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TRACE ELEMENT DEPOSITS FROM FIREARM SHOTS: MODERN
APPROACHES TO DETECTION AND INTERPRETATION

Abstract. Rising levels of firearm violence have become a critical public health
issue worldwide, and their systemic impact contributes substantially to the costs borne
by health care systems and criminal justice systems due to firearm-related deaths and
injuries. Widespread civilian access to guns and marked regional variation in firearm
violence create a strong and persistent need for reliable forensic tools to characterise
weapons use in both criminal and non-criminal incidents. In this context, microelement
gunshot residue (GSR) deposits are crucial for reconstructing shooting events and
linking specific individuals or weapons to firearm incidents. The purpose of this article
was to analyse recent literature on microelement deposits formed during firearm
discharge and to review current approaches to their detection and forensic
Interpretation. A narrative review of articles indexed in Google Scholar from 2015 to
the present was conducted using keywords related to firearms, residual shot
components, elemental composition, X-ray fluorescence and spectrometric analysis,
with inclusion criteria focusing on studies relevant to GSR examination. This paper
outlines current approaches to characterising GSR as a complex, multicomponent
system comprising inorganic and organic micrometre-sized particles released during
propellant combustion, primer initiation, projectile-barrel interaction and gas
dynamics around the shooter—target system. Conventional inorganic GSR, typically
lead-based and commonly enriched with antimony and barium, is increasingly
supplemented or replaced by more heterogeneous elemental compositions as a result
of the introduction of lead-free primers and novel ammunition formulations, making
pattern recognition less straightforward. SEM-EDX remains the workhorse for
detecting GSR and classifying inorganic particles, but it is now complemented by high-
resolution spectrometric techniques such as LA-ICP-MS, single-particle ICP-TOF-
MS, ICP-OES and lead isotopic analysis, which together enable more detailed
elemental and isotopic profiling of residues. Laser- and X-ray-induced fluorescence
imaging techniques (LIBS, micro-XRF and MA-XRF) allow non-destructive, large-
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area mapping of microelement deposits on clothing, surfaces and other substrates,
Improving visualisation of spatial patterns that inform on shot direction and shooting
distance. Analysis of microelement signatures in combination with assessment of
macroscopic and thermal damage to fabrics and biological substrates can greatly
Improve reconstruction of shooting events and differentiation between various firing
distances and scenarios. However, the evidentiary value of GSR is limited by particle
transfer and loss, environmental GSR-like backgrounds, variability in ammunition
composition and differences in laboratory practice, all of which may affect the
comparability and robustness of results used to interpret firearm discharge events.
Overall, this review suggests that the effective forensic and medico-legal use of
microelement GSR deposits is possible only when complex analytical workflows and
multiple complementary methods are employed, underpinned by strict sampling,
validation and quality control procedures. Further standardisation of analytical
protocols, inter-laboratory comparison studies and development of clear interpretative
guidelines are essential to strengthen the probative value of GSR evidence across
diverse forensic applications.

Keywords: trace element deposits, firearm shot, residual components of the
shot, spectral analysis, forensic examination, forensic research.

IlepedeTiok AnHatoaiii MuxosaaioBuu PhD, acucrteHt kadenpu cymnoBoi
MEIUIIMHA Ta TpaBa BIHHUIBKOTO HAIIOHAILHOTO MEIUYHOTO YHIBEPCUTETY
im. M. L. [Tuporoea; m. Bianuawums, https://orcid.org/0000-0002-3745-268X

I'enb Anapiii I[laBaoBuu 1o1eHT kKadeapu CyJI0BOI MEIUIIMHU Ta TMpaBa
BinHunpkoro HarioHaapHOTO MeauyHoro YyHiBepcutery iM. M. 1. Iluporosa;
M. Binnuig, https://orcid.org/0000-0003-2612-4530

MIKPOEJEMEHTHI BIIKJIATEHHSI ITPH ITOCTPUIAX I3
BOI'HEIIAJIBHOI 36POI: CYHACHI NIAXOAU 1O BUSIBJIEHHA TA
IHTEPIIPETAIIII

AHoTauis. 3pocTaHHs PiBHS HACWJIHCTBA 13 3aCTOCYBAHHSIM BOTHENAIBHOT 30pOi
CTAJI0 KPUTHYHOIO MPOOJIEMOI0 I'POMAJCHKOrO 370pOB’S B YCbOMY CBITI, a HOro
CUCTEMHUN BIUIMB 1CTOTHO 30UIBIIyE BUTPATH CHUCTEM OXOPOHU 3J70pOB’S Ta
KPUMIHAJILHOTO TPABOCYJI Yepe3 CMEPTENbHI Ta HECMEpPTeNbHI BOTHEMaIbHI
ypaxenHs. [lIupoka nocTymHICTh 30p0i cepel IMBIILHOTO HACEJIEHHS Ta BUPaXEHI
pErioHalibHI BIJIMIHHOCTI Yy PIBHSIX BOTHEMAJBHOI'O HACUJIBLCTBA 3YMOBIIIOIOThH CTIHKY
noTpedy B HaAlMHUX CYyJOBO-EKCIIEPTHUX 1HCTPYMEHTaX [JIsl XapaKTEPUCTUKH
3aCTOCYBaHHA 30poi SIK y KpUMIHAJIBHUX, TaK 1 B HEKPUMIHAJIBHUX IHIMJICHTAX. Y
IIbOMY KOHTEKCTI MIKpOEJIEMEHTHI BiJKJIaJICHHs 3aUIIKiB mocTpity (gunshot residue,
GSR) MaroTh KIIOYOBE 3HAYCHHS JIJISi PEKOHCTPYKIIi 0OCTaBUH CTPLISHUHU Ta BCTa-
HOBJICHHS 3B’5I3Ky KOHKpETHUX oci0 abo 3paskiB 30poi 3 (aktamu ii 3acTOCyBaHHS.
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Mertoro 1i€i ctarTi Oyi0 MpoaHadi3yBaTH Cy4dacHY JITEPATypy MO0 MIKPOEIEMEHT-
HUX BIJKJIAJEHb, IO YTBOPIOIOTHCS MM 4Yac MOCTPUTy 3 BOTHEMAJIbHOI 30poi, Ta
y3araJlbHUTH Cy4YacH1 MiJXOAM 10 X BUSBJICHHS i CyJJOBO-€KCIIEPTHOI IHTEpIpETAaIlii.
[IpoBeneHo HapaTUBHUM OIS cTaTel, iHAeKCcOBaHUX Yy 0a3i Google Scholar y mepion
13 2015 poKky 0 TEeNepiuHLOTO Yacy, 3 BUKOPUCTAHHSIM KITIOUYOBUX CJIIB, OB’ A3aHUX
13 BOTHETAJILHOIO 30PO€I0, 3TUIIIKOBUM KOMIIOHEHTOM MOCTPLTY, €IEMEHTHUM CKJIa-
JIOM, PEHTTCHIBCHKOIO (DITyOpECIICHIII€I0 Ta CIIEKTPOMETPUYHUM aHaJi30M, 3 BKIIIO-
YEHHSIM JIUIIE THUX JOCIIKEHb, siKi Oynu peneBanTHI 10 BuB4YeHHS GSR. Y poboTi
y3arajlbHeHO cydacHi mijaxoau a0 xapakrtepuctuku GSR sk ckiaaHoi, 6araTokommo-
HEHTHOI CUCTEMH, L0 BKJIIOYA€ HEOPraHIYHI Ta OpPraHiuHi MIKPOMETPOBI YaCTHUHKH,
SIK1 BUBLJIBHSIFOTBCSI IT1]] Yac TOPIHHS METaJIbLHOIO 3apsiay, 1HIiaIii Kancysi, B3aeEMO/I1i
KyJii 31 CTBOJIOM Ta Tra30BOi JMHAMIKH HAaBKOJIO CUCTEMH «CTpUICIb — LLIbY.
Knacuunuii Heopraniunuii GSR, sk npaBuiio, Mae CBUHIIEBY OCHOBY Ta 30araueHHit
CypMoro U OapieMm, IpoTe Jelali 4YacTillle JOMOBHIOEThCA a00 3aMIlLye€ThCs OlIbIIT
PIBHOPITHUMHU €JIEMEHTHUMH KOMIIO3HIIISIMA BHACTIJOK YIPOBAIKCHHsI O€3CBUHIIE-
BUX KaIlCyJIiB 1 HOBUX (hOpM OO€NPUTIACIB, IO YCKIIATHIOE OTHO3HAYHE PO3ITi3HABAHHS
tunoBux cxeM. SEM-EDX 1 Hagani 3auImaeTbCss OCHOBHUM 1HCTPYMEHTOM JIJISI BUSIB-
nenHss GSR Tta knacudikailii HeOpraHiYHUX YaCTUHOK, ajie HUHI MOTro JIOMOBHIOIOTh
BHCOKOYYTJIMBI CIIEKTpOMeTpHuHi MeTou, Taki sik LA-ICP-MS, single-particle ICP-
TOF-MS, ICP-OES 1 i3oTomHMil aHami3 CBUHIIIO, SIKI Y CYKYIMHOCTI 3a0€3Me4yI0Th
OLIBII IeTaTi30BaHe eIEMEHTHE 1 130TOoIHEe NMpod1II0BaHHS BiJIKJIaeHb. JlazepHo- Ta
peHTreH-1H1yKoBaH1 uryopecuenTHi meroau Bizyanizaiii (LIBS, micro-XRF ta MA-
XRF) nmarore 3MOTy HEYMIKOMKYBaJIbHO, HAa BEIUKHX IUIOIIAX KapTyBaTH
MIKPOEJIEMEHTHI BIJKJIQJICHHS Ha O/s31, MOBEPXHIX Ta 1HIIUX HOCISAX, MOKPaITyIOUn
Bi3yalli3aliio MPOCTOPOBUX MATEPHIB, IHPOPMATUBHUX IIOJO0 HAMPSMKY MOCTPUIY Ta
JUCTaHII1 CTPLILOU. AHAI3 MIKPOEIEMEHTHUX «ITIJIMKUCIB» Yy TMOEAHAHHI 3 OI[IHKOIO
MaKpOCKOMIYHUX 1 TEPMIYHHUX YIIKOUKEHb TKAaHWH Ta OIlOJIOTIYHUX CyOCTpaTiB
CYTTEBO MIABUIIYE TOYHICTh PEKOHCTPYKIIi MOAIN CTPUISTHUHU W Ja€ 3MOTY Kparie
nudepeHIiloBaTH PI3HI JUCTaHIi Ta cleHapli mnocTpiry. BoaHouac 1mokaszose
3HaueHHI GSR 00MeXyeThCSl MEXaHI3MaMHU MEPEHOCY ¥ BTPATH YACTUHOK, HASIBHICTIO
y noBkiutl oHoBoro GSR-noniOHOro marepiany, BapiaOelIbHICTIO CKIIaTy OO€rpu-
MaciB 1 BIAMIHHOCTSAMHM J1a0OpaTOPHOI MPAKTHUKH, IO MOXKE BIIMBATH Ha IMOPIBHIO-
BaHICTh 1 HAIMHICTh PE3yJIbTaTIB, BAKOPUCTAHUX JJISI IHTEpIIpeTallii (akTiB MOCTPiTy.
3aranaom orJjsijl CBITYUTh, 0 €(pEKTUBHE 3aCTOCYBAHHS MIKPOEIIEMEHTHHX B1IK/Ia/1€Hb
GSR y cynoBo-MeanuHild Ta KPUMIHANTICTUYHIN MPAKTULIl MOXKIIUBE JIMIIE 32 YMOBH
BUKOPUCTAHHS KOMIUICKCHUX aHAIITUYHUX CXEM 1 KIJTbKOX B3a€MOJIOTIOBHIOBATLHUX
METO/IIB, sIK1 CIIUPAIOTHCS HA CYBOP1 POTOKOIH B110OPY MpoO, Baiiallii Ta KOHTPOIIO
akocti. [loganpma craHgapTu3aiis aHATITUYHUX MPOTOKOJIB, MDKIAOOpaTOpHi
MOPIBHSUIbHI JIOCHIDKEHHS Ta PO3poOKa YITKUX I1HTEPHpETAIifHMX HACTaHOB €
HEOOXITHUMHU TS TACUIICHHS T0Ka30Boi miHHOCTI GSR y pi3HOMaHITHUX CyI0BO-
EKCIIePTHUX KOHTEKCTaXx.

2n9



Kypnan «[lepcnekTuBY Ta iHHOBaLii HAYKU»
(Cepis «Ileparorika», Cepis «Ilcuxosorisi», Cepis «MegunmHa»)
Ne 11(57) 2025

Kiarwo4oBi cjoBa: MiKpoeldeMEHTHI BiJKIAIEHHS, MOCTPUI 13 BOTHEMAJIbHOI
30poi, 3aJMIIKOBI KOMIOHEHTH IMOCTPLIY, CIEKTPajibHHUM aHami3, CyJ0BO-MEIUYHA
eKCIIepTHU3a, KpUMIHATICTHYHI JOCIIIKEHHS.

Statement of the problem. Firearm injuries have become a leading cause of
premature death worldwide in recent decades. Across the globe, hundreds of thousands
of people — up to nearly one million per year — die or are injured as a result of firearm
use, and in some regions deaths from firearms account for a substantial share of violent
mortality. The high prevalence of firearm-associated deaths in many settings is driven
by the widespread availability of both civilian and service weapons and by inadequate
systems for controlling their circulation and preventing violence [1].

More recent estimates of the global burden of firearm violence across 204
countries and territories for the period 1990-2019 have revealed marked regional
differences in both mortality levels and temporal trends. In several countries, fatal
firearm violence rates remain high, with little change or even an increase in non-fatal
firearm assaults, whereas other settings have experienced favourable trends following
the introduction of stricter legislation and/or community safety programmes. Of
particular concern is the rising proportion of cases linked to interpersonal violence and
criminal acts, which creates an ongoing need for reliable forensic tools to detect and
document firearm use [2].

Despite its scale, firearm violence has long been under-recognised as a global
health issue. The review by Werbick et al. demonstrated that firearm injuries contribute
substantially to the overall burden of disease and disability, disproportionately
affecting low- and middle-income countries and marginalised population groups. The
authors emphasise that, in the absence of a systematic approach to data collection,
prevention and post-incident response — including high-quality forensic and medico-
legal support — the impact of firearm trauma on health and justice systems may be even
more severe [3].

Gun violence, in particular, would not reach such levels without the vast number
of firearms in civilian hands. According to Small Arms Survey estimates, hundreds of
millions of privately owned firearms worldwide are likely to be unregistered. This
excessive number of weapons creates a critical risk of both intentional and
unintentional use, complicates control over their movement and distribution, and
simultaneously increases the demands placed on forensic methods that enable
documentation of the shot, determination of the type of weapon used and its evidentiary
linkage to a specific individual [4].

Brazil is a country with exceptionally high firearm-related mortality. A Global
Burden of Disease—based analysis showed that, from 1990 to 2017, firearms were
among the most important determinants of violent deaths in this country and had a
significant impact on life expectancy, especially among young and middle-aged men.
High levels of firearm homicides and the intersection of organised crime, social
inequality and widespread availability of weapons create a particularly complex
situation for health care and forensic services [5].
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Although overall firearm violence rates in the European region are relatively low
compared with many other parts of the world, the systematic review by Kriisselmann
et al. shows that gun crime and associated fatalities remain a significant public safety
concern. Patterns of incidents differ between European countries: in some, homicides
and attempted homicides involving firearms predominate, while in others suicides
committed with firearms are more frequent. This obliges forensic medical and criminalistics
departments to be prepared for high-standard collection, analysis and interpretation of
gunshot evidence across a wide range of crime and incident scenarios [6].

The situation in the United States, where levels of civilian gun ownership are
particularly high, also merits special attention. As reported by Kegler et al., firearm
homicide and suicide rates increased in the USA during 2019-2020, with the most
pronounced rises seen in specific racial/ethnic and age groups. This situation highlights
not only the need for preventive measures but also the importance of advancing
medico-legal techniques to accurately document every event involving firearms,
including the examination of microtraces from gunshots [7].

Of particular concern is the growing role of firearm injuries as a leading cause
of death among children and adolescents. Goldstick et al. reported that, in the United
States, firearms have surpassed motor vehicle crashes as the leading cause of death
among those aged 15-19 years, reflecting rising rates of fatal violence, accidental
shootings and suicides with firearms in young people. This calls for increased attention
from health care systems and law enforcement agencies to the quality of documentation
and the thoroughness of investigation in all cases where firearm use is suspected [8].

Against this background, firearm injuries are increasingly being regarded by
many authors primarily as a preventable public health problem. Patel et al. stress that
the majority of firearm injuries are avoidable, provided that action is taken at multiple
levels — legal, social and medical. The medical and forensic components include not
only clinical care for the injured, but also the development and application of highly
sensitive laboratory techniques for detecting and analysing gunshot residue (GSR),
which allow a more complete reconstruction of incident circumstances and enhance
the evidentiary value of case material [9].

There is strong evidence that the legal and regulatory environment has a
significant impact on the level of firearm injuries and crime. The review by Santaella-
Tenorio et al. found that stricter firearm legislation, background checks for prospective
purchasers and limits on access to certain types of firearms are associated with
reductions in firearm homicides, suicides and accidental shooting deaths. At the same
time, the effectiveness of such measures largely depends on the quality of their
implementation and on the strength of the evidentiary base in each specific case
involving firearm use, which includes the results of forensic medical and ballistic
examinations [10].

In view of the extensive spread of firearms worldwide, the substantial mortality
and injury burden and the growing reliance on legal control mechanisms, there is an
increasing need for robust procedures to detect and interpret traces resulting from

2721



Kypnan «[lepcnekTuBY Ta iHHOBaLii HAYKU»
(Cepis «Ileparorika», Cepis «Ilcuxosorisi», Cepis «MegunmHa»)
Ne 11(57) 2025

gunfire. Microelement deposits formed as a consequence of a shot (on skin, clothing
and surrounding objects) constitute an important source of information regarding the
fact and circumstances of firearm use, the type of ammunition and the possible
involvement of specific individuals. The development of modern analytical techniques
for qualitative and quantitative characterisation of these deposits provides new
opportunities to improve the accuracy of forensic conclusions. In this context,
summarising current approaches to the detection and interpretation of microelement-
containing gunshot deposits is of particular interest and constitutes the main aim of this
article.

The purpose of the article — to analyze the literature on modern methods for
analyzing residual components of a shot remaining after the use of a firearm.

Research objects and methods. Publications were analyzed using the following
keywords: firearms, residual shot component, elemental composition, X-ray
fluorescence spectroscopy, spectrography, and others related to the topic of the article.
The Google Academy scientometric database was selected for the search, with the
search filter set to "since 2015".

Presentation of the main material.

Research results and their discussion. Review of modern literature indicates
that the residual fraction of a shot, known as gunshot residue (GSR), should be regarded
as a complex multicomponent system of inorganic and organic micrometric particles
generated by propellant combustion, primer initiation, friction between the bullet and
barrel, and interaction of gases with adjacent objects. Classical GSR generally consists
of particles enriched in lead, antimony and barium, as well as elements derived from
the bullet jacket and cartridge case; however, the shift towards lead-free primers and
new forms of ammunition has significantly complicated the interpretation of elemental
profiles. The review by Shrivastava and co-authors demonstrates that up-to-date GSR
detection procedures include not only traditional SEM-EDX, but also a wide variety of
spectrometric and imaging techniques, which permit confirmation of the shooting
event and much more detailed analysis of its elemental signature [11].

The analytical chemistry of propellant and GSR is currently carried out with
explicit consideration of the organo-inorganic nature of GSR produced by modern
ammunition systems. Serol et al. highlight the potential of organic material in
propellant — stabilisers, plasticisers and energetic compounds — as discriminatory
markers for cartridge type and manufacturer, whereas inorganic microdeposits are
characteristic of the primer, cartridge case and projectile [12]. As described by Taudte
et al., the use of mass spectrometry in GSR investigation offers simultaneous and
highly sensitive analysis of a broad range of elements and organic compounds,
particularly when traditional lead—antimony—barium markers are absent or have limited
diagnostic value [13].

Another important dimension of the discussion concerns not only the technical
capabilities and limitations of these techniques, but also their evidential power in
casework. Minziére et al. emphasise that GSR may be extremely informative for
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determining the fact of firing, shooting distance and the spatial relationship between
shooter and victim; nevertheless, interpretation in court is challenging and requires
consideration of particle transfer, secondary contamination and the background
presence of GSR-like particles. The authors argue that standardised procedures for
sampling, storage, analysis and interpretation of microelement deposits are essential to
minimise the risk of both false-negative and false-positive conclusions [14].

A promising direction in method development is the application of laser ablation
inductively coupled plasma mass spectrometry (LA-ICP-MS) for spatially resolved
examination of GSR and GSR-like material. The study by de Souza Ferreira and
colleagues shows that imaging of elemental distributions on biological and non-
biological surfaces allows real GSR particles to be distinguished from background dust
or other anthropogenic particles with similar elemental composition, and makes it
possible to draw conclusions about the morphology and localisation of deposits within
the shooting region [15]. Abrego et al. further demonstrate that scanning laser ablation
ICP-MS permits direct elemental characterisation of individual GSR particles, which
aids in confidently differentiating them from GSR-like grains and increases the
probative value of the results [16].

At the same time, laser-ablation methods offer opportunities not only to examine
traces on clothing or skin, but also to support identification of persons on the basis of
GSR present in latent fingerprints. Pluhacéek et al. showed that LA-ICP-MS imaging of
fingerprints enables simultaneous acquisition of dactyloscopic and chemical
information in a single measurement: this technique can visualise the ridge pattern
superimposed on the locations where microelement deposits are situated [17]. Briinjes
et al. expand this approach by using single-particle ICP-TOF-MS for rapid analysis of
individual GSR particles, a format that facilitates high-throughput acquisition of multi-
element signatures for large numbers of particles, which is essential in routine
casework with substantial sample loads [18].

The integration of multiple spectrometric techniques is also evident in the work
by Vander Pyl and co-workers, who reported combined analysis of primer GSR
particles using laser-induced breakdown spectroscopy (LIBS) and LA-ICP-MS. LIBS
allows rapid, relatively inexpensive screening of particles based on elemental
composition with minimal sample preparation, whereas LA-ICP-MS can refine
guantitative elemental ratios and provide more comprehensive results [19]. In this
context, micro-X-ray fluorescence (micro-XRF) studies show that this method is
suitable for the characterisation of small particles from different sources, including
GSR, offering microelement analysis in a nearly non-destructive imaging mode [20].

The potential for exploring microelement deposits is further enhanced by large-
area imaging of forensic objects using MA-XRF (macro X-ray fluorescence).
Langstraat et al. demonstrated that MA-XRF is capable of large-area scanning of items
such as clothing to identify the localisation of elements characteristic of GSR and to
create a “map” of shot-related residues across an entire object [21]. Berendes et al.
found that m-XRF is a useful technique for the examination of clothing and other
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materials as an alternative method for studying GSR patterns on fabrics and objects,
enabling non-contact determination of the structure and intensity of microelement
deposits, and thereby aiding in the analysis of trace configurations and, importantly, in
determining both the direction and distance of the shot [22].

Although new analytical methods are being developed, SEM-EDX remains the
current “gold standard” for inorganic GSR analysis. Brozek-Mucha and Klag seek to
optimise automated GSR particle analysis by SEM-EDX, from the use of synthetic
particle standards to the selection of parameter sets suitable for rapid daily casework.
The authors emphasise that careful standardisation of scanning parameters, signal-
intensity thresholds and particle classification criteria can shorten analysis time without
loss of specificity or sensitivity [23].

The shift from conventional leaded to lead-free primers has altered the elemental
“signature” of GSR and prompted experts to develop new approaches for interpreting
microelement deposits. Szakas et al. demonstrated that elemental compositions of
leaded and lead-free primers can be discriminated using ICP-OES (inductively coupled
plasma optical emission spectrometry) in combination with multivariate statistical
analysis (PCA), indicating that multicomponent elemental profiles may be used to
differentiate between ammunition types and, potentially, the origins of GSR [24].
Building on this, Guo et al. showed that lead isotopic analysis of primer GSR can not
only corroborate the link between a particular cartridge and residues on an item, but
also provide source-specific isotope ratios that are informative for evidentiary
questions in forensic applications [25].

It is essential to stress that the outcomes of high-tech microelement
investigations should be integrated with data on macroscopic and thermal damage
occurring at the time of the shot. The study by Gunas et al. on fire damage to cotton
fabrics during close-range firing at a human torso model with a Fort-12RM pistol made
It possible to characterise specific burn and mechanical injuries to the fabric, as well as
the distribution of combustion products over its surface [26]. These studies show that
diagnostics of the shooting zone must be based on comprehensive analysis that takes
into account damage morphology, the configuration of microelement deposits and the
results of instrumental examinations. In this regard, the work by Mikhailenko et al. on
determining the elemental composition of metals and their topography in biological
objects using spectrometers illustrates the potential for applying similar technologies
to an integrated assessment of GSR on biological substrates (skin, soft tissues, bone),
which is especially important for forensic medical examination of firearm injuries [27].

In conclusion, the residual component of a shot is currently regarded as a highly
distinctive yet intrinsically complex object of study that can only be fully elucidated
through the combination of traditional microscopic techniques (SEM-EDX) with state-
of-the-art spectrometric and imaging methods (LA-ICP-MS, single-particle ICP-TOF-
MS, LIBS, micro-/MA-XRF and isotopic analysis. The use of both multi-element and
Isotopic approaches, improvement of automated data-processing algorithms and
integration of chemical analysis with macro- and microscopic assessment of damage
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substantially increase the precision of detection and interpretation of gunfire-related
trace element deposits. At the same time, the diversity of ammunition compositions,
changes in the weapons market, environmental sources of GSR-like backgrounds and
inter-laboratory variation remain major sources of variability, underscoring the need
for further standardisation of protocols, inter-laboratory comparisons and the
development of clear interpretative criteria before microelement gunshot deposits can
be used robustly as an evidential tool in forensic medical and criminalistic practice.

Conclusions. According to this review, GSR is a highly complex, multicomponent
system that can be confidently detected and properly interpreted only when classical
SEM-EDX is used in combination with modern spectrometric and imaging techniques.
Approaches that combine multi-element and isotopic determination (LA-ICP-MS,
single-particle ICP-TOF-MS, LIBS and micro/MA-XRF) greatly enhance the
sensitivity and specificity of GSR analysis, particularly in light of varying primer
compositions and the increasing use of lead-free ammunition. Combining
microelement profiling with the assessment of macroscopic and thermal damage on
clothing and biological material substantially improves the reconstruction of shooting
events and increases the probative value of expert conclusions. However, variability in
ammunition, environmental GSR-like backgrounds and inter-laboratory differences
emphasises the need for strict standardisation of protocols, inter-laboratory validation
and clear interpretative criteria for the robust application of microelement GSR
deposits in forensic and medico-legal practice.
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