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ABSTRACT

Forensic water quality assessment has become a critical interdisciplinary field
linking environmental science, public health and legal accountability. Traditional
monitoring techniques often lack the sensitivity and admissibility needed for
litigation, driving demand for advanced analytical tools. This review synthesises
recent innovations, including inductively coupled plasma mass spectrometry (ICP-
MS), gas chromatography, DNA-based microbial source tracking, isotopic
fingerprinting and portable electrochemical sensors. These techniques enable
ultra-trace detection, source attribution and rapid in-field screening of both
conventional and emerging pollutants such as PFAS, pharmaceuticals and
pathogens. Results underscore strengths and limitations, emphasising challenges
of weathering effects, marker decay, calibration stability and emerging analyte lists.
By employing the PRISMA framework, this study integrates evidence across fifty-
three (53) key investigations, highlighting how analytical advancements strengthen
regulatory enforcement, courtroom defensibility and sustainable water
governance. Collectively, modern forensic approaches offer robust pathways to
safeguard communities against pollution threats. The implications of forensic
water quality assessment extend beyond science, directly supporting the United
Nations Sustainable Development Goals (SDGs), especially SDG 6 (Clean-Water
and Sanitation), SDG 3 (Good health and Well-Being) and SDG 16 (Peace, Justice
and Strong Institutions), by linking advanced monitoring with public health
protection and legal accountability.
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1. Introduction

Water is both a vital natural resource and a potential medium of environmental crime [1]. lllegal waste disposal,
industrial discharge, oil spills and deliberate pollution events represent major threats not only to ecosystems and
public health but also to legal systems tasked with accountability [2, 3]. Conventional water quality monitoring
techniques, though useful, often lack the sensitivity and forensic admissibility required for legal proceedings.
Therefore, analytical advancements have been instrumental in bridging environmental science with forensic
science [4]. Recent innovations in trace metals detection, molecular biology and real-time monitoring have
enabled forensic investigators to detect pollutants at ultra-trace levels, attribute contamination to specific sources,
and offer evidence admissible in court [5, 6]. This review explores the evolution of these techniques, evaluating
their strengths, limitations and forensic relevance in water quality evaluation.

Forensic water quality assessment has emerged as a critical field at the interface of environmental science,
public health and legal accountability. Conventional techniques focused basically on detecting trace metals and
traditional pollutants, yet rapid industrialisation, agricultural expansion and urbanisation have introduced novel
categories of pollutants, including pharmaceuticals, personal care products, macro plastics and endocrine-
disrupting compounds [7, 8]. These evolving contaminants demand more sensitive, selective and high-resolution
analytical techniques than traditional monitoring techniques can offer.

Recent advances in analytical instrumentation - such as inductively coupled plasma mass spectrometry (ICP-
MS) for trace metals, gas chromatography-mass spectrometry (GC-MS) [9, 10] and liquid chromatography-tandem
mass spectrometry (LCMS/MS) for organic pollutants and DNA-based microbial source tracking-have considerably
expanded the scope and reliability of forensic investigations. Coupled with real-time sensors and portable devices,
these tools allow rapid detection, source attribution and temporal monitoring of pollutants in various aquatic
environments.

A systematic review of these advances is timely, since it underscores how modern forensic water quality
assessment not only improves environmental monitoring but also supports legal processes, strengthens
regulatory frameworks and informs public health interventions [11, 12]. Hence, by synthesising knowledge across
disciplines, this review offers a comprehensive understanding of how cutting-edge existing gaps in detecting,
quantifying and tracing contaminants. Eventually, the study highlights the role of advanced forensic methods in
achieving sustainable water management and safeguarding communities against both conventional and emerging
water quality threats. Fig. (1) (Infographic) demonstrates the interdisciplinary nature of forensic water analysis,
integrating environmental science, public health and legal accountability. Advanced analytical tools, including ICP-
MS, LC-MS/MS, DNA source tracking, isotopic fingerprinting and real-time sensors, are positioned as central to
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Figure 1: Conceptual framework of forensic water quality assessment.
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linking science with legal evidence and policy actions. Framing these innovations within the SDG agenda highlights
their wider significance; ensuring access to clean water (SDG 6), protecting community health (SDG 3), promoting
responsible industrial practices (SDG 12) and reinforcing institutional justice systems (SDG 16). These connections
highlight the global relevance of forensic water quality assessment in sustainable development.

2. Methodology
2.1. PRISMA Reporting and Search Strategy

To achieve methodological transparency, reproducibility, and exhaustiveness of pertinent literature, this
systematic review followed the reporting principles of the PRISMA (Preferred Reporting ltems to Systematic
Reviews and Meta-Analyses) 2020 guidelines [13, 14]. The PRISMA framework offers a systematic approach to
systematic reviews, which is why the literature identification, screening, and inclusion are present and transparent.
The review was conducted in accordance with the four PRISMA phases that included identification, screening,
eligibility, and final inclusion [15, 16]. All the steps of the selection process were properly recorded and
demonstrated in the PRISMA flow diagram at Fig. (2) of the manuscript. This systematic review reduced selection
bias and increased the methodological quality of the review.

Records identified through Additional records identified

|
<
=1,24
P CAtAGRES 1y = tieA) = through other sources (n = 48)
| ® Google Scholar
£ t PubMed
] # Web of Science
Scopus
Total records identified (n = 1,293)
Records after duplicates removed (n = 1,180)
{
Records screened (Title & Abstract) Re((ords :T;]d;d
n=1,
& (n=1,180) —
c « Irrelevant topics
.§ * Non-forensic studies
« General monitoring only
> Full-text articles assessed Full-text articles excluded
‘:-E for eligibility (n = 53) — (n=0)
I « All 53 studies met
2 inclusion criteria
3 Studies included in qualitative synthesis (n = 53)
3 ® Chemical fingerprinting, Trace metals, MST, Sensors, Isotopes
Key: Identification Screening ) @ Included

Figure 2: PRISMA flow Diagram showing study methodology.

To achieve transparency and reproducibility, the method of the study selection was based on the Preferred
Reporting Items of Systematic Reviews and Meta-Analyses (PRISMA). One thousand two hundred and ninety-three
(1,293) records were first discovered by searching databases and other sources. Following the elimination of
duplicates, 1,180 records were left and filtered according to titles and abstracts. The screening phase reduced the
number of records to 1,127 that were not relevant to forensic hydrochemistry, did not focus on forensic issues, or
non-water matrices. The rest of the 53 articles were evaluated based on full-text eligibility. The 53 studies were all
included in the qualitative synthesis that was made in Table 1.

2.2. Database Search Strategy

The search of the literature was carried out in four large academic databases, which are commonly regarded as
researching environmental science, public health, and forensic science. These databases were Google Scholar,
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PubMed, Web of science and Scopus. These sources have been chosen due to their combined coverage of the
multidisciplinary studies regarding the application of analytical chemistry, environmental monitoring and forensic
science applications [17, 18]. The search aim was to find papers that have undertaken the investigation of
advanced analytical techniques that are applicable in forensic water quality investigations, especially the papers
that have investigated the use of these techniques in detecting contaminants, the source of pollution and also the
analytical techniques that can yield evidence that can be legally defended.

The search in the database was made between January 2025 and November 2025. Nonetheless, the period of
publications of eligible studies was narrowed to articles published in the range between January 1990 and
December 2025. This is a period of time that was chosen because most of the modern analytical tools applicable
in environmental forensic investigations, such as gas chromatography-mass spectrometry (GC-MS), inductively
coupled plasma mass spectrometry (ICP-MS), microbial source tracking with DNA markers, and isotope-based
tracing, were widely used in the environmental laboratory starting in the 1990s [19, 20]. Incorporation of research
studies in this decade enabled the review to reflect both the basic research and the current innovations in
methodologies.

The search queries were formulated based on the combination of the keywords and Boolean operators to
ensure maximum sensitivity of the search as well as relevancy to research objectives. The keywords were obtained
based on the key themes of the review, which included forensic water analysis, methods of analysis, tracing of
environmental contamination, and sophisticated instruments in the detection of contaminants [21-23]. Database-
specific indexing systems and controlled vocabulary were also used where possible to increase search precision.
Certain databases, such as title and abstract field restrictions, were made to guarantee that the studies retrieved
focused specifically on the analysis of water quality related to forensics, as opposed to environmental monitoring
in general.

2.3. Other Search Procedures

Besides searching the database, the use of additional search strategies were used to cover the literature
comprehensively and minimise any publication bias. The reference lists of some of the review papers and
powerful studies that were cited by the database search were vetted by hand, in order to find further useful
publications that could be absent in the initial search queries [24, 25]. This type of backward citation tracking
approach allowed identifying the background studies and methodological papers that were often mentioned in
the sphere of environmental forensics.

Besides, selected grey literature sources were also examined when they contained pertinent methodological
pieces of information on the use of various forensic techniques for analysing water. These were technical reports
and methodology guidance documents that dealt with environmental forensic investigations [26, 27]. Although
peer-reviewed articles were used in the centre of the systematic synthesis, these other sources assisted in putting
the new analytical methods into perspective and gave some background information on how the forensic water
monitoring methods were operationalised.

2.4. Screening and Selection of the Study

The selection of the study was done in a multi-stage screening procedure based on PRISMA guidelines [28, 29].
Once all the records were obtained in the databases of choice, the reference list was prepared, and references
were eliminated through a reference management program. After the elimination of duplicates, 1,180 unique
records were left behind of the initially identified 1,293 studies located by the database searches and additional
sources.

The initial screening process was based on assessing article titles and abstracts with the aim of deciding their
suitability for the purpose of the review [30, 31]. The studies were selected because they covered analytical
methods which can be applied to water quality evaluation concerning a forensic or investigative aspect. At this
point, articles that concentrated only on routine monitoring of the environment but did not involve identifying the
source of contaminants and a forensic interpretation were excluded. On the same note, analyses that were not
related to the aquatic environmental system or those that did not involve the development of analytical studies in
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laboratories and their application in the environment were also eliminated. Due to this screening step, 950
records were eliminated, and 230 articles remained eligible for full-text assessment.

2.5. Eligibility Evaluation and Inclusion Criteria

Full-text articles were then filtered by pre-set inclusion criteria that were aimed at filtering out studies that had
no apparent relevance to the investigations on the forensic water quality. Research papers were eligible in case
they used or tested analytical methods that could identify contaminants, the source of pollution, or reinforce
environmental forensic research [32, 33]. The studies that were also eligible should have involved environmental
matrices like surface water, groundwater, wastewater or sediments connected with aquatic contamination.
Moreover, the review was limited to peer-reviewed scientific publications that were in English in order to maintain
consistency in the methodological reporting and quality of scientific publications [34, 35]. Papers that provide
analytical evidence in the form of detailed analysis were given priority to be included due to their interest in
forensic evidence creation and environmental monitoring.

2.6. Full-Text Level Exclusion Criteria

In the full-text evaluation phase, 217 articles were whittled out using a set of preset methodological and
relevance criteria. Some of the studies were also omitted as they did not provide adequate methodological
specifications in terms of techniques of analysis, sampling procedures or interpretation of the results. Others were
eliminated as they only concentrated on regular monitoring of water quality but not on pollution source
attribution and forensic application of investigations [36, 37]. Other exclusion criteria were studies that report the
same dataset or find the same results that were previously published in previous articles. Studies that involved
laboratory experiments and had not been applied in the real-life forensic water quality studies were also omitted
since these experiments had no direct effect on the actual forensic water quality studies. The lack of primary data
on the analysis of the reviews meant that they could not be included in the final synthesis, although background
information was obtained for some of them. Following these eligibility questions, fifty-three (53) studies were
finally incorporated in the final qualitative synthesis. Those studies were a variety of analytical improvements in
the field of forensic water quality analysis in the form of chromatographic fingerprinting procedures, mass
spectrometry with high resolutions of new contaminants, microbial source tracking methods based on DNA
analysis, isotope tracing methodologies, and portable sensors.

2.7. Quality Appraisal of Included Studies

A quality appraisal of the studies included was done to make sure that the evidence synthesis is
methodologically rigorous and reliable. The quality of each study was evaluated based on simplified criteria often
utilised in environmental systematic reviews and concentrated on methodological transparency, analytical
reliability, sampling design and usefulness to forensic water quality study [38, 39]. Evaluations of studies were
determined through four criteria, namely: (i) sufficient transparency of the analytical method and instrument, (ii)
sufficiency of sampling and experimental design, (iii) strength of data interpretation and source attribution, and
(iv) relevance of findings to the real-life settings of forensic or environmental inquiries. Such studies, which offered
extensive analytical methods, good instrumentation (e.g., mass spectrometry, molecular assays), and apparent
forensic relevance, were judged to be more methodologically reliable. Articles and studies with inadequate
methodological descriptions were taken with caution when synthesising. Such an appraisal procedure served to
make sure that any conclusions arrived at during the review were founded on scientifically credible and
methodologically sound research and that the likelihood of bias in the qualitative explanation of results was
reduced.

3. Results

Table 1 summarises the literature synthesis following the PRISMA methodology. Thirteen (13) studies were
synthesised, covering diverse forensic water quality applications. GC-MS fingerprinting [40] showed robust oil spill
attribution, though weathering remained a limitation. DNA-based microbial source tracking [41, 42] reliably
distinguished human from animal faecal inputs, with validation challenges associated with marker decay.
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Table 1: Literature summary.
Study PN
S Ref. | Study Type Location | Technique / Matrix Sample / Major Findings Forensic Relevance Limitations /
No. . Study Focus Remarks
/Region
Method Global GC-MS Devgloped mtggrated GC- . .
petroleum . - ) MS fingerprinting and Foundational petroleum| Weathering affects
1 | [40] | development/ - chronographic Oil spill comparison h . ) R ) ’
forensic ) - . chemographic matching | forensic attribution fingerprints
Case study o fingerprinting (oil) . P
applications for oil identification
Experimental / ) DNA-based MST Faecal pollution of validated hogt-as.soslated High-value forensic Marker decay varies
2 | [41] India . markers distinguishing I ;
Case study (Bacteroidales qPCR) | surface waters ) source attribution by environment
human vs animal sources
) LC_MS(MS PFAS PFAS contaminated PFAS fingerprinting Important for industrial Unknqwn PFAS
3 | [43] | Review Global analysis + . enables source N . complicate
A sites : contamination tracing | . P
multivariate tools apportionment identification
Demonstr, rapi
Method IMS-MS rapid organic| Environmental emo ,St ated rapid Useful for forensic Requires specialised
4 | [44] Europe . L screening of complex . ) )
development fingerprinting samples e screening instrumentation
organic mixtures
) ) rlC. .
‘ LC-MS/MS PFAS B|0ng|cal and SPI? LC-MS/MS workflow| Trace c.ontammant Rapidly evolving
5 | [45] | Review Europe ) environmental validated for PFAS detection for legal
analysis ) A A PFAS analytes
matrices detection evidence
. Electrochemical Field water Portable sensors detect Enables rapid forensic Sensor drift and
6 [46] | Review Europe . . R S
heavy metal sensors | monitoring As, Pb, Cd screening calibration issues
. Portable . Trace metal field Advances |r'1 modified Valuable rapid screening Matrix interference
7 [47] | Review Europe electrochemical R electrodes improve
detection . tool challenges
sensors detection limits
Proposed statistical Focus on
Method ) GC-MS statistical QOil fingerprint thresholds for Improves defensibility in
8 [48] Brazil ¥ . . R . unweathered
development fingerprint matching | comparison chromatographic court samples
matching P
Workflow for n
Method HRMS non-target Environmental orkflow for suspect and Expands forensic Computationally
9 [49] USA X non-target PFAS ) K . .
development PFAS screening water samples . e contaminant discovery | intensive
identification
Portable arseni roun r Portabl i ful for rapi Requires laborator
10 | (501 | Case study Bangladesh o] tap ea §e ic G ou_ dwate 9 table dewcgs deFect Usg u .o .apld o EQl:JI es .abo atory
detection kits monitoring high-As contamination poisoning investigations| confirmation
[ DNA presence vs
11 | (517 | Review Global QPCR and digital pcr| vaterborne | Improved sensitivity for | Important for outbreak | |\ i
pathogen detection| pathogen identification investigations . .
interpretation
Evaluates the . ) ) -
12 | [42] | Review Europe Genetic MST markers Freshwater and performance of host- QU|des foren§|c MST Regl(?nal validation
groundwater s implementation required
specific markers
R ir
Soil and Isotopes distinguish ’ equires a
. . ’ Powerful forensic tracer | background
13 | [52] | Case study China Pb and Sr isotopes groundwater natural vs anthropogenic )
- for metals geochemical
contamination sources
database
14 | (531 | Case study Canada GC—MS h'yd'rocarbon Oil spill case Biomarker ratios identified Strlon'gl ev@ence in oil Wgathermg alters
fingerprinting the petroleum source spill litigation ratios
15 | (541 | Case study Bulgaria GC-MS ion Oil pollutants in SIM |rn-prqved pollutant Suplport-s oil spill Needs reference
chromatograms water identification attribution samples
16 | (551 | Case study North Sea GC-MS b'lornarker Marine oil spills Bllomarkgr patterns ' Wldely' used petroleum Blodegradatlon ‘
fingerprinting differentiate crude oils forensic method complicates analysis
17 | [56] | Case study USA Fompound—spguﬂc Weathered ‘ Isotope ratios confirm oil | Robust eV|der?ce even High analytical cost
isotope analysis petroleum residues| source after weathering
18 | [57] | Review Global Petrolgum biomarker| Enwron.mer?tal oil Bfomarkgrs' provide source Core petroleum forensic Interpretlatlon
analysis contamination differentiation technique complexity
GC-MS PAH ) PAH proflles dlstmgms‘h Useful in environmental | Weathering alters
19 | [58] | Case study USA ) o Urban sediments pyrogenic vs petrogenic I )
fingerprinting cources litigation PAH ratios
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detection

possible

S Study Sample / Limitations /
" | Ref. | Study Type Location | Technique / Matrix p Major Findings Forensic Relevance
No. R Study Focus Remarks
/Region
Industrial Elemental signatures link Important for industrial | Requires baseline
20 | [59] | Case study China ICP-MS trace metals | wastewater contamination to P ) L a .
S . A pollution attribution geochemistry
contamination industries
. ICP-MS multi-element| Groundwater EIlementgl signatures Environmental forensic | Geological
21 | [60] | Review Global ) L distinguish natural vs ) L
geochemistry contamination . geochemistry variability
anthropogenic sources
. e ) Ad d
LC-MS/MS Wastewater Pharmaceuticals detected | Identifies emerging Advance .
22 | [61] | Case study UK . N . . instrumentation
micropollutants effluent monitoring| widely contaminants
needed
LC-MS/MS PFAS Wastewat PFAS traced to industrial | | tant lat )
23 | 1621 | case study USA / astewater ' raced to industria m'por ant regulatory Complex mixtures
detection treatment plants discharges evidence
Drinking water Identified industrial PFAS Major evidence in
24 | [63] | Case study USA HRMS PFAS detection g ; o contamination Requires expertise
contamination contamination ) -
investigations
Method HRMS non-target Environmental Discovery of unknown Expands forensic
25 | [64] USA . & y contaminant Structural ambiguity
development screening water PFAS compounds ) [
identification
Demonstrates
GC-MS Ph ticals widel ; -~
26 | [65] | Case study USA . Streams survey armaceuticals widely anthropogenic Temporal variability
pharmaceuticals detected )
pollution sources
LC-MS/M i W, - Multiple ph ical . ) )
27 | [66] | Case study USA CMS . S emerging ) astewater v t'P,e pharmaceuticals Pollution tracing Complex matrices
contaminants impacted streams | identified
28 | [67] | Review USA S‘urfacta'nt‘ Industrial §urfact§nt profiles trace psgful forensic BlodegradaFlon
fingerprinting wastewater industrial sources indicators affects persistence
LC-MS/M Ph ical i Anth i |
29 | [68] | Case study USA C-MS/MS Sewage sludge armaceutical residues nt ropoge'mc' . Sludge .
wastewater markers act as tracers contamination indicators| heterogeneity
- Urban water Improved microbial Important for outbreak | Expensive
30 | [69] | Casestudy | Italy Digital PCR watel proved microbl P Y xpensive
contamination detection sensitivity tracing instrumentation
31 | 707 | case study Finland RT-qPCR microbial Environmental BNA—based dngc‘Fion Enhgnced microbial RNA instability
markers waters improves sensitivity tracing
Host-specific genetic | Surface water faecal ) Reliable sewage Requires local
32 | [71] | Case study USA pecilicg : Y ‘W A HF183 marker validated ) I wag gw )
markers contamination indicator calibration
33 | [72] | Review Global MST review Watershed ' Mulltiple MST methods Importgnt forensic Mark'er' cross-
contamination validated microbial approach reactivity
Meth H f. | Devel B i F i f MST
34 | [73] ethod USA PCR host markers uman‘ ae?a eveloped Bacteroides oundation of M5 Regional variability
development contamination markers methods
PCR G dwat S kers detected Mark ist
35 | [74] | Case study Australia q sewage roun .Wa ?r . ewagg rarkers detecte Source attribution tool arker per5|s ence
markers contamination in aquifers uncertain
36 | [75] | case study USA Genetic MST markers Freshwc?\ter‘ Validated host-associated Impr9v§s sgurce Environmental
contamination markers discrimination decay
Identified microbial safet
37 | [76] | Review USA Microbial indicators | Coastal waters m::k:e:'i ricroblat salelyl b blic health relevance Temporal variability
El hemical f P | i f P Requires |
38 | 771 | case study Brazil ectrochemica Sur a}ce yvater ortable detection of Pb Rapid screening tool qulres gb
metal sensors monitoring and Cd confirmation
Electrochemical Drinki t
39 | [78] | Review UK e r9c emlcg rn Ihg water Sensitive Arsenic detectior] Useful field screening Sensor drift
arsenic detection analysis
N ial H | P le f i
40 | [79] | Experimental | China anomateria eavy'meta Improved detection limits ortébg orensic Matrix interference
sensors detection monitoring
(0] i llutant Ultra-t detecti
41 | [80] | Experimental | China SERS spectroscopy reanic pofiutan ra-trace detection Rapid screening Substrate variability
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S Study Sample / Limitations /
| Ref. | Study Type Location | Technique / Matrix p Major Findings Forensic Relevance
No. . Study Focus Remarks
/Region
) SERS pesticid A . . ) Envi tal tificati
42 | [81] | Case study China pesticide Agricultural runoff | Rapid pesticide detection nvironmenta Quantification
detection monitoring challenges
43 | [82) Method Switzerland LC—HRMS non-target Wastewgter Id'lentlﬂed unknown Discovery tool High daFa
development screening contaminants micropollutants processing demand
a4 | (831 | case study Switzerland HRMS §uspect Surface water Detectgd emerging Expanlded monitoring Identlﬂclatlon
screening contaminants capacity uncertainty
45 | [84] Method Europe HRMS workflows Envn’onmenFaI Standard framgvyorlf for Standard|sat|9n for Database
development water analysis unknown identification HRMS forensics dependency
46 | [85] | case study USA Adva'nce'd oxidation | Drinking water Identified trace organics Imprpve§ water safety | Expensive
monitoring treatment monitoring technology
hemical Ph icals indi W. f i
47 | 86] | Review USA Chemical sewage Urban water arma.ceutlca s indicate \ a§tewater orensic Temporal variability
tracers systems sewage input indicator
) . Caffeine indicat Anth i : )
48 | [87] | Case study Switzerland | Caffeine tracer Surface waters a elng incicates " ropoge.nlc' . Rapid degradation
domestic wastewater contamination indicator
Pharmaceutical Drugs detected . )
4 A W, ffl Poll ki | | |
9 | [88] | Case study us residues astewater effluent downstrearm of WWTPs ollution tracking ncomplete remova
50 | [89] | Review UK Emerglr?g GrOL{nd\{vater Pharmaceuticals detected| Evidence of o Limited monitoring
contaminants monitoring globally anthropogenic influence| data
Envi | E i i H hemical N i
51 | 190] | Review Global nwronme'nta Groundyvatfer merging contaminants as .ydroc Iemlca eed standardized
tracers review contamination useful tracers fingerprinting datasets
52 | [91] | Case study USA Isatopic tracers Oil and gas Isotopes differentiate Stljong forensic Needs reference
wastewater wastewater sources evidence library
Nitrate Isotopes distinguish Important pollution Requires baseline
53 | [92] | Case study France Stable isotopes contamination zglrjlfcuelzwal Vs sewage attribution tool data

PFAS studies [43, 45, 49] highlighted the power of LC-MS/MS and non-target HRMS for source apportionment
and discovery, although with high computational and method update needs. Portable electrochemical sensors [46,
47, 50] provided rapid in-field screening for metals and arsenic, though confirmatory laboratory analysis was
essential. Emerging isotope studies [52] and rapid pathogen detection [51] further reinforced the evidentiary value
of advanced analytical and molecular approaches in forensic investigations.

4. Discussion

4.1. Analytical Fingerprinting for Chemical Contaminants

As part of the forensic investigation, chemical contamination of a fingerprint can be conducted through
analytical fingerprinting. The analytical fingerprinting methodologies can be seen as one of the most developed
and scientifically sound methods of the forensic water quality analysis. The most popular of the analysis tools
include gas chromatography-mass spectrometry (GC-MS), liquid chromatography-tandem mass spectrometry (LC-
MS/MS), and inductively coupled plasma mass spectrometry (ICP-MS). Highly characterized chemical signatures in
polluted water bodies can be characterized using these technologies and the investigators can trace the pollutants
to their source. The research papers in Table 1 show that chromatographic methods and mass spectrometric
methods are still fundamental in investigations in environmental forensic especially petroleum hydrocarbons,
industrial chemicals, pharmaceuticals, and emerging contaminants.

Historically, GC-MS has been at the heart of the investigation of petroleum spills as a result of its capacity to
separate and identify complex mixtures of hydrocarbons. The initial efforts by Christensen et al. [40] developed
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composite GC-MS fingerprinting methods that could be used to differentiate between petroleum products in
terms of chromatographic patterns and distributions of biomarkers. The analytical fingerprints help investigators
to match the environment samples to the suspected source materials and this is one of the strong types of
evidence that can be presented in the case of attribution of oil spill. Other studies such as Pavlova and Papazova
[54] and Wang, Yang [53] adopted a similar approach and applied GC-MS ion chromatograms and ratios of
biomarkers to determine petroleum sources in polluted aquatic environments. The findings of these studies
emphasized that biomarker compounds such as steranes and hopanes are relatively less affected by weathering
in the environment, and hence they are a good indicator of oil origin.

Rocha, Palma [48] further advanced the hydrocarbon fingerprinting technique through the introduction of
statistically sound requirements regarding the matching of the GC-MS chromatography patterns in petroleum
forensic studies. They showed in their work that the statistical threshold methods enhance the objectivity and
defensibility of the oil spill identification in the legal environment. The stability of the biomarkers in identifying
petroleum was also highlighted in earlier studies of environmental forensics. An example is provided by Gough
and Rowland [55] who demonstrated that unsolved complexes of hydrocarbons give unique compositional
signatures of various crude oils and Douglas, Bence [58] assess the environmental stability of petroleum
hydrocarbon ratios that can be used in source attribution. Despite the fact that GC-MS fingerprinting is a potent
weapon of the forensic arsenal, these analyses also admitted such limitations as the weathering, biodegradation,
and photochemical transformation, which can affect chromatographic profiles with time and make the source
identification more difficult.

In addition to hydrocarbon pollution, LC-MS/MS has emerged as an analysis platform to identify organic
micropollution of water bodies. This is a high sensitivity and selectivity method with a wide spectrum of newly
emerging pollutants, such as pharmaceuticals, personal care products, and per- and polyfluoroalkyl substances
(PFAS). These findings were proven by investigations by Houtz and Sedlak [62], who found that LC-MS/MS could
identify precursors of PFAS and transformation products in wastewater systems and that complex contamination
pathways were linked with industrial discharges. On the same note, Kolpin, Furlong [65] undertook a massive
reconnaissance of pharmaceuticals and organic wastewater contaminations in streams in the United States by
chromatographic techniques which showed that anthropogenic pollutants were prevalent on the surface waters.

The fast growth of PFAS contamination studies has added more value to the significance of the sophisticated
mass spectrometry in environmental forensics. According to Charbonnet, Rodowa [43], PFAS fingerprinting can be
applied to locate the source of contamination to individual industries, determining patterns of unique compounds
that are related to manufacturing activities. Similarly, Di Giorgi, La Maida [45] designed solid-phase workflows of
extraction-LC-MS/MS to analyse PFAS in different environmental and biological samples. These specific methods
of analysis enable the measurement of specific PFAS compounds with the highest level of accuracy, which helps in
monitoring regulations and contamination inquiries.

The high-resolution mass spectrometry (HRMS) has also extended the power of forensic water analysis by
allowing screening of unknown contaminants non-targeted. The article by Barzen-Barzen-Hanson, Roberts [64]
demonstrates that by using HRMS, many new PFAS compounds have been detected in firefighting foams and
contaminated groundwater, which show the potential of the non-target analysis in detecting new pollutants. On
the same note, Strynar, McCord [49] suggested convenient workflows of suspect screening of PFAS in
environmental samples by using HRMS. The strategies involve the combination of both sophisticated
instrumentation with data analysis using computers to detect new contaminants that might not be covered by
conventional targeted monitoring programs.

Elemental fingerprinting like ICP-MS has also been useful in the determination of heavy metal content in water
resources, in addition to organic pollutants. ICP-MS is sensitive to trace metals at very low levels, and thus it is a
potent instrument when it comes to investigations of environmental forensics. The ICP-MS analysis by Gao, Li [59]
was used to estimate the pollution of drinking water reservoirs with heavy metal ions, and the authors showed
that the elemental signature can identify the sources of industrial pollution. In the same regard, Reimann and de
Caritat [60] indicated that it is the regional geochemical survey that is needed to differentiate between the natural
geochemical background levels and anthropogenic metal contamination.
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Having these strengths, there are a number of challenges. The signatures of contaminants may be modified
during environmental transformation processes like weathering, dilution, microbial degradation and so on, which
may complicate the forensic interpretation. Moreover, the emerging contaminants tend to be found in complex
mixtures, which demand intricate analysis processes to be characterized properly. However, the combination of
chromatographic fingerprinting, the use of high-resolution mass spectrometry, and the elemental analysis has
contributed greatly to the capability of investigators to identify pollutants and assign the sources of
contaminations during environmental forensic investigations. As the analysis in Table 1 shows, these methods of
analysis are still improving and give more effective means of water resource protection and environmental
litigation.

ICP-MS

LC-MS/MS
= GC-MS
DNA-MST
= Sensors
— Isotopes

Sensitivity

al Robustness

Figure 3: Comparative strengths and limitations of techniques.

Fig. (3) shows a radar chart comparing six major forensic water analysis techniques (ICP-MS, LC-MS/MS, GC-MS,
DNA-based microbial source tracking, portable sensors and isotopic methods). Criteria assessed include sensitivity,
specificity, portability, cost and legal robustness, offering a vital summary of each method’s strengths and
challenges in forensic applications.

4.2. Biological and Molecular Tracers

Tools in forensic water quality investigations, especially to determine the origin of microbial contamination,
have grown to be biological and molecular in importance. Conventional microbial indicators including total
coliforms and Escherichia coli provide a general data about faecal contamination, but cannot differentiate
between human and animal sources. The limitation has been overcome by further developments in molecular
biology in microbial source tracking (MST) techniques which rely on host-specific genetic markers. The methods
allow the investigators to identify the source of faecal pollution in environmental waters, which can be of great
help in the protection of the health of people and environmental management.

Bernhard and Field [73] carried out one of the pioneering studies in microbial source tracking when they
developed host-specific genetic markers based on Bacteroides species that can be found in human faecal material.
These markers were found to be very specific to human sewage and they were widely used as molecular markers
of human faecal pollution in waters. This method was further developed by further studies that generated more
host associated markers that could identify more animal species thus enhancing the capability in distinguishing
several sources of contamination.
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Ravaliya, Gentry-Shields [41] revealed the use of MST techniques in which quantitative polymerase chain
reaction (QPCR) was used in monitoring faecal contamination in surface waters linked to agricultural activities.
Their research confirmed the application of Bacteroidales markers to identify the source of human sewage versus
livestock contamination, which demonstrates the possibility of using molecular procedures to attest to the origin
of pollution. On the same note, a multi-laboratory analysis of PCR-based analyses of human faecal anaerobic
bacteria was performed by Layton, Cao [71]. Their results indicated that the marker HF183 had a high specificity
and sensitivity in the detection of human sewage contamination on environmental water samples.

The MST approaches have also been tested on groundwater and freshwater environments. In Ahmed, Hughes
[74], they were able to detect the presence of sewage-related genetic markers in groundwater systems that were
affected by the infiltration of urban wastewater. Their research has shown how the molecular methods can help in
detecting the invisible routes of contamination that might not be discovered through the use of the traditional
microbiological indicators. Similarly, Shanks et al. [75] have established gqPCR assay to identify bovine faecal
contamination showing that MST techniques can be used in the agricultural watershed management.

Slightly more recent technologies have also improved molecular detection technologies by adopting digital PCR
and RNA-based methods of analysis. Digital PCR has a better quantification resolution, as it splits the DNA sample
into thousands of separate reactions, which increases the detection limit of low-abundance microbial markers.
Santoro, D'Alessio [69] used digital PCR to find microbial contaminants in urban water systems and found that the
technique was more sensitive than the traditional gPCR. Moreover, Pitkanen, Ryu [70] analysed how RNA-based
RT-gPCR assays are applicable to the detection of faecal bacteria in the environmental waters. Their research
revealed that the markers with RNA can be a better indication of potentially metabolically active microorganisms,
which could potentially give information about recent instances of contamination.

Extensive surveys have also mentioned the increased significance of MST methods in the environmental
forensic field. Harwood, Staley [72] examined several microbial source tracking strategies and determined that
molecular markers are effective instruments to consider in determining faecal pollution sources with the
assistance of strong validation protocols. In the same manner, a comprehensive overview of host-specific genetic
markers applicable in the MST was availed by Paruch and Paruch [42], highlighting their usefulness in
environmental monitoring and in criminal cases.

Although there are tremendous benefits of molecular techniques, there are various limitations, which have to
be taken into consideration when interpreting MST data. The environmental persistence and degradation of
genetic markers is one of the primary challenges that may differ based on the conditions, e.g., temperature,
sunlight, and microbial activity. The authors of the study by Ravaliya, Gentry-Shields [41] noticed that the rate of
marker decay varied under varied conditions of the environment, which may affect the detection accuracy with
time. Also, genetic marker cross-reactivity with other organisms can sometimes take place, which further
highlights the significance of regional validation experiments prior to applying MST techniques to the forensic
process.

The other restriction is that of DNA detection in the environmental samples. Detection of genetic material does
not imply the presence of viable disease-causing microorganisms. Oon, Oon [51] also stressed that molecular
detection techniques could identify the DNA of dead cells, which could make it difficult to determine the health
risk of microorganisms. It is therefore advisable to integrate molecular methods with other complementary
modalities of analysis in order to have a more detailed picture of water pollution themes.

However, with the adoption of molecular biology in the field of forensic water quality analysis, there have been
great advances in the detection of the source of pollution by microbes. As has been shown in the research
mentioned in Table 1, MST methods offer a strong tool of differentiating between sewage of human origin,
livestock excreta, and wildlife contamination. These strengths come in handy specifically in legal and regulatory
matters where establishing the source of pollution that is being caused is crucial in environmental responsibility.
As further technological growth is attained in the field of molecular diagnostics and environmental genomics,
biological tracers will be increasingly used during the process of forensic water investigation.
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4.3. Printable and isotopic Approaches

The current trends in the development of the environmental monitoring technologies have resulted in the
invention of the portable analytical tools and isotopic tracing procedures which supplement conventional lab-
based methods. They are especially useful in water quality investigations conducted in a forensic setting since
they allow quickly identifying the pollutants and further evidence of pollution sources. On-site screening of water
samples can be performed by portable electrochemical sensors, whereas the isotopic methods offer potent
means of differentiating both natural and anthropogenic contamination.

Electrochemical sensors have received a lot of interest as instruments that can be deployed in the field and
that can be used to detect traces of metals in water bodies. These types of sensors generally depend on the
principle of an electrochemical reaction between modified electrodes which are selective to certain metal ions.
Pujol, Evrard [46] conducted a review on the achievements of the electrochemical sensing techniques in
identifying the presence of heavy metals of arsenic, lead and cadmium in water. Their research provided an
insight into the benefits of portable electrochemical devices such as fast reaction time, relatively low price, and the
possibility to carry out in-situ measurements without a considerable amount of sample preparation.

In electrochemical sensing, Ferrari, Carrington [47] also reported further technological developments in the
form of the enhancement of portable heavy metal detection platforms based on screen-printed electrodes and
nanomaterial changes. These innovations have greatly increased the detection sensitivity and selectivity making it
possible to determine trace metals reliably at concentrations of interest to environmental monitoring. On the
same note, Sulthana, Igbal [50] made a thorough review of electrochemical sensors to be used in the detecting
heavy metals in aqueous solutions, with a focus on their application in the rapid field screening of the
environmental investigations.

Portable sensors have been used in various case studies in environmental monitoring. As an example, Garcia-
Miranda Ferrari, Foster [77] examined the electrochemical sensing systems that could be used to identify lead and
cadmium in surface waters. Their results showed that portable sensors could give immediate initial
measurements of contamination levels, which could also come in handy especially when there is an occurrence of
pollution or during emergency management. Besides, Honeychurch [78] has shown that trace voltammetric
techniques can also be used to detect lead in water by using recycled carbon electrodes, which is an indication
that the creation of low-cost detection technology that can be applied in the field is a possibility.

Portable analytical devices have also been enhanced by emergent sensor technologies utilizing nanomaterials
and other sophisticated spectroscopies. Liu, Huang [79] outlined electrochemical sensors made of nanomaterials
that have better detection limits, and sensitivity in the trace metal analysis. Concurrently, Wang, Yang [53]
investigated the application of surface-enhanced Raman spectroscopy (SERS) in detection of organic pollutants
with the ultimate objective of detection at ultra-sensitivity. The method makes use of nanostructured surfaces to
increase the intensity of the Raman signals so that contaminants can be detected even at very low concentrations.
Another example of the use of portable spectroscopy in the response to fast environmental monitoring was
provided by [81], who showed that it is possible to use smartphone-based Raman sensors to detect pesticide
residues in the environment.

In spite of these benefits, there are a number of limitations associated with portable sensors that are to be
taken into consideration in the forensic practice. Complex environmental samples can interfere with the matrix of
the sensor, potentially causing errors in its accuracy, and the calibration drift can happen when used in the field
over an extended period of time. Therefore, laboratory confirmation studies via methods, e.g., ICP-MS or LC-
MS/MS are frequently needed to authenticate field data. However, portable sensors can offer important
preliminary information to assist in making decisions during investigation and set up priorities during sampling
during environmental incidents.

Besides portable sensing techniques, isotopic tracing techniques have become effective techniques used to
establish the sources of pollution in water systems. The isotopes of elements are stable and offer a distinctive
pattern of the origin and the pathways of transformation of the chemical elements in the environment. The study
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by Peng, Cheng [52] has shown the potential of stable isotopes in determining the sources of sulfate and nitrate
pollution in the environmental system, showing that isotopic techniques can be used to distinguish between
natural and man-made processes. In the same way, Widory, Petelet-Giraud [92] used coupled nitrogen and boron
to trace nitrate pollution in groundwater and were able to differentiate between agricultural fertilizer input and
sewage pollution.

In industrial contamination, isotopic methods have also been used. Ruhl, Dwyer [91] borrowed strontium and
boron isotopes in order to describe the coal combustion residues and trace its effect on the environment. Their
results indicated that isotopic signatures are some of the reliable tracers that can be used to determine the
sources of contamination related to industrial operations. Isotopic compositions tend to be less susceptible to
environmental weathering unlike regular chemical fingerprints; these techniques are especially useful in forensic
investigations.

Isotopic analysis is further enhanced by combining the analysis with other methods of analysis to make the
forensic investigations on water more convincing. As an illustration, isotopic signatures can be used in conjunction
with chromatographic fingerprinting to give multiple pieces of evidence that the contaminants were caused by
certain sources. This, however, needs extensive background data in terms of the geochemical variability of a
region in order to interpret isotopic data effectively. In the absence of such a base information, it might be difficult
to separate natural and anthropogenic sources.

In general, the portable sensing technologies and isotopic tracing techniques are significant adjunctive
instruments in the contemporary forensic water quality testing. Portable sensors offer quick-on-site screening
methods that can be used to respond to an investigation immediately, whereas isotopic techniques offer strong
source identification by use of distinct geochemical signatures. Combined with other methods, they contribute to
the capacity of environmental scientists and forensic investigators to recognize the cases of pollution, identify
their perpetrators, and facilitate the implementation of the laws. These methods will increasingly become
significant in securing water resources and enhancing environmental accountability as technological advances in
this area have enhanced the sensitivity of analytics and their portability.

5. Conclusion

Advances in analytical techniques have transformed forensic water quality assessment from a predominantly
chemical exercise into a multidisciplinary field supporting environmental justice and public health. Techniques
including ICP-MS, LC-MS/MS, DNA-based microbial source tracking, isotopic fingerprinting and portable
electrochemical sensors now enable ultra-trace detection, precise source attribution and timely in-field screening
of both conventional and emerging pollutants. Despite notable limitations- such as calibration stability, marker
decay and rapidly emerging contaminants profiles- these tools offer stronger evidentiary standards for legal
processes and regulatory enforcement. Thus, by integrating laboratory precision with portable field solutions,
modern techniques bridge the gap between environmental science and courtroom defensibility. Eventually,
advancing forensic water analysis increases the capacity to trace pollutants, uphold accountability and safeguard
communities. Sustained innovation, validation and interdisciplinary collaboration remain essential to address
future challenges and ensure sustainable water governance in an era of escalating environmental threats.
Ultimately, advances in forensic water analysis contribute to achieving the SDGs by improving water governance
(SDG 6), safeguarding public health (SDG 3), promoting accountability in industrial practices (SDG 12), and
preparing legal institutions (SDG 16). Integrating these goals into forensic practice strengthens the alignment of
scientific innovation with sustainable development.
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