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Abstract 

In an era of escalating global energy demands and increasingly complex hydrocarbon exploration, geochemical 

methods have emerged as critical tools for deciphering petroleum systems, enabling efficient resource discovery 

and sustainable management. This review synthesizes contemporary geochemical methodologies—focusing on 

biomarkers and isotopic analysis—to elucidate hydrocarbon origins, migration pathways, and their industrial 

applications, addressing both conventional and unconventional reservoirs. Through a systematic evaluation of 

advancements in molecular and isotopic geochemistry, including techniques such as gas chromatography × gas 

chromatography (GC×GC), high-resolution mass spectrometry (HRMS), and compound-specific isotope 

analysis (CSIA), this review analyzes their practical implementation via case studies from prolific basins like 

the Pre-Salt Brazil (lacustrine carbonates) and Niger Delta (mixed terrestrial-marine systems). Key findings 

reveal that geochemical tools reduce exploration risks by up to 30% through precise source-reservoir 

correlations (e.g., oleanane in Tertiary oils) and migration route identification (e.g., diamondoids in long-

distance transport). Case studies highlight the efficacy of biomarkers in diverse environments, while challenges 

such as diagenetic overprints and low biomarker yields in shale reservoirs underscore the need for innovative 

solutions. Using geological data together with various exploration methods enables probability-driven 

forecasting that leads to sustainable drilling technologies and general scientific progress. Through this 

collaborative effort the recovery of resources becomes optimal while meeting international energy transition 

goals which prove the lasting importance of geochemical investigations in modern times. 

Keywords: Biomarkers, Isotopic Analysis, Hydrocarbon Migration, Source Rock Correlation, Petroleum 

Systems, Sustainable Exploration 
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I. Introduction 

The world depends on hydrocarbons to meet more than 80% of its primary energy requirements 

although sustainability efforts backed by renewable sources grow rapidly (Dembicki, 2022). The diminishing 

conventional petroleum reserves have triggered an absolute dependence on modern exploration systems to 

detect hydrocarbons buried within complex geological systems. Geochemistry stands as an essential discipline 

that provides exceptional knowledge about how hydrocarbons originate and move and transform according to 

Xu et al. (2024).Organic molecules possess signatures which scientists can use to conduct geochemical analysis 

between historical biological products and their natural formation point and existing geological locations. These 

analytical methods show the hydrocarbon migration chronology and direction along with thermal history and 

post-production modifications which render them essential for lowering drilling exploration hazards and 

maximizing production from both standard and unconventional petroleum accumulations (Hu et al., 2024).The 

analysis collects geochemical investigation progress focused on biomarker analysis and isotopic techniques for 

resolving hydrocarbon exploration limitations (Ramkumar et al., 2021). The evaluation investigates 

contemporary techniques including gas chromatography × gas chromatography (GC×GC) and compound-

specific isotope analysis (CSIA) since they optimize molecular and thermal dataset resolution. The practical 

usage of these methods emerges from real-world studies of hydrocarbon reserves held in lacustrine carbonates 

of the Pre-Salt Brazil and the Niger Delta's mixed terrestrial-marine systems (Joel and Oguanobi, 2024).  

This paper presents a structured examination that connects conceptual frameworks to practical 

applications while starting with a source rock evaluation framework followed by discussion of modern 

analytical development. The conclusion presents a projection about how multidisciplinary methods together 

with modern technologies will enable geochemical information to support worldwide CCUS transition 

frameworks according to Feng et al. (2023). This review demonstrates how geochemistry changes hydrocarbon 
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exploration outcomes through scientific methodologies and practical case examples which guide researchers and 

industry professionals in petroleum systems investigation (Zhang et al., 2022) (Figure 1). 

 

 
Figure 1: The Petroleum System. After Marinović, Slavica. (2021). 

 

II. Fundamental Principles of Geochemistry in Petroleum Systems 

2.1 Source Rock Characterization: 

Petroleum geochemistry evaluations for source rock quality start with organic richness and source 

potential analyses using Total Organic Carbon (TOC) tests to measure sedimentary organic matter carbon 

content (Guoxin et al., 2023). The standard for hydrocarbon production through source rocks stands at 2% TOC 

but this level depends on kerogen type which Rock-Eval pyrolysis determines (Figure 2). The analytical TOC 

method both determines organic matter content as well as assigns kerogen types I–IV through hydrogen and 

oxygen index reading which tracks their formation origins and hydrocarbon potential (Wang et al., 2022) 

(Figure 3). Kerogen that originates from algal/bacterial matter forms Type I oil-prone deposits while Type III 

terrestrial plant debris mainly produces gas. Kerogen Type IV shows low generation potential because of its 

inert composition and carbon prevalence. Biomarkers that include steranes and hopanes function as molecular 

fingerprints which link hydrocarbon sources to biological precursors and spatial deposition environments (He et 

al., 2022). The presence of dinosteranes in sediments indicates the influence of aquatic dinoflagellates while 

oleanane signals the presence of angiosperm life during Tertiary time in terrestrial ecosystems. Crooked ratios 

of pristane and phytane remain preserved by diagenetic processes that reveal vital paleoenvironmental 

information about water oxygenation levels (Song et al., 2022). 

Organic matter conversion into hydrocarbons through thermal maturation is measured with two 

fundamental parameters which consist of vitrinite reflectance (%Ro) together with Rock-Eval Tmax (Nair et al., 

2025). Thermal windows can be determined by examining vitrinite reflectance through optical microscopy 

because immature stages (biogenic gas) occur below 0.6% Ro while the oil window (catagenesis) generates 

between 0.6 and 1.3% Ro and gas generation (metagenesis) exceeds 1.3% Ro (Figure 4 and 6). Tmax, the 

temperature at peak hydrocarbon generation during pyrolysis, offers a complementary maturity metric (Wang et 

al., 2023). The C29 sterane fraction 20S/(20S+20R provides indicators to advance maturity assessments through 

its isomerization pattern (Figure 7). Scientific data shows that measuring a ratio value near 0.55 points to the 

peak generation period of oil yet higher ratios suggest gas maturity. Combining these quantitative indicators 

allows predictions of reservoir hydrocarbon existence and developmental periods which serve crucially to locate 

profitable petroleum reserves (Huang et al., 2025). 

The technique of isotopic geochemistry enhances petroleum sourcing analysis through the use of stable 

isotope measurements (δ13C, δ2H) which separate biogenic hydrocarbons from thermogenic hydrocarbons 

(Liang et al., 2024) (Figure 8). The shallow production of biogenic methane shows δ13C values less than -55‰ 

due to microbial origin yet thermogenic methane with δ13C higher than -50‰ results from kerogen cracking at 

deeper subsurface levels (Figure 8). The analysis of compound-specific isotopes in CSIA enables scientists to 

examine the atomic signature of distinctive oil compounds such as n-alkanes for biological oil segregation and 

product degradation assessments (Bartosiewicz et al., 2023). Clumped isotope geochemistry (Δ47) determines 

carbonate 13C-18O pair bond temperatures independently to recreate thermal evolutions without depending on 

assumptions needed for classic isotopic approaches. The Permian Basin use of Δ47 helped resolve blocked 

burial history questions that established when hydrocarbon formation occurred in relation to trap formation (Ji et 

al., 2024).Together, these geochemical tools—source rock characterization, thermal maturity indices, and 

isotopic tracers—form an integrated framework for reconstructing petroleum systems (Beck et al., 2024). 

Challenges such as diagenetic alteration of biomarkers or calibration complexities in clumped isotopes persist, 
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yet advancements in high-resolution mass spectrometry and machine learning are refining interpretations (Liu et 

al., 2024). By correlating molecular, thermal, and isotopic data with geological models, geochemists reduce 

exploration risks, exemplified by the Pre-Salt Brazil success, where biomarker-guided drilling targeted 

lacustrine carbonates with precision. As unconventional plays and energy transition strategies (e.g., CCUS) gain 

prominence, these methodologies will remain pivotal in navigating the evolving energy landscape (Rial, 2024). 

 

 
Figure 2: Schematic graph showing TOC percentages with a threshold marker at 2% 

 

 
Figure 3: A schematic chart classifying kerogen types (I–IV) based on hydrogen and oxygen indices. (Espitalié 

et al., 1985) 
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Figure 4: Schematic chart of Rock-Eval Tmax: A temperature curve marking the peak generation temperature. 

 

 
Figure 5:  Vitrinite reflectance (Ro) values indicating hydrocarbon type (Linley, K A. 2014) 

 

 
Figure 6: Temperature ranges associated with the vitrinite reflectance (Linley, K A. 2014) 



Exploring the Role of Geochemistry in Tracing Hydrocarbon Origins, Migration Paths, and .. 

125 

 
Figure 7: Schematic chart of Biomarker Isomerization Ratio (C29 sterane 20S/(20S+20R)) maturity progression. 

 

 
Figure 8: Schematic chart of Stable Isotopes (δ13C, δ2H) differentiating biogenic (δ13C < -55‰) and 

thermogenic (δ13C > -50‰) signatures. 

 

III. Analytical Techniques and Methodologies 

The reliability of biomarker studies hinges on meticulous sample preparation, beginning with advanced 

solvent extraction techniques designed to isolate organic compounds from complex geological matrices 

(Verhoeven et al., 2024). Scientists extract biomarkers from source rocks and oils and sediments by using 

solvent combinations of dichloromethane with methanol followed by the separation step which utilizes column 

chromatography and solid-phase extraction. The procedures of biomarker fractionation using chemical classes 

(saturated hydrocarbons and aromatics and polar compounds) help eliminate analytical interferences (Iweala et 

al., 2024). The precise recognition of biodegraded oil biomarkers in gas chromatography depends on separating 

hopanes and steranes from their aromatic fractions due to common peak interferences. ASE technology 

accelerates solvent extraction procedures to deliver enhanced operational consistency together with reduced 

chemical usage needed for industrial laboratories (Xia et al., 2024). 

Modern biomarker analysis techniques need instrumental systems as their fundamental essential 

framework. GC-MS functions as the primary technology for biomarker analysis yet researchers have shifted 

toward using GC×GC since co-elution complications appear when working with complex mixtures (Gould et 

al., 2023). Such superior separation of GC×GC using orthogonal stationary phases in two columns reveals 

biomarkers like diamondoids in strongly matured oils that were hidden before. Trace biomarkers such as 

sulfurized compounds in unconventional shales are detected to high standards through HRMS high accuracy and 

researchers can conduct structure determination for novel molecules (Son et al., 2024). The integration of 

Compound-specific Isotope Analysis (CSIA) with GC-MS allows scientists to identify individual n-alkane as 
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well as their stable isotope ratios δ13C and δ2H to differentiate hydrocarbon sources and follow biodegradation 

pathways (Bajo-Fernández et al., 2024) (Figure 9). 

Research based on biomarkers experiences transformation through new technological solutions which 

solve older analytical issues. Modern machine learning models use extensive databases of biomarker ratios and 

isotopic values to classify organic matter origin while predictive thermal maturity assessments occur with 

minimal human error according to Divine et al. (2024). Convolutional neural networks (CNNs) operate on 

GC×GC chromatograms through automation of peak identification processes in heavily biodegraded oils. 

Nanoscale transmission electron microscopy (TEM) allows scientists to directly study kerogen-bound 

biomarkers underownership while keeping their spatial relationship intact (Cha et al., 2023). Micro-scale 

variations of biomarkers exist throughout organic-rich laminations within the Permian Basin through the 

application of transmission electron microscopy. The refined workflows consist of merging HRMS with 

machine learning to measure reservoir connectivity from biomarker gradients which An et al. (2022) recently 

demonstrated in Gulf of Mexico's subsalt playing fields. 

Biomarker deployment technologies for petroleum exploration experience transformative changes 

through the combination of new specimen preparation techniques with state-of-the-art analytical equipment 

along with processing software. These techniques boost detection efficiency as well as analytic precision and 

analysis ability to overcome problems caused by limited biomarker availability in shale gas reservoirs and oil 

field phase separation effects (Han et al., 2023). Various technologies continue to evolve toward functional 

integration with large-scale hydrocarbon models to create possibilities for revolutionary energy system 

development including deep surface revenue and carbon-emission reduction (Ibrahim et al., 2023). 

 

 
Figure 9: Schematic chart of Compound-Specific Isotope Analysis (CSIA) showing individual compound 

tracing, with notes on biodegradation and mixing. 

 

IV. Applications in Hydrocarbon Exploration 
4.1 Source Rock Identification and Correlation 

ArrayCollection acts as the essential foundation to establish hydrocarbon-source rock matches which 

gives valuable information about depositional zones and organic matter origins. During Late Cretaceous and 

Cenozoic periods oleanane along with other triterpanes derived from angiosperms function as strong proof of 

terrestrial organic matter influx (Amoako et al., 2024). The Niger Delta Basin shows elevated oleanane levels in 

its oil which indicates that such oil originated from fluvio-deltaic source rocks that consist of significant higher 

plant material. The identification of organic matter of marine origin depends on the presence of both 

dinosteranes and 24-norcholestane since these biomarkers are linked to dinoflagellates and marine diatoms 

respectively which assist in separating lacustrine from marine and transitional depositional environments (Shi et 

al., 2024). The δ¹³C values from n-alkanes provide additional evidence which helps researchers identify specific 

organic mixture sources when systems contain multiple contributors. Scientists use modern high-resolution mass 

spectrometry equipment to enhance biomarker detection sensitivity so they can detect previously undetectable 

compounds in heavily biodegraded or mature samples according to Guerrero et al. (2024). 

 

4.2 Tracing Migration Pathways 

The spatial distribution of hydrocarbons is governed by migration dynamics, which can be deciphered 

using molecular tracers. Porphyrins, particularly metalloporphyrins (e.g., Ni, V complexes), degrade 
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progressively during migration due to interactions with mineral surfaces, serving as proxies for migration 

distance. Similarly, diamondoids (thermally stable hydrocarbons) accumulate in oils subjected to long-distance 

migration or severe thermal stress, with higher concentrations indicating prolonged subsurface transit (Zhao et 

al., 2024). A seminal case study in the Niger Delta utilized oleanane/hopane ratios to trace hydrocarbon 

movement: higher ratios in distal reservoirs suggested preferential migration of terrestrial-sourced oils along 

carrier beds, validated by 3D basin models. Such geochemical tools, combined with fault network mapping, 

reduce uncertainty in predicting hydrocarbon phase and accumulation zones (Zhu et al., 2024). 

 

4.3 Reservoir Characterization and Alteration Processes 

Thermochemical sulfate reduction (TSR) together with biodegradation affect reservoir quality 

dramatically after migration occurs. The disappearance of n-alkanes and emergence of 25-norhopanes serve as 

clear indications of microbe-related degradation that boosts sulfur contents and raises fluid viscosity (Langeloh 

et al., 2024). Thiadiamondoids with elevated H₂S concentrations indicate thermochemical sulfate reduction 

because this high-temperature process uses anhydrite reduction to modify hydrocarbon composition and 

reservoir porosity (Faizulina et al., 2023). Through the combination of biomarker information with seismic 

information and basin calculations the predictive description of reservoirs becomes possible. Two studies 

demonstrating the applicability employ Permian Basin reservoir surveys that analyze seismic information 

together with thiadiamondoid frequency to display fluid movement restrictions from faults (Radović et al., 

2025). The combination of different disciplines leads to better exploration direction along with better resource 

retrieval performances. 

 

Synthesis and Implications 

Petroleum systems analysis has gotten revolutionary changes because biomarker geochemistry 

integrates with geological and geophysical datasets. Using these tools operators can minimize exploration 

hazards within complex basins by solving the questions about source-to-reservoir connections together with 

migration processes and evolution post-trap formation (Ramkumar et al., 2021). Petroleum exploration 

sustainability depends on future improvements in compound-specific isotope analysis (CSIA) as well as 

machine learning-based biomarker interpretation according to Volkman (2022). 

 

V. Case Studies and Industry Applications 
Studies combining biomarker analysis with regional geology through proper frameworks have 

revolutionized hydrocarbon system exploration in various basins (Radović and Silva, 2024). Biomarker 

applications demonstrated their effectiveness by resolving important exploration challenges during two crucial 

case studies (Abdel-Fattah et al., 2024) and (Sohail et al., 2024) according to their findings and scope. Research 

shown by Kırman (2024) demonstrates the versatility of geochemical tools for use in different tectonic settings 

of both old or new basins (Kırman, 2024). 

 

5.1 Pre-Salt Brazil Basins: Validating Lacustrine Algal-Bacterial Sources 

The Santos and Campos Basins in Brazil contain their extensive pre-salt reservoirs from lacustrine 

carbonate systems that scientists studied using biomarker fingerprints of organic matter sources. The hypersaline 

lacustrine environments can be identified through Botryococcane tracing because this triterpane originates from 

freshwater algae Botryococcus braunii (Peters et al., 2005). The biomarker combination of C₃₀ steranes such as 

24-propylcholestanes proves the dual bacterial and algal origin of pre-salt source rocks according to Mello et al. 

(2010). Stable carbon isotope analysis (δ¹³C) of co-occurring n-alkanes helps determine between microbial mats 

and planktonic algae thus improving pre-salt laminites' depositional models. Studies in Búzios Field show that 

high concentrations of botryococcane in Aptian strata correspond with rift-phase lake highstands which helped 

direct drilling operations (Schoellkopf et al., 2018). The developed geochemical framework serves to decrease 

exploration risks in areas with limited seismic detection of source rock distribution. 

 

5.2 Permian Basin, USA: Targeting Shales in Euxinic Paleoenvironments 

Biomarker analysis through the Permian Basin allows operators to find new resources within 

unconventional shale regions by recognizing organic matter preservation zones (Park et al., 2024). During the 

Permian period isorenieratane derivatives known as aryl isoprenoids within the Wolfcamp and Bone Spring 

shales confirm unambiguously that photic-zone euxinia existed (Summons & Powell, 1986). These carotenoid 

biomarkers, derived from green sulfur bacteria (Chlorobiaceae), indicate persistent anoxic, sulfidic water 

columns that enhanced organic carbon burial (Akbar et al., 2024). Co-occurrence of 28,30-bisnorhopane and 

C₃₅ homohopanes further supports stratification patterns and bacterial recycling in this restricted marine basin 

(Ugwuodo et al., 2024). Operators now leverage these geochemical proxies to prioritize zones with elevated 

TOC and favorable brittle mineralogy, strategically aligning hydraulic fracturing stages with intervals of peak 
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euxinic productivity (Ma, 2023). This biomarker-guided approach demonstrates practical value, with recent case 

studies showing isorenieratane-rich intervals correlating to 20% higher initial production rates in Delaware 

Basin laterals (Tuttle et al., 2021) 

 

5.3 Niger Delta: Optimizing Well Placement in Mixed-Source Systems 

The Niger Delta’s complex interplay of marine, deltaic, and terrestrial sources necessitates robust 

geochemical proxies to deconvolve hydrocarbon contributions (Uzoegbu et al., 2023). Here, oleanane/hopane 

ratios have emerged as a key tool for differentiating terrestrial (Type III) and marine (Type II/III) source inputs 

(Akinseye et al., 2021). Oleanane, a marker for Late Cretaceous-Cenozoic angiosperms, dominates fluvio-

deltaic source facies, whereas hopanes reflect microbial reworking in marine shales. Spatial analysis of these 

ratios across the Agbada Formation revealed a northeastward increase in terrestrial influence, attributed to 

migration from deep-seated Akata Formation kitchens (Osokpor & Ogbe, 2023). By integrating these ratios with 

3D seismic fault maps, operators optimized well placement in the OML 130 block, avoiding compartments with 

biodegraded oils (high 25-norhopanes) and targeting zones with elevated oleanane concentrations linked to 

fresher charges (Ejedawe et al., 2022). This approach reduced dry-hole risk by 30% in the 2020–2023 drilling 

campaign (Oyo-Ita et al., 2023). 

These case studies exemplify the power of biomarker geochemistry in addressing basin-specific 

exploration challenges. The analysis of botryococcane revealed pre-salt sourcing answers in Brazil according to 

Troskot-Čorbić et al. (2023) while Permian isorenieratane derivatives examined shale heterogeneity (Wang et 

al., 2022) and oleanane/hopane ratios enabled extraction of mixed-source systems in the Niger Delta. 

Compound-specific isotope analysis together with multivariate statistical modeling allows researchers to merge 

biomarker data quantitatively with reservoir engineering parameters which helps in forecasting play assessments 

(Scheirer et al., 2022). The next generation of biomarker screening applications will combine advanced mass 

spectrometry technology to perform real-time biomarker assessment thus strengthening the connection between 

geochemistry and operational decision-making (Amundson, 2023). 

 

VI. Challenges and Limitations 

Petroleum systems utilize biomarker studies that are significantly effective yet researchers face various 

obstacles when applying this approach in practice. The solution of petrochemical origins and their migration 

routes becomes complicated by analytical limitations together with complex interpretations (Xu et al., 2024) 

especially in challenging geologic conditions or unconventional environments (Luo et al., 2023). The simplified 

cross-section of a sedimentary basin presented in Figure 10 shows the main pathway source rocks need to 

follow. The complex underground shapes create difficulties during biomarker interpretation while affecting 

analysis of reservoir connections among features. Exploration workflows and data reliability experience direct 

adverse effects due to these challenges because geochemical and geophysical datasets require sophisticated 

integration (Bashir et al., 2024). 

 
Figure10: A simplified cross-section of a sedimentary basin highlighting the source rock migration pathway. 

(Adapted from APT International, 2025) 
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6.1 Analytical Challenges 

Diagenetic Overprints and Matrix Effects 

The reading of original biomarkers becomes obscured through three major post-depositional processes 

that include thermal maturation and biodegradation as well as mineral-organic interactions (Zhao et al., 2023). 

Diagenetic overprints transform molecular structures which makes it difficult to correlate source rocks between 

different regions. Extremely high thermal stress within deep crustal basins causes degradation of biomarkers like 

steranes thus preserving only the stable compounds such as hopanes which offer limited diagnostic information 

(Peters et al., 2005). The ions in mass spectrometry undergo signal distortion through.adsorption/desorption 

interactions with carbonate and clay matrices that occur during analysis according to Huang et al. (2023). 

Laboratory tests of the Eagle Ford Shale demonstrate that organic matter bound to clay interferes with 

biomarker delivery during pyrolysis so scientists must use powerful solvent extraction methods (Zhang et al., 

2024). 

 

Low Biomarker Yields in Unconventional Reservoirs 

The biomarker concentrations in unconventional systems such as shale gas and tight oil plays tend to 

be nonexistent because thermal cracking processes affect organic matter or secondary petroleum migration (Kar 

et al., 2024). The absence of triterpanes in matured Marcellus Shale requires researchers to adopt aromatic 

hydrocarbons like methylphenanthrene indices as secondary indicators (Jarvie, 2012). Plastic petroleum 

production through Hydropyrolysis (HyPy) combined with catalytic hydrous pyrolysis (CHP) has enhanced 

biomarker yield but produces irregular results which hinders geological visibility (Batool et al., 2025). 

 

6.2 Interpretive Limitations 

Standardization Gaps in Analytical Protocols 

The selection of preparation solvents and crushing methods together with laboratory calibration 

methods create data biases that decrease testing data consistency according to Koldasbayeva et al., 2024. The 

2020 inter-laboratory study disclosed ±30% deviations in hopane/sterane ratios from identical samples because 

of dissimilarities in GC-MS column specifi The International Organic Geochemistry Standard (IOGS) has faced 

challenges in achieving standardization because research facilities experience instability in funding as well as 

maintain inconsistent practices (Zheng et al., 2025). 

 

Complexity of Mixed-Source Systems and Overlapping Signatures 

The Niger Delta which receives various organic materials produces shared biomarkers (such as 

oleanane in deltaic and reworked marine strata) that make it difficult to separate source signals (Akinseye et al., 

2021). According to Mahmoud et al. (2023) and Balagurunathan et al. (2021) frontier regions experience 

barriers in developing training datasets for multivariate statistical method and machine learning algorithm-based 

signal separation procedures. 

 

6.3 Mitigation Strategies and Future Directions 

The solution emerges through emerging technologies that tackle existing obstacles. The laboratories 

can identify rare biomarkers present in unconventional reservoirs using the HRMS machine which performs 

both CSIA analysis and follows isotopic fractionation patterns (Eiler et al., 2018). The Global Geochemical 

Standards Committee maintains guidelines for certified reference materials to minimize inter-laboratory 

variability according to Ogbesejana et al. (2023). The implementation of artificial intelligence methods for 

uniting biomarker information with seismic and production statistics demonstrates potential solutions for mixed-

source ambiguity identification (Chen et al., 2023; Radović and Silva, 2024). 

The evaluation process meets barriers which require joint scientific efforts and modern technological 

advancements. Biomarker research success depends on standardized operations coupled with superior 

instrumentation and mathematical calculation platforms when analyzing complicated petroleum reservoirs 

(Abdel-Fattah et al., 2024; Arouri, 2024). The successful development of hydrocarbon exploration for 

unconventional and deepwater targets depends on the solution of current hurdles in geochemical analysis 

(Campbell, 2023; Hussain et al., 2024). 

 

VII. Future Directions and Innovations 

7.1 7. Technological Advancements and Emerging Sustainability Applications 

Geochemical methodologies continue to advance because biomarkers extend their application from 

hydrocarbon exploration into joining petroleum geoscience with climate science and environmental monitoring 

according to Kadim & Risjani (2022) and Martinez-Morata et al. (2023). This subsection investigates modern 

analytical workflow techniques and developing biomarkers' significance in sustainable energy transitions 

according to Rehman et al. (2024) and Demissie et al. (2024). 
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7.1 Technological Advancements: Enhancing Precision and Predictive Power 

Multi-Omics Integration for Paleoenvironmental Reconstructions 

Scientists are changing past environmental reconstruction methods through the combination of 

lipidomics with biomarker analysis and proteomics using protein residue studies and genomics with ancient 

DNA sequencing methods. The integration of sedaDNA plots obtained from microbial communities at the Gulf 

of Mexico into C37 alkenones biomarker analysis allows precise determination of Oligocene nutrient cycles and 

upwelling response through time (Coolen et al., 2022). Archaeal isoprenoid ether compounds together with 

Permian-Triassic boundary metagenomic data help understand changes in methane cycles that occurred during 

mass extinction periods (Bianchi et al., 2023). Multiple analytical approaches limit uncertainties during the 

modeling of source rock formations especially within basins affected by tectonic activity (Rosengren et al., 

2021, Huber, 2024). 

 

AI-Driven Models for Predictive Biomarker Interpretation 

Machine learning algorithms are overcoming interpretive challenges in complex systems. Deep neural 

networks trained on global biomarker databases (e.g., PetroBank) now predict source rock lithology and thermal 

maturity from GC-MS fingerprints with >90% accuracy (Wang et al., 2023). In the Santos Basin, reinforcement 

learning models integrated oleanane/hopane ratios, δ¹³C isotopes, and seismic attributes to map pre-salt 

migration pathways, reducing drilling risk by 25% (Silva et al., 2024). Generative adversarial networks (GANs) 

further simulate biodegradation scenarios, aiding in the identification of TSR-altered reservoirs before costly 

well interventions (Salaim et al., 2024; Su et al., 2024). 

 

7.2 Sustainability Applications: Biomarkers in the Energy Transition 

Monitoring Subsurface Carbon Storage (CCUS) 

Biomarkers are critical for ensuring the integrity of carbon capture, utilization, and storage (CCUS) systems. 

Porphyrins and hopanoids act as natural tracers to monitor CO₂ plume migration in subsurface reservoirs. At the 

Sleipner Field (North Sea), baseline hopane profiles established pre-injection were compared with post-injection 

samples to detect CO₂ leakage into overlying aquifers (Mørkved et al., 2022). Additionally, compound-specific 

isotope analysis (CSIA) of CO₂-associated n-alkanes distinguishes injected carbon from natural background 

signals, addressing regulatory concerns over storage accountability (Liu et al., 2023; Wu et al., 2024). 

 

Environmental Tracers for Contamination Assessment 

Biomarkers provide forensic tools to track hydrocarbon pollution sources and prioritize remediation. 

17α(H),21β(H)-hopane ratios, resistant to weathering, differentiate crude oil spills from refined products in 

marine ecosystems (Wang & Stout, 2023). In the Niger Delta, oleanane fingerprints linked 78% of mangrove 

sediment contamination to specific offshore well leaks, guiding litigation and cleanup efforts (Udoh et al., 

2023). Emerging techniques like nano-SIMS (nanoscale secondary ion mass spectrometry) now resolve micro-

scale biomarker distributions in contaminated soils, enabling targeted bioremediation strategies (Kwon et al., 

2024; Duarte et al., 2024). 

 

Future Outlook 

Technological synergies between geochemistry, omics sciences, and AI are redefining hydrocarbon 

exploration while positioning biomarkers as vital tools for sustainability. AI’s capacity to decode multi-omics 

datasets will soon enable real-time, field-deployable biomarker screening, accelerating decision-making in both 

exploration and environmental stewardship (Edo et al., 2024; Passaro et al., 2024). Concurrently, biomarker 

applications in CCUS and contamination tracking align petroleum geochemistry with global net-zero mandates, 

fostering interdisciplinary collaboration across energy and climate sectors (Jenkins et al., 2023; Zheng et al., 

2024). Future research must prioritize standardization of cross-disciplinary protocols and open-access biomarker 

databases to maximize these advancements’ societal impact (Gomes et al., 2023; Bodaghi et al., 2023). 

 

VIII. Conclusion 

Geochemical methodologies, particularly biomarker and stable isotope analyses, have emerged as 

indispensable tools for unraveling the complexities of petroleum systems. Geological signature analysis enables 

the assessment of hydrocarbon source regions and the ways they travel through rock layers together with the 

modification activities that happen after hydrocarbons enter trapping locations. Biomarkers such 

as oleanane, dinosteranes, and 24-norcholestane enable precise correlation of oils to their source rocks, 

distinguishing terrestrial, marine, and lacustrine inputs. Isotopic tracers (e.g., δ¹³C of n-alkanes, δ³⁴S of 

thiadiamondoids) further resolve ambiguities in mixed-source systems and thermal alteration processes. Case 

studies from the Niger Delta, Permian Basin, and Brazil’s pre-salt reservoirs underscore the method’s versatility 

in diverse geological settings, from rift basins to unconventional shales. 
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The integration of geochemical data with seismic stratigraphy and basin modeling has transformed 

exploration workflows, significantly reducing risks and costs. For instance, biomarker-guided well placement in 

the Niger Delta improved drilling success rates by 30%, while AI-driven interpretation of pre-salt migration 

pathways in Brazil optimized reservoir targeting in ultra-deepwater environments. Geochemical diagnostics also 

enhance recovery efficiency by identifying biodegradation or TSR-affected zones, enabling proactive reservoir 

management. These advancements collectively contribute to a 15–20% reduction in exploration expenditure 

across mature and frontier basins, as reported by recent industry audits (IEA, 2023). 

Despite these successes, critical challenges persist. Standardization of analytical protocols remains 

elusive, with inter-laboratory discrepancies in biomarker ratios (e.g., hopane/sterane) undermining data 

reproducibility. Furthermore, the complexity of mixed-source systems demands advanced interpretive 

frameworks to deconvolve overlapping molecular signals. While AI models show promise in predictive 

biomarker interpretation, their reliance on high-quality training datasets limits applicability in data-scarce 

regions. Bridging these gaps requires collaborative efforts to establish global geochemical standards and expand 

open-access biomarker databases. 

The next frontier in petroleum geochemistry lies in high-resolution analytics and interdisciplinary 

convergence. Emerging technologies such as nano-SIMS, time-of-flight mass spectrometry, and single-molecule 

isotope analysis will enable nanometer-scale mapping of hydrocarbon migration and alteration processes. 

Concurrently, integrating biomarker studies with multi-omics (e.g., lipidomics, sediment genomics) and 

machine learning algorithms promises to unlock predictive paleoenvironmental reconstructions and real-time 

reservoir monitoring. These innovations align with the energy transition, as geochemical tools are increasingly 

repurposed for CCUS monitoring and environmental forensics, ensuring compliance with net-zero mandates. 

Geochemistry’s role in petroleum exploration is evolving from a niche analytical tool to a cornerstone 

of sustainable resource development. By addressing current limitations through technological innovation and 

interdisciplinary collaboration, the field is poised to drive efficiency in hydrocarbon exploration while 

supporting climate-positive initiatives. As the industry navigates the dual challenges of energy security and 

decarbonization, geochemical insights will remain pivotal in balancing economic viability with environmental 

stewardship. 
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