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Abstract 
Soil plays a pivotal role in the global carbon cycle, acting both as a reservoir and regulator of atmospheric carbon. As the largest terrestrial 
carbon sink, soils store nearly three times more carbon than the atmosphere, making them critical for climate change mitigation. This review 
synthesizes the role of soil carbon sequestration (SCS) in reducing greenhouse gas (GHG) emissions and enhancing ecosystem resilience. 
Soil organic carbon (SOC), estimated at 1526 PgC, and soil inorganic carbon (SIC), around 940 PgC, represent substantial pools that can be 
enhanced through sustainable land management. Practices such as conservation agriculture, residue retention, and agroforestry contribute to 
SOC stabilization, while pedogenic carbonate formation in arid zones enhances SIC storage. However, the sequestration potential is 
influenced by soil type, climate, nutrient availability, and land-use changes. Loamy and clay soils exhibit higher sequestration capacity 
compared to sandy soils, but saturation thresholds and reversibility limit long-term storage. Moreover, the trade-offs between carbon 
sequestration and non-CO₂ GHG emissions, particularly methane (CH₄) and nitrous oxide (N₂O), highlight the complexity of soil-climate 
interactions. Advances in measurement techniques including isotopic tracing, eddy covariance, and remote sensing—have improved 
monitoring accuracy, though challenges remain in verification and scalability. Overall, soil carbon sequestration offers a cost-effective, 
nature-based solution for mitigating climate change while enhancing soil fertility, water retention, and ecosystem services. Yet, it should be 
pursued as a complementary strategy alongside direct emission reductions to achieve sustainable climate goals and the United Nations’ 
Agenda 2030 targets. 
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1. Introduction 
Climate change has become the central theme of 
international policy discussions, no longer confined to the 
periphery of scientific debate. It presents a wide range of 
detrimental impacts, including rising sea levels, more 
frequent and severe weather events, and widespread 
ecosystem disruptions (Winn et al., 2011) [51]. The 
atmospheric concentration of carbon dioxide has increased 
by 43% since 1750 (Piao et al., 2013) [37]. During the 1960-
69 decade, the growth rate of atmospheric CO₂ was 0.85 
ppm year⁻¹, which rose sharply to 2.28 ppm year⁻¹ in the 
recent 2008-17 period. This dramatic change is primarily 
attributed to excessive reliance on fossil fuels and large-
scale deforestation. Consequently, the mean global surface 
temperature has already risen by 0.85 °C compared to the 
pre-industrial era (Hansen et al., 2010) [14]. The 
Intergovernmental Panel on Climate Change (IPCC) warns 
that global temperatures could increase by 1.5 °C as early as 
2030, potentially triggering irreversible damage to 
ecosystems and human societies (Hoegh-Guldberg et al., 
2019) [15]. Shifts in greenhouse gas (GHG) concentrations 
are thus central drivers of climate change. Soil plays a vital 
role in the Earth’s carbon cycle, acting both as a source and 
a sink of carbon, and thereby offering significant potential 

for climate change mitigation (Naumann et al., 2011) [30]. 
The sequestration of carbon in terrestrial ecosystems, 
particularly through soil organic matter and aggregates, is a 
promising strategy for offsetting rising CO₂ concentrations 
(Palumbo et al., 2004; Lehmann et al., 2020) [35, 26]. 
Thoughtful soil management and sustainable land-use 
practices can minimize GHG emissions from agriculture 
while enhancing soil carbon storage. “Soil carbon 
sequestration” refers to the process of capturing atmospheric 
CO₂ and storing it in the soil, thereby increasing soil carbon 
stocks. Plant residues and organic matter become 
incorporated into the soil, where carbon can be retained for 
varying periods. While this approach has the potential to 
mitigate atmospheric CO₂ accumulation, it is limited by 
factors such as soil saturation thresholds, reversibility, and 
challenges in measurement and long-term verification 
(Glaser et al., 2002; Lehmann et al., 2020; IPCC, 2000) [12, 

26, 16]. Moreover, sequestration benefits are sometimes offset 
by emissions of other GHGs, particularly methane (CH₄) 
and nitrous oxide (N₂O). Despite these constraints, soil 
carbon sequestration offers important short- to medium-term 
mitigation potential (Smith et al., 2004) [40]. It can also 
deliver multiple co-benefits, including improved soil 
fertility, enhanced water retention, reduced erosion, 
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restoration of degraded lands, and greater agricultural 
sustainability (Guo et al., 2002; Lal et al., 2007) [17, 20]. This 
review aims to explore soil’s multifaceted role in climate 
change mitigation, with a particular focus on its function as 
the largest terrestrial carbon sink. It examines the key 
factors influencing carbon sequestration potential ranging 
from environmental and geographical conditions to intrinsic 
soil properties—and highlights the opportunities and 
challenges of adopting sustainable soil management 
practices. By synthesizing current knowledge, the paper 
emphasizes how soil carbon sequestration can contribute 
both to reducing atmospheric CO₂ levels and to advancing 
broader ecosystem services essential for sustainable 
development. 
 
2. Soil and Climate Change Mitigation 
2.1 Soil and Climate Change 
Soils and climate are interconnected in complex ways, with 
soils acting as both a victim of and a solution to climate 
change. They are vast carbon reservoirs, storing more 
carbon than the atmosphere and vegetation combined (Lal, 
2004) [19]. Rising global temperatures and shifting 
precipitation patterns alter soil properties, accelerating 
organic matter decomposition and nutrient loss (Masson-
Delmotte et al., 2021; Telo da Gama et al., 2019) [28, 45]. 
Soils also influence climate through biophysical feedbacks 
such as albedo changes and water cycle regulation. For 
instance, biochar can darken soil surfaces, lowering albedo 
and contributing to localized warming (Abbass et al., 2022) 

[1]. Conversely, well-managed soils enhance water retention, 
reduce irrigation demand, and indirectly decrease GHG 
emissions linked to fertilizer and energy use (Zheng et al., 
Hence, sustainable soil management remains central to 
building resilience and reducing climate risks. 
 
2.2 Soils as a Sink and Source of Atmospheric Carbon 
Dioxide 
Soils are the largest terrestrial carbon pool, containing about 
1526 Pg of soil organic carbon (SOC) and 940 Pg of soil 
inorganic carbon (SIC) (Lal et al., 2021) [23]. At one meter 
depth, soil and vegetation together hold nearly three times 
the atmospheric carbon stock, underscoring their climate 
regulation potential. SOC improves fertility while storing 
atmospheric CO₂ in organic matter (Fageria, 2012) [9]. SIC 
sequestration occurs through carbonation, a slow process 
influenced by soil moisture, temperature, and cation 
availability (Manning et al., 2013) [27]. Vegetation further 
strengthens this sink, with forest and peat ecosystems 
contributing substantially (Palit et al., 2022) [34]. However, 
sequestration capacity differs among soil types: loamy and 
clay soils sequester more carbon than sandy soils, while peat 
soils store large amounts but release CO₂ if disturbed (Bai et 
al., 2019; Nolan et al., 2021) [2, 33]. Sustainable land 
management practices, including afforestation, reforestation, 
and conservation agriculture, can enhance soil-vegetation 
carbon storage. 
 
2.2.1 Soil Organic Carbon (SOC) 
Global SOC stocks range between 1500-2400 PgC (Patton 
et al., 2019) [36]. Even small losses can surpass annual fossil 
fuel emissions, while conservation measures can 
substantially offset anthropogenic carbon releases 

(Friedlingstein et al., 2020) [11]. Forest ecosystems, 
especially in humid regions, hold disproportionately high 
SOC densities but face threats from deforestation and 
wildfires (Nave, 2019) [32]. Enhancing SOC through residue 
retention, cover crops, and organic amendments aligns with 
both climate mitigation and the UN Sustainable 
Development Goals (Lal et al., 2021) [23]. 
 
2.2.2 Soil Inorganic Carbon (SIC) 
SIC, estimated at ~940 PgC, is especially prevalent in arid 
and semi-arid soils (Batjes, 1996) [3]. Formed as pedogenic 
carbonates, SIC sequestration can persist over millennia, 
provided calcium inputs are available (Monger et al., 2015) 

[29]. Processes include weathering of silicates and carbonate 
dissolution-precipitation cycles (Urey, 1952; Berner, 2004) 

[46, 4]. While SIC sequestration progresses slowly, it 
complements SOC storage by offering a long-term carbon 
sink. 
 
2.3 Soils as Sources of Non-CO₂ Greenhouse Gases 
In addition to sequestering carbon, soils also emit potent 
GHGs such as methane (CH₄) and nitrous oxide (N₂O). 
Methane emissions arise mainly from flooded soils (e.g., 
rice paddies), while N₂O results from microbial 
transformations of nitrogen under anaerobic conditions, 
often exacerbated by fertilizer use (Smith et al., 2004) [40]. 
Land conversion has reduced soils’ natural capacity to 
absorb CH₄, making sustainable management practices 
essential for balancing carbon gains against GHG trade-offs 
(Tate, 2015) [44]. 
 
2.4 Carbon Sequestration and Climate Change 
Globally, anthropogenic activities release ~8.7 Gt C 
annually, yet only ~3.8 Gt accumulates in the atmosphere, 
highlighting the regulatory role of natural carbon sinks 
(Stockmann et al., 2013) [43]. Soils could act as negative 
emission technologies (NETs) by enhancing SOC through 
photosynthesis, biomass incorporation, and stabilization 
(Smith, 2016) [41]. However, SOC gains are reversible, 
requiring continuous sustainable practices (Dimassi et al., 
2013) [7]. Strategies such as conservation agriculture, organic 
amendments, and integrated crop-livestock-forestry systems 
are vital. SOC sequestration potential is higher in cool, 
humid climates (0.5-1.0 Mg C ha⁻¹ yr⁻¹) than in drylands 
(0.1-0.2 Mg C ha⁻¹ yr⁻¹) (Lal, 2018) [22]. SIC sequestration, 
driven by mineral weathering and biological processes, 
provides additional long-term potential, especially in arid 
regions. Together, SOC and SIC sequestration form 
complementary pathways that, if properly harnessed, can 
play a central role in climate change mitigation. 
 
3. Approach and Methodology for Measuring Soil 
Carbon Sequestration 
The assessment of CO2 sequestration in soil is fundamental 
to our understanding of the planet’s carbon cycle and the 
potential strategies to mitigate climate change. Various 
methods were developed to assess this important 
phenomenon, each with its unique prospects and inherent 
challenges. 
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3.1 Laboratory Techniques 
The cornerstone of understanding soil carbon sequestration 
lies in reliable measurement techniques. Laboratory 
approaches offer precision but often at the cost of extensive 
labour and time. Elemental analysis is one such technique 
commonly used for determining the total organic carbon in 
soil samples (Berns et al. 2008) [5]. This approach usually 
involves the combustion of soil samples and measuring the 
CO2 produced to gauge the carbon content (Wang X et al. 
2016) [48]. While this method provides accurate results, it is 
labour-intensive, costly, and does not provide continuous 
data, instead presenting a snapshot of a dynamic process. 
Spatial variability is a significant challenge, as samples 
taken from two different parts of the same field may yield 
different results (Starr, 2005) [42]. Mass spectrometry is 
another sophisticated laboratory method for analyzing soil 
carbon. It provides not just the quantity but also isotopic 
information, which can be invaluable for tracing the origin 
of the soil carbon (Webster et al. 2011) [49]. These 
techniques can provide more detailed information about the 
sources and turnover rates of SOC. However, isotopic 
methods can be complex and require specialized equipment 
and expertise. 
 
3.2 Field-Based Approaches 
Field-based methods aim for a more holistic understanding 
and are generally more feasible for large-scale studies. The 
eddy covariance technique is widely adopted for this 
purpose (Laudon et al. 2021) [24]. This method measures the 
vertical turbulent fluxes and is beneficial for evaluating 
gaseous exchange between the soil and the atmosphere over 
large areas (Vachon, 2010) [47]. The advent of new 
technology, such as remote sensing, offers promising 
opportunities for assessing CO2 sequestration in soil (Issa et 
al. 2019) [18]. These methods provide the ability to 
continuously monitor large areas with high resolution, 
presenting a big leap from the traditional soil sampling 
techniques. However, they also come with their own 
challenges. The interpretation of remote sensing data can be 
complex, requiring advanced computational models. These 
methods can be expensive, and data can be influenced by 
factors such as soil moisture and surface roughness. 
 
3.3 Modelling Approaches 
Modelling methods, on the other hand, use mathematical 
equations to estimate soil CO2 sequestration based on 
parameters such as soil type, climate, and land use. Models 
can provide continuous data and predict future trends, but 
they also have limitations. The accuracy of the models is 
highly dependent on the quality of the input data, and 
models may not capture the full complexity of soil processes 
(De Vente, 2013) [6]. These models simulate how soil carbon 
levels may change over time under varying conditions and 
thus are more suitable for long-term predictions (Farina, 
2021) [10]. 
 
3.4 Emerging Technologies 
Technology breakthroughs have radically changed how we 
think about soil carbon sequestration. Entering the period of 
sensor technology has been a game-changer in precision 
farming. In order to enable more focused sequestration 
efforts, sensors can now assess a variety of soil 

characteristics in real-time, including pH, moisture content, 
and most importantly, carbon levels (Nanda et al. 2016) [31]. 
A more thorough picture of soil carbon levels may now be 
obtained thanks to drone technology, which has made it 
possible to monitor large areas of land using high-resolution 
aerial imagery (Wich et al. 2018) [50]. Another area at the 
forefront of cutting-edge soil carbon sequestration 
technology is bioengineering. Today, scientists may alter the 
genomes of plants to improve their capacity to absorb 
carbon. By enhancing natural processes, this bioengineering 
technique seeks to improve carbon capture and storage. 
 
4. Discussion and Conclusion 
The relationship between soil and climate change is highly 
complex and multifaceted, with soils functioning 
simultaneously as a victim of climate stressors and a critical 
resource for mitigation. Soils are increasingly recognized as 
one of the largest terrestrial carbon reservoirs, storing more 
than 2,500 Pg of carbon to a depth of one meter 
approximately three times the carbon contained in the 
atmosphere and more than that stored in all global 
vegetation combined (Lal, 2004; Friedlingstein et al., 2020) 

[19, 11]. This vast storage capacity highlights soils’ pivotal 
role in regulating the global carbon cycle and buffering 
climate change impacts. Soil organic carbon (SOC) 
constitutes the majority of this storage, primarily derived 
from plant residues and microbial activity, which become 
stabilized in aggregates and humic substances. SOC 
sequestration can be significantly enhanced through 
sustainable soil management practices such as conservation 
agriculture, residue retention, agroforestry, and the 
application of organic amendments (Lal, 2015; Bai et al., 
2019) [21, 2]. These practices not only increase soil carbon 
inputs but also improve soil structure, nutrient availability, 
and water-holding capacity, thereby offering co-benefits for 
food security and ecosystem resilience (Powlson et al., 
2011) [38]. However, SOC storage is dynamic and reversible, 
with carbon losses occurring due to land-use change, tillage, 
and climate-induced decomposition (Lehmann et al., 2020) 

[26]. In addition to SOC, soil inorganic carbon (SIC) 
represents a substantial but often underappreciated pool, 
estimated at around 940 Pg globally (Batjes, 1996; Lal, 
2018) [3, 22]. SIC sequestration occurs primarily through 
carbonate formation, often regulated by the weathering of 
silicate minerals in a process known as the Ebelman-Urey 
reaction (Urey, 1952; Berner, 2004) [46, 4]. In this reaction, 
atmospheric CO₂ reacts with calcium and magnesium 
silicates to form bicarbonates and eventually pedogenic 
carbonates, a process particularly relevant in arid and semi-
arid regions (Monger et al., 2015) [29]. Unlike SOC, which 
can reach saturation relatively quickly, SIC sequestration 
can persist over millennia, provided calcium sources are 
available, making it a potentially valuable long-term sink 
(Wang et al., 2016) [48]. Importantly, differentiating whether 
calcium originates from silicate weathering (which 
consumes atmospheric CO₂) or from pre-existing carbonates 
(which does not) is essential for accurately estimating the 
mitigation potential of SIC (Durand et al., 2010) [8]. 
Harnessing the land-based carbon sink, including both SOC 
and SIC pools, thus represents a cost-effective and nature-
based strategy for climate mitigation and adaptation. 
Integrating soil carbon sequestration into climate action 
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plans aligns with multiple Sustainable Development Goals 
(SDGs), particularly those related to climate action, land 
degradation neutrality, and food security (Lal et al., 2021) 

[23]. Moreover, restoring soil carbon not only offsets 
anthropogenic emissions but also enhances ecosystem 
services such as water retention, biodiversity conservation, 
and erosion control (Lal et al., 2007; Raza et al., 2021) [17, 

39]. As climate-related risks including soil degradation, 
drought, and extreme weather continue to intensify, 
adopting evidence-based and region-specific soil 
management practices becomes increasingly critical (IPCC, 
2019) [17]. A robust understanding of the soil-climate nexus, 
coupled with informed policies and incentives, can 
transform soils from a passive victim of climate change into 
an active solution provider. By strengthening this link, 
societies can cultivate more resilient ecosystems capable of 
addressing the dual challenges of environmental 
sustainability and climate security. 
Hence, this review highlights the central role of soils in 
regulating the global carbon cycle and their considerable 
potential for climate change mitigation. Both soil organic 
carbon (SOC) and soil inorganic carbon (SIC) sequestration 
represent valuable pathways for carbon storage, but they 
should be regarded as complementary elements within an 
integrated climate action strategy rather than as stand-alone 
solutions. SOC sequestration, promoted through 
conservation agriculture, residue management, agroforestry, 
and organic amendments, offers relatively rapid mitigation 
benefits, whereas SIC sequestration provides more stable, 
long-term carbon storage, particularly in arid and semi-arid 
landscapes. Together, these mechanisms not only contribute 
to lowering atmospheric CO₂ concentrations but also 
strengthen soil health, ecosystem resilience, and agricultural 
sustainability. The benefits of soil carbon sequestration 
extend well beyond climate regulation. Increased carbon 
stocks enhance soil fertility, improve water-holding 
capacity, reduce erosion, and support higher crop yields, 
thereby advancing global food and livelihood security. To 
achieve the United Nations’ Agenda 2030 and the 
Sustainable Development Goals, there is an urgent need to 
adopt evidence-based soil management strategies that 
maximize sequestration while safeguarding ecosystem 
services. A holistic approach that integrates scientific 
innovation, policy frameworks, and sustainable land-use 
practices is essential. Such a pathway will be critical for 
addressing climate challenges while ensuring the resilience 
and productivity of global soils for future generations. 
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