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Abstract:
Chemical forensic analysis of explosive residues plays a crucial role in criminal investigations involving explosions
and bombings. These residues, composed of various chemical byproducts, can persist in the environment and provide
valuable evidence for identifying explosive materials used in criminal activities. The detection of these residues
requires highly sensitive and reliable analytical techniques, including Gas Chromatography with Flame Ionization
Detection (GC-FID), Inductively Coupled Plasma Mass Spectrometry (ICP-MS), and Ion Mobility Spectrometry
(IMS). Emerging technologies, such as portable field instruments and advanced spectroscopic methods, are
continuously improving the sensitivity and specificity of residue detection. However, forensic analysis of explosives
residues faces significant challenges, such as environmental contamination, the detection of trace amounts, and
complex mixtures of residues. Legal implications, including chain of custody, evidence handling, and admissibility in
court, are also critical considerations for forensic experts. This paper explores the various methods, challenges, and
legal implications of chemical forensic analysis of explosive residues, offering insights into the effectiveness of current
approaches and their role in criminal investigations.
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L. Introduction
Explosives residues, consisting of chemical byproducts from detonated explosives, are essential in forensic
investigations. These residues can persist in the environment, providing critical evidence to identify the type of
explosives used in criminal activities such as bombings or terrorist attacks (Anderson & Thompson, 2023; Bell &
Peters, 2022). The detection of such residues requires highly sensitive and reliable analytical techniques. Widely used
methods include Gas Chromatography-Flame Ionization Detection (GC-FID), Inductively Coupled Plasma Mass
Spectrometry (ICP-MS), and Ion Mobility Spectrometry (IMS) (Bates & Harrison, 2024; McLaren & Thompson,
2024). Emerging technologies, such as portable field instruments and advanced spectroscopic methods, are enhancing
residue detection by improving sensitivity and specificity (Fisher & King, 2023). However, forensic residue analysis
faces challenges like environmental contamination and the difficulty in detecting trace amounts or complex mixtures.
Additionally, the legal handling and admissibility of residue samples in court are critical aspects of forensic
investigations (Roberts & Lee, 2023). This study delves into these methods, challenges, and legal considerations.
Objectives

1. To evaluate the effectiveness of various residue detection methods, including GC-FID, ICP-MS, and IMS.

2. To explore the potential of emerging technologies for improving sensitivity and specificity in residue
analysis.

3. To examine the impact of environmental contamination on explosives residue detection.

4. To assess the legal implications, focusing on chain of custody and the admissibility of forensic evidence in
criminal investigations.

I1. Explosives Residues and Their Composition
Explosives residues are the chemical byproducts formed when explosive materials detonate. These residues can persist
in the environment and serve as critical evidence in forensic investigations to identify the type of explosives used in
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criminal activities such as bombings or terrorist attacks (Anderson & Thompson, 2023). The composition of
explosives residues varies based on the type of explosive used, and understanding these byproducts is crucial for
detecting and analyzing residues in forensic contexts (Bell & Peters, 2022).
Types of Explosive Materials and Chemical Byproducts
Explosives can be divided into primary and secondary explosives, with each leaving distinct chemical residues upon
detonation.
1. Primary Explosives: These materials are highly sensitive and detonate easily under heat or shock. Examples
include trinitrotoluene (TNT), lead azide, and diazodinitrophenol (DDNP). When detonated, primary
explosives generate byproducts like:

o TNT residues: Common byproducts include 2,4,6-trinitrotoluene and its breakdown products, such
as 2-amino-4,6-dinitrotoluene (McLaren & Thompson, 2024).

o Lead azide: Residues from this explosive typically include lead and nitrogen compounds (Fisher &
King, 2023).

o DDNP: Produces nitrogen-rich residues, such as azides and nitrates (Roberts & Lee, 2020).

2. Secondary Explosives: These explosives are less sensitive and typically used in larger quantities. Examples
include ammonium nitrate, dynamite, and RDX (Research Department Explosive). Upon detonation, they
create residues such as:

o Ammonium Nitrate (AN): Byproducts mainly consist of nitrates and nitrogen oxides (Bates &
Harrison, 2024).

o Dynamite: Contains nitroglycerin, which decomposes into nitro compounds like acrolein and
formaldehyde (Harris & Morgan, 2022).

o RDX: Decomposes to produce compounds such as formaldehyde, acetone, and other organic
nitrates (Jones & Watts, 2020).

3. Other Explosives: Other types of explosives, like HMX (High Melting Explosive) and PETN
(Pentaerythritol Tetranitrate), also leave behind distinctive byproducts. For example, HMX residues consist
primarily of nitrogen-based compounds, while PETN generates organic nitrates upon detonation (Bell &
Peters, 2022).

How Residues Are Deposited and Their Persistence
Explosives residues can be deposited in various ways, depending on the nature of the explosion, environmental factors,
and the materials used.
1. Deposition on Surfaces: Explosive residues can settle on surfaces through fallout, direct impact, or
vaporized residues condensing onto cool surfaces. This process is common when an explosion occurs in
urban areas or near vehicles and structures (McLaren & Thompson, 2024).

2. Absorption by Seil and Water: Explosive residues can also be absorbed by the surrounding soil or water.
For example, ammonium nitrate residues are soluble in water and can be washed away, while other
compounds, like TNT, tend to persist in soil for longer periods (Roberts & Lee, 2020). In many cases, residues
in soil can remain detectable for months or even years after an explosion (Fisher & King, 2023).

3. Transfer to Individuals: Residues can be transferred from contaminated surfaces to individuals through
direct contact with clothing, skin, or even via inhalation of particles in the air. Forensic analysis often includes
testing personal items such as hands, clothing, or bags to determine whether an individual was near an
explosion (Jones & Watts, 2020).
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Persistence of Explosives Residues
The persistence of explosives residues in the environment depends on factors like the type of explosive used,
environmental conditions, and the chemical stability of the residues.
e Environmental Factors: Temperature, humidity, and microbial activity influence the longevity of explosive
residues. For instance, residues in wet environments may degrade more quickly due to chemical reactions
with moisture (Harris & Mitchell, 2019).

e Stability of Residues: Some explosives residues, such as TNT and RDX, are stable and can persist for long
periods, while others, like ammonium nitrate, are more prone to degradation under humid or microbial
conditions (Bell & Peters, 2022).

e Degradation: Over time, explosive residues can degrade into smaller, more volatile byproducts, which are
harder to detect but still provide valuable forensic information. The decomposition of TNT, for example,
results in smaller nitro compounds that are more challenging to identify using traditional detection methods
(Bates & Harrison, 2024).

In forensic investigations, understanding the persistence and degradation patterns of explosives residues is critical for
determining the time frame of an explosion and interpreting evidence related to environmental contamination (Roberts
& Lee, 2020).

II1. Analytical Techniques for Residue Detection

The detection and analysis of explosives residues require highly sensitive and reliable methods to ensure that even
trace amounts of explosive materials are identified. Various analytical techniques are employed in forensic
investigations to detect explosive residues on surfaces, in soil, water, and on individuals. These methods rely on
distinct principles of detection, such as chemical separation, mass spectrometry, and ionization, to identify the
presence of explosive compounds.

1. Gas Chromatography-Flame Ionization Detection (GC-FID)

Gas Chromatography with Flame Ionization Detection (GC-FID) is one of the most widely used methods for detecting
explosives residues. It works by separating volatile compounds in a sample using a gas phase (mobile phase) that
passes through a column containing a stationary phase. As the compounds move through the column, they interact
with the stationary phase, causing them to separate based on their chemical properties. Once separated, compounds
are detected by a flame ionization detector (FID), which detects the presence of ions produced by the combustion of
organic compounds.

GC-FID is particularly useful for detecting organic explosives such as TNT (trinitrotoluene), RDX (Research
Department Explosive), and their decomposition products (Anderson & Thompson, 2023). The main advantage of
GC-FID is its ability to analyze complex mixtures and produce quantitative data. However, this technique is typically
limited to volatile compounds and is less effective for non-volatile substances like lead or other inorganic residues
(McLaren & Thompson, 2024).

2. Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) is a highly sensitive technique used to detect trace metals
and inorganic residues often found in explosives such as lead and barium. ICP-MS utilizes a high-temperature plasma
to ionize the sample, which is then analyzed based on its mass-to-charge ratio. The technique allows for the detection
of metal-based residues like lead azide or barium nitrate, which are commonly used in primary explosives.

ICP-MS offers exceptional sensitivity and the ability to detect residues at very low concentrations, even at the
picogram level, making it particularly useful in forensic investigations of explosives residues (Bates & Harrison,
2024). Additionally, ICP-MS can provide multi-element analysis, allowing for the detection of multiple elements
simultaneously. However, ICP-MS requires sophisticated instrumentation and expertise, and it is less effective for
analyzing organic compounds or complex mixtures of organic and inorganic residues (Fisher & King, 2023).

3. Ion Mobility Spectrometry (IMS)

Ion Mobility Spectrometry (IMS) is another highly sensitive technique that has gained popularity for field-based
explosives residue detection. IMS operates by ionizing the sample and separating the ions based on their size, shape,
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and charge under an applied electric field. The ions are then detected, and their mobility is measured to identify and
quantify the chemical compounds present.

IMS is particularly advantageous for rapid screening in field environments, as it can be performed with portable
instruments. This makes it ideal for use in airports, border crossings, and other high-security areas (McLaren &
Thompson, 2024). IMS is highly effective for detecting low levels of organic explosive compounds such as TNT and
PETN (pentaerythritol tetranitrate) and can be used in combination with swabs or wipes to collect samples from
surfaces or individuals. However, the technique is limited by its sensitivity for certain types of explosives, particularly
those that are less volatile or have larger molecular sizes (Harris & Morgan, 2022).

4. Emerging Technologies for Residue Analysis

In addition to established techniques like GC-FID, ICP-MS, and IMS, several emerging technologies are being
developed to improve the sensitivity, specificity, and portability of explosives residue detection. These technologies
aim to overcome the limitations of current methods, such as the inability to detect non-volatile residues or the need
for sophisticated laboratory setups.

e Surface-Enhanced Raman Spectroscopy (SERS): SERS is an advanced form of Raman spectroscopy that
significantly enhances the signal from trace explosives residues on surfaces. This technique uses
nanostructured substrates to amplify the Raman scattering, making it highly sensitive for detecting low
concentrations of explosive compounds. SERS is particularly useful for detecting both organic and inorganic
residues, including those from explosive devices (Harris & Morgan, 2022). The main advantage of SERS is
its ability to provide rapid, non-destructive analysis, which is ideal for on-site investigations.

e  Mass Spectrometry Imaging (MSI): MSI combines mass spectrometry with imaging techniques, allowing
for the spatial distribution of explosives residues to be visualized directly on a surface or material. This
approach enables the mapping of residues on surfaces such as clothing or other objects without the need for
sample destruction (McLaren & Thompson, 2024). MSI offers a powerful way to understand the spatial
distribution of explosive residues and can provide more detailed information about the source and extent of
contamination.

e Portable Detection Systems: Advances in portable detection systems, including handheld mass
spectrometers, IMS devices, and SERS systems, are making it possible to perform real-time analysis of
explosives residues in the field. These systems are becoming increasingly reliable and cost-effective,
allowing for quick detection at crime scenes, airports, and other security-sensitive locations (Bates &
Harrison, 2024). Portable systems allow law enforcement and forensic experts to conduct preliminary
screening, reducing the time required to gather critical evidence.

5. Challenges and Limitations of Analytical Techniques
Despite the advancements in residue detection technologies, there are several challenges in the forensic analysis of
explosives residues. One major limitation is the detection of trace residues, particularly in complex environments
where contamination from various sources may interfere with the analysis (Jones & Watts, 2020). Environmental
factors such as temperature, humidity, and exposure to UV light can also affect the stability and persistence of
explosive residues, making detection more difficult.
Another challenge is the specificity of the detection methods. While techniques like GC-FID and IMS are highly
effective for specific compounds, they may not detect all explosive residues or the byproducts resulting from an
explosion. Additionally, the need for proper sample collection, preservation, and chain of custody remains a critical
issue in forensic residue analysis to ensure the accuracy and integrity of the evidence (Roberts & Lee, 2023).
IV. Challenges in Residue Analysis
The forensic analysis of explosives residues, while vital for criminal investigations, presents several significant
challenges. These challenges stem from both the technical limitations of current detection methods and environmental
factors that influence the persistence and detectability of explosive residues. Sensitivity issues, environmental
contamination, and the difficulty of detecting trace residues and complex mixtures are among the primary obstacles
faced by forensic experts.
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1. Sensitivity Issues and Environmental Contamination

One of the primary challenges in explosives residue analysis is achieving the necessary sensitivity to detect trace
amounts of explosive compounds. Explosives residues often exist in very low concentrations, particularly after the
explosive event has taken place, which means that even highly sensitive instruments must be capable of detecting
minute quantities of residue (Bell & Peters, 2022). Analytical techniques such as GC-FID, ICP-MS, and IMS can
often detect explosives residues at trace levels, but their sensitivity can be compromised by factors such as
environmental contamination and sample degradation.

Environmental contamination is a significant challenge because forensic samples, such as soil or clothing, may be
contaminated with external substances that interfere with the analysis. For example, residues from other materials
(e.g., fertilizers, industrial chemicals) may be present in the environment and could potentially mask the presence of
explosives residues, leading to false negatives or inaccurate readings (Jenkins & White, 2020). Such contamination
can result from handling or exposure to other compounds during the sample collection process or from the surrounding
environment, which may contain background levels of chemicals similar to explosive compounds.

Additionally, residues can degrade over time due to environmental factors such as humidity, temperature, and
exposure to sunlight. For instance, organic explosives like TNT and RDX are relatively stable but can degrade into
more volatile byproducts under certain environmental conditions, making it more difficult to detect them accurately.
The persistence of explosives residues is not only influenced by their chemical composition but also by factors like
soil type, water content, and microbial activity, which can accelerate or hinder residue degradation (Bell & Peters,
2022).

2. Difficulty in Detecting Trace Residues and Complex Mixtures

The detection of trace amounts of explosives residues is another significant challenge in forensic analysis. Explosive
materials, particularly military-grade or industrial explosives, are often used in large quantities, but the residues left
behind after detonation may be in extremely low concentrations, especially in open or outdoor environments.
Techniques like GC-FID and ICP-MS are highly effective for analyzing higher concentrations of residues but can
struggle to identify trace amounts present in complex environmental matrices (Jones & Watts, 2020).

In addition to sensitivity issues, the detection of complex mixtures of residues is difficult because explosive materials
often decompose into various byproducts, some of which may have similar chemical structures to other compounds
commonly found in the environment. For example, TNT decomposes into several byproducts, including 2-amino-4,6-
dinitrotoluene, which may overlap with compounds commonly found in pollution or industrial waste (Jones & Watts,
2020). As a result, separating and identifying specific explosive residues from a complex mixture requires highly
specialized techniques and a deep understanding of the chemical properties of each compound.

Furthermore, in cases where explosives residues are deposited on surfaces or in porous materials like soil or fabric,
their extraction for analysis can be challenging. Residues may be trapped deep within the material, requiring complex
extraction procedures that may reduce the amount of residue recovered for analysis. Even when the residue is
recovered, it may be so minute that detection is beyond the capability of conventional instruments without advanced
sample preparation techniques (Fisher & King, 2023).

In summary, the primary challenges in explosives residue analysis stem from the sensitivity required to detect trace
levels, the complications caused by environmental contamination, and the difficulty in analyzing complex mixtures
of residues that may have overlapping chemical characteristics. As forensic technology evolves, overcoming these
challenges will require innovations in both detection techniques and the understanding of how residues interact with
their environment (Roberts & Lee, 2020).

V. Legal Implications in Forensic Residue Analysis

Forensic residue analysis, while crucial for criminal investigations, is deeply intertwined with legal processes. The
handling of explosives residue samples, the chain of custody, and the admissibility of forensic evidence in court are
vital considerations in ensuring that the evidence is both reliable and legally acceptable. Legal professionals and
forensic experts must carefully manage and document the entire process from sample collection to presentation in
court, ensuring that the evidence can withstand scrutiny in criminal trials.

1. Chain of Custody and Handling of Forensic Evidence

The chain of custody is a fundamental concept in forensic science, referring to the documentation and tracking of the

IJEETE Journal of Research | ISSN NO: 2394-0573 | Volume 13 | Issue 01 | January -March 2026 |
| Peer-Reviewed |[Refereed | Indexed | International Journal | Journal as per UGC 2025 Standard Guidelines |
www.ijoeete.com



Page |115

movement and handling of evidence from the moment it is collected until it is presented in court. For explosives
residue analysis, maintaining an unbroken chain of custody is critical because any lapse in the process can lead to
questions about the integrity of the evidence, potentially making it inadmissible in court (Hopkins & Rivers, 2019).
Forensic experts must follow strict procedures when collecting, packaging, and transporting residue samples. Each
step must be carefully documented, and any individuals who handle the evidence must be identified and their actions
recorded. Failure to maintain proper documentation or mishandling of evidence can introduce the possibility of
contamination or tampering, compromising the reliability of the residue analysis results (Roberts & Lee, 2020). For
example, if explosive residue samples are not stored under proper conditions (e.g., exposure to extreme temperatures
or contamination by environmental factors), their integrity could be compromised, which might render the results
inadmissible in a courtroom setting.
In addition to maintaining an accurate chain of custody, forensic experts must ensure that the handling procedures for
explosive residue samples comply with established standards. The use of certified equipment, standardized extraction
and analysis methods, and proper training for personnel all contribute to the credibility of the forensic evidence and
its admissibility in court (Fisher & King, 2023).
2. Use of Residue Analysis in Criminal Investigations and Courtrooms
Explosives residue analysis is a powerful tool in criminal investigations, particularly in cases involving bombings,
terrorist attacks, or illegal possession of explosives. By identifying specific explosive materials and their breakdown
products, forensic experts can link suspects to a crime scene or verify the use of particular explosives in a crime (Fisher
& King, 2023). This analysis can help establish critical facts in criminal cases, such as determining whether a suspect
had access to explosives or was present at the scene of an explosion.
However, the use of residue analysis in courtrooms presents several challenges. One major issue is the need for clear,
understandable expert testimony to explain the technical aspects of residue analysis to the court (Roberts & Lee, 2020).
Since explosives residue analysis often involves complex chemical analysis and sophisticated detection techniques,
forensic experts must present their findings in a way that jurors can comprehend, ensuring that the evidence is properly
evaluated.
In some cases, the defense may challenge the reliability of the analysis or argue that the evidence was contaminated
or mishandled during the collection process. Legal challenges may also arise regarding the sensitivity and specificity
of the analytical techniques used to detect explosives residues. For example, if a particular method of analysis is unable
to detect low levels of residue or fails to differentiate between explosives residues and other similar substances, the
defense may argue that the results are not definitive (Hopkins & Rivers, 2019). To counter such challenges, forensic
experts must be able to provide solid evidence of the scientific validity of the methods used and demonstrate that they
were applied correctly.
Moreover, the admissibility of residue analysis in court depends on the standards set by various legal frameworks,
including the Daubert standard in the United States or similar guidelines in other countries, which dictate the criteria
for the admissibility of scientific evidence (Roberts & Lee, 2020). These standards assess the reliability, relevance,
and scientific validity of forensic methods, and failure to meet these standards can lead to the exclusion of evidence.
Conclusion
The forensic analysis of explosives residues plays a pivotal role in criminal investigations, providing valuable evidence
that helps link suspects to explosive events and identify the types of explosives used in crimes such as bombings and
terrorist attacks. While analytical techniques like GC-FID, ICP-MS, and IMS have proven to be effective for residue
detection, challenges such as environmental contamination, sensitivity issues, and the detection of trace residues
remain significant hurdles. Emerging technologies, including portable field instruments and advanced spectroscopic
methods, are continually enhancing the sensitivity and specificity of these analyses, but they must still overcome
limitations in detecting complex mixtures and non-volatile compounds. Furthermore, the legal implications of residue
analysis are critical, as proper handling and chain of custody are essential for ensuring that evidence is admissible in
court. The integrity of forensic evidence hinges on rigorous documentation and adherence to established standards,
which are necessary to withstand legal challenges. As forensic technology advances, addressing these challenges will
be crucial for improving the effectiveness and reliability of explosives residue analysis in criminal investigations.
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