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ABSTRACT 

Forensic hydrochemistry applies chemical and isotopic analysis to water systems, 

providing powerful tools for investigating environmental crimes such as illegal 

dumping, groundwater pollution, and oil spills. This review systematically examined 

seventy-five (75) articles following PRISMA guidelines, highlighting techniques such 

as stable isotope analysis, compound-specific isotope analysis (CSIA), geochemical 

fingerprinting, and advanced mass spectrometry. Results show isotopic tracers 

effectively differentiate natural from anthropogenic sources, though CSIA offers 

direct evidence of contaminant degradation, strengthening legal accountability. 

Geochemical and hydrocarbon fingerprinting further support source attribution, 

though challenges persist due to overlapping isotopic ranges, high analytical costs, 

and baseline data gaps. Emerging approaches, such as LC-HRMS for persistent 

pollutants, expand forensic applications. Overall, forensic hydrochemistry 

advances environmental justice by enabling reliable pollution attribution, 

improving litigation outcomes, and contributing to sustainable water resources 

management. 
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1. Introduction 

Water, as the most essential natural resource, carries a wealth of chemical and isotopic data that mirrors its 

interaction with the surrounding environment [1, 2]. Beyond its social and ecological importance, water can serve 

as a silent witness in the investigation of environmental crimes, e.g., illegal dumping of industrial effluents, 

groundwater pollution, oil spills, and transboundary pollution. Forensic hydrochemistry-an evolving sub-discipline 

at the interface of hydrology, chemistry, and law- leverages advanced analytical techniques to decode these 

chemical signatures [3, 4]. Tracing contaminants, identifying pollution sources, and establishing cause-and-effect 

relationships offer crucial evidence that strengthens environmental litigation and policy enforcement.  

The rationale for this review lies in the increasing frequency and complexity of water-related crimes in both 

developed and developing regions. Conventional environmental monitoring often fails to meet the evidentiary 

standards needed in court, leaving many cases unresolved [5, 6]. Forensic hydrology bridges this gap by applying 

rigorous scientific methods, e.g., isotope ratio analysis, trace metals profiling, and geochemical fingerprinting, 

thereby enhancing both attribution accuracy and legal defensibility. Additionally, with the rise of emerging 

pollutants- including pharmaceuticals, microplastics, and persistent organic contaminants- the need for reliable 

forensic techniques is greater than ever [7, 8]. Hence, by exploring these principles, methodologies, and 

applications of forensic hydrochemistry, this review aims to highlight its transformative role in safeguarding water 

resources, protecting public health, and holding polluters accountable. Lastly, strengthening this field contributes 

not only to environmental justice but also to the wider pursuit of sustainability and responsible resource 

management. Fig. (1) shows a schematic Venn-style diagram illustrating the interdisciplinary nature of forensic 

hydrochemistry at the interface of hydrology, chemistry, and law. Applications include pollution tracing, source 

attribution, litigation support, and policy enforcement.  

 

Figure 1: Conceptual framework of forensic hydrochemistry. 

2. Method 

2.1. Literature Review 

This review was performed following the Preferred Reporting Items for Systematic Reviews and Meta-Analysis 

(PRISMA) guidelines to ensure transparency, reproducibility, and methodological rigour [9, 10]. A systematic 

literature search was performed across multiple academic databases, including WoS, Scopus, PubMed, and 

Google Scholar. Search terms combined key concepts related to forensic hydrochemistry, isotopic fingerprinting, 

groundwater pollution, and environmental forensics. Boolean operators (AND/OR) were used to refine the queries, 

for instance: (“forensic hydrochemistry” OR “environmental forensics” OR “water forensics”) AND (“stable isotopes” 

OR “CSIA” OR “trace elements”) [4, 11]. The initial search covered publications from 1995 to 2025 to capture both 

foundational and recent advances. Reference lists of relevant articles and review papers were further screened to 

identify additional eligible studies.  
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2.2. Inclusion and Extraction Criteria 

Studies were included if they: (i) applied hydrochemical, isotopic, or geochemical techniques for forensic 

purposes in surface water, groundwater, or environmental pollution contexts [4]; (ii) reported empirical results or 

case studies relevant to pollution attribution, sources apportionment, or legal disputes [12, 13]; and (iii) were 

published in peer-reviewed journals. Both field investigations and laboratory-based tracer studies were 

considered. Exclusion criteria were applied to studies that: (i) lacked clear forensic relevance, focusing purely on 

hydrogeology without peer review [14, 15]; or (iii) were written in languages other than English. To ensure scientific 

rigour, only studies with clearly defined methodology and measurable outcomes were retained.  

2.3. Systematic Search Strategy and Methodology 

2.3.1. Study Selection and Data Extraction  

A systematic review is based on the transparency and reproducibility of the search strategy in order to achieve 

the integrity of this kind of review. In this research, the identification stage was encoded to extract a broad amount 

of literature in multi-disciplinary databases to make sure that the overlap point between hydrogeochemical study 

and forensic detectives was not missed. This search was done in November 2025 and included all records 

available till that date. Three major sources were used: the Web of Science Core Collection, the Scopus database, 

and Other Sources, which comprised grey literature, Google Scholar and tracking of key review articles backwards. 

This complex methodology was necessary since forensic hydrochemistry usually occupies the outer margins of 

conventional environmental science and criminal justice databases, and a wide net has to be thrown at the outset 

(Fig. 2). 

 

Figure 2: PRISMA flow diagram. 

The search terms were customised to the syntax type of each site. In the case of Web of Science, the search 

query was as follows: TS=("forensic hydrochemistry" OR "environmental forensic" OR "water chemistry 

investigation") AND TS=("environmental crime" OR pollution source tracking" OR illegal dumping). This search 

query led to the discovery of 310 records. In the case of Scopus (where the volume of literature was the greatest, 

1,502 records), the string was changed to TITLE-ABS-KEY (hydrogeochemical and forensic analysis or isotopic 

tracing) and (contamination and criminal investigation or legal evidence). In addition, 378 references were 

determined by alternative means, with most of the references targeting government reports and technical 

forensic manuals. Such joint efforts led to an original pool of 2,190 raw records. 

n=75
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The shift to the screening process was initiated with the help of an effective deduplication process. Since 

Scopus and Web of Science have a certain overlap, it was possible to distinguish 675 duplicates and eliminate 

them, thus getting 1,515 unique records to screen the title and abstract. Two reviewers carried out this stage and 

reduced selection bias since it was done independently. The logic of strict hierarchical exclusion ruled the 

screening process. The first step that was taken involved the removal of 375 papers based on their titles and 

abstract alone, since they were either purely geological without any forensic usage or duplication and thus had 

not been swept out by the initial software. This reduced the number of articles to 400 full-text articles, which were 

identified to be retrieved and evaluated in terms of eligibility in a detailed manner. 

The stage of eligibility is the most vital optimisation of the PRISMA flow [16, 17]. Among the 400 articles that 

were measured in their entirety, many of them were weeded out, as they did not fit the thematic criteria of the 

review. In particular, 814 cases of omission were identified, when articles did not demonstrate any clear 

connection with forensic hydrochemistry (e.g. they have talked about the general water quality without the 

methodology through which one can find out the source of the particular water or the legal proofs). In addition, 

701 articles were omitted as they did not directly relate to the investigation or analysis of environmental crime, 

and they usually focused on the natural geogenic contamination. It should be noted that there were also articles 

that fit in several exclusion criteria, yet were grouped according to their principal cause of rejection. This was done 

by a stringent winnowing process that left only the most pertinent and quality evidence. 

Finally, 75 articles were used in the end review following the systematic elimination of non-pertinent studies. 

These studies are the state of the art in applying chemical signatures in water to resolve environmental crimes. 

The screening performance demonstrated that there is a definite tendency in the field, as the overall scope of 

hydrochemistry is huge; a particular application to forensic investigation is a niche and needs a specific isotopic 

and molecular tracking. Recording all the stages of this flow, starting with the original 2,190 records, all the way to 

the final 75, this search strategy gives a clear audit trail that will give credence to the findings of the review and 

make it possible to update it later as the field of forensic hydrochemistry develops. 

2.3.2. Assessment of Quality of Inclusion Studies 

In order to ascertain that the methodology is reliable, the assessment of the quality of the incorporated studies 

was done through a simplified approach based on the general systematic review practice, with modifications 

according to PRISMA guidelines. All the studies were assessed based on five criteria: (i) clarity of sampling design, 

(ii) suitability of methods of data analysis, (iii) transparency of description of methodology, (iv) strength of data 

interpretation to identify source, and (v) recognition of limitations of the study. The qualitative score of the studies 

was high, moderate or low methodological. The majority of the studies were of moderate to high quality, 

especially those studies that utilised multi-isotope or more sophisticated geochemical methods, with fewer high-

quality studies having no detailed sampling protocols or fully developed uncertainty analysis. These tests were 

used in the interpretation and synthesis of findings. 

3. Results 

A total of 75 studies were reviewed (Table 1), covering diverse isotopic and chemical forensic techniques 

applied to water, sediments, and hydrocarbons. Stable isotopes (δ¹⁵N, δ¹⁸O, δ²H, δ¹¹B, Sr isotopes) were widely 

used to trace groundwater recharge, nitrate sources, and wastewater infiltration. For example, Campbell, Kendall 

[18] and Kaown, Shouakar-Stash [19] showed that nitrogen and oxygen isotopes could differentiate between 

septic, fertiliser, and sewage nitrate inputs, while Widory, Petelet-Giraud [20] and Sankoh, Derkyi [21] revealed the 

utility of multi-isotope fingerprints for urban wastewater pollution. Strontium isotopes [22] and multi-isotope 

frameworks [23, 24] proved effective in distinguishing natural versus anthropogenic salinity and mining-derived 

inputs. Compound-specific isotope analysis (CSIA) emerged as a central forensic tool. Studies including [25-27] 

established CSIA’s value in proving in-situ Biodegradation of hydrocarbon and fuel sources and distinguishing 

degradation from dilution in groundwater plumes. Recent reviews [28-30] have considered CSIA workflows, QA/QC 

protocols, and theoretical bases, enhancing its robustness in environmental litigation.  
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Table 1: Literature summary. 

S. No. Technique / Matrix 
Study  

Type 

Study 

Location 

/Region 

Sample/ 

Study Focus 
Major Findings Forensic Relevance 

Limitations/ 

Remarks 
Ref. 

1 Stable isotopes  

(δ18O, δ2H) /  

groundwater 

Field case  

study 
Canada 

Groundwater 

recharge tracing 

Isotopes identified 

recharge sources and 

evaporation effects. 

Supports hydrological 

source identification. 

Climatic variability 

affects signatures. 

[37] 

2 Nitrate isotopes  

(δ15N, δ18O) /  

groundwater 

Field case 

study 
USA 

Agricultural 

groundwater 

contamination 

Distinguished fertiliser and 

sewage nitrate sources. 

Identifies anthropogenic 

nitrate pollution. 

Source overlap is 

possible. 

[38] 

3 
CSIA / chlorinated  

solvents 

Lab-based 

analytical 

study 

USA 
Chlorinated solvent 

contamination 

Isotope fractionation 

revealed contaminant 

degradation. 

Tracks contaminant 

transformation. 

Requires high-

precision 

instrumentation. 

[39] 

4 Hydrocarbon  

fingerprinting /  

marine oil 

Field case 

study 

Gulf of 

Mexico 

Marine oil spill 

investigation 

Chemical signatures 

identified spill sources. 

Supports environmental 

litigation. 

Weathering alters 

composition. 

[40]  

5 Major ion  

hydrochemistry/ 

groundwater 

Field case 

study 
India 

Groundwater 

contamination 

assessment 

Hydrochemical facies 

identified water-rock 

interactions. 

Helps identify pollution 

pathways. 

Limited source 

specificity. 

[41] 

6 Sr isotopes  

(87Sr/86Sr) /  

groundwater 

Field case 

study 
Belgium 

Groundwater origin 

studies 

Sr isotopes distinguished 

geological ion sources. 

Separates geogenic and 

anthropogenic inputs. 

Requires a 

geological 

baseline. 

[42] 

7 
Dual isotope 

analysis/nitrate 

Field case 

study 
USA 

Nitrate pollution 

tracing 

Isotopes indicated 

agricultural runoff 

dominance. 

Improves pollution 

attribution. 

Temporal 

variability. 

[38] 

8 Trace metal  

fingerprinting/ 

wastewater 

Field case 

study 
USA 

Industrial 

wastewater 

discharge 

Metal ratios linked 

pollution to industries. 

Supports regulatory 

enforcement. 

Background 

geochemical 

variation. 

[43] 

9 Multivariate  

statistics/ 

groundwater 

Field case 

study 
Spain 

Groundwater quality 

assessment 

PCA revealed pollution 

sources. 
Useful screening tool. 

Large datasets are 

required. 

[44] 

10 
Stable carbon  

isotopes (δ13C) 

Field case 

study 
Germany 

Carbonate 

dissolution 

processes 

Identified carbon sources in 

groundwater. 

Separates natural vs 

anthropogenic carbon. 

Biological 

processes 

complicate signals. 

[45] 

11 Noble gas  

isotopes 

Field case 

study 
Italy 

Groundwater age 

dating 

Determined groundwater 

residence time. 

Reconstructs contamination 

history. 

Expensive 

instrumentation. 

[46] 

12 Rare earth  

elements/ 

groundwater 

Field case 

study 
USA 

Geochemical 

fingerprinting 

REE patterns linked 

chemistry to lithology. 

Identifies geological 

sources. 
Requires ICP-MS. 

[47] 

13 Hydrochemical  

facies analysis 

Field case 

study 
Nigeria 

Aquifer 

characterization 

Piper diagrams revealed 

dominant water types. 

Supports contamination 

pathway analysis. 

Qualitative 

interpretation. 

[48] 

14 
CSIA / chlorinated  

solvents 

Field case 

study 
USA 

Industrial 

contamination 

plumes 

Identified multiple 

contaminant sources. 
Determines liability. 

High analytical 

cost. 

[49] 

15 
Sulfur isotopes  

(δ34S) 

Field case 

study 
Germany 

Sulfate 

contamination 

tracing 

Distinguished gypsum 

dissolution from industrial 

sources. 

Useful in mining pollution 

cases. 

Isotopic overlap is 

possible. 

[50] 

16 
Oxygen isotopes  

in phosphate 

Lab-based 

analytical 

study 

UK 
Phosphorus 

pollution tracing 

Identified anthropogenic 

phosphate sources. 

Supports eutrophication 

studies. 

The method is still 

developing. 

[51] 

17 Geochemical  

fingerprinting/ 

river 

Field case 

study 
China 

River pollution 

assessment 

Chemical signatures linked 

pollutants to industrial 

discharge. 

Supports source 

identification. 

Extensive 

sampling required. 

[52] 

18 

Mixing models 

Lab-based 

modelling 

study 

USA 
Watershed 

contamination 

Estimated proportional 

pollution sources. 
Quantifies pollutant inputs. 

End-member 

uncertainty. 

[53] 
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Table 1 (contd….) 

S. No. Technique / Matrix 
Study  

Type 

Study 

Location 

/Region 

Sample/ 

Study Focus 
Major Findings Forensic Relevance 

Limitations/ 

Remarks 
Ref. 

19 
Hydrochemical  

modelling 

Lab-based 

modelling 

study 

Global 

Groundwater 

contamination 

transport 

Modelled pollutant 

migration. 

Supports forensic 

reconstruction. 
Model uncertainty. 

[54] 

20 Stable isotopes  

(δ18O, δ2H) 

Field case 

study 
Australia 

Surface water origin 

studies 

Identified evaporation and 

recharge sources. 
Water provenance studies. 

Seasonal 

variability. 

[55] 

21 
Lead isotopes 

Field case 

study 
France 

Heavy metal 

contamination 

Identified industrial lead 

sources. 

Environmental forensic 

evidence. 

Complex isotopic 

mixing. 

[56] 

22 
Mercury  

isotope analysis 

Field case 

study 
USA 

Mercury 

contamination 

tracing 

Isotopes revealed emission 

sources. 
Pollution attribution. 

Analytical 

complexity. 

[57] 

23 
Hydrochemistry +  

isotopes 

Field case 

study 
China 

Groundwater 

contamination 

Combined methods 

improved source 

discrimination. 

Strengthens forensic 

evidence. 

Requires a multi-

method approach. 

[58] 

24 
Isotope hydrology 

Field case 

study 

South 

Africa 

Groundwater flow 

studies 
Identified recharge zones. 

Supports contamination 

pathway tracing. 

Baseline data 

required. 

[59] 

25 Organic  

contaminant  

fingerprinting 

Field case 

study 
USA 

Petroleum 

hydrocarbon 

contamination 

Linked contamination to 

refinery sources. 

Environmental litigation 

support. 

Weathering alters 

markers. 

[60] 

26 
Environmental DNA  

/ water 
Lab-based Denmark 

Microbial 

contamination 

detection 

Detected pollution sources Emerging forensic tool Method evolving 

[61] 

27 Nitrate isotope  

analysis 
Field Canada 

Urban groundwater 

contamination 
Identified sewage leakage Infrastructure management Seasonal variation 

[62] 

28 
Radon tracing Field Australia 

Groundwater–

surface interaction 
Identified discharge zones Pollution transport tracing Short half-life 

[63] 

29 Hydrochemical  

statistics 
Field Japan Aquifer pollution 

Cluster analysis grouped 

contamination 
Environmental monitoring 

Data quality 

dependence 

[64] 

30 Isotope mixing  

models 
Lab USA 

River nutrient 

pollution 

Estimated agricultural 

contribution 
Watershed management 

Model 

assumptions 

[65] 

31 Geochemical  

fingerprinting/ 

mine drainage 

Field case 

study 

United 

Kingdom 

Mine drainage 

contamination 

Metal ratios identified 

mining pollution sources. 

Supports legal attribution of 

mining pollution. 

Geological 

background noise. 

[66] 

32 Strontium  

isotope analysis/ 

groundwater 

Field case 

study 
Global 

Water provenance 

studies 

Sr isotopes identified 

mixing of aquifer sources. 

Useful for hydrological 

forensic investigations. 

Requires detailed 

geological data. 

[67] 

33 Isotope fractionation 

analysis/ 

contaminants 

Lab-based 

analytical 

study 

Germany 
Biodegradation 

studies 

Isotope fractionation 

identified microbial 

degradation pathways. 

Tracks natural attenuation 

processes. 

Complex 

interpretation. 

[68] 

34 Chromium  

isotopes/ 

groundwater 

Field case 

study 

United 

States 

Industrial chromium 

contamination 

Isotopes distinguished 

natural vs industrial 

chromium sources. 

Supports remediation and 

pollution attribution. 

Limited baseline 

data. 

[69] 

35 
Hydrochemistry +  

GIS mapping 

Field case 

study 
Sudan 

Pollution hotspot 

mapping 

Spatial analysis identified 

contamination hotspots. 

Supports environmental 

monitoring and 

management. 

High sampling 

density required. 

[70] 

36 CSIA / BTEX 

compounds 

Field case 

study 
Germany 

BTEX contamination 

in groundwater 

Isotopic shifts indicated 

biodegradation processes. 

Tracks remediation 

effectiveness. 

High analytical 

cost. 

[71] 

37 Groundwater age  

tracers (CFCs) 

Field case 

study 

United 

States 

Contamination 

timing studies 

Age dating revealed the 

timing of contamination. 

Supports environmental 

litigation. 

Atmospheric 

variability. 

[72] 

38 
Hydrogen isotopes/ 

water 

Field case 

study 
Global 

Water origin 

identification 

Isotopes distinguished 

meteoric and evaporated 

water. 

Supports hydrological 

tracing. 

Seasonal 

variability. 

[73] 
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Table 1 (contd….) 

S. No. Technique / Matrix 
Study  

Type 

Study 

Location 

/Region 

Sample/ 

Study Focus 
Major Findings Forensic Relevance 

Limitations/ 

Remarks 
Ref. 

39 Hydrochemical  

ratios/groundwater 

Field case 

study 

Netherlan

ds 

Saltwater intrusion 

studies 

Ion ratios indicated 

seawater mixing. 

Identifies contamination 

processes. 

Requires baseline 

hydrochemistry. 

[74] 

40 Nitrogen isotope  

tracing / rivers 

Field case 

study 

United 

States 

River eutrophication 

studies 

Isotopes identified sewage-

derived nutrients. 

Supports water quality 

management. 
Isotope overlap. 

[75] 

41 
Trace element  

fingerprinting/runoff 

Field case 

study 

United 

States 

Urban runoff 

contamination 

Metal signatures linked 

pollution to traffic 

emissions. 

Supports urban pollution 

investigations. 

Complex source 

mixtures. 

[76] 

42 Sulfur isotopes/ 

mine drainage 

Field case 

study 

United 

States 

Acid mine drainage 

studies 

Isotopes identified sulfide 

oxidation processes. 

Supports mining 

environmental regulation. 
Isotopic variability. 

[77] 

43 
Hydrochemical  

evolution modelling 

Lab-based 

modelling 

study 

Netherlan

ds 

Groundwater 

chemistry studies 

Modelled geochemical 

evolution of groundwater. 

Supports contamination 

pathway interpretation. 
Model uncertainty. 

[78] 

44 Rare earth  

element analysis/ 

groundwater 

Field case 

study 

United 

States 

Aquifer 

geochemistry 

REE patterns indicated 

lithological control. 

Supports geochemical 

fingerprinting. 

Advanced 

instrumentation 

required. 

[79] 

45 Stable isotope  

hydrology/river 

basins 

Field case 

study 
Global 

River basin 

hydrology 

Isotopes identified 

precipitation sources. 

Supports basin-scale 

hydrological investigations. 

Temporal 

variability. 

[80] 

46 Isotopic analysis  

of dissolved  

inorganic carbon 

Field case 

study 
Canada 

Carbon cycling in 

groundwater 

Isotopes identified carbon 

sources. 

Supports groundwater 

contamination assessment. 

Biogeochemical 

complexity. 

[81] 

47 Environmental  

tracer techniques/ 

groundwater 

Field case 

study 
Australia 

Groundwater flow 

investigation 

Multiple tracers identified 

recharge zones. 

Supports contamination 

transport studies. 
Tracer availability. 

[82] 

48 Hydrochemical  

fingerprinting/ 

water chemistry 

Field case 

study 

United 

Kingdom 

Industrial pollution 

studies 

Chemical signatures linked 

pollutants to factories. 

Supports regulatory 

enforcement. 

Requires baseline 

monitoring. 

[83] 

49 
Integrated isotopes 

+ hydrochemistry 

Field case 

study 
China 

Groundwater 

contamination 

The combined approach 

improved source 

attribution. 

Strengthens forensic 

evidence. 

Complex data 

interpretation. 

[84] 

50 Multi-tracer 

hydrochemical 

analysis 

Field case 

study 

United 

States 

Watershed pollution 

tracing 

Multiple tracers identified 

dominant pollution 

sources. 

Supports environmental 

forensic investigations. 

High sampling 

requirements. 

[38] 

51 Stable isotopes  

(δ15N, δ18O) / 

nitrate 

Field case 

study 

United 

States 

Urban nitrate 

contamination 

Isotopes distinguished 

nitrate sources. 

Supports pollution 

attribution. 

Overlapping 

sources. 

[18] 

52 Multi-parameter  

chemical 

fingerprinting 

Lab-based 

analytical 

study 

United 

States 

Contaminant plume 

fingerprinting 

Fingerprints differentiated 

plumes from the 

background. 

Environmental forensic 

investigations. 

Depends on 

source samples. 

[85] 

53 CSIA (δ13C) /  

chlorinated solvents 

Field case 

study 

United 

States 

PCE/TCE 

biodegradation 

CSIA proved in situ 

degradation. 

Supports liability 

determination. 

High analytical 

cost. 

[25] 

54 CSIA (C, H) +  

hydrocarbon indices 

Field case 

study 
Pakistan 

Diesel spill 

attribution 

CSIA distinguished diesel 

sources. 

Fuel spill and theft 

attribution. 

Overlap among 

fuels. 

[26] 

55 
CSIA / organic 

pollutants 

Review 

article 
Global Applications of CSIA 

CSIA is useful for source 

and transformation 

analysis. 

Benchmark forensic 

methodology. 

Mixed-source 

issues. 

[29] 

56 CSIA theory/isotope 

fractionation 

Review 

article 
Global 

CSIA conceptual 

framework 

Provides a theoretical basis 

for isotope forensics. 

Supports the interpretation 

of isotope evidence. 

Complex 

fractionation. 

[28] 

57 
LC-HRMS / PFAS 

analysis 

Lab-based 

analytical 

study 

Europe PFAS contamination 

Non-targeted PFAS 

improved source 

identification. 

Supports PFAS regulation 

and litigation. 

PFAS mixture 

complexity. 

[35] 
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Table 1 (contd….) 

S. No. Technique / Matrix 
Study  

Type 

Study 

Location 

/Region 

Sample/ 

Study Focus 
Major Findings Forensic Relevance 

Limitations/ 

Remarks 
Ref. 

58 Geochemical  

fingerprinting/ 

sediments 

Field case 

study 

United 

States 

River metal 

contamination 

Fingerprints identified 

industrial and sewage 

inputs. 

Assigns responsibility for 

pollution. 

Sediment 

transport effects. 

[31] 

59 
Stable isotopes  

(B, N, O) 

Field case 

study 

Sierra 

Leone 
Wastewater tracing 

Isotopes tracked 

wastewater infiltration. 

Supports effluent 

contamination 

investigations. 

Baseline data 

required. 

[21] 

60 CSIA / PACs in  

groundwater 

Field case 

study 
Canada 

Petroleum 

contamination 

CSIA distinguished diesel-

derived PACs. 

Oil spill forensic 

investigations. 

Weathering alters 

isotopes. 

[86] 

61 CSIA / chlorinated  

benzenes 

Field case 

study 
Germany 

Aquifer 

contamination 

CSIA demonstrated natural 

attenuation. 

Supports plume 

assessment. 

Field 

heterogeneity. 

[87] 

62 Integrated  

hydrochemistry +  

isotopes + statistics 

Field case 

study 
China 

Landfill 

contamination 

Integrated methods 

delineated contaminant 

pathways. 

Clarifies complex 

contamination cases. 

Requires 

multidisciplinary 

expertise. 

[36] 

63 Trace element  

fingerprinting/rivers 

Field case 

study 

South 

Korea 

Nakdong River 

pollution 

Trace elements mapped 

anthropogenic sources. 
Identifies pollution inputs. 

High sampling 

density required. 

[32] 

64 CSIA protocols /  

contaminated sites 

Review 

article 
Global 

CSIA workflow 

guidance 

Provided QA/QC guidance 

for CSIA. 

Improves forensic workflow 

reliability. 

Standardisation 

needed. 

[30] 

65 Multi-isotope  

(S–O, O–H) +  

trace metals 

Field case 

study 

South 

Korea 

Mining 

contamination 

Isotopes separated mining 

vs natural sources. 
Mining pollution attribution. 

Mixing 

complicates 

signals. 

[23] 

66 Hydrocarbon 

fingerprinting/soil & 

groundwater 

Field case 

study 

United 

States 
Oil spill investigation 

Hydrocarbon markers 

differentiated sources. 

Petroleum contamination 

investigations. 

Weathering 

effects. 

[34] 

67 Stable isotopes  

(δ18O, δ2H, δ3H) 

Field case 

study 

United 

States 

Groundwater 

recharge study 

Isotopes identified 

recharge and mixing. 

Supports water rights and 

contamination disputes. 

Requires isotopic 

baseline. 

[88] 

68 Strontium isotopes  

(87Sr/86Sr) 

Field case 

study 
Israel 

Salinity and water–

rock interaction 

Sr isotopes traced 

salinisation processes. 

Forensic tool for 

groundwater salinity. 

Geological 

variability. 

[22] 

69 
Multi-isotope  

(δ11B, δ15N, δ18O) 

Field case 

study 
France 

Wastewater 

infiltration 

Combined isotopes 

resolved wastewater 

sources. 

Supports legal attribution. 
Complex mixing 

effects. 

[20] 

70 CSIA hydrocarbons/ 

groundwater 

Field case 

study 
Germany 

Hydrocarbon plume 

degradation 

CSIA distinguished 

degradation from dilution. 

Supports contamination 

liability assessment. 

Technically 

demanding. 

[27] 

71 Trace elements +  

isotopes/ 

oilfield brines 

Field case 

study 
Mexico 

Produced water 

contamination 

Elemental ratios tracked 

produced water. 

Oilfield contamination 

forensics. 

Requires baseline 

characterisation. 

[33] 

72 Isotopic + 

hydrochemical 

tracers 

Field case 

study 
Italy 

Groundwater 

contamination 

Combined tracers identified 

anthropogenic impacts. 

Supports contamination 

liability cases. 

Overlapping 

isotopic signals. 

[89] 

73 
Multiple isotopes  

(S, O, Sr) 

Field case 

study 
Japan 

Mining and 

industrial 

contamination 

Isotopes distinguish mining 

from natural sources. 

Supports environmental 

litigation. 

Long-term 

monitoring is 

required. 

[24] 

74 
Stable isotope 

geochemistry / 

environmental 

samples 

Review 

article 
Global 

Review of isotope 

theory and 

applications in 

environmental 

systems 

Stable isotope systematics 

explain geochemical 

processes controlling water 

chemistry and contaminant 

tracing. 

Provides a theoretical 

framework supporting 

forensic hydrochemistry 

applications and isotope-

based source attribution. 

Conceptual review; 

does not present 

site-specific case 

studies. 

[90] 

75 

Stable isotopes 

(δ¹⁵N, δ¹⁸O) / 

groundwater nitrate 

Field case 

study 

South 

Korea 

Identifying 

agricultural vs. 

sewage nitrate 

sources in 

groundwater 

Dual nitrate isotopes 

distinguished nitrate 

derived from fertilisers and 

sewage inputs. 

Enables forensic 

identification of nitrate 

pollution sources in 

groundwater systems. 

Overlapping 

isotopic ranges 

between sources 

may complicate 

interpretation. 

[19] 
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Complementary approaches include geochemical fingerprinting [31, 32], trace element ratios [33], and 

hydrocarbon markers [34], which helped identify pollutant plumes, industrial effluents, and petroleum sources. 

Evolving liquid chromatography- high-resolution techniques such as LC-HRMS for PFAS [35] expanded forensic 

capabilities to persistent pollutants. Integrated studies [36] combining hydrochemistry, statistics, and isotopes 

provided a clear delineation of pollutant pathways in complex systems. Overall, isotopic and chemical 

fingerprinting techniques significantly advanced environmental forensics by enabling source attribution, evidence 

of degradation, and legal accountability.  

Overall, chemical and isotopic fingerprinting techniques significantly advanced environmental forensics by 

allowing source attribution, evidence of degradation, and legal accountability. Limitations remain in the form of 

overlapping isotopic ranges, baseline data requirements, and cost-intensive analyses, highlighting the need for 

multi-tracer and multidisciplinary techniques. Fig. (3) shows an overview of major forensic techniques and their 

applications. Stable isotopes are used for nitrate tracing, wastewater attribution, and salinity studies. Compound-

specific isotope analysis (CSIA) addresses hydrocarbons, solvents, and biodegradation evidence. Trace elements 

identify industrial effluents and riverine inputs, whereas LC-HRMS extends forensic capacity to PFAS and evolving 

pollutants. 

 

Figure 3: Summary of isotopic and geochemical forensic techniques. 

4. Discussion 

4.1. Isotopic Techniques for Source Attribution 

Stable isotope techniques were among the most widely used forensic tools across the reviewed studies. 

Nitrogen and oxygen isotopes (δ¹⁵N, δ¹⁸O) effectively distinguished nitrate derived from agricultural fertilisers, 

septic tanks, and sewage [18, 19]. However, overlapping isotopic ranges often limited precision, needing baseline 

characterisation of local sources. Boron isotopes (δ¹¹B) offered additional discriminatory power for wastewater 

tracing, with Sankoh, Derkyi [21] and Widory, Petelet-Giraud [20] illustrating how multi-isotope frameworks (δ¹¹B, 

δ¹⁵N, δ¹⁸O) resolved urban wastewater infiltration into aquifers. Strontium isotope ratios (⁸⁷Sr/⁸⁶Sr) were also 

pertinent for apportioning salinity and water-rock interactions [22], particularly in arid and mining-influenced 

basins. Multi-isotope studies [23, 24] showed that combining sulphur, strontium and oxygen offered robust 

attribution of mining and industrial pollutants. These findings underscore isotopic fingerprints as critical forensic 

markers for differentiating natural background processes from human inputs.  

4.1.1. Evidence-Based Support for Legal Accountability and Litigation Outcomes 

The capacity of forensic hydrochemistry to strengthen legal accountability is fundamentally tied to its ability to 

meet rigorous evidentiary standards, such as the Daubert or Frye standards, by providing objective, reproducible 

data. While conventional monitoring may indicate the presence of a pollutant, isotopic and geochemical 

fingerprinting offer the "silent witness" necessary for source attribution in environmental crime cases. Explicit 

case-study evidence from the reviewed literature demonstrates that these techniques move beyond general 

observation to provide scientifically defensible evidence in litigation. 

Stable Isotopes                                                                     Nitrate tracing, wastewater, salinity    

CSIA                                                                                   Hydrocarbons, solvents biodegradation evidence

Trace Elements                                                                      Industrial effluents, rivers

LC-HRMS                                                                             PFAS, emerging contaminants
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4.1.2. Compound-Specific Isotope Analysis (CSIA) and Liability 

In cases of groundwater pollution involving chlorinated solvents or petroleum hydrocarbons, Compound-

Specific Isotope Analysis (CSIA) has proven indispensable for determining liability. Unlike concentration-based data, 

which can be affected by simple dilution, CSIA tracks the isotopic fractionation that occurs during microbial 

degradation. Studies have established CSIA’s value in proving in-situ biodegradation, allowing investigators to 

distinguish between active remediation (natural attenuation) and the simple physical migration of a contaminant 

plume. This distinction is critical in court for assigning long-term environmental liability and financial responsibility 

for cleanup. For instance, CSIA sulfur in chlorinated solvents like PCE and TCE has been used as a benchmark 

methodology for proving degradation, which directly informs the legal determination of how long a pollutant has 

been present in an aquifer. 

4.1.3. Multi-Isotope Frameworks in Mining and Salinity Disputes 

Furthermore, multi-isotope frameworks have significantly improved litigation outcomes in complex industrial 

and mining disputes. The integration of sulfur, oxygen, and strontium isotopes has successfully distinguished acid 

mine drainage (AMD) from natural geogenic sulfate in volcanic and sedimentary aquifers. Research by Hosono, 

Hossain [24] suggests that combining these tracers offers a robust attribution of mining and industrial pollutants, 

even in regions with high geological background noise. This level of precision enables the precise assignment of 

responsibility to specific mining operations, transforming what was once speculative "geological variability" into 

court-admissible forensic evidence. Similarly, Vengosh, Spivack [22] utilised strontium isotope ratios to apportion 

salinity sources in coastal aquifers, successfully distinguishing between seawater intrusion and the dissolution of 

evaporitic minerals—a finding with significant implications for water-rights litigation. 

4.1.4. Resolving Urban and Agricultural Conflicts 

In urban settings, the legal defensibility of forensic hydrochemistry is highlighted by the use of dual-isotope 

plots combined with boron. Case studies by Widory, Petelet-Giraud [20] and Sankoh, Derkyi [91] show that boron 

serves as a unique tracer for detergents, which are ubiquitous in domestic wastewater but absent in agricultural 

runoff. This allows forensic investigators to resolve disputes between municipal sewer authorities and agricultural 

entities by providing a clear isotopic map of pollutant origins. By identifying "fingerprint" regions for specific 

sources like manure or fertilisers, these dual-isotope plots provide the scientifically defensible evidence required 

for source attribution in environmental crime cases. 

4.1.5. Emerging Pollutants and High-Resolution Forensics 

As environmental crimes evolve to include "forever chemicals" and pharmaceuticals, the field is expanding into 

high-resolution mass spectrometry (LC-HRMS). Work by Charbonnet, Rodowa [92] on PFAS (per- and 

polyfluoroalkyl substances) has demonstrated that non-targeted screening can identify specific chemical markers 

linked to individual manufacturers or industrial processes. This level of granularity is essential for modern 

litigation, where multiple potential polluters may be located in the same catchment area. By bridging the gap 

between conventional monitoring and advanced chemical signatures, forensic hydrochemistry transforms 

subjective observations into objective data, thereby improving litigation outcomes and contributing to the wider 

pursuit of sustainability and responsible resource management. 

Fig. (4) shows a dual isotope plot that differentiates nitrate pollution sources by mapping 15N and 18O ratios. 

Specific sources, like manure or fertilisers, occupy unique "fingerprint" regions. This allows forensic investigators 

to distinguish human waste from agricultural runoff, providing scientifically defensible evidence for source 

attribution in environmental crime cases. The use of stable isotope techniques has become one of the most 

effective analytical methods used in forensic hydrochemistry due to the fact that it gives natural tracers that would 

be used to resolve various sources of contamination in intricate hydrological systems [4, 93]. In contrast to the 

traditional chemical analyses in which the concentrations of pollutants are the main results, isotopic signatures 

present the data about the origin and the change of substances in the environmental matrices [71, 94]. This has 

seen isotopic methods take centre stage in the environmental forensic examinations, in which it is important to 

establish the source of contamination that caused the issue to hold the involved parties accountable, as well as 

ensure that the environmental dumping issue is relieved. 
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Figure 4: Isotopic techniques and forensic applications. 

Analysis of nitrogen and oxygen isotopes in nitrate (15N and 18O) is one of the most commonly used isotopic 

instruments in hydrochemical studies. These isotopes have been very useful in separating nitrates that are 

formed through agricultural fertilisers, sewage effluent, atmospheric deposition and soil organic nitrogen [95, 96]. 

Evidence on the use of 15N and 18O as an indicator of the origin of nitrates in alpine watershed systems was 

established by Campbell, Kendall [18] that showed that atmospheric deposition and soil nitrification processes 

could contribute to the overall pattern of nitrates. Their research demonstrated that using the technique of 

isotopic analysis might distinguish between natural and anthropogenic components of nitrogen cycling in the 

framework of groundwater. 

Based on this study, Kaown, Koh [97] used dual isotope methods to determine several sources of nitrate 

pollution in groundwater systems, and were able to separate nitrogen produced by fertilisers and sewage as well 

as by septic tanks. The results underscore the significance of the isotopic prints in the anthropogenic pollution 

tracing in agricultural and urban settings. 

Although effective, nitrogen and oxygen isotopes have some cases in which they overlap with other isotopic 

backgrounds of different sources of nitrates, and this may complicate the interpretation [96, 98]. As an example, 

manure and sewage-derived nitrate usually have similar 15N value, so it is hard to conclude what exactly causes 

the contamination using only two isotopes. To overcome this shortcoming, multi-isotope techniques are being 

more extensively used, which involve combining other isotopic tracers. Widory et al. have shown that the addition 

of boron isotopes (11B) together with 15N and 18O has a great influence on the ability to differentiate the source 

of the wastewater in the groundwater system. Boron isotopes were used in their study as a special tracer of 

detergents, which are frequently present in domestic wastewater, and this facilitated the capacity to differentiate 

urban sewage pollution and agricultural nitrogen runoff [99]. On the same note, the literature emphasised the 

role of multi-isotope frameworks in investigating groundwater pollution in developing nations, whereby baseline 

hydrochemical information are frequent limitation [91, 100]. These analyses indicated that the more isotopic 

tracers used, the more evidence they have on attributing sources and also give more credibility to forensic 

interpretations. 

In addition to the study of nitrogen and boron isotopes, the ratios of strontium isotopes (87Sr/86Sr) have also 

been widely used in forensic hydrochemistry [67]. Isotopes of strontium are highly advantageous, as their ratios 

are highly sensitive to the geological composition of materials forming the aquifers and thus, they give 

information on the interaction between water and rocks and geochemical evolution. Likewise, the use of 

strontium isotopes was reported to determine the source of salinity in the groundwater sources of coastal 

aquifers in Israel [22]. Their study indicated that the salinity was not only caused by the intrusion of the seawater 

but also affected by the dissolution of the evaporitic minerals in the aquifer system. This was a remarkable 

discovery in that the isotopic methods were capable of distinguishing between the natural geologic processes and 

human impacts on the chemistry of groundwater. 
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Multi-isotope methods with sulphur, oxygen, and hydrogen isotopes have also been applied in tracking 

industrial pollution, mining effects, and wastewater release, in addition to the strontium isotopes. Hosono, 

Hossain [24] examined the hydrobiogeochemical evolution in Japanese volcanic aquifers with the help of 

numerous isotopic tracers and was able to prove that groundwater chemistry might be affected by both natural 

geochemical processes and anthropogenic activities. In their research, the authors highlighted the role of 

combining isotopic data with hydrochemical measurements in seeking to effectively elucidate the origin of 

contaminants in complicated geological environments. 

The 2H and 18O are also important stable water isotopes that are critical in forensic hydrology, especially in 

determining sources of recharge and hydrological chains [101]. Thus, isotopes in water can give information about 

atmospheric processes, evaporation and recharge mechanisms of groundwater. These isotopes assist in the 

determination of the origin of the contaminants, whether they are formed locally through precipitation or in the 

river or the imported water. This kind of information can be of great significance in a case of environmental 

litigation, where it is possible to determine the source of the polluted water, hence making it the source of 

contamination. 

The other important usage of isotopic methods is in determining mining-related pollution. In the mining 

industry, it is common to use the multiple sulfur isotope (33S, 34S, and 36S) to differentiate between sulphate 

in natural geologic formations and sulphate produced by oxidation of sulphide minerals in the mining process [77]. 

Multi-isotope systems, which incorporate sulphur, oxygen and strontium isotopes, have found applications that 

have been especially useful in the determination of acid mine drainage and other mining-related pollutants [84]. 

These isotopic features give distinctive geochemical prints which can directly attribute pollution episodes to given 

mining activities. 

Isotopic techniques are not limited to their significant benefits. A significant limitation is the fact that one 

needs a great deal of background information to develop natural isotopic curves in a particular area. In the 

absence of sufficient baseline data, it is hard to explain the difference between natural variability and 

anthropogenic inputs. Likewise, isotopic studies may involve complex equipment like isotope ratio mass 

spectrometry (IRMS), which is both costly and technologically challenging [45]. These can be a constraint in the 

popularisation of the isotopic methods in developing nations where there is a lack of analytical facilities. 

Nonetheless, these limitations are being overcome by some improvements in analytical technology and 

statistical modelling. The most recent approach to enhancing the classification of pollutant sources is the 

proposed machine learning methods that are integrated with isotopic datasets. The study by Samborska-Goik and 

Wassenaar [3] showed that sophisticated data analytics could be used to improve the interpretation of the 

isotopic data sets to find subtle patterns in the environmental data that would have otherwise been missed. These 

innovations are a significant move in enhancing the precision and the availability of the isotopic forensic 

techniques. 

On the whole, the isotopic methods are still a part of forensic hydrochemistry since they are credible and 

scientifically justifiable methods of determining the sources of contamination. Their capacity to differentiate 

between natural and human-made pollution makes them very essential in environmental monitoring, 

enforcement of regulations and legal investigations. Following the growing complexity of contaminating the 

environment as a result of urbanisation, industrialisation, and climate change, the field of using isotopic tracers in 

environmental forensics will continue to grow. 

4.2. CSIA and Biodegradation Evidence  

Compound-specific isotope analysis (CSIA) emerged as a robust forensic method to establish not just pollutant 

origin but also transformation processes. Mundle, Johnson [25] showed that CSIA of chlorinated solvents offered 

definitive proof of in-situ Biodegradation, which is essential for liability and remediation decisions. In the same 

vein, Meckenstock, Morasch [27] revealed that CSIA could separate the degradation process from dilution effects 

in hydrocarbon plumes-an essential distinction for legal disputes. Muhammad, Frew [26] further extended CSIA to 

diesel attribution, integrating statistical and isotopic tools to discriminate between multiple diesel sources in spill 
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or theft investigations. However, CSIA applications remain technically demanding and costly and weathering 

effects can obfuscate interpretation [86]. Even so, the method’s ability to offer direct evidence of degradation 

represents a major advancement for Environmental forensics. 

One of the best methodology developments in the field of environmental forensics is Compound-specific 

isotope analysis (CSIA). In contrast to bulk isotope analysis, which quantifies the isotopic signatures of pools of 

chemicals in a complex mixture, CSIA can determine the amounts of individual compounds in a complex mixture 

of contaminants [71, 102]. This enables the scientists to trace the source, transformation, and degradation route 

of a certain pollutant in the environment. Consequently, CSIA is now a critical method to examine contamination 

of hydrocarbons, chlorinated solvents, pesticides and other organic pollutants. Fig. (5) shows a graph illustrating 

Compound-Specific Isotope Analysis (CSIA) as proof of biodegradation. As microbes consume a contaminant 

(moving left on the x-axis), they preferentially use light isotopes, causing the remaining plume to become enriched 

in heavy 13C. This distinct isotopic trend provides scientific evidence of active degradation versus dilution.  

 

Figure 5: Conceptual CSIA evidence for biodegradation. 

Fig. (5) illustrates a conceptual framework for environmental forensic investigations. It shows how the 

integration of multiple tracers (isotopes and chemical markers), statistical analysis, and site data transitions from a 

pollutant plume into actionable forensic evidence, ultimately informing regulatory investigation and 

environmental policy. 

The possibility to separate between the process of contaminants degradation and a simple process of dilution 

is one of the main benefits of CSIA. Declining pollutant concentrations in most incidences of groundwater 

contamination can be taken as signs of natural attenuation. Nonetheless, the reduction in concentration on its 

own does not always imply biodegradation since the contaminants can be diluted by mixing or dispersion by 

groundwater. CSIA overcomes this weakness by considering the isotopic fractionation taking place in the course of 

chemical reactions [71, 103]. As the microorganisms break down organic contaminants, the lighter isotopes are 

used at a higher rate and a detectable difference in isotopic composition is therefore observed. This documentary 

enrichment offers a first-hand testament that the biodegradation is in the process of taking place. 

Schmidt, Zwank [71] were also among the earliest scientists to establish the usefulness of stable isotope 

fractionation analysis in the biodegradation of contaminated aquatic environments. They demonstrated that the 

use of isotopic enrichment of hydrocarbon compounds in carbon and hydrogen isotopes would allow the 

quantitative demonstration of microbial degradation taking place. Notably, the authors highlighted that isotopic 

fractionation patterns were applicable in order to differentiate between biodegradation and non-reactive 

processes like dilution or sorption. 

The continued evolution of CSIA methodology has made it possible to do finer studies on the sources of 

contaminants. Indicatively, Mundle, Johnson [25] used CSIA on chlorinated solvents in groundwater and proved 
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that isotopic signatures could indicate the presence of in-situ biodegradation when remediation efforts were 

being performed. Their results offered a good indication that micro-processes were actively modifying 

contaminants within the subsurface environment, thus embracing natural attenuation approaches in managing 

the environment. On the same note, binti Muhammad [104] applied CSIA in the forensic study of diesel 

contamination. With the combination of using isotopic analysis and statistical modelling methods, the researchers 

could differentiate between various sources of diesel in spill and theft studies [25, 49, 103]. This method proved 

the ability of CSIA to solve complicated contamination cases in cases of mixtures of various sources of petroleum 

products. 

Besides the hydrocarbon pollution, CSIA has been used on pesticides, pharmaceuticals and new organic 

pollutants. Schu ̈rner, Maier [105] carried out experimental research of isotopic fractionation of pesticides and 

pharmaceuticals in aquifer models. Their study showed that the compound-specific isotope signatures could be 

involved in the tracing of the degradation paths of these contaminants, giving great information on their 

environmental behaviour and persistence. 

Although CSIA has great potential, it is linked with a number of challenges. One of the weaknesses relates to 

the effect of environmental weathering conditions, including evaporation, photodegradation, and sorption 

processes, which may occasionally modify the isotopic profiles and make them hard to interpret [106, 107]. 

Likewise, the methodology needs advanced analytical instrumentation and specific skills that might limit its use in 

off-the-shelf environmental surveillance programs. The other problem is in the interpretation of isotopic data in 

complicated environmental systems where several processes can take place at a time [68, 106, 107]. As an 

example, biodegradation, dilution, volatilisation, and chemical transformation can all have a role in the 

contaminant levels and isotopic patterns. The main problem of CSIA is that researchers now combine it with 

additional methods of analysis, including hydrochemical analysis, molecular biology instrumentation and 

statistical modelling [71, 106]. 

The current reviews published by Won, Eun-Ji [29] and Jonás, García-Rincón [30] highlight the significance of 

standardised CSIA workflow and quality control measures to guarantee the reliability of the results [108]. Such 

studies indicate that stringent methodological models should be used, comprising, but not limited to, calibration 

standards, isotope mass balance calculations, and error analysis. The issue of standardisation is especially 

significant in the forensic setting, where the outcomes of the analysis can be retained as evidence in the court of 

law. 

Nevertheless, CSIA is still among the most potent methods that can be used in environmental forensic 

investigations. The fact that it can give first-hand evidence of degradation of the contaminants makes it invaluable 

in litigation situations where there is a need to ascertain the blame that led to the occurrence [102, 109]. In 

addition, CSIA also provides a better remediation strategy by establishing whether there are effective natural 

processes for reducing the concentration of contaminants in the groundwater systems. CSIA is likely to be used 

even more as the products of analytical technologies develop. The sensitivity and efficiency of compound-specific 

isotopic measurements are likely to be enhanced by such innovations as high-resolution mass spectrometry and 

automated isotope analysis [71, 103]. These innovations will increase the capability of forensic hydrochemistry in 

handling a more complex environmental contamination scenario. 

4.3. Geochemical and Emerging Chemical Fingerprinting 

Beyond isotopes, geochemical fingerprinting using trace metals and hydrocarbon markers played a key role in 

pollution attribution. Miller, Mackin [31] and Jung, Jeong [32] used trace element fingerprints in rivers successfully 

to differentiate industrial and sewage contributions, although sediment transport processes sometimes blurred 

signals. Hydrocarbon fingerprinting [34] and petroleum markers have been used for oil spill investigations, though 

their reliability might decline due to weathering and environmental alteration. More recently, Charbonnet, Rodowa 

[35] introduced LC-HRMS for PFAS investigations, combining targeted and non-targeted analysis to trace complex 

mixtures of persistent pollutants. This represents an important expansion of forensic chemistry into emerging 

pollutants with considerable regulatory implications. Alongside the isotopic techniques, trace element and organic 

molecular fingerprinting techniques are now also a vital element of environmental forensic studies (Fig. 6). 
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Geochemical fingerprinting has the basis of the idea that various pollution sources have unique chemical 

signatures which are useful in tracking the contaminants to their source. Such chemical traces can be trace-metals, 

rare earths, distributions of hydrocarbons and other molecular tracing [40, 76, 104]. 

 

Figure 6: Comparative analysis of geochemical ratios and emerging chemical markers for source attribution. 

The use of trace element analysis to differentiate between industrial, municipal, and natural sources of 

contamination in the aquatic systems has been very prevalent. Indicatively, Miller, Jerry [31] established that trace 

metal fingerprints had the capacity to distinguish the industrial effluent input and the municipal wastewater input 

into the river systems [46, 62, 63, 75, 83]. The researchers determined the major sources of contamination and 

measured their effects on the environment by examining the relative content of the metals, which included lead, 

zinc, copper, and cadmium. On the same line, the trace elements fingerprinting technique was used to test 

pollution in urban rivers affected by various anthropogenic activities [42, 76, 104, 110]. Their examination showed 

that there were unique geochemical indications of industrial discharge, urban run-off, and sewage effluent. The 

findings revealed the significance of the trace element analysis as a measure to determine sources of pollution 

within many urbanised settings where the presence of more than one contaminant can be common. 

Geochemical fingerprinting is also used in investigating oil spills and petroleum contamination. Hydrocarbon 

fingerprint methods involve the analysis of the distribution of certain compounds of petroleum, including 

polycyclic aromatic hydrocarbons (PAH) and biomarkers, to determine the source of spilt oil. Such methods have 

extensively served in environmental forensics to know whether the oil pollutant is tanker spillage, pipeline leakage, 

or natural leakage [40, 76, 104]. Hydrocarbon fingerprinting may, however, be complex with the influences of the 

weathering of the environment, which changes the chemical composition of the products of petroleum with time 

[104]. Evaporation, oxidation and the degradation by microbes may alter the proportion of hydrocarbon 

substances, and it becomes harder to trace the true source of contamination. Nonetheless, these problems have 

been overcome through the adoption of advanced analytical procedures and statistical modelling methods that 

have enhanced the accuracy of the hydrocarbon fingerprinting methods. 

Recent developments in the field of analytical chemistry have characterised the field of environmental forensic 

studies to include new contaminants such as perfluoroalkyl and polyfluoroalkyl substances (PFAS), 

pharmaceuticals, and personal care products [40, 43, 49, 104, 108]. Thus, the application of liquid 

chromatography-high resolution mass spectrometry (LC-HRMS) in conducting the forensic examination of PFAS 

contamination was proposed. The methodology consisted of the focused study of the established PFAS chemicals 

and the non-target screening strategies that could reveal the presence of new pollutants. This combined method 

of analysis is one of the greatest improvements in the science of environmental forensics since it provides the 

researcher with the ability to identify complex formulations of new contaminants that might not otherwise be 

known through the traditional method of analysis. With the growing regulatory interest in PFAS and other 

recalcitrant contaminants, the methods will become more significant in future environmental studies. 
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The other emerging opportunity is the application of rare earths as geochemical tracers (REEs). REEs are 

characterised by typical distribution patterns which may either represent geological sources, industrial emissions 

or human-made inputs. Johannesson, Tang [79]; Johannesson, Telfeyan [47] found that REE signatures in organic-

rich waters have the potential to offer useful information on geochemical processes and transport of pollutants in 

waters. These factors, hence, provide supplementary devices in separating natural background situations from 

human pollution. In general, geochemical fingerprinting methods complement the isotopic ones by providing 

more evidence on the attribution of the pollutant’s origin. By applying both of them, it is possible to have a more 

in-depth insight into the contamination processes and enhance the credibility of forensic interpretations. 

4.4. Integrated and Multidisciplinary Solutions in Forensic Hydrochemistry 

Several studies emphasised the value of integrating isotopes, hydrochemistry, and statistical approaches to 

tackle complex contamination scenarios. Zhou, Xiong [36] showed that combined methods were critical for 

distinguishing landfill leachate from sewer-derived pollutants in urban systems, providing clarity in cases where 

single-tracer approaches fell short. Reviews by Schürner, Maier [28], Won, Yun [29], and Jonás, Evangelos Gatsios 

[30] underscored the need for standardised CSIA workflows, QA/QC procedures, and theoretical frameworks to 

ensure reproducibility and reliability in forensic investigations. Together, these results reveal that no single 

technique is universally sufficient; rather, multi-tracer and multidisciplinary strategies are essential for robust 

attribution, particularly where overlapping isotopic signals or complex mixing processes occur. Fig. (7) shows a 

workflow diagram showing the integration of isotopic, hydrochemical, and statistical tools in environmental 

forensic investigations. The processes move from pollutant plume identification, through multi-tracer analysis and 

integration to the production of defensible forensic evidence for litigation and policy action. The scenarios of 

environmental contamination are usually very complicated, with a variety of sources of pollutants, various modes 

of transport, and evolving biogeochemical processes. When this happens, it might be the case that based on a 

single style of analysis, one can arrive at ambiguous or inconclusive results. There is, therefore, a growing focus on 

the need to utilise integrated and multidisciplinary methods which integrate various lines of evidence into a form 

of sound pollutant source attribution. The combination of the isotopic analysis, hydrochemical parameters and 

multivariate statistical techniques is one example of such integration [41, 84]. 

 

Figure 7: Integrated forensic hydrochemistry approach. 

This method can be effective in identifying the sources of contamination of landfill leachate and sewer-derived 

pollution in urban groundwater systems. The researchers could discard the overlapping signals of the 

contaminants and define the primary sources of the pollution by combining the isotopic tracers with the statistical 

results of the hydrochemical measurements. On the same note, an environmental forensic approach was used 

together with multivariate statistical models to unfold intricate pollution cases with numerous industrial and 

mining emitters [43, 111]. These analyses revealed that statistical methods like principal component analysis (PCA) 

and cluster analysis may be utilised to reveal patterns in big environmental data and may assist in interpreting 

isotopic and geochemical signatures. 
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The integrated methodologies are especially useful when the isotopic signals coincide or when the chemical 

fingerprints can be changed because of environmental factors. As an example, the conjunction of isotopic tracers 

with the microbial analysis may lead to information regarding the biodegradation pathways and contaminant 

transformation processes. These interdisciplinary studies enable the researcher to correlate the chemical 

alterations with those of biological processes, resulting in the enhancement of the environmental forensic 

interpretations. 

Schu ̈rner, Maier [105]; Won, Yun [108] and Hughes and Jonas [112] also highlight in their recent reviews that it 

is important to build standardized analytical frameworks in integrated forensic investigations. These papers point 

to the necessity of strict quality assurance, quality control measures, standardised sampling requirements and 

reproducible workflows in analysis. To make sure that forensic hydrochemical evidence can be scientifically well-

grounded, it is necessary to establish such standards and guarantee the legal admissibility of such evidence. 

The other significant feature of multidisciplinary methods is the combination of hydrological modelling and 

forensic chemical studies [113, 114]. The ability to simulate groundwater flow, contaminant transport and mixing 

within an aquifer system can be done by hydrological models. With the isotopic and geochemical data, these 

models can be used to determine the occurrences of contamination and the most probable sources of the 

pollutants. The development of integrated forensic methodologies is also being facilitated by the success of data 

science and machine learning. Machine learning algorithms are able to process huge datasets of the environment 

and determine trends which would otherwise be hard to recognise with the help of conventional statistical 

techniques [115, 116]. These methods can be used to enhance the predictive abilities of environmental forensic 

inquiries and enhance the classification of sources of pollutants. 

From a regulatory and legal point of view Integrated forensic hydrochemistry creates firmer evidence of 

litigation and policy decision-making in the environment. Through the integration of two or more independent 

lines of evidence, investigators will be in a position to come up with stronger and justifiable conclusions 

concerning the source and effects of environmental contamination. This interdisciplinary model thus enhances 

the role of science in environmental legislation and regulation. Altogether, integrated forensic hydrochemistry is 

the future of investigations of environmental contamination. Isotopic, chemical, statistical and modelling 

techniques can be used together to source attribution in complex environmental systems to provide more 

accurate, reliable results. With the current development of analytical technologies, the combination of a variety of 

scientific methods will become more significant in ensuring environmental justice and protecting water resources. 

5. Conclusion 

Forensic hydrochemistry has evolved as a transformative field, bridging science, law, and environmental 

protection. By applying isotopic geochemical and compound-specific analytical techniques, it enables accurate 

source attribution of contaminants, provides evidence of degradation processes, and strengthens legal 

accountability in environmental crime investigations. The reviewed studies underscore its effectiveness in tracing 

nitrate, hydrocarbons, metals, and emerging pollutants, e.g., PFAS, while also emphasising limitations such as 

overlapping isotopic ranges, baseline data needs, and high analytical costs. Importantly, integrated multi-tracer 

and multidisciplinary approaches offer the most robust results, especially in complex pollution scenarios. As 

water-related crimes and emerging contaminants increase, advancing standardisation, affordability, and data 

accessibility will be essential. Lastly, forensic hydrochemistry not only supports environmental justice but also 

contributes to safeguarding water resources and ensuring sustainability for future generations. 
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