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Abstract. The article presents a forensic characterization of the injuries and
traumatic factors that occurred after the explosion of a ballistic missile as
manifestations of explosive trauma. The wounds are fatal penetrating injuries caused
by blunt, hard objects with a limited contact surface that acted with high Kinetic
energy and had significant penetrating ability. Micro-X-ray fluorescence spectral
analysis revealed the highest amount of iron elements in and around the injuries. The
traumatic objects were of the following origin:1) oblong or polygonal rocket
fragments with pointed, torn or jagged edges; 2) round or irregularly round objects
with a smooth surface and dimensions from 0.6 to 1.7 cm; 3) objects with unevenly
pronounced polygonal relief, similar to pebbles, 1-2 cm or larger in size — could be
both components of an explosive device (the body/parts of a rocket or cluster
munitions for it), and secondary projectiles with layers of metal elements on their
surface. The identity of size, shape, surface relief, and high iron (Fe) content among
the objects of the second group of non-biological origin give reason to assume that
these are cluster munitions, similar to buckshot.

The aim of the study. To describe the forensic medical characterization of
penetrating wounds and traumatic factors resulting from the explosion of a ballistic
missile.

Materials and methods. Six biological objects (skin flaps) were studied,
removed from different parts of the body of a person who died from wounds resulting
from the penetrating action of blunt hard objects with a limited contact surface
(fragment/element or fragment of an explosive device or secondary projectile)
(archive "Conclusions of expert examination" "SSI Kyiv City Bureau of Forensic
Medical Examination™ 2025), and 34 non-biological objects: 2 removed from the
victim's body, and 32 taken from the site of the ballistic missile explosion. The
damage was examined visually and using a stereomicroscope "Carl Zeiss stereo
Discovery. V12", The study in the ultraviolet region of the spectrum was carried out
with the aim of detecting in the areas of the studied wounds any layers and inclusions
that can luminescence in ultraviolet rays. To detect the topography of the distribution
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and qualitative composition of metallization elements in the areas of damage, micro-
X-ray fluorescence was used. Spectral analysis was performed using a Bruker
(Germany) M4 TORNADO micro-X-ray fluorescence spectrometer aplying standard
analytical techniques. Quantitative analysis was performed using standard methods of
variational statistics.

Scientific research. This study is the part of research of the Department of
Morphology, Clinical Pathology and Forensic Medicine of the P.L. Shupyk National
University of Health Sciences “Scientific  Substantiation of Modern
Pathomorphological Diagnostics and Establishment of Clinical and Morphological
Correspondences in Various Diseases” State Registration No. 0116U007906 (2021-
2025).

Bioethics. Approved by the Bioethics Commission of the P.L. Shupyk
National University of Health Sciences (protocol Ne 26 dated 18 of June 2025).

Results. Morphological manifestations of explosive trauma were found on the
bodies of the corpses of people who died as a result of the penetrating action of
ballistic missile fragments. They are mostly identical, as is the elemental content of
metals in them, which indicates that the penetrating injuries were caused by the action
of a blunt hard object with a limited contact surface (fragment/element or fragment of
an explosive device or secondary projectile) that acted with high kinetic energy,
while having significant penetration ability.

Conclusions. Forensic macro- and microscopic examination of the injuries
resulting from the explosion of a ballistic missile showed that they were fatal
penetrating wounds caused by blunt, solid objects with a limited contact surface,
which acted with high kinetic energy and had significant penetrating ability. Micro-
X-ray fluorescence spectral analysis revealed the highest amount of iron elements in
and around the damage. According to their origin, the traumatic objects were divided
into groups: 1) rocket fragments of oblong or polygonal shape with pointed, torn or
jagged edges; 2) objects of round or irregular shape with a smooth surface and
dimensions from 0.6 to 1.7 cm; 3) objects with unevenly pronounced relief polygonal
in shape, similar to pebbles, 1-2 cm in size or more — could be both components of an
explosive device (the body/parts of a rocket or cluster munitions for it), and
secondary projectiles with layers of metal elements on their surface. The identity of
size, shape, surface relief, and high iron (Fe) content among the objects of the second
group of non-biological origin give reason to assume that these could have been
cluster munitions, similar to buckshot. Based on the identity of the quantitative and
qualitative morphological features of both wounds and the coincidence of shape, size
and high iron content in the objects of the first group of non-biological origin
(fragment/element or fragment of an explosive device or secondary projectile), there
are reasons to believe that they could have been the traumatic projectiles that caused
the victim's death.

Key words: forensic medical examination, bodily injuries, explosive trauma,
ballistic missile, cluster munitions.

CYAOBO-MEINYHA XAPAKTEPUCTHUKA ITPOHUKAIOYHUX
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BUBYXY BAJIICTUYHOI PAKETH
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Ounexkcanap Muxaitiienko , Boaogumup Mimasos®, Onexkcanapa I'pununmmnna

ICY «KuiBchke Michke 0ropo cynoBo-meanuHoi ekcneptuzn» MO3 Ykpainu, M. Kuis, Ykpaina
’HauioHanbHuii yHIBepCUTET OXOpoHH 370poB’st MO3 Vkpaiuu imeni ILJI. lynuka, m. Kuis,
VYkpaina

Pe3iome. HaBenena cymoBo-MenuyHa XapakTEPUCTHKA  YIIKOIXKEHb 1
TPaBMYHOYMX YWHHHKIB, 0 YTBOPWUJIMCS IIICJII BUOYXY OalliCTHYHOI PaKeTH, SK
nposiBiB BUOYXOBOi TpaBMU. PaHuM € BXIJHUMH CMEpPTEIbHHUMH TOpPaHEHHIMH,
3aMoAIIHUMU TYIUMH TBEPIUMHU MpeIMeTaMu 3 OOMEKEHOI MOBEPXHEI KOHTAaKTY,
IO JISJIM 3 BUCOKOIO KIHETMYHOIO €HEpri€l0 1 Majlyd 3Ha4yHy MPOOMBHY 3/1ATHICTD.
MiKpOpeHTTeHIBChKUN  (IIYOPECIICHTHHIM  CHEKTPaIbHUM  aHali3 BUSBHB B
VIIKO/)KEHHSX Ta HABKOJO HHUX HAMOUIBIIY KIIBKICTh €JIEMEHTIB 3aii3a. 3a
MOXO/KEHHSIM TpaBMYIOUl mnpeameTd Oynu: 1) yraMKaMu pakeTd JOBractoi 4u
O0aratokyTHOi (OpMHU 3 3aroCTpEHUMH, PBAHMMH YU 3a3yOpEHUMHU Kpasmu; 2)
npeaMeTaMu OKPYIJIOl Y HEMpPaBUIBLHO OKPYTIoi (OpMH 3 TIIaIKOI0 MOBEPXHEIO i
po3mipamu Bif 0,6 1o 1,7 cm; 3) mpeaqMeraMu 3 HEPIBHOMIPHO BHPAKEHUM PETbEPOM
0araTokyTHoOi (OpMH, CXOKMMH Ha KaMmiHIll po3Mipamu 1-2 c¢Mm 1 OuIbIe — MOTJIU
OyTH SIK KOMIIOHEHTaMU BHOYXOBOrO NPHUCTPOIO (KOpIycCy/meraneil pakeTd uu
KAaCeTHUX OO€MpHUIIaciB 0 Hei), TaK 1 BTOPUHHUMHU CHapsIaMU 3 HalllapyBaHHSIMH
€JIEMEHTIB METaJliB Ha CBOiM MOBepXHi. TOTOXKHICTH po3MipiB, (OpMH, penbedy
MOBEPXHI Ta BUCOKHI BMICT 3aii3a (Fe) cepen 00’ ekTiB apyroi rpynu HEO10IOTTHYHOTO
MOXOJ/KEHHSI JTal0Th MiACTaBH MPHUITYCTUTH, IO 1€ KAaceTHI OoempumacH, CXOxi Ha
KapTey.

Mera poGorn. Hanmatu cynoBo-MequyHy XapaKTEPUCTHUKY MPOHUKAIOUUX
MOPAaHEHb 1 TPaBMYIOUYUX YMHHHUKIB, IO YTBOPWJIHCA TMicas BUOyXy OaniCTHYHOI
pakeru.

Marepianu Ta metroam. JlochimxkeHo 6 OioyoriyHUX 00’€KTIB (KJIANTIB
MIKIpH), BWIYYEHHX 13 PI3HHUX MAUISHOK TUIa OCOOM, siKa 3aruHyja BiJ MOpaHEHb
BHACHIJIOK MPOHUKAIOYOi i TyHMUX TBEPAUX MPEAMETIB 3 0OMEKEHOI MOBEPXHEIO
KOHTAaKTy (yJIaMOK/€JIeMEHT 4d (pparMeHT BUOYXOBOIO MPHUCTPOK ad0 BTOPUHHOIO
cHapsny) (apxiBHi «BucHoBKHM ekcrniepTHOro nociimxeHHs» «JICY KuiBcbke michke
010po cynoBo-MeAnuHOi ekcriepTuzu» 2025 p.), a Takox 34 HeO100T14HI 00’ €KTH: 2
BUJIYYEHI 3 TUIa MOTEPNUIOro Ta 32 y3sATI 3 Micls BUOYXy OalliCTUYHOI paKeTH.
VIIKOMKEHHST TOCTIKYBAIN Bi3yalbHO Ta 3a JOIMIOMOIOK cTepeomikpockomna «Carl
Zeiss stereo Discovery. V12». JocnimkeHHs: B yibTpadioneToBiil AUISHIN crieKTpa
MPOBOJIMIM 3 METOK BUSBJICHHS B JUISHKAX JIOCHIDKYBAHUX paH OyIb-sIKUX
HalapyBaHb 1 BKJIIOYEHb, SKI MOXYTh JIFOMIHECIIIOBAaTH B YIbTPadioIeTOBUX
npoMeHsix.  JlocnmipkeHHs ~ BUKOHYBajdM  3a  JIOIIOMOTOI0  BHUIPOMIHIOBada
ynbTpadionaeroBux mpomenis UV-400 «Spectroliney, moBuHa XBHIb BUIIPOMIHCHHS
sakoro ctaHoBuna 320-400 HM, Ta i3 3ammpatounMm cBitodimeTpom JKC-18.
HocnimkeHass B 1HGpadepBOHINA TISHIN CIIEKTPa MPOBOIWIM 3 METOI BHUSBIICHHS
HallapyBaHb Ta BKJIIOYEHb, 110 MOTJIMHAIOTH 1HPpauepBOHI MPOMEHI, B AUISHKAX
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JIOCIIJPKYBAHUX YIIKOJKEHB 3a joromoror Tenekamepu «CCD B/W Camera Model:
MTC-5C23By», marpunis sKoi 4yTiuBa A0 iH(GpadepBoHUX mpomeHiB. O0’ekTu
OCBITJIIOBAJIM JlaMramMu HakantoBaHHs (2x100W) 3 BukopucTaHHsM 1H(pPauepBOHOTO
ceitnopuibtpa IKC-1. [Ins BusiBneHHs tomorpadii po3mojiny Ta SKICHOTO CKIany
€JIEMEHTIB ~ MeTali3aiii B  JAUISHKaxX  yIIKOJDKEHb  OyB  3aCTOCOBaHUU
MIKpPOPEHTT€HIBCbKUI  (IIyOpPECLIECHTHMIM  CHEeKTpaJibHUM  aHaii3, SKuil OyB
OPOBEJACHUM 13  3aCTOCYBaHHSIM  MIKPOPEHTTE€HIBCHKOTO  (hIIyOpECHEHTHOTO
cnektpoMerpy «M4 TORNADO» kommnanii Bruker (Himeuunna) 3a craHmapTHUMH
aHATITUYHUMHU MeToaukaMmu. KIIbKICHMI aHami3 MNpOBOAMIM 3 BUKOPUCTaHHSIM
CTaHJAPTHUX METO/IIB BapiamiifHOT CTATUCTHKHU.

HaykoBo-ocjigna pooora. [IpoBenene nocimipkeHHS € YaCTHHOIO HAYKOBO-
nociigHoi pobotu kadenpu Mop@osIorii, KIIHIYHOI MATOJIOTII Ta CYA0BOI MEIUIIMHA
HYO3Y  imeni IIJI. Ilynuka  «HaykoBe  OOrpyHTYBaHHS  Cy4acHOl
naroMopQoJIOriyHOT  JAIarHOCTUKM Ta BCTAHOBJICHHS  KJIHIKO-MOP(HOJIOTTYHUX
BIJIMOBITHOCTE TMpU PI3HUX 3aXBOPIOBaHHSX», No Jep’KaBHOI peecTparlii
0116U007906 13 TepmiHOM BUKOHAHHSI BIIpo10Bxk 2021-2025 p.p.

Bioetuxka. Marepianu pobotu cxBajieHO KoMici€ro 3 muTanb Oioetrkn HYO3Y
imeni [1JI. Illynuka (mpotokoin Ne 26 Big 18.06.2025).

Pe3yabTaTun. Ha Tini tpyniB oci0, siki 3arMHYJIM BHACIIAOK MPOHUKAKOUOI JIii
yJIaMKIB OaJiCTUYHOI pakeTH, BUsIBICHI MOP()OIOriyHI MpOsSBU BUOYXOBOI TPaBMH.
BoHu mepeBa)kxHO TOTOXHI, TaK camMO SIK 1 €IEMEHTHHUM BMICT METajiB B HHUX, IO
CBITYUTH MPO TE€, IO HACKPI3HI TUIECHI YIIKOJKEHHS yTBOPWJIHMCS BHACIIIOK Iii
TYIHOr0 TBEPIOro MpeameTa 3 0OMEKEHOI MOBEPXHEI0 KOHTAKTY (YJIaMOK/eIeMEHT
4y (hparMeHT BUOYXOBOI'O MPUCTPOIO 200 BTOPUHHOIO CHApPSAY), IO JI1SIB 3 BUCOKOIO
KIHETHYHOIO €HEPTi€I0, MAlOYH MPU 1IbOMY 3HAYHY MPOOUBHY 3/aTHICTD.

BucnoBkn. CynoBo-MeIWyHE MakKpo- 1 MIKPOCHIONIYHE AOCIIKEHHS
YIIKO/DKEHb, SIK1 YTBOPHJIMCS BHACIIIOK BHOYXY OaiCTHUHOI paKeTH MOKa3alo, 110
BOHM € BXIJIHUMH CMEPTEIIbHUMH TMOPAHEHHSIMH, 3aNOJISHUMHU TYIUMHU TBEPIUMU
npeaMeTaMH 3 0OMEKEHOI0 MOBEPXHEI0 KOHTAKTY, M0 AisUIA 3 BUCOKOIO KIHETUIHOIO
€HEepri€l0 1 Mald 3HauyHy TNpoOMBHY  37aTHICTh. MIKPOPEHTIEHIBCHKUM
(bIyOpEeCIICHTHUI CIEKTpalbHUN aHaji3 BUSBHB B YIIKO/KCHHSIX Ta HABKOJIO HHX
HaWOLIBITY KUTBKICTh €JIEMEHTIB 3ajli3a. 3a IMOXO/KCHHSIM TPaBMYIOUl TPEIMETH
Oynu po3auieHl Ha Tpynu: 1) yJaMKd pakeTH JOBractoi 4u OaraTOKyTHOI GopMu 3
3arOCTPCHUMH, PBAHUMHU YM 3a3yOpEeHUMH KpasMu; 2) TPEIMETH OKPYIJIOi Y|
HEMPaBUIBLHO OKPYTII01 (OpMHU 3 TIAAKO0 TOBEPXHEIO 1 po3Mipamu Bix 0,6 1o 1,7 cm;
3) npeaMETH 3 HEPIBHOMIPHO BUPaXKEHUM pesibe(poM 0araToKyTHOI (POPMHU, CXOKUMHU
Ha KaMiHIl po3Mipamu 1-2 cM 1 GiibIlie — MOTJIM OYTH SIK KOMIIOHEHTaMU BUOYXOBOTO
MpUCTpOor0 (KOopmycy/netaneil pakeTh 4Yd KaceTHUX OoempwumaciB ;10 Hei), Tak 1
BTOPMHHHMMH CHapsIaMH 3 HallapyBaHHSAMHU €JIE€MEHTIB METAlIB Ha CBOIW MMOBEPXHI.
ToroxHicTs po3MmipiB, Gopmu, penabedy MOBEPXHI Ta BUCOKHI BMicT 3amiza (Fe)
cepen OO €KTIB Jpyroi rpynyd HEOI0JOTIYHOTO TOXOJKEHHS JaloTh I1JCTaBU
MPUITYCTUTH, IO 1€ MOTIU OyTH KaceTH1 OOempuIiacu, CX0Xi Ha kapTed. Buxoasum 3
TOTOXXHOCT1 KUIBKICHUX 1 SKICHMX MOP(OJIOTIYHUX O03HAK 000X paH Ta 30ir gopmu,
pPO3MIpIB 1 BHCOKOI'O BMICTY 3aji3a B MNpeaMeTax Mepuioi rpynd HeO10J0r4yHOro
MOXO/KeHHsS  (yJaMoK/eeMeHT 4u  (parMeHT BHOYXOBOTO MPHUCTPOIO  abo
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BTOPUHHOI'O CHapsijiy), € TMiJACTaBM BBa)XxaTH, L0 CaM€ BOHU 1 MOrJu OyTH
TPaBMYIOUMMU CHApSAJaMH, 110 CIIPUUNHUIA CMEPTh MOTEPIILIOTO.

Kiro4oBi cjioBa: CyloBO-MEOUYHA €KCIIEPTH3a, TIIECHI YIIKOJKEHHS,
BUOYXOBa TpaBMa, OaJIliCTUYHA PAKeTa, KaCETHI OOENpUIIacu.

Introduction. Despite the end of the Second World War, armed conflicts of
varying scales, employing explosive devices (such as artillery shells, mines, aerial
bombs, missiles, and others), have continuously occurred in different countries and
continents, particularly from the late 20th to the early 21st century. These weapons,
due to their destructive capacity and lethal effects, significantly surpass conventional
arms [1, 2]. Furthermore, it is essential not to overlook the impact of terrorist acts [3,
4]. The consequences of the use of such weapons, whether manufactured in military
factories or under improvised conditions, are hundreds of thousands of casualties [5-
8], including children [9-11].

Commencing in February 2022, a large-scale and protracted armed conflict has
been ongoing in Ukraine, which has also resulted in a significant number of fatalities
and injuries among both military personnel and the civilian population [12-14]. The
exceptionally high mortality and injury rates are exacerbated by the aggressor's use of
aerial bombs and missiles equipped with cluster munitions.

Within specialized literature, considerable attention is devoted to the
characteristics of pathological changes in biological objects following the detonation
of explosive devices. For instance, Zara R. Mathews and Alex Koyfman [1], as well
as Michael R. Jorolemon, Richard A. Lopez, and Diann M. Krywko [2], categorize
blast injuries by mechanism into four groups: primary injuries, resulting from the
impact of the blast wave itself; secondary injuries, caused by fragments or secondary
projectiles; tertiary injuries, which occur from the displacement of the entire body by
the blast wind or through structural collapse; and a fourth category of injuries that
includes nearly all other mechanisms.

The investigation of blast trauma cases and their expert evaluation is a primary
focus of forensic medicine. The legal issues associated with these fatalities are
diverse, and forensic experts are often expected to provide an objective medico-legal
diagnosis regarding the cause of death and the nature of the injurious agent [15]. This
Is particularly crucial in the context of an armed conflict involving the use of aerial
bombs and missiles equipped with cluster munitions. Among the multitude of
challenges posed by warfare, this issue is currently extremely relevant in Ukraine and
requires meticulous research.

The aim of the study. To describe the forensic medical characterization of
penetrating wounds and traumatic factors resulting from the explosion of a ballistic
missile.

Materials and Methods. The study examined 6 biological specimens (skin
fragments) collected from various areas of the body of an individual who died from
Injuries caused by the penetrating action of blunt, solid objects with a limited contact
surface (fragments/elements or pieces of an explosive device or secondary projectile)
(archival "Expert Research Reports” from the Kyiv City Bureau of Forensic Medical
Examination, 2025). Additionally, 34 non-biological objects were studied: 2


http://forensic.bsmu.edu.ua/

Cydoso-meduyHa ekcnepmus3a, 2025, Ne2 http://forensic.bsmu.edu.ua

recovered from the victim's body and 32 collected from the impact site of a ballistic
missile.

The injuries were examined visually and using a "Carl Zeiss Stereo
Discovery.VV12" stereomicroscope. Examination in the ultraviolet (UV) spectrum was
conducted to detect any deposits or inclusions in the investigated wounds that might
luminesce under ultraviolet light. This was performed using a "Spectroline UV-400"
ultraviolet emitter with a wavelength range of 320-400 nm and a ZHS-18 blocking
filter.

Examination in the infrared (IR) spectrum was carried out to identify deposits
and inclusions that absorb infrared radiation within the studied injuries. This was
done using a "CCD B/W Camera Model: MTC-5C23B" television camera with a
matrix sensitive to infrared radiation. The objects were illuminated by incandescent
lamps (2x100W) using an IKS-1 infrared filter.

To detect the topography of distribution and the qualitative composition of
metallization elements in the injury areas, micro-X-ray fluorescence spectral analysis
was applied. This was conducted using a Bruker "M4 TORNADQO" micro-X-ray
fluorescence spectrometer (Germany) following standard analytical methodologies
[5]. Quantitative analysis was performed using standard methods of variation
statistics.

Scientific research. This study is the part of research of the Department of
Morphology, Clinical Pathology and Forensic Medicine of the P.L. Shupyk National
University of Health Sciences “Scientific  Substantiation of Modern
Pathomorphological Diagnostics and Establishment of Clinical and Morphological
Correspondences in Various Diseases” State Registration Ne 0116U007906 (2021-
2025).

Bioethics. Approved by the Bioethics Commission of the P.L. Shupyk
National University of Health Sciences (protocol Ne 26 dated 18 of June 2025).

Results. On January 18, 2025, another ballistic missile strike by the aggressor
country targeted the central district of the city of Kyiv. A 26-year-old man died as a
result of penetrating wounds to vital organs, which were incompatible with life.
During the forensic autopsy, penetrating wounds were identified on the posterior
surface of the thoracic cavity on the right side (Wound Nel) and on the right lateral
surface of the thoracic cavity (Wound Ne2) (Fig. 1).

Fig.1. Penetrating wounds on the posterior surface of the thoracic cavity on the
right (Wound Nel) and on the right lateral surface of the thoracic cavity (Wound Ne2).
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Macroscopic and stereomicroscopic examination of two skin fragments
containing the wounds, extracted from Wound Ne 1 and Wound Ne 2, revealed that
both were through-and-through, of an irregular oval shape, measuring 1.3x1.6 cm and
1.3x1.2 cm, respectively, with an elongated tissue defect in each.

In Wound Ne 1, the right edge was smooth, while the left edge was somewhat
serrated due to superficial lacerations and partially crushed (Fig. 2 a, b). Two
superficial lacerations extended from the lower edge of the wound; the wound edges
were unevenly abraded, with the maximum width along the lower edge; the walls
were somewhat uneven, with the left wall being smooth and vertical, and the right
wall slightly sloping towards the center (Fig. 2 a, b).

Stereomicroscopic examination of Wound Ne 1 revealed the presence of
embedded black textile fibers.
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Fig. 2. General view of the skin fragment with Wound Ne 1 (a) and its
microscopic view (b).
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Fig. 3. Microscopic view of Wound Ne 1, showing the tissue defect and
lacerations along the upper edge (the arrows indicate the lacerations and the area of
maximum abrasion).

In Wound Ne 2, the upper edge was serrated due to three linear, superficial
lacerations turned upward, while the lower edge was relatively smooth (Fig. 4a). A
single, minor superficial laceration extended from each the right and left edges; the
wound edges were uniformly abraded around the perimeter, with the maximum width
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along the upper edge; the walls were nearly vertical and relatively smooth, the lower
one more so (Fig. 4b). Stereomicroscopic examination of the wound did not reveal

any inclusions.
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Fig. 4. General view of the skin fragment with Wound Ne2 (a) and its

microscopic view (b).

Fig. 5. Microscopic view of Wound Ne 2, showing the tissue defect and
lacerations along the upper edge.

Examination of the wounds on the skin fragments at the extreme ends of the
spectrum, using the "Spectroline™ UV-400 ultraviolet emitter and the "CCD B/W
Camera Model: MTC-5C23B" television camera with a matrix sensitive to infrared
radiation, did not reveal any deposits or inclusions in Wounds Ne 1 and 2 capable of
luminescing under ultraviolet light and/or absorbing infrared light.

To identify the elemental composition of the injurious projectile, micro-X-ray
fluorescence spectral analysis (XRF) was applied to both skin fragments using a
Bruker "M4 TORNADO" spectrometer (Germany). As a result, spectra for the
element iron (Fe) were obtained from the scanning area of Wound Ne 1 (Fig. 6 a, b, ¢)
and Wound Ne 2 (Fig. 7 a, b, c¢), both within the damaged areas and in the

surrounding regions.
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Fig. 6. Video image of the skin fragment with Wound Ne 1 (a), its scanning
area (b), and the elemental distribution map of the scanning plane showing an
elevated content of iron elements along the edges of the injury and in the surrounding
area (c).

Fig. 7. Video image of the skin fragment with Wound No. 2 (a), its scanning
area (b), and the elemental distribution map of the scanning plane showing an
elevated content of iron elements along the edges of the injury and in the surrounding
area (c).

a ) b
Fig. 8. Spectra of metallic elements from selected areas of the scanning of
Wound Nel (a) and Wound Ne2 (b).

X-ray fluorescence spectral analysis of the wounds revealed the highest
quantity of iron elements within the injury areas and their immediate surroundings
(Fig. 8).

Consequently, the macro- and microscopic examination of Wounds Ne 1 and 2
demonstrated that their morphology corresponds to the characteristic features of entry
wounds formed by a combined mechanism of action from the penetrating projectiles:
perforating (due to the high Kkinetic energy of the element) and cutting/lacerating (due
to the presence of well-defined edges in their configuration). These characteristics
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match those of the injurious projectiles extracted from the body during the autopsy
(Fig. 9a). The study of non-biological objects included three groups: 1) fragments of
elongated or polygonal shape with sharp, torn, or serrated edges, recovered from the
victim's body (Fig. 9a) and found at the missile explosion site (Fig. 9b); 2) objects of
round or irregularly round shape with a smooth surface, measuring from 0.6 to 1.7 cm
(Fig. 9c); 3) objects with an unevenly pronounced, polygonal relief, resembling
pebbles, sized 1-2 cm or larger (Fig. 9d).

Elemental composition analysis of the surface of the first group of objects —
elongated or polygonal fragments from the missile explosion site - using micro-X-ray
fluorescence spectral analysis, revealed spectra containing the elements Ca, Ti, Cr,
Mn, Ni, Cu, Zn, and Fe. However, the dominant elemental values in these objects
varied. For instance, in some, molybdenum (Mo) was predominant at 99.38% (Table
1), while in others, copper (Cu) at 59.60% or nickel (Ni) at 78.74% were dominant.

These qualitative and quantitative indicators provide grounds to conclude that
these objects are fragments of the missile's casing or internal components, which
were composed of non-ferrous metals.
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Fig. 9. Objects recovered from the victim's body (a) and from the missile
explosion site (b): elongated or polygonal fragments with sharp, torn, and serrated
edges; irregularly rounded objects (c); and objects resembling rectangular pebbles

(d).
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Table 1
Percentage of detected elements in elongated or polygonal objects

Spectrum:
El AN Series Net unn. C norm. C Atom. C Error (1 Sigma)

[wt.%] [wt.%] [at.$%] [wt.%]
Ca 20 K-series 6290 0,21 0,47 1,12 0,00
Fe 26 K-series 15073 0,07 0,15 0,26 0,00
Mo 42 K-series 4207988 44,35 99,38 98,62 0,00

Total: 44,63 100,00 100,00

Among the objects of the second group, recovered from the site of the rocket
explosion — irregularly rounded in shape, spectra were obtained with almost identical
quantitative indicators in percentages: Fe and Ca, of which iron (Fe) accounted for
99.83%, and calcium (Ca) for 0.17% (Fig. 10, Table 2).

ccccc

|| SR ISRES) §

Fig. 10. The object of study (point in the area of maximum peak concentration)
and spectrum from the scanning surface.

Table 2

Percentage ratio of elements detected in the composition of the irregularly
rounded objects.

Spectrum:
El AN Series Net unn. C norm. C Atom. C Error (1 Sigma)
[wt.%] [wt.%] [at.$%] [wt.%]
Ca 20 K-series 7400 0,07 0,17 0,24 0,00
Fe 26 K-series 8627401 40,66 99,83 99,76 0,00

Total: 40,73 100,00 100,00

The third group of objects recovered from the site of the rocket explosion,
resembling pebbles, contained spectra with almost identical quantitative indicators:
K, Al, Si, Ti, Mn, Cu, Zn, Fe, and Ca, of which the largest component was iron (Fe) —
53.41-67.90% (Table 3).
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Table 3
Percentage composition of detected elements in polygonal, pebble-like objects
Spectrum:
El AN Series Net unn. C norm. C Atom. C Error (1 Sigma)
[wt. %] [wt. %] [at. %] [wt. %]
Al 13 K-series 412 0,98 3,50 6,30 0,00
Si 14 K-series 3921 1,36 4,86 8,41 0,00
K 19 K-series 2261 0,04 0,14 0,18 0,00
Ca 20 K-series 34797 0,32 1,15 1,40 0,00
Ti 22 K-series 1692257 9,99 35,79 36,30 0,00
Mn 25 K-series 50969 0,28 1,00 0,89 0,00
Fe 26 K-series 3160766 14,90 53,41 46,44 0,00
Cu 29 K-series 462 0,00 0,01 0,01 0,00
Zn 30 K-series 7385 0,04 0,13 0,09 0,00

Total: 27,90 100,00 100,00

Therefore, the results of macroscopic examination and micro-X-ray
fluorescence spectral analysis of the non-biological objects recovered from the
missile explosion site suggest that the items from the first two groups most likely
represent components of a ballistic missile, specifically fragments of its casing or
internal parts, and cluster munitions. The third group most probably consisted of
objects that were secondary projectiles in origin, namely pebbles from the road
surface and curbs, formed as a result of the explosion. The presence of iron can be
explained by its ionization from these objects during the explosion of the ballistic
missile.

Particular attention is drawn to the items of the second group, which were
characterized by a predominantly round or irregularly round shape, a smooth surface,
and approximately uniform dimensions. Some exhibited deformations and surface
flattening; however, the iron (Fe) content in all of them was 99.83%. Consequently,
the identity of their size, shape, surface relief, and high iron (Fe) content provide
grounds to classify these objects as cluster munitions, similar to shrapnel.

Summarizing the above research results, it can be concluded that both injuries
are entry wounds, formed by the action of a blunt, solid object with a limited contact
surface (a fragment/element, or piece of an explosive device or secondary projectile)
that acted with high kinetic energy, possessing significant penetrating capability.
Furthermore, since the wounds had identical morphological features: an irregular oval
shape and nearly identical dimensions, an elongated tissue defect, and the highest
content of iron (Fe) elements was found within and around the injury areas, there is
reason to believe that these specific iron-based objects were the injurious projectiles
that caused the victim's fatal injuries.

Discussion. Therefore, the pathomorphology of explosion-related deaths is
complex and governed by multiple factors affecting biological objects, primarily the
blast wave, high temperatures, and the impact of fragments from both the explosive
device itself and secondary projectiles formed during the explosion [16, 17]. These
factors manifested as penetrating body wounds, massive tissue defects, traumatic
amputations, comminuted fractures, among others [18-21]. In this regard, the results
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of our own studies on individuals who died as a result of a ballistic missile equipped
with cluster munitions are consistent with the data from the authors cited above.

However, to ensure a high-quality forensic investigation and subsequent
assessment of the explosion-related cause of death, a comprehensive approach is
recommended. This should include not only forensic histology but also X-ray
fluorescence spectral analysis [22], and injury assessment using modern optical
examination methods [23]. The analysis and identification of the specific injurious
agents that directly caused death are also crucial components of this integrated
investigation [23-26].

Cusack D, Ferrara SD, Keller E, Ludes B, Mangin P, Vili M et al. [27] posit
that successful forensic-medical examination necessitates the use of investigation
protocols based on precise post-mortem analysis procedures. Post-mortem virtopsy
allows for the acquisition and preservation of information for subsequent evaluations
[28]. Furthermore, it provides evidence that can guide the forensic expert during the
autopsy of individuals who have died from blast trauma [29, 30].

Conclusions.

1. The forensic medical macroscopic and microscopic examination of injuries
resulting from the explosion of a ballistic missile established that they constitute fatal
entry wounds. These were inflicted by blunt, solid objects with a limited contact
surface, which acted with high kinetic energy and possessed significant penetrating
capability. Micro-X-ray fluorescence spectral analysis revealed the highest
concentration of iron elements within and surrounding these injuries.

2. Based on their origin, the injurious objects were categorized into three
groups:

Group 1: Elongated or polygonal missile fragments with sharp, torn, or serrated
edges.

Group 2: Objects of round or irregularly round shape with a smooth surface,
measuring from 0.6 to 1.7 cm.

Group 3: Objects with an unevenly pronounced, polygonal relief, resembling
pebbles sized 1-2 cm or larger.

These objects could be either components of the explosive device (such as
parts of the missile casing/internal components or associated cluster munitions) or
secondary projectiles with metallic element deposits on their surfaces.

3. The uniformity in size, shape, surface relief, and the high iron (Fe) content
among the objects in the second non-biological group suggest that these were likely
cluster submunitions, similar to shrapnel balls.

4. Based on the identical quantitative and qualitative morphological features of
both wounds, along with the correlation with the shape and size of the objects in the
first non-biological group (missile fragments), there is substantiated reason to
conclude that these specific fragments were the injurious projectiles that caused the
victim's fatal injuries.
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