
transmission spectra collected on a Bio-Rad 40A or Bio-Rad 60 FTIR spectrometer and an
approach based on instrumental line functions was used to transfer the classification model
between different instruments. In the first study (72), 209 IR spectra of clear coat paint
smears comprising the training set were collected using one manufacturer of an IR
spectrometers, whereas the validation set consisted of 242 IR spectra of clear coats
obtained using a second manufacturer. In the second study (73), pattern recognition
methods were used to develop the search prefilters (i.e., principal component models) to
differentiate between similar but non-identical IR spectra of clear coats on the basis of
manufacturer (e.g., General Motors, Ford, Chrysler) or even by assembly plant. Search
prefilters to identify assembly plants were successfully validated using 10 blind samples
provided by the Royal Canadian Mounted Police (RCMP) as part of a study to populate PDQ
to current production years, whereas the search prefilter to discriminate among automobile
manufacturers was successfully validated using IR spectra obtained directly from the PDQ
database.

Suzuki reported (74) on information gathered from the analysis of IR spectra of U.S.
automobile original finishes (post — 1989). This work involved the in-situ identification of
bismuth vanadate using extended range FT-IR, Raman Spectroscopy, and X-Ray
Fluorescence Spectrometry. This worker reports that Chrome Yellow (PbCrO4-xPbS0O4) was
a common pigment in U.S. automobile OEM finishes for more than three decades but was
discontinued in the early 1990s. Bismuth Vanadate (BiVO4-nBi2MoQO6, n = 0-2) was
introduced in 1985 as a replacement inorganic pigment which also produces a bright hue
and has excellent outdoor durability. Some differentiation of commercial formulations of this
pigment is possible based on far-infrared absorptions, Raman data, and elemental analysis.
This worker reports that spectral differences arise from the presence or absence of
molybdenum, the use of two crystal polymorphs of BiVO4, and differences in pigment
stabilizers. Suzuki also noted that bismuth vanadate is not used by itself, typically found with
Isoindoline Yellow, hydrous ferric oxide, rutile, Isoindolinone Yellow 3R, or various
combinations of these pigments.

As a follow-up to that work, Suzuki published (75) the ninth in a series of papers on IR
spectra of U.S. automobile original finishes (1998-2000). This report was focused on the
identification of bismuth oxychloride (BiOCI) and silver/white mica pearlescent pigments,
also using extended range FT-IR, XRF spectrometry, and SEM/EDS analysis. Suzuki reports
that BiOCI was the first viable synthetic pearl pigment developed 50 years ago. It was only
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used for a limited time period in automotive paint (model years 1998-2000), serving to
produce luster for a single Chrysler black metallic color. Silver/white micas are primarily used
in white pearl tri-coat systems. This article describes the identification of bismuth oxychloride
and silver/white mica pearlescent pigments in automotive finishes using FT-IR spectroscopy,
X-ray fluorescence (XRF) spectrometry, and SEM/EDS analysis. Data for some cadmium
pigments, which were used in automotive paint several decades ago, are also presented as
they produce infrared absorptions similar to that of bismuth oxychloride.

Zieba-Palus and Michalska reported (76) on the characterization of blue pigments used in
automotive paints by Raman Spectroscopy. Sixty-six blue automotive paint samples (26
solid and 40 metallic) were examined in this study. The majority of the collected Raman
spectra provided information about the pigments present. However, fluorescence precluded
pigment identification in some cases. Laser excitation at longer wavelengths or pretreatment
to effect photobleaching often resulted in reduced fluorescence, particularly for solid color
samples, and allowed pigment identification. Pairwise comparisons resulted in 97% and 99%
discrimination for solid paints and metallic paints, respectively. These workers followed this
study with a second study on the use of photobleaching (77) to reduce the fluorescence
background in Raman spectra of automotive paints. The method was applied to group of 20
blue solid and metallic paints. The process of bleaching was studied in detail based on two
samples. According to these workers, the applied procedure satisfactorily quenched
fluorescence in 90% of examined samples and made pigment identification possible.

Lambert et al reported (78) on the Raman analysis of multi-layer automotive paints focusing
on measurement variability and depth profile. A microtome thin section analysis without
sample preparation was used to evaluate an experimental design ‘fractional full factorial’ with
seven factors, for a total of 32 experiments representing 160 measurements. Chemometric
treatments (PCA) were applied to the resulting spectra and the findings suggest the
importance of sample preparation, or more specifically, the surface roughness, on the
variability of the measurements on the same sample. Moreover, the depth profile experiment
highlighted the influence of the refractive index of the upper layer (clearcoat) when
measuring through a transparent layer.

Palenik and Palenik reported (79) on some practical microscopy methods for pigment
analyses. These workers used examples of pigments in paint, fibers and cosmetics to
demonstrate practical sample preparation and imaging methods that permit detailed
visualization and utilization of pigments as evidence in forensic and industrial examinations.
These workers used smears, cross sections and the more sophisticated ion-polished cross
sections sample preparations. For imaging, they used techniques to appreciate from
millimeters to nanometers, which included polarized (PLM) and oil immersion light
microscopy as well as scanning (SEM) and transmission electron microscopy (TEM). These
workers demonstrate the ability to find true differences in the finest components of materials,
which may be suggestive of a specific manufacturer, batch difference or quality issue.
Finally, the resulting images provided a simple and visually compelling means by which to
convey such similarities or differences to a lay audience or jury.

La Nasaa et al reported (80) on the effects of acetic acid vapor on the aging of alkyd paint
layers in artwork including characterizing the acid degradation processes involved. VOCs
deriving from wooden frames and museum furniture consist of several aldehydes, formic
acid and a high abundance of acetic acid. The aim of this study was to evaluate the
interactions between alkyd paints and acetic acid that take place during the curing process
of the paint layers. A set of reference Winsor & Newton alkyd paint layers was exposed to
acetic acid vapor for six months to model these interactions. In order to evaluate the main
degradation pathways occurring during the artificial aging, a multi-analytical approach based
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on chromatographic and spectroscopic techniques was used. The results described the
main degradation processes of the organic and inorganic components used in the
production of the alkyd resin paint.

Chaplin and Clark reported (81) the use of Raman microscopy of anachronistic pigments on
a purported Chagall nude for art conservation. A painting attributed to the artist Marc Chagall
was examined using Raman microscopy to determine authenticity. The presence of
phthalocyanine pigments precludes the painting from being created prior to ¢.1938 hence
allowing for a declaration of forgery without any doubt and resulting in the destruction of the
painting, according to French Law.

Bower et al reported (82) on the determination of the age of 20th-century oil-binder ink prints
using ATR FT-IR to study a postage stamp case. For this study, samples with known
origination dates were used to calibrate the drying of oil binders in inks and paints. Py-GC-
MS was also used as a validation technique. T The age determination calibration was
applied to a stamp to determine possible philatelic counterfeits from a World War Il Jewish
Ghetto in Occupied Poland, obtaining a date of 1946 +6 (1s, n=9) for the genuine stamps,
and 1963 +16 (1s, n=19) for the various reproductions.

Thoonen et al reported (83) on the use of optical microscopy for automotive paint analysis.
Color and texture information was extracted from a microscopic image of a recovered paint
sample and this information was compared with the same features for a database of paint
types, resulting in a shortlist of candidate paints. A test database was used and two retrieval
experiments were performed with the results presented in the publication.

Zhang et al reported (84) on the use of optical coherence tomography (OCT) to obtain high-
resolution and cross-sectional images of the automotive paints in a non-destructive, and
high-speed manner. Eight (8) automotive paint samples of different brands were examined
and the images of multi-layer structures provided by the OCT system with 5 um depth
resolution were consistent with those by SEM. Structural features from the images using
peak analysis and optical attenuation fit was also used to distinguish samples. The important
parameters identified were optical path length (OPL) of base coat, the optical attenuation
coefficient (OAC) of base coat, the OPL of clear coat, the back-scattering ratio (BSR) of
clear coat and base coat, the OPL of primer surfacer, and the BSR of base coat and primer.
The authors also report the ability to conduct 3-D imaging using this technique.

Groves and Palenik reported (85) on the evaluation of a one-part blue light-curing acrylic
resin for embedding trace evidence prior to the preparation of thin sections with a
microtome. The results of this study show that blue light-curing acrylic resins provide the
desired properties of an embedding medium, generate high-quality thin sections, and can
significantly simplify the preparation of paint chips, fibers and a multitude of other types of
microscopic samples in the forensic trace evidence laboratory.

Buzini and Suzuki reported (86) a review article on forensic applications of Raman
spectroscopy for the in situ analyses of pigments and dyes in ink and paint evidence. A
comprehensive review of the forensic applications of Raman spectroscopy for the
characterization, differentiation, comparison, and identification of trace evidence and
questioned documents, consisting of paint and ink, respectively, was presented.

Germinario et al reported (87) on the chemical characterisation of a large number of spray
paints using Py/GC-MS, FTIR, and p-Raman. Some pigments and extenders could be
efficiently identified by examination of the FTIR spectra and pyrolysis products. However, for
most samples, p-Raman spectroscopy investigation was required in addition to the these
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techniques, in order to achieve the complete chemical characterization of organic and
inorganic pigments, extenders and fillers.

7. Paints and Coatings Transfer, Persistence and Databases

Muehlethaler et al reported (88) the results of an extensive collaborative survey study on
batch-to-batch variation in spray paints. The survey was performed as a collaborative project
of the ENFSI Paint and Glass Working Group (EPG) and involved 11 laboratories. Analysis
of batches from different color groups (white, orange, red and black) with a wide range of
analytical techniques revealed that batch samples are more likely to be differentiated since
their pigment composition is more complex (pigment mixtures, added pigments) and
therefore subject to variations. The techniques aimed at color/pigment(s) characterization
(optical microscopy, microspectrophotometry (MSP), Raman spectroscopy) provided better
discrimination than techniques aimed at the organic (binder) or inorganic composition FTIR
or SEM-EDS and XRF. White samples contained TiO2 as a pigment and the main
differentiation was based on the binder composition (C-H stretches) detected either by FTIR
or Raman. The inorganic composition provided some discrimination. The discrimination of
samples when data was interpreted visually as compared to statistically using principal
component analysis (PCA) yielded very similar results but the statistical data can be applied
for interrogating large data sets and provides for more objective criteria for decision making.

Muehlethaler et al also reported (89) on the influence of the shaking time on the forensic
analysis of FTIR and Raman spectra of spray paints. Infrared and Raman spectra were
collected to study the homogeneity of the paint distribution after shaking a spray can for
times of 0, 1, 2, 3, 4 and 5 min. Not surprisingly, the results confirm that differences arise in
both the spectroscopic techniques used in this study. The authors do report that PCA of the
replicates show that the spectra are reproducible after 3 min of shaking.

Lavine and Sandercock reported (90) on improving the PDQ database search strategies to
enhance investigative lead information for automotive paints. These workers applied “low
level” data fusion techniques to combine and extract information based on class
membership information is extracted. Search prefilters were developed to determine the
assembly plant of the vehicle from which an unknown paint sample originated. The
development of search prefilters for the PDQ database to exploit multiple sources of IR data
was needed to extract investigative lead information from clear coat and primer paint layer
smears.

Schnegg et al reported (91) on the determination of the paint coatings of motorcycle
helmets. Twenty-seven (27) helmet coatings from 15 different brands and 22 models were
considered. One sample per helmet was collected and observed using optical microscopy
and FTIR (7 replicate measurements per layer were carried out to study the variability of
each coating system). PCA) and Hierarchical Cluster Analysis (HCA) were also performed
on the infrared spectra of the clearcoats and basecoats of the data set. The most common
systems were composed of two or three layers, consistently involving a clearcoat and
basecoat. The coating systems of helmets with composite shells systematically contained a
minimum of three layers. Acrylic urethane and alkyd urethane were the most frequent
binders used for clearcoats and basecoats. More than 95% of the coatings were
differentiated just based on microscopic examinations. The chemical and physical
characteristics of the coatings allowed the differentiation of all but one pair of helmets of the
same brand, model and color. Chemometrics (PCA and HCA) corroborated classification
based on visual comparisons of the spectra.
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Olderiks et al reported (92) on the potential for the recovery of spray paint traces from
clothing by beating the garment with a plastic rod. The efficiency of the method was
evaluated by spray tests with fluorescent paint and the results show that beating is an
efficient way to recover and concentrate paint particles but appeared to be less satisfactory
for smooth woven fabric. Application of the method in casework was effective for graffiti
paints as well as for flaked car paint.

Jost et al reported (93) a preliminary study on the weathering and aging of spray paints
using optical, FTIR and Raman measurements. Six different spray paints were exposed to
outdoor UV-radiation for a total period of three months and both FTIR and Raman
measurements were taken systematically during this time. FTIR degradation curves were
plotted using the photo-oxidation index (POI), and could be successfully approximated with a
logarithmic fitting (R2 > 0.8). The degradation can appear after the first few days of exposure
and be important until 2 months, where it stabilizes. Raman results suggest that the
pigments are much more stable and do not shown any sign of degradation over the 2
months.

Jackson et al reported (94) on the results of surveys of vehicle color frequency and the
potential for transfer of vehicle paints to stationary objects in Sydney, Australia. Two surveys
investigated (i) the frequency of the color of vehicles observed on both a motorway and
suburban roads in Western Sydney and (ii) the frequency of different vehicle paint colors
transferred to car park pillars and walls from five different car parks within North West
Sydney, Australia. The highest frequency of vehicle colors recorded was white, grey, black
and blue. The four most commonly observed colors from the five car parks were blue, white,
red, and silver.

8. Paints and Coatings Interpretation

Schossler et al reported (95) on an authenticity case study in Brazil involving important
Brazilian and European artists such as Candido Portinari, Juan Gris, Camille Pissarro, and
Umberto Boccioni, among others. In this investigation, modern synthetic painting materials
were identified in all the ground layers of the suspected paintings. The use of diverse
instrumental analytical techniques such as FTIR, PLM and PyGC-MS enabled this
characterization. The results demonstrated the presence of titanium dioxide, calcium
carbonate and kaolin as inorganic components of the paints, and polyvinyl acetate
copolymerized with vinyl versatates or diisobutylphtalate as binding media in the ground
layers of the paintings and used as chronological markers.

Direny has applied for a patent (96) for the use of microtagging automobile paint samples to
identify and track the automobiles. These microscopic microtag particles are mixed into the
vehicle paint and contain unique alphanumeric code sequences. If and when the microtag
particles are recovered from a crime scene, a simple UV light test and a magnification
instrument can be used to identify the unique alphanumeric code sequence within the
microtag particles.

Michalska et al have reported (97) the application of a likelihood ratio approach for solving a
comparison problem of Raman spectra recorded for blue automotive paints. The proposed
LR models delivered low false positive and false negative rates (< 10%), and the ECE plots
confirmed that their performance was much better than visual comparison.

Lambert et al have reported (98) on combining spectroscopic data using multiblock

technique as chemometric tool for differentiating paints after analysis with molecular
spectroscopy tools. The concept of Multiblock, as a chemometric tool, is to combine data
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from several different analytical techniques in order to visualize most of the information at
once. IR and Raman spectroscopy were considered as “blocks” of data of the same dataset.
One algorithm called common component and specific weight analysis (CCSWA) has been
used in order to produce independent PCAs for each block, and the combined (common)
information in a score plot. The results showed group patterns of the analyzed paints,
related to both binder and pigment compositions in one single score plot.

Muehlethaler et al also reported (99) on the evaluation of FTIR analyses using a likelihood
ratio approach for spray paint examinations. A continuous approach was developed to
determine a likelihood ratio with the similarity measure of infrared spectra of spray paints
based on distributions of sub-populations given by the color and composition of spray paint
cans. The analysis takes into account the rarity of paint composition and also the “quality” of
the analytical match.

Lavine et al reported (100) on the evidential significance of automotive paint trace evidence
using a pattern recognition based infrared library search engine for the Paint Data Query
Forensic Database. Search prefilters were developed from 1181 automotive paint systems
spanning 3 manufacturers: General Motors, Chrysler, and Ford. The best match between
each unknown and the spectra in the hit list generated by the search prefilters was identified
using a cross-correlation library search algorithm that performed both a forward and
backward search. The results obtained using the commercial library search algorithms for
the top twenty hits were always greater than 99%.

Muehlethaler et al reported (101) on the evaluation of FTIR spectra for the determination of
likelihood ratios (LRs) to evaluate spray paints. An example of a practical case is described.
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1 Introduction

This review is following the previous one produced by Palmer[1] in 2013. It catalogues
relevant literature about research and development in the field of forensic examination of
fibres and textiles between June 2013 and the end of June 2016. In addition it mentions
research and other activities reported by the proceedings of the meetings of the European
Textile and Hair Group (ETHG) of the European Network of Forensic Science Institutes
(ENFSI) during the same period. It also contains references from other sources.

2 General

Year after year the ETHG chairperson pointed out the decreasing number of volunteers for
presentations during the meetings. Surprisingly, the number of participants was constantly
increasing. Considering that each participant — a forensic fibre practitioner - is at least able
to share casework experience, this may raise several questions:

« is there a lack of time to prepare presentations?

« is there a lack of time for research?

« is there a lack of confidence/appreciation in sharing their own work?

The first action taken by the ETHG committee in 2008 was to encourage discussion within
small groups by systematically organizing ‘Bring your own case’ sessions during the
meetings. Each participant was invited to bring either a case example or an analytical
question or some interesting findings. A committee member was assigned to each small
group and was in charge to report major points of discussion in front of the whole audience
at the end of the session. These sessions were very appreciated among participants.

Another, more recent, action taken by the ETHG committee was to set-up an ‘Advanced
Training Workshop’ every two years instead of a regular meeting. This kind of training
programme was a specific request from the participants due to a lack of technical and/or
industrial presentations during the meetings. Two major topics were especially requested:

« textile production/finishing: back to school for one day in 2014 at the Faculty of Textile
and Clothing Technology (Niederrhein University of Applied Science, Germany) with
various courses about fibres, textile production and finishing and textile properties
testing.
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« microspectrophotometry (MSP): back to the basics of the MSP technique in 2016 and
on the influence of measurements parameters for optimizing the spectral quality.

Besides these training workshops, technical lecturers (Dystar, Procter & Gamble) were also
invited to present interesting data for forensic practitioners during regular meetings.

Attending more general meetings such as the annual one of the European Association of
Forensic Science (EAFS) was also interesting to gather innovating research on forensic fibre
examination. Indeed, forensic research and development is not the prerogative of forensic
science institutes anymore and is now popular and widespread in universities. For example,
several UK universities developed research on forensic fibre analysis or persistence since
the closure of the Forensic Science Services (FSS) which was well-known for its European
leadership in forensic research. Sadly, 2015 also saw the closure of ‘Contact Traces’,
another UK laboratory specialized in microtrace evidence.

Funding forensic fibre research remains thus an important mean to maintain the use and the
development of this type of evidence as well as other non-profitable evidence (paint, glass,
...). In these times of austerity, isolated countries may encounter difficulties in obtaining
funding for research. In Europe, a solution was already found in networking (through the
ENFSI) on common research interests and in applying for European funding. A recent
benefit of these subsidies was the set-up of a ‘Reference Fibre Database’ containing the
microscopic and spectroscopic data of textile fibres available on the market.

3 Case Reports

Jochem [2] presented the case of a woman found in her apartment with multiple stabbing
wounds. The knife was lying beside the victim. Fibre traces were recovered with a 1:1 taping
on the victim and with tape lifts on seats in the living room. The suspect explained that she
found the victim dead but accused her brother of the murder. The suspect’s garments among
which pink gloves were seized. Hundreds of matching pink polyester fibres were observed
on the 1:1 taping and also about one hundred on one of the living room seats. This led to the
conclusion that the suspect was wearing her gloves during her stay nearby the victim. In
consequence, the suspect changed her declarations: ‘| was eye-witness of the crime, a
hooded man killed her, | tried to help and to pull away the victim from the offender’. Transfer
experiments with the pink gloves to test the three following scenarios resulted in:

 atransfer of less than 10 fibres per taping in case of weak contact
- atransfer of less than 20 fibres per taping in case of intense contact
« atransfer of more than 50 fibres per taping by grabbing and pulling

The fibre findings on the 1:1 taping (around 20 fibres per taping) gave no support for the
suspect's statement of ‘pulling away the victim from the offender’.

Gannicliffe [3] reported a cold case from 1977. Two young women were found murdered and
(partially) naked in two different isolated locations. They had disappeared earlier in the city
centre about 20 km away from both crime scenes. A car was obviously used for the
transportation. In 1977 biological traces and fibres were retrieved from clothing, nail
scrapings and head/pubic hair and were preserved pending future advances in forensic
science. In the 1997-2004 period DNA analyses allowed to identify one suspect (who died in
1996) through the National DNA Database and his brother (by Y-STR DNA analysis). In 2005
Police enquiries established that the suspect’s car in 1977 was a motor caravan which had
been scrapped in 1992. The suspect’s motor caravan was a regular van converted to be a
motorhome by a specialized company and the Police traced another vehicle converted
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around the same time. The fabric (seating, curtain) used to customize this vehicle were said
to be ‘identical’ to those of the suspect’s scrapped motor caravan (by witnessing of its 4
successive new owners between 1977 and 1992). Two types of brown viscose fibres
(seating fabric) and one type of yellow printed viscose fibres (curtain fabric) were analysed
as reference material. Those types of fibres were searched on the tapings made on one
victim’s coat in 1977. About fifty brown viscose and 5 yellow printed viscose were found
corresponding (microscopy/MSP-Vis/TLC). In 2007 the suspect was acquitted in Court
arguing sex with the victims was consensual and accusing his dead brother for the murders.
After the ‘Double Jeopardy’ Act in 2011 the offence was re-prosecuted and forensic
examiners were asked to find new evidence. Additional DNA work on victim’s ligatures
detected profiles corresponding to both suspect’s. A limited number of target viscose fibres
was additionally recovered from tapings on one victim’s underwear, on remains of nail
scrapings after DNA analysis and in DNA extraction tubes. However, differences in the UV
region between reference material and traces were observed in new analyses with MSP UV-
Vis. The fibre examiner concluded that the MSP differences (batch variation or effect of
sunlight) could not necessarily exclude these viscose fibres as having come from the
suspect’s car. This cold case is perfectly illustrating the importance of systematic trace
recovery (tapings) at the crime scene and to preserve any packing/object involved in the
evidence analyses.

De Wael et al. [4] made an extensive review of fibre examination of 1:1 taping illustrated by
murder case examples. In ten years of use (2002-2012) in Belgium 36 cases concerning 39
victims were treated among which 23 cases started in an investigative way (no comparison
material available) and the remaining ones directly in a comparative way. Investigative cases
often led to the highlight of fibre collectives whose possible source material was
subsequently seized during house search, except in only two cases where no collectives
were found on the 1:1 taping. In case of comparison (investigative and comparative cases)
75% of cases had a ‘positive outcome’ (correspondence found with a reference material).
This review also reported plenty of advantages for the use of the 1:1 technique: the ease of
visualizing the fibre distribution (target fibre mapping for reporting, witnessing in court), the
ease of examination (less background), the detection of fibre type combination, the detection
of secondary transfer and last but not least the verification of modus operandi. Indeed the
most fundamental advantage is the possibility to discriminate between crime related contact
and legitimate contacts, in cases where suspect and victim were acquaintances. The major
drawbacks of the 1:1 taping were identified as being the extensive efforts that have to be
made both at the crime scene (time-consuming recovery) and in the fibre lab (if the whole
1:1 taping had to be examined). Several points of interest were finally discussed about the
frequently found target fibres, the extending of the 1:1 taping around the victim or the use of
a semi 1:1 taping and the usefulness in case of wet, soaked or dirt covered victims.

4 Textile / Fibre Damage
Was-Gubala [5] reviewed different types of damage or degradation of textiles and fibres:

¢ mechanical damage (stabbing and shooting incidents);

« thermal damage (arson, hit-and-run, terrorist cases);

« environmental and laundering effects (important for comparisons with control samples);
« changes caused by micro-organisms (exhumation cases).

4.1 Mechanical damage

Wells et al. [6] examined the effect of laundering of garments on the severance caused by
sharp force impact. A kitchen knife and a Phillips screwdriver were used to stab twill weaves
(jeans fabrics) and single jersey knits (t-shirt fabrics). The fresh damage was documented by
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photography before and after one washing cycle. The appearance of the fabrics was
different after laundering.

Kemp et al. [7] examined the severance morphology after stabbing new and laundered
fabrics after 6 and 60 cycles (jeans and t-shirt) with a kitchen knife. Laundering did not
significantly alter the severance morphology at low power magnifications. The variability of
fibre ends viewed with SEM was higher in degraded fabrics.

Cowper et al. [8] studied the stabbing variables that affect severance appearance. No
significant effect was seen for fabric extension during stabbing. Severance length was
affected by several parameters such as the participant gender, fabric type laundering (age of
fabric) and knife type. The severance appearance was found to be highly dependent on the
participant’s stabbing and knife withdrawal technique. Similar observations were made for
severances caused by a trained sharp-weapon user [9].

Wightman et al. [10] carried out a study about damage caused by air weapon pellets to
clothing and underlying tissue. These authors used an air rifle with 4 types of pellets
(pointed, hollow point, flat and round) and investigated the effect of different types of
garments covering ballistic gel (skin simulant). The differences in pellet forms were reflected
in the damage to the textiles. A denim jacket effectively stopped pellets shot at 9 metres. At
18 metres only one out of five pellets penetrated the gel.

Carr et al. [11] investigated the damage caused by hand-gun bullets to clothing and the
underlying tissue. Different types of ammunition induced other damage. Soft point flat nose
Remington ammunition caused stellate fabric damage and little fibres with mushroom
endings, while full metal jacket ammunition resulted in punch-out damage and mushrooming
being more common. The entry wound size for the 2 types of ammunition was similar, while
the exit wound was much larger for the Remington ammunition. Apparel layers did not
change the amount of bony debris but did have an effect on the size of the wound.

Cail et al. [12] investigated the damage caused by shotgun shells with no. 8 lead pellets fired
with a standard 12-gauge shotgun from several distances (37, 41, 46 and 50 m). More
pellets penetrated the ballistic gel at shorter distances. Only sweatshirt and denim were able
to stop all pellets at 50 m.

A laboratory test method was developed to recreate knicker ripping [13]. Laundering (once a
week for a year) did not affect the force or energy required to initiate tearing. The method
allowed to measure the force required to rip the thongs at different test speeds. Test speed
affected the measured mechanical properties and the amount of damage. This may allow to
comment on the level of applied force required to rip knickers off an alleged victim.

4.2 Degradation of textile

Geisenberger et al. [14] reported on a yellow discoloration of garments of blunt trauma
victims. This yellow staining was pronounced in light-coloured textiles. These stains were
suspected to originate from body fat coming from contused adipose tissue and this was
confirmed using GC-MS.

Lowe et al. [15] examined the effect of soil texture on the degradation of a cotton t-shirt and
cotton/polyester briefs without and in contact with pig carcasses. The results indicated that
cotton fabrics in contact with a decomposing body will be preserved longer when compared
to the same textile buried in soil, but not in contact with a decomposing body. The soil
texture had no apparent impact on the degree of degradation. The cotton/polyester fabric
was still preserved after 14 months burial, regardless of soil texture or contact with remains.
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Ueland et al. [16] studied the degradation of cotton garments on a decaying body. Their
experiments with clothed pig carcasses deposited on a soil surface for up to one year
indicated that the decomposition fluids delayed textile degradation. Whereas cotton
garments not associated with remains degraded markedly, the cotton samples exposed to
the decomposition fluids remained relatively intact.

5 Significance of Evidence

5.1 Transfer and persistence studies

Roux and Robertson [17] reviewed the different factors affecting fibre transfer and its
mechanism and highlighted that reconstructing experiments of an alleged incident will rarely
be simple and will need a lot of information.

A significant number of fibres from 50 up to more than 1500 were transferred onto knife
blades after the simulation of a single stabbing [18]. The highest density of fibres was
generally found at the limit of penetration and in the cutting edge areas. Simulating
consecutive stab events showed that fibres originating from the first damaged garment were
still recovered from the blade. In simulations where two garments were stabbed in
sequence, fibres of both garments were recovered from the blade. However, the amount of
each type of fibres depended more on the garment itself (i.e., shedding and textile structure)
than on the order of the consecutive stabbings. Conversely, the presence of fibre traces
(from the first garment involved) near and/or inside the second stab damage (or inside
injuries) could be an important indicator of the stabbing sequence.

The significance of fibre traces on buried bodies was investigated [19]. Fluorescent wool and
cotton fibres were transferred onto the skin of porcine carcasses that were subsequently
placed in four burial sites and left underground for 14 days. The excavation process was
initiated using a stratigraphic approach and the carcasses were carefully brushed due to soil
that had adhered to the porcine skin. This routine would also need to be carried out at crime
scenes for fibre recovery. No total loss of fibres was observed even if persistence was low:
less than 5% of cotton fibres and around 10-15% of wool remained. On one hand,
decomposition products acting like glue may have increased the adherence of fibres and on
the other hand, brushing may have been responsible for a higher loss, especially for smaller
and more volatile cotton fibres.

Hong et al. [20] compared fibre persistence on the hands of living subjects that had washed
their hands with standing water and with running tap water and dried them with a towel. The
washing never showed a total loss (persistence around 5%), but surprisingly, no significant
difference was noticed between the use of standing water or running tap water.

Fibre persistence on immersed garments was studied regarding several factors of influence.
The influence of the recipient garment [21] was first tested during an immersion/emersion
process in standing water, as the common step to all casework involving underwater
conditions. A smooth garment led to weak persistence of around 20%, while higher values of
80-90% were obtained for various garments (cotton T-shirts, fleece and acrylic pullovers)
offering more structure and texture. The amount of protruding fibres and the density of the
rough fibrous network at the surface of the recipient garment were identified as key factors
for increasing persistence. Afterwards, the influence of the water flow and the stay (from 1h
up to 7h) in running water [22] was studied using a gentle water flow (running tap water in
laboratory) and a medium water flow (2 m3/s) waterway (including boat activity). A gentle
water flow slightly affected the fibre persistence which remained more or less constant over
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time. No rapid loss was observed when increasing the water flow and the fibre persistence
linearly decreased over hours. The loss of fibres during the immersion step was highlighted
as an important factor that increased when using a higher water flow. Moreover, the gentle
deposition method used in this study undervalued the possible loss in real casework.

Another study [23] compared wool, acrylic, cotton and polyester fibre persistence following
submersion in both standing water (reserve pond) and flowing water (river with 2 m3/s mean
flow rate) for 2 hours, 48 hours and 1 week. The different fibre types depicted a similar
behaviour. A greater initial loss (after 2 hours) of fibres was observed in flowing water and
fibres were still found after one week in both water environments.

All these fibre persistence studies suffered from a high range of variability in persistence
values which is often the case in persistence studies, especially those involving real actions
or real environments.

Another aspect concerning underwater environments is the possible intake of extraneous
traces from water onto victim, but no study exists at the moment. However, a recent work
[24] analysed microfibres in marine sediments using a forensic science approach. Indeed,
fibres were reported as a large proportion of the microplastics recovered from sediment, ice
and subsurface waters. The material type found in greatest proportions was polyester. Most
fibres had unique combinations of characteristics (colour, material type, cross-sectional
shape, etc.). From a forensic point of view, this may suggest that no fibre collectives could
be brought by water onto a victim.

5.2 Other fibre studies

Two target fibre studies have been performed. In the first one [25], two target fibre types — a
black acrylic fibre and a teal coloured cashmere fibre — were compared to unknown fibres
tape lifted from dressing rooms in three local clothing stores. No correspondence to the
black acrylic target was found using light microscopy but the comparison produced two
potential matches with the teal cashmere target which were further eliminated using
microspectrophotometry. In the second one [26], Palmer et al. studied the random
prevalence of two commonly encountered synthetic fibre types: black acrylic and blue
polyester. Surface debris tapings were collected on bus seats, pub seats and cinema seats.
No matches were found with either of the target fibres using high power comparison
microscopy and UV-Vis microspectrophotometry. These findings showed that the probability
of an ‘adventitious’ match with a particular fibre type/colour combination is extremely low and
that current techniques employed by operational forensic laboratories are fit for purpose.

A discrimination study of black and dark coloured fleece garments was performed using
common forensic instrumental methods [27]. AlImost all fleece fabrics were solely composed
of polyester fibres among which the most encountered cross-section type was polygonal. In
some cases the sheddability tests also revealed a few thicker fibres originating from the
inner ‘base layer’ of the fleece fabric and thus potentially providing a second fibre type
transferred during crime related contacts. Most of the black fleece fabrics could be
differentiated and the discriminatory power was 0.9985. However, most of the absorption
spectra showed similar features in the visible range, typically two absorption bands at 450
nm and 600 nm.

6 Evidence Collection

The new edition of the Encyclopedia of Forensic Sciences [28] reviewed various well-known
methods for fibre recovery and discussed how to prevent issues in terms of choice of
recovery method, documentation, packaging and contamination.
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The recovery efficiency of tape lifting using different tapes was recently studied [29] together
with the ability of the fibre examiner to detect selected target fibres on tape lifts with a
various background of other fibres. All tapes recovered more than 90% of the target fibre
traces insensitively to the donor material, to the recipient material and to the strength of the
adhesive tape. Concerning scanning tapes for target fibres, there was no indication that
some examiners consistently performed better or worse than others. Difficulties were
observed for target fibres with pale colour which were overcome by using various
illumination modes. In case of difficult background on the tape lifts examiners selected a
higher number of false-positives. This required extra-work during later comparison but
without any influence on the eventual conclusion.

Whilst tape lifting remains the recommended method for fibre recovery, van der Weerd [30]
presented the use of stubs for combined fibres and DNA recovery on garments. This method
allowed to properly collect DNA traces in localised area on the questioned garment but was
not optimal for fibre recovery. Furthermore, the stub should ideally be inspected first to
prevent any loss of fibre traces during DNA isolation steps.

Another unconventional method using polystyrene rods was investigated for fibre recovery
[31]. Indeed, the use of tape lifts on paper, plastic bags or any items with possible
fingerprints can be problematic and fibre recovery using forceps under a low power
microscope may be considered time consuming. The average recovery rate from all tested
substrates was at least 99% for various natural and man-made fibre types.

Bowen et al. [32] proposed a new procedure for removing very small particles adhering to
trilobal nylon carpet fibres and preparing them for SEM/EDS analysis. Observing similar
particles would increase the probative value of a correspondence between questioned and
known fibres. However, this procedure needed to maintain stringent anticontamination
precautions at each analysis step and to use control blanks. Also, the procedure is not
compatible with the use of tape lifting as a recovery method [33,34].

7 Instrumental Methods

In forensic fibre comparisons, a high degree of discrimination is obtained, using the
combination of traditional methods; these include:

« Microscopy (bright field, polarization and fluorescence)

« Microspectrophotometry (MSP in the visible and UV range)
Infrared spectroscopy (FTIR)

Thin layer chromatography (TLC)

Additional information on the dyes can be obtained using:
« Raman spectroscopy

« High-Performance Liquid Chromatography (HPLC)

A review covering instrumental methods that can be used in fibre comparisons is provided in
[35]. The authors covered microscopic, spectroscopic and chromatographic methods. These
authors also investigated 7 selected sample pairs of polyester fibres with a highly similar
morphology [36]. These samples were examined using a series of analytical methods of
which the determination of molecular weight by gel permeation chromatography seems
promising. Although the method is destructive, it can be applied on a single fibre as only a
sample of 1 ug is needed. Another review focused on spectroscopic techniques [37].

7.1 Microspectrophotometry (MSP)
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MSP is a well-established method in fibre comparisons. The measurement of the UV-range
can be used in order to account for metameric fibre samples, which present the same
morphology and absorption spectrum in the visible range but can be distinguished with their
spectra in UV-range [38].

Two publications concerned the discrimination of reactively-dyed cotton fibres using MSP
UV-Vis. The first one [39] examined blue and red cotton samples, while the second one [40]
compared the discrimination for black, blue and red cotton samples using both MSP UV-Vis
and thin layer chromatography, preceded by enzymatic digestion. Both methods were
comparable for the discrimination between black cotton samples. MSP UV-Vis was better in
distinguishing between blue cotton samples, while TLC led to a higher discrimination for the
red samples.

Was-Gubala and Starczak [41] found discrimination with MSP UV-Vis and Raman for cotton
and polyester fibres to be similar. Raman spectroscopy was found to enable the
measurement of the major components of the dye mixture and best results were obtained
using a NIR laser source. For polyester fibres, MSP UV-Vis measurements can be
conducted above 310 nm. It is of limited use for slightly dyed polyester fibres. The
discrimination was also reduced for cotton fibres where the contribution of minor
components is four times less than that of the major dye. The same authors [42] also studied
the behaviour of analogously dyed wool and polyamide fibres with MSP UV-Vis. A strong
absorption of UV radiation below 320 nm (‘keratin’ effect) was visible in the shape of the
absorption spectra of all dyed wool fibres. This effect decreased with increasing dye
concentrations in the wool fibre while polyamide fibres were never affected.

Mujumdar et al. [43] performed some work on the fluorescence emission spectra of optical
brighteners using MSP. They were able to distinguish washed from unwashed cotton and
nylon fibres by using principle component analysis on the fluorescence spectra, while this
was not possible for acrylic fibres.

Excitation-emission fluorescence studies [44,45] of dyed fibre samples showing very similar
absorption spectra, were performed. The discrimination between the samples was improved
by subjecting the multidimensional data (excitation-emission matrices) to a chemometric
analysis.

7.2 Raman spectroscopy
A review of Raman spectroscopy in forensic science can be found in [46].

The use of polarized Raman spectroscopy was described by several authors [47—49]. For
example, the polarization ratio using only one Raman band at 1614 cm-! for polyester fibres
provided the best discrimination between different manufacturers, while very similar ratios
were obtained for fibres originating from different parts of the same garment [48]. The
discrimination potential of this method for polyester fibres was 0.838.

Using Raman spectroscopy cotton and viscose fibres dyed with direct and reactive dyes
were studied and discriminated [50]. Spectra obtained with different laser wavelengths were
similar because mostly influenced by the dye signal. The changes were mainly connected to
the intensity of the bands and, in case of lower dye concentration, to the contribution of the
polymer (especially with the NIR laser).

Buzzini and Massonet [51] examined black, blue and red acrylic, cotton and wool fibre

samples using Raman spectroscopy. They found the discriminating ability to depend on the
fibre type, colour and laser wavelength. These authors [52] also compared Raman
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spectroscopy with the traditional methods for fibre examination (microscopy, UV-Vis MSP,
TLC). They reported that Raman spectroscopy was a good complementary method to be
used after microscopy and MSP UV-Vis.

Raman spectroscopy followed by multivariate data analysis was used to analyse cotton
fibres dyed using similar formulations and submitted to different aging conditions [53].
Discriminant analysis allowed to correctly classify the aged fibres versus new fibres.

Massonnet et al. [54] reported on the application of surface enhanced Raman spectroscopy
(SERS) for dissolved dyes (in methanol), dyed fibres, extracted dyes and eluted dye
components on TLC plates. SERS generally enhanced the Raman signal for dissolved and
extracted dyes and allowed identification of components in the dye mixture for 55% of the
components if only a single fibre was extracted.

7.3 Chromatography

A recent survey [55] of dye extraction publications revealed that pyridine:water (4:3) is
among the most commonly cited extraction solvent. Hence, this solvent was evaluated for
the extraction of dyes from 172 commercially prevalent North American textile dyes and
indicated that approximately 80% of the dyestuffs (various dye classes and fibre types) were
extractable. Pyridine:water could thus be considered as a ‘universal’ solvent for extracting
unknown dyes from questioned fibres.

A micro-extraction system (microfluidic device) was developed that can be used to extract
dyes from single fibres in less than 10 minutes [56].

A very promising method making use of high pressure liquid chromatography-diode array
detection-mass spectrometry (HPLC-DAD-MS) to identify dyes on single fibres (of 1 mm
length) was described by Carey et al. [57]. Although the repeatability of retention times was
low, the method has the advantage of recording both absorption and mass spectra, that
allow for identification of dye components. The method was validated for acid, basic,
reactive, direct and disperse dye classes and is currently implemented into routine case
work at the fibre laboratory.

Research was also performed by Hoy [58] on the development of a method using ultra high
pressure liquid chromatography using both diode array detection and tandem mass
spectrometry (UPLC-DAD-MS/MS). The focus of this work was on optimizing micro-
extraction of 1 mm length fibres for different dye classes and developing a chromatographic
method with suitable resolution and sensitivity. The dye classes consisted of acid, basic,
disperse, vat, direct and reactive dyes. For the latter dye class chemical digestion was
performed.

Morgan [59] issued a report on the characterization of dyes extracted from millimetre-length
fibres, using UPLC and UV-Vis (DAD) and MS/MS detection.

Kato et al. [60] published results on the analysis of disperse dyes using liquid
chromatography in trap mass spectrometry (LC/LIT-MS"). The method allowed for reliable
identification of coexisting dyes, that could not be separated by LC or detected by DAD. The
authors also reported on the possibility to discriminate between dyestuffs coming from
different manufacturers, based on the identification of by-products from dye synthesis.

7.4 Emerging instrumental methods

Some new instrumental methods have emerged in the forensic science literature and some
of these have been applied on textile materials. While these methods are very promising, for
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the time being, most of them are only applicable to larger samples and not in the analysis of
single fibre fragments, except the two following references.

An interesting research was done by van Oijen and van der Weerd [61] on the spectrometric
imaging of polarization colours. This emerging method aimed to obtain information about
fibre morphology, colour as well as its generic class directly from fibres on tape liftings. This
new method could eventually improve the effectiveness of future fibre finders.

Cochran et al. [62] reported on the direct analysis of dyed textiles using infrared matrix-
assisted laser desorption electrospray ionization (IR-MALDESI). A variety of dyes belonging
to several dye classes (and fibre polymers in some cases) were analysed from various
fabrics with little sample preparation. Further research [63] was successively performed on
single fibres and tested directly from the surface of a tape lift of the fibre with a background
of extraneous fibres.

A review of the application of laser-ablation inductively-coupled plasma mass spectrometry
(LA-ICP-MS) can be found in [64]. The application of laser induced breakdown spectroscopy
(LIBS) in forensic science was described in [65].

lonas et al. [66] studied the distribution of flame retardants in textile furnishing using mass
spectrometry and energy dispersive micro-XRF. They found no evidence of traditional flame
retardants such as polybrominated diphenyl ethers or organophosphates, but instead the
elemental composition of the samples suggested the presence of aluminium trihydroxide
and antimony trioxide.

7.5 ldentification of fibres

A solubility test for the discrimination between acrylic and modacrylic fibres was reported
[67]. Using dimethylformamide of a solvent, some acrylics cannot be discriminated. Using a
mixture of this solvent and ethanol (90:10 v/v) 15 out of 16 modacrylic fibres dissolved, while
none of the 43 acrylic fibre samples dissolved.

A PCR-based DNA method for the identification of satoosh fibres (fine down hair of the
Tibetan antelope) was described in [68]. The method is very sensitive and can be used in
investigations of illegal trade. Although guard hairs can be recognized using microscopy, no
obvious morphological differences were noted between down hairs of the Tibetan antelope
and those of the cashmere goat.

Paolella et al. [69] described a method to differentiate unequivocally between yak and
cashmere fibres. The keratin from these animal hairs was first digested by trypsin and
specific peptide markers were analysed using liquid chromatography coupled with
electrospray ionisation mass spectrometry (LC/ESI-MS).

8 Quality aspects

Tridico et al. [70] reported on myths and misconceptions in the morphological identification of
animal hairs. The examples in this work underlined the importance of proper training of
forensic practitioners in microscopic techniques and the need for reference collections to
compare samples with authenticated specimens.

Hess [71] pointed out some difficulties the participants of the ETHG collaborative exercise of

2015 encountered with the identification of vegetable fibres. The key in the discrimination of
commonly used bast fibres such as flax and hemp was a correct use of the modified Herzog
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test. This simple microscopic test makes use of polarization microscopy to determine the
twist direction of bast fibres due to differences in the fibrillar orientation. Only 62% of the
participants correctly identified flax (S-twist) and 76% correctly identified hemp (Z-twist). The
modified Herzog test was revisited in [72]. The authors explained the origin and the
limitations of the observed Z and S-twist effects in bast fibres.

The ETHG collaborative exercise of 2014 [73] revealed difficulties with
microspectrophotometry for the measurement and interpretation of absorption spectra of
fibres. The survey performed in 2015 also indicated some technical issues. Therefore, a
MSP workshop was organized in 2016 to optimize instrument performance, methodology
and interpretation.

Morgan [74] issued a report on statistical measures for fibre comparisons and the possibility
to exchange data between different laboratories. Interlaboratory experiments were set up for
UV/Vis and IR and the variability of the measurements was examined. The use of
multivariate statistical treatment of data compared between the three laboratories. Although
the chemometric methods provided a more objective way to compare absorption spectra of
known and questioned fibres within one laboratory (classification with an accuracy of 98%),
it was shown that intra-laboratory exchange of data lowered the accuracy (88%).

9 Textile Industry/New Fibres

Over the past twenty years [75], worldwide production of manufactured fibres has increased
of 166% (from 25 million metric tons in 1994 to 65 million tons in 2014). In the meantime
(1987-2012) [76] the domination of cotton in the world production of textile fibres has been
exceeded by a spectacular increase of synthetic fibre production (+270%). This latter (14
million tons in 1987 vs. 51 million in 2012) has almost doubled the quite stable cotton
production (18 million tons in 1987 vs. 26 million in 2012).Among manufactured fibres [75],
polyester has maintained a substantial lead in the worldwide production which has moved
from 47% in 1994 to 76% in 2014. Other synthetic fibre types (olefin, acrylic, nylon) have
declined over the same period. Growth in manufactured fibre production resulted in a major
shift in production from North America and Europe to Asia (occupying 86% of the world
production in 2014 vs. 50% in 1994). Besides these leading fibre types, a noticeable
increase [76] was also observed for certain noble/animal fibres/hairs: Mulberry silk (+170%),
cashmere (+62%) and especially yak (+3500%). This huge amount (thousands of tons) of
yak hair ( 16.5-21 pym) was not found in textile goods until these years and was probably
used as a substitute for cashmere ( 14-19 ym). Around 25-35% of the pure cashmere
products on the world market were estimated to be wrongly labelled (substantial amount of
non-declared other animal hairs). Last round trials from the Cashmere and Camel Hairs
Manufacturers Institute highlighted a lack of ability in correctly identifying animal hair
samples (even for certified testing laboratories).

The Dystar company (a joint venture between Hoechst, Bayer and BASF dye producers) is
active in denim production and dyeing since years [77]. Denim were traditionally dyed with
the indigo dye whose production continued to increase over the world (60% in China and
20% in South Asia). 80% of Dystar denim products were blue indigo-dyed denim and nearly
20% were black (Sulphur Black dyes) besides which various dyestuffs classes were also
used to produce other unusual denim colours. Particular shades of blue were obtained using
an additional dye (e.g. a yellow sulphur dye). Special finishing was mainly washdowning or
damaging/tearing effects but occasionally consisted in coating application, (local)
overdyeing, spraying, ... depending on designer’s request. Approximately 20% of blue denim
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produced annually should differ from standard indigo denim, but it is highly dependent on
fashion whose actual trend is to come back to the roots with pure indigo denim.

A recent review [78] of the academic dye research over the past 15 years was focused on
new insights into substrate structure (cellulosic fibres), into dye interactions in aqueous
solution and on substrates, and into dye degradation and products. For example, it was
shown that the photofading mechanism of reactive dyes on cotton is caused by both visible
and UV light, with visible light being the dominant factor for azo dyes and UV for
phthalocyanins. Although the field of dyes is one of the oldest in chemistry, much is still left
to be discovered.

The Procter & Gamble company produces detergents whose formulation needs to fulfil
multiple functions [79]. Over 50 ingredients were typically used in modern formulations.
Detergents may indeed cause dye leaching, fabric yellowing in the sunlight or colour
bleaching. Some detergents may contain ‘shading dyes’ (absorb yellow and emit blue) and
most contain optical brighteners (absorb UV and emit blue). Most of new white garments
already include optical brighteners among which most widely used are Br15 and Br49.

Artificial suede material was investigated as the possible source of some bundles easily
detected on tape-lifts [80]. 60% of the studied reference materials were polyamide fibres and
another 25% was polyester. They mainly consisted of microfibres held together with
polyurethane (PU) as a bonding agent. Material characterization with infrared spectroscopy
was hindered by the contribution of the bonding agent, of the dyeing and of some finishing or
fibre surface oiling.

General information regarding man-made fibres can be found at different internet sites
[81,82] as well as general news about textile industry [83].

Kiekens [84] suggested the following aspects in the evolution of textile industry:

« Neuw fibre types like bamboo and PLA fibres are now on the market but their success
may be considered as overrated.

« Ecology plays an increasing part in the research and development of new sustainable
fibre types such as those based on chitin or succinate.

« Another ecological aspect is the decreasing use of water during dyeing: using less
water is effective in textile industry but dyeing without water is still on research for
twenty years (e.g. CO2 dyeing is technically possible but needs very complex
equipment).

» Research also pays more and more attention to natural dyes. However, their quality
and their availability are limited.

« Smart textiles stay confined in an emerging phase since the 90’s.

» Research and development are extensive in Europe while Asia produces mass textiles
but also more and more high quality textiles. The future of Europe is niche products
associated with intensive research.

10 Knot and rope analysis

Chisnall [85] proposed a fully illustrated standardized terminology for forensic knot analysis.

11 Evidence interpretation
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Essential to forensic science is a correct and balanced reporting of examination results. The
ENFSI has committed itself in issuing a guideline for evaluative reporting in forensic science
[86]. A discussion on the use of a verbal scale to communicate the evidential strength was
reported [87]. Although this concerns forensic science as a whole, fibre examination typically
lends itself to the Bayesian approach.

During ETHG meetings several fibre practitioners presented on this subject [88—90].

Palmer has identified certain knowledge gaps for the correct interpretation of more difficult
cases, involving for instance fibres on wet bodies and secondary transfer of fibres via head
hair. His PhD work [91] provided a great example of combining research and practical
aspects of fibre examination. Use was made of Bayesian networks to improve the
interpretation process and a sensitivity analysis was conducted to estimate the factors that
influence the likelihood ratio.

Vooijs et al. [92] discussed a numerical source level evaluation of fibre evidence. Likelihood
ratio equations were developed for four generic scenarios involving a different number of
reference materials, traces and matches. A review of the existing literature showed a lack of
available data making this numerical approach possible for only a few types of fibres.
Moreover, most of the relevant literature was based on colour description which is rather a
subjective parameter. The authors stated that a verbal statement on the evidential value is
currently more appropriate than using a numerical approach for estimating the frequency of
fibres.

12 The Future

Several forensic groups are working in different parts of the world on very similar research
themes. In order to rationalize funding and avoid duplicating similar research, more use
should be made of international and intercontinental cooperation.

In the past years a lot of research has been performed on cotton fibres, as this is a
commonly encountered fibre class. The ability to discriminate cotton fibres has been
improved with research on methods such as Raman, MSP-PPL and LC-DAD-MS.

The same could be done for polyester for which an extensive increase in production has
been noted. In addition, this generic type is almost exclusively composed of PET and
therefore research has to be focused on dye analysis.

13 Summary

During the last three years, there has been a considerable amount of research relating to the
forensic fibre examination. Although a large part of research was dedicated to instrumental
methods, not all of these are directly applicable to individual fibres. Other research covered
target fibre, transfer & persistence and discrimination studies which translate the need of
data for evidence interpretation. A guideline for evaluative reporting has been issued which
provide a common approach to all forensic disciplines and particularly fibre traces.
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1. Introduction

This review covers the studies related to fire investigation published since the 17t
International Forensic Science Managers Symposium in 2013. The literature includes main
forensic and fire-related journals and books. Year 2013 was also searched from June
onward to complete the previous review performed by Viitala and Hyyppa [1].

Fire investigation is a complex field of forensic sciences as it includes examinations of both
scene as a major component and laboratory as a minor component. Paradoxically, the
number of scientific articles is much greater for the laboratory than for the scene.

The complexity of fire investigation also arises from the fact that scene examination is mostly
conducted by fire investigators who do not have a formal scientific education, even though
they apply the scientific method. To the contrary, laboratory examinations are conducted by
forensic scientists, who do not have a strong experience in fire scene investigation, but who
often have a formal background in chemistry.

The literature reflects this dichotomous situation as very little is published by fire scene
investigators in specific journals, although (forensic) scientists saturate literature with articles
on laboratory aspects of fire investigation in rather non-specific journals. As such, there are
only a few publications covering the entire field of fire investigation, from scene to laboratory.

One reference publication that has been guiding fire investigation since 1992 is the NFPA
921 Guide for fire and explosion investigations. This guide was updated in 2014 [2]. The
NFPA 1033 Standard for Professional Qualifications for Fire Investigator, a document
detailing the training and qualifications necessary for a fire investigator, was also updated
the same year [3]. The National Fire Protection Association also published the fourth edition
of the study guide for the previously cited documents [4].

Icove, DeHaan and Haynes issued the third edition of Forensic Fire Scene Reconstruction
[5]. This work describes and illustrates a new systematic approach for reconstructing fire
scenes, including principles of engineering and fire modeling.

Very recently, Harvey edited a book in French on the general methodology and

documentation of fire scenes, which details the scientific method, the related documentation,
and the report writing [6]. It is written by different contributors, all experienced fire
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investigators and laboratory examiners. It constitutes one of the rare publications on fire
investigation in the French language.

2. Phenomenon of fire

The study of fire as a phenomenon is crucial to fire investigation. Usually not a research
topic led by fire investigators, but rather fire engineers or chemists, the results are often
valuable to better understanding the combustion properties of materials, their ignition, and
the behavior of fire under different conditions.

As such, this body of literature is a capital asset to the betterment of fire investigation. This
chapter has been divided into three sections: combustion studies, ignition studies and fire
behavior, with the caveat that a study may extend beyond a single topic.

2.1 Combustion studies

The distribution patterns of polycyclic aromatic hydrocarbons (PAHs) and isocyanates
released by the combustion of polyvinvylchloride (PVC) carpet and wood products was
analyzed under different fire conditions by Blomqyvist et al. [7]. They found that the difference
among particle sizes was not significant between underventilated and well-ventilated fires,
except under oxidative pyrolysis conditions. Also, they observed that volatile PAHs were
usually dominant compared to particle-bound PAHs.

Gratkowski characterized the burning of unmounted tires [8]. He used two different spatial
orientations: sidewall (as in a pile stock) and on-tread (as if mounted on a car). In non-
accelerated ignition, the tire is likely to be ignited if the flame is applied to the bead, not to
the tread. In accelerated fire, the delay between incipient flame and fire growth was much
longer for ignition of the tread as compared to ignition of the well or bead. The on-tread
orientation decreases the burning time of the tire by about 50%. On the other hand, it
increases the peak heat release rate by about 75%. In conclusion, the author explained that
a tire in the on-tread orientation constitutes a greater hazard than in the sidewall orientation,
for which it could not spread fire to another tire located more than 0.61 m away.

As part of a general study of wildland fires spreading into communities, Suzuki et al.

reported the production of firebrands (hot wood embers created during a wildfire and
travelling in the air, believed to be the main cause of fire spread in a wildfire) [9]. In their
experiment on firebrands generated by structures, they found that more than 90% of
firebrands were less than 1 g and 56% were less than 0.1 g. Other authors the effect of
siding treatment on the generation and spread of firebrands [10, 11]. The authors observed
lighter firebrands in certain projected areas due to cedar siding, thus confirming the influence
of siding on the production of firebrands.

Votive candles are often cited as the cause of fire. Hoffman et al. studied the
characterization of flaring in container-filled votive candles [Hofmann]. Among the 24 candles
tested, they found that flaring occurred only with petroleum-based wax, as no flaring was
observed with soy-based wax. Among the petroleum-based wax, only those exhibiting
another hydroxyl-based compound led to a pool fire after 15 to 30 minutes of burning. When
the liquid pool of wax was ignited, the output of the candle reached 230 W, instead of 50 W
in normal burning conditions, with a significant flame above the container.

The use of a barbecue generates a large amount of carbon monoxide (CO). While this is not
a problem with outside use, the wide availability of disposable barbecues has led to a
change of behavior, with people unfortunately using them inside enclosures. Crewe et al.
studied the production of CO and carbon dioxide (COz2) from disposable barbecues [13].
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They found that smoke (produced from the burning of accelerant shortly after ignition of the
barbecue) did not correlate with CO concentration. In fact, the smoke will likely clear before
the CO concentration will increase. Thus, smoke is not a valid indicator of hazard. Finally,
the authors concluded that, in the enclosure used in their experiment, the production of CO
and CO: is sufficient to incapacitate and kill users in the vicinity.

2.2 Fire behavior

Capote et al. conducted small-scale and full-scale tests on new generation of high-speed
trains in Spain, in order to determine the fire behavior inside these vehicles [14]. The full-
scale tests revealed that the material used in the train was good in terms of fire spread
prevention. In their scenario, with a backpack on a seat as the initial source of fire, flashover
conditions could not be reached, although conditions dangerous to passenger’s safety were
created. The position of the initial fire significantly influences the temperature reached in the
car, due to the different ventilation conditions. Lee et al. conducted another study on intercity
trains in South Korea [15]. A tunnel was used as a test facility into which a full-scale train car
was set on fire. Heat release rate (HRR) and gas concentrations were measured. A full list of
material contributing to the combustion was presented. Maximum HRR was measured at 32
MW after about 18 minutes.

Okamoto et al. proceeded to four full-scale burns of minivans, two with ignition on the
outside of the vans and two in the passengers’ compartment [16]. The goal of the studies
was to observe fire behavior as well as to monitor temperatures and HRR. The fire spread
was carefully documented. With all windows closed, the passenger compartment self-
extinguished after about 20 minutes. With the windows about 20 cm open, the fire reached
more than 1,000°C before it completely burned the vehicle. HRR curves reflect the burning
of the different compartments of the minivan, with a maximum HRR measured at 4 MW.
Finally, the authors concluded that the fuel load in the gas tank bore a significant influence
on the fire behavior.

Crewe et al. conducted a full-scale fire test of a 1950 residential house, during which they
monitored the temperature, amount of smoke, as well as CO, CO2 and Oz concentrations
[17]. They observed smoke and toxic gas permeation in the entire house due to its poor
state of repair and maintenance (lack of sealing between rooms). They concluded that this
fire scenario could easily be fatal to sleeping occupants. Guillaume et al. conducted full-
scale tests of single-bedroom apartments, during which temperatures, heat flux, opacity, and
gas were analyzed [18]. The goal of the study was to determine the fire behavior in regards
to the tenability of the room. The first series, a scenario with a person falling asleep in bed
that catches fire, showed that smoke detectors react before tenability disappears. At the time
of the alarm, the toxic and asphyxiating effects of the gases will influence tenability, while
thermal effect is negligible. A paper basket fire scenario was used in the second series.
While the observation about the fire alarm remained the same, the tenability was more
heavily influenced by thermal effect than toxic and asphyxiating gases.

Zhang and Usmani wrote a full review of the heat transfer principles in thermal calculation of
structures fires [19]. This comprehensive paper covers heat radiation through participating
medium as well as thermal calculation in a post-flashover fire environment and in a pre-
flashover fire environment. The review serves as a guide for students, researchers, and
engineers.

St. John conducted full-scale tests of the jet flame created through the mouth of a 2-gallon

container of gasoline dumped over flames [20]. The author was able to reproduce a 4-meter
long flame, immediately igniting a mannequin with cotton clothing 1.3 m away.
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2.3 Ignition studies

Zong et al. studied the influence of gasoline added to camphor wood on its ignition and
burning [21]. Using thermogravimetric analysis, they demonstrated that the addition of
gasoline lowered the necessary activation energy, thus reducing the ignition time and
temperature. In addition, the mass loss rate was accelerated, particularly during the two
phases of dehydration (30°C to about 150°C) and decomposition (250°C to about 400°C).
Finally, they observed that there was a saturation point, above which the further addition of
gasoline did not accelerate the fire further.

Juita et al. explored the roles of peroxides in the spontaneous heating and ignition of linseed
oil [22]. They looked into the relationship between the production of peroxides and the
variation of the degree of unsaturation. They found out that metal catalysts decompose
peroxides formed during the oxidation process of linseed oil, thus resulting in higher product
formation.

The propensity of lit cigarettes to ignite gasoline vapors was further investigated by Marcus
and Geiman [23]. They conducted 4,500 instances of exposure of lit cigarettes to ignitable
concentrations of gasoline, without one successful ignition, thus confirming older studies that
a cigarette is not a suitable ignition source for gasoline vapors. Schudel et al. studied the
time a lit cigarette disposed on cellulosic material takes to transition to a flaming fire [24].
Among their five tests with commercial cigarettes, four self-extinguished between 6 and 13
minutes and one developed into a flaming fire after 5 minutes. All the hand-rolled cigarettes
tests led to a self-extinguishment in less than 4 minutes. In his response, Babrauskas
indicated that the interpretation of Schudel et al. is too simplistic, given the conditions under
which the experiments were conducted [25]. He indicated a time of no less than 22 minutes
under different experimental conditions.

Urban et al. looked into the ignition of cellulose spot with hot metal particles [26]. They
studied stainless steel, aluminum, brass, and copper under different configurations, clashing
conductors, as well as machine friction and hot work. They concluded that the ignition
mechanism was different for the larger particles that the smaller ones.

Shebeko et al. developed a method to test the safety of construction materials with respect
to mechanical sparks [27]. Their set-up consisted of a reaction chamber into which a rotating
disc creates the spark on the tested specimen. The combustible was transformed into a
gaseous mixture by partial vacuuming and ignition was detected through a manometer. They
concluded that lean mixtures were most ignitable and they obtained ignition with hydrogen
and acetylene, a result in contrast to methane, petrol, and LPG for which they did not obtain
ignition. Holl&nder et al. also studied the probability of ignition of fuel-air mixtures due to
mechanical impacts between stainless steel components [28]. They determined that the
composition of the steel and the energy of the impact bear influence on the source and/or
probability of ignition. Based on the energy, the mode of ignition changed. Arulmoli et al.
investigated the production of sparks from titanium alloy golf club [29]. Apparently, cases of
vegetation ignition have been documented on golf courses in the past. Although steel club
heads did not produce any sparks, titanium alloy heads produced sparks, microparticles up
to 500pum in diameter burning for nearly 1 second, which allows for fuel ignition. Finney et al.
tested the propensity of rifle bullets to ignite organic matter after impacting a hard surface
[30]. They found out that bullets fired at a steel plate could reliably produce enough energy
to cause ignition, particularly those containing steel components and those made of solid
copper. During their tests, some bullet fragments exceeded 800°C. Finally, Howitt studied
the suitability of hot metal fragments created from heavy mechanical equipment to ignite
forest litter upon impact with rocks [31]. The author used a bulldozer driving over rocks and
performed direct thermographic measurements on the temperature of the fragments created.
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He concluded that such fragments do not reach the minimum requirements to ignite forest
litter. As such, rock strikes from heavy equipment should not be considered as a possible
cause of forest fires.

Novak and Fukuda offered a brief overview of the open neutral phenomenon, an abnormal
condition for which the neutral connection is removed [32]. They explained how it affects the
electrical service of a residential structure. lwashita et al. explored leakage current preceding
short circuits in PVC-insulated cables under external radiant heat exposure [33]. As such,
they were able to identify the mechanism as follows: Under radiant heat exposure, PVC
insulation melts and conductors often come into contact with each other, at which point the
leakage current is too small to be recognized. When conductors do not come into contact,
the PVC insulation is carbonized and the leakage current increases until an arcing-through-
char occurs. Goodson and Green published a short review describing the danger of
corrugated stainless steel tubing [34].

In his review of arc breakdown in air over very small distances at 1 atm, Babrauskas
concluded that the use of the Paschen curve to calculate electrical arc formation becomes
unrealistic with distances below 7uym [35]. Thus, he proposed a modified Paschen curve to
correctly describe breakdown at 1 atm.

Clarke and Andrews studied the ignitability of gasoline vapors with a Taser [36]. Based on
full-scale tests on a mannequin, the authors were able to determine that a Taser could easily
ignite gasoline vapors in a scenario in which a suspect soaked himself with gasoline.

Goodson et al. provided a brief introduction to integrated circuits, which are found in any
electronic apparatus, and can be the cause of a fire [37]. The authors presented the
components of the circuit, bond wires, and fuses. They go on to hypothesize about why a
bond wire would no longer be continuous, and how to test it. They concluded that microfocus
X-ray technique has the advantage of being non-destructive and can be used with heavy fire
destruction of integrated circuits.

Jordan provided a brief introduction to lithium secondary batteries, which can be repeatedly
charged and discharged, how they work, how they are used, and their potential issues,
particularly in regards to fire hazard [38]. He concluded that they are largely safe to use if the
design and safety standards are met.

3. Fire scene examination

3.1 Determination of origin
The study of fire patterns is at the base of the determination of the origin of a fire.
Unfortunately, very little research is conducted on this topic.

In another paper, Gorbett et al. proposed a prototype method for determining the area of
origin of a fire, a seven-step process named the process for origin determination (POD) [39]:

Value

Identifying varying degrees of fire damage
Identifying fire patterns

Fire pattern generation

Development of hypothetical area(s) of origin
Tests of hypothetical area(s) of origin
Selection of the final area of origin hypothesis

Noohkown
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Based on 32 different origin scenarios, they demonstrated the reliability of the POD, claiming
an increase in accuracy of between 50 and 94% when participants use it. Cox proposed
another model following the scientific methods a systematic means of applying fire dynamics
concepts to the fire scene: the origin matrix analysis [40]. Cox identified three key factors
influencing the nature and extent of fire damages as exposure duration, exposure intensity,
and material properties. He proposed a four-step process for assessing damages:

1. Document fire effects
2. Quantify fire effects

3. Document fire patterns
4. Label fire patterns

Gorbett et al. proposed a general review of how fire patterns are created, and they tested
whether a low heat initial release rate leaves fire patterns after full-room involvement [41].
They observed that both visible and measurable damage of the area of origin persisted even
after full-room involvement. One parameter clearly influencing fire patterns is ventilation.
Claflin presented some experimental studies on the effects of multiple ventilation openings
on a post-flashover compartment fire [42]. He demonstrated that the fire pattern at the origin
of the fire can survive flashover, however it is no longer the pattern with the most damage.
This latter is, of course, close to the inflow vents, just below the neutral plane, where the
largest heat flux occurred. He warned fire investigators to take into account vent openings
when interpreting fire patterns. Li et al. conducted some experiments on char pattern and
depth on medium-density fireboard (MDF) in post-flashover compartments [43]. They also
concurred that ventilation patterns are likely to confuse fire investigators. Gorbett et al.
offered a new method for the characterization of the degree of fire damage to gypsum
wallboard [44].

Wheeler conducted three experiments applying arc mapping to determine the area of origin
[45]. In one experiment, arc-mapping was ineffective, and in the two others it was
determined to be useful. However, the author reminded the reader that origin determination
should not rely solely on arc-mapping, but should consider it as one tool among many others
to use in determining the origin of the fire.

Coldwell investigated oxidation patterns on vehicle occurring after the fire [46]. Based on a
couple of full-scale tests, the author concluded that these are of no value to the
determination of fire origin, indicating that there are no clear link between the oxide color and
the fire origin.

3.2 Cause analysis

Hoffman et al. conducted a full-scale fire test on a kitchen equipped with a refrigerator, a
dishwasher, and an electric clothes dryer [47]. The fire was started by a heat source external
to the appliances. During the investigation phase, they found evidence of electrical activity
inside the appliances. Their results supported a well-know fact: The presence of an arc fault
is evidence of the apparatus being energized at the time of fire, not that the apparatus is the
cause of the fire. Benfer and Gottuk conducted a comprehensive study on the analysis of
electrical receptacle fires [48]. It included a thorough literature review, an experimental
approach, laboratory testing of the receptacles, fire exposure testing, and distinguishing of
arc from melt damages. They demonstrated that the signature of overheating due to loose
connections persisted after exposure to external fire. Finally, they identified the locations of
arcing within the receptacle when exposed to external fire. Wright et al. studied the presence
of globules and beads on small-diameter copper conductors in relation to their energized
state during fire [49]. They conducted a series of tests on energized and non-energized
conductors subjected to fire. When energized, the beads resembled a fusion weld, thus
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creating a sharp line of demarcation between the melted and non-melted conductor
surfaces. This is used to differentiate beads from globules (melted in a non-energized state).

Wang et al. proposed a new hybrid approach of combining fuzzy set theory and fault tree
analysis to investigate crude oil tank fire and explosion [50]. Eckhoff offered a brief review of
boiling liquid expanding vapor explosions (BLEVES) [51]. They reminded readers that it is
not possible to forecast with reasonable certainty how much time a vessel exposed to fire
will resist before undergoing a BLEVE. Cases from a few seconds to several hours were
reported. Eckhoff also offered an interesting review on water vapor explosion [52], even
though it is not fire-based, such explosion would likely end up on the desk of a fire
investigator.

3.3 Case reports

Mehaffey et al. reported a fire on the exterior of a residential structure with no observable
ignition source that was caused by an electrical failure of a clothes dryer located about 9m
away from the origin [53]. The authors described an interesting but complex failure of the
heating element of the clothes dryer that led the electrical current to be redirected through
another circuit.

Cho et al. reported a fire in a shooting range that resulted in the deaths of 15 people [54]. By
examining CCTV footage, the authors determined that the fire originated in a stack of
balloons, likely caused by a stray bullet coming out of the bullet trap and igniting gunpowder
residues. Tests were conducted on a polyurethane foam sound absorber to determine their
combustibility when impregnated with gunpowder residues. The rapid spread of the fire
caused the high number of victims.

Casson et al. reported an explosion followed by a fire that occurred on a resin-manufacturing
site [55]. The cause was determined to be an undesired runaway of the polymerization of
methylmethacrylate that generated a rapid vaporization of the monomer, which, in turn,
entered into contact with an ignition source. The case triggered the authors to conduct a
series of tests conducted to understand how the undesired polymerization was accelerated.

Laboureur et al. reported another case involving 30 tons of ammonium nitrate that exploded
after a chemical storage and distribution facility caught fire [56]. They investigated the root
cause of the incident and the regulations applicable to this kind of facility. As time of the
writing of their article, the cause of fire was not known. However, several regulations
violations were observed. Dixit et al. reported a case of another factory fire that was caused
by the presence of flammable liquids [57].

3.4 Ignitable liquid residues detection
Fire investigators perform detection of ignitable liquid residues (ILR) at a fire scene before
sampling. To this effect, there are different techniques that can be used.

Hogsten wrote a book on the use of accelerant detection canine (ADC) [58]. His contribution
identified the variables that would assist the ADC team to reach a higher rate of ignitable
liquid confirmation by the laboratory. Different recommendations were made to this effect.

Burda et al. developed a new field test kit to sample ILR from fire scenes [59]. It is
constituted of a white absorbent non-woven material made of polypropylene fibers.
According to the authors, this field test kit, which can be applied to porous and non-porous
surfaces, proved to be much better than cotton wool. They also developed a field hand kit
based on the same material. Bruno designed a new field sampling system based on porous
layer open tubular (PLOT) cryoadsorption of headspace [60, 61]. The device works with
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compressed air. It can be used with a hand piece or with a standoff probe. The author tested
the extraction of different components, including diesel fuel in soil. For the latter, the PLOT
was held at about -10°C for an extraction duration of 10 minutes. The wafer was then heated
at about 60°C and eluted with 1.5ml of acetone before GC-MS analysis. Unfortunately, the
results were not interpreted using ASTM standards, thus it is not possible to identify the
presence of diesel fuel based on the data presented.

Even though the use of portable hydrocarbon detectors is not widely performed at scenes,
Baerncopf and Anuszczyk compared their responses to the one from a GC-MS analysis [62].
They concluded that the two detectors tested showed numerous false positives, false
negatives, and inconclusive results. In addition, they encountered difficulties due to the
adjustment of the sensitivity of the detectors during use.

Greely published a very interesting study on the presence of ILR in pour patterns [63]. He
conducted several well-designed tests aimed at determining the best location within the pour
patterns to collect a sample in order to maximize ILR recovery. He concludes that sampling
closer to the center of the pour patterns would allow for the maximum ILR recovery. Edges
do not constitute good samples, because if ILR are present, they would already be highly
weathered.

Turner and Goodpaster tested triclosan (2,4,4’-trichloro-2’-hydroxydiphenyl ether) for their
efficacy at killing bacteria in soil in order to preserve ILR [64]. Using 2% triclosan in .2M
solution of sodium hydroxide, soil samples were sterilized in less than 60 seconds,
maintained their sterility for 77 hours and preserved gasoline residues for at least 30 days. In
addition, contrary to bleach, triclosan does not produce corrosive effects on the cans. In the
original study, funded by the US National Institute for Justice (NIJ), the authors also
attempted to develop a container that would immediately start to extract ILR from the
substrate upon collection [65]. However, their design (an activated charcoal strip placed in
the container) was ineffective. Li et al. studied the volatility of gasoline [66]. Upon extraction
of soil with hexane using a mere five samples, they could not detect gasoline after five days.
In another brief paper, the authors studied the persistence of gasoline compounds in soil
[67]. Li et al. observed that C1-, C2-, C3- and C4-alkylbenzene volatilize first. After 96 hours,
they were not able to detect the presence of gasoline.

Muller et al. presented a new technique to sample ILR from hands using a charcoal strip
placed on hands that are, in turn, placed in a sealed bag for an hour [68]. They
demonstrated that three hours after spiking 50u1 of gasoline or 10yl of diesel fuel, it was
possible to identify these products using this technique.

Schwenk studied the cross-contamination between containers that were not designed for fire
debris samples [69]. She found that a full chromatographic profile of gasoline could be
present in all samples in less than an hour of exposure to a sample of improperly-packaged
gasoline.

4. Laboratory examination

4.1 General

Kruger et al. claimed the development of a new method to extract and analyze ILR in a
series of five full-scale burn tests [70]. They described sampling fire debris in a transparent
plastic bag, then taking an aliquot-sized sample that is placed in 20-ml vial sealed with a
septum cap and additional parafilm. Before extraction by SPME, 2ml of MilliQ water is added
to the aliquot. The authors identified the presence of ILR, even though the quantity before
sampling could not be controlled as it was poured before fire. They also analyzed some
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swipe samples, for which they claimed some promising results. They concluded that the
longer the fire burns, the less chance one has to detect ILR. Dhabbah et al. published
another study using SPME-GC-MS to identify gasoline residues on carpet [71].

Visotin and Lennard reported the use of a portable GC-MS to perform direct analysis of ILR
at a fire scene [72]. In their preliminary study of the device, they explained that it uses SPME
as an extraction technique, can perform a full extraction and analysis in about 5 minutes,
and that the field tests performed allowed them to correctly identify ILR. They concluded that
the potential showed by the device could provide valuable forensic intelligence directly at the
fire scene, compatible with the current push toward intelligence-led policing. Leary et al.
reported the use of another portable GC-MS, also using SPME as an extraction technique,
in order to perform ILR analysis on site [73]. The authors showed an analysis time of less
than two minutes for gasoline.

Finally, Martin-Alberca et al. wrote a rather comprehensive review of the literature regarding
ILR complete examination [74]. She highlighted standards, extraction techniques, analytical
techniques, statistical tools, and new knowledge on distortion effects. Hendriske et al.
published a recent guide on identifying ignitable liquid residues [75]. This guide, based on
ASTM E1618, covers the classification scheme, the general production processes of
ignitable liquids, analytical techniques, and interpretation of data. The main chapter is a
class-by-class guide for interpreting the chromatograms with detailed explanations for each
specific elements of the composition of the different ignitable liquids.

4.2 Extraction techniques

ASTM standard practices were updated: E1386 (solvent extraction) in 2015 [76], E1412
(passive headspace concentration with activated charcoal) in 2016 [77], E1413 (dynamic
headspace concentration) in 2013 [78], E2154 (SPME) in 2015 [79], and E2451
(preservation of ILR extracts) in 2013 [80].

Cacho et al. applied a new technique, called headspace sorptive extraction (HSSE), to fire
debris samples [81]. It consists of polydimethylsiloxane stir bars being first inserted in the
debris container and then thermally desorbed in the GC-MS. They optimized the extraction
time to 1 hour at 50°C. The bar is then desorbed in the thermal desorption unit at 240°C for
10 minutes. The authors concluded that their technique presents the advantage of reducing
the manipulation of the sample and avoiding the use of solvent.

St. Pierre et al. promoted another approach using zeolites [82]. Zeolites, which are
crystalline aluminosilicate mineral structures, are found in the form of small beads. The
research was aimed at the recovery of low molecular weight, polar compounds, so these
beads were placed in a tea bag inside the fire debris container. Then, a solvent-extraction is
used on the beads. The authors explored the best extraction parameters for the extraction
and concluded that zeolites improved the recovery of low molecular weight, polar
compounds compared to activated charcoal. In a further study, the authors explored a dual-
mode with zeolites and activated charcoal strips in order to extract optimally the full range of
ILR [83]. Their research demonstrated that, as the two extraction techniques are
complementary to each other, this dual-mode is effective for extracting both low molecular
oxygenated compounds and traditional heavier hydrocarbon-based compounds.

Nichols et al. compared PLOT-cryo extraction technique to Tenax and activated charcoal

strip [84]. The authors concluded that it works better than the traditional purge and trap
technique, and that it outperformed the traditional activated charcoal strip.
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Smale et al. compared cat litter, absorbent matting, cotton pads and passive headspace
residue extraction device (PHRED) to extract ILR from concrete [85]. PHRED is a device
that is placed on concrete, heats it, and adsorbs ILR on a charcoal strip contained inside the
device. They concluded that cat litter and PHRED were suitable to extract ILR after one
hour, and the two other techniques did not reveal anything. Their chromatographic data
clearly demonstrated that PHRED is the most sensitive technique.

Cheenmatchaya and Kungwankunakorn researched using rice husks as a new preparation
of activated charcoal strip (which is usually made of coconut shells) [86]. They concluded
that rice husks possess a high apparent surface area, and they encouraged the use of it
instead of the costly commercial adsorbent.

Fettig et al. evaluated SPME as an extraction technique for fire debris samples [87]. They
used a mixture of three different adsorbents, divinylbenzene/carboxen/polydimethylsiloxane.
Interestingly, they prepared their fire debris in a smoke density chamber and a controlled-
atmosphere cone calorimeter. They presented the best conditions for the use of their SPME
fibers; SPME conditions vary according the ILR that has to be recovered, a fact that is
usually unknown at time of extraction.

4.3 Analytical techniques

ASTM standard test method E1618 for ILR analysis by GC-MS was updated in 2014 [88].
Also, a new ASTM standard test method E2997 on the analysis of biodiesel byproducts by
GC-MS was published in 2016 [89]. The ASTM standard test method E2881 for the
extraction and derivatization of vegetable oils and fats from fire debris and liquid samples
with analysis by gas chromatography-mass spectrometry was released in 2013 [90].

Martin-Alberca et al. studied the analysis of acidified fire debris samples, i.e. samples
originating from Molotov cocktails in which a mixture of gasoline or diesel fuel with sulfuric
acid is used [91]. Using SPME-GC-MS, they identified gasoline and diesel fuel residues from
acidified fire debris. They concluded that the presence of tert-butylated compounds is
definitely an indicator of the presence of acidified debris. Furthermore, Martin-Alberca et al.
investigated the chemical modifications occurring in the Molotov cocktail [92]. Aromatic
compounds are subjected to a heavy alteration and oxygenated compounds are hydrolyzed,
thus significantly changing the chromatographic pattern within minutes. Martin-Alberca et al.
also used Raman to analyze acidified ignitable liquids through bottle glass [93]. Despite the
fluorescence due to the reaction between the acid and the hydrocarbons, the authors were
able to identify both, except in the presence of diesel fuel. They concluded that Raman is a
useful technique for a rapid, non-invasive analysis of pre-ignited improvised incendiary
devices. Martin-Alberca et al. also studied the use of ATR-FTIR to identify neat and acidified
ignitable liquids [94].

Kerr et al. investigated the use of Raman and ATR-FTIR spectroscopy to identify polymers
among fire debris samples [95]. They demonstrated that both techniques are complementary
and, that with this combination, it was possible to identify HDPE, LDPE, PVC, PMMA, and
cotton among burned debris.

Schwartz et al. explored the use of GC-IRMS (isotope ratio mass spectrometry) to
discriminate between household ignitable liquids [96]. They looked at compound-specific
carbon isotope ratios. Although this works with neat liquids, the authors reported that it was
problematic with post-combustion residues. They concluded that GC-IRMS is not suitable for
fire debris analysis, but appeared best suited for exclusionary purposes when analyzing neat
simple mixtures.
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Liu et al. conducted a pilot study regarding the use of a cataluminescence-based vapor
sensor array for discriminating flammable liquids [97]. Using 10 different catalytic
nanoparticles, they were able to differentiate 10 flammable liquids, all single-component
liquids, except for gasoline. They concluded that their system is very promising for field use,
though further research is still needed.

Ferreiro-Gonzalez et al. applied the headspace-mass spectrometry technique to discriminate
between ignitable liquid residues [98]. Using chemometric methods, they claimed that they
were able to successfully discriminate between six different ignitable liquids and six different
burned substrates based on the total ion spectrum.

Finally, Sampat et al. published a general paper on the potential of two-dimensional
comprehensive gas chromatography in forensic sciences, including a section on fire debris.
They reviewed the papers published on the topic since 2002 [99].

4.4 Interpretation

In a quite comprehensive paper, Baerncopf and Hutches reviewed the modern challenges of
interpretation in fire debris analysis [100]. They addressed challenges in liquid classification,
matrix interferences, microbial degradations, and non-routine samples.

In a study funded by NIJ, Rankin and Petracho investigated the effect of competitive
adsorption of substrates typically found in fire debris on the classification of ILR, and
proposed developing and validating an expert system to classify ILR in fire debris and to
provide a statistical evaluation of error rates [101]. While they did not find any false positives
among the reports from the small group of experts tested, they admitted that larger studies
would be necessary before an error rate could be determined. Likewise, their expert system
needed refinements before it could be tested.

Hetzel conducted a survey of 71 gasolines collected from the United States in 2008, by
analyzing them following ASTM E1618 [102]. She observed some wide variations between
the samples in regards to the alkanes pattern, however nothing that would cause a fire
debris analyst to incorrectly identify gasoline.

Jhaumeer-Laullooa et al. conducted a brief study of background and pyrolysis products
[103]. They analyzed 11 different substrates and reported the background products found. Li
et al. also performed some controlled burn tests of carpet with and without gasoline [104].
They concluded that the most encountered combustion and pyrolysis products were also
found in gasoline. In his doctoral thesis, Sferopoulos conducted test burning of carpet and
foam in order to identify interferences with gasoline [105]. His data presented detailed
information on the compounds found during these experiments. He concluded that false
identification of gasoline is unlikely. Prather et al. investigated the effect of interference from
high-density polyethylene (HDPE) on ILR analysis [106]. More concerned by firefighters’
health than fire investigation, Organtini et al. studied the halogenated compounds in fire
debris samples [107]. Lee et al. conducted a comprehensive study of the influence of
temperature on the pyrolysis products of household materials [108]. They compared
isothermal and temperature-programmed pyrolysis on many different substrates, such as
asphalt roofing materials, carpets, carpet underlay, vinyl flooring, and cellulosic materials.
Their paper included all the different identified compounds, as well as their relative
intensities according the pyrolysis temperature. Ding et al. analyzed the pyrolysis products
from a tire using GC-MS coupled to a pyrolyzer [109]. The authors showed that at 600°C,
pyrolysis products were alkenes, with the main components being isoprene and D-limonene.
Above 600°C, aromatic content started to rise. This study allowed the author to better
understand the reaction pathways of pyrolysis. Zhang and Yang studied the composition of
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the combustion smoke of different flammable liquids, notably gasoline, diesel fuel, and paint
thinners [110]. Because of the interpretation of the chromatographic data not following ASTM
standards, the meaning of the results is difficult to understand. However, the authors claimed
that gasoline, diesel fuel, and paint thinner smokes were different and comprised of many
components.

Goldman et al. wrote a comprehensive paper on the analysis of biodiesel by GC-MS [111].
After an introduction describing the manufacture of biodiesel, the authors performed analysis
of neat samples, heated headspace samples on an activated charcoal strip, and performed
studies of microbial degradation, evaporation, and interferences with matrix. They showed
the different influences on the data obtained.

Turner et al. comprehensively studied the effect of sampling season and soil type on
microbial degradation of gasoline from soil [112, 113]. Bacteria were identified as
Alcaligenes, Bacillus, and Flavobacterium. The authors determined that the most vulnerable
compounds were n-alkanes, followed by mono-substituted alkylbenzenes. Interestingly, they
identify benzaldehyde was identified as a marker of the extent of the degradation. Finally,
they concluded that soil collected during hot and dry summer showed the least degradation
of the ignitable liquid. Hutches investigated the microbial degradation of ignitable liquids on
molded building materials [114]. She concluded that the degradation occurred to an extent
that could prevent identification of gasoline. She explained that the microbial degradation
observed with soil can also apply to moldy substrates. Winters and Evans studied the effect
of mold, and of burning on firelogs [115]. Although firelogs were mostly made of paraffin wax,
this has changed, and they are now made of vegetable oils. Both fire and mold affected the
chemical composition of firelogs.

McGee et al. conducted a comparison of GC-MS data processing software [116]. They
compared ChemStation, Xcalibur, and MS Workstation to ACD/MS Manager Suite. They
concluded that ACD/MS Manager Suite constitutes a viable solution for consolidating and
processing data from different sources in one standardized package.

The National Center for Forensic Science has been extremely active in conducting research
project on interpretation of fire debris analysis. In a first study, Waddell et al. used principal
component analysis (PCA), linear discriminant analysis (LDA), and quadratic discriminant
analysis (QDA) to develop a multistep classification procedure of ILR according to ASTM
E1618 [117]. As a result, the true-positive rate was more than 80% for cross-validation
samples and more than 70% for fire debris samples, while the false-positive rate was 9.9%
and 8.9% respectively. In sequel paper, Waddell et al. further investigated soft independent
modeling of class analogy (SIMCA) classification of total ion spectra [118]. As a result, the
true-positive rate was more than 90% for cross-validation samples and almost 80% for fire
debris samples, while the false-positive rate was 5.1% and 8.9% respectively. Using the 445
total ion spectra of the ignitable liquids reference collection (ILRC) database, Waddell et al.
explored their classification using hierarchical cluster analysis [119]. As a result, the ignitable
liquids clustered based on their chemical composition. In addition, ignitable liquids within
each cluster were predominantly from one ASTM E1618 class, thus showing very promising
results. Lopatka et al. pursued similar research with fire debris samples, some of which
included ILR [120]. The authors showed an overall classification performance of 81%.
Sigman et al. included all of the research performed by NCFS, which provides a full
statistical assessment of the probability of correct identification of ILR in fire debris samples
[121]. In a most recent paper, Sigman and Williams compared support vector machine
(SVM), LDA, QDA, and k-nearest neighbors (kNN) methods of binary classification of fire
debris samples as positive or negative for ILR [122]. SVM, QDA and kNN showed good
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performance, which decreased rapidly with fire debris samples. LDA provided poorer
discrimination, but its performance did not deteriorate with fire debris samples.

Frisch-Daiello et al. used self-organizing feature maps (SOFMs) to extracted ion spectra
[123]. This allowed for the interlaboratory comparison of data without concern for retention
time shifts. The authors concluded that clusters in the data were observed to be consistent
with classification according to ASTM E1618. Sinkov et al. addressed issues of
chromatographic alignment and variable selection that are needed prior to the application of
chemometric tools [124]. The authors used an alignment strategy based on a ladder
consisting of perdeuterated n-alkanes. Mcllroy et al. evaluated the effect of pretreatment
procedures on multivariate statistical analysis, which included background correction,
smoothing, retention-time alignment, and normalization [125]. They concluded that prior to
pretreatment, the first principal component accounted for only non-sample source of
variance. After pretreatment, the principal component accounted for significant chemical
differences among the diesel samples.

4.5 Other liquids, materials and characterizations

Ferreiro-Gonzalez et al. reported that they successfully discriminated between different
gasoline samples according to their RON using headspace-mass spectrometry [126]. The
main advantage of this technique is that it neither requires any sample preparation, nor
chromatographic separation. Vergeer et al. used likelihood ratio methods (based on distance
functions for the two first and multivariate for the third one) to compare evaporated gasoline
residues in order to identify source of gasoline [127]. Strong discrimination was obtained
with all three methods. Haraczaja et al. used Carburane, a commercial software originally
designed to evaluate petroleum fraction quality, to compare premium gasoline neat samples
using GC-FID [128]. The advantage of the software is that it adapts to all analytical
techniques. Ugena et al. reported the discrimination of five main brands of fuels using GC
and neural networks [129]. They claim a discrimination power close to 100%. To fight
smuggling across borders, da Silva et al. developed a method of classifying Brazilian and
foreign gasolines adulterated with alcohol using infrared spectroscopy [130]. The authors
used two different approaches: partial least squares discriminant analysis (PLS-DA) and soft
independent modeling class analogy (SIMCA).

Yang et al. reported a case study in which they had to identify biodiesel spill following an
environmental spill [131]. They used SPE-GC-MS in addition to an HPLC analysis to identify
the compounds that could not be detected by GC-MS. In a later paper, Yang et al. further
investigated the discrimination between biodiesel samples [132].

Borusiewicz reported an atypical analysis of ignitable liquids from food and other biological
mediums [133]. In the first case, water contaminated with kerosene was discussed. The
second case consisted of a poisoned beverage into which a medium aromatic product was
found, compatible with the use of insecticides to poison the beverage. The third case
involved the analysis of blood from a dead subject who inhaled gasoline fumes. The authors
warned that these unusual matrices could have unusual matrix effects.

In quite a comprehensive paper, Ernst and Streeter studied glycol ethers [134]. They
explained that glycol ethers, found in scented oils, can be found in fire debris samples. The
authors covered the GC-MS analysis as well as a flame test. They concluded that the
identification of a glycol ether in a fire debris sample may help explain the appearance of fire
patterns at the scene.

Liu et al. studied dust components of gasoline combustion using HPLC [135]. Even though
the authors found 20 compounds among the dust without identifying them, they concluded
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that pattern recognition would be useful to identify gasoline combustion dust. Zong et al.
investigated the discrimination of soot samples from three different substrates [136]. Using
PCA and neural networks, the authors were able to differentiate soot from diesel,
polystyrene and ABS during small-scale burns. Ayoko et al. studied the VOCs from the
exhaust of LPG and gasoline-powered vehicles [137]. Thirty-three compounds were
identified in a comprehensive list with concentrations. Hexane was the most prominent in
both fuels.

Al-Abdullah et al. investigated the flashpoints and volatility characteristics of gasoline/diesel
blends [138]. They tested mixtures with 0, 5, 10, 50, 90, 95 and 100% of gasoline in diesel.
They found that flashpoint decreased sharply when gasoline was added. With 1% gasoline,
it decreased from 57 to about 35°C. At 16% gasoline, it reached -40°C, which is the typical
flashpoint of gasoline.

Groth et al. explored cigarette brand determination through trace-metal analysis of ash [139].
Trace analysis was performed on ashes from 14 American brands and 17 international
brands using ICP-MS. Inter-brand variation was shown to be larger than intra-brand
variation. Classification between US and international brands was successful, however when
classification of brands was possible, in some cases a range of possible source brands was
the only option. Finally, the distinction between varieties of the same brand was not possible.

Algassim et al. studied the degradation of concrete exposed to fire using x-ray diffraction,
petrographic approach, and thermogravimetric analysis (TGA) [140]. They showed that
concrete underwent two main irreversible degradations, the first one between 70 and 120°C,
which corresponded to the loss of water, and again between 650-700°C, which
corresponded to the decarbonation of calcium carbonate. Combining different techniques,
the authors indicated that the investigator should be able to determine the temperature
reached by the concrete. Boniardi and Casaroli investigated the influence of heat on non-
ferrous objects from a metallurgical perspective [141]. They looked at the metal structure in
order to estimate the temperature range experienced by various items to estimate the
temperature reached in different locations for a given fire. In a subsequent paper, the same
authors provided an in-depth approach of microstructural analysis of metallic materials to fire
investigations [142]. They offered a detailed review on three-multistrand conductors,
aluminum window frames, and bedsprings. Gu et al. developed a new method for identifying
the condition of electrical immersion heaters before fire [143]. The authors used SEM/EDX
to look at the morphology and elemental composition of the electrical wires, which showed
significant differences between a normal use and a misuse.

5. Fire modeling

From a safety perspective, Dadashzadeh et al. proposed a new approach to model the
entire sequences involved in a potential accident in oil and gas facility, using use
computational fluid dynamics (CFD) codes [144]. As such, they modeled the vapor cloud
explosion and the consecutive fire. They concluded that the integrated approach provided a
clear advantage over the modeling of single phenomenon.

Lai et al. conducted FDS simulations and full-scale experiments to measure the impact of
natural ventilation design in Green buildings [145]. They concluded that in non-fire rooms,
the FDS simulated temperatures were consistent with the full-scale tests. This is not the
case in fire rooms, where the thermocouples did not provide data representative of smoke
descent, due to the proximity of fire. Finally, the authors demonstrated that a room with a
natural ventilation shaft provided better control of the smoke layer than a room without a
natural ventilation shaft. In addition, they demonstrated that FDS simulation could
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compensate for the lack of usable data from full-scale tests. Fire modeling was also used to
simulate railway rolling stock fire scenarios, based on Guillaume et al.’s pyrolysis model
[146]. With the model, the authors were able to reproduce fire growth, heat release rate, and
temperatures observed in the real-scale scenario. Weinschenk et al. applied FDS to provide
some insights into a single-family structure fire [147, 148]. They calculated temperatures in
some key locations, thus explaining the downward development of the fire that ended up
killing a fire captain. Overholt et al. also applied FDS to analyze the fire that occurred in
another single-family residential structure that resulted in the death of two firefighters [149].
With their simulation, they were able to demonstrate that the rear basement window failure
led to a steep HRR increase from 2 MW to 32 MW. The two firefighters were in the flow path
when the rapid change of conditions occurred.

A prison fire that occurred in 2010 in Chili killed 81 inmates. Although the cause of the fire
was determined to be intentional, the investigation could not determine how fast the fire
grew and whether the prison guards acted accordingly. Jahn et al. used CFD to analyze the
development of the smoke and to simulate temperatures [150]. The authors demonstrated
that the fire grew so quickly that it became uncontrollable before the guards could intervene.
Another question of timeline was confirmed using FDS at a murder scene in which a
smoldering fire was observed [151]. Hofmann et al. concluded that the fire started a few
hours before discovery, at a time where the suspect had access to the crime scene.

Price et al. explored a prototype inverse fire model (IFM) in order to predict heat release rate
of a compartment fire using smoke layer information obtained from building environmental
sensors [152]. However, the authors concluded that IFM-based estimations of heat release
rate have an accuracy of about 40%. Finally, Overholt and Ezekoye introduced a Bayesian
approach to the quantitative testing of fire scenario hypothesis through fire models [153].

6. Aspects of forensic pathology and toxicology in fire investigation

Owen et al. explored the possibility of using bladder swabs, instead of conventional samples
such as blood, muscle or bone) to identify cremated victims through DNA analysis [154]. Out
of the 28 cases analyzed by their laboratory in 2012, all of them provided positive DNA
results through bladder swabs. As such, the authors recommended the use of bladder
swabs in incinerated bodies, as it is an efficient and cost effective means of obtaining DNA.

Pahor et al. conducted a study to determine whether gasoline residues could be detected in
fire victims’ lung tissues and heart blood [155]. They conducted tests on pigs, which they
subjected to gasoline breathing before euthanasia. They also used pigs that did not inhale
gasoline, but that had gasoline poured on them. Using headspace thermal desorption GC-
MS, the authors found traces of gasoline in lung tissues and heart blood from the pigs that
only inhaled gasoline. In a case for which two dead persons were found in a burned car,
Karinen et al. found methyl tert-butyl ether (MTBE) in postmortem blood and urine samples
[156]. Because the autopsy and routine toxicology results did not explain the cause of death,
the authors analyzed the samples for MTBE. They concluded that gasoline poisoning
caused the deaths and that MTBE can be a suitable marker of gasoline exposure when
other volatiles have evaporated. Using infrared imaging combined with ordinary color
imaging, Yamauchi et al. demonstrated the improvement in the detection of soot particles in
the respiratory and gastrointestinal system [157]. Soot particles appear black, while blood is
transparent, and tissues are white.

McAllister et al. reported a case study in which they compared the results of COHb analysis

to autopsy data and the two hypotheses regarding origin and cause of the fire [158]. This
allowed them to determine that only one scenario produced the level of CO found in the
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victims. Michiue et al. used a similar approach to reconstruct mass fire casualties, combining
fire investigation data with COHb analysis of the victims [159]. Hill proposed the same
approach of combining COHb data with the fire origin and cause investigation to test
hypotheses [160]. Oshima et al. reported three fire cases in which they performed COHb
analyses [161]. As such, they demonstrated that CO poisoning occurred prior to the fire.
Finally, Ferrari and Giannuzzi proposed a novel approach to the assessment of
carboxyhemoglobin, hydrogen cyanide, and methemoglobin in fire victims [162]. They
performed blood analysis on 32 fire victims of a prison fire caused by a polyurethane
mattress fire in Argentina in 2006. The authors found no correlation between HCN and
MeHb.

Bernitz et al. studied tongue protrusion as an indicator of vital burning [163]. The authors
found a statistically significant dependence between tongue protrusion and the presence of
soot in the respiratory tract and stomach. Since the latter is a good indicator of vital burning,
the authors concluded that tongue protrusion could be used as an additional indicator of vital
burning. In a critical reply, Bohnert did not share the same opinion [164], claiming that the
correlation detected by Bernitz had no relevancy. In addition to the response from Bernitz
[165], the Bernitz study triggered a series of comments from Hejna and Janik [166], Madea
and Doberentz [167] as well as Nikolié and Zivkovi¢ [168], who claimed that tongue
protrusion is not a vital sign. Recently, Bohnert and Hejna published a retrospective of 61 fire
fatalities for which they did not find a significantly increased incidence of tongue protrusion in
vital burning [170].

Goncalves et al. investigated the estimation of the condition of human remains prior to
exposure to fire [170]. They looked into the effects of age, sex, time span from death to
cremation, duration, and temperature of cremation. Among their conclusions, the authors
indicated that warping is most useful as an indicator of the pre-burning condition of human
remains. Keough et al. conducted an assessment of skeletal changes after post-mortem
exposure to fire [171]. The authors concluded that, based on the data, the pattern of heat-
induced changes may assist in estimating decomposition from burned remains. Three cases
of cremation on wooden pyre were reported by Alunni et al. [172]. The authors highlighted
the specific thermal alterations resulting from these circumstances and reminded readers of
the importance of a good collaboration between the fire investigator and the forensic
pathologist.

Finally, Rossi et al. reported a suicidal fire death case where the cause of death was a highly
unusual trigemino-cardiac reflex [173].

7. Human behavior

Guldaker and Hallin examined the correlation between living conditions and the occurrence
of intentional fires [174]. As such, they looked as spatio-temporal distribution of fires in
Malmd, Sweden. They observed that high exposure to social stress and high proportion of
young males increased the risk of more frequent intentional fires. Among many other
observations, they proposed different solutions in order to prevent fires. Grubb and Nobles
evaluated arson occurrences in Los Angeles from 2005 to 2012 [175]. They analyzed the
space-time interaction of these incidents using the Monte-Carlo simulation-based Knox
method. They concluded that the results obtained may aid in efforts to investigate and
prevent arson. Corcoran et al. examined malicious hoax calls and suspicious fires in
Queensland, Australia [176]. They explained that these incidents are a significant burden to
fire departments. As such, the authors used a local Moran temporal plot to target hotspot
with finite resources. Bruenisholz et al. published a critical review of the situation regarding
deliberate fires [177]. In this first of a series of three papers, the authors detailed current
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knowledge on the subject and the challenges of repetitive fires. Based on successes of this
application with other repetitive crimes, they developed a new approach that uses an
intelligence process cycle as a framework to perform a systematic analysis of fire events. In
another paper on the same subject, the authors mention intelligence-led policing as the
framework for tackling the problematic of repetitive fires [178].

Harpur et al. investigated the circumstances around fatal residential fires involving children 5
years old and under [179]. They determined that the most common cause was fire-play with
inadequate supervision and relaxed attitude to fire safety at home. In regards to juvenile fire-
setters, Johnson et al. proposed that the forensic psychological evaluation also include an
assessment of the parents [180]. This would help understand the broader context
surrounding the subject.

Purser looked at two cases of fire fatalities in care homes in order to determine fire scenario
development and occupant behavior [181]. He pinpointed different problems, such as doors
left open and training inadequacies. He concluded with some recommendations for
improving safety. On the same topic, Thompson and Wales conducted interviews of victims
to determine their experiences, actions, and motivations during an accidental dwelling fire
[182]. One of the key findings was the victims’ desire to tackle the fire in its early stage to put
it out. Xiong et al. studied the risk factors (inherent to the victim) contributing to death in
accidental residential fires [183]. The top seven factors discovered were: psychotropic and
sedative drug intake, discarded cigarettes, living alone, being over 70 years of age, being
asleep, location in the room of fire origin at ignition, and alcohol intake.

Anderson and Janssens examined low-energy (lighter, candle, match, or some form of
space heater) versus smoking materials (pipe, cigar, or cigarettes) ignition fires in the US,
UK, Japan and Finland [184]. They reported that smoking materials ignition fires tend to be
more fatal than low-energy ignition fires, even though the latter exhibit a larger proportion,
leading to more losses and injuries. Finally, they proposed a statistical model that predicted
whether a fire was ignited by a low-energy means or by smoking materials based on age
and race of the victim, as well as the season of the year at which the fire took place.

Finally, Rohde et al. conducted a comprehensive review of the correlation between smoke
alarms, injuries, and deaths in fire [185]. The authors reviewed the literature and pinpointed
areas of future investigation. They reminded readers that the death rate in households with
smoke alarms is about half of that in households without smoke alarms.

8. Diverse publications

In a two-part paper on arson investigation and science, Srutin reviewed errors that have and
can occur in fire investigation [186, 187]. Ost-Prisco addressed legal issues surrounding a
fire cause determination based upon negative corpus [188]. According to the author,
negative corpus opinions are no longer acceptable as the sole basis for an opinion that a fire
was incendiary.

Plucinski studied the timing and circumstances of vegetation fires for the Perth region of
Australia [189]. The lessons learned from the trends observed by the author will help apply
prevention and mitigation programs.

Carvel provided a comprehensive review of fire safety in tunnels [190].

Sullivan and Schumacher provided a description of wet chemical extinguishing systems for
commercial kitchen [191]. Their comprehensive paper also comprised defects found in these
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systems. Horton investigated fires in which creosote build-ups in kitchen exhausts systems
create an important risk [192].

Morgan et al. studied the persistence of pollen in vehicle fires [193]. The authors found that
the pollen persisted long enough to resist a vehicle fire.

Gardner et al. investigated latent fingerprint enhancement techniques on items recovered
after a fire [194]. The authors determined that temperature was the most important factor in
determining whether a print could be recovered or not. Where soot is present, recovery is
possible until about 300°C. No statistical differences were observed between the different
techniques studied, which should be chosen on a case-by-case basis.
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1. Introduction and Coverage of the Literature

This current review starts with a recommendation to read the previous two papers covering
explosives analysis from 2007-2010 presented in 2010 by Richard Strobel and my previous
review from 2013. [16, 7] This review is perhaps more truncated than the last two papers in
that the breadth and impetus into explosives research has slowed. There have been
austerity measures imposed on governmental organizations, academia, and even on private
companies, but there are still “hundreds of citations listed...because of result of the ability to
survey specialty journals which were previously unknown to the forensic practitioner”.[16]
Additionally, war efforts have slowed significantly in the past three years and the impetus to
devote resources in detection, post blast analysis, and prevention in that mode have likewise
seemingly decreased. That said, the overall threat from explosives, especially in domestic
settings, has increased. Several events in Europe, Asia, Middle East and in the Americas
have shown that terrorists are still keen on employing explosives. If anything, the work of the
forensic chemist in the area of explosive analysis will increase due both to an increase in
cases and the use of novel or hard to detect explosives. The forensic explosive analyst
should regularly review literature in the wider scientific community with an emphasis on
suitability for employing new techniques in the scheme of analysis. These include both
applied and theoretical published research. It helps to get an early start in researching these
techniques because of the increasingly stringent accrediting requirements for any new
technique. Even after a given technique is discovered and tested, vigorous validation and
documentation is required before the technique is actually used in case work.

There are many applications in the overall field of explosives which may be of interest to the
forensic analyst tasked with examining explosives for law enforcement purposes. The
explosives detection field, which is primarily for security purposes, is both the fastest
growing and most proliferated area from which forensics can draw. There are a host of
references in this area, ranging from theoretical research to applied systems that are already
in field use. Some of these papers may appear limited on the surface but are worth perusing,
especially if the technique can practically be more broadly applied.[7]

There are 646 references in this review. A direct pathway to the abstracts of the articles are
included via a hyperlink to the abstract, or full text article where available. Additionally, the
categories in the reference list can be easily accessed using the Navigation pane in
Microsoft Word. This will aid the navigation of the bibliography section, starting on page 23
of this document. Many of these references could fall into two or even three categories. They
will not be presented in multiple places, so it would be advantageous for the reader to
peruse all of the sections.[7]

194



The organization of this paper follows roughly the same pattern as the previous reviews. In
many cases the reference papers could easily fit into more than one category. The
placement in any given category was based on the authors’ original candid assessment but
could be construed to be better fitted in another.

2. Review Articles

There were again several papers in this three year cycle deemed by the authors to be most
relevant if placed in the review category. Some are broad schemes of analysis, while many
are reviews of a specific class of instrumentation. Still others are self-described as reviews.

Abdul-Karim et al review the aspects of post-blast explosives deposition based on known
theoretical constructs.[1] It is unknown how useful this will be to crime scene professionals
because many factors are simply uncontrolled in a real explosion.

Brown, Greenfield, McGrane, and Moore have written two major review papers on the
advances in explosives analysis.[2,3] One focuses on photon and neutron methods and the
other animal, chemical, ion, and mechanical methods. This second paper does a good job of
reviewing the molecular imprinted polymers, which has seen a large increase in publications
from the last three year cycle. It also delves into another emerging area, immunochemistry.
Finally it tackles mass spectrometry and other ion methods.

Calcerrada and company review advances in capillary electrophoresis, including the
portable and miniature systems and even microchip CE, and compare them to conventional
CE systems.[4]

In Cleveland and Morris’ book, Handbook of Energy 2, they more broadly look at
improvements in engineering energetic materials and have an interesting retrospective on
historically important improvements in explosives.[5]

Martin-Alberca and Garcia-Ruiz have completed a comprehensive review of the schemes of
analysis for consumer fireworks and what formulations are typically found in them.[10] It
provides a superb primer on contents and methods of analysis although it appears to be light
on some techniques such as X-ray powder diffraction.

Fountain et al discuss recent advances in all spectroscopic detection of explosives and seek
to integrate signatures into algorithms for evaluating sensor performance.[6]

Ma, Wang and Wang review nanomaterials for luminescence detection of nitroaromatics.[9]
These already have shown great selectivity and the challenges now are ease of fabrication,
and cost. They examined various approaches and methodologies. These types of sensors
are likely to be found in commercial products and scene data relayed to the bench forensic
explosives expert. The basis of this technology should be known to bench chemists.

A similar review by Shanmugaraju and Mukherjee describe fluorescent chemosensors.[15]
Zyryanov et al have an excellent review of the low mass chemosensors for nitroaromatic
detection. This is perhaps the most comprehensive review of these types of sensors and

explores mostly visual detection through colormetric and photometric methods.[19]

Lefferts and Castell review vapor sensing of explosives.[8] They discuss the challenges
presented by vapor detection and examine techniques from animal olefaction to the
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electronic nose. As we rely on vapor detection to discover concealed devices this review
summarizes the tools available for early detection.

J. Oxley reviews the history of explosives detection for security purposes and presents “an
overview of the history, existing practices, and potential future technologies of explosive
detection.”[12] For widespread security applications X-ray remains the primary bulk
detection technology while airports and the like rely upon ion mobility spectrometry (IMS) for
trace detection. The difficulties with IMS in a security environment where samples can be
almost anything humans touch are well documented, but no new overall trace detection
technology is enjoying widespread usage.

A review of detecting organic gunshot residues by mass spectrometry is presented by
Taudte et al. They discuss currently used mass spectrometry and ionization techniques for
the detection of various organic constituents of smokeless powders.[17]

Whetstone and Kearfort examine explosives detection with active neutron interrogation and
review these types of neutron techniques, including fast neutron analysis, thermal neutron
analysis, pulsed neutron analysis, neutron elastic scatter and fast neutron radiography.[18]

3. Explosive Standards and References, Laboratory Quality Control, Contamination
Prevention

There are two sources found in the bibliography.
4. Sampling and Concentration of Explosive Traces

Improving the sampling and concentration of explosives is perhaps the most crucial aspect
of explosives analysis and detection. Ridding the sample of interferences is important for
many reasons including possible false positives and saturating the system with non-target
compounds. Therefore much work is still being conducted on this front.

DeGreeff et al look at using a new sampling chamber for the headspace analysis by GC/MS
with TNT, HMTD and TATP. The design seems applicable to any organic high explosive.[27]

Fan and Almirall developed a unique sampling method by packing a glass capillary with
glass microfibers. Their system is reported to have a surface area of 5000 times that of a
single solid-phase (SPME) fiber. This allows for a reported 30 times improvement for NG,
2,4-DNT and DPA.[29] It should also prove to be a vast improvement over detecting less
volatile organic explosive and related compounds than we have now.

Hashimoto et al describe a novel cyclone explosive particle concentrating chamber that
vaporizes the patrticle in the chamber and then uses atmospheric pressure chemical
ionization (APCI) before introducing it into a linear ion trap mass spectrometer. Reported
detection limits mimic typical IMS screening systems and also are close in sampling times.
[35] It is unclear if this system has the same issues as IMS but theoretically better data can
be obtained.

For micro-gas chromatography, James et al discuss a gas preconcentrator and its potential
to improve efficiency and the limit of detection.[37]

Tomaszewski et al describe a series of tests on the efficiencies of carbon/silica adsorbents
with various levels of silylation and testing the system with nitramines. They found the
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“recovery rate of explosives studied in the SPE procedure depends mainly upon the
amounts of carbon deposits (accessible surface area of the carbon phase)”.[43]

Zheng et al report on the preparation of a poly (glycidyl methacrylate-co-ethylene
dimethacrylate capillary column with cucurbit[6]uril monotaxane for preconcentration and
separation of nitroaromatics.[44]

5. Identification of Explosives, Explosive Residues and Explosive Properties

There are some reports on the properties of explosives and theoretical modeling of
explosive behavior.

5.1 General and Properties

Abdul-Karim et al take a look at post blast particle morphologies for aluminized RDX and
show that the inorganic portion have spherical shapes and the organic portion had irregular
shapes that varied reportedly depending upon location from the detonation.[45]

Narin, Ozyériik and Ulas describe a two-dimensional code for looking at the deflagration to
detonation transition in granular solid explosives.[61]

Janesheki, Groven, and Son have a very interesting and timely report on characterizing the
detonation failure factors of Homemade Explosives (HME). Dealing with primarily
ammonium nitrate (AN) and two fuels, they investigate failures due primarily to chemical
composition and configuration.[51]

Trying to get more accurate total thermodynamic energy of a given explosive, Lorenz, Lee
and Chambers propose using a device called the Disc Acceleration Experiment (DAX)
measured with photonic Doppler velocimetry.[58] Several other instruments were used, all
representing a better overall picture than the older tests cited in tomes like the Picatinny
Arsenal publications.

5.2 TATP

Ezoe, Imasaka and Imasaka analyze TATP with an ultraviolet femtosecond multiphoton
ionization pulse with time of flight mass spectrometry and found a small improvement in
detection limits, better than those with El and CI. Furthermore they introduced TATP into
human blood to see if the interferences found therein would change the detectability of the
analyte. It reportedly did not.[72]

Jiang et al employ a dopant-assisted positive photoionization method with IMS and coupled
that with a time-resolved thermal desorption introduction to analyze TATP. They also placed
TATP in various complex matrices such as soft drinks and cosmetics. Finally, they did the
same for HMTD with good results.[73]

Ray et al present a study using a nanostructured titanium dioxide nanotube for the detection
of TATP.[76]

5.3 PETN

Bhattacharia et al delve into the aspect of doping PETN crystals to show that doping will
slow the mass-loss rate from PETN crystals. These “impurities” often retard the loss of mass
from the surface of PETN crystals and the dopants used here reduced it by 35%.[77]

A potential very useful study of the sources of isotope ratio variation among PETN sources
was conducted by Howa, Lott, and Ehleringer. They surveyed 175 PETN samples from 22
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manufacturing facilities. They report to be able to discriminate PETN from the same
manufacturer. They also report that the precursor pentaerythritol was the source of the
variation and not nitric acid.[78]

5.4 ANFO

In a similar fashion, Brust et al explored using isotopic profiling using IRMS and elemental
profiling using ICP-MS to discriminate batches of fertilizer grade ammonium nitrate. Using N
and O ratios they studied 103 samples from 19 manufacturers. They found 32 elements to
be useful for differentiation using ICP-MS (and looked for 66). Linear discriminate analysis
was used to show the effectiveness of combining these two techniques for differentiating
between sources.[79]

Chakrabortty, Bagchi and Chandra Lahiri report on a post-blast case of ammonium nitrate
and wax from a bombing in Midnapore, West Bengal.[80]

Hernandes et al characterize ANFO using ESI-FTMS in both negative and positive ionization
modes. They use both direct desorption and an ambient sonic spray ionization with a simple
single quadrapole mass spectrometer.[82]

Howa, Lott and Ehleringer precipitated ammonium ions using a sodium tetraphenylborate
solution in order to do isotope ratio analysis of the ammonium ions solely. They found that
the “isolation of ammonium precipitate from solutions containing dissolved nitrates did not
influence the nitrogen isotope ratios of test ammonium salts.” This technique allows for
separating the ammonium from the nitrate and could be used in future isotope ratio
investigations.[83]

5.5 Peroxide Explosives (General)

Aernecke et al measure the vapor pressure of HMTD using secondary electrospray
ionization mass spectrometry. They present a vapor curve over the temperature range from
28 to 80 degrees Celsius. It is a worthwhile endeavor to peruse their data to understand
possible head space analysis for suspected HMTD and if one can predict the likelihood of
detecting HMTD over a period of time on scene after a suspected HMTD explosion and
collection in an appropriate container.[85]

Turker and Varis take a close look at the properties of TEX explosive. TEX is an explosive
with an isowurtzinane cage structure, a nitramine similar to CL-20.[90]

5.6 Other Explosives including Novel or New Explosives

Two types of advances in the production of novel explosives are reported here. As in the last
review there are many nanoparticle investigations. Additionally, the need for stability in harsh
environments and a push toward environmentally friendlier explosives drive development of
new military explosives. Also included are some recently declassified materials.. Several
studies report on the behavior of these explosives. In the bibliography of this section one will
find many citations not discussed.

Anderson et al replace aluminum in an RDX based explosive composition with silicon for
further progress in the area of insensitive munitions (IM) and report on their findings. They
prove significant reaction of the silicon and note that the energy release is less.[91]

Cheng, Ma, Liu and Shen describe that magnesium hydride sensitized emulsion explosives

have far better resistance to pressure desensitization than traditional sensitizers such as
glass microspheres.[97] We are unaware whether manufacturers are currently testing or
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marketing emulsions with this sensitizer but is another compound to look for while analyzing
intact or post-blast emulsion explosives.

A theoretical paper by Lan, Zhai and Yang explores the influence of dimethyl hydantoin
(DMH) on GAP/RDX propellants and improves binding energies.[115]

Similarly, Lin et al look at the properties of TATB (1,2,5-triamino-2,4,6-trinitrobenzene)
bonded with a styrene copolymer.[118]

Lin, Ma, Shen, and Wan look at the effect of aluminum “fiber” content in R