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apid, accurate, and cost-effective soil analysis is fundamental for sustainable agriculture, 

environmental monitoring, and climate-smart land management. Conventional 

laboratory methods, although precise, are time-consuming, labor-intensive, and often 

unsuitable for large-scale soil monitoring. In this context, modern spectroscopic techniques 

have emerged as powerful alternatives and complements to classical soil analytical 

procedures. This review synthesizes recent advances in soil spectroscopy, with particular 

emphasis on visible–near infrared (Vis–NIR), mid-infrared (MIR), X-ray–based, 

plasma-based, and magnetic resonance techniques. The principles, applications, advantages, 

and limitations of major spectroscopic instruments used in soil science are critically 

discussed. Selected case studies highlight the integration of spectroscopy with chemo metrics 

and machine learning, demonstrating its potential for rapid soil property estimation and 

decision support. The review concludes by outlining current challenges and future directions, 

including field deployable sensors, standardized soil spectral libraries, and global initiatives 

aimed at generating harmonized soil information for sustainable soil management. 
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Introduction 
Soil is a finite and vital natural resource that underpins food production, water regulation, 

nutrient cycling, biodiversity conservation, and climate change mitigation. Effective soil 

management requires reliable information on soil physical, chemical, and biological 

properties. However, the development of comprehensive and spatially explicit soil databases 

remains constrained by the high cost, slow throughput, and labor intensity of conventional 

analytical techniques. Spectroscopic approaches, particularly those based on visible–near 

infrared (Vis–NIR) and mid-infrared (MIR) regions of the electromagnetic spectrum, provide 

rapid, non-destructive, and environmentally friendly alternatives for soil analysis. Soil spectra 

encode information related to mineral composition, organic matter, moisture status, and 

texture. When coupled with multivariate statistics and machine learning algorithms, 

spectroscopy can accurately predict key soil attributes such as organic carbon, texture, pH, 

and cation exchange capacity. Consequently, soil spectroscopy has gained considerable 

attention as a cornerstone technology for digital soil mapping and sustainable soil 

management. 

Fundamentals of Spectroscopy 
Spectroscopy is the study of the interaction between electromagnetic radiation and matter to 

obtain information about the structure, composition, and properties of substances. It is based 

on the principle that atoms and molecules absorb, emit, or scatter radiation at specific 

wavelengths corresponding to energy level transitions. When radiation passes through or is 
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emitted by a sample, the resulting spectrum serves as a unique fingerprint of that substance. 

Spectroscopy relies on the electromagnetic spectrum, ranging from gamma rays to radio 

waves, and includes techniques such as absorption, emission, and fluorescence spectroscopy. 

The intensity of radiation as a function of wavelength or frequency is measured to identify 

and quantify chemical species. Spectroscopy is widely used in chemistry, physics, biology, 

agriculture, and remote sensing for qualitative and quantitative analysis of materials. 

Electromagnetic Radiation and Soil Interaction 

Electromagnetic radiation spans a broad range of wavelengths and energies. Different 

spectroscopic techniques exploit specific regions of this spectrum, depending on the type of 

soil property being investigated. Absorption processes are associated with electronic, 

vibrational, or rotational transitions, while emission and scattering phenomena provide 

complementary structural and elemental information. 

Spectral Fingerprints 

Each atom, molecule, or mineral exhibits a unique spectral response, often described as a 

“spectral fingerprint.” These fingerprints enable qualitative identification and quantitative 

estimation of soil constituents. The resulting spectrum is typically represented as a plot of 

radiation intensity versus wavelength, frequency, or energy. 

Spectroscopic Techniques in Soil Science 
Modern soil spectroscopy encompasses a diverse set of techniques that differ in operating 

principles, spectral range, and analytical capability. 

Reflectance Spectroscopy 

Visible–Near Infrared (Vis–NIR) Spectroscopy (400–2500 nm): Visible–Near Infrared (Vis–

NIR) spectroscopy is an analytical technique based on the interaction of matter with 

electromagnetic radiation in the wavelength range of approximately 400–2500 nm. In the 

visible region, absorption is mainly due to electronic transitions, while in the near-infrared 

region it arises from overtones and combinations of fundamental vibrational modes of 

molecular bonds such as O–H, N–H, and C–H. When Vis–NIR radiation interacts with a 

sample, part of the energy is absorbed and the remaining is reflected or transmitted, 

producing a characteristic spectrum. This spectrum provides information on chemical 

composition and physical properties of materials. Vis–NIR spectroscopy is rapid, non-

destructive, and requires minimal sample preparation. It is extensively used in soil analysis, 

agriculture, food quality assessment, pharmaceutical studies, and remote sensing for 

estimating moisture content, organic matter, and nutrient status. 

Limitations: Dependence on calibration models, sensitivity to soil moisture and surface 

conditions, and limited specificity for trace constituents. 

Mid-Infrared (MIR) Spectroscopy (2500–25,000 nm): Mid Infrared (MIR) spectroscopy is an 

analytical technique that utilizes electromagnetic radiation in the wavelength range of 

approximately 2500–25,000 nm (4000–400 cm⁻¹). In this region, absorption of radiation is 

mainly due to fundamental vibrational transitions of molecular bonds such as C–O, C=O, N–

H, and O–H. These vibrations produce sharp and well-defined absorption bands, making MIR 

spectroscopy highly specific for identifying chemical functional groups. The resulting 

spectrum acts as a molecular fingerprint of the substance. MIR spectroscopy is commonly 

performed using Fourier Transform Infrared (FTIR) instruments. It provides detailed 

qualitative and quantitative information about organic and inorganic compounds. This 

technique is widely applied in chemistry, soil science, pharmaceuticals, environmental 

analysis, and material characterization due to its high sensitivity and accuracy. 

Applications: 
 Characterization of soil organic matter fractions 

 Clay mineralogy and carbonate identification 

 Phosphorus and nitrogen forms 

Advantages: Greater spectral resolution and improved discrimination of molecular 

structures. 
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Elemental and Isotopic Spectroscopy 

X-ray Fluorescence (XRF) Spectroscopy: X-ray Fluorescence (XRF) spectroscopy is a non-

destructive analytical technique used for elemental analysis of materials. It is based on the 

principle that when a sample is irradiated with high-energy X-rays, inner-shell electrons of 

atoms are ejected, creating vacancies. Electrons from higher energy levels then fall into these 

vacancies, emitting secondary X-rays known as fluorescent X-rays. The energies of these 

emitted X-rays are characteristic of specific elements, allowing their identification, while 

their intensities indicate elemental concentration. XRF can analyze elements from sodium to 

uranium with high precision and minimal sample preparation. It is widely used in soil and 

plant analysis, geology, mining, environmental monitoring, cement and metal industries, and 

archaeology for rapid qualitative and quantitative elemental determination. 

Laser-Induced Breakdown Spectroscopy (LIBS): Laser Induced Breakdown Spectroscopy 

(LIBS) is an advanced atomic emission spectroscopy technique used for rapid, in situ 

elemental analysis of materials. It is based on the interaction of a high-power, short-duration 

laser pulse with a sample surface, resulting in localized ablation and formation of a micro-

plasma. As the plasma cools, excited atoms and ions emit characteristic radiation at discrete 

wavelengths corresponding to their electronic transitions. The emitted spectral lines are 

collected and spectrally resolved to identify and quantify the elemental composition of the 

sample. LIBS enables multi-element detection with minimal or no sample preparation and 

can analyze solids, liquids, and gases. The technique offers real-time analysis, remote sensing 

capability, and high spatial resolution. LIBS is extensively applied in soil and plant nutrient 

analysis, environmental monitoring, metallurgy, geochemistry, pharmaceuticals, and 

planetary exploration due to its versatility, rapid analysis, and suitability for field-based 

measurements. 

Inductively Coupled Plasma Spectroscopy (ICP-OES and ICP-MS): Inductively Coupled 

Plasma spectroscopy is a cornerstone analytical technique in modern soil science for multi-

elemental analysis. ICP-OES (Optical Emission Spectroscopy) and ICP-MS (Mass 

Spectrometry) are based on the excitation and ionization of elements in a high-temperature 

argon plasma (~6000–10,000 K). In ICP-OES, element-specific emission wavelengths are 

measured, while ICP-MS detects ions based on their mass-to-charge ratios, offering superior 

sensitivity. These techniques enable simultaneous determination of macro-, micro-, and trace 

elements in soils, sediments, and plant matrices. ICP-MS is particularly valuable for ultra-

trace analysis, isotopic studies, and contamination assessment involving heavy metals such as 

Cd, Pb, and As. In soil science, ICP techniques are extensively applied in nutrient profiling, 

geochemical characterization, pollution monitoring, and pedogenic studies. Their high 

precision, wide dynamic range, and low detection limits make ICP-based methods 

indispensable for both routine soil testing and advanced research applications. 

Magnetic Resonance Techniques 

Magnetic resonance techniques play a critical role in elucidating the molecular-level structure 

and dynamics of soil constituents. These techniques exploit the interaction between magnetic 

fields and atomic or subatomic magnetic moments present in soil materials. In soil science, 

magnetic resonance methods are particularly useful for studying soil organic matter (SOM), 

clay–organic interactions, and biogeochemical processes. Unlike conventional chemical 

analyses, magnetic resonance techniques provide non-destructive, in situ information about 

bonding environments and molecular mobility. They enable differentiation between labile 

and stable carbon pools, offering insights into carbon sequestration and soil fertility. 

Magnetic resonance approaches are also valuable in investigating soil water dynamics and 

pore structure. Despite their analytical power, these techniques require sophisticated 

instrumentation and expertise, limiting their widespread use. However, with increasing 

emphasis on mechanistic understanding of soil processes, magnetic resonance techniques 

continue to gain importance in advanced soil research. 

Nuclear Magnetic Resonance (NMR) Spectroscopy: Nuclear Magnetic Resonance (NMR) 

spectroscopy is a powerful tool for characterizing the chemical composition and structural 
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organization of soil organic matter. NMR is based on the interaction of nuclei possessing 

spin, such as ^1H, ^13C, and ^31P, with an external magnetic field. Solid-state ^13C NMR is 

widely used in soil science to identify functional groups including alkyl, O-alkyl, aromatic, 

and carbonyl carbon, enabling detailed SOM fractionation. NMR spectroscopy provides 

quantitative, non-destructive insights into organic carbon dynamics, humification processes, 

and soil carbon stabilization mechanisms. It is also employed to study phosphorus speciation 

and organo-mineral associations. Although NMR requires expensive instrumentation and 

large sample quantities, it remains one of the most informative techniques for molecular-level 

soil analysis. Its ability to link chemical composition with soil function makes NMR 

indispensable in carbon cycling and soil quality research.  

Electron Paramagnetic Resonance (EPR) Spectroscopy: Electron Paramagnetic Resonance 

(EPR) spectroscopy is a specialized magnetic resonance technique used to detect and 

characterize paramagnetic species containing unpaired electrons. In soil science, EPR is 

particularly valuable for studying transition metal ions (Fe³⁺, Mn²⁺, Cu²⁺), organic free 

radicals, and redox-active components of soil organic matter. EPR provides insights into 

oxidation–reduction processes, metal speciation, and microbial activity within soils. It is also 

used to investigate the role of iron oxides and clay minerals in nutrient retention and 

contaminant immobilization. Unlike other spectroscopic methods, EPR is highly sensitive to 

subtle changes in electronic environments, making it suitable for tracing soil redox dynamics 

and degradation processes. However, its application is limited to paramagnetic species and 

requires low-temperature measurements in many cases. Despite these constraints, EPR 

remains a valuable tool for understanding soil biochemical and geochemical transformations. 

X-ray Diffraction (XRD) 

X-ray Diffraction (XRD) is a fundamental technique for mineralogical characterization of 

soils. It is based on the constructive interference of monochromatic X-rays diffracted by 

crystalline structures according to Bragg’s law. XRD is extensively used to identify and 

quantify clay and non-clay minerals such as kaolinite, illite, smectite, quartz, and feldspars. 

Mineralogical information obtained from XRD is essential for understanding soil formation, 

weathering processes, nutrient availability, and soil physical behavior. XRD also aids in 

assessing soil swelling, shrinkage, and cation exchange capacity through clay mineral 

identification. Although amorphous materials and organic components are not well detected, 

XRD remains the most reliable technique for crystalline phase analysis. Its integration with 

chemical and spectroscopic data provides a comprehensive understanding of soil mineral 

composition and its influence on soil functionality.  

Case Studies 
Numerous studies demonstrate the effectiveness of modern spectroscopic techniques in soil 

science. For instance, combined ICP-MS and XRD analyses have been successfully 

employed to assess heavy metal contamination and mineralogical controls in polluted soils. 

Solid-state ^13C NMR has been widely used to evaluate soil organic carbon stability under 

different land-use systems, revealing shifts in carbon functional groups following agricultural 

intensification. LIBS and XRF have been applied for rapid, field-based nutrient mapping, 

supporting precision agriculture practices. EPR studies have elucidated iron redox cycling in 

wetland soils, enhancing understanding of nutrient and contaminant mobility. These case 

studies highlight the complementary nature of spectroscopic techniques and their capacity to 

provide multi-scale insights into soil processes. Integrated spectroscopic approaches 

significantly improve the accuracy and depth of soil characterization compared to 

conventional methods. It also demonstrate the effectiveness of integrating spectroscopy with 

advanced calibration algorithms. For example, laser induced breakdown spectroscopy 

combined with artificial neural networks has been shown to accurately quantify total soil 

carbon in tropical and subtropical soils, achieving prediction errors comparable to 

conventional CHNS analyzers. Such approaches highlight the potential of spectroscopy for 

rapid soil assessment and emerging applications such as soil carbon credit verification. 
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Future Trends and Challenges 
The future advancement of spectroscopic applications in soil science is increasingly driven by 

methodological integration, instrument miniaturization, and advanced data analytics. Recent 

developments emphasize portable and in situ spectroscopic systems that enable real-time soil 

assessment, particularly for precision agriculture and environmental monitoring. The 

integration of spectroscopic data with chemometric techniques, machine learning algorithms, 

and hyperspectral imaging has substantially improved data interpretation, modeling accuracy, 

and predictive performance. Despite these advancements, several limitations persist, 

including high instrumentation costs, computational complexity, and restricted availability in 

routine soil analytical laboratories. Additionally, soil heterogeneity, moisture variability, and 

matrix interferences continue to constrain quantitative accuracy. Overcoming these 

challenges requires the establishment of standardized analytical protocols, enhanced 

interdisciplinary collaboration, and targeted capacity building. Ongoing research prioritizes 

field-deployable spectrometers, drone- and satellite-based hyperspectral imaging, and the 

application of big data frameworks. Global initiatives, such as FAO-led soil spectral libraries, 

play a crucial role in harmonizing methodologies and facilitating data sharing for broader 

adoption 

Conclusion 
Modern spectroscopic techniques have significantly enhanced soil science by enabling rapid, 

non-destructive, and cost-efficient evaluation of soil properties. When integrated with 

chemometric methods and machine learning algorithms, these techniques provide a powerful 

framework for digital soil mapping, precision agriculture, and informed land management. 

Advances in sensor technology and data processing continue to improve the reliability and 

scalability of spectroscopic applications, supporting sustainable use of soil resources. 

In addition, spectroscopy has enabled detailed characterization of soil chemical, 

mineralogical, and organic components across multiple spatial scales. Techniques such as 

ICP, NMR, EPR, and XRD offer complementary insights into elemental composition, 

molecular structure, and mineral phases that are difficult to achieve using conventional 

analytical methods. Their application has contributed substantially to improved understanding 

of soil fertility, carbon stabilization mechanisms, contamination processes, and soil genesis. 

Although challenges related to instrumentation costs and technical expertise persist, ongoing 

innovations and global collaborative efforts are steadily enhancing accessibility and 

analytical efficiency. Consequently, spectroscopy is expected to remain a central tool in 

addressing emerging challenges related to soil health, climate change, and sustainable 

agricultural systems. 

References 
1. Babos, D. V., et al. (2024). Laser-induced breakdown spectroscopy as an analytical tool 

for total carbon quantification in tropical and subtropical soils. Frontiers in Soil Science, 

3, 1242647. 

2. Ben-Dor, E., et al. (2008). Imaging spectrometry for soil applications. Advances in 

Agronomy, 97, 321–392. 

3. Kuntoji, A., et al. (2024). Can soil spectroscopy be a strong alternative to the 

conventional methods of analysis? International Journal of Plant & Soil Science, 36(9), 

755–770.  

4. Lodygin, E.; Abakumov, E. The Use of Spectroscopic Methods to Study Organic Matter 

in Virgin and Arable Soils: A Scoping Review. Agronomy 2024, 14, 1003.  

5. Peng, Y., Ben-Dor, E., et al. (2025). Spectroscopic solutions for generating new global 

soil information. The Innovation, 6(5), 100839.  

6. Stenberg, Bo & Viscarra Rossel, Raphael & Mouazen, Abdul & Wetterlind, Johanna. 

(2010). Chapter Five – Visible and Near Infrared Spectroscopy in Soil Science. Advances 

in Agronomy. 107.  


