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Soil carbon quantification is an essential tool for estimating soil health, carbon
sequestration, and climate change mitigation. Traditional approaches are sometimes time-
consuming and expensive and tax the environment considerably. The Laser-Induced
Breakdown Spectroscopy (LIBS) method, though rapid, inexpensive, and environmentally
friendly, is a new technique that is beginning to show promise as a possible alternative. This
article explores the principles, methodology, and applications of LIBS in soil carbon analysis,
the advantages, challenges, and its future potential in sustainable soil management.

Introduction

Soil carbon is a critical component of soil health, influencing fertility, structure, and
microbial activity, which are essential for sustainable agriculture. It plays a pivotal role in the
global carbon cycle, acting as a reservoir for carbon sequestration and mitigating climate
change by reducing atmospheric carbon dioxide levels. Quantifying soil carbon is vital for
understanding soil productivity, ecosystem services, and climate resilience.

Traditional methods in soil carbon analysis include dry combustion and wet oxidation, which
are highly accurate but time-consuming and laborious to prepare samples. Most of these
methods use dangerous chemicals that raise environmental issues and result in high operating
costs.

LIBS is a new, non-destructive technique for the estimation of soil carbon. LIBS is a
technique that can analyze samples in a rapid, real-time mode with minimal sample
preparation, thus it is highly suitable for field applications. Its efficiency and environmental
compatibility make it a promising alternative for modern soil analysis.

1.Principles of Laser-Induced Breakdown Spectroscopy (LIBS)
Working Mechanism of LIBS: Laser-induced breakdown spectroscopy works on the
principle where a high-energy laser pulse is focused on the surface of a sample. This intense
energy produces localised high-temperature plasma in which the material is vaporised at the
focal point, resulting in plasma that emit light as it cools and this emission contains lines
spectral unique to the elements present in the sample.

For carbon analysis, specific spectral lines associated with carbon atoms or molecules
are detected and analyzed. Emissions are captured by a spectrometer and processed to
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quantify the total carbon content in the soil. LIBS provides real-time, precise data with
minimal sample preparation, thereby allowing efficient soil analysis.

Instrumentation of LIBS: LIBS instrumentation is built as a whole by a number of
subcomponents. It uses the principles of high-energy pulses that develop plasma on the
surface of soil samples. Light emitted by this plasma is then gathered into a spectrometer
where its spectrum is dispersed and eventually broken into its component wavelengths. These
spectral signals are captured by a detector. This could be, but is not limited to a charge-
coupled device or CCD.

A data processing unit analyses the spectral data to identify and quantify the elements
present, including carbon. Recent breakthroughs have enabled portable LIBS systems that are
amenable for field applications with real-time analysis, making them well-suited for on-site
soil monitoring and carbon determination.

ASER-INIURED
léRE/—\KDoWN
SPECTROSORY. | 4
SPECTROS,O_OA T

- g
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2.Application of LIBS in Soil Carbon Quantification

Carbon Detection Using LIBS: LIBS detects carbon by the atomic and molecular spectral
lines that appear in the plasma it emits. When the high-energy laser pulse vaporizes the soil
sample, carbon atoms and molecules are excited, and they emit characteristic spectral lines.
These lines, characteristic of carbon, are identified and analyzed to determine its presence in
the sample.

LIBS can be used to measure organic carbon, produced by the breakdown of plants
and animals, and inorganic carbon, contained in carbonates. This technique's precision in
fractionating these types is essential in soil analysis because it can give specific information
on the content of carbon needed for evaluating the health status of soil and its potential
carbon sequestration ability.

3.Advantages of LIBS in Soil Carbon Analysis

» The advantages of LIBS against traditional techniques of soil carbon analysis were: first,
minimal sample preparation because it is possible to probe soil directly with LIBS instead
of having to process it. It is also a highly rapid real-time analysis device, meaning that the
response can be obtained almost on the spot.

» Another important advantage is its usability in heterogeneous soil samples, where the
composition of the soil varies widely. LIBS can handle such variability efficiently and
ensure accurate and reliable measurements. These features together make LIBS a versatile
and efficient tool for modern soil carbon quantification.

» Calibration Techniques in LIBS for Soil Carbon Analysis.The accurate quantification of
soil carbon using Laser-Induced Breakdown Spectroscopy (LIBS) is highly dependent on
good calibration techniques. One method that is commonly used is by employing certified
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reference materials with known carbon content. Such standards help in establishing a
baseline for calibrating LIBS instruments, ensuring precision and reliability in
measurements.

» To further improve the accuracy, chemometric models like Partial Least Squares
Regression (PLSR) are used. The complex relationships between spectral data and carbon
concentrations are analyzed with these models, compensating for matrix effects and
enhancing the prediction capabilities. With these calibration strategies, LIBS provides
precise and consistent results under different soil conditions.

4. Comparative Analysis with Traditional Methods

Performance Metrics: LIBS has comparable sensitivity and accuracy with traditional
methods such as dry combustion and wet oxidation. Its detection limits for soil carbon are
competitive. While these methods are superior in cost and time efficiency, LIBS provides
rapid results with minimal preparation. This makes it a more attractive alternative for modern
soil analysis.

Environmental Benefits: LIBS generates minimal chemical waste since the process does not
require hazardous reagents that are often found in wet oxidation methods. Besides, LIBS has
prospects of in situ and non-invasive analyses, which contribute to being environmentally
friendly and sustainable in the determination of soil carbon.

Issues in LIBS for Determination of Soil Carbon

Matrix Effects: Soil texture, moisture, and mineral content greatly affect the spectral
reading, which causes a possibility of error.

Limits of Detection: Present LIBS technology must be further improved in terms of
sensitivity to effectively identify low concentrations of carbon in soils.

Standardization: The absence of common protocols and calibration procedures introduces
inconsistencies and comparability in research and applications.

Advances in LIBS Technology

Hybrid Approaches: LIBS has been hybridized with complementary spectroscopic
techniques, such as Raman and FTIR, in an effort to enhance the analytical quality and
extend its range.

Al and Machine Learning: Implementation of sophisticated algorithms for automatic
spectral analysis and pattern recognition provides greater accuracy and reduced human error.
Miniaturization and Portability: Miniaturization and development of portable LIBS
devices make the analysis of soil on the site possible. This allows access to the technology for
real-time applications.

5.Case Studies and Practical Applications

Agricultural Land Monitoring: The application of LIBS for soil carbon mapping improves
the accuracy of precision farming by obtaining in-depth information about soil health. This
provides site-specific management of nutrients, optimal application of fertilizers,
enhancement of crop yields, and minimization of environmental footprint to make agriculture
more efficient and sustainable.

Environmental Monitoring: LIBS technology helps in evaluating carbon sequestration
through precise soil carbon measurement of reforestation projects. It, therefore, monitors the
storage efficiency of carbon and allows climate change mitigation efforts, and determines
whether afforestation has been a success or not.

Carbon Trading: LIBS technology enables the proper validation of soil carbon stocks, thus
ensuring that reliable data is provided to the carbon credit markets. This supports transparent
carbon trading and encourages sustainable land management practice, which helps in
achieving the global climate goals by promoting effective carbon sequestration.

ACRI MACATINE ISSN: 3048-8656 Page 95




Dwibedi et al. (2024) Agri Magazine, 01(05): 93-96 (DEC, 2024)

6.Future Prospects

Integration with Remote Sensing: Combining LIBS data with satellite imagery enables
large-scale soil carbon assessment, offering a comprehensive approach to monitor spatial
variability. This integration supports precision agriculture, environmental conservation, and
policy development by providing accurate and scalable insights into soil carbon dynamics.
Policy Implications: LIBS technology has contributed to national and international carbon
accounting frameworks through its accurate and reliable soil carbon data. This will assist in
the formulation of evidence-based policies, compliance with international climate
agreements, and sustainable land management strategies.

Research Directions: The future of LIBS technology in further research will include
enhancement of detection limits in low-carbon soils and standardized protocols for its
application. Accuracy in LIBS, standardization among studies, and wider application of LIBS
for diverse environments in soil carbon analysis would be the goals of further improvements.

Conclusion

LIBS is a revolutionary approach to soil carbon quantification, which is fast, accurate, and
environmentally friendly. With the advancement of technology, LIBS can be a cornerstone in
soil health monitoring and carbon management in agriculture and environmental science.
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