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Abstract 
 
 

Antunes, Melissa Casacchi; Araruna, Junior Jose Tavares (advisor). 

Interrelationship among soil organic carbon stock, physicochemical, 

mineralogical and hydraulic properties in urban environment. Rio de 

Janeiro, 2025. 147 p. Doctoral thesis. Postgraduate Program in Civil and 

Engineering, Pontifical Catholic University of Rio de Janeiro. 

 

 

Soil is at the center of ecological solutions. Soil organic carbon stock (Cstock) 

is the indicator used to assess soil degradation and to monitor restoration. This study 

determined the Cstock and investigated its interrelations with soil's 

physicochemical, hydraulic and mineralogical properties across three classes of 

land use and cover in the city of Rio de Janeiro: non-native vegetation forest (NNF), 

dense ombrophylous forest in the initial stage (FIS), and bare soil fill (BSF). The 

investigation was conducted in 20 cm sections of a 1 m deep soil profile. 

The Cstocks within the 1 m deep profile in the NNF and FIS areas are similar and 

nearly 38% higher than in the BSF area. In contrast, the BSF presented a higher 

Cstock in the subsoil. However, the NNF area exhibited higher stock in the 

persistent form of soil organic matter (MCstock). The values of soil dry bulk density 

have a high influence on the Cstock and must be carefully determined in highly 

heterogeneous urban soil profiles. Soil properties presented similarities and 

dissimilarities between soil profiles; however, statistical analysis revealed 

significant differences among the three areas studied. Correlations between Cstock 

and geotechnical parameters did not present strong significance when considering 

all profiles, although they were representative in more homogenous material. 

Further investigation is required to increase the statistical dataset and confirm 

correlations. At the end, it is shown that the soil physicochemical, mineralogical 

and hydraulic characteristics of each land use and cover class in Rio de Janeiro may 

affect their potential for Cstock. 
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Resumo  

 
 

Antunes, Melissa Casacchi; Araruna, Junior José Tavares (orientador). 

Interações entre estoque de carbono orgânico, propriedades físico-

químicas, mineralógicas e hidráulicas do solo em ambiente urbano. Rio 

de Janeiro, 2025. 147 p. Tese de doutorado. Programa de pós-graduação em 

engenharia civil. Pontifícia Universidade Católica do Rio de Janeiro. 

 

O solo está no centro das soluções ecológicas. O estoque de carbono 

orgânico do solo (Cstock) é um indicador utilizado para investigar solos degradados 

e monitorar a restauração. Este estudo determinou o Cstock e investigou suas 

interações com propriedades físico-químicas, hidráulicas e mineralógicas do solo 

em três classes de uso e cobertura do solo na cidade do Rio de Janeiro: floresta com 

vegetação não nativa (NNF), floresta ombrófila densa em estágio inicial (FIS) e 

aterro de solo exposto (BSF). As investigações foram realizadas em seções de 20 

cm até 1 m de profundidade. Os Cstocks nos perfis até 1 metro de profundidade nas 

áreas NNF e FIS são semelhantes e cerca de 38% maiores do que na área BSF. Em 

contraste, a área BSF apresentou maior Cstock no subsolo. Contudo, a área NNF 

exibiu maior estoque na forma persistente da matéria orgânica (MCstock). A 

densidade do solo tem grande influência no Cstock e deve ser cuidadosamente 

determinada em perfis de solo urbano altamente heterogêneos. Os perfis de solo 

apresentaram similaridades e dissimilaridades entre as propriedades do solo, 

contudo, a análise estatística revelou diferenças significativas entre as três áreas 

estudadas. As correlações entre o Cstock e os parâmetros geotécnicos foram 

representativas considerando materiais mais homogêneos. No entanto, é necessário 

ampliar o conjunto de dados estatísticos para confirmar as correlações. Por fim, o 

estudo mostra que as propriedades do solo de cada classe de uso e cobertura afeta 

seu potencial para sequestro de carbono. 

 

 

Palavras-chave  

Solos urbanos, propriedades do solo, geotecnia, estabilização da matéria orgânica 

no solo, fracionamento da matéria orgânica. 
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1. Introduction 

 

The impact of anthropic activities on the environment is an urgent issue in 

science. The damage to natural ecosystems and the greenhouse gas emissions 

(GHG) have a detrimental effect on the balance of the Carbon (C) biogeochemical 

cycle (IPCC, 2023). 

Carbon is divided into five carbon planet pools: oceanic, geologic, 

atmospheric, biotic and pedologic, which exchange C between them through 

balanced C fluxes (Friedlingstein et al., 2020). The depletion of certain sinks causes 

an increase in concentration in others. It is the case of the high concentrations of 

carbon dioxide (CO2) in the atmosphere caused by the depletion of C in the biotic 

and pedologic pools.  

For instance, it is estimated that between the years 1850 and 1998, 136 Pg of 

C were released from the pedological reservoir due to land use changes (Albritton 

et al., 2001). It is also estimated that 1.66 Pg of C per year are being transferred to 

the atmosphere as a result of deforestation, erosion, and soil respiration (Lal, 

2008a). One of the emerging sustainable solutions for mitigating this ecological 

issue is soil carbon sequestration (SCS) (Granja Dorilêo Leite et al., 2025a; Pereira 

et al., 2024; C. L. Xiao et al., 2025), which may be measured by the SOC stocks 

indicator (Lorenz et al., 2019). 

SCS may be defined as “the process of transferring C from the atmosphere 

into the soil through plants or other organisms, which is retained as SOC, resulting 

in a global C stock increase in the soil” (Don et al., 2024). It is measured by the 

soil organic carbon (SOC) stock, which is usually expressed as Mg SOC ha-1 at a 

given soil depth and restricted to the soil fraction < 2mm (FAO, 2019) 

SOC is formed through the deposition-decomposition of organic matter 

(OM). It is a source for soil biota and has low density and high reactivity. The SOC 

pool is extremely dynamic; gains and losses of SOC can be expressed through a 

balance between biomass-C inputs I and outputs or losses, L. Part of SOC can be 

easily removed from soil, while part of it may stabilize for a long time throughout 

the soil profile (3000 Pg C below 1m) (Köchy et al., 2015). If, in a period, I > L, an 

accrual of SOC indicates SCS (Lal et al., 2015).
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It is known that 50 % of the organic carbon in the soil is chemically or 

physically associated with soil minerals (mineral-associated organic carbon – 

MAOM), which creates a stable form of organic C through physical mineral 

protection and influences the dynamics of long-term C storage in soil. Studies 

indicate that such an association depends on soil structure, mineralogical 

characteristics and environmental conditions  (Georgiou et al., 2022). Arias Estévez 

et al. (2016) pointed out that soils rich in iron and aluminum oxides have a greater 

capacity for carbon association. 

Concerns about the effects of extreme climate events and atmospheric carbon 

concentration have increased interest in quantifying SOC stocks. Efforts to 

understand SOC dynamics have mainly been applied to investigate natural and 

agricultural soils (e.g., Huang et al., 2020; Minasny et al., 2017; Yu et al., 2024). 

However, soil under urban areas also has the potential to store carbon (Lorenz & 

Lal, 2015; Pouyat et al., 2006). 

Despite urban areas occupying only 0.5% of terrestrial land, they are 

responsible for 70% of the planet's greenhouse gas (GHG) emissions and house 

more than fifty percent of the global population (United Nations, 2019). Although 

the useful and comfortable conditions that those artificial lands provide for citizens, 

the urbanization impacts on soils influence the capacity of soils to provide essential 

ecosystem services.  

The expansion of urban areas highlights the importance of soils in supporting 

sustainable cities through a range of regulating soil ecosystem services, like air 

purification, climate regulation, runoff reduction and soil organic carbon 

sequestration (O’Riordan et al., 2021). In this sense, the interest in investigating 

SOC stock in urban soils has been enhanced (Cambou et al., 2018; H. Guo et al., 

2024; Y. Guo et al., 2024; Pouyat et al., 2002a, 2006; Tagiverdiev et al., 2020; V. 

I. Vasenev et al., 2018; Zhang et al., 2021). 

However, assessing SOC stocks in urban areas is a complicated task due to 

spatial-temporal variability resulting from bioclimatic conditions, local urban 

factors and management. The urban SOC stock is highly heterogeneous and drives 

a fragmented spatial distribution. It is also correlated with functional zones 

(recreational, industrial, and residential) and so with surface features (sealed or 

open) and anthropic disturbances (pseudo-natural or engineered) (Morel et al., 
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2015). In this sense, as observed by Vasenev et al. (2018), analysis of urban SOC 

stock must consider soil types, biomes, climates and urbanization scenarios. 

In addition, as noted by Scharenbroch et al. (2018), there is a lack of standards 

for investigating urban soils, including sampling procedures, soil profile depth 

definitions, and specifications regarding soil-forming factors. Indeed, it is still a 

new discipline compared to others in soil science. 

Although urban soil seems to have a small contribution to mitigating climate 

change on a global scale, it is highly relevant to minimizing city vulnerability. 

Reliable data can be crucial for the development of public policies that stimulate 

citizens and governments to invest in nature-based solutions that include aspects of 

soil restoration and conservation (Bispo et al., 2017).  

In this context, this study aims to evaluate C-Stock, physicochemical, 

mineralogical and physical-hydric properties in the soil profile of three different 

classes of land use and cover in the urban area of the Rio de Janeiro city to 

understand the interactions between land use and cover characterization with soil 

profiles.  

To do so, it was determined soil organic carbon stocks in the total soil 

(Cstock) and the soil organic matter fractions (particulate organic matter, POM – 

PCstock - and mineral-associated organic matter, MAOM – MCstock), and 

measured physico-chemical, mineralogical, and physical-hydric (pore size 

distribution and soil-water retention) properties to characterize the soil profiles 

under the land and use classes of: non-native vegetation forest (NNF), dense 

ombrophylous forest in the initial stage (FIS), and bare soil fill (BSF). The study 

undertook soil sections of 20 cm (0 - 0.2 m, 0.2 - 0.4 m, 0.4 - 0.6 m, 0.6 - 0.8 m, 

and 0.8 - 1.0 m) to a depth of  1 m in the soil profile (Appendix 1). 

Soil physical-chemical and mineralogical characterization comprised the 

determination of the specific mass of grains, particle size distribution curve, 

consistency limits, gravimetric moisture content, total soil densities, electrical 

conductivity, pH, metal elements, organic matter (OM), soil organic matter physical 

fractionation, total carbon (TC), total nitrogen (TN), organic carbon (OC), stable 

isotope 13C (δ13C) and 15N (δ15N), X-ray diffraction (XRD) analysis, soil water 

retention curve, and pore-size distribution. Details on the methodology employed 

in the development of these analyses and specific results are included in Appendix 

2. 
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Research laboratory analyses were performed at the Laboratory of 

Geotechnics and Environment (LGMA) of the Civil and Environmental 

Engineering Department, at the Laboratory of Marine and Environmental Studies 

(LabMAM) and the Laboratory of Atomic Spectrometry (LABSPECTRO) of the 

Department of Chemistry, at the X-Ray Diffraction and Scattering Laboratory (Lab 

DRX) of the Department of Chemical and Materials Engineering (DEQM) at the 

Pontifical Catholic University of Rio de Janeiro (PUC-Rio), and also, at the São 

Carlos Physics Institute of the University of São Paulo (USP). 

This thesis is organized into five sections, in addition to this one. Chapter 2 

presents a critical literature review based on a multidisciplinary approach to 

consolidate concepts and definitions encompassed in the SOC dynamics. It also 

includes aspects of the applicability of the SOC stock in engineering projects. The 

content is part of the article titled “Soil carbon storage and retention: a critical 

synthesis on concepts, research opportunities and environmental engineering 

sustainable application,” which was published (October 2025) in the Brazilian 

Journal of Environmental Sciences  (e-ISSN 1806-9657, Qualis A3).  

Chapter 3, named SOC stock and physico-chemical analysis, is presented by 

the article: “Soil organic carbon stock: a case study under different land-use and 

cover classes in Rio de Janeiro, Brazil,” written according to the standards of the 

Brazilian Journal of Soil Science. It describes the study area, the methodology 

applied for physico-chemical and mineralogical laboratory tests, and for carbon 

stock quantification. It also brings the results and discussion of the obtained soil 

parameters and the correlation analyses between them. 

Chapter 4, called SOC stock and physical-hydric analysis, addresses the 

investigation of the physical-hydric properties (soil-water retention curves and the 

soil-pore distribution) and their correlations with C stocks in the three soil profiles.  

It describes the methodology employed for pore-size distribution and water-

retention curve tests and presents and discusses the obtained results. 

Chapter 5 delivers a synthesis of the content presented previously and 

provides an integrated discussion of the results, while Chapter 6 contains 

conclusions and recommendations for future work.  

The literature references that are not listed in the papers in Chapters 2 and 3 

are shown in Chapter 7. Finally, Appendices 1 and 2 include the description of the 
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study areas, the laboratory methodologies, and supplementary data of the 

experimental testing results. 

The main contributions of the research are as follows:  

1. Advances the comprehension of processes related to SOC stock by 

surpassing domain-specific knowledge and adopting a multidisciplinary 

approach.  

2. Points out interactions between SOC stock research gaps and geotechnical 

investigation methods responses. 

3. Sheds light on the potential for applying SOC stock as an indicator of 

decarbonization performance in engineering projects. 

4. Adopts a geoenvironmental sampling methodology to investigate SOC 

stock and soil properties along the soil profile in an urban environment. 

5.  Provides soil organic carbon stock (Cstock; PCstock; MCstock) 

quantifications and soil properties data in three typologies of land use and 

cover in the city of Rio de Janeiro. 

6. Provides linear regression equations to correlate soil physical parameters 

and carbon stocks. 
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2. Soil carbon storage and retention: a critical literature 

review  

Soil functions have been threatened by anthropic activities, comprising 

ecosystem services and unbalancing the carbon biogeochemical cycle. Soil carbon 

sequestration (SCS) is an emergent solution for mitigating climate change and 

restoring degraded soils. Soil organic carbon stock (SOC stock) plays a relevant 

role in measuring ecosystem restoration projects. Nevertheless,  soil is complex and 

heterogeneous. It is subjected to the soil-plant-atmosphere system interaction and 

is controlled by many multidisciplinary processes in the C cycle, from C air 

sequestration to C soil retention. There are still a series of uncertainties around 

concepts, mechanisms and methodological protocols to assess SOC stock. 

Throughout a critical literature review, this paper aims to synthesize concepts under 

a cross-disciplinary approach, analyze research opportunities and examine 

sustainable applications underneath environmental engineering.  Results point out 

the conceptual advances in organic matter stabilization in soil and highlight the 

research gap on the dynamics of the SOC and soil water flux within structured soil 

profiles, which may be explained through geotechnical engineering concepts. It also 

observed the need for a multidisciplinary framework of variables that may clarify 

the transdisciplinary contributions in this field. Finally, the SOC stock is an index 

that may be employed as an indicator of ecosystem restoration results in C-based 

engineering solutions.  

 

Keywords: carbon sequestration mechanisms, soil organic matter stabilization, soil 

hydrodynamics, ecosystem restoration, geotechnics. 

 

2.1. Introduction 

The impact of anthropic activities on the environment is an urgent issue in 

science. Damage to ecosystems and greenhouse gas emissions (GHG) have a 

detrimental effect on the balance of biogeochemical cycles (IPCC, 2023). An 

agreed parameter for monitoring this issue is the concentration of carbon dioxide 

(CO2) in the atmosphere (Friedlingstein et al., 2020).  
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Besides the atmosphere, the carbon in the planet is divided into four other pools: 

oceanic, geologic, biotic and pedologic. The carbon depletion caused by land use 

changes in the latest pool (soil) is a relevant factor in the increase of the carbon 

concentration in the atmosphere (Lal et al., 2015). As a solution, strategies of soil 

carbon sequestration (SCS) contribute to soil carbon storage, which has multiple 

benefits on ecosystem restoration and climate mitigation (Granja Dorilêo Leite et 

al., 2025b; C. L. Xiao et al., 2025).  

The soil pool comprises soil organic carbon (SOC), of the order of 1.550 Pg 

C (1015), and soil inorganic carbon (SIC), of circa 950 Pg C, up to 1m depth (Batjes, 

1996; Lal, 2008). As put forward by Sharififar et al. (2023), SIC occurs as primary 

carbonates derived from lithogenic processes (geogenic - alteration of primary 

carbonate, and biogenic - accumulation of residues of animals and plants) or 

secondary carbonates (pedogenic - formed on site as a result of recrystallization of 

pre-existing carbonates. SIC is also found in solutions as dissolved ions (DIC). 

Precipitation of carbonate requires the availability of Ca2+ or Mg2+ ions and CO2 in 

the soil. Because of the long turnover time of SIC sequestration, it has been 

overlooked. Nevertheless, recently, SIC has gained attention for its potential for 

carbon storage, especially in arid regions (Dina Ebouel et al., 2024). On the other 

hand, SOC is formed through the deposition-decomposition of organic matter (OM) 

(Muhammad et al., 2025). This is a resource for soil biota and has low density and 

high reactivity. The SOC pool is extremely dynamic; gains and losses of SOC can 

be expressed through a balance between biomass-C inputs, I (natural or managed 

aboveground biomass, root C and exudates and C sediments) and outputs or losses, 

L (oxidation, mineralization, erosion and leaching). Part of SOC can be easily 

removed, while part of it may stabilize for a long time along the soil profile (3000 

Pg C below 1m) (Köchy et al., 2015). If, in a period, I > L, an accrual of SOC 

indicates SCS (Lal et al., 2015). 

C sequestration was previously defined as the uptake of a C substance from one 

reservoir to another pool (IPCC, 2001). According to FAO (2019), in the lens of 

soil, carbon sequestration “corresponds to an increase in the stock of soil carbon 

that can be measured or estimated in different ways from balances of carbon 

fluxes”. Despite the relevance of SIC in the carbon cycle, SCS has been focused 

only on SOC stock (expressed as Mg SOC ha-1 at a given soil depth and restricted 

to the fraction < 2mm). Recently, Don et al. (2024) proposed the following 
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definition for SCS: “the process of transferring C from the atmosphere into the soil 

through plants or other organisms, which is retained as SOC, resulting in a global 

C stock increase in the soil”. It has to be noted that SOC storage and stock have the 

same meaning, while SOC accrual is the difference between the initial and SOC 

stock in a unit area in a period that characterizes SCS. On the other hand, SOC 

content is the amount of carbon in a soil sample relative to the total mineral content 

(expressed in percentage of mass) and SOC retention concerns the stabilization of 

SOC stock over time. 

SCS became a financial product to stimulate sustainable land management. Carbon 

credits can be traded if quantified and monitored (Dupla et al., 2024). Nonetheless, 

inventories of SOC stock hold uncertainties and there is a lack of knowledge on 

SOC dynamics and an absence of consensus on methods of measuring and 

monitoring soil-based strategies (Paustian et al., 2016). In addition, the soil has an 

interdisciplinary nature (Brevik et al., 2015). It is complex, heterogeneous and 

dynamic, dependent on anthropogenic perturbance and climate conditions (Mitchell 

and Soga, 2005). 

In this context, comprehension of SOC dynamics requires the integration of 

different areas of knowledge. Only a multidisciplinary framework may allow 

advances in research through disciplinary connections and cooperation among 

teams. Bearing in mind that, this literature review aims to identify the recurrent 

research themes linked to SOC dynamics, synthesize the most significant 

conceptual contributions and analyze research opportunities and sustainable 

application through the lens of environmental engineering. To do so, the literature 

review followed the methodology proposed by Boell & Cecez-Kecmanovic (2014) 

based on a multidisciplinary search framework starting from the carbon 

biogeochemical cycle (soil-plant-atmosphere) and constrained by soil properties 

and structure, soil organic carbon dynamics and soil organic carbon stock. 

Environmental engineering aspects delimited research on sustainable application. 

References were obtained in web-based bibliographic databases such as Brazilian 

Portal of Scientific Journals (CAPES Periódicos), Google Scholar, ScienceDirect 

and Scopus. 

 



22 

 

 

2.2. Concepts and definitions  

2.2.1. Soil as an Ecosystem  

Soil is a complex, particulate, multiphase system in which the solid phase forms a 

matrix or skeleton containing interconnected or not connected pores (Figure 1). The 

solid matrix is composed of primary minerals, which are those inherited from the 

weathered parent rock (typically, siliceous minerals such as quartz, feldspar, and 

mica); noncrystalline or amorphous solids, which are silica-rich mineral-like solids 

such as obsidian, opal, geyserite, and biogenic silica); secondary minerals such as 

those called clay minerals, originate from bio-physical-chemical weathering of 

primary minerals (belonging to the families of kaolinite, illite, and 

montmorillonite); oxides and hydroxides (comprising bonding elements to primary 

minerals and amorphous solids, typically originated from leaching of iron and 

aluminum from upper soil layers); and OM (typically labile and recalcitrant plant 

litter residues).  

Soil pores can be filled by fluids or gases (originating from the atmosphere and/or 

resulting from microorganisms' action). The liquid phase is a soil solution of water 

containing dissolved electrolytes and organic and/or inorganic substances, 

dissolved or in the form of colloids. 

Soil structure, as herein considered, includes a combination of the soil matrix 

arrangement, comprising the distribution, size and interconnections of the solid 

particles; pores arrangement, which includes the distribution, size and 

interconnections of the void’s spaces, and interaction effects among the solids of 

the matrix and the fluids within the pores (essentially, the water), which may change 

over time particularly due to human interferences. Furthermore, the soil is home to 

billions of organisms responsible for biocenosis, a term that better represents the 

soil community (Primavesi, 2018).  

From the viewpoint of environmental engineering, the grain size of the particles (ф 

) composing the soil matrix constitutes a divisor to be considered as, in most cases, 

individual particles of size greater than sand (ф > 0.075 mm), typically 

encompassing primary minerals, do not show any relevant aspect related to carbon 

storage or retention (CS/R). On the other hand, particles comprising the fine soil 

fraction (silt fraction, ф ranging from 0.075 mm to 0.002 mm, and clay fraction, 

with ф < 0.002 mm), play a relevant role in CS/R, either acting individually or in 
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the form of clusters or aggregates (ASTM – American Society for Testing and 

Materials, 2025). 

 

 

Figure 1. The soil multiphase ecosystem. (1) Distinct phases encountered in the soil structure are 
delimited by the pore spaces and the solid matrix in which the solid phase exceeds mineral particles. 
(2) The physicochemical weathering reactions and the bioactivity affect the interaction among soil 
solids in the presence of air and water in the pore spaces. This combination of phases, reactions and 
living organisms turns the soil into an ecosystem. 

 

Soil clusters comprise an assemblage of interconnected fine soil particles with 

complex aggregation formation. According to Bronick & Lal (2005), aggregates 

result from the rearrangement, flocculation, and cementation of mineral particles 

with organic and inorganic substances. The hierarchical aggregation dynamic is 

based on the attachment of bonding agents (organic molecules, clay, and polyvalent 

cations) to form micro-aggregates (< 250 µm), which progressively join other 

particles to form macroaggregates (> 250 µm). A discussion on cluster formation, 

including the presence of OC input, is provided by Denef et al. (2002). The 

experimental results put forward by these authors indicated that fine fraction soil 

mineralogy has an important role in soil cluster formation in the presence of OC. 

It is interesting to note here that such mineralogy is directly related to the specific 

surface area (SSA) of clay minerals, defined as the area of the surface of the particle 

divided by its mass or volume (Table 1). The SSA of clay minerals comprises a 

good indicator of their potential to store or retain, besides water, organic or 

inorganic substances in their diffused or double-layer (Mitchell and Soga, 2005). 

This double layer is inherent to a clay mineral, which presents unbalanced negative 

electric charges on its surface and positive electric charges at its corners. To balance 

that, based on their cation exchange capacity (CEC), cations and anions are attracted 

to the clay surface, including polarized water molecules, which is limited by the 
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hydrated interlayer surface (basal space). Thus, dissolved organic matter (DOM) 

can be adsorbed in the clay mineral double layer. (Kleber et al., 2015; Six, 2002). 

 

Table 1. Clay minerals properties (Grim, 1968; Mitchell and Soga, 2005). 

Mineral SSA 

(m2 g-1) 

CEC 

(cmol kg-1) 

Basal space 

(Å) 
Kaolinite 7 - 30 3 - 15 7.2 

Illite 65 - 100 10 - 40 10.0 

Montmorillonite 50 - 840 80 - 150 9.6 

 

It is also interesting to note that DOM can be transported with water as it flows 

through the pores of the soil, either as a result of rainwater infiltration in an 

unsaturated soil profile or through water percolation in the saturated soil below the 

local water table.  

The degree of soil saturation (S) is defined by the ratio between its void ratio and 

its total volume. If the soil is saturated, S = 1. Saturated and unsaturated water flow 

rates in soils strongly depend on hydraulic soil properties, which are highly 

dependent on the soil structure (Fredlund et al., 2012). 

2.3. SOC storage 

SOC is a result of the soil organic matter (SOM). It is continuously changing, 

varying in depth and space and it is dependent on the broken-down plant 

metabolism, which is regulated by bioactivity and water (Lal, 2004). SOC storage 

and retention depend on the deposition and degradation of OM and its interactions 

with the soil matrix. Thus, a comprehensible understanding of SOM is necessary to 

assess SOC dynamics (Cotrufo et al., 2019). 

 

2.3.1. Soil organic matter 

As put forward by Tan (2003), SOM is derived from the deposition of residues of 

plant inputs or animals into the soil. Bio-physical-chemical transformation converts 

this dead material into organic compounds at various degrees of decomposition. On 

the surface, it is called litter. Downwards, it is broken down into simple molecules 

(e.g. monomeric sugars, amino acids), polymeric molecules (e.g., cellulose, lignin, 

and protein), and a highly stable black-brown substance called humic substances. 
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Such substances comprise a mixture of amorphous, polydisperse organic colloids 

with electrochemical properties such as those associated with clay minerals (e.g. 

adsorption). 

SOM has a diversity of physical forms and molecular structures that can be 

identified by its biological stability, decomposition rate and turnover time. This 

allows a better understanding of the OM dynamics in soils (Prescott & Vesterdal, 

2021). Most of the SOM is found in two fractions (Lavallee et al., 2019; S. J. 

Leuthold et al., 2022): a lower density (< 1.60 to 1.85 g/cm3) and larger size (> 53 

μm) particulate organic matter (POM) and a higher density (>1.85 g/cm3) and 

smaller size (< 53 μm) mineral-associated organic matter (MAOM). These fractions 

hold different physical and chemical properties, persistence and vulnerability to 

land use changes. POM is largely composed of plant-derived matter found in the 

organic soil horizons (horizons O and A) and of rhizosphere fragmentation, which 

are partially decomposed/depolymerized and insoluble. It may be physically 

protected against degradation by occlusion within aggregates. On the other hand, 

MAOM is mostly formed by thermolabile compounds of microbial origin in the 

form of microscopic molecules of OM leached directly from litter or chemically 

transformed by soil fauna associated with mineral surfaces by adsorption (Figure 

2). 

 

Figure 2. SOM fractions transformation pathways. The OM placed on the soil surface presents 
molecular diversity structures and different levels of recalcitrance. Bio-physical-chemical 
transformation also begins at the surface level and OM has already entered soils with distinct 
biological stability and electrochemical properties. DOM, POM and MAOM may be formed and 
encountered along the profile. 
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Despite the large proportion of POM and MAOM in soils, a third fraction of the 

OM, the dissolved one (DOM), is considered the mobile fraction. It is responsible 

for the C transport through soil water; it is highly reactive and plays a critical role 

in C-stabilization as it may reach almost all soil compartments by advection and 

diffusion (von Lützow et al., 2007). This fraction may also contribute to aggregation 

and the formation of MAOM under adsorption mechanisms (e.g. Gmach et al., 

2020). 

2.4.  SOC retention 

Part of the C input in the soil is mineralized, and part remains stabilized for a 

different mean residence time (Lal et al., 2015). SOM stabilization mechanisms 

protect organic molecules against mineralization and oxidation. The two main 

physical protection mechanisms occur through organo-mineral association and 

aggregation (Figure 3) (Lützow et al., 2006; Schmidt et al., 2011; Six, 2002). The 

mineral association mechanism is an interaction between organic matter and the 

mineral surface and metal ions (Lützow et al., 2006). MAOM refers to OM 

encapsulated in micropores or micro-aggregates in the soil matrix directly 

associated with the mineral surface (organo-mineral) or through organo-organic and 

organo-metal-oxide interactions (Possinger et al., 2020). These associations are 

regulated by multimodal sorption mechanisms and by coprecipitation (Kleber et al., 

2015). They are controlled by three key elements: aqueous species (DOM), 

microbial metabolism, and clay mineral surface (Dwivedi et al., 2019). In this sense, 

organo-mineral interactions may be constrained by the percentage of fine particles 

in soil (< 2 µm), setting a soil carbon saturation potential (Hassink, 1997). OM 

sorbed in clay particles may partially or fully cover their SSA, modifying its C-

saturation capacity (Kaiser and Guggenberger, 2003). As put forward by Six et al. 

(2024), the maximum C stabilization in 2:1 clay-dominated soils may be ~ 42 % 

higher than the stabilization in 1:1 clay-dominated soils. 

Physical aggregation consists of the occlusion of OM compounds via micro-

aggregation within macroaggregates (clusters) and intra-aggregates (Bronick & Lal, 

2005). Aggregation restricts the decomposition of OM by microbes and fauna. 

Molecular C compounds stay spatially isolated (Six, 2002). SOM is the primary 

binding agent for aggregation, and POM can also act as a nucleus for macro-
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aggregation, which results in an arrangement of low-density POM fragments 

protected by intra-aggregation (Lavallee et al., 2019). Occlusion processes are also 

guided by organo-mineral interactions as a prior process of aggregation (Lehmann 

et al., 2007). 

 

 

Figure 3. SOC protection mechanisms. (1) Process of organic matter association with the clay mineral 
particle through the adsorption that occurs in the hydration interlayer. (2) Protection of the SOC 
through the occlusion into the aggregates. Physicochemical and physical interacting processes were 
compiled based on Mitchell and Soga (2005), Lützow et al. (2006) and Kleber et al. (2015). 

 

In this context, the occurrence of stabilization mechanisms depends on the soil 

structure in each horizon, as well as on the chemical structure of organic molecules. 

The complexity of clarifying SOM stabilization stems from the simultaneous 

occurrence of variable mechanisms (Lützow et al., 2006). 

2.5. SOC stock 

Soil carbon stock involves SOC and SIC. Although SIC represents a significant 

portion of C in some types of soil, it is considered a static pool and is excluded from 

SCS strategy measurements (FAO, 2019). Considering the bulk density of the soil 

at a given depth, the SOC stock can be evaluated through Equation 1. Usually, it is 

measured in one layer or multiple layers to 30 cm depth. 
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𝑆𝑂𝐶𝑖 𝑠𝑡𝑜𝑐𝑘 =  𝑂𝐶𝑖 𝑥 𝐵𝐷𝑖  𝑥 (1 − 𝐺𝑖)𝑥 𝑡𝑖  𝑥 0,1                                              Eq. (1) 

 

where SOCi is the SOC stock of the soil layer (Mg C ha-1); OCi is the SOC content 

of the fine fraction in the layer (g kg-1), BDi is the bulk density of the soil layer (g 

cm-3), Gi is the percentage of coarse particles of the layer (g g-1), ti is the thickness 

of the layer (cm) and 0.1 is a unit converter factor. POM and MAOM fractions have 

also been used, separately, in the evaluation of SOC stocks (e.g. Souza Medeiros et 

al., 2022). 

Different methodologies and assessment protocols can be employed to obtain the 

SOC stock parameters, leading to largely differing results (e.g. Poeplau et al., 2017; 

Dupla et al., 2024). For example, Peoplau et al. (2020) showed that comparison 

results between a default modeling reference of SOC stock and in situ 

measurements may be overestimated by 71 % in depleted soils and underestimated 

by 549% in carbon-rich soils. Despite uncertainties of modeling results, the 

adoption of remote sensing technologies, such as spectroscopy imaging 

(hyperspectral), has promised effectiveness in SOC prediction (e.g., Guo et al., 

2021; Roy et al., 2024). 

Finally, Bispo et al. (2017) state that the use of international standards may 

contribute to improving the reliability of the measure, report and verification 

(MRV) protocols on soil C quantification, mainly when it is applied to the carbon 

market. 

2.6. Soil Storage and Retention  

Research into soil carbon dynamics highlights the concept of soil as a multiphase 

ecosystem that contains biotic and abiotic compounds. Even though soil structure 

(e.g., skeleton, pore-distribution, mineralogy) regulates the transport, storage and 

retention of water, gas and OM, most of the interactions in the processes and 

mechanisms of carbon storage and retention require bioproducts. (Figure 4). 
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Figure 4. SOC influence factors and variables interactions. (1) The formation and stabilization of SOC 
encompass elements from the atmosphere, biota and pedosphere and depend on the water 
dynamics within the soil. (2) In this sense, several phenomena occur simultaneously, with the 
interaction among variables resulting in complex cause-and-effect relationships. The picture also 
illustrates the multidisciplinarity in the field 

 

Additionally, soil C sequestration science goes beyond the boundaries of a single 

scientific area or a specific problem statement. It embraces several research areas 

such as environmental, soil and plant science, microbiology, atmosphere, and 

hydrology, among others (Possinger et al., 2020; Verma and Ghosh, 2024) with a 

myriad of research questions concerning, for instance, food security, climate 

mitigation, and soil and ecosystem restoration. Moreover, it is a relatively young 

area of knowledge (Dina Ebouel et al., 2024). Since there is no specified research 

framework for each science area, interconnected knowledge is needed to investigate 

any individual phenomenon on soil C storage and retention. It comprises 

divergences in vocabulary and concept description (Don et al., 2024), as well as in 

measurement standards and quantification methods, which are further applied to 

carbon credit protocols (Dupla et al., 2024). 

In this context, concepts on soil C storage and retention can be synthesized through 

the lens of carbon pools (atmospheric-biotic-pedologic) to provide an overview of 

concepts and mechanisms associated with soil C, and the research boundary areas 

are referred to in Table 2. 
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Table 2. Literature references on SOC through carbon pools. 

Carbon 

pool 
Thematic Key factors References 

Atmospheric 

MAP and 

MAT 

Wetting and 

drying cycles  

Galluzzi et al., 2024; Heckman et al., 2023; 

Kramer & Chadwick, 2018 

Climate 

change 
Warming  

Georgiou et al., 2024; Rocci et al., 2021; Wang 

et al., 2024; Wei et al., 2024 

Biotic SOM input 

Vegetation 

input 

Cotrufo et al., 2022; Paltineanu et al., 2024; Y. 

Sun et al., 2024 

Roots 

metabolism 
Dijkstra et al., 2021; Gross & Harrison, 2019 

Pedologic 

Soil structure 

Physical-

chemical 

properties 

Fukumasu et al., 2022; Luo et al., 2021; Luo 

and Viscarra-Rossel, 2020 

Hydrodynamic Lal, 2020; Védère et al., 2022 

C- saturation 
Georgiou et al., 2022; Rodríguez-Albarracín et 

al., 2023; Six et al., 2024 

SOC storage 

SOM decay 

Cotrufo et al., 2015; Lehmann & Kleber, 2015; 

Prescott and Vesterdal, 2021; Smith et al., 

2018 

SOM fractions 
Angst et al., 2023; Cotrufo et al., 2019; 

Lavallee et al., 2019; Poeplau et al., 2018 

SOC retention 

Stabilization 

concepts 

Cotrufo and Lavallee, 2022; Lehmann et al., 

2020; Schmidt et al., 2011 

Physical 

protection 

Chi et al., 2022; Scartazza et al., 2023; van den 

Bergh et al., 2024 

Mineral 

association 

Hemingway et al., 2019; Kleber et al., 2015; 

Kopittke et al., 2020; Possinger et al.,2020 

 

2.7. Soil hydrodynamics on SOC mobility 

The hydroclimatic regime influences soil C dynamics in multiple ways. As put 

forward by Védère et al. (2022) in the macroscale, mean annual precipitation 

(MAP) affects soil surface conditions, plant inputs, runoff and water infiltration and 

evapotranspiration (Figures 5.1 and 5.2). In the soil profile, water flows and 

transports soluble matter and controls biological dynamics (SOM production). At 

the microscale, water influences soil C stabilization mechanisms (Figure 5.3). 

The dynamic movement of water may establish layers of variable saturated 

conditions with distinct decomposition rates and nutrient dynamics that affect 

several carbon stabilization and destabilization mechanisms (Yusuf et al., 2024).  
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Figure 5. Water effect on SOM: (1) Precipitation generates horizontal (runoff) and vertical (infiltration) 
transport of particles and soluble OM depending on soil surface conditions (saturation and/or crust 
formation). Infiltration results in the leaching and integration of OM along the soil profile. Part of the 
water can be released as vapor. (2) Raindrops can induce aggregate destabilization. Detached OM 
may be transported by erosion and accumulated along the pathway. (3) Water content induces a 
gradient of soluble organic molecules, transfers of microorganisms and nutrients (advection and/or 
diffusion) and affects oxygen supply. Microbial-substrate accessibility (biodegradation) performs 
mineralization or stabilization of OM according to the degree of saturation.  

 

Moisture also drives differences in soil factors regulating MAOM concentration 

and persistence. It depicts a clear divergence in the total organic carbon retained in 

reactive minerals between climate types of soil (humid and arid soils) according to 

the water balance (Heckman et al., 2023). Additionally, soil moisture regulates the 

leaching of OM and, in intermediate moisture conditions, the translocation of Ca-

carbonate polymerization and the flocculation process of Fe-Al and colloids 

adsorption (Kramer and Chadwick, 2018). 

SOM affects the field capacity (FC). As mentioned by Lal (2020) and Santos Brito 

et al. (2011), it may increase water retention (WR), likewise, FC condition is 

favorable for bioactivity and SOM retention (Védère et al., 2022). Wetting and 

drying cycles strongly affect soil properties and soil aggregate stability; therefore, 

the capacity of soil to physically protect OM (Jesús Melej et al., 2024). On the other 

hand, close to saturation conditions, water encounters flow paths in aggregated 
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media according to aggregate roughness and size of pores, which settle preferential 

flows that by-pass the aggregate matrix (Carminati et al., 2008). 

Water is in the center of the SOM formation, in its vertical distribution and in the 

retention in each soil structure. Water flows through soil-void spaces, transporting 

matter - ions and suspended solids - and interacts with clay minerals (e.g. Mitchell 

and Soga, 2005). Physical and bio-physical-chemical processes are involved in OM 

transport in soil and can control SOC stock (Figure 5). DOM transport is correlated 

to the soil hydraulic conductivity (K) and its retention to the type of minerals present 

in the soil. 

Researchers have observed the complexity of examining soil C mobility in soil 

profiles. For instance, Fukumasu et al. (2024) mention the influence of aggregation 

aspects on SOC transport and Si et al. (2018) observed the relationship between 

DOC vertical movement, soil sorptive capability and sorption/desorption dynamics 

with SOC allocation along the soil profile. Considering agricultural practices, 

Jephita et al. (2023) attempt to correlate hydrodynamic parameters such as the 

saturated hydraulic conductivity (Ks), steady state infiltration rates (is) and soil 

sorptivities (Sp) with soil parameters such as BD, SOC content and aggregate 

stability.  

Indeed, there is a consensus on the lack of information on correlating soil 

hydrodynamic-SOM transport and C retention in the subsoil (Falloon et al., 2011; 

Sun and Mu, 2022; F. Yu et al., 2023). 

Despite progress in descriptions of hydrological processes in numerical 

simulations, knowledge is still required of hydrological parameters and solute 

migration in the context of organic carbon. Hydraulic conductivity, degree of 

saturation, fluid temperature and viscosity are some of the hydrodynamic soil 

parameters that require further investigation in response to soil C sequestration. In 

addition, responses of soil C stabilization dynamics may be correlated to soil-water 

retention curves (Fredlund et al., 2012), which comprise a sort of soil DNA (Ibañez, 

2008) Moreover, the migration of ions in soil water that are controlled by advection, 

molecular diffusion and mechanical dispersion (Figure 6) is subject to its 

capacitance (Mitchell and Soga, 2005). All these aspects may strongly affect the 

SOC vertical distribution and stabilization mechanisms. To overcome the 

complexity of such interactions, numerical programs like Hydrus-1D, which allow 
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simulating water flux and solute transport in variably saturated media, may be 

useful to the comprehension of the SOC-water dynamics (e.g. Biesek et al., 2024). 

 

 

Figure 6. Diagram of OM phases and transport mechanisms in the subsoil. 

 

2.8. Soil assessment and SOC stock 

Soil multifunctionality supports planet life, provides food, water, and energy, 

protects biodiversity and mitigates climate (Kopittke et al., 2022). Soil degradation 

caused by land-use change, industrialization and urbanization raised concerns about 

the preservation and restoration of soil functions and services in a holistic view 

beyond previous concerns only referred to food security (Bünemann et al., 2018). 

In this context, evaluating SOC losses and storage potential becomes crucial to 

establishing recovery strategies. 

Soil quality index (SQI) (e.g., Guo et al., 2024), soil security (SS) multidimensional 

concept (e.g., Evangelista et al., 2023) and soil ecosystem services (SES) (e.g., 

Latawiec et al., 2022) are some of the relevant frameworks employed to evaluate 

vital soil functions and services. 

SQI encompasses soil properties and soil functions, being related to its capacity to 

perform the ecosystem functions to sustain life and environmental balance 

(Bünemann et al., 2018). However, soil physical, chemical and biological attributes 

selected for SQI are not standardized (Li et al., 2023; Raiesi, 2017) and links 

between soil quality and soil socio-ecological functions are not well-established (J. 

Guo et al., 2024). 
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On the other hand, the multidimensional concept of SS consists of five soil 

dimensions: capability, condition, capital, connectivity and codification – that can 

be understood, quantified and managed through soil functions, services and threats 

(McBratney et al., 2014). A proposed SS assessment framework based on soil 

functions (properties and processes) is being discussed (Evangelista et al., 2024). 

Moreover, SES also falls into four service categories: provisional, regulatory, 

cultural and supporting (Baer and Birgé, 2018). It is derived from the concept of 

ecosystem services (ES), which are the direct or indirect benefits that ecosystems 

provide to people (MEA, 2003). SES is directly linked to sustainability. The type, 

quantity and quality of SES depend on edaphic properties and soil functions. The 

valuation of SES is linked to natural features and land management (Pereira et al., 

2018).  

Besides this framework assessment, other efforts have been made to link soil 

structural properties to soil functions (e.g., Orlova & Savin, 2024; Rabot et al., 

2018; Séré et al., 2024). However, the lack of clear interpretation schemes has 

limited the opportunities to support decision-makers and public policies (Bünemann 

et al., 2018; Rodrigues et al., 2021) as well as constrained the quantification of 

functions and services for monetary valuation (Baveye et al., 2016). 

Notwithstanding, SOC stock is an indicator that exhibits soil functions and quality 

(Kopittke et al., 2022). Indeed, SOC has been taken as a planetary resource to 

support ES (Lorenz et al., 2019) and has been used to boost comprehension of 

changes in the soil surface and subsurface under degradation (Blanco-Canqui, 2024; 

De Laurentiis et al., 2024; Kavukattu Sreekumar et al., 2024). In addition, advances 

in new technologies such as the hybrid modeling approach and machine learning 

have enhanced the SOC prediction to support restoration management practices 

(Ding et al., 2025). However, further investigation is needed to correlate SOC stock 

to SES.  

Moreover, an indicator based on the organic carbon-to-clay ratio (SOC:Clay) has 

been admitted specifying levels of soil structural degradation (Dexter et al., 2008; 

Johannes et al., 2017; Prout et al., 2021). However, owing to the variability of soil 

types, there are uncertainties on threshold values to adopt SOC:Clay on a large scale 

(Feeney et al., 2024; Mäkipää et al., 2024). 

Despite the “in progress” development of accurate methods to quantify SOC stock, 

SOC represents a reliable index to express soil multifunctionalities and services. 
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Indeed, it is guiding national and global public policies on soil restoration 

(European Commission, 2023; FAO, 2019; IPCC, 2019). 

2.9.  Sustainable applications  

Environmental engineering provides solutions for environmental sanitation – 

delivery of proper disposal of wastewater and solid waste, drainage of rural and 

urban areas and control of water, soil and atmospheric pollution – considering the 

socio-environmental impacts of these solutions (Davis and Cornwell, 1991). Most 

environmental technologies are based on soil functions or aim to restore it. To 

ensure the provision of ecosystem services and increase multiple soil functions, 

mainly in degraded urban areas, technical and conceptual solutions, such as climate-

smart soils (Paustian et al., 2016), manufactured soils or technosols (Deeb et al., 

2020), sustainable remediation (Ridsdale & Noble, 2016), carbon footprint 

calculation (Cappuyns, 2024) and incorporation of ES in the remediation process 

for contaminated sites (Harwell et al., 2021) have been considered. In most cases, 

SOC stock has been used as an indicator of ecosystem restoration (Sims et al., 

2020). 

For instance, Chen et al. (2021) applied the SOC stock in two types of restoration 

strategies. The study pointed out that the two rehabilitated sites had different 

development trajectories for SOC sequestration and different performances of 

ecosystem carbon sequestration. Bucka et al. (2024) utilized total organic carbon to 

assess soil function deliverables in manufactured soil (rock mining waste and soil). 

The authors observed the potential of the waste and soil mixture to enhance carbon 

storage due to the abundance of OC-free mineral surfaces. In this case, besides 

recycling mining waste, the manufactured soil enhances soil carbon sequestration. 

Thus, restoration strategy choices may define future ecosystem performance. 

In addition, changes in urban soil may promote soil degradation and loss of its 

functions (Pouyat et al., 2002b). Reintegrating the ability of an area to absorb 

carbon from the atmosphere and store it in the form of SOC is crucial for air 

purification, climate regulation, runoff reduction and the development of 

sustainable cities (O’Riordan et al., 2021).  

In this context, as illustrated in Figure 7, civil and environmental engineering 

solutions can employ SOC stock as a metric to express the ecological performance 
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of a rehabilitated or constructed site. It may also be an opportunity to monetize the 

SCS as carbon credits if the challenges of policy integration for carbon markets, 

such as differences in the use of methodologies and protocols and the definition of 

the minimum monitoring period, are overcome (Batjes et al., 2024). 

 

 

Figure 7. C-based engineering applications. The SOC stock indicator may be used to monitor 
advances in soil restoration and express the potential of the project to mitigate climate and restore 
ecosystem services. 

 

2.10. Conclusion  

Research on SOC sequestration has been advanced, driven by climate mitigation 

and soil restoration. Nevertheless, as soil carbon dynamics is a multidisciplinary 

science, it requires transdisciplinary analysis considering the interaction of 

biophysical-chemical variables derived from the carbon pools (atmospheric-biotic-

pedologic), which vary according to soil structure - water dynamics. To do so, it is 

required a standardization of definitions, concepts and protocols. A guiding 

multidisciplinary framework of biophysical-chemical variables correlations would 

overcome the challenges related to SOC transdisciplinary research. 

In addition, research opportunities dwell on data acquisition of SOC and SIC in soil 

profile, mainly in tropical and subtropical areas where water flux may potentialize 

SOC storage and retention in depth. Other aspects to be investigated through the 

lens of environmental engineering include the behavior of SOC storage and 

retention under the effects of soil hydrodynamics considering hydraulic 

conductivity, degree of saturation and soil-water retention curve. 
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The emergency to ecosystem restoration and climate regulation highlights the role 

of SOC stock as an index that reflects the integral capacity of the land to provide 

ecosystem services. Despite discrepancies in MRV protocols, the additionality of 

SOC in restored soils may generate soil carbon credits (SCC) for a monetary carbon 

market.  

Advances in SOC storage and retention research will contribute to minimizing 

discrepancies in MRV protocols. In this sense, the development of decision-support 

systems integrating SOC, hydrology and land-use data would be useful to endorse 

the elaboration of public policies to incentivize the restoration of degraded areas 

other than agricultural ones. For instance, restoring degraded soils in urban areas, 

rehabilitating green spaces and building nature-based solutions and green 

infrastructure through C-based engineering solutions.  
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3. SOC stock and physico-chemical analysis  

Soil is at the center of ecological solutions. In cities, it supports 

infrastructure and provides fundamental ecosystem services (ES) that contribute to 

human well-being and climate regulation. Sustainable cities require functional soils 

to perform green solutions. This study investigates physical-chemical and 

mineralogical properties of three classes of land use and cover soil profiles in the 

city of Rio de Janeiro, Brazil, and quantifies the soil organic carbon stock in the 

total soil (Cstock) and in the soil organic matter (SOM) fractions: particulate 

organic matter (PCstock) and mineral-associated organic matter (MCstock). Soil 

profiles in the areas of non-native vegetation forest (NNF), dense ombrophylous 

forest in the initial stage (FIS), and bare soil fill (BSF) were investigated up to a 

depth of 1 m, divided into five sections of 20 cm. The results revealed that Cstock 

within the 1 m deep profile in the vegetated areas (NNF and FIS) are similar and 

nearly 38% higher than in the landfilled area (BSF) due to the deposition of organic 

matter in their surface. In contrast, the Technosol profile (BSF) presented a higher 

Cstock in the subsoil due to the organic matter added into the landfilled material. 

The preserved green-cover class (NNF) exhibited a natural soil profile with a higher 

stock in the persistent form of SOM (MCstock). It is confirmed that the soil dry 

density has a high influence on the Cstock and must be carefully determined in 

highly heterogeneous urban soil profiles. The physicochemical and mineralogical 

soil properties showed similarities and dissimilarities between soil profiles; 

however, statistical analysis revealed significant differences among the three 

studied areas. Correlations between Cstock and geotechnical parameters did not 

present strong significance when considering the three profiles as a whole, although 

they were representative when considering only the more homogenous material. 

Further urban soil investigation in similar areas is required to increase the statistical 

dataset and confirm correlations. At the end, it is shown that soil physicochemical 

and mineralogical characteristics of each land use and cover class in Rio de Janeiro 

may affect their potential for carbon storage and sequestration.  

 

Keywords: urban soil, soil properties, geotechnics, SOM stabilization, SOM 

fractions.  
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3.1. Introduction 

Soil holds two and a half times the amount of carbon in the atmosphere. It is a 

fundamental sink in the global carbon cycle to restore ecosystems and climate 

change adaptation in the face of ecological crises caused by human activities  

(Batjes, 1998; Lal et al., 2015). In addition, soil is the basis of essential ecosystem 

services (ES) for life (e.g., Baer & Birgé, 2018).  

Recent anthropogenic activities have increased greenhouse gas emissions (GHG) 

more than before, impacting global warming and ecosystem functions 

(Friedlingstein et al., 2020). Part of the problem stems from soil conversion 

resulting from agricultural, forestry, and other land-use transformations (IPCC, 

2023; Sanderman et al., 2017). Then, soil conservation and restoration strategies 

appear as mitigation and adaptation solutions across systems (Janzen, 2004; Lal, 

2004). In this context, soil organic carbon stock (C stock) is the indicator to assess 

soil quality, levels of restoration and ES potential (Kopittke et al., 2022; Lorenz et 

al., 2019; MEA, 2003). 

SOC results from the deposition and degradation of organic matter (OM) on the soil 

surface and subsurface (Jobbágy & Jackson, 2000). Its dynamics are complex, and 

depend on plant inputs, soil structure, water flux and microbiological metabolism 

(Lehmann & Kleber, 2015). SOM occurs in various sizes and shapes during 

different stages of decomposition. Most of them are encountered in two soil 

fractions: the particulate organic matter (POM), which presents a lower density 

(<1.60 to 1.85 g cm-3) and larger size (0,053 < ф < 2mm), and the mineral-associated 

organic matter (MAOM), which has higher density (>1.85 g cm-3) and smaller size 

(< 53 μm). While POM may be free in soil pores or physically protected in soil 

clusters, MAOM is typically adsorbed in clay minerals (Lavallee et al., 2019). 

SOM fractions are regulated by edaphic factors that impact SOC storage (Cotrufo 

et al., 2019). Efforts to understand SOC dynamics have mainly been applied to 

investigate natural and cultivated soils (e.g., Huang et al., 2020; Minasny et al., 

2017; Yu et al., 2024). However, soil under urban areas also has the potential to 

store carbon (Lorenz & Lal, 2015; Pouyat et al., 2002a, 2006). Besides climate 

mitigation, the restoration of urban soil can enhance soil, air and water quality by 

providing ecosystem services derived from soils (O’Riordan et al., 2021; Orlova & 

Savin, 2024).  
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According to Zhao M et al. (2022), 0.68 % of the total global surface is urbanized. 

However, despite the small relative area, approximately 57.0 % of the global 

population lives in cities (UN Population Division, 2025). Moreover, there is a 

prediction of urban land expansion, which will reduce urban system stability and 

resilience, leaving people exposed to extreme heat events, floods and air pollution 

(Hu et al., 2025). These trends have sparked interest in urban SOC management, 

highlighting the importance of balancing urban expansion, ecosystem protection, 

and human well-being (Feng et al., 2025; V. I. Vasenev et al., 2018).  

Soil is a complex, particulate, and multiphase system. Its structure comprises a 

combination of the soil matrix and pore arrangements (void spaces) that can be 

filled with different types of fluids, and as pointed out by Primavesi (2018), where 

microorganisms perform biocenoses. Furthermore, soil carbon dynamics vary 

according to soil structure, and it is subject to the soil-plant-atmosphere interaction. 

Urban soils undergo several anthropogenic disturbances, such as transport and 

deposition, mixing and sealing, that may result in short cycles of soil formation, 

primarily in the topsoil. Anthrosols (soils under strong human influence) and 

Technosols (soils containing significant amounts of artifacts) are two general 

classifications of disturbed soils, also used for soils in urban areas (IUSS Working 

Group WRB, 2015). Nonetheless, classification taxonomies for soils of urban, 

industrial, traffic, mining and military areas (SUITMA) are still being studied 

(Charzynski et al., 2017; Costa et al., 2019). For instance, in Brazil, Furquim and 

Almeida (2022) pointed out the need to incorporate anthropic soils in the Brazilian 

Soil Classification System.  

In general, urban soil is characterized by higher spatial heterogeneity, both 

horizontally and vertically (Zhang et al., 2021); it is subject to (i) functional zones 

such as recreational, industrial, and residential, (ii) surface features: sealed or open; 

and (iii) pseudo-natural or engineered disturbances (Morel et al., 2015). In addition, 

indirect anthropic disturbances (climate, chemical pollutants, biome, and invasive 

species) and direct human-made conversions, such as land-use and cover changes, 

physical compaction, and management practices (fertilization, composting, or soil 

organic matter removal), affect carbon storage in urban soils (Trammell et al., 

2018). 

Research on soil characterization and SOC dynamics in urban ecosystems has 

gained attention in recent years (Burghardt et al., 2015; Burgos Hernández et al., 
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2019; Cambou et al., 2018, 2023; Chien & Krumins, 2022; Feng et al., 2025; H. 

Guo et al., 2024; Y. Guo et al., 2024; Tagiverdiev et al., 2020; Tiema & Gasiorek, 

2024; V. I. Vasenev et al., 2018). However, the investigation of urban soil still 

embraces several challenges. 

Sampling is constrained by soil variation and limited access, such as sealing, 

ownership permission and community approval (Legg & Hodges, 2024; Stevenson 

& Hartemink, 2024). There is a lack of standard methods for specific urban soil 

investigation, particularly at depth (Burghardt et al., 2015) and there are still 

divergences in methods (e.g., Dupla et al., 2024) and equations employed to 

calculate the SOC stock (e.g., Poeplau et al., 2017). Indeed, it is a new discipline 

compared to others in soil science (Scharenbroch et al., 2018). 

In this context, this study evaluated profiles of three classes of land use and cover 

of unsealed soils in Rio de Janeiro, Brazil. Initially, the physical, chemical, and 

mineralogical characteristics of the soil profile to a depth of 1 m in the classes were 

evaluated. Then, the soil organic carbon stock in the total soil (Cstock) and the soil 

organic matter fractions POM and MAOM (PCstock and MCstock) were quantified 

in the soil profiles at a given point in time. Following, correlations between soil 

geotechnical indexes and physical-chemical and mineralogical variables with SOC 

content and Cstock in the areas were developed. Finally, statistical similarities and 

dissimilarities between classes are pointed out. 

3.2. Materials and Methods 

3.2.1. Study area 

The study was conducted in Rio de Janeiro city at the Pontifical Catholic 

University of Rio de Janeiro (PUC-Rio) campus in the Gávea district. The campus 

is located at a low elevation of the Tijuca Massif, within coordinates 22°58’70” S 

and 43°14’00’’ W. According to the Köppen classification system, the climate in 

the region is tropical with a dry winter (Aw) (Alvares et al., 2013). The mean annual 

temperature is 23.6 °C, and the mean annual precipitation is 1,252 mm, with the 

rainy period concentrated in the summer (December to March) 

(https://clima.inmet.gov.br).  

Locally, the geology is quite complex, comprising granitic-gneissic bedrock located 

some 14 to 27 meters below the ground surface. The soil profile in the region may 
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present sedimentary (colluvial and alluvial soils), residual (mature and young or 

saprolitic soils) and landfill soil with variable thickness (De Campos, 2020). 

 

3.2.2. Land use and change 

According to Drummond (1997), the documented history of land use in the Tijuca 

Massif dates back to Brazil's colonization in the 16th century. Until 1817, the land 

was used for summer residences, orchards and farming (mainly sugar cane and 

coffee plantations) under an intense deforestation process that caused water scarcity 

in the watershed. From the mid-19th century onward (1845 - 1848), a reforestation 

project was established on the massif's slopes, resulting in the existing conservation 

area of the National Park of the Tijuca Forest (PNT). Simultaneously, urbanization 

advanced in the lower lands.  

The university campus was established in the area in 1945. Nowadays, it comprises 

constructed areas, pavements, and unsealed soil, as well as fragments of non-native 

and native forest species. 

Rio de Janeiro holds twenty-four classes of land use and cover (SIG Floresta, 

2018). At the site (see Figures 8a and 8b), the following classes were identified 

(Figure 8c): 

(i) Bare Soil Fill (BSF): uncover soil fill comprising grains of variable sizes 

(from clay to gravel), construction and demolition debris, organic matter 

and rock blocks. 

(ii) Dense Ombrophylous Forest in the Initial Stage (FIS): soil under 

herbaceous and shrubby physiognomy with open or closed cover. 

Woody plants have an average diameter of 5 cm (breast height), a height 

of up to 5 meters, and an age of up to 10 years. 

(iii) Non-Native Forest (NNF): soil covered with fragments of forest 

composed of non-native species. It occurs in residential, industrial, 

unoccupied, or abandoned public and private plots and urban parks. 
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Figure 8. Study area. a) Land use and cover map of the Rio de Janeiro city; b) Site location map, and 
c) Research plots of NNF, FIS and BSF areas. 

 

3.2.3. Soil sampling and characterization 

Remolded and undisturbed samples were collected randomly in 5 x 5 m plots, 

extending up to 1 m depth in each experimental area. Remolded sampling was done 

manually with an electrical helical auger. Undisturbed sampling was performed 

using Geoprobe's Direct Push Subsurface Sampling technology, which utilizes dual 

tube sampling composed of a soil probe rod (1.75” OD) and a clear PVC liner (1.25” 

OD). Colored caps were used on the liner ends to differentiate the top and bottom. 

Physical-chemical-mineralogical soil characterization tests were performed in the 

laboratory on specimens retrieved from investigated layers corresponding to the 

topsoil (0 – 20 cm) and the subsoil (20 to 40 cm; 40 to 60 cm; 60 to 80 cm and 80 

to 100 cm) nominated in here as layer 1, 2, 3, 4 and 5 from top to bottom. 

3.2.4. Physical analysis 

Comprised the determination of the specific mass of grains, particle size 

distribution curve, consistency limits, gravimetric water content, total and dry soil 

densities and electrical conductivity. Grain size distribution was performed by 

sieving and sedimentation techniques following the Brazilian standard, NBR 7181: 

Soil-granulometric analysis (ABNT,2025a). Grain sizes were defined according to 

ABNT (2022a) as gravel (60 – 2.0 mm), sand (2.0 – 0.06 mm), silt (0.06 – 0.002 

mm), and clay (< 0.002 mm). Determination of the consistency or Atterberg limits 

– liquid (wL) and plasticity (wP) limits – followed the ABNT (2016a) and ABNT 
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(2016b), respectively. It was also computed the Skempton clay activity index, Ac, 

given by the ratio between the plasticity index, PI = wL – wP, and the percentage by 

weight of clay (Skempton, 1953). Soil classification and content of fines were 

performed according to the Unified Soil Classification System - USCS (ASTM, 

2025). 

The specific mass of grains (ρs) and gravimetric moisture content (w) were 

determined according to the ABNT (2025b) and ABNT (2024), respectively. Total 

density, ρt, (ratio between the total soil mass, M, and its total volume, V, and dry 

soil density, ρd, (ratio between the oven dried soil mass or mass of solids, Ms, and 

the total volume of the specimen, V), were determined in three replicates of 

undisturbed specimens retrieved from the liner using a volumetric ring 

(approximately 11 cm³) with an area ratio of circa of 15 % (Clayton et al., 1995). 

Knowing ρs, w and ρt, the physical index voids ratio, e, given by Vv/Vs (Vv = volume 

of voids and Vs = volume of solids) was computed (e.g., Lambe & Whitman, 1969). 

Electrical conductivity, EC, was determined in soil solution with a conductivity 

meter, Hanna model HI763100, according to FAO (2021a). 

3.2.5. Chemical analysis 

Comprised the determination of pH, metal elements, organic matter (OM), total 

carbon (TC), organic carbon (OC), and stable isotope 13C (δ13C). 

The pH was measured under a 1:25 suspension of soil: water (m:v) using a pHmetro 

EDGE HI2002-02 from Hanna Instruments, on air-dried and sieved (< 2 mm) 

specimens, according to FAO (2021b). Samples for heavy metals were treated 

according to USEPA (1996) in air-dried and sieved (< 2 mm) samples, grounded 

with a mortar and pestle, and sieved to get a fine powder texture (< 0,15mm). The 

quantification was performed by inductively coupled plasma optical emission 

spectrometry (ICP-OES) with Optima DV 4300 (Perkin Elmer, EUA). Both 

measurements, pH and metal elements, were done in duplicates. 

Organic matter (OM) determination proceeded according to ABNT (2022b) in 

triplicate. TC, OC, and stable isotope δ13C determinations were performed in the 

bulk soil samples (air-dried and sieved < 2 mm) and in the SOM fractions POM 

(POC) and MAOM (MOC), which were obtained using the physical size 

fractionation method suggested by Cotrufo et al. (2019). To do this, bulk soil 

samples were dispersed in a shaker with glass beads (18 h; ~120 rpm) in a 5 g L-1 
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sodium hexametaphosphate solution. Fractions were separated by sieving and oven-

dried (40 oC). A fine powder texture was obtained for the bulk soil and SOM 

fractions (FAO, 2019). The samples for OC quantification were acid-washed with 

1 M HCl (hydrochloric acid) to remove inorganic carbon. 

Carbon analysis was performed by dry combustion in the Elemental 

Analyzer coupled to Isotope Ratio Mass Spectrometer (EA-IRMS), model Focus-

Delta V Plus by Thermo Scientific, with a C limit of detection (LOD) of 3 μg. 

Carbon determinations were performed in the bulk soil sample in quadruplicate, 

while the SOM fractions (POM and MAOM) were measured in triplicate. 

3.2.6. Mineralogical analysis 

Mineralogical analysis patterns were carried out with X-ray diffraction by the 

powder method in air-dried and sieved samples (< 0.053 mm) with a D8 Advance 

Bruker XRD diffractometer. Qualitative analysis applies Profex and the EVA 

program by Bruker, and quantitative analysis follows Doebelin & Kleeberg (2015). 

3.2.7. SOC stock quantification 

Soil organic carbon stock was calculated in each 20 cm soil layer for the total soil 

and the SOM fractions, applying Equation 2, proposed by Poeplau et al. (2017) and 

FAO (2019). 

𝐶𝑠𝑡𝑜𝑐𝑘𝑖(𝑘𝑔 𝐶 𝑚−2) =  𝑂𝐶𝑓𝑖𝑛𝑒 𝑒𝑎𝑟𝑡ℎ𝑖
 𝑥 𝜌𝑑𝑓𝑖𝑛𝑒 𝑒𝑎𝑟𝑡ℎ𝑖

 𝑥 𝑑𝑒𝑝𝑡ℎ𝑖                       (Eq. 2) 

where Cstocki is the SOC stock in the investigated soil layer (i); 𝑂𝐶𝑓𝑖𝑛𝑒𝑠 𝑒𝑎𝑟𝑡ℎ𝑖
 is 

the soil organic carbon content in the fine earth (< 2 mm) in the layer (g kg-1), depthi 

is the thickness of the respective layer (m) and 𝜌𝑑𝑓𝑖𝑛𝑒𝑠 𝑒𝑎𝑟𝑡ℎ𝑖
 is the dry density of 

the fine soil fraction, given by Equation 3. 

𝜌𝑑𝑓𝑖𝑛𝑒𝑠 𝑒𝑎𝑟𝑡ℎ𝑖
 (𝑔 𝑐𝑚−3) =   

𝑚𝑎𝑠𝑠𝑓𝑖𝑛𝑒 𝑒𝑎𝑟𝑡ℎ 𝑠𝑜𝑖𝑙

𝑣𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒
                                                    (Eq. 3) 

For each soil layer, the mass of fine soil was obtained by the product of the 

dry density, ρd, by the percentage of soil mass with less than 2 mm (obtained from 

the respective particle size distribution curve). Equation 2 was also applied to 

determine the SOC stock for the POM fraction (PCstock) and the MAOM fraction 
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(MCstock). To do so, 𝑂𝐶𝑓𝑖𝑛𝑒𝑠 𝑒𝑎𝑟𝑡ℎ𝑖
 was obtained by the OC content in the POM 

fraction (POCi) and the MAOM fraction (MOCi). 

POC and MOC contents were computed considering the percentage in mass 

of the respective grain size range - POM (2 mm < ф > 0.053 mm) and MAOM (ф < 

0.053 mm) - obtained from the particle size distribution curves of each soil with 

less than 2mm (see Figure 9).  

3.2.8. Statistical analysis  

Descriptive data analysis was performed to interpret the mean, standard 

deviation (SD), and the coefficient of variation (CV) for each area along the profile. 

For particle size distribution, the combined coefficient of variation (CV_c) was also 

calculated.  

Mean values of variables selected for statistical analysis were tested for 

normality using the Shapiro-Wilk test. Depending on the outcome, either a 

parametric (ANOVA) or non-parametric (Kruskal-Wallis) analysis of variance was 

conducted to assess statistically significant differences among land-use and land-

cover classes. When significant differences were detected, post hoc tests (Tukey 

and Dunnett) were applied.  

Statistical differences are indicated by different letters (e.g., a, b, c) in the 

results. The significance level is represented by p-values, with thresholds defined 

as follows: p ≤ 0.05 (*), p ≤ 0.01 (**), and p ≤ 0.001 (***). Alternatively, 

significance is discussed in terms of probability values lower than 5%. 

Spearman’s rank correlation was used to evaluate the relationship (r) 

between physicochemical and mineralogical variables and soil organic carbon (OC) 

and carbon SOC stock (Cstock) in the whole soil (n = 15) and in the subsoil (n = 

12), given that the topsoil data were non-parametric. This approach is based on the 

principle that variables may vary together without a strictly linear relationship 

(Gauthier, 2001). 

Finally, parametric and non-collinear variables were used in a Linear 

Discriminant Analysis (LDA). All statistical analyses were performed in R software 

using the RStudio interface (R Core Team, 2024). 
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3.3. Results  

3.3.1. Physical characterization 

The soil particle size distribution of the three profiles is shown in Figure 9.  

The BSF area consists primarily of coarse particles (sand + gravel), while the FIS 

and the NNF areas present a larger proportion of fines (silt + clay), particularly in 

the subsoil layers. The topsoil of the FIS and NNF areas displays distributions 

distinct from those of the subsoil. Along the subsoil, FIS exhibits more variable 

particle size curves, with a 16.4% combined coefficient of variation (CV_c), and 

NNF preserves more uniformity (CV_c = 7.4%).  

 

  

  

  
Figure 9. Soil granulometry. Particle size distribution curves of the area BSF, FIS and NNF from 
layers 1 to 5 in the figures a) to e), respectively. Dashed lines in the graphs indicate particle size limits 
for SOM fractions POM (2 < φ > 0,053 mm) and MAOM (φ < 0,053 mm); f) Percentage of the grain 
size content in each layer (1 to 5) in the three areas.  
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Figure 10 shows the consistency limits for each layer in each area. Note that 

the BSF 1 specimen is non-plastic, so it was plotted at the chart origin. Figure 10 

also includes the soil classification according to the USCS. In this system, the 

topsoil from the NNF area is classified as high-plasticity silt (MH), while that from 

the BSF and FIS areas is classified as silty sand (SM). For topsoil, organic 

classification was excluded by testing the liquid limit values after oven drying 

(ASTM, 2025). 

On the other hand, the subsoil from the NNF and FIS areas is classified as 

high plasticity clay (CH) and that from the BSF as clayey sand (SC). From the 

viewpoint of Soil Science, the BSF area is classified as Technosol, while the FIS 

and the NNF areas are classified as Acrisols (Santos et al., 2025; Lumbreras and 

Gomes, 2004). 

 

Figure 10. Soil classification and consistency limits by area and depth (layers 1 to 5). 

 

Results of the specific mass of grains (ρs), dry soil density (ρd), void ratio 

(e), fines content (%), activity index (Ac) and electrical conductivity (EC) are shown 

in Figure 11.  

The BSF area takes the highest ρs, which varies little with depth (CV = 0.65 

%). The lowest values of ρs are found in the upper layer of the FIS and NNF areas, 

indicating the presence of OM. Dry soil density (ρd) - and total density (ρt), not 

shown in Figure 11 - follow similar patterns, while the void ratio (e) presents 
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opposite patterns, considering differences between topsoil and subsoil. It is 

interesting to note that the mirrored pattern between ρd and e results from the 

inverse relationship between these two physical soil indices, as shown by Equation 

4. 

𝑒 =
𝜌𝑠

𝜌𝑑
− 1                                                                                                       (Eq. 4) 

The fine content varies considerably between the backfilled (BSF) and the 

vegetated areas (FIS and NNF), ranging, on average, from ~ 25% to ~ 60% 

respectively. However, while the content of fines in the FIS reduces in the subsoil, 

it increases in the BSF and NNF areas. 

 

 

Figure 11. Physical index results per area along the profile: (a) specific mass of grains (s), (b) dry 

soil density (d), (c) void ratio (e), (d) content of fines (%), (e) Activity index (Ac) and (f) electrical 
conductivity (EC).  

 

Owing to its definition, the activity index (Ac) reflects the variation of both 

the plasticity index and the clay content. Bearing in mind that this index is 
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undefined in the non-plastic layers 1 and 2 of the BSF area, decreasing from layer 

3 to 5. However, it must be considered that the use of such an index, which reflects 

the potential reactivity of a given soil (e.g., Mitchel and Soga, 2005), may be seen 

with care in the case of such a type of soil profile (cohesionless, sandy soil layers). 

The silty soils from layer 1 of the FIS and NNF profiles provide Ac differing from 

those of the respective subsoil clayey layers. As these subsoil layers present similar 

plasticity indexes, observed variations reflect differences in clay contents.  

Electrical conductivity (EC) is about the same in layer 1 (top layer) of all 

areas, probably reflecting the influence of the temperature and rainfall precipitation 

on the soil surface  (Corwin and Lesch, 2005). In the subsoil, EC tends to increase 

with depth in the NNF area and to become constant with depth in the FIS and BSF 

areas. 

As indicated in Table 3, physical variables (fines, ρd and e) present statistical 

differences between the BSF area and the FIS and NNF areas; EC, between the 

NNF and the BSF and FIS areas, while Ac does not present a statistical difference 

between areas. 

 

Table 3. Statistical tests. Fine content (%), Activity (Ac), Dry soil density (g cm-3), void ratio (e) and 
Electrical Conductivity (dS m-1) with their respective variance test and significance level (p). 

 
Note: Values are expressed as mean + SD. Different letters denote statistical differences 
(Tukey or Dunn). 

 

3.3.2. Chemical and mineralogical characterization 

The results of pH, total concentration of metal elements and the percentage 

of the predominant minerals encountered in the profile are presented in Table 4. 

The pH gradually changes from slightly alkaline in the BSF area to acidic 

in the bottom layer of the other two areas. These results reflect the occurrence of 

construction and demolition waste (CDW) in the BSF area, in contrast with the 

acidity of the soils resulting from weathering of granite-gneissic rocks in the FIS 
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and NNF areas. In terms of metal elements, the concentrations of Mn, Mg and K 

are higher in BSF than in the other areas, probably due to the presence of CDW. 

They are also higher in the upper layer of all areas. Fe and Al do not present 

regular patterns throughout the profiles but show lower concentrations in the topsoil 

and higher in the subsoil in all areas. Regarding primary minerals, quartz is present 

in all layers of the three areas, while feldspar occurs in the whole BSF profile and 

layer 1 of the FIS area. Mica is also present in layers 1 (~ 13.6%) and 3 (~ 8%) of 

the BSF profile. The clay mineral Kaolinite is present in all layers of the three areas, 

while Illite was encountered in layer 1 of the BSF profile (~ 18%). The occurrence 

of oxy-hydroxides is variable in all the profiles. 

 

Table 4. Chemical and mineralogical results: pH, concentration of the Manganese (Mn), Magnesium 
(Mg), Potassium (K), Iron (Fe) and Aluminum (Al), minerals Kaolinite (Kln), Quartz (Qz), Feldspar 
(Fsp), and Oxy hydroxides (OxOH) for BSF, FIS and NNF profile, in layers 1 to 5.  

 

 

Mn Mg K Fe Al Kln Qz Fsp OxOH

BSF 1 8.2 342 4011 5752 30495 26230 29.2 18.0 21.0 0.0

BSF 2 7.7 223 2236 3575 33405 27220 69.5 13.1 13.0 2.2

BSF 3 7.8 206 948 775 33405 25710 16.2 23.3 51.9 0.0

BSF 4 8.0 246 567 548 31920 21960 67.7 22.8 5.2 4.4

BSF 5 7.9 204 257 220 26915 19485 38.7 41.9 9.7 5.1

mean 7.9 244 1604 2174 31228 24121 44.3 23.8 20.1 2.3

SD 0.2 57 1542 2407 2697 3269 23.6 10.9 18.7 2.4

CV 2.5 23.4 96.2 110.7 8.6 13.6 53.4 45.9 92.8 102.4

FIS 1 7.5 100 976 489 28185 27030 73.5 14.3 4.3 7.9

FIS 2 6.7 27 249 189 37910 32580 92.5 3.5 0.0 3.5

FIS 3 6.0 18 128 147 36830 30735 92.1 3.7 0.0 4.3

FIS 4 5.0 14 65 140 39675 26535 94.7 2.9 0.0 2.4

FIS 5 4.7 15 65 150 40640 25070 87.8 1.3 0.0 10.9

mean 6.0 35 297 223 36648 28390 88.1 5.1 0.9 5.8

SD 1.1 37 387 150 4959 3137 8.6 5.2 1.9 3.5

CV 19.2 105.7 130.5 67.2 13.5 11.1 9.7 101.4 223.6 60.6

NNF 1 6.4 100 758 405 37670 20060 86.7 9.4 0.0 3.9

NNF 2 4.4 32 165 161 55835 27710 85.0 15.0 0.0 0.0

NNF 3 4.4 29 151 159 55080 27180 89.9 5.8 0.0 4.4

NNF 4 3.9 39 125 160 60110 27475 93.1 3.6 0.0 1.8

NNF 5 3.8 75 128 147 57485 24620 93.2 1.7 0.0 2.1

mean 4.6 55 265 206 53236 25409 89.6 7.1 0.0 2.4

SD 1.1 31 276 111 8913 3238 3.7 5.3 0.0 1.8

CV 23.2 56.3 104.0 53.8 16.7 12.7 4.1 74.2  - 72.8

Metal elements Mineralogy

mg kg
-1 wt  (%)

Area -Layer pH
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3.3.3. Carbon analysis 

The contents of organic matter (OM), total carbon (TC) and soil organic 

carbon (g kg-1) in the total soil (OC) and in the SOM fractions - POM (POC) and 

MAOM (MOC) - are displayed in Table 5. 

 

Table 5. Soil carbon parameters results: Organic Matter (OM), total carbon (TC), soil organic carbon 
in total soil (OC) and in the POM (POC) and MAOM fraction (MOC) for the three land cover classes 
and layers (n = sample’s number).  

 
Note: m: mean; SD: standard deviation; CV: coefficient of variation (%); Letters indicate 

statistical differences (Tukey or Dunn test, p < 0.05). The * in the number of samples (n) 

of the OM indicates a difference between areas: BSF and FIS areas have n =3, while the 

NNF area has n = 2. 

 

 

The amount of OM in bulk soil is the smallest in the BSF area. Average 

values in FIS and NNF profiles present similar magnitudes; however, the variation 

of OM is lower in FIS (CV = 30.47 %) than in NNF (CV = 56.11%) due to the higher 

contents of OM in the topsoil. 

TC and OC follow a similar average pattern along the profile in the three 

areas. In layer 1, the NNF presents the highest concentration of TC and OC, while 

in layer 2, this is in the FIS area. Considering layers 3 to 5, these are slightly higher 

OM TC OC POC MOC 

%

n  = 3 / 2*

1 1.72 ± 0.57 18.00 ± 5.14 16.28 ± 4.71 5.17 ± 0.67 5.02 ± 0.10

2 1.45 ± 0.28 12.44 ± 1.82 10.92 ± 1.51 7.60 ± 0.97 3.05 ± 0.03

3 2.75 ± 0.54 11.73 ± 0.64 11.01 ± 0.10 1.93 ± 0.13 4.59 ± 0.08

4 2.00 ± 0.30 10.08 ± 0.69 9.72 ± 0.76 2.09 ± 0.22 4.03 ± 0.07

5 1.80 ± 0.11 7.82 ± 0.56 7.05 ± 0.39 0.90 ± 0.05 3.61 ± 0.05

mean 1.94 ± 0.49
a 12.014 ± 1.77 11.00 ± 3.36

a 3.54 ± 2.78 4.06 ± 0.78

CV (%) 25.30 31.54 30.55 78.44 16.16

1 7.43 ± 1.00 55.79 ± 14.32 51.06 ± 18.58 16.06 ± 0.31 26.86 ± 0.74

2 5.10 ± 0.29 14.18 ± 0.46 13.01 ± 1.07 1.65 ± 0.05 10.26 ± 0.55

3 4.48 ± 0.87 9.34 ± 0.69 8.55 ± 1.29 1.07 ± 0.10 6.01 ± 0.33

4 4.28 ± 0.39 7.50 ± 0.63 6.65 ± 1.12 0.81 ± 0.06 5.46 ± 0.02

5 3.45 ± 0.63 5.61 ± 0.27 5.42 ± 0.13 0.87 ± 0.06 3.71 ± 0.07

mean 4.95 ± 1.51
b 18.48 ± 3.27 16.94 ± 19.29

b 4.09  ± 6.70 10.46  ± 9.48

CV (%) 30.47 114.13 113.89 163.70 90.62

1 10.57 ± 0.04 85.13 ± 1.77 70.4 ± 15.19 17.52 ± 2.67 49.91 ± 0.24

2 4.42 ± 0.58 9.90 ± 0.51 8.94 ± 0.78 1.55 ± 0.13 6.65 ± 0.37

3 3.89 ± 0.25 7.78 ± 0.34 7.37 ± 0.34 1.48 ± 0.09 4.76 ± 0.07

4 3.46 ± 0.28 7.41 ± 0.10 6.94 ± 0.40 2.74 ± 0.12 4.55 ± 0.05

5 4.13 ± 0.19 6.84 ± 1.41 6.48 ± 1.51 2.2 ± 0.12 5.44 ± 0.07

mean 5.23 ± 2.97
b 23.41 ± 0.83 20.03 ± 28.18

b 5.1  ± 6.96 14.26  ± 19.94

CV (%) 56.11 147.45 140.69 136.59 139.84

g kg
-1

n = 3

FIS

NNF

BSF

n = 4

Class Layer
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in the sandy soil of the BSF area than in the clayey soils of the FIS and NNF. As 

expected, these variables show little difference in the acid subsoil (Gozukara et al., 

2025). 

The average POC and MOC in the three areas increases from the backfilled 

(BSF) area to the FIS and NNF areas. However, it has to be noted that the large 

difference between the topsoil and the subsoil concentration increases the CV in 

these last two areas. 

The average OC recovery from the total OC in the POC and MOC in the BSF, 

FIS and NNF areas was 69.26 %, 87.47%, and 98.99%, respectively.  

Figure 12 presents the isotopic composition (δ13C) of the organic carbon in 

total soil and the SOM fractions POM and MAOM. In the green-covered areas, FIS 

and NNF, there is an enrichment of δ13C along the profile in OC and MOC, 

indicating distinct levels of organic carbon mineralization in the topsoil and subsoil. 

In the BSF area, the OC and MOC also exhibit an enrichment throughout 

the profile down to layer 4, whereas in layer 5, depletion occurs. The isotopic 

signature in POC displays less variation along the profile and, as expected, is less 

enriched in δ13C on average for all areas (S. Leuthold et al., 2024).  

All δ13C results are in the range of -29.62 ‰ to -22.78 ‰, indicating that the 

predominant vegetation in the SOM composition originates from C3 plants, which 

are characterized by forest vegetation (Martinelli et al., 2018). 

 

 

Figure 12. Stable isotope results: δ13C (‰) of organic carbon in the (a) total soil (OC), (b) in the POC 
fraction and (c) in the  MOC fraction in the areas BSF, FIS and NNF along the soil profile. 
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3.3.4. SOC stock  

Figure 13 shows the Cstock in each layer of each area. As indicated in Figure 

13a, the larger Cstock occurs in layer 1 of the NNF area (14.30 kg C m-2) and of the 

FIS area (13.83 kg C m-2). However, in layer 2, the Cstock is larger in the FIS area 

(3.58 kg C m-2) than that in the NNF (2.60 kg C m-2). From layers 3 to 5, the BSF 

area presents the highest amounts of Cstock compared to the FIS and NNF areas. 

Unlike the green areas, the absence of OM inputs in the bare soil of the BSF 

area implies a uniform Cstock along the profile, with an average of 2.86 kg C m-2 

(SD = 0.35). The total Cstock in 1 m depth in the BSF, FIS and NNF areas is 14.29 

kg C m-2, 23.07 kg C m-2 and 22.83 kg C m-2, respectively. The contribution of 

topsoil Cstock is lower in the BSF area (~ 20 %), while it is approximately 60 % in 

the FIS and NNF areas due to the enriched OM topsoil (Figure 13b). Nonetheless, 

the MCstock contribution in the three areas is higher than the PCStock, in a 

proportion of 54 % and 46 % respectively in the BSF area, and of ~ 72 % and ~ 28 

% respectively in the FIS and NNF areas (Figure 13c). 

 

 

Figure 13. SOC stock results. a) Soil organic carbon stock (kg C m-2) in the areas BSF, FIS and NNF 
from layers 1 to 5, including at the top of the bar, the type of soil in the respective layer: silty sand 
(SM), high plasticity silt (MH), clayey sand (SC) and high plasticity clay (CH); b) Soil organic carbon 
stock in the topsoil (0 – 20 cm) and in the subsoil (20 – 100 cm) and c) Soil organic carbon stock in 
the MAOM fraction (MCstock) and in the POM fraction (PCstock) in the three classes of land cover 
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3.4. Discussion 

3.4.1. Soil properties 

Urban soil is a distinct material resulting from direct or indirect 

anthropogenic influences. Along with urbanization, soil may be transported, sealed, 

compacted, cultivated, leveled, landfilled, or removed, which alters soil properties 

and results in significant heterogeneity at small scales (Trammel et al. 2018). 

The three surveyed classes of land use and cover are located at a short 

distance, suggesting that they would present similar properties in their natural state. 

Nevertheless, comparing a more preserved area, NNF, with the reforested area 

(FIS) and the backfilled area (BSF), the results of soil physical, chemical and 

mineralogical characterization indicate levels of anthropogenic disturbance. 

For instance, the grain size distribution of the areas reflects textural 

differences between classes. In the BSF area, the gravelly topsoil (~ 34%), 

associated with the large fraction of sand (~ 70 %) and the lowest fraction of clay 

(~ 13 %) in the subsoil, confirms the backfilled features of the BSF (Figure 9). On 

the other hand, the contrast of the fine content, as well as of the Atterberg limits, in 

the topsoil of the areas FIS and NNF suggests the occurrence of some distinct 

management practices affecting the topsoil of these areas. This, however, is not 

observed along their subsoil profiles, which show similar textures. 

Further distinctions among the areas are provided by ρs, which shows a clear 

difference between the topsoil of the three areas, while it presents a similar 

magnitude in their subsoil layers (Figure 11a). Additionally, e in the topsoil of area 

NNF is some ~37% higher than in the areas BSF and FIS. However, in the subsoil, 

while it is similar in the areas FIS and NNF, it is some 14% smaller in the area BSF. 

Chemical and mineralogical parameters also point out the distinction 

between classes of land use and cover. The average values of Mn, Mg and K in the 

profile drastically separate the BSF area from FIS and NNF area; however, in terms 

of Fe concentration, NNF holds about 1.6 times the content of it in BSF and FIS. 

The diversity of mineralogy in the BSF area, compared to the stable pattern of that 

in the areas FIS and NNF, also contributes to establishing physicochemical and 

mineralogical dissimilarities between areas. 

Corroborating the above geotechnical analysis, multivariate statistical 

analysis, considering non-collinear and statistically significant variables (fines 
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content, pH, OM, Fe, Mg, Mn, K, Kln, Fsp and Qz), shows a clear differentiation 

among the areas, as illustrated in Figure 14. 

 

Figure 14. Linear Discriminant Analysis (LDA) for the three areas. 

 

3.4.2. SOC stock in the profiles 

 

As defined earlier, Cstock is a parameter expressed in mass per area, given 

by the product of OC content, the dry density of fines and the layer thickness (e.g., 

Peoplau et al, 2017). Bearing in mind that, the Cstocks within the whole 1 m deep 

soil profile in the vegetated areas (NNF and FIS) are ~ 38% higher than in the 

landfilled area BSF (Figure 13a). This is supported by the higher content of soil OC 

in layer 1 along the profiles in the green areas (Table 5). 

Unexpectedly, the Cstock in the mature non-native forest area (NNF), with 

the richest organic matter (OM) topsoil, is nearly the same as that in the reforested 

FIS area, which is in an initial vegetation stage. This can be explained by analyzing 

layers 1 and 2 of both profiles. While the content of OC in layer 1 of the NNF area 

is ~ 27% higher than that in the same layer of the FIS area, the respective dry density 

of fine earth fraction is ~ 32% smaller in NNF (1.02 g cm-3) than in the FIS (1.35 g 

cm-3). In this case, the Cstock in the topsoil of NNF is only 3.3% higher than in the 

FIS. 
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On the other hand, considering layer 2,  the OC content is ~ 31% higher in 

the FIS area than in NNF, while the dry density of fine soil in the FIS area remains 

nearly the same (1.37 g cm-3), it increases by ~ 30% in the NNF area (1.45 g cm-3). 

This implies a ~ 28% higher Cstock in layer 2 of the FIS area than in the NNF one. 

As the Cstock in the underlying layers (3 to 5) of both areas is about the same, the 

differences in OC and ρdfine earth in layers 1 and 2 explain the similar Cstock found 

for the whole profile of areas FIS and NNF. 

Another unexpected result occurs between layers 3 to 5 of the landfilled area 

(BSF), where the Cstock is ~ 25% higher than that in the vegetated areas (FIS and 

NNF). In this profile section, this pattern also replicates for OC (~ 29 % higher) and 

for the average dry density of fines (~5 % higher). This is probably due to the 

occurrence of OM fragments such as leaves and branch litter in the landfilled 

material, which does not occur in the subsoil of the FIS and NNF areas. 

It is interesting to note here that, as shown in Figure 15 if, instead of 

considering a layer thickness of 1m, it was adopted the standard thickness of 30 cm 

depth considered by FAO (2019), it would be obtained similar Cstocks for the 

vegetated areas NNF and FIS (~15.60 kgC m-2 and 15.62 kgC m-2, respectively), 

while BSF would store 4.64 kgC m-2. Authors such as Pouyat et al. (2006), Lorenz 

and Lal (2015), Cambou et al. (2018), V. Vasenev & Kuzyakov (2018), Zhang et 

al. (2021) and H. Guo et al. (2024) provide values of Cstock for distinct urban areas 

around the world. However, comparisons are difficult due to differences in land-

cover and use classifications, as well as adopted layer thickness. 

 

Figure 15. Cstock in the BSF, FIS and NNF areas by thickness of 0 to 30 cm, and the section of 30 
to 100 cm depth 
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3.4.3. SOM fraction dynamics on SOC stocks 

Beyond the analysis of total SOC stock, the quantified OC stocks in the 

SOM fraction provide evidence on the dynamics of SOM in terms of its turnover 

time, functioning, and formation (Cotrufo et al., 2019). While the MAOM fraction 

comprises the stabilized OC in soil, which is associated with the soil matrix 

(organo-mineral complexes and fines aggregates), the POM fraction encompasses 

the free OM compounds, more vulnerable to land-use changes (Lavallee et al., 

2019). 

In this study, the amount of mineral-associated organic carbon fraction, 

expressed by MCstock, is higher than the particulate OM stock, PCstock, in the 

three urban soil profiles. The PCstock has a similar magnitude in the three areas 

(mean = 5.33 kg C m-2, SD = 0.63). In contrast, MCstock is ~ 63 % higher than 

PCstock in the green areas (FIS and NNF), while it is only ~ 15% higher in the BSF 

soil profile (Figure 13c). 

Analyzing the dynamics of SOM fractions in layers 1 and 2, MCstock is ~73 

% lower than PCstock in the BSF area. In the vegetated areas, MCstock is ~ 67 % 

higher than PCstock in the NNF area, while it is ~ 52 % in the FIS area. Thus, even 

though the Cstocks for total soil in the green areas are nearly the same, the NNF top 

layers retain more organic carbon in stabilized form than in the FIS area.   

From layers 3 to 5, MCstock is 81.8% and 56.8% higher than PCstock in the 

FIS and NNF areas, respectively, which comprises ~61% of mass in the grain size 

range of MAOM (Figure 9). In the BSF area, unexpectedly, MCstock is 60.4% 

higher than PCstock, despite the low content of MAOM soil fraction (~25 %) in 

this profile section.  

As mentioned before, MCstock is associated with the dry soil density of 

fines and with the MOC content, which is given by the product of OC content in the 

MAOM fraction and the percentage of soil mass in the grain size range of MAOM. 

Thus, an explanation for the obtained result of MCstock in the above-mentioned 

BSF area would be the high content of OC encountered in the MAOM fraction, 

which is 2 times higher than the OC in the MAOM fraction of the FIS and NNF 

areas, resulting in similar content of OC in the MAOM fraction (MOC) of the three 

areas (Table 5). 
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This higher content of OC in the MAOM fraction of layers 3 to 5 of the BSF 

area may be related to their mineralogical and soil chemical composition 

characteristics. As shown in Table 4, apart from exhibiting higher pH values, the 

BSF area contains higher concentrations of Feldspar and metals such as Mn, Mg, 

and K than the other two areas. As reported by Behera & Shukla (2015), Khaledian 

et al. (2017), L. Xiao et al. (2016), Brüggenwirth et al. (2024), Dhaliwal et al. (2024) 

and Montgomery et al. (2025), and also it will be seen next, there are positive 

correlations between these variables and the soil organic carbon (OC). 

3.4.4. Soil properties correlations with OC and Cstock 

In this study, Spearman´s correlation was employed to evaluate the 

connection between the geotechnical parameters and soil properties with the soil 

OC and Cstock. For that, the soil data were unified without division between areas, 

depth, and type of soil. It was considered a single sample dataset. 

Initially, correlations were performed for all soil samples (n = 15), which 

included results from the five layers of the three areas (Figure 16). Afterward, 

correlations were made in a sample dataset considering only the subsoil (n =12) 

(Figure 17).  

Correlations considering the whole soil samples (n = 15) present a high 

number of strong significant correlations. Moderate significant correlations with 

soil OC occur with pH, Fe, Mn, Kaolinite and Quartz (> 0.5 and < - 0.5, p ≤ 0.05), 

while the strong ones occur for the metals Mg and K (p ≤ 0.01). These significant 

correlations also happen with Cstock in the whole soil, except for the minerals Kln 

and Qz. These findings are supported by results put forward by Montgomery et al. 

(2025). 

Despite the strong correlations of the chemical and mineralogical variables 

considering the whole sample dataset, geotechnical parameters, such as fines, Ac, 

ρd, void ratio (e), EC and OM, do not present significant correlations with soil OC 

and Cstock, besides the weak correlation for fines (-0.45; p > 0.05).  

In the analysis of the correlations for the subsoil sample dataset (n =12), the 

correlation between OC and Cstock with Mg (p ≤ 0.001) and K (p ≤ 0.01) presents 

strong significance, while the correlations with pH are moderate. In contrast, the 

other metals and minerals show non-significant and weak correlations (0.3 < r < 0.6 

and -0.4 > r > -0.6, p > 0.05). On the other hand, among geotechnical variables, 
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void ratio (e) has a significant negative correlation with Cstock (p ≤ 0.05), while it 

is non-significant but moderate with OC. The correlations between ρd and EC with 

OC and Cstock are also non-significant but moderate (0.4 < r < 0.6 and -0.4 < r < -

0.6, p > 0.05). 

 

 

Figure 16. Correlation between soil properties and SOC stock (n=15) for the data of the three soil 
profiles. 
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Figure 17. Correlation between soil properties and SOC stock (n=12) for the data of the subsoil of 
the three soil profiles. 

 

It is interesting to note that the better correlations found for geotechnical 

variables with OC and Cstock in this last analysis (n = 12) are supported by the fact 

that the absence of topsoil data imposes less variation in the sample dataset, which 

enhances the accuracy of statistical analyses. Indeed, this finding is related to the 

natural differences in soil properties between the topsoil and subsoil of the profiles. 

 Finally, as it can be seen in the last lines of Figures 16 and 17, the correlations of 

variables follow nearly the same pattern for OC and Cstock.  

By comparing Figures 16 and 17, it is also interesting to note that better 

correlations among the metal elements (Fe, Al, Mn, Mg and K) and minerals (Kln, 

Fsp and Qz) with geotechnical variables (Dry D, e, OM and EC) are observed when 
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the top soil layer is not considered in the sample dataset, which imply in having a 

more homogeneous material. 

Statistical correlations for each land-use and cover class profile, or for the 

type of soil, were not performed due to the small number of samples. 

3.5. Conclusion 

This study evaluated the Cstock for three classes of land use and cover in 

the city of Rio de Janeiro. The Cstocks in the two green-cover classes are similar, 

while in the bare landfilled area, it is much lower. Nevertheless, the analysis of SOC 

fractions stocks highlights that the more preserved green area in urban soil holds a 

high amount of Cstock in the protected form of organic carbon (MAOM).  

Organic matter inputs in the soil surface of the green cover areas enrich the 

Cstocks in the topsoil. On the other hand, the OM matter added in the landfilled 

material, associated to the presence of Feldspar and metals such as Mn, Mg, and K, 

enhanced Cstock in the subsoil. Nonetheless, the soil dry density exhibits a high 

influence on the Cstock in all situations.  

Soil organic carbon and Cstock variables do not statistically differentiate the 

three areas. However, the soil physico-chemical and mineralogical properties of the 

soil profiles showed differences between classes. This was also statistically 

confirmed  

Cstock correlations with geotechnical parameters are expressive in the more 

homogenous subsoil of the three areas. In here, it would be expected to have better 

correlations with fines content and soil activity. However, the analysis indicated 

that only the void ratio showed a significant correlation. A possible explanation for 

that may be related to the available dataset sample size.  
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4. SOC stock and physical-hydric analysis 

This chapter addresses the investigation of the physical-hydric properties 

(soil-water retention curves and the soil-pore distribution) and their correlations 

with C stocks in the three soil profiles.  It describes the materials and methods 

employed for these laboratory tests and presents and discusses the obtained results. 

4.1. Materials  

The results presented in this section also refer to the studied materials 

collected from three urban soil profiles under different land-use and cover classes 

in the city of Rio de Janeiro, Brazil, as described in Section 3.2.1. The sampling 

procedure for undisturbed samples also followed the description in item 3.2.3.  

The physicochemical and mineralogical characterization of the studied 

materials and the quantification of SOC stocks were presented in sections 3.2.4, 

3.2.5, and 3.2.6. In this section, Table 6 shows the average results of soil 

characterization, index properties, and SOC stock quantification by area and study 

layer, which contribute to the physical-hydric analysis and correlations. 

 

Table 6. Soil data resume: WL: Liquid Limit; PI: plasticity index; Gs: specific gravity of grains; ρd: soil 
dry density; e: void ratio; n: porosity; Cstock: organic carbon stock in total soil; PCstock: organic 
carbon stock in the POM fraction; and MCstock: organic carbon stock in the MAOM fraction. 

 
 

 



84 

 

 

The studied soil layers were classified into four soil groups according to the 

Unified Soil Classification System (USCS) (ASTM, 2025). As shown in Table 7, 

the soil may be assembled into layer groups and material groups, such as sandy and 

clayey, according to the soil type. 

 

Table 7. Studied soil arrangements. 

 
 

4.2. Methods 

4.2.1. Pore size distribution 

Mercury Intrusion Porosimetry (MIP) tests were conducted using the 

Poresizer 9320 equipment from Micromeritics Instrument Corporation. 

Undisturbed soil samples were shaped with a 15 mm diameter and 25 mm height. 

Specimens were air-dried and subjected to a cycle of mercury intrusion and 

exclusion under varying pressure stages. 

There are multiple approaches to detect lower and upper boundary limits for 

pore diameters ( e.g., Lopes et al., 2014; Delcourt et al., 2022). In this study, the 

quantification of micropore, mesopore, and macropore bands assumes that pore 

diameters are proportional to grain diameter. The quantification was based on the 
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assumption that pore diameters are 10 times smaller than grain diameters (e.g., 

Lamb and Whitman, 1979; Mitchell and Soga, 2005). Based on ABNT (2022), it 

was assumed that micropore diameters are related to clay fraction (< 0.002 mm), 

the mesopore diameter is related to silt fraction (0.002mm < ф < 0.06 mm), and the 

macropore diameter correlates to sand fraction (> 0.06 mm).  

Micro, meso, and macropores were quantified as a percentage of the total pore 

volume. It also quantified the free and the occluded porosity of the specimens. 

According to Romero et al. (1999), the mercury intrusion identifies the total 

pore size distribution by filling accessible, interconnected pores. During extrusion, 

only mercury from non-constricted or interconnected pores is released, which 

defines the volume of free or intra-aggregate pore space. The difference between 

intrusion and extrusion cumulative pore volume cycles reveals the entrapped or 

constricted pores, corresponding to inter-aggregate pore space. 

In this context, the percentage of free pore porosity (FP) is defined as the ratio 

of the difference between intrusion (VI) and extrusion (VE) cumulative pore volume 

per total specimen volume, while the occluded porosity (OP) is the ratio between 

the extrusion (VE) cumulative pore volume and the total soil volume (e.g., Delcourt 

et al., 2022). Figure 18 shows an example of the intrusion and extrusion paths by 

cumulative pore volume per pressure of the area NNF, layer 2. It indicates the 

respective free and occluded pore space zones. 

 

 
Figure 18. Intrusion and extrusion paths of the porosimetry test. 
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4.2.2. Soil water retention curve 

Drying and wetting soil water retention curves (SWRC) were obtained using 

the filter paper technique (ASTM, 2016a) and the dewpoint potentiometer WP4C 

equipment from the Meter Group (ASTM, 2016b). Curves were attained for soil 

materials of five layer-groups (BSF 2-5, FIS 1, FIS 2-5, NNF 1 and NNF 2-5). 

In the drying path of the filter paper technique, undisturbed specimens were 

initially saturated by capillarity and subsequently air-dried until a required total 

mass, corresponding to a desired moisture content. In the wetting path, undisturbed 

specimens were initially air-dried until constant mass and subsequently carefully 

moistened by dropping water until reaching the required total mass.  

For both paths, the Whatman n° 42 filter paper was placed in direct contact 

with the soil. The specimens were placed in sealed, airtight, containers and kept at 

a constant temperature for a minimum of seven days to reach equilibrium. 

Subsequently, the mass of filter paper was determined, and the suction of the 

specimen was obtained through the calibration suction-water content curve 

proposed by Chandler and Gutierrez (1986). 

Air-dried or forced-dried samples were used to measure the soil water 

potential using the instrument WP4C. The water-retention curve was fitted using 

the Van Genuchten (VG) model following Equation 5 (Van Genuchten, 1980): 

 

𝛳− 𝛳𝑟

𝛳𝑏− 𝛳𝑟 
=  (

1

1+ |𝑎ℎ|𝑛)
𝑚

                                                                     (Eq. 5) 

 

where θ is the volumetric water content (cm3 cm–3), θr is the residual water content 

(cm3 cm–3), θb is the saturated water content (cm3cm–3), h is the pressure head (cm), 

and m, n, α are model parameters, with m = 1 – 1/n. 

 

4.2.3. Correlation analysis 

The correlation analysis was carried out between carbon parameters such as 

the concentration of organic carbon in total soil (TOC), concentration of organic 

carbon in the particulate organic matter (POC), concentration of organic carbon in 

the mineral-associated organic matter (MOC), total organic carbon stock (Cstock), 

organic carbon stock in the POM fraction (PCstock) and organic carbon stock in 

the MAOM fraction (MCstock), with porosimetry parameters such as total porosity 

(P), percentage of macropores, mesopores, micropores, occluded pores and free 
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pores. The carbon parameters were also correlated with the fitting parameters from 

the SWRCs.  

The correlations were performed for different datasets of the three areas, as 

follows: total soil layers (n= number of data pairs =14), sandy material-group (n=5) 

and clayey material-group (n=8). Correlations were also developed considering 

only the natural profiles of the FIS and NNF areas. In the case of porosity 

parameters correlations, it corresponds to n = 10, and in the case of SWRC 

parameters, n=4. The coefficient of determination (R²) was obtained using the 

Pearson correlation for a linear relationship. 

4.3. Results and discussion 

4.3.1. Poro size distribution 

Table 8 shows the results for total porosity (%), micropores volume (%), 

mesopores volume (%), macropores volume (%), occluded pores porosity (%) and 

free pores porosity (%). The average porosity of the soil profile obtained by the 

mercury intrusion porosimetry tests in the areas BSF, FIS and NNF is 27.87 %, 

32.05 % and 33.24 % respectively.  

 

Table 8. Pore size distribution results. 
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As shown in Figure 19, the porosities obtained from the MIP tests shown in 

Table 8 by layers do not agree with the porosities resulting from the physical indices 

(Table 6). A possible explanation for such a difference is the occurrence of non-

connected pores in the soil specimens, which are not filled by mercury in the MIP 

tests (Romero et al., 1999). 

 

 

Figure 19. Porosity differences from MIP and Physical indices. 

  

Figure 20 shows the results of the porosimetry tests by the incremental 

volume of pores (ml g-1) per pore diameter (µm). The tests were carried out on each 

of the materials in the BSF, FIS, and NNF areas by layers. By exception, the data 

from the topsoil of the BSF (0 – 0,20 m) area was not obtained due to difficulties 

in molding this specific soil specimen. 

The results of the subsoil profile of the landfilled area (BSF) demonstrated 

that layer 2 presents a distinct pore size distribution in terms of macro and 

mesopores from layers 3, 4, and 5 (Figure 20a). While layer 2 holds a large 

percentage of pore volume in the mesopore band (41.73%), in layers 3, 4, and 5, it 

is on average ~9.5%. On the other hand, macropores represent 22.0% of the total 

pores in layer 2, while the average of macropores in layers 3, 4, and 5 is about 58%. 

Regarding the results of the FIS area (Figure 20b), it can be observed that 

layers 1 and 2 hold particular pore distributions, while layers 3, 4, and 5 have similar 

characteristics. In the topsoil, the majority of the pores are in the macropore region 

(62.06%), while the percentage of meso and micropores is similar (~18%). In 

contrast, layer 2 has a large percentage of pores in the micropore region (57.26%), 

followed by macropores (34.33%) and mesopores (8.42%). Considering layers 3, 
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4, and 5, despite the percentage of macropores in layer 3 being a little higher than 

in layers 4 and 5, their pore size distribution is similar. 

 

 

  

Figure 20. Porosimetry test results in the areas by layers: (a) BSF, (b) area FIS and (c) NNF.  

 

Regarding the results of the NNF area, all layers throughout the profile show 

a similar pore size distribution (Figure 20c). 

Figure 21 presents comparative results of the total porosity (%), micropores 

volume (%), mesopores volume (%), macropores volume (%), occluded pores 

porosity (%) and free pores porosity (%) among soil profiles in the three areas. 

The results demonstrated that the most preserved area, the NNF, presents less 

porosity and pore size distribution variation along the profile. In contrast, the FIS 

area shows the most apparent variation between layers throughout the profile, 

mainly in the percentage of occluded and free pores and in the distribution of micro 

and macropores. However, both areas embrace similar porosity patterns in their 

subsoils. 

As expected, the sandy subsoil of the BSF area presents a distinct pore size 

distribution from the clayey subsoil of the green areas. Although the BSF exhibits 

a lower percentage of total porosity, occluded pores, and micropores compared to 

the other areas, it contains a higher proportion of free pores and macropores. 
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Finally, the three areas present clear differences among them in terms of pore size 

distribution. 

 

 

Figure 21. Pore size distribution along the profiles of the areas BSF, FIS, and NNF by layers. 

 

Observing the interactions between the percentage of the micro and 

macropore bands and the total porosity obtained by MIP, it is noted that there is an 

inverse distribution between micro and macropores concerning the total porosity 

magnitude: as porosity increases, macropores decrease and micropores increase, 

and vice versa (Figure 22). 

A similar pattern also occurs in the correlation between the occluded porosity 

and free porosity with the percentage of micropore and macropore volume (Figure 

23). The free porosity increases, and the occluded porosity decreases as the 

micropore volume increases. The opposite pattern occurs in the correlation with 

macropore volume. 
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Figure 22. Comparison of the pore band distribution with the total porosity. 

 

 

 

  
Figure 23. (a) Occluded and free pore distribution under microporosity and (b) under macroporosity. 

 

 

 

4.3.2. Soil water retention  

Figure 24 shows soil-water retention curves (SWRC) plotted for the 

volumetric water content for the five-layer-grouped materials. The blue plain dots 

represent the wetting path obtained by the filter paper method, while the red plain 

squares represent the drying path carried out using both the filter paper method and 

the WP4C equipment. The plain green circle dots depict the results of the filter 

paper tests on specimens at the field moisture content, which are considered 

representative of soil drying conditions. 

All voids in a saturated specimen are filled with water. Based on that, the 

volumetric water content at 0.1 kPa suction on the drying curve was taken as the 

average initial porosity of the saturated specimens tested with the filter paper. 

Considering the Van Genuchten model, the blue and red plain lines in Figure 24 

correspond to the fitted curves for the wetting and drying paths, respectively. 

Taking into account only the experimental data points in Figure 24, the data 

from the wetted and dried specimens in the subsoil of the three areas are in close 
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agreement, suggesting that there is no apparent hysteresis in the SWRCs of the 

respective materials (Figures 24a, 24d, and 24e). Hysteretic behavior is, however, 

evident in the topsoil of the FIS and NNF areas (Figures 24b and 24c). On the other 

hand, the obtained curves that fit best the Van Genuchten model indicate that 

hysteresis occurs in all cases. 

 

 

 
 

 

 

 

 

 

 

Figure 24. Soil water retention curves for the five-layer group materials. 

 

The hysteresis between the drying and wetting curves in Figure 24 becomes 

evident due to the inclusion of the average volumetric water content of the materials 

under saturated conditions (points corresponding to suction of 0.1 kPa) in the drying 

curves. Such hysteresis is usually expected because micro and, eventually, meso 

pores (not necessarily interconnected) are not filled with water when wetting a soil 

(b) (c) 

(d) (e) 

(a) 
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specimen from its air-dried condition, implying a lower volumetric moisture 

content in the specimens under a given suction. 

The lack of agreement between the theoretical drying curves and the 

respective experimental data points (all in red in Figure 24), particularly below a 

suction of circa 100 kPa, may be due to: the filter paper technique may not be 

accurate for suctions below 50 kPa (e.g., Marinho and Oliveira, 2006), and/or, the 

saturation procedure employed for the specimens of all tested materials (saturation 

by capillarity) did not work as expected. Indeed, considering this later aspect, it is 

worth mentioning that the initial saturation degree of the specimens used to follow 

the drying path ranged from 85% to 90%. Besides filter paper, a suction-controlled 

pressure plate type of equipment (e.g, de Campos and Vargas Jr, 1991; Fredlund et 

al., 2012) would be desirable to overcome such potential experimental setbacks. 

Figure 25 presents parameters related to the drying path of the SWRC, such 

as θb (volumetric water content at the air entry suction value, Figure 25a), θr 

(residual volumetric water content, Figure 25b), Ѱb (air entry suction value, Figure 

25c), Ѱres (residual suction, Figure 25d), and n (Van Genuchten model parameter, 

which is related to the declivity of the SWRC within the air entry and residual 

suction values, Figure 25e). 

It can be seen in Figures 24d and 24e and in Figure 25c that, as expected, the 

highest air entry suction values were related to the clayey materials (FIS 2-5 and 

NNF 2-5). Also, Figure 25d shows that lower residual suction occurs in the sandy 

materials (BSF 2-5, FIS 1 and NNF 1). 

Figure 26 depicts the relationship between air entry and the residual suctions 

with clay content for all layer groups. The best-fit curve for these relationships, with 

strong correlation, was found to be exponential. 

Attempts to correlate SWRCs parameters with pore size distribution 

parameters only provided moderate linear correlations for macro, micro, occluded 

and free pore volume percentage. Table 9 shows the correlation coefficient R2 and 

the linear regression equations obtained. 
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Figure 25. Soil water retention curve results. 

 

 

  

Figure 26. Correlations of SWRC parameters: a) air entry value suction (b) residual suction. 

 

Table 9. Linear regression equation from SWRC and pore size distribution correlations. 
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4.3.3. Correlation analysis 

 

 

Table 10 shows the R2 coefficient of determination encountered for the 

correlation between porosimetry parameters, which are shown in the first vertical 

column, with the carbon parameters, shown in the first horizontal row. The analyses 

were performed for the total soil dataset (number of samples, n=14), natural soil 

dataset (n=10), material groups dataset of the clayey layers (n=8) and sandy layers 

(n=5). 

 

Table 10. Correlations of carbon parameters and pore size distribution parameters. 

 
 

 

Best-fitting curves were linear, and the colored cells demonstrate the strength 

of the respective Person´s correlation. The green cells represent very strong 

correlations (0.9 to 1.0), the blue cells characterize strong correlations (0.7 to 0.89), 

and the grey cells represent moderate correlations (0.40 to 0.69). The colorless cells 

denote weak correlations (0.0 to 0.39). 

Analyzing Table 10, correlations between porosimetry parameters and carbon 

parameters are significant only for the soil material group (clayey/n=8 and sandy/ 

n=5). As observed in the clayey materials correlations (n=8), total porosity, 

micropores, macropores, and free pores exhibit strong and moderate correlations 

with TOC,  MOC, Cstock and MCstock. Conversely, in the sandy material (n=5), 

both porosity and occluded porosity exhibit moderate to strong correlations with 

4.3.3.1. Carbon parameters and porosimetry  
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carbon parameters, showing very strong associations with POC and PCstock ( > 

0.9). 

Figure 27 shows the linear relationship and the regression equations for the 

very strong correlations in the porosimetry x carbon parameters analysis.  

 

 

 
Figure 27. Linear regression equations of the porosimetry correlations. 

 

 

 

Bearing in mind that SWRC was obtained for the layer groups, five pairs of 

data were available for correlations. As shown in Table 11, correlations between 

carbon parameters and SWRC parameters were carried out based on the layer group 

dataset (n=5) and in the natural soil profile dataset of the areas FIS and NNF (n=4). 

The values adopted for carbon parameter correlations in the layer group FIS 2-5 

and NNF 2-5 correspond to the average value of the respective layers. 

 

Table 11.Correlations of the carbon parameters and SWRC parameters. 

 
 

4.3.3.2. Carbon parameters and SWRC 
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The correlations on the layer group dataset (n=5), which comprises the four 

types of soils (SC, SM, MH and CH) from the three areas, do not present significant 

correlations between SWRC and carbon parameters. In contrast, the correlation 

analyses with the dataset comprised by the materials from the topsoil and the subsoil 

of the green areas, only FIS and NNF, present several strong and very strong linear 

correlations. Figure 28 presents the equations and linear relationship related to the 

very strong correlations. 

 

 

Figure 28. Linear regression equations of the SWRC correlations. 

 

4.3.4. SOC stock regression equations 

Besides the linear regression equations shown in Figures 27 and 28 for the 

very strong correlation, a series of strong linear correlations between pore size 

distribution and water retention curve with carbon parameters were obtained. Table 

12 presents the strong linear regression equations, according to the soil group 

dataset, encountered for the Cstock correlation. 
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Table 12. Linear regression equations for Cstock correlations. 



99 

 

5. Synthesis and integrated discussion 

This study aimed to evaluate SOC Stock, physicochemical, mineralogical and 

physical-hydric properties in the soil profile of three different classes of land use 

and cover in the urban area of the Rio de Janeiro city to understand the interactions 

between land use and cover characterization with soil profile characteristics. 

To do so, it was determined soil organic carbon stocks in the total soil 

(Cstock) and the soil organic matter fractions (particulate organic matter, POM – 

PCstock - and mineral-associated organic matter, MAOM – MCstock), and 

measured physico-chemical, mineralogical, and physical-hydric (pore size 

distribution and soil-water retention) properties to characterize the soil profiles 

under the land and use classes of: non-native vegetation forest (NNF), dense 

ombrophylous forest in the initial stage (FIS), and bare soil fill (BSF). The study 

undertook soil sections of 20 cm (0 - 0.2 m, 0.2 - 0.4 m, 0.4 - 0.6 m, 0.6 - 0.8 m, 

and 0.8 - 1.0 m) to a depth of  1 m in the soil profile. 

At the beginning of the research, a critical literature review was carried out to 

synthesize concepts of SOC dynamics under a cross-disciplinary approach, to 

analyze research opportunities, and to examine sustainable applications of the 

Cstock indicator under environmental engineering. It supports synthesizing 

concepts encompassing SOC stock from the elementary aspects of the carbon 

biogeochemical cycle to the detailed mechanisms of SOC storage and retention. In 

this review, aspects of soil type or land use and cover were not considered.  

  The literature review was presented in the article: Antunes, M. C.; De 

Campos, T. M. P.; Araruna, J. T. “Soil carbon storage and retention: a critical 

synthesis on concepts, research opportunities and environmental engineering 

sustainable application”. Results pointed out the conceptual advances in organic 

matter stabilization in soil and highlighted the research gap on the dynamics of the 

SOC and soil water flux within structured soil profiles, which may be explained 

through geotechnical engineering concepts. 

Considering the overall scope of this research, the critical literature review 

contributed to i) overcoming the multidisciplinary nature of concepts and 

definitions in soil carbon sequestration (SCS); ii) evaluating the investigation 

methods and protocols usually employed to determine and monitor SOC 

sequestration, and iii) identifying research opportunities through the lens of 
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geotechnics. Finally, it discusses the employment of the SOC stock indicator in 

engineering projects 

From this literature insight, a research framework was built to link the SOC 

stock and properties research questions in this project with geotechnical 

investigation method responses (Figure 29), where the results and analysis stage (2) 

was split into two blocks of results and analysis to be correlated with Carbon 

parameters. The first one, the Physical-chemical, and the second one, the Physical-

hydric (sections 3 and 4). 

 

 

Figure 29. Research framework 

 

The physical-chemical and carbon parameters investigation was presented in 

section 3 in the article: Antunes, M. C.; De Campos, T. M. P.; Araruna Jr., J.T.; 

Sartori, R. A. Soil organic carbon stock: a case study under different land use and 

cover classes in Rio de Janeiro, Brazil, which was developed according to the 

standards of Brazilian Journal of Soil Science (e-ISSN 1806-9657, Qualis A3. It 

presented the study area and the methodology applied for sampling and assessing 

soil properties and consolidated results of the physico-chemical, mineralogical 

properties, soil physical index, and Cstocks quantification. At the end, the article 

presents the correlations between carbon parameters and soil properties and a 

discussion about the similarities and dissimilarities between soil profiles in each 

land use and cover class.  

Section 4 addressed the physical-hydric results, carbon parameters 

correlations and analysis and discussions. It also described the material and 

methods for water retention analysis and porosimetry tests. At the end, it brought 

correlations between physical-hydric parameters and carbon parameters.  
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The results revealed that Cstock within the 1 m deep profile in the vegetated 

areas (NNF and FIS) are similar and nearly 38% higher than in the landfilled area 

(BSF) due to the deposition of organic matter on their surface. In contrast, the 

Technosol profile (BSF) presented a higher Cstock in the subsoil due to the organic 

matter added into the landfilled material. 

The amount of MCstock is higher than the PCstock in the three urban soils. 

The natural profile of the preserved green-cover class (NNF) exhibited the highest 

amount of the persistent form of SOC (MCstock). PCstocks have a similar 

magnitude in the three areas; however, in the BSF area, it represents ~3% of the 

total Cstock, while in the FIS and NNF, it is around 25%. 

The soil dry density has a high influence on the Cstock and must be carefully 

determined in highly heterogeneous urban soil profiles. The horizon's thickness 

must also be precisely determined due to the influence of the variations of the SOC 

concentrations and dry soil density along the profile in the quantification of Cstock 

until 1 m depth. 

Cstocks do not statistically differentiate the three areas. However, the soil 

physicochemical and mineralogical properties statistically confirmed the 

differences. 

Cstock correlations with geotechnical parameters are expressive in the more 

homogenous subsoil of the three areas. In here, it would be expected to have better 

correlations with fines content and soil activity. However, the analysis indicated 

that only the void ratio showed a significant correlation. A possible explanation for 

that may be related to the available dataset sample size. 

Pore size distributions differ in the three areas. Macropores prevail in area 

BSF and in the topsoil of area FIS, while micropores prevail in the subsoil of the 

FIS and in the NNF areas. 

Based on the USCS, the materials from the three areas were classified into 

five groups: two sandy (SC and SM), one silty (MH) and two clayey (CH). The 

SWRCs under dry and wetting paths corresponding to such groups presented a 

hysteretic behavior, with distinct patterns of water retention between clayey and 

sandy materials. 

Linear correlations were obtained between carbon parameters (Cstock, 

PCstock and MCstock) and pore size distribution and soil water retention 

parameters. Better correlations were found for the more homogeneous data se
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6. Conclusions and recommendations 

This research showed that SOC stocks throughout profiles (1m) of the urban 

green areas studied are higher than the bare landfilled profile. However, the SOC 

stock in the subsoil of the landfilled profile is higher than that in the clayey subsoil 

of the green areas due to the OM and minerals added to the land material. 

Moreover, the SOC stocks in the two green-covered areas are similar despite 

the class of cover vegetation. Nevertheless, the analysis of SOC stock in the organic 

matter fractions highlights that the preserved green area holds a high amount of 

protected form of organic carbon (MAOM).  

Soil organic carbon content and Cstock variables do not statistically 

differentiate the three areas, while physico-chemical and mineralogical properties 

confirmed the statistical differences between soils in the three classes. Pore size 

distributions and water retention behavior also differ in the three areas. Macropores 

prevail in the sandy landfilled profile, while micropores prevail in the clayey 

subsoils of the green areas.  

Cstock correlations with geotechnical parameters are expressive in the more 

homogenous materials dataset. It would be expected to have better correlations; 

however, a possible explanation for that may be related to the available sample size. 

Nonetheless, linear correlations were obtained between carbon parameters (Cstock, 

PCstock and MCstock) and physico-hydric soil properties, which may be confirmed 

by increasing the sample dataset through further investigations.  

 

Recommendations for future work: 

● Include in the proposed experimental methodology total chemical analysis, 

evaluation of cation exchange soil capacity and microbiological analyses. 

● To further enhance the knowledge on soil organic carbon storage and 

retention, it would be of interest to include investigations on soil structure by, 

for instance, computerized microtomography analysis and scanning electrical 

microscopy. 

● Include other types of tests, such as suction and pressure plate tests, to better 

define the SWRC in the lower suction range. 

● Define organic carbon transport parameters in the soil water and perform 

numerical analysis to investigate SOC retention in soil profile at depth. 



103 

 

 

● Expand the study area through other typologies of land use and cover classes 

in Rio de Janeiro (e.g., native forest in an advanced stage and grass composed 

of green spaces) using the proposed sampling methodology. 

● Increase the sample size to enhance statistical analysis of Cstocks 

quantification in BSF, FIS, and NNF types of land use and cover in urban 

areas.  

● Quantify the carbon storage potential in the land use and cover class 

typologies by associating the soil organic carbon pool with net primary 

production (NPP) and standing biomass of C. 

● Investigate the SOC stock accrual in green infrastructure projects in long-

term experiments. 
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APPENDIX 1  

A 1. Investigation site, sampling procedure and materials 

A 1.1 Definition of the studied sites  

 

The definition of the experimental areas was performed in two phases. The 

first consisted of preliminary soil physical characterization with remolded samples 

to support the definition of experimental areas. The second phase encompasses 

undisturbed sample collection for physico-chemical, mineralogical and hydraulic 

characterization. 

The preliminary soil investigation campaign aimed to identify the soil profiles 

appropriate for the experimental research in each land use and cover class inside 

the Gávea Campus of the Pontifical Catholic University. To do so, areas with bare 

soil fill (BSF), dense ombrophylous forest in the initial stage (FIS) and non-native 

vegetation forest (NNF) cover typologies were previously identified as A1, A2 and 

A3, respectively, and selected for sampling and physical characterization (Figure 

A.1). 

 

 
Figure A. 1. Previously selected classes of land use and cover in the Gávea Campus. The areas 
identified were A1: BSF, A2: FIS, and A3: NNF. 

 

The preliminary sampling campaign was carried out adopting the Helicoidal 

Electric Auger. Drilling was performed to a depth of 1.00 m. Samples were 

collected at different depths, initially targeting intervals were 0.10 to 0.20 m, 0.40 
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to 0.50 m, and 0.90 to 1.00 m. Figure A.2 shows the fieldwork conducted by the 

team from the Geotechnical and Environmental Laboratory (LGMA-PUC-Rio). 

 

 
Figure A. 2. Preliminary investigation in the FIS area. a) Helicoidal Electric Auger and b) 

Soil sample. 

 

The previous investigation in the BSF area (A1) detected fragments of 

concrete blocks, pebbles, ceramic materials and typical construction debris until 60 

cm. The auger encountered resistance during drilling. It required manual cleaning 

of the borehole surface. Additionally, the borehole wall collapsed, mixing soil 

materials of all profile depths which enabling the collection of samples at the 

intended depths. In this context, this area was not considered in the research e 

another location in the Campus, with similar land use and cover (BSF), was selected 

for characterization. It was identified as A1a (Figure A.3).  
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Figure A. 3. Locations of the preliminary investigation campaign. A1) Disposed BSF area; 

A2) FIS area; A3) NNF area and A1a) New selected BSF area 

 

Figures A.4, A.5 and A.6 present the area and soil surface cover in the three 

final selected experimental areas located in the Gávea Campus ( A1a = BSF, A2 = 

FIS and A3 = NNF).  

 
Figure A. 4. A1a - BSF experimental area and soil profile investigation site 

 
Figure A. 5. A2 - FIS experimental area and soil profile investigation site. 
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Figure A. 6.NNF experimental area and soil profile investigation site. 

 

A.1.2 Sampling procedure 

 

The investigation campaign in the selected soil profiles was conducted 

gradually in each area. It was performed using Geoprobe's Direct Push Subsurface 

Sampling technology, which is manually operated and utilizes dual tube sampling 

composed of a soil probe rod (1.75” OD) with a thin wall and a clear PVC liner 

(1.25” OD) with a 60 cm length. 

The probe penetration was carried out using a manual slide hammer (26 k) 

operated along the guide rod (Figure A.7a). Samples were extracted and stored 

inside the PVC liners, in which colored caps were used in the liner ends to 

differentiate the top and bottom (Figure A.7b and A.7c). The cylindrical samples 

were collected in two consecutive driving stages with 60 cm each to obtain the 1 m 

soil profile ( see Figure A.13). After field collection, the samplers were transferred 

to the Geotechnical and Environmental Laboratory at PUC-Rio, also located on the 

Gávea Campus. 
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Figure A. 7. a) Fieldwork with manual slide hammer; b) Probe extraction and c) Samples stored in 
the PVC liner 

 

A.1.3 Materials 

 

BSF PROFILE 

Figure A.8 shows the investigation hole and the soil obtained at the 

preliminary investigations as remolded samples in the BSF area. Despite being bare 

soil, there were fine roots in the top layer. It is also visually detectable the difference 

between sample colors from the 0.0 to 0.40 m depth section to 0.40 to 1.00 m depth. 

Figure A.9 presents the 1 m soil profile sample. 

 

 

Figure A. 8. Figure 8. a) Borehole top layer with fine roots; b) Remolded sample of the 0.0 to 0.4 m 
depth and c) remolded sample of the 0.4 to 1.0 m depth. 
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Figure A. 9. The BSF soil profile sample by layers. 

 

FIS PROFILE 

Figure A.10 shows the investigation and the remolded samples obtained in 

the preliminary investigation campaign of the FIS area. It is also detectable presence 

of fine roots in the topsoil of the FIS area and the difference between colors in 

subsoil (Figure A.10a and A.10b) and in the topsoil (Figure A.10c). Figure A.11 

shows the 1m soil profile sample out of the PVC liner. 

 

 
Figure A. 10. a) Top layer of the borehole in the FIS area; b) Remolded samples of the 0.4 to 1.0 
profile depth and c) Topsoil sample of the PVC liner. 

 

 

 

Figure A. 11. The FIS soil profile sample by layer. 

 

NNF PROFILE 

Figure A.12 shows the investigation and the samples obtained in the 

preliminary investigations in the NNF area. It was detected large volume of roots 
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with a higher diameter than the other areas. The difference between colors in the 

topsoil sample (Figure A.12b) and in the subsoil sample (Figure A.12c) is also 

visually recognized. Figure A.13 shows the 1m soil profile sample out of the PVC 

liner. 

 

 

Figure A. 12. a) The NNF borehole with roots; b) Sample of the section 0.0 to 0.20 m depth and c) 
Sample of the 0.2 to 1.0 m section depth. 

 

 
Figure A. 13. The NNF soil profile by layers. 

 

 

Physical-chemical-mineralogical soil characterization tests were performed 

in the laboratory on specimens retrieved from investigated layers corresponding to 

the topsoil (0 – 20 cm) and the subsoil (20 to 40 cm; 40 to 60 cm; 60 to 80 cm and 

80 to 100 cm) nominated in this study as layer 1, 2, 3, 4 and 5 from top to bottom. 
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APPENDIX 2  

A.2. Laboratory test methodology and results 

 

A.2.1 Experimental program 

Table  A. 1 presents the list and quantity of the laboratory tests performed for 

the characterization of the materials. It is divided into types of characterization: 

physical, chemical, mineralogical,  hydraulic, and microstructural. 

 

Table A. 1. Experimental program 

Grain  Size distribution

Atterberg Limits

Particle density (Gs)

Specific mass of grains 

Gravimetric water content

Total soil density

Electrical condutivity

Organic matter

Organic matter physical fractionation 

(POM/MAOM)

Retention curve 

pH

Metal elements - ICP-OES
Laboratory of Atomic Spectrometry  

(LABSPECTRO)

Total C, N and stable isotopes

Organic C, N and stable isotopes

Mineralogical DRX - X-Ray Difraction
X-Ray Diffraction and Scattering Laboratory 

(Lab LDRX)

Microstructural
Mercury intrusion and extrusion 

porosimetry
São Carlos Physics Institute (USP).

Type Test Laboratory

Hydrical

Chemical

Physical

Laboratory of Geotechnics and Environment  

(LGMA)

Laboratory of Marine and Environmental 

Studies (LabMAM)
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A.2.2 Grain size distribution 

 

Grain size distribution was performed by sieving and sedimentation 

techniques following the Brazilian standard, NBR 7181: Soil-granulometric 

analysis (ABNT,2025a). Grain sizes were defined according to NBR ISO 6502: 

Soils and Rocks: Terminology. Rio de Janeiro (ABNT, 2022a) as gravel (60 – 2.0 

mm), sand (2.0 – 0.06 mm), silt (0.06 – 0.002 mm), and clay (< 0.002 mm).  

Figure A.14, A.15, and A.16 present the grain size distribution curves by 

area (BSF, FIS and NNF) and by layers (1 to 5). Table A.2 presents the numerical 

results of the grain size distribution with the descriptive statistical analysis of the 

mean, standard deviation and the coefficient of variation by grain size (gravel, sand, 

silt and clay) across the profile.  

Additionally, Table A.3 and Table A.4 show the results of the descriptive 

statistical analysis of the Combined Coefficient of Variation (CV-c) in each area, 

considering all layers and layers 2 to 5, respectively. This analysis consists of the 

determination of the standard deviation and the coefficient of variation, considering 

grain size distribution (all sizes) across the profile. 

 

 
Figure A. 14. Particle size distribution curves of the layers 1 to 5 in the area BSF. 
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Figure A. 15. Particle size particle distribution curves of the layers 1 to 5 in the area FIS. 

 

 

Figure A. 16. Grain size particle distribution curves of the layers 1 to 5 in the area NNF.  
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Table A. 2. Results of the particle size distribution test. 
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Table A. 3. Combined coefficient of variation on profile (layers 1 to 5). 

 

 

Table A. 4. Combined coefficient of variation on subsoil (layers 2 to 5). 

 

 

Grain size distribution was also established according to the grain size 

ranges applied for organic matter physical fractionation in this study (Cotrufo et al., 

2019), which considers Particulate Organic Matter (POM), the organic matter 

present in the grain size range of 0,053 < ф < 2mm, and the Mineral Associated 

Organic Matter (MAOM), the OM present in the grain size range ф < 53 μm. Table 

A.5 presents the percentages of grain size fractions in the ranges of organic matter 



120 

 

 

fractions in the total soil (POM, MAOM and coarse grains) and the percentage of 

POM and MAOM grain size fractions in the fine earth fraction (< 2 mm) 

 

Table A. 5. Grain size distribution according to organic matter fractionation ranges. 

 
 
 

A.2.3 Atterberg Limits and Soil Classification 

 

 

Table A.6 presents the results of the consistency limits, clay activity and soil 

classification. Determination of the consistency or Atterberg limits – liquid (wL) 

and plasticity (wP) limits – followed the NBR 6459: Soil – Liquid limit 

determination (ABNT, 2016a) and NBR 7180: Soil – Plasticity limit determination 

(ABNT, 2016b), respectively. The materials were tested in the natural humidity. 

Due to the high organic content of the soil in layer 1 in the NNF area, the liquid 

limit test was also performed with oven-dried material (100 °C). The results support 

the soil classification, which was done according to the ASTM. D2487-25: Standard 

Practice for Classification of Soils for Engineering Purposes (Unified Soil 

Classification System).  
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Table A. 6. Consistency Limits, clay activity and soil classification. 

 

 

In this system, the topsoil from the NNF area was classified as high-

plasticity silt (MH), while that from the BSF and FIS areas were classified as silty 

sand (SM). Organic classification was excluded by testing the liquid limit values 

after oven drying. The subsoil from the NNF and FIS areas was classified as high 

plasticity clay (CH), and that from the BSF as clayey sand (SC). From the viewpoint 

of Soil Science, the BSF area is classified as Technosol, while the FIS and the NNF 

areas are classified as Acrisols (Santos et al., 2025; Lumbreras and Gomes, 2004). 

It was also computed the Skempton clay activity index, Ac, given by the 

ratio between the plasticity index, PI = wL – wP, and the percentage by weight of 

clay (Skempton, 1953).  

 

WL WP PI

0.0 - 0.2 BSF-1  -  -  - 3.84  - SM

0.2 - 0.4 BSF-2 26.90 18.90 8.00 2.76  - SC

0.4 - 0.6 BSF-3 28.40 16.00 12.40 13.16 0.94 SC

0.6 - 0.8 BSF-4 26.20 14.70 11.50 16.42 0.70 SC

0.8 - 1.0 BSF-5 25.30 15.00 10.20 20.17 0.51 SC

26.70 16.15 10.53 13.13 0.72

1.31 1.92 1.91 7.48 0.22

0.0 - 0.2 FIS-1 40.70 28.90 11.90 12.66 0.94 SM

0.2 - 0.4 FIS-2 76.02 35.03 40.99 59.13 0.69 CH

0.4 - 0.6 FIS-3 69.60 31.30 38.30 55.57 0.69 CH

0.6 - 0.8 FIS-4 75.20 34.40 40.90 57.41 0.71 CH

0.8 - 1.0 FIS-5 68.11 33.43 34.69 44.16 0.79 CH

65.93 32.61 33.36 45.79 0.76

14.51 2.51 12.27 19.42 0.11

0.0 - 0.2 NNF-1 57.73 34.62 23.11 31.25 0.74 MH

0.2 - 0.4 NNF-2 65.42 26.91 38.51 48.30 0.80 CH

0.4 - 0.6 NNF-3 74.82 30.52 44.30 48.27 0.92 CH

0.6 - 0.8 NNF-4 81.20 34.50 46.70 50.60 0.92 CH

0.8 - 1.0 NNF-5 75.45 31.44 44.01 50.42 0.87 CH

70.92 31.60 39.32 45.77 0.85

9.30 3.19 9.55 8.19 0.08

Layer (m)

FIS

NNF

Average

Standard deviation

 -

 -

 -

Soil 

Classification

Clay

 (%)

Activity

IP/clay (%)

BSF

Consistency limits (%)
Class Code

Average

Standard deviation

Average

Standard deviation
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A.2.4 Particle density, specific mass of grains and physical indexes 

 

The specific mass of grains (ρs) followed NBR 6458: Soils — 

Determination of the specific mass of solids, the apparent specific mass and the 

water absorption of the fraction retained in the 2,0 mm aperture sieve (ABNT, 

2025b). Gravimetric moisture content (w) was determined according to NBR 6457: 

Soils - Preparation of samples for compaction tests, characterization and 

determination of moisture content (ABNT, 2024).  

Total density, ρt, (ratio between the total soil mass, M, and its total volume, 

V, and dry soil density, ρd, (ratio between the oven dried soil mass or mass of solids, 

Ms, and the total volume of the specimen, V), were determined were retrieved from 

the liner using a volumetric ring (approximately 11 cm³) with an area ratio of circa 

of 15 % (Clayton et al., 1995) ( Figure A.17).  

 

 

Figure A. 17. Volumetric ring molding from the PVC liner. 

 

Knowing ρs, w and ρt, the physical index voids ratio, e, given by Vv/Vs (Vv = 

volume of voids and Vs = volume of solids) was computed (e.g., Lambe & Whitman, 

1969). The mirrored pattern between ρd and e results from the inverse relationship 

between these two physical soil indices, where e = (ρs/ρd) – 1. It was also computed 

the soil porosity (n) by the index relation where n = e / (1+e). Table A.7 shows the 

results of the specific mass of grains (ρs), particle density (Gs), and physical indexes. 
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Table A. 7. Results of the specific mass of grains (ρs), particle density (Gs), and physical indexes. 

  

 

Knowing the total dry density, ρd, (ratio between the oven-dried soil mass 

or mass of solids, Ms, and the total volume of the specimen, V) (Table A.7), and the 

percentage of the fine earth mass in the total soil (Table A.5) it was computed the 

dry density of the fine earth, ρdfe which was employed in the calculation of soil 

organic carbon stocks (Cstocks). Table A.8 shows the results of soil dry density and 

soil dry density of the fine earth (< 2mm). 

BSF-1 2.66 2.666 1.52 1.41 0.89 47.01

BSF-2 2.68 2.689 1.77 1.57 0.70 41.32

BSF-3 2.71 2.714 1.62 1.45 0.86 46.31

BSF-4 2.69 2.693 1.67 1.52 0.77 43.62

BSF-5 2.68 2.683 1.80 1.64 0.63 38.58

2.68 2.69 1.68 1.52 0.77 43.37

0.02 0.02 0.11 0.09 0.11 3.51

0.65 0.65 6.79 6.16 14.03 8.08

FIS-1 2.56 2.564 1.54 1.42 0.81 44.61

FIS-2 2.61 2.615 1.71 1.42 0.84 45.76

FIS-3 2.62 2.628 1.80 1.44 0.82 44.95

FIS-4 2.65 2.652 1.80 1.40 0.89 47.09

FIS-5 2.63 2.639 1.78 1.39 0.90 47.39

2.61 2.62 1.73 1.41 0.85 45.96

0.03 0.03 0.11 0.02 0.04 1.25

1.28 1.28 6.38 1.54 5.03 2.71

NNF-1 2.50 2.508 1.46 1.06 1.36 57.66

NNF-2 2.66 2.664 1.81 1.47 0.80 44.54

NNF-3 2.68 2.681 1.82 1.47 0.83 45.25

NNF-4 2.69 2.697 1.81 1.44 0.87 46.54

NNF-5 2.68 2.686 1.80 1.43 0.87 46.59

2.64 2.65 1.74 1.37 0.95 48.11

0.08 0.08 0.16 0.18 0.23 5.40

2.98 2.98 8.94 12.85 24.69 11.23

e= (ρs/ρd) - 1Class
 ρd 

(g cm
-
³)

n = e / (1+e) 
 ρt 

(g cm
-
³)

 ρs 

(g cm
-
³)

Gs

Average

SD

CV (%)

CV (%)

Average

SD

CV (%)

Average

SD

Code

Non-Native 

Vegetation  

Forest  (NNF)

Dense 

Ombrophylous 

Forest in the 

Initial Stage

 (FIS)

Bare Soil Fill 

(BSF)
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Table A. 8. Results of the dry density of the fine earth soil. 

 

 

 

A.2.5 Electrical conductivity, pH and organic matter 

 

Samples for pH and EC were air-dried and sieved (< 2mm). The pH was 

measured under a 1:25 suspension of soil: water (m:v) using a pHmetro from Hanna 

Instruments (EDGE HI2002-02) and EC in the soil/water (Mili Q) solution of 1:5 

with a conductivity meter Hanna model HI763100. It was reported in dS m-1  at 

25°C, according to FAO (2021a). Figure A.18a presents an image of the preparation 

of the soil solution for the EC test, and Figure A. 18 b shows the equipment. While 

Figure 18. A c shows pH measurement.  
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Figure A. 18. Electrical conductivity and pH laboratory tests. 

 

Electrical conductivity, EC, was determined in soil solution with a 

conductivity meter, Hanna model HI763100, according to the Food and Agriculture 

Organization of the United Nations - FAO. Standard operating procedure for soil 

electrical conductivity, soil/water, 1:5. Rome (FAO, 2021a), while pH was 

determined according to the Food and Agriculture Organization of the United 

Nations - FAO. Standard operating procedure for soil pH determination. Rome: 

2021b.  

Organic matter (OM) determination proceeded according to NBR 13600: 

Soil – Determination of organic material content by burning at 440°C (ABNT, 

2022b). Figure A.19 presents stages of the organic matter determination test and 

Table A. 9 shows the results of pH, EC, and organic matter content.  

 

 

Figure A. 19. Stages of organic matter determination by loss of ignition. 
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Table A. 9. Results of the pH, EC and OM. 

 

 

 

A.2.6 Organic Matter Fractionation 

 

SOM occurs in various sizes and shapes during different stages of 

decomposition. Most of them are encountered in two soil fractions: the particulate 

organic matter (POM), which presents a lower density (<1.60 to 1.85 g cm-3) and 

larger size (0,053 < ф < 2mm), and the mineral-associated organic matter (MAOM), 

which has higher density (>1.85 g cm-3) and smaller size (< 53 μm). While POM 

may be free in soil pores or physically protected in soil clusters, MAOM is typically 

adsorbed in clay minerals (Lavallee et al., 2019). 
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There are several methods to fractionate the OM in soil by function and 

formation, which may involve separation by particles based on size, density, or a 

combination of the two properties. The choice of the fractionation method depends 

on the goals of the research (Leuthold et al., 2022). 

In this study, it was applied the physical fractionation method that is based 

on the primary particle size. It consists of the separation of sizes ranging between 

0,053 and 60 mm as POM and  < 0,053 mm as MAOM, following Cotrufo et al. 

(2019). To do this, bulk soil samples were dispersed in a shaker with glass beads 

(18 h; ~120 rpm) in a 5 g L-1 sodium hexametaphosphate solution. Fractions were 

separated by sieving and oven-dried (40 oC). Recovery dry mass must fall between 

95% and 105% of the sample mass. This method is relatively simple, requires a low 

laboratory infrastructure, and has a low cost. Figure A.20 presents the schematic 

diagram of the physical fractionation method. Table A. 10 shows the mass recovery 

in the test. 

 

Figure A. 20 Schematic diagram of the physical fractionation method. 

 

A.2.7 Carbon analysis 

 

TC, OC, and stable isotope δ13C determinations were performed in the bulk 

soil samples (air-dried and sieved < 2 mm) and in the SOM fractions POM (POC) 

and MAOM (MOC), which were obtained using the physical size fractionation 

method described in the  section A.2. 

To do this, bulk soil samples were dispersed in a shaker with glass beads 

(18 h; ~120 rpm) in a 5 g L-1 sodium hexametaphosphate solution. Fractions were 

separated by sieving and oven-dried (40 oC). Carbon analysis was performed by dry 

combustion in the Elemental Analyzer coupled to Isotope Ratio Mass Spectrometer 
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(EA-IRMS), model Focus-Delta V Plus by Thermo Scientific, with a C limit of 

detection (LOD) of 3 μg. Carbon determinations were performed in the bulk soil 

sample in quadruplicate, while the SOM fractions (POM and MAOM) were 

measured in triplicate. 

 

Table A. 10. Mass recovery in the physical OM fractionation test. 

 

 

A fine powder texture was obtained for the bulk soil and SOM fractions 

(FAO, 2019). The samples for OC quantification were acid-washed with 1 M HCl 

(hydrochloric acid) to remove inorganic carbon.  

Table A.11 presents results of the Total carbon (C), Organic Carbon (OC), total 

Nitrogen (N), stables isotopes 13C and 15N in the total soil fraction in the bulk soil ( 

< 2mm), Table A.12 presents results of the Total carbon (C), Organic Carbon (OC), 

total Nitrogen (N), stables isotopes 13C and 15N in the total soil fraction in the POM 

fraction (0,053 < ф < 2mm), and Table A.13 presents the same carbon parameters 

in the MAOM fraction ( < 0,053mm). Table A.14 shows the total recovery rate of 

the  OC concentrations from POM and MAOM. 
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Table A. 11. Total carbon (C), Organic Carbon (OC), total Nitrogen (N), stables isotopes 13C and 15N in the total soil fraction. 
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Table A. 12. Total carbon (C), Organic Carbon (OC), total Nitrogen (N), stables isotopes 13C and 15N in the POM soil fraction. 
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Table A. 13. Total carbon (C), Organic Carbon (OC), total Nitrogen (N), stables isotopes 13C and 15N in the MAOM soil fraction. 
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Table A. 14. C recovery control of the Particulate Organic Carbon (POC) and Mineral-associated Organic Carbon (MOC). 
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A.2.8 Metal elements 

 

Samples for heavy metals were treated according to USEPA (1996) in air-

dried and sieved (< 2 mm) samples, grounded with a mortar and pestle, and sieved 

to get a fine powder texture (< 0,15mm). The quantification was performed by 

inductively coupled plasma optical emission spectrometry (ICP-OES) with Optima 

DV 4300 (Perkin Elmer, EUA). Table A.15 presents the results of concentration of 

metal elements: Silica (Si), Manganese (Mn), Magnesium (Mg), Potassium (K), 

Iron (Fe), Aluminum (Al), Zircon (Zr), Zinc (Zn), Titanium (Ti), Lead (Pb), Nickel 

(Ni), Molybdenum (Mo), Copper (Cu), Chromium (Cr), Cadmium (Cd) and Bario 

(Ba). 

 

A.2.9 X-Ray difraction 

 

Mineralogical analysis patterns were carried out with X-ray diffraction by 

the powder method in air-dried and sieved samples (< 0.053 mm) with a D8 

Advance Bruker XRD diffractometer. Qualitative analysis applies Profex and the 

EVA program by Bruker, and quantitative analysis follows Doebelin & Kleeberg 

(2015). Table A.16 presents the detailed results of the mineralogical quantities in 

each layer by area. Figures A.21 to A.35 show the diffractograms of each layer by 

area. 
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Table A. 15. Results of the concentration of metal elements: Silica (Si), Manganese (Mn), Magnesium (Mg), Potassium (K), Iron (Fe), Aluminum 

(Al), Zircon (Zr), Zinc (Zn), Titanium (Ti), Lead (Pb), Nickel (Ni), Molybdenum (Mo), Copper (Cu), Chromium (Cr), Cadmium (Cd) and Bario 

(Ba). 
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Table A. 16. Mineralogical phases quantities. 
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Figure A. 21. DRX pattern of the area BSF, layer 1. 

 

 

 
Figure A. 22. DRX pattern of the area BSF, layer 2. 
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Figure A. 23. DRX pattern of the area BSF, layer 3. 

 

 

 
Figure A. 24. DRX pattern of the area BSF, layer 4. 
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Figure A. 25. DRX pattern of the area BSF, layer 5. 

 

 

 
Figure A. 26. DRX pattern of the area FIS, layer 1 
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Figure A. 27. DRX pattern of area FIS, layer 2. 

 

 

 
Figure A. 28. DRX pattern of area FIS, layer 3. 
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Figure A. 29. DRX pattern of the area FIS, layer 4. 

 

 

 
Figure A. 30. DRX pattern of area FIS, layer 5. 
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Figure A. 31. DRX pattern of area NNF, layer 1 

 

 

 
Figure A. 32. DRX pattern of area NNF, layer 2. 
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Figure A. 33. DRX pattern of the area NNF, layer 3. 

 

 

 

 

Figure A. 34. DRX pattern of the area NNF, layer 4. 
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Figure A. 35. DRX pattern of the area NNF, layer 5. 

 

A.2.10 Retention curve 

 

Drying and wetting soil water retention curves (SWRC) were obtained using 

the filter paper technique, based on ASTM. D5298-16: Standard Test Method for 

Measurement of Soil Potential (Suction) Using Filter Paper (Withdrawn 2025) 

(ASTM, 2016a), and also using the dewpoint potentiometer WP4C equipment from 

the Meter Group, which is based on ASTM. D6836-16: Standard Test Method for 

Determination of the Soil Water Characteristic Curve for Desorption Using 

Hanging Column, Pressure Extractor, Chilled Mirror Hygrometer, or Centrifuge. 

ASTM International, 2016b.ASTM, 2016b). Curves were attained for soil materials 

of five layer-groups (BSF 2-5, FIS 1, FIS 2-5, NNF 1, and NNF 2-5). Drying and 

wetting pathways were performed with distinct specimens. 

In the drying path of the filter paper technique, undisturbed specimens were 

initially saturated by capillarity and subsequently air-dried until a required total 

mass, corresponding to a desired moisture content. In the wetting path, undisturbed 

specimens were initially air-dried until constant mass and subsequently carefully 

moistened by dropping water until reaching the required total mass (Figure A.36).  
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Figure A. 36. Retention curve laboratory test – Wet and Dry pathways. 

 

For both paths, the Whatman n° 42 filter paper was placed in direct contact 

with the soil. The specimens were placed in sealed, airtight, containers and kept at 

a constant temperature for a minimum of seven days to reach equilibrium (Figure 

A.37). Subsequently, the mass of filter paper was determined, and the suction of the 

specimen was obtained through the calibration suction-water content curve 

proposed by Chandler and Gutierrez (1986). 

 

 

Figure A. 37. Filter paper procedure.  

 

Air-dried or forced-dried samples were used to measure the soil water 

potential using the instrument WP4C. The water-retention curve was fitted using 

the Van Genuchten (VG) model (Van Genuchten, 1980). Figure A.38 presents the 

water retention curves, and Table A.17 shows the Van Genuchten parameters. 
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Figure A. 38. Soil water retention curves for the five-layer group materials 

 

Table A. 17. Van Genuchten parameters 

 

 

 

 

Layer-group
ϴ b 

(%)

ϴ res

(%)

  Ѱ b

(kPa)

  Ѱ res

(kPa)
n

BSF 2-5 40.0 14.0 0.9 300 1.0

FIS 1 42.0 9.0 35.0 6000 1.4

NNF 1 50.0 10.5 30.0 9000 1.2

FIS 2-5 48.0 7.0 1050.0 30000 2.0

NNF 2-5 45.0 5.5 600.0 18500 3.0

(b) (c) 

(d) (e) 

(a) 
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A.2.11 Carbon stocks quantification 

 

Soil organic carbon stock was calculated in each 20 cm soil layer for the 

total soil and the SOM fractions, applying the following equation proposed by 

Poeplau et al. (2017) and FAO (2019). 

𝐶𝑠𝑡𝑜𝑐𝑘𝑖(𝑘𝑔 𝐶 𝑚−2) =  𝑂𝐶𝑓𝑖𝑛𝑒 𝑒𝑎𝑟𝑡ℎ𝑖
 𝑥 𝜌𝑑𝑓𝑖𝑛𝑒 𝑒𝑎𝑟𝑡ℎ𝑖

 𝑥 𝑑𝑒𝑝𝑡ℎ𝑖 

where Cstocki is the SOC stock in the investigated soil layer (i); 𝑂𝐶𝑓𝑖𝑛𝑒𝑠 𝑒𝑎𝑟𝑡ℎ𝑖
 is 

the soil organic carbon content in the fine earth (< 2 mm) in the layer (g kg-1), depthi 

is the thickness of the respective layer (m) and 𝜌𝑑𝑓𝑖𝑛𝑒𝑠 𝑒𝑎𝑟𝑡ℎ𝑖
 is the dry density of 

the fine soil fraction, given by Equation A.1. 

𝜌𝑑𝑓𝑖𝑛𝑒𝑠 𝑒𝑎𝑟𝑡ℎ𝑖
 (𝑔 𝑐𝑚−3) =   

𝑚𝑎𝑠𝑠𝑓𝑖𝑛𝑒 𝑒𝑎𝑟𝑡ℎ 𝑠𝑜𝑖𝑙

𝑣𝑜𝑙𝑢𝑚𝑒𝑠𝑎𝑚𝑝𝑙𝑒
                                                  (Eq. A.1) 

For each soil layer, the mass of fine earth soil was obtained by the product of 

the total dry mass by the percentage of fine earth soil mass with less than 2 mm 

(obtained from the respective particle size distribution curve) as presented in Table 

A.8.  

The Cstock equation was also applied to determine the SOC stock for the 

POM fraction (PCstock) and the MAOM fraction (Mcstock). In this case, for each 

soil layer, the mass of the soil fraction (POM or MAOM) was obtained by the 

product of the mass of fine earth soil by the percentage of soil mass for POM range 

and for MAOM range ( Table A.5)  Additionally, OC content for POM (POC) and 

MAOM (MOC) was obtained by the OC content in the POM fraction (POCi) and 

the MAOM fraction (MOCi). POC and MOC contents were computed considering 

the percentage in mass of the respective grain size range - POM (2 mm < ф > 0.053 

mm) and MAOM (ф < 0.053 mm) Then, equation was also applied to determine 

the SOC stock for the POM fraction (PCstock) and the MAOM fraction (MCstock). 

Table A.18 presents the resultos of Cstock, PCstock and MCstock. 
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Table A. 18. Quantification of the SOC stock in the total soil fraction (Cstock), in the POM fraction (PCstock) and in the MAOM fraction (MCstock).  

 

 


