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Abstract 

In forensic investigation of firearm-related cases, determination of the residual amount of volatile compounds 

remaining inside a cartridge could be useful in estimating the time since its discharge. Published approaches 

are based on following the decrease of selected target compounds as a function of time by using solid phase 

micro-extraction (SPME). Naphthalene, as well as an unidentified decomposition product of nitrocellulose 

(referred to as “TEA2”), are usually employed for this purpose. However, reliability can be brought into 

question given their high volatility and the low reproducibility of the extracted procedure. 

In order to identify alternatives and therefore develop improved dating methods, an extensive study on the 

composition and variability of volatile residues in nine different types of cartridges was carried out. Analysis 

was performed using headspace sorptive extraction (HSSE), which is a more exhaustive technique compared 

to SPME. 166 compounds were identified (several of which for the first time), and it was observed that the 

final compositional characteristics of each residue were strongly dependent on its source. Variability of single 

identified compounds within and between different types of cartridge, as well as their evolution over time, 

were also studied. Many explosion products containing up to 4 aromatic rings were found to be globally present 

in high proportions. 27 of them (excluding naphthalene) also presented detectable decreases during the first 24 

h. Therefore, they could be used as complementary target analytes in future dating methods. 
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1. Introduction 

In the forensic investigation of criminal cases, residual materials released during firearm discharges 

can be exploited in order to identify a person involved in a gunfire event, estimate a shooting distance, 

determine the ammunition type, or to estimate the time elapsed since discharge [1-3]. These residual 

materials are collectively known as gunshot residue (GSR), and mainly consist of flakes from partially 

reacted smokeless powder, vaporized species from all the cartridge elements, microscopic metallic 

particles and explosion products from gunpowder and primer mixtures [1-3]. Given their importance 

in forensic science, the specific composition and variability of some of them were thoroughly studied. 

This is the case for solid particulate residues (i.e., smokeless powder flakes and microscopic metallic 

particles), which are generally used to identify a shooter and/or estimate a shooting distance [4-7]. 

Early researches in the field of volatile GSR compounds mainly referred to environmental and health 

issues [8, 9], neglecting the areas of applications in forensic science. More recently, it was found that 

their diffusion kinetics could be useful to estimate the time since a cartridge or firearm was last 

discharged [10-13]. Since then, choosing the most accurate target compounds has been a central 

concern, and questions concerning composition and variability of volatile GSR compounds has 

become again of great interest. It is well known that the main compounds released during the cartridge 

discharge are oxidation products. Sequential explosion of the various organic species composing the 

gunpowder and primer mixtures produces very hot gases, essentially consisting of H2O, CO, CO2, H2 

and N2 [9, 14]. However, low levels of many other heavier compounds were also found in GSR 

vapours. Most of them are pyrolitic byproducts, the formation of which is due to the oxygen-deficient 

and high-temperature conditions persisting during the discharge. Such extreme conditions lead to the 

formation of radicals, which could add to other stable molecules and set in motion a waterfall 

mechanism resulting in the formation of larger compounds [15, 16]. Benzene, toluene and styrene are 

generally the first species to be formed by the stabilisation of unsaturated aliphatic radical species 

through cyclization. Then, successive additions can lead (through further cyclization phenomena) to 

naphthalene, and from there to the synthesis of other heavier polycyclic aromatic hydrocarbons 

(PAHs). Branched or substituted derivatives of the previous compounds (e.g., methylnaphthalenes) 

can be released as side-products; similarly, hetero-atoms can take part in the reaction mechanism and 

be incorporated in the structures of the final products [17, 18]. Hundreds of PAHs from 2 up to 6 

rings, substituted derivatives of benzene and heterocyclic compounds have been identified in GSRs. 

Particularly, Ase et al. [8] identified more than 100 different trace species in the exhaust of a military 

rifle and an anti-tank gun using trapping methods followed by gas chromatography coupled to mass 

spectrometry (GC/MS) and high performance liquid chromatography with ultraviolet detection 
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(HPLC/UV). Andrasko et al. [10] confirmed the presence of some of these compounds in shotgun 

barrels by in-situ sampling of vapours with headspace solid phase micro-extraction (SPME), followed 

by analysis with GC coupled to thermal electron analyser (TEA), flame ionization detector (FID) or 

mass spectrometry (MS). Using SPME-GC/MS, Weyermann et al. [19] characterized the residues of 

two types of 9 mm Parabellum ammunition and reported the identification of 34 compounds 

(confirmed with reference standards). Recently, Gallidabino et al. [20] looked for specific compounds 

in GSRs and identified 51 molecules in the headspace of fired cartridges using headspace sorptive 

extraction (HSSE) followed by GC/MS. 

Most of the published approaches for estimating the time since discharge were based on the selection 

of target analytes amongst the previously identified molecules, and the comparison of their residual 

quantity against aging profiles obtained from pertinent reference material (i.e., the firearm/cartridges 

set presumably used for committing the crime). Thus, naphthalene and an unidentified decomposition 

product of nitrocellulose (referred to as “TEA2”) were regarded as promising in order to estimate the 

time elapsed since a shotgun, rifle or related ammunition were last fired [10-12, 21]. However, their 

usefulness for dating the discharge of handguns and smaller cartridges was questioned because they 

disappear too rapidly (few hours) and their amounts are not reproducible enough [13, 19]. Until now, 

no comprehensive qualitative and quantitative studies on GSR compositions released by handgun 

cartridges have ever been carried out to the best of our knowledge, leaving a gap on possible useful 

target compounds.  

Thus, this research aimed at comprehensively evaluating the composition and variability of volatile 

GSRs produced by nine different types of ammunition belonging to two handgun calibres (.357 

Magnum and .45 ACP). At first, compounds found in cartridges after discharge were extracted and 

identified. As sampling method, HSSE was selected. HSSE is a recent extraction technique, which 

was introduced for trace and ultra-trace analysis [22]. While it is based on the same principle of 

headspace SPME, the extraction support in HSSE is not a thin fibre but a magnetic stir bar coated 

with a larger volume of polydimethylsiloxane (PDMS) phase (up to 110 μL vs 0.5 μL for SPME ) 

[22]. For this reason, limits of detection are improved and the discrimination toward more polar 

compounds is generally reduced, making HSSE a very valuable technique for extensive 

characterization of various sample types, as recently proved in many analytical domains [22-24]. The 

method was recently applied to volatile GSR compounds, leading to a good extraction recovery for 

some selected compounds [20]. Following the identification step, intra-variability (i.e., variability 

within the same firearm and cartridge set), inter-variability (i.e., variability between different firearm 
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and cartridge sets) and evolution over time of the identified compounds were studied in order to select 

promising target molecules for dating purposes. 

 

2. Materials and methods 

2.1. Reference substances, solvents and ammunition 

Pure standards of 55 compounds were purchased (see Table S1 in Electronic Supplementary Material 

for details). For each substance, a working standard solution was prepared at a concentration of 1 

mg·mL-1 in methanol (puriss. grade) purchased from Sigma/Aldrich (Buchs, Switzerland), except for 

anthracene, chrysene and benzo[a]pyrene which were dissolved in chloroform (purum grade) also 

purchased from Sigma/Aldrich. Nitroglycerin was already dissolved at a concentration of 1 mg·mL-

1 in a mixture of ethanol/methanol (97:3). 

Nine different types of ammunition were purchased during 2011 from sellers in Switzerland (see 

Table 1). Five of them belonged to .45 ACP calibre (producers: Geco, PMC, UMC, Sellier & Bellot 

and Magtech) and the remaining four to .357 Magnum (producers: Geco, Sellier & Bellot, Samson 

and Magtech). From each ammunition box, two cartridges were opened using a kinetic hammer, and 

the smokeless powder analysed by GC/MS using a method adapted from Romolo [25] (see results in 

Table 1).  

 

2.2. Test shootings 

Test shootings were carried out using a Colt 1911 semi-automatic pistol (.45 ACP) and a Colt Python 

revolver (.357 Magnum). Before starting the test shootings, firearms were carefully cleaned with dry 

cleaning patches. Then, test cartridges were fired by singly loading them in the magazine/cylinder. 

Cartridges were handled while wearing latex gloves in order to minimize contaminations from hands. 

Latex gloves were preferred over nitrile ones since preliminary tests showed that the latter introduced 

several unwanted impurities in samples, especially long-chain aliphatic compounds. Weapons were 

never greased between the different test shootings. 

Spent cartridges analysed at time t = 0 h were immediately recovered after discharge and put in 20 

mL HSSE-dedicated crimp glass vials (Gerstel, Sursee, Switzerland). These vials were found to be 

suitable because their large opening (i.e., 13 mm) fits well with most handgun calibres. A stir bar was 

suspended with the aid of a special glass insert (Gerstel) to the headspace of each vial containing a 

fired cartridge. Then, vials were rapidly closed with 20 mm crimp caps equipped with 3.0 mm 

polytetrafluoroethylene/silicon septa (Gerstel). Glassware was previously conditioned in a ventilated 
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laboratory oven at 80 °C for 8 h. Some analyses were also performed on fired cartridges aged for 24 

h (t = 24 h) in an air-conditioned laboratory kept at a temperature of about 20 °C. 

 

2.3. HSSE extraction of spent cartridges 

HSSE stir bars are commercialized under the name of “Twister©” by Gerstel. The largest PDMS-

coated HSSE stir bars available (2 cm length with a 1 mm coating thickness, corresponding to a 

PDMS volume of 110 μL) were purchased. Stir bars were always thermo-conditioned before use. To 

do this, they were put in ad-hoc glass desorption tubes (Gerstel) and placed in a Gerstel TC tube 

conditioner. The conditioning procedure suggested by the producer (30 min at laboratory temperature, 

followed by 90 min at 300 °C and about 60 min to cool down) was used. 

Preliminary tests indicated that a sampling temperature of 80 °C promotes extraction of less volatile 

compounds as opposed to a temperature of 20°C, whereby the recovery of the most volatile 

compounds decreases in some cases. Different specimens of the same type of ammunition (same box) 

were thus analysed at the two temperatures in order to guarantee the detection and identification of a 

larger range of compounds. For extraction at 20 °C, closed vials were put in an air-conditioned 

laboratory with controlled temperature, while extractions at 80 °C were performed in a ventilated 

laboratory oven. Extraction time was set at 72 h. Before analysis, the sample vials were reopened, stir 

bars were removed and placed in reconditioned desorption tubes. Finally, the tubes were capped with 

special transportation adapters (Gerstel) and placed on the GC tray for GC/MS analysis. For each 

type of ammunition, three different cartridges from the same box were analysed per temperature. 

Procedural blanks were also systematically carried out. These consisted of empty vials, which were 

handled in the same way as those used for sampling the cartridges, and had been in contact with the 

same environments. Three blanks per extraction condition were analysed. 

 

2.4. Analysis of stir bars 

Stir bars were thermally desorbed using a Gerstel TDU thermal desorption unit, connected to a Gerstel 

CIS-4 programmed temperature vaporizing injector. These devices were mounted on an Agilent 

7890A gas chromatograph coupled to an Agilent 5975C mass selective detector (Agilent 

Technologies, Basel, Switzerland). The system was also equipped with a Gerstel MPS multi-purpose 

sampler, which was used to automatically load tubes containing stir bars into the TDU. 

Desorption mode was splitless, desorption flow 40 mL·min-1, and desorption pressure 9.07 psi. 

Desorption ramp was programmed as follows: 20 °C for 0.5 min, increased to 250 °C at 60 °C·min-1 

and held at this temperature for 10 min (total desorption time of 14.3 min). The transfer line 

temperature between TDU and CIS-4 was 280 °C. Liners for CIS-4 were obtained from Gerstel and 
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packed with quartz-wool. The cryo-focusing temperature was set at -80 °C. The PTV injection ramp 

programming was as follows: -80 °C for 0 min, increased to 300 °C at 600 °C·min-1 and held at this 

temperature for 1.37 min (total injection time: 2 min). Splitless mode was used during this time. After 

injection, the injector was additionally programmed to decrease at a rate of 720 °C·min-1 to 270 °C 

and held at this temperature for 10 min in split mode in order to condition the liner for the next 

injection.  

GC separation was performed on a HP-5MS (30 m x 0.25 mm x 0.25 μm) column from Agilent. The 

carrier gas was helium, and column flow was maintained at 1.2 mL·min-1. The oven ramp was 

programmed as follows: 40 °C for 2 min, increased to 100 °C at 10 °C·min-1, increased to 200 °C at 

5 °C·min-1, increased to 280 °C at 5 °C·min-1 and held at this temperature for 10 min (total 

chromatographic time: 46 min). The transfer line between the column and the MS was set at 280 °C. 

Ionisation was carried out through electron impact (EI). Masses were scanned from m/z 40 to 500 

without solvent delay. MS source and quadrupole temperatures were 230 °C and 150 °C, respectively. 

 

2.5. Injection of standard solutions 

In order to inject the standard solutions, a desorption tube was equipped with special glass insert and 

transportation adapter for liquid injection (both furnished by Gerstel). Before analysis, the tube was 

automatically inserted into the TDU, and 1 μL of solution was injected into the insert. GC/MS 

parameters were the same as mentioned above, except for the CIS-4 cryo-focusing temperature, which 

was set to 0 °C in order to vent solvents during desorption. Moreover, a solvent delay of 4 min and 

split mode were adopted. 

 

2.6. Data processing 

Chromatograms acquired at time t = 0 h were used for peak identification. These were analysed using 

the Enhanced Data Analysis software provided by Agilent. Preliminary identification of the mass 

spectra of the eluted peaks was attempted with the NIST08 library. Hits were evaluated by visual 

inspection of the corresponding spectra. Afterward, liquid standards were injected to confirm the 

identity of compounds of particular interest. Detection of a compound was accepted if its mass 

fragmentation pattern was coherent with the results of the library search (additionally, retention time 

had to match for the molecules with available standards).  

After identification, target ions were selected for all the compounds and the corresponding peak areas 

were extracted. The presence of a compound in a particular type of ammunition was accepted if the 
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intensity of its target ion was greater than the average signals in the procedural blanks plus three times 

the standard deviation [26] in at least one of the analysed cartridges.  

For further statistical analyses, the observed peak areas were normalised to the respective cartridge 

total sum (unless otherwise indicated in-text). In this way, proportions were calculated. Principal 

component analysis (PCA) was applied on data in order to study the composition variability. For this 

purpose, variables were further mean-centred and scaled with their standard deviations. In order to 

find molecules with significant decreases over time, specimens belonging to two types of ammunition 

(Ma45 and Ge45) were aged for 24 h and a Student t-test was performed on the slope passing through 

the values measured at t = 0 h and 24 h. If the slope was negative and significantly different from 

zero (α = 0.1), the hypothesis of decrease was accepted. 

 

3. Results and discussion 

3.1. Identification of the volatile compounds in GSR 

Spent cartridges from nine types of ammunition were extracted using HSSE at two different 

temperatures (20 °C and 80 °C). The obtained chromatograms were generally characterised by a large 

number of peaks. This is well illustrated in Figure 1, where an example of total ion chromatogram 

(TIC) is shown. 

166 peaks were found to be recurrent between TICs from different cartridges. Their identities are 

reported in Table S2 in Electronic Supplementary Material. It is noteworthy that the analysed GSRs 

presented a high variety of aromatic molecules. In fact, 109 of the 166 recurrently detected 

compounds have at least one aromatic ring in their structure. As already reported in previous works, 

PAHs were the most diversified group. Non-branched PAHs with up to 5 rings were identified. Most 

of them were already reported in the literature as being released after the discharge of handgun 

cartridges (e.g., naphthalene, biphenyl, acenaphthene, phenanthrene, pyrene, benzo[a]pyrene) [10, 

19, 20]. Indane was previously identified solely in the exhaust of military rifle [8], while azulene, 

diphenylmethane, phenylnaphthalene and 4H-cyclopenta[def]phenanthrene were found for the first 

time in this study. Many branched and substituted derivatives of some PAHs (especially naphthalene) 

were also observed. 1- and 2-methylnaphthalene, 1- and 2-naphthalenecarbonitrile, as well as some 

isomers of dimethylnaphthalene were already reported in the literature [18-20] and found in the GSRs 

of all the cartridges. Additionally, the improved sensitivity of the HSSE method allowed the detection 

of diisopropylnaphthalene, methylindene, 1,2,3,4-tetrahydro-1,1,6-trimenthylnaphthalene and some 

isomers of the ethenylnaphthalene. Benzene and its derivatives were also very common between the 
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different residues. In fact, benzene, ethylbenzene, styrene and xylene isomers were always identified, 

while toluene was found in the exhausts of eight out of nine types of cartridges.  

Several molecules containing hetero-atoms were observed. As previously reported in the literature, 

nitrogen-containing PAH homologues were a relatively diversified group. Quinoline and carbazole 

were observed in the residues of all types of cartridges, while isoquinoline was only detected in three 

of them. Phenazine was previously observed in the exhaust of smokeless powder after pyrolysis and 

incineration [17], but never found in GSRs prior to our study. Methylpyridine was already reported 

to be present in the exhausts of military rifles [8], but never in those of spent cartridges. 

Methylimidazole and benzoquinoline isomers were never reported before. Molecules with nitrogen-

containing functional groups were also frequent. Aromatic nitriles were a particularly represented 

class. Amongst them, benzonitrile and benzyl nitrile, as well as the isomers of tolunitrile, 

dicyanobenzene and naphthalenecarbonitrile were common to all residues. This is in agreement with 

previous studies [19, 20]. Ethenylbenzonitrile was never reported before, but two of its isomers were 

found in all residues. The large number of nitrogenized species is compatible with the characteristics 

of the exploding materials. In fact, smokeless powders are rich in nitrogen-containing substances, 

such as nitroesters (i.e., explosives) and aromatic amines/ureas (i.e., stabilizers). Nitrogen atoms from 

all these compounds can thus participate in the reaction mechanism and therefore be found in the 

structures of the final products. 

Many amines, ureas and nitro-compounds were identified. Amongst amines and ureas, the three main 

stabilizers used in smokeless powders were detected, i.e., diphenylamine, ethylcentralite and 1-

methyl-3,3-diphenylurea (akardite II). The presence of the first two molecules in GSRs was already 

reported before [10, 19-21], and they were detected in all the analysed residues even if they were not 

detected in the respective smokeless powders. In addition, akardite II (which was detected in gunshot 

exhausts for the first time in this work) was observed in four out of nine residues, but only in two 

smokeless powders. These observations are consistent with the nature of smokeless powder 

manufacturing. Indeed, it is not rare that manufacturers blend powder lots in order to achieve optimal 

ballistic performances [27]. Traces of minor compounds can thus be detected in GSRs, especially 

with a high sensitive extraction technique such as HSSE. Some nitro-derivatives of diphenylamine 

(mainly, the isomers of the nitrodiphenylamine and the 2,4-dinitrodiphenylamine) were also 

identified in the GSRs of some cartridges. These are degradation products of smokeless powders, 

which are normally produced during cartridge aging. However, previous researches reported that their 

formation could be significantly accelerated at high temperatures [28]. Thus, in-vial formation of 

these compounds during extraction at 80 °C seems probable, considering that few of them were 
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observed by extraction at 20 °C of the same types of cartridges. Other identified aromatic nitro-

compounds were nitrobenzene, nitrophenol and nitrotoluene. The last two molecules were already 

identified in the exhaust of military rifles [8], and detected in all the types of cartridges in our study. 

Considering their high thermolability, also these compounds were probably produced from the 

degradation of the different gunpowder additives rather than from explosion reactions. 

Dinitrotoluenes were never detected in GSRs (and neither in the smokeless powders), even after ion 

extraction. 

Several substances containing hetero-atoms other than nitrogen were identified. Particularly, many 

compounds of sulphur (i.e., benzo[b]thiophene and dibenzothiophene) and oxygen (i.e., 

dibenzofuran) were observed in the residues of all the cartridges. Amongst these substances, only 

benzo[b]thiophene was previously reported in the literature [20]. Benzothiazole, an aromatic 

molecule containing both nitrogen and sulphur, was previously detected only in military rifle exhausts 

[8]. Sulphur probably originates from primer mixtures rather than smokeless powders. In fact, most 

producers currently use antimony sulphide to produce priming mixtures [29]. In addition, some 

aromatic aldehydes and alcohols, such as benzaldehyde, benzophenone and acetophenone, were also 

detected. Methylphenol was identified for the first time in this study. 4-phenylazophenol, a yellow 

dye (Solvent Yellow 7), was found in the residue of two cartridges. As it is generally used as a 

celluloid colorant and lacquer component, it may be employed as an additive in smokeless powders 

[30]. Chlorinated aromatics (i.e., isomers of dichlorobenzene, dichlorophenol, chlorobenzaldehyde, 

dichlorobenzaldehyde and dichlorobenzamide) were found in the residues of all cartridges, but remain 

unknown in the literature. Sources of chlorine in GSRs are difficult to track down. Modern primers 

are normally free of chlorates because of their corrosive properties [29]. It is supposed that chlorine 

originates from the degradation of plastic materials based on poly(vinyl chloride) [31]. Presence of 

the aforementioned compounds could thus be ascribable to a contamination due to the production and 

packing of the cartridges and/or specimen handling. 

Phthalates are the esters of benzene-1,2-dicarboxylic acid. These compounds are commonly 

employed in the production of smokeless powders as plasticizers. Dibutyl phthalate is the most widely 

used and was already found in residues [19, 20]. On the contrary, dimethyl, diethyl and dioctyl 

phthalates were previously identified only in smokeless powder formulations [29, 32]. Particularly, 

dioctyl phthalate (also known as bis(2-ethylhexyl) phthalate) is a very common phthalate-based 

plasticizer, produced from the reaction with 2-ethyl-1-hexanol, which was also detected in the 

analysed GSRs. Salicylates (i.e., the esters of 2-hydroxybenzoic acid) and benzoates (i.e., esters of 

benzoic acid) share structural similarity with phthalates and were identified in residues. Salicylates 
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are normally used as fragrances, while benzoates as carriers. Thus, they might be contaminations 

adsorbed on the cartridge surface. 

Even though few aliphatic substances were previously identified in GSRs, several were observed in 

the analysed cartridges during this research. A large fraction was composed of linear alkanes and 

alkenes. In fact, linear alkanes from C11 to C24 and linear mono-alkenes from C10 to C17 were 

present in the exhausts of all the cartridges. Branched alkanes such as pristane and phytane were also 

detected. Even if these compounds were not found in the smokeless powders, it is very unlikely that 

they were produced during the explosion. In this regard, the couples heptadecane/pristane and 

octadecane/phytane may indicate the presence of heavy petroleum distillates, such as mineral oils 

[33]. Thus, these groups of compounds might be ascribable to a contamination of spent cartridges by 

lubricants during the production process or cleaning of the weapon [34]. A similar mechanism could 

also explain the presence of methyl dehydroabietate (a marker of wood tar, generally used for 

waterproofing [35, 36]) in the residues. Saturated fatty acids and related esters were another important 

class of aliphatic molecules found in GSRs. Lauric (C12:0), mystic (C14:0), palmitic (C16:0) and 

stearic acid (C18:0) were detected, along with some of their isopropyl and butyl ester derivatives. 

Given the fact that they were not found in the blanks, their presence might be the result of a 

contamination of the cartridge surface or vials by fingerprint residues [37, 38]. 

Amongst the other aliphatics, 2(5H)-furanone was already identified in the literature as an important 

pyrolytic byproduct of smokeless powder [17, 18] and was observed in all residues. Butyldihydro-

2(3H)-furanone was firstly reported in this work and found to be very common amongst cartridges. 

Similarly, 1,4:3,6-dianhydro-α-d-glucopyranose was previously identified as a main pyrolitic 

byproduct of cellulose [39]. Considering that the main explosive in smokeless powders is 

nitrocellulose, this could explain its presence in seven out of nine residues. 

 

3.2. Characteristics of GSRs from the different types of ammunition 

While an extraction temperature of 20 °C proved to be useful to identify some of the most volatile 

compounds, 80 °C generally allowed reaching higher recoveries. Consequently, only data acquired 

at this condition were considered hereafter.  

Figure 2 shows the percentages of each class of compounds on the total sum of peak areas in TICs. 

As can be seen from the figure, molecules coming from smokeless powder were always the dominant 

class, with proportions ranging from 36.6% to 61.8% (average: 45.0%). This suggests that a 

significant amount of smokeless powder compounds were adsorbed on the inner cartridge walls 

and/or did not undergo combustion during explosion. Concerning the explosion products, 
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branched/substituted aromatics and PAHs were normally the second most abundant classes in GSRs. 

Proportions for branched/substituted aromatics went from 5.2% to 15.4% (average: 8.5%). Internal 

composition of this class was strongly variable from one cartridge to another, but nitrile- and alkyl-

substituted benzene derivatives always constituted the major sub-classes. PAHs proportion ranged 

from 5.2% to 17.0% (average: 13.4%). Except for one type of ammunition (Pm45), PAHs mainly 

consists of 2-rings compounds and the proportions for heavier PAHs decreased as a function of the 

number of rings. Prevalence of small aromatics is consistent with the discharge process. Indeed, the 

bullet departure is normally very rapid, and conditions promoting the addition of radicals onto smaller 

molecules are probably not held for a sufficient time to produce heavier molecules. However, it 

should also be noted that sampling was done through headspace extraction, which is less sensitive 

towards heavy molecules with low volatility. The other classes of explosion products were generally 

below 10%. Particularly, the proportions of hetero-aromatics were comprised between 2.8% and 6.8% 

(average: 4.5%). This shows that, although heteroatoms are partly involved in the process of 

pyrosynthesis of byproducts, their inclusion in molecular rings was very limited. The only exception 

was Re45, where the proportion of hetero-aromatics was slightly larger than that of the other 

explosion products. Proportions of alkanes/alkenes and fatty acids/esters ranged from 1.3% to 9.3% 

(average: 4.1%), and from 1.6% to 5.4% (average: 3.3%), respectively. Therefore, these compounds 

were not very abundant in the GSR profiles. On the contrary, the proportion of chlorinated aromatics 

ranged from 0.7% to 23.5% (average: 7.6%), and consequently represented a significant percentage 

of the chromatograms of some cartridges (i.e., Sa357, Ge357 and Pm45). 

Focusing only on smokeless powder additives and explosion products, results showed that the sum 

of their peak areas was dependent on the type of ammunition. This means that different sources also 

yielded different amounts of GSR by the employed method (Fig. S1 in Electronic Supplementary 

Material). However, no significant correlation between the signals and the initial quantity of 

smokeless powder in the cartridge was observed. In fact, many cartridges with very different initial 

quantities of powder gave similar peak area sums. For instance, Pm45 (5.1 gr of smokeless powder) 

showed comparable signals as Sa357 (17.2 gr). On the other hand, cartridges filled with similar 

powder weights could release different amounts of GSR. This is, for example, the case of Re45 (4.8 

gr), which gave significantly lower signals compared to Se45 (5.0 gr). The diversity of smokeless 

powder ballistic properties (mainly, powder vivacity) is likely to be the cause of these observations. 

In fact, some powders undergo a more or less exhaustive explosion reaction than others and, thus, 

release different amounts of HSSE-detectable compounds.  
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Of the 166 identified compounds, 141 were found to be present in the GSRs of every cartridge, 

making their qualitative compositions very similar. Nonetheless, proportions between compounds 

were significantly different. These can be easily visualised using principal component analysis 

(PCA). Figure 3 shows the plot of the first three principal components after applying PCA solely on 

explosion products and gunpowder additives. GSRs belonging to different sources could be fairly 

discriminated, even if some of them shared quite similar compositions (i.e., Re45 and Se45). In order 

to better appreciate these differences, proportions for some selected compounds were plotted in 

Figure 4.  

Correlations between compounds were calculated, and it was found that molecules presenting similar 

structures were also strongly correlated. This was, for example, the case of phenanthrene and pyrene 

(r = 0.92), benzaldehyde and benzonitrile (r = 0.95), benzaldehyde and biphenyl (r = 0.94), m-

tolunitrile and 1-naphthalenecarbonitrile (r = 0.97) as well as naphthalene and 2-methylnaphthalene 

(r = 0.80). This result is consistent with their formation process, which involves the sequential 

addition of radicals in order to form larger and larger molecules. Consequently, even if different 

proportions of the various explosion products could be released between different cartridge types, 

those sharing similar structures are more prone to be generated at the same time and to be correlated 

within the same ammunition. Moreover, the compounds in the previous couples also shared similar 

chemical properties (i.e., boiling point, vapour pressure and polarity), which makes their extraction 

behaviours very similar and contribute to the high observed correlations.  

Smokeless powder formulation certainly affects post-discharge GSR composition. However, it is also 

true that cartridges using very similar powder formulations (i.e., Se45 and Se357, as well as Ma357 

and Sa357) showed differentiable GSRs. In the same manner, the similitude between the residues 

released by Re45 and Se45 was very interesting because their pre-discharge smokeless powder 

formulations were found to be significantly different (Table 1). It can thus be deduced that other 

factors (e.g., pressure and temperature conditions during the discharge) may play an important role 

and therefore influence the composition of the GSRs. This was also supported by the fact that no 

significant correlation between the composition of the smokeless powders and the respective GSRs 

were observed (i.e., there was no evidence that a powder containing specific additives preferentially 

generated given compounds). Instead, it was already proved that parameters such as burning 

conditions during the combustion of organic matter are particularly relevant in controlling the 

pyrosynthesis of new species [40, 41]. 

 

3.3. Identification of potential target compounds for time since discharge estimation 
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Target analytes for dating purposes should fulfil the following criteria:  

(1) always be released during the discharge (i.e., they should be present in the GSRs released by 

every type of cartridge);  

(2) ideally be present in high amounts;  

(3) their signals should show low intra-variability between the discharge of the same cartridge 

and firearm set; 

(4) their signals should show low inter-variability between different cartridge/firearm sets; 

(5) have a significant evolution during a relevant time range after discharge.  

These characteristics were investigated for each explosion product and smokeless powder additive 

previously identified in GSRs. 

Firstly, variability of compounds at t = 0 h in all the analysed types of ammunition was studied. 

Amongst the identified explosion products and smokeless powder additives, only a few molecules 

were not observed in all the residues (Table S2 in Electronic Supplementary Material). These are 

mainly the heaviest PAHs (chrysene and benzo[a]pyrene), 1,4:3,6-dianhydro-α-d-glucopyranose, 

toluene, phenyl thiocyanate, 1,2,3,4-tetrahydro-1,1,6-trimenthylnaphthalene, isoquinoline, 

nitrotoluene, 2,4-dinitrodiphenylamine isomers, 1-methyl-3,3-diphenylurea (akardite II) and dioctyl 

phthalate.  

Figure 5 shows the distribution of the remaining compounds amongst the cartridges. It is noteworthy 

that smokeless powder additives generally composed a large fraction of the GSRs and were the most 

abundant substances detected in chromatograms (Fig. 5). This is especially true for dibutylphthalate, 

ethylcentralite, diisobutylphthalate, diphenylamine, 2-ethyl-1-hexanol and 2-nitrodiphenylamine, 

which were, on average, the six most abundant smokeless powder additives detected in GSRs. 

Concerning explosion products, their proportions were usually smaller but still significant in many 

cases. In fact, benzonitrile (aromatic nitrile) and naphthalene (2-rings PAH) represented a relatively 

large fraction of each analysed GSR, similarly to phenanthrene (3-rings PAH), carbazole (3-rings 

hetero-PAH), pyrene (4-rings PAH), fluoranthene (4-rings PAH), biphenyl (2-rings PAH) and 

acenaphthylene (3-rings PAH), which were less abundant. Consequently, many aromatics with up to 

4 rings could be quantitatively detected after the discharge of all the analysed types of ammunition.  

Intra-variability was investigated (Fig. 6). It was found that the proportions of smokeless powder 

additives were slightly less reproducible within the different sources than those of explosion products. 

In fact, the mean intra-cartridge RSD values for dibutyl phthalate, ethyl centralite and diphenylamine 

were of the order of 33%, 25% and 48%, while those of benzonitrile, naphthalene and phenanthrene 

were 20%, 22% and 18%, respectively. Globally, medians between mean intra-cartridge RSD values 



 

14 

 

for compounds associated to smokeless powder and those associated to explosion products were 39% 

and 24%, respectively. 

Furthermore, the proportions of smokeless powder additives showed higher inter-variability than 

those of explosion products. In fact, the amount of smokeless powder additives in GSRs often ranged 

from trace to major-compound levels depending on the types of ammunition (Fig. 5 and 6). Inter-

cartridge RSD values for dibutyl phthalate, ethyl centralite and diphenylamine were in the order of 

90%, 102% and 143%, respectively. 2-nitrodiphenylamine reached 198%. For the sake of 

comparison, values for benzonitrile, naphthalene and phenanthrene were considerably lower: 70%, 

67% and 52%, respectively. Globally, medians between inter-cartridge RSD values obtained for the 

compounds associated to smokeless powder and those associated to explosion products were 121% 

and 75%, respectively. 

Aging of compounds over time (t > 0h) was investigated for two specific types of ammunition, i.e. 

Ma45 and Ge45. Table 2 reports the list of compounds for which aging was proved significant in at 

least one of the two tested cartridges. Excluding 1,4:3,6-dianhydro-α-d-glucopyranose (which was 

not observed in all the residues), 27 compounds other than naphthalene were found to significantly 

decrease over the considered time. Amongst them, no other compound associated to smokeless 

powders was observed. Consequently, although smokeless powder additives were amongst the most 

abundant compounds detected in GSRs, they are poorly suitable as target compounds for dating 

purposes considering their large intra- and inter-variability, as well as the absence of significant aging 

in the first 24 hours after the discharge. On the contrary, many explosion products containing up to 3 

aromatic rings showed a significant decrease after 24 h. Substituted benzenes (e.g., xylenes, 

benzonitrile, tolunitriles) were particularly represented. This is surely due to their low boiling points 

that render them very volatile. Additionally, naphthalene, methylnaphthalenes, biphenyl, 

diphenylmethane, biphenylene and acenaphthylene also showed considerable decrease. This does not 

apply to heavier PAHs such as phenanthrene and pyrene, at least during the considered time interval. 

 

4. Conclusions 

Headspace sorptive extraction (HSSE) followed by GC/MS analysis was employed to study the 

characteristics of volatile organic gunshot residues (GSRs) extracted from nine different types of 

ammunition.  

166 compounds were identified. It was observed that a significant proportion of the total ion 

chromatograms was always dominated by smokeless powder additives which do not undergo 

explosion process during discharge. These were mainly amine-based and/or urea-based stabilizers 
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such as diphenylamine and ethyl centralite, as well as their degradation products. Pyrolitic byproducts 

coming from the different explosion pathways were the most variegated group regarding the number 

of different species identified. Most of them were polycyclic aromatic hydrocarbons (PAHs) 

containing 2- and 3-rings (such as naphthalene, fluorene and acenaphthene) and alkyl substituted 

benzenes. PAHs with up to 5 rings (i.e., chrysene) were nevertheless detected in the residues of some 

cartridges. Several molecules presenting hetero-atoms in their structures were also observed. These 

were mostly nitrogen-containing hetero-PAHs (e.g., quinoline and benzoquinoline) and aromatic 

nitriles (e.g., benzonitrile and naphthalenecarbonitrile). Compounds of sulphur and oxygen were also 

identified, but they were less common. Of the 166 identified compounds, 141 were found to be present 

in the GSRs of every cartridge, making the respective qualitative compositions very similar. Despite 

that, it was observed that the final quantitative compositional characteristics of each residue (i.e., 

proportions between the compounds) strongly depend on its source and could thus be very variable 

amongst different types of cartridges. Behaviour of the single compounds was studied more in-depth 

in order to identify adequate target analytes for dating purposes. Smokeless powder additives were 

found to be unsuitable, because their relative quantities were less reproducible between and within 

sources, and also because they did not show any significant decrease during the first 24 h after the 

discharge. On the other hand, many substituted aromatics and PAHs showed acceptable 

reproducibility and aging behaviours. Besides naphthalene, 27 compounds proved to be interesting 

analytes for forensic dating purposes.  

This is the first time HSSE was used for characterising volatile organic compounds found in cartridges 

after their discharge, and also that GSRs from so many sources were compared in the same study. 

The improved extraction sensitivity of HSSE in comparison to SPME allowed new compounds to be 

identified and, thus, to gain a better understanding of the composition, reproducibility and variability 

of the GSR volatile fraction. Many new dating-interesting compounds were found. This could be 

particularly useful for the development of novel approaches to estimate the time since discharge of 

spent handgun cartridges based on multiple analytes. Future works will need to focus on the further 

optimization of the analytical procedure and the development of robust multivariate regression 

models. 
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Abbreviation 

Characteristics Smokeless powder composition 

Calibre Brand 
Bullet mass 

[gr] 
Bullet Type 

Powder weight 

[gr] N
G

 

D
P

A
 

E
C

 

D
B

P
 

2
N

D
P

A
 

A
K

II
 

D
F

 

Ge45 .45 ACP Geco 230 FMJ 6.0 M m M - - - - 

Pm45 .45 ACP PMC 230 FMJ 5.1 M M - - - - - 

Re45 .45 ACP Remington UMC 230 FMJ 4.8 M M - M - M - 

Se45 .45 ACP Sellier & Bellot 230 FMJ 5.0 M M - M m - - 

Ma45 .45 ACP Magtech 230 FMJ 5.5 - - M - - - - 

Ge357 .357 Magnum Geco 158 FMJ 6.3 M M M - - M - 

Se357 .357 Magnum Sellier & Bellot 158 FMJ 6.2 M M - M - - - 

Sa357 .357 Magnum Samson 125 JSP 17.2 M M M M m - m 

Ma357 .357 Magnum Magtech 158 FMJ 14.6 M M M M - - - 

 

Table 1 – Cartridges selected for the study, their characteristics and the composition of their smokeless powders determined by GC/MS (NG = nitroglycerine, DPA = diphenylamine, 

EC = ethylcentralite, DBP = dibutylphthalate, 2NDPA = 2-nitrodiphenylamine, AKII = 1-methyl-3,3-diphenylurea (akardite II), DF = dioctyl fumerate). “M” indicates a major 

compound (>1% of the total area count) and “m” a minor compound (0.2 - 1% of the total area count); “FMJ” indicates full metal jacket bullets and “JSP” jacket soft point bullets. 

Masses are given in grains (1 grain = 64.80 mg). 

 



 

Ref. Compound tR Ge45 Ma45 

7 Ethylbenzene 5.655 x x 

8 m- and p-Xylene 5.795  x 

10 Styrene 6.160  x 

9 o-Xylene 6.241 x x 

28 1-Methyl-1H-imidazole 7.106 x x 

15 Benzonitrile 7.797 x x 

31 Indane 8.673 x x 

32 Indene 8.830  x 

16 o-Tolunitrile 9.518 x x 

17 m-Tolunitrile 9.661 x x 

18 p-Tolunitrile 9.933 x x 

20 Benzyl nitrile 10.611 x x 

33 Methylindene isomer 10.955  x 

34 Azulene 10.990  x 

35 Naphthalene 11.579 x x 

64 Benzo[b]thiophene 11.754 x x 

22 Ethenylbenzonitrile isomer 11.885  x 

3 1,4:3,6-Dianhydro-α-d-

glucopyranose 
12.064 

 x 

23 Ethenylbenzonitrile isomer 12.212  x 

68 Indole 13.943  x 

36 2-Methylnaphthalene 13.983 x x 

37 1-Methylnaphthalene 14.367 x x 

39 Biphenyl 15.908 x x 

40 2-Ethylnaphthalene 16.241 x  

42 Ethenylnaphthalene isomer 16.651  x 

45 Ethenylnaphthalene isomer 17.045  x 

46 Diphenylmethane 17.139 x x 

48 Acenaphthylene 17.515  x 

49 Biphenylene 17.677  x 

 

Table 2 – List of compounds showing significant decrease after 24 h since discharge in at least one of the two tested types 

of ammunition (the “Ge45” and “Ma45” columns indicate for which cartridge the decrease was significant).  



 

 

 

Figure 1 – Example of HSSE chromatogram of a fired cartridge (Samson .357 Magnum, extracted at 80 °C). 

  



 

 

 

Figure 2 – Proportions in TICs of the different compound classes amongst all the analysed GSRs (after extraction at 80 

°C). “PWD” = smokeless powder additives, “EP” = explosion products, “OS” = other sources, and “UNKN” = 

unidentified compounds. Classes coincide with those reported in Table S2 in Electronic Supplementary Material. 

 

  



 

  

 

Figure 3 – Plot of the first 3 principal components (PC) after principal components analysis (PCA) of GSR data (extracted 

at 80 °C). Only data concerning identified explosion products and smokeless powder additives were analysed. Explained 

variance of each PC is reported in brackets. 



 

 

 

Figure 4 – Proportions for some selected compounds amongst cartridges.  

 

  



 

 

 

Figure 5 – Distribution amongst GSRs of the 50 most abundant explosion products and gunpowder additives (after extraction at 80 °C). To improve graph readability, unit of y-

axis is given as the square root of the proportion of the total sum of peak areas. 

  



 

 

 

Figure 6 – Comparison of mean intra-cartridge RSDs and inter-cartridge RSDs amongst the different cartridges for the proportions of the 50 most abundant explosion products and 

gunpowder additives identified in GSRs (after extraction at 80 °C). 
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